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The purpose of this article is to review the role of filamentous fungi in the leaching
of uranium from ores and rocks. Fungi produce short-chain fatty acids through
the fermentation and partial oxidation of organic compounds. Biomass can
be separated from the culture, while organic acids in spent media dissolve and
sequester uranium from minerals in ores and rocks. Oxide, carbonate, and silicate
ores containing hexavalent uranium are suitable for this treatment. Fungi can
maximize the production of short-chain fatty acids. Uranium dissolution and
sequestration are attributed mostly to the formation of soluble U(VI)-carboxylate
complexes with citric and oxalic acids, although other carboxylic acids can also
sequester uranium. The leach solutions maintain a pH level between 1.5 and 3.5, as
the low pH facilitates proton attack on the minerals and minimizes the precipitation
of metals in the leach solution. Two types of uranium leaching processes using
fungi have been tested: one-step leaching, where biomass is not separated before
contact with the uranium mineral, and two-step leaching, which employs spent
medium after the removal of fungal biomass. Process optimization to the pilot
stage has not yet been reported in the literature. To date, this article is the first to
review the role of filamentous fungi in uranium bioleaching from ores and rocks.
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1 Introduction

Several applications of heterotrophic microorganisms for metal recovery are under
investigation. Filamentous fungi and other heterotrophs produce low molecular weight
carboxylic acids, which can be used as leach solutions for the dissolution of metals from ores
and e-waste. Fungal species and genera vary in the types and concentrations of organic acids
they produce. Carboxylic acids produced by Aspergillus spp. and other filamentous fungi have
been tested as leach solutions for extracting metals from spent batteries (Kim et al., 2016;
Jadhav et al., 2018). Printed circuit boards found in electronic waste also present potential
sources of metals that can be recovered using organic acids produced by heterotrophs
(Chauhan et al., 2018; Argumedo-Delira et al., 2019; Dutta et al., 2023; Moosakazemi et al.,
2023). Additional resources for heterotrophic bioleaching include municipal solid waste,
industrial sludges, and various solid and liquid waste streams. Many of these promising
bioleaching processes have been reviewed in recent literature (Chauhan et al., 2018; Baniasadi
etal., 2019; Islam et al., 2020; Kara et al., 2023).

Bioleaching is also a viable option for low-grade uranium ores that are difficult or
uneconomical to process using conventional hydrometallurgy. Uranium is a naturally
occurring radioactive element in the actinide group of the periodic table. The most common
isotopes include *U*$, 2U**, and *?U**. The most abundant isotope, which makes up 99.28%
of the natural isotopic composition of uranium, is **U**. This isotope decays 14 times through
alpha or beta emission before reaching stable lead (**Pb**®), with a half-life of 4.468 billion years.
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The mineralogy and concentration of uranium in rocks and ores
vary considerably. Uranium mineralizations are found in igneous,
metamorphic, and sedimentary rock types worldwide (Dahlkamp,
1993; Hore-Lacy, 2016; International Atomic Energy Agency, 2018).
Approximately 300 uranium minerals have been identified in various
forms, including halides, oxides, carbonates, sulfates, phosphates,
arsenates, vanadates, and silicates (International Atomic Energy
Agency, 2020; Skirrow et al., 2009). The primary uranium minerals
contain U(IV) and are found in their original state in vein deposits or
pegmatites. Secondary uranium minerals are altered, usually due to
chemical weathering, and contain U(VI) or a combination of reduced
and oxidized uranium. Uranium also occurs in organic complexes
such as thucholite and uranyl oxalate minerals, including uroxcite and
metauroxcite (Kampf et al., 2020). Approximately 30% of uranium
reserves are located in sandstone deposits, typically exhibiting
mixtures of U(IV) and U(VI) mineralizations due to past redox and
anoxic/oxic sedimentary conditions (Jin et al., 2020).

The role of acidophilic iron-and sulfur-oxidizing autotrophic
bacteria is well-established in the bioleaching of uranium and sulfide
ores in the mining industry (Kaksonen et al., 2020). These bioleaching
processes can treat multi-metal ore materials and recover transition
metals or rare earth elements, thereby enhancing economic efficiency.
Filamentous fungi can also significantly contribute to bioleaching
processes for recovering uranium and other metals. Optimizing the
cultivation of fungi can result in high concentrations of organic acids,
which dissolve and sequester metals from minerals. Citric acid and
oxalic acid produced in cultures of Aspergillus spp. and other
filamentous fungi form soluble complexes with uranium and
transition metals upon their dissolution at acidic pH when interacting
with ore material (Dusengemungu et al., 2021). The sequestration and
acid solution chemistry effectively reduce the precipitation of
dissolved metals as hydroxides, carbonates, or other poorly
soluble complexes.

Fermentation is the primary method of organic acid production
by filamentous fungi. They produce mixtures of carboxylic acids that
vary in composition and concentration (Liaud et al., 2014; Yang et al.,
2017). These acids include acetic acid (linear formula CH;COOH),
citric acid (HOC(COOH)(CH,COOH),), fumaric acid
(HOOCCH=CHCOOH), gluconic acid (HOCH,(CHOH),COOH),
ketoglutaric acid (HOOCCH,CH,COCOOH), malic acid
(HOOCCH,CH(OH)COOH), maleic acid (HOOCCH=CHCOOH),
oxalic acid (HOOCCOOH), succinic acid (HOOCCH,CH,COOH),
and tartaric acid (HOOCCH(OH)CH(OH)COOH). Citric acid and
oxalic acid are often the primary short-chain fatty acids found in
culture solutions produced by filamentous fungi.

The purpose of this review is to examine the applications of
filamentous fungi for leaching uranium from rocks and ores.
Filamentous fungi require organic carbon sources, such as
monosaccharides or some disaccharides, for growth and energy
generation. Certain agricultural waste materials, including tea waste
and wheat bran (Ahmed et al., 2024), can also serve as carbon sources;
however, sterilization or at least pasteurization may be necessary to
eliminate potential overgrowth by native microorganisms. Fungi do
not gain direct metabolic benefits from the dissolution and
degradation of minerals. Filamentous fungi are ubiquitous in both
pristine and engineered environments, and the production of organic
acids is a relatively common trait among them. This organic acid
production plays an important ecological role in biogeochemical
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processes, as it affects the corrosion of metallic structures and the
solubilization of metals and metalloids in soils, waste disposal sites,
and other geochemical contexts.

2 Bioleaching of uranium by
fillamentous fungi: background

Filamentous fungi solubilize uranium and other metals from ores
and rocks through the formation of carboxylic acids, which mediate
acid attack (acidolysis) and create soluble metal complexes
(complexolysis) during the bioleaching process. Among filamentous
fungi, Aspergillus and Penicillium spp. have been primarily tested for
applications in fungal bioleaching. The list in Table 1 presents potential
targets for bioleaching applications, as examined in recent literature,
using carboxylic acids produced by Aspergillus species and other
filamentous fungal genera. Carboxylic acids are recognized as effective
lixiviants for the dissolution of metals from ores and industrial e-waste
streams. However, a concise review of published studies on the
bioleaching of uranium from ores and rocks using fungi and
carboxvylic acids has not been available. This article is the first to
comprehensively review uranium bioleaching from ores by
filamentous fungi.

Filamentous fungi (e.g., species from the genera Aspergillus,
Cladosporium, Coniochaeta, Penicillium, and Talaromyces) have been
readily enriched and isolated from water and raffinate samples at
uranium mines in various locations (e.g., Mishra et al., 2009; Vazquez-
Campos etal., 2014; Coelho et al., 2020a). Fungi, including arbuscular
mycorrhizae, are also nearly ubiquitous in other metal and coal
mining sites (Ganesan et al., 1991; Glukhova et al., 2018; Wu et al,,
2022; Kasatkina et al., 2023). Media for fungal cultivation typically rely
on sucrose (Czapek’s broth) or glucose for energy, alongside mineral
salts such as inorganic phosphate, a nitrogen source, Mg, Ca, and trace
metals. Yeast extract has been incorporated into some formulations to
supply additional trace cofactors. Complex, undefined media such as
Sabouraud’s dextrose broth and potato dextrose broth have also been
used for the cultivation of fungi in biomass experiments. The initial
pH is commonly circumneutral but decreases due to the production
of organic acids. Some cultivation methods employ pH stat systems to
maintain pH within the neutral range since increasingly acidic values
can inhibit fungal culture growth. Most fungi that have been tested for
potential bioleaching are mesophilic, growing optimally at
temperatures between 30 and 45 °C. Shaking or stirring is essential to
ensure optimal growth conditions and prevent biomass coalescence.

Citric acid formation (Figure 1) is a well-known pathway in
microbes, and the production of oxalic acid is also well documented
in bacteria and fungi (Berovic and Legisa, 2007; Show et al., 2015;
Behera et al., 2021; Yang et al., 2017; Palmieri et al., 2019). Fungi
typically produce citric and oxalic acids in higher proportions than
other organic acids, and their concentrations directly impact the pH
of culture solutions as well as uranium dissolution. The sources of
carbon and the time course of fungal cultures affect the concentrations
and relative mixtures of acid metabolites. The action of organic acids
on uranium minerals is attributed to the formation of soluble
hexavalent uranyl-carboxylate complexes (Wang et al, 2024).
Optimizing and controlling culture conditions is important because
fungi primarily use carbon sources for biomass growth, leading to less
carbon being metabolized into organic acids. Continuous culture
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TABLE 1 Selected examples of recent experimental fungal studies and reviews on the leaching metals from waste materials.

WENGRGEICEE]

Solid waste materials and low-grade ores and tailings

Target metals

Various metals and metalloids

Fungal genus

Aspergillus, Penicillium, Cladosporium

Reference

Dusengemungu et al. (2021)

Spent automotive catalytic converters Rare earth elements Aspergillus Bahaloo-Horeh and Mousavi (2022)
Spent Li coin cells Li, Mn Aspergillus Naseri et al. (2023)

Mine tailings Mn, Ag Aspergillus, Penicillium Dong et al. (2023)

Mobile phone scrap Cr, Zn, Pb Aspergillus Al-Shammari et al. (2023)

Solid waste

Ni, V, Al, Sb, Mo, Co, W, Cd,

Aspergillus, Penicillium, Geotrichum,

Renddn-Castrillon et al. (2023)

Cu, As, Cr, Pb, Ag, Au, Mn, Pd | Fibroporia
Coal ash Rare earth elements Aspergillus Ma et al. (2023)
Spent lithium batteries Li Aspergillus, Penicillium Kazemian et al. (2023)
Zinc purification residue Zn, Co, Mn Aspergillus Faraji et al. (2023)
Rare earth ore Rare earth elements Aspergillus Zhou et al. (2023)
Spent batteries Li, Co, Ni, Mn, Cu, Zn Aspergillus Moosakazemi et al. (2023)
E-Waste In, Cu, Ni Aspergillus Dutta et al. (2023)
Lithium batteries Li, Co, Ni, Mn Aspergillus, Penicillium Roy et al. (2023)
E-waste Li Aspergillus, Penicillium Priyadarsini and Das (2025)
Ores Zn, Au, Ag, Basidiomycota Hein et al. (2023)
Printed circuit boards of mobile phones Cu, Ni, Zn Aspergillus Trivedi and Hait (2024)

Electronic waste

Mostly Fe, Co, Cu, Ni, Zn

Aspergillus, Penicillium

Jaiswal and Srivastava (2024)

Liquid crystal displays As, Al, In, Sr Aspergillus Parsa et al. (2024)
Power plant ash, spent refinery catalyst, low-grade Ni, Mn Aspergillus, Penicillium Kara et al. (2023)
ores, tailings
Uranium ores and rocks U Aspergillus This review
The literature cited in these publications is extensive on potential fungal leaching of base metals and rare earth elements.
approaches, such as fixed-film systems that maintain high biomass  alkali-uranyl acetate (Na/KUO,(CH;COO);), uranyl oxalate

and avoid batch growth limitations, appear promising in redirecting
the flow of carbon from biomass requirements to organic acid
production. However, this approach has yet to be tested in uranium
leaching experiments.

The leaching reactions are most effective at a pH of 1.5 to 3.5, as
the low pH promotes proton attack on the minerals and reduces
uranium precipitation in the leach solution. Acidolysis serves as the
primary mechanism through which protons and organic acids
function as lixiviants for uranium solubilization. Organic acids form
coordinate-covalent bonds via carboxyl (COOH"), hydroxyl (OH"),
or other functional groups with dissolved uranyl ions (Schmeide and
Bernhard, 2008; Dodge and Francis, 2003; Bhatti and Yasmin, 2001;
Li et al., 1980). The creation of metal-complexing ligands, such as
organic acids produced by fungi, enhances the dissolution and
solubility of not only uranium but also many other metals and
metalloids (Ghazala et al.,, 2019; Harpy, 2021; Amin et al., 2014;
Abhilash and Pandey, 2013; Patra et al., 2011; Mishra et al., 2009;
Hefnawy et al., 2002).

X-ray absorption near-edge spectroscopy (XANES) spectra
indicated uranyl coordination with carboxylate ligands, suggesting
that carboxylic acids are involved in uranium dissolution (Fomina
et al., 2008). Many organic acids, including short-chain fatty acids,
form soluble complexes with uranium. Various organo-uranium
compounds have been reported in the literature, including uranyl
formate (UO,(HCOO),-H,0), U(IV)-formate (U(HCOO),), uranyl
acetate (UO,(CH;COO0),-2H,0), U(IV)-acetate (U(CH,COO),),
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(U0,C,0,-3H,0), and U(IV)-oxalate (U(C,0,),-6H,0). Uroxite and
metauroxite are known oxalate complexes of uranium mineralization
(Kampf et al., 2020). Uranium-bearing thucholite exhibits a variable
composition of complex polymerized organic matter (Hoekstra and
Fuchs, 1960; Luo et al., 2014; Khan et al., 2020; Syczewski et al., 2024).

Citric acid and oxalic acid are the most effective leaching agents
for uranium dissolution from silicate, oxide, and sedimentary-type
uranium-containing ores. The attack of citric acid and oxalic acid on
uranium minerals releases UO,* in the leach solution through
acidolysis and sequesters uranium as soluble UO,**-citrate and
UO,**-oxalate complexes. UO,*" forms complexes with all anionic
forms of citric acid. In an aqueous solution, citric acid and oxalic
acid are fully dissociated into citrate (CsHsO,7), oxalate (C,0,%7),
and H ions. Citric acid is a hydroxy-tricarboxylic acid and contains
three carboxyl groups (pKa, = 3.13; pKa, = 4.76; pKa, = 6.39) and
one hydroxyl group (pKa, = 10.82). Oxalic acid (C,H,0,) has two
carboxyl groups (pKa, = 1.20 and pKa, = 4.20 at 25 °C) that can
donate protons (Skoog et al., 1992; Sillen and Martell, 1964). Under
oxidizing conditions, citrate ions (CsH;O,’") form bi-dentate
complexes (UO,-citrate),” with uranyl ions and, to a lesser extent,
tridentate complexes (UO,-citrate)” (Martell and Smith, 1977). The
binary dimeric complex (UQ,),(HCit-H),™ is well established and
exists in the pH range of 2.0-7.0 (Hummel et al., 2005). Speciation
changes due to the polymerization of the monomer [UO,(cit)]~
begin at approximately pH 1.0, forming a dimer [(UO,),(cit),]*" ata
pH of 1.8 and above. The dimer [(UO,),(cit),]>” is bridged via
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FIGURE 1
Citric acid and oxalic acid formation in fungal metabolism. For background information on metabolism and enzyme abbreviations, the reader is
referred to the original source. Yang et al. (2017), with permission from Elsevier Co.

hydroxyl groups of the citrate ligand. Ohyoshi et al. (1975) reported
the formation of three types of uranyl citrate complexes: UO,H;Cit",
UO,H,Cit, and UO,H;Cit™ at a pH range of 2.2-2.9. At pH 2.28, the
dominant complex is UO,H,Cit". The uranyl-citrate dimeric
complex (UO,),(HCit_g),” is formed in acidic aqueous solutions. At
higher pH values, ternary dimeric mono- and bis-hydroxo and
trimeric complexes are formed: (UO,),(HCit_y),(OH)*", (UO,),(H
Cit_y),(OH),*, (UO,)5(0O)(Cit_y);*", and (UO,);(0)(OH)(Cit_y),>
(Kretzschmar et al., 2021). Uranyl ion complexes with several
carboxylic acids in the leaching solution are summarized in Table 2.
Other low-molecular-weight carboxylic acids produced in
substantial concentrations by filamentous fungi include acetic
(C,H,0,), malic (C,H40Os), succinic (C,HsO,), and lactic (C;HO;)
acids, which can also dissolve and sequester uranium as carboxylate
complexes. Citric acid is of primary interest, and the genetics and
biochemistry of the pathway in Aspergillus spp. have been
thoroughly characterized.
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Organometallic complexes on mineral surfaces polarize bonds
within the mineral lattice, weakening or cleaving molecular orbital
bonds, which leads to the further dissolution of metals (Jones et al.,
2003; Zhang and Bloom, 1999). The proposed chemical structure of
the binuclear complex, comprising two uranyl ions and two citric acid
molecules with four carboxylic groups and two hydroxyl groups,
varies with solution pH (Pasilis and Pemberton, 2003), the ratio of
uranium to citrate (Rajan and Martell, 1965), temperature (Bailey
etal,, 2005), and the presence of other soluble metal ions (Dodge and
Francis, 2003). Soluble organo-uranium complexes (e.g., uranium-
citrate complexes) and insoluble organo-uranium complexes (e.g.,
uranium-oxalate complexes) can coexist under acidic leaching
conditions. Oxalic acid exhibits a higher degree of hydrogen liberation
and a stronger chemical affinity than other organic acids, and both
attributes facilitate uranium leaching (Kareem et al., 2010).

The leaching of uranium using fungal enrichment cultures or
isolates involves either a one-step or two-step leaching process. In
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TABLE 2 Examples of soluble uranyl complexes (Lucks et al., 2012;
Kretzschmar et al., 2021).

Reaction Equation

Dissociation of citric acid C¢H;O, + H,0 2 CH,0,” + H;0"

CH,0,” + H,0 2 CH(0,* + H,0*

CeH,0* + H,0 2 C,H,0, + H,0*

Complexation/chelation of 2U0,*" + 2Cit*” 2 Cit(UO,),(HCit ),>~

citric acid 200, +2Cit*” + H,O 2

H' + Cit(UO,),(HCit 47),(OH)*

200, + 2Cit*~ + 2H,0 =
2H" + Cit(UO,),(HCit ;y),(OH),*

300, +3Cit” + H,0 2
5H" + (UO,)3(0)(Cit.y)s*

300, + 2Cit*” + 2H,0 2
5H* + (UO,);(0)(OH)(Cit.),*

300, + 2CH;0, 2 (UO,)5(CH;0;),

Dissociation of oxalic acid C,H,0, + H,0 2 C,HO,” + H;0*

C,HO, + H,0 2 C,0. + 2H,0*

Complexation of oxalic acid U0, + C,04 =2 UO,C,0,

Dissociation of acetic acid CH;CO,H + H,0 2 CH;CO,™ + H;0*

Complexation of acetic acid UO,*" + CH;CO,™ 2 UO,CH,CO,"

UO,* + 2CH;CO,™ 2 UO,(CH,CO,),

UO,* + 3CH;CO,™ 2 UO,(CH;CO,);~

Dissociation of succinic acid (CH,),(CO,H), + H,O =2

(CH,),(CO,H)(CO,)™ + H;0*

(CH,),(CO,H)(CO,)~ + H,0 2
(CH,),(CO,),* + H;0*

U0, + (CH,),(CO,H)(CO,)~ 2
acid UO,(CH,),(CO,H)(CO,)*

Complexation of succinic

UO,™ + (CH,),(CO,),*~ 2 UO,(CH,),(CO,),

U0, + 2(CH,),(CO,H)(CO,)~ =2
UO,(CH,),(CO,H)(CO,),”

Dissociation of malonic acid CH,(CO,H),+ H,O =2

CH,(CO,H)(CO,)™ + H,0*

CH,(CO,H)(CO,)" +H,0 2
CH,(CO,),*” + H,0*

UO,*" + CH,(CO,H)(CO,)" =
acid UO,CH,(CO,H)(CO,)*

Complexation of malonic

UO,* + CH,(CO,),”” 2 UO,CH,(CO,),

UO,* + 2CH,(CO,H)(CO,)" =2
UO,CH,(CO,H)(CO,),~

the one-step leaching process, the mycelia are in liquid culture and
in contact with suspended finely ground ore. This contact can begin
immediately after culture inoculation; however, more commonly, the
ore material is suspended in a fully grown culture that contains
carboxylic acids resulting from fungal fermentation. The culture is
typically grown with glucose or sucrose as a carbon source, which
leads to the production of carboxylic acids through fermentation. In
the two-step leaching process, after the fungal liquid culture has fully
grown and produced carboxylic acids, the biomass is separated,
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usually by filtration, and the ore material is suspended in the spent
culture solution. The biomass can then be recycled for the next batch
of fermentation. In this method, the contact of spent culture filtrate
with the ore prevents uranium sorption in the biomass, unlike the
one-step leaching process. Recovering the absorbed uranium from
the biomass in the one-step process requires a separate desorption
cycle, making it impossible to recycle the biomass for another batch
of carboxylic acid production. The production of carboxylic acids
can be streamlined in continuous fixed film systems, which do not
necessitate biomass separation due to the immobilization of biomass.
Citric acid serves as a feedstock in various industrial sectors—such
as food, pharmaceuticals, biopolymers, cosmetics, and chemicals—
and its industrial production through fermentation is well-
established by major biotechnology companies worldwide (Max
et al., 2010; Ksiazek, 2024), potentially serving as a model for
designing large-scale production capabilities for carboxylic acids in
leaching processes.

Uranium bioleaching using direct biomass contact (one-step
process) and spent medium contact (two-step process) is illustrated
in flowsheets in Figure 2. Growth conditions, temperature, contact
time, pulp density, uranium mineralogy, and the concentration and
composition of organic acids are important parameters for the
leaching process. Many minerals contain components that react with
organic acids, increasing the acid demand and causing the dissolution
of other constituents in addition to uranium. Very little systematic
testing of parameters affecting the fungal leaching of uranium has
been published (e.g., Mohamed et al., 2024; Varnava and Pashalidis,
2024). The available test results are ore-specific, raising questions
about the applicability of these parameter test results to other types of
uranium mineralization. Nonetheless, the range and trends of test
parameters remain relevant.

3 Case studies on the one-step
leaching of uranium (direct process)

Mishra et al. (2009) isolated Cladosporium oxysporum, Aspergillus
flavus, and Curvularia clavata from water samples collected in the
Jaduguda, Bhatin, and Nawapahar uranium mines located in
Jharkhand State, India. The fungal cultures were tested for their ability
to leach uranium from a low-grade oxide ore sample obtained from
the Turamdih uranium mine. This ore sample contained quartz (SiO,),
alumina (Al,O;), and magnetite (Fe"Fe,""O,) as major phases, with
Al-silicate, Fe-silicate, and hematite (Fe,O;) present as minor phases.
Uraninite (UO,) was the main U-mineral, disseminated within
schistose rocks. All cultures solubilized between 50 and 71% of U with
a 10-day contact time at 30 °C from the Turamdih ore sample (10%
pulp density, 0.03% U;0g = 0.025% U).

Wang et al. (2012) compared two media for culturing A. niger,
followed by the leaching of uranium ore. The results showed that the
concentration and composition of organic acids were affected by
media, pH, and temperature, with pH being the most important factor
in uranium leaching. Shen et al. (2023) demonstrated the effect of the
carbon source on the bioleaching of rare earth elements through
organic acids from A. niger, as the concentrations and ratios of citric
acid and oxalic acid varied with medium composition. Youssef (2007)
reported that A. niger achieved 82% U and 76% Cu dissolution from
a gibbsite (Al(OH);) mineralization sample containing 0.12% U and
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0.7% Cu. The sample was collected from a mineralization site in West
Central Sinai.

Kamal et al. (2012) tested A. niger and Penicillium sp. for the
leaching of four Egyptian phosphatic rock samples from the El
Sebaiya, Safaga, and Abu Tartur localities. The samples contained
0.003-0.007% uranium, 16.6-26.9% P,Os, and 0.017-0.137% rare
earth elements. Uranium leaching reached 24-28% after 6 days of
contact with A. niger cultures, along with the dissolution of 31-33%
phosphate and 16-18% rare earth elements. The Penicillium culture
achieved comparable yields of uranium dissolution. The fungi were
grown with sucrose and produced citric and oxalic acids, which form
poorly soluble complexes with rare earth elements, thereby affecting
their recovery in the leaching experiments. Saaed et al. (2002) and
Elbarbary et al. (2017) also reported that organic acids in A. niger
cultures could be used to dissolve uranium from samples of Jordanian
fluorapatite and the Abu Tartur phosphate ore, respectively.

Hassanien et al. (2014) reported a solubilization rate of 64-75%
for rare earth elements from a (Th-U)-concentrate and a monazite
sample during batch direct mode leaching experiments, which
contained 2.12 and 0.35% U, respectively. The yields of rare earth
elements with Aspergillus ficuum and their time course were affected
by multiple parameters, including pulp density, pH, carbon source,
dominant acids and their concentrations, temperature, and
shaking speed.

In uranium leaching studies conducted by Amin et al. (2013,
2014), A. niger and A. terreus exhibited efficiencies of 34-57% in
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uranium bioleaching from three samples of uraniferous sedimentary
rocks (sample 1: sandy dolostone, dolomite, and gypsum, 0.08% U;
sample 2: grey shale with sulfur patches, kaolinite, and quartz, 0.066%
U; sample 3: sandy dolostone with a shale interlayer, dolomite, ferron
dolomite, quartz, 0.0077% U), sourced from Southwestern Sinai. The
fungi produced mixtures of organic acids (acetic, ascorbic, citric,
formic, malonic, malic, and oxalic acids) during the bioleaching
process, using a 3% pulp density, a 7-day contact time and a
temperature of 30 °C. Six other isolates (A. fumigatus, A. flavus, a
Mucor sp., and three Penicillium spp.) were also tested from the ore
samples but demonstrated lower efficiency compared to A. niger and
A. terreus, possibly due to differences in organic acid production.
Hefnawy et al. (2002) isolated seven filamentous fungi from two
uranium ore deposits in the Alloga region (West Central Sinai):
A. flavus, A. terreus, Penicillium brevicompactum, P. oxalicum,
P, purpurescens, P. lividum, and P. spinulosum. The isolates were tested
for uranium bioleaching from two samples (0.4 and 0.25% U) of
ferruginous siltstone ores. A. terreus and P. spinulosum exhibited
relatively high uranium leaching efficiencies, suggesting optimal
organic acid production compared to the other five isolates. The
maximum uranium dissolution of 73-81% from the two ore samples
(—200 mesh = —74 pm) was achieved at a 1% pulp density at 28 °C
over 7 days. Increasing pulp densities reduced the relative yields of
uranium leaching. Fungal mycelium in these experiments sequestered
9.6-17% of uranium from the ore sample, depending on the species,
ore sample, and pulp density conditions. Biomass sorption of uranium
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from solution and its disposal not only results in a loss of uranium
recovery but also may complicate compliance with waste regulations.

Ibrahim etal. (2013) tested isolates of A. niger, A. flavus, P, lividum,
P, spinulosum, and P. oxalicum from the Nubia sandstone ores of Wadi
Natash in the Eastern Desert of Egypt for the bioleaching of uranium
and yttrium from two sandstone ore samples (particle size distribution
—200 pm). The ore samples contained 0.0065% U and 0.1869% Y
(sample 1), and 0.015% U and 0.167% Y (sample 2). A. niger showed
the highest leaching efficiencies, solubilizing 66 and 61% U, as well as
34 and 51% Y from the two ore samples, respectively, in 7 days at 30
°C, while A. flavus solubilized 60 and 28% U, and 58 and 36% Y. These
data suggest differences in the concentrations of organic acids in the
fungal fermentation media.

A. sulphureus, isolated from the El-Sella Desert in Egypt,
processed ore material (0.117% U) and leached 83% U over 9 days of
incubation at 0.5% pulp density and 30 °C in shake flasks (Hussien
etal,, 2021). Glucose and ammonium chloride were the optimal C and
N sources for the culture. Uranium solubilization was attributed to
45 mg/L of gallic acid (CsH2(OH)s;CO,H, a trihydroxybenzoic acid)
and 17 mg/L of ellagic acid (C,;H¢Os, a heterotetracyclic acid)
produced by A. sulphureus. Uranium was sequestered as soluble
uranylgallate and uranylellagate complexes. Similarly, Elsayad et al.
(2020) reported uranium dissolution from the El-Sella ore samples in
culture filtrates of Epicoccum nigrum that contained gallic and ellagic
acids. Gallic acid is an intermediate in the shikimate pathway, linking
carbohydrate utilization to aromatic metabolites (Werner et al., 1997).
Ellagic acid can be produced by many filamentous fungi, including
Aspergillus spp., from tannin as the parent polymer material
(Septilveda et al., 2011). Gallic acid is known to form complexes with
uranium, and some studies suggest that it may enhance uranium
excretion from body mass (Ortega et al., 1989; Domingo et al., 1990).

Abdelsalam et al. (2021) reported that uranium leaching rates of
55-57% were observed in two A. nidulans cultures (strains FII-6 and
FII-5) derived from an ore sample containing 0.1872% U. The cultures
were tested in shake flasks at a pulp density of 1% and maintained at
a temperature of 30 °C with a contact time of 24 h. Leaching in cell-
free spent media reached 84% from the same uranium ore sample
under comparable conditions (Abdelsalam et al., 2021).

Aspergillus lentulus, A. flavus, A. niger, A. felis, and A. fumigatus,
isolated from a uraniferous black shale of the Um-Bogma Formation
in Allouga, Sinai, Egypt, were tested for uranium bioleaching from
the black shale (0.165% U) and tailings residue (0.0302% U)
flasks 2022). The black
shale sample contained coffinite [U(SiO4), - ,(OH)4], brannerite
[UTi,O4], autunite [Ca(UO,),(PO,),-10-12H,0], and uranophane
[Ca(U0,),(Si0;0H),-5H,0] as uranium minerals. A. lentulus, which
produced acetic, ascorbic, citric, and oxalic acids, showed the highest

in  shake (Harpy et al,

leaching efficiency of 73% U from the black shale sample using 3%
pulp density at 30 °C under shaking conditions for 7 days (Harpy
et al., 2022). A. lentulus solubilized 82% U from a tailings residue
sample during 8 days of contact time under similar conditions.

Sun et al. (2020, 2022) reported that uranium ore formed pellets
(termed bio-ore pellets) with mycelia in A. niger cultures. Initially,
mycelia and ore particles (—106 pm) created flaky pellets measuring
1-2mm in diameter, which continued to accumulate into larger
clusters of up to 5 mm, stabilized by electrostatic interactions, organic
acids, and adhesion to mycelia. During the stable phase, organic acids
accumulated, and uranium leaching reached 80% (Sun et al., 2022).
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Ore particles within the pellets exhibited signs of erosion, primarily
attributed to organic acid attacks.

Li et al. (2022) investigated the solubilization of uranium with
A. niger in the presence of macroparticles (40 g/L, @ 0.5 mm glass
beads) during shake flask experiments using spent culture filtrates.
Yields of 75% uranium extraction were achieved from a sample of
carbonaceous-siliceous-pelitic uranium ore (—140 mesh = —105 pm,
0.045% U) with mechanical stress provided by shaking at 180 rpm with
glass beads. In the absence of glass beads, uranium leaching was
approximately 69% U under otherwise similar conditions. Oxalic and
citric acids were the primary organic acids involved in this process (Li
etal., 2022). The specific reasons for the positive effect of glass beads on
uranium leaching remain unclear. Generally, non-substrate particles in
fungal cultures have positive effects on mass transfer, growth yields, and
metabolic stabilization (Karahalil et al., 2019). Properties of particles
such as surface charge, shape, density, and hydrophobicity can also
impact mycelial pellet morphology and mycelia-particle clusters.

Hussien et al. (2016) reported on cultures of Penicillium
purpurogenium that yielded 72 and 56% bioleaching of uranium from
an ore sample (0.035% U;0; = 0.03% U) and a waste rock sample
(0.0202% U;04 = 0.017% U) at a 10% pulp density after 9 days at 30
°C in shake flasks. Subsequently, Hussien (2020) reported on uranium
leaching by A. clavatus from samples of the El-Sella mineralization,
which contained 0.117% uranium distributed in uranophane
[Ca(U0,),(Si0;0H),-5H,0], dimorph uranophane-f, and autunite
[Ca(UO,)2(PO4),10-12H,0]. The host rock consisted of potash-
feldspar, plagioclase, muscovite, and biotite. The yields of uranium
leaching ranged from 55 to 67% with a 3% pulp density (—60
mesh = —250 pm) at 28-30 °C over 13 days (Figure 3). The lowest
extent of uranium leaching occurred with a 10% pulp density. This
may be attributed to the inhibition of mycelial growth by the uranium
ore particles at 10% pulp density, as well as biomass sorption of an
unknown fraction of dissolved uranium during the one-step
bioleaching process. In the presence of biomass, uranium is also
re-precipitated as Ca, U-phosphate on the mycelia (Hussien, 2020).
Additional examples of one-step bioleaching processes are listed in
Supplementary Table SI.

Fungal cell walls contain phosphoryl and carboxyl functional
groups, which possess a negative charge and can sequester UO,*
(Tobin et al., 1990; Zhang et al., 2020; Lei et al., 2023). Uranyl ions
form poorly soluble phosphate complexes that precipitate on fungal
hyphae, as shown by Liang et al. (2015) using an A. niger culture
grown in the presence of uranyl nitrate (UO,(NO;),) and glycerol
2-phosphate. Fomina et al. (2007) demonstrated that several
filamentous fungi could dissolve uranium trioxide (UQO;) and
triuranium octaoxide (U;Oy), resulting in the formation of uranyl-
phosphate complexes that accumulated as precipitates on hyphae. The
results also suggested the formation of uranyl-carbonate complexes,
including secondary U-minerals (Gadd, 2017). Fungus-mediated
phosphate complexation can also sequester depleted metallic uranium
(Fomina et al., 2008). This biomineralization has been suggested as a
bioremediation technique to remove uranium from mine water at
uranium mining sites (Schaefer et al., 2021). Uranyl ions are also
sequestered in various microbial cell fractions (Ilyas et al., 2022),
including extracellular polymers, polyphosphates, DNA, bacterial
lipopolysaccharides, peptidoglycan layers, cell wall S-layers, and
siderophores. These properties make uranyl acetate a preferred
negative stain for biological specimens in electron microscopy.
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In addition to uranium precipitating as phosphate and carbonate
complexes on fungal mycelia, U(VI) is sequestered in chitin within
fungal cell walls (Veglio and Beolchini, 1997; Kapoor and
Viraraghavan, 1995; Gadd and Fomina, 2011; Gadd, 2017). Chitin, a
polymer (f-(1 — 4)-N-acetyl-D-glucosamine), is typically the second
most abundant polysaccharide in the primary structure of the fungal
cell wall, where it is linked to proteins and phosphorylated glucan
(Rinaudo, 2006; Brauer et al., 2023; Liu et al., 2023). Mycelial contact
involves uranium bonding with the nitrogen of the N-glucosamine in
chitin, followed by the nucleation and hydrolysis of uranium
hydroxide within the chitin network, as detailed by Tsezos (2014).

Filamentous fungi typically produce hydroxamate and carboxylate
types of siderophores, with a primary focus on Aspergillus species
(Renshaw et al., 2002; Pecoraro et al., 2021). The siderophores secreted
by fungi effectively bind uranyl ions and other actinides. For example,
the siderophore desferrioxamine B (DFO) contains hydroxamate
functional groups that form three complexes (UO,DFOH,,
UO,DFOH, and UO,0HDFOH) with the uranyl ion at pH levels
ranging from 3.5 to 10.0 (Mullen et al, 2007). Siderophore
sequestration can alter the oxidation states of metals by forming
soluble metal-siderophore complexes (metallophores) with divalent
and trivalent metal cations, as well as actinides such as Th, U, and Pu
(Hofmann et al., 2021; Wang et al., 2022; Schalk et al., 2011). Moreover,
siderophores can influence pH conditions, enhancing metal chelation
and thereby increasing uranium sequestration (Kalinowski et al.,
2004). Osman et al. (2019) purified a trihydroxamate-type
siderophore, likely from the ferrichrome structural family, from
A. niger and tentatively demonstrated its ability to leach uranium and
rare earth elements from a low-grade Abu Tartur phosphorite ore
sample (0.0023% U, particle size distribution —63 pm). The role of
siderophore sequestration in this experiment was unclear because the
mass balance of metals relied solely on the solid phase analysis of the
ore sample before and after a two-day period. While siderophore
deployment may serve a purpose in specialized applications for
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decontaminating minor spills, this can also be achieved through
biomass sorption (Jamir et al., 2024). The large-scale application of
siderophores in uranium leaching systems remains uncertain.

Li et al. (2015) established several parameters for U(VI) ion
sorption using A. niger biomass. Biomass pretreatment and amidoxime
(a group of oximes with -NH, as one substituent) enhanced uranium
biosorption, which is attributed to uranium binding with -NH,
and = NH-OH groups. The sorption of uranium by fungal biomass
was developed as an application for treating pregnant leach solutions
(Tsezos et al., 1989; Tsezos and McCready, 1991). The test work was
piloted with immobilized Rhizopus for Denison Mines in the Lake
Elliot district; however, the project did not scale up for practical
application. Leach solutions in uranium mines also contain other
metals, which decrease the specificity and capacity of fungal biomass
for uranium retention. Other endeavors reported in the literature
focus on developing technology for uranium recovery from leach
solutions using microbial biomass (Brierley and Brierley, 1983;
Brierley et al., 1986; Tsezos, 2001; Coelho et al., 2020b). The kinetics
and mechanisms of biomass biosorption of uranium have been
elucidated across numerous fungal genera (Jamir et al.,, 2024).
Furthermore, fungal biomass can be chemically modified to increase
its uranium sorption capacity, as reported by Tan et al. (2023). To date,
commercial processes for online sequestration of uranium with
microbial biomass from bioleaching solutions are not yet operational.

A. niger has been the preferred organism for most citric acid-
dependent leaching studies, likely due to its well-known use in citric
acid production within the industry. There is no systematic
comparison of other filamentous fungi and carboxylic acids in
uranium bioleaching processes documented in the literature. The
yields of uranium leaching by fungi are presented in Figure 4. The data
are highly variable, and this variation can be attributed to differences
in uranium and host rock mineralogy, pulp density, particle size
distribution, pH, carboxylic acid mixtures and concentrations, media
formulations, contact time, spent media, temperature, and fungal
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FIGURE 4
A scatter plot of uranium bioleaching data for filamentous fungi. The
scatter plot includes uranium leaching in fungal cultures (one-step
process) and culture filtrates (two-step process). The data are for the
maximum extent of uranium dissolution in the time course studies
presented in the literature. Data are pooled from various literature
sources listed in Supplementary Tables S1, S2.

cultures. Many data sets reported in the literature cannot
be summarized on a comparative scale due to the lack of information
regarding sample mineralogy, particle size distribution, solution
conditions, or carboxylic acid concentrations. Uranium leaching by
filamentous fungi has not been systematically investigated with
standardized test parameters and protocols, making comparisons
among different studies potentially misleading.

4 Case studies of uranium leaching
using culture filtrates (indirect
two-step process)

Uranium leaching by organic acids produced by A. niger from
sandstone mineralization samples has yielded relatively high results.
El-Sheikh et al. (2013) utilized spent culture filtrate from A. niger to
leach 82% of U from a carbonate-rich latosol rock (0.0875% U and
12.5% CuO, Um-Bogma Formation, SW Sinai, Egypt). The culture
filtrate contained formic, citric, acetic, and oxalic acids, with a pH of
2.5-3.0. The sample had a — 200 mesh particle size distribution
(=74 pm) and was leached at 50 °C for 24 h. The solution used for Cu
leaching contained adipic acid, which increased Cu dissolution to
95%. Adipic acid [(CH,),(COOH),] forms soluble copper and uranyl
adipates, thereby enhancing leaching yields. For uranium leaching, the
leach solution was replaced with a fresh batch of spent culture filtrate
that did not contain adipic acid. The rock sample contained carbonate,
chloride, sulfate, and phosphate minerals. Although discrete
U-mineralization was not specifically identified, uranium was likely
associated with the phosphate phase.

Aspergillus niger culture filtrates containing organic acids
solubilized 83% U0y (equivalent to 71% U) from high-grade
uraniferous granite ore (1.134% U;O; or 0.962% U) with a contact
time of 2 h (Harpy et al., 2022). The sample was ground to —200 mesh
(=74 pm) and tested at an ambient temperature of 30 to 39 °C. For
reference, the chemical leaching of —60 mesh (—250 pm) sample
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material using 50 g/L sulfuric acid dissolved 89% uranium at a similar
temperature range. Harpy (2021) noted that uranium leaching by
culture filtrate results in fewer other metals being dissolved into the
lixiviant compared to sulfuric acid leaching, thus providing a higher
purity of the final product.

Wang et al. (2012) noted that uranium dissolution from a U-ore
sample in A. niger spent media ranged between 57 and 82% U over
76 h, although the dominant acids and their concentrations varied
with the medium composition. The temperature and pH significantly
affected the process. Mixtures of organic acids in A. ficuum cultures
dissolved 30% uranium and 29% thorium in 24 h at pH 3.0 and room
temperature from a U-Th-monazite concentrate (0.75% pulp density,
2.44% U, 19% ThO,), which also contained rare earth elements
(Desouky et al., 2016). Thorium was selectively precipitated as
Th-oxalate using 10% oxalic acid at pH 0.9 prior to the precipitation
of uranium as ammonium diuranate with NH,OH at pH 5-6. Rare
earth elements can be a key economic factor in the bioleaching of
uranium ores or tailings (Reynier et al., 2021).

Wang et al. (2015) reported comparable uranium dissolution from
pitchblende in a column system using sulfuric acid and a mixture of
organic acids in A. niger culture filtrates. The time course showed a
relatively rapid initial dissolution of uranium within two days,
followed by a slower phase. This profile may indicate uranium
reactivity on the mineral surface and slow diffusion of the lixiviant
into the inner layers. Wang et al. (2015) highlighted the presence of
Aspergillus spores in the filtrate, which subsequently germinated,
leading to undesired mycelial growth in the elution system.
Exacerbated biofouling issues may arise even in a low pH environment
since a pH of 2 is not prohibitive for some Aspergillus spp. Fungal
resistance to uranium and other metals is not a limiting factor, as
fungal biomass is not in contact with uranium-containing leach
solutions in the two-step leaching process.

Spent media of A. niger solubilized 97% U and 79% Cu from a
Cu-U bearing ore sample (10% pulp density) over a contact period of
6 days at 60 °C (Abd EI Wahab et al., 2012). The leaching yield
increased when the pH was lowered with additional sulfuric acid. The
ore sample was sourced from the upper organic-rich mudstone of the
Um-Bogma Formation in the Abu Thor area, West Central Sinai,
which contained 0.22% U, 25% CuQ, 33% SiO,, 10.4% Al,O;, and 8.5%
CaO as major constituents. Bhatti and Yasmin (2001) compared
uranium dissolution from a sandstone ore (10% pulp density, —200
mesh = —74 pm, 0.093% U) in spent culture filtrate of A. niger and in
citric and oxalic acid solutions (Figure 5). The sandstone uranium ore
sample was obtained from the Baghalchur mines in the Suleiman
Range of Dera Ghazi Khan, Pakistan. The primary uranium mineral
in the sandstone ore sample was tyuyamunite [Ca(UQ,),V,045-
8H,0]. Uranium dissolution reached 39% U in culture filtrate and
27% U with the mixed acid solution after a 3 h contact time of 3 h in
shake flasks. A. niger was cultivated with 55 mM sucrose as the C
source for seven days, resulting in the production of 26 mM citric acid
and 55 mM oxalic acid. Normalized to the C balance, 8% of the
sucrose carbon was metabolized into citric and oxalic acids. The citric
and oxalic acid solution was prepared with the same acid
concentrations as those in the spent A. niger culture filtrate.

Abdelsalam et al. (2021) reported yields of 57 + 9% U leaching in
the test culture and 84 + 2% U leaching with culture filtrates in 24 h at
30 °C from a — 230 mesh (—63 pm) rock sample (1% pulp density)
that contained 0.187% U. The culture was identified as a mixture of
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A. niveus and a Streptomyces sp. Additional details of the two-step
leaching processes are listed in Supplementary Table S2. Examples of
data on uranium leaching in culture filtrates are shown in Figure 4.

Ahmed et al. (2024) investigated several parameters for citric acid
production by A. nidulans, including C and N sources, pulp densities,
pH, and temperature ranges. The filtrates served as leaching solutions
with a contact time of 0.5 to 3 h to leach uranium from a finely
ground, low-grade uranium ore sample containing 0.0404% U in
shake flasks. These experiments optimized the conditions for uranium
leaching at relatively low pulp densities (1 to 5 g/L) and may assist in
planning for the testing of pilot process parameters. However, the data
from the shake flask tests are too preliminary for cost-benefit and life
cycle estimations.

5 Organic acid chemicals as leaching
solutions

By bypassing fungal production, citric and oxalic acids have been
tested in chemical leach solutions that contacted uranium ores. For
example, citric acid (0.1 M) and oxalic acid (0.1 M) solutions dissolved
97 and 67% of uranium, respectively, in shake flask leaching studies
conducted over 20 days with a volcano-litho type ore (0.25% U)
containing uraninite (Xu et al., 2019). Citric acid (0.1 M) solubilized
75% of U;0; (equivalent to 63.6% U) from a low-grade sandstone ore
sample (0.027% U;0;4 = 0.023% U) sourced from Baghalchur (Dera
Ghazi Khan, Pakistan) during 10 h of contact time in shake flasks
(Bhatti and Malik, 1997). A uranium leaching efficiency of 93% U,O,
(equivalent to 79% U) was achieved from a carbonaceous shale tailings
residue (0.0185% U, solid/liquid ratio 1:1.5) at the Abu Zeneima pilot
plant (Southwestern Sinai, Egypt) using a 13% humic acid solution as
a lixiviant at 70 °C over 15 days of contact (Khalafalla, 2022). Orabi
etal. (2021) tested malonic acid for uranium leaching from uraniferous
granite (=75 pm) at 25 °C. The sample was obtained from Gabat El
Missikat granite ore in the Central Eastern Desert, Egypt. The
dissolution yield of uranium at a solid/liquid ratio of 1/4 exceeded
90% after 5 h of contact with 2 M malonic acid. Uranium dissolution
was nearly comparable to that achieved using a 1.5 M sulfuric acid
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leach solution; however, malonic acid leaching performed slightly
better by yielding lower concentrations of other metals leached from
the ore. It is unclear why sulfuric acid resulted in somewhat higher
yields of other metals compared to malonic acid. Neither the pH
values nor any statistical analyses were reported by the authors for
these experiments.

Oxalic acid forms uranium complexes (UO,(C,0,),>"), which can
create solid uranyl oxalate at high concentrations of oxalic acid (Xiong
and Wang, 2021). However, thermodynamic diagrams indicate that
the solubilities of uranyl oxalate complexes do not lead to precipitation
under the ambient temperature and pH conditions relevant to the
bioleaching and organic acid leaching of uranium minerals.

Bakry (2021) reported that uranium was leached from a
carbonate-rich black shale in southwestern Sinai (0.136% U) using a
60 mM citric acid and calcium citrate (1:1 acid/salt molar ratio) as a
lixiviant. The uranium leaching efficiency increased with temperature,
rising from 77% at 25 °C to 98% at 65 °C. The process involved a-200
mesh (—74 pm) particle size and a solid/liquid (S/L) ratio of 1/8 over
a period of 1.25 h. Uranium was recovered through the addition of
isopropyl alcohol, followed by evaporation and precipitation, and then
dried to produce sodium diuranate (Bakry, 2021).

Uranium is associated with phosphate deposits (e.g., apatites) in
many geographical areas worldwide. Apatite consists of a group of
phosphate  minerals, typically  including
(Cay(PO,);0H), (Cas(PO,)F),
(Cas(PO,);Cl). Uranium in phosphates can be leached upon contact

hydroxyapatite
fluorapatite and chlorapatite
with organic acids, but other metals and phosphates also dissolve
concurrently in fungal cultures (EI-Badry et al., 2016; Elbarbary et al.,
2017). Citric acid has been used as a leaching solution to extract
uranium from rock phosphate (Bashir et al., 2000). Varnava and
Pashalidis (2024) tested 1 mM and 10 mM citric acid for the
solubilization of uranium from a phosphogypsum sample containing
0.0048% U (48 mg U/kg). Citric acid forms a Ca-citrate complex (Ca;
(CsH;s0,),(H,0),) with a limited solubility of approximately 0.95 g/L
at ambient temperatures. Increasing the citric acid concentration from
I mM to 10 mM exceeded the solubility of Ca-citrate, and its
precipitation restricted gypsum (CaSO,-2H,0) dissolution, thereby
lowering the leaching rate of uranium.
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A selective leaching process was employed to extract uranium and
rare earth elements from Abu-Tartur rock phosphate in Egypt using
citric acid and calcium citrate without solubilizing the phosphate
content (Farag et al., 2015). The rock sample contained 0.003% U and
0.1058% of rare earth elements (Ce, La, Nd, Sm, Y, and Yb). Leaching
efficiencies of 100% for U and 84% for rare earth elements was
achieved using a 0.5 M citric acid and calcium citrate leach solution
(1:1 acid/salt molar ratio) with a solid-to-liquid ratio of 1:3 and a
contact time of 0.5 h (Farag et al., 2015).

6 Concluding remarks

Progress in bioleaching uranium from rocks and ores through the
use of filamentous fungi has been hindered by inconsistent
experimental designs and protocols, as well as a lack of uniform,
standardized approaches. Some published data on uranium
bioleaching by filamentous fungi are fragmented; they often rely on
preliminary experiments with low pulp densities and lack
comprehensive follow-up testing and optimization. Mixed carboxylic
acids effectively leach uranium from carbonate, oxide, and silicate ores
and rocks, helping to neutralize acid consumption by gangue minerals.
The carbon sources and the duration of fungal cultures affect the
concentrations and relative mixtures of acid metabolites. The reasons
behind the variations in uranium leaching yields obtained with
different carboxylic acids remain unclear due to the diverse
experimental conditions across studies, including pH, carboxylic acid
mixtures and concentrations, temperature, particle size distribution,
uranium mineralogy, and other primary and ancillary minerals.
Optimization and controlling culture conditions are crucial for future
studies testing filamentous fungi in leaching processes. However, the
optimization of process parameters for scaling up to pilot studies has
not yet been reported in the literature.

In batch mode, fungi primarily use carbon sources for biomass
growth, while less carbon is metabolized into organic acids. Organic
waste materials as carbon sources may be suitable for fungal cultivation,
but this presents a complex, multifaceted challenge, as it involves other
microbes and organic mixtures of varying compositions. Contaminant
microbes and recalcitrant solid-phase carbon acting as sorbents of
uranium can hinder the bioleaching process. Culture approaches that
maintain high biomass, such as continuous flow techniques and
chemostats, appear feasible in efforts to divert more of the carbon flow
from biomass requirements to organic acid production. Two-stage
processes with fungi involve the fermentative production of organic
acids, which are then used as lixiviants to dissolve uranium from
minerals or ores. Such leaching processes, where filamentous fungi are
not in direct contact with minerals, reduce potential biological
inhibition caused by the toxicity of mineral phases and dissolved
metals. Minimal biomass contact in the leach solution also lowers the
fraction of uranium associated with the biomass, thus alleviating the
need for uranium elution from the biomass. The cost-effectiveness of
the process for piloting and commercialization cannot be assessed at
this time because the only data available come from bench-scale
experiments of varying sophistication.

Studies on biomass production with predictable organic acid
formation have yielded variable results. Data on organic acid
consumption during contact with uranium ore have not been
presented in the literature despite it being a key parameter in the
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leaching process. The experiments have been conducted by various
research groups. A consortium of these groups could establish unified
standards and procedures to advance the level of training, skills, and
technology from ambiguity and ordinariness to reproducible and
reliable studies on the fungal leaching of uranium ores.

Author contributions

TMB: Conceptualization, Data curation, Formal analysis,
Methodology, Resources, Validation, Visualization, Writing - original
draft, Writing — review & editing. OHT: Conceptualization, Data
curation, Formal analysis, Methodology, Resources, Validation,
Visualization, Writing - original draft, Writing - review & editing.

Funding

The authors declare that no financial support was received for the
research and/or publication of this article.

Acknowledgments

We thank the two reviewers for insightful suggestions that helped
improve the manuscript.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

OHT declared that he was an editorial member of Frontiers at the
time of submission. This had no impact on the peer review process
and the final decision.

Generative Al statement

The authors declare that no Gen Al was used in the creation of
this manuscript.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2025.1523962/
full#supplementary-material

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1523962
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1523962/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1523962/full#supplementary-material

Bhatti and Tuovinen

References

Abdelsalam, S. M., Kamal, N. M., Harpy, N. M., Hewedy, M. A, and El-Aassy, L. E.
(2021). Bioleaching studies of uranium in a rock sample from Sinai using some native
Streptomyces and  Aspergillus species. Curr. Microbiol. 78, 590-603. doi:
10.1007/500284-020-02301-y

Abd El Wahab, G. M., Amin, M. M,, and Aita, S. K. (2012). Bioleaching of uranium-
bearing material from Abu Thor area, West Central Sinai, Egypt for recovering uranium.
Arab J. Nucl. Sci. Appl. 45, 169-178.

Abhilash, and Pandey, B. D. (2013). Microbially assisted leaching of uranium - a
review.  Miner.  Process.  Extract. =~ Metall.  Rev. 34, 81-113. doi:
10.1080/08827508.2011.635731

Ahmed, B. M., Mohammed, A. A., Kawady, N. A,, Elaasy, L. E., and Soliman, E. R. S.
(2024). Costly effective bioleaching of valuable metals from low grade ore using
Aspergillus  nidulans. Int. ]J. Environ. Sci. Technol. 21, 5469-5482. doi:
10.1007/s13762-023-05355-0

Al-Shammari, R. H. H., Al-Yosef, J. W. O., Alsaady, M. H. M., and Atyia, A. S. (2023).
Bio-leaching of heavy metals by Aspergillus niger from mobile-phone scrap. IOP Conf.
Ser. Earth Environ. Sci. 1215:12011. doi: 10.1088/1755-1315/1215/1/012011

Amin, M. M., Elaassy, I. E., El-Feky, M. G., Sallam, A. M., Talaat, M. S., and
Kawady, N. A. (2013). Bioleaching of uranium by Aspergillus niger and Aspergillus
terreus isolated from uraniferous sedimentary rocks, southwestern Sinai, Egypt. Roman.
J. Biophys. 23, 231-247.

Amin, M. M,, Elaassy, I. E,, El-Feky, M. G., Sallam, A. S. M., Talaat, M. S., and
Kawady, N. A. (2014). Effect of mineral constituents in the bioleaching of uranium from
uraniferous sedimentary rock samples, southwestern Sinai, Egypt. J. Environ. Radioact.
134, 76-82. doi: 10.1016/j.jenvrad.2014.02.024

Argumedo-Delira, R., Gémez-Martinez, M. J., and Soto, B. J. (2019). Gold
bioleaching from printed circuit boards of mobile phones by Aspergillus niger in a
culture without agitation and with glucose as a carbon source. Metals 9:521. doi:
10.3390/met9050521

Bahaloo-Horeh, K. K. N., and Mousavi, S. M. (2022). A novel green strategy for
biorecovery of valuable elements along with enrichment of rare earth elements from
activated spent automotive catalysts using fungal metabolites. J. Hazard. Mater.
430:128509. doi: 10.1016/j.jhazmat.2022.128509

Bailey, E. H., Mosselmans, J. E. W, and Schofield, P. E. (2005). Uranyl-citrate speciation
in acidic aqueous solutions — an XAS study between 25 and 200 °C. Chem. Geol. 216,
1-16. doi: 10.1016/j.chemgeo.2004.10.011

Bakry, A. R. (2021). An alternative procedure for selective leaching of uranium from
carbonate-rich black shale, Um Bogma Formation, El-Allouga, southwestern Sinai.
Radiochemistry 63, 87-95. doi: 10.1134/5S1066362221010136

Baniasadi, M., Vakilchap, E, Bahaloo-Horeh, N., Mousavi, S. M., and Farnaud, S.
(2019). Advances in bioleaching as a sustainable method for metal recovery from
e-waste: a review. . Ind. Eng. Chem. 76, 75-90. doi: 10.1016/j.jiec.2019.03.047

Bashir, A., Nawaz, H., and Bhatti, T. M. (2000). Dissolution of uranium from rock
phosphate in citric acid solutions. Int. J. Agr. Biol. 2, 95-98.

Behera, B. C., Mishra, R., and Mohapatra, S. (2021). Microbial citric acid: production,
properties, application, and future perspectives. Food Front. 2, 62-76. doi:
10.1002/1ft2.66

Berovic, M., and Legisa, M. (2007). Citric acid production. Annu. Rev. Biotechnol. 13,
303-343. doi: 10.1016/S1387-2656(07)13011-8

Bhatti, T. M., and Malik, K. A. (1997). “Leaching of sandstone uranium ores by citric
acid” in Proceedings of the first ISBBP symposium on biochemistry and biophysics 1994,
part 2. eds. M. A. Haleem, H. S. A. Athar and H. Darakhshan (Karachi: University of
Karachi), 215-218.

Bhatti, T. M., and Yasmin, T. (2001). “Bioleaching of uranium from sandstone ore by
Aspergillus niger,” in Biohydrometallurgy: Fundamentals, technology and sustainable
development: Part B, eds. P. E Pimentel, M. C. Teixeria, CarvalhoR. P. de and V. S. T.
Ciminelli, (Elsevier: Amsterdam), 651-660.

Brauer, V. S., Pessoni, A. M., Freitas, M. S., Cavalcanti-Neto, M. P, Ries, L. N. A, and
Almeida, F (2023). Chitin biosynthesis in Aspergillus species. J. Fungi 9:89. doi:
10.3390/jof9010089

Brierley, J. A., and Brierley, C. L. (1983). “Biological accumulation of some heavy
metals — biotechnological applications” in Biomineralization and biological metal
accumulation. Biological and geological perspectives. eds. P. Westbroek and E. W. de
Jong (Dordrecht: D. Reidel Publishing Co.), 499-509.

Brierley, J. A., Goyak, G. M., and Brierley, C. L. (1986). “Considerations for
commercial use of natural products for metals recovery” in Immobilisation of ions by
biosorption. eds. H. Eccles and S. Hont (London: Ellis Horwood Publishers), 105-117.

Chauhan, G,, Jadhao, P. R, Pant, K. K., and Nigam, K. D. P. (2018). Novel technologies
and conventional processes for recovery of metals from waste electrical and electronic
equipment: challenges & opportunities - a review. J. Environ. Chem. Eng. 6, 1288-1304.
doi: 10.1016/j.jece.2018.01.032

Coelho, E., Reis, T. A., Cotrim, M., Mullan, T. K., and Corréa, B. (2020a). Resistant
fungi isolated from contaminated uranium mine in Brazil shows a high capacity to

Frontiers in Microbiology

12

10.3389/fmicb.2025.1523962

uptake uranium from water. 248:126068. doi:

10.1016/j.chemosphere.2020.126068

Coelho, E., Reis, T. A., Cotrim, M., Rizzutto, M., and Corréa, B. (2020b).
Bioremediation of water contaminated with uranium using Penicillium piscarium.
Biotechnol. Prog. 36:¢30322. doi: 10.1002/btpr.3032

Chemosphere

Dahlkamp, F. J. (1993). Uranium ore deposits. Berlin: Springer-Verlag.

Desouky, O. A., E-Mougith, A. A., Hassanien, W. A., Awadalla, G. S., and Hussien, S. S.
(2016). Extraction of some strategic elements from thorium-uranium concentrate using
bioproducts of Aspergillus ficuum and Pseudomonas aeruginosa. Arab. J. Chem. 9, S795-
$805. doi: 10.1016/j.arabjc.2011.08.010

Dodge, C.J., and Francis, A. J. (2003). Structural characterization of a ternary Fe(III)-
U(IV)-citrate complex. Radiochim. Acta 36, 2094-2100. doi: 10.1021/es011125m

Domingo, J. L., Ortega, A., Llobet, J. M., and Corbella, J. (1990). Effectiveness of
chelation therapy with time after acute uranium intoxication. Toxicol. Sci. 14, 88-95. doi:
10.1093/toxsci/14.1.88

Dong, Y., Zan, J., and Lin, H. (2023). Bioleaching of heavy metals from metal tailings
utilizing bacteria and fungi: mechanisms, strengthen measures, and development
prospect. J. Environ. Manag. 344:118511. doi: 10.1016/j.jenvman.2023.118511

Dusengemungu, L., Kasali, G., Gwanama, C., and Mubemba, B. (2021). Overview
of fungal bioleaching of metals. Environ. Adv. 5:100083. doi:
10.1016/j4€nvadv.2021.100083

Dutta, D., Rautela, R., Gujjala, L. K. S., Kundu, D., Sharma, P., Tembhare, M., et al.
(2023). A review on recovery processes of metals from E-waste: a green perspective. Sci.
Total Environ. 859:160391. doi: 10.1016/j.scitotenv.2022.160391

El-Badry, M. A, Elbarbary, T. A., Ibrahim, I. A., and Abdel-Fatah, Y. M. (2016).
Evaluation and optimization of Abu Tartur Egyptian phosphate ore dissolution. Int. J.
Innov. Sci. Eng. Technol. 3, 386-412.

Elbarbary, T. A., Hafez, M. A, Ibrahim, 1. A., Abd EL-Halim, S. A, Sharada, H. M.,
and Abdel-Fatah, Y. M. (2017). Bioleaching of Abu Tartur phosphate ore by using
Aspergillus niger. Haya Saudi J. Life Sci. 2, 10-22. doi: 10.21276/haya.2017.2.1.3

Elsayad, A. M., Hussien, S. S., Mahfouz, M. G., El Mougith, A. A., and Hassanien, W. A.
(2020). Bioleaching of uranium from El-Sella ore material using Epicoccum nigrum. IOP
Conf. Series: Mater. Sci. Eng. 975:012021. doi: 10.1088/1757-899X/975/1/012021

El-Sheikh, E. M., Amin, M. M,, Aita, S. K., and Rezk, A. A. (2013). Successive recovery
of copper and uranium from carbonate - rich latosol, Um Bogma Formation, Abuthor
locality, south western Sinai, Egypt. Nucl. Sci. Sci. J. 2, 153-163. doi:
10.21608/nssj.2013.30991

Farag, A. B,, Bakry, A. R., Abdelfattah, N. A., and Elwy, A. M. (2015). Ion exchange
recovery of uranium and rare earths after their selective leaching from Abu-Tartur
phosphate deposits, W.D., Egypt. Int. ]. Adv. Res. 3, 32-41.

Faraji, F, Golmohammadzadeh, R., Sharifidarabad, H., and Rashchi, F. (2023). An
investigation of bioleaching and valorization of hazardous zinc plant purification residue
using Aspergillus niger. Int. ]. Environ. Sci. Technol. 20, 8785-8798. doi:
10.1007/s13762-022-04594-x

Fomina, M., Charnock, J. M., Hillier, S., Alvarez, R., and Gadd, G. M. (2007). Fungal
transformations of uranium oxides. Environ. Microbiol. 9, 1696-1710. doi:
10.1111/j.1462-2920.2007.01288.x

Fomina, M., Charnock, J. M., Hillier, S., Alvarez, R., Livens, F, and Gadd, G. M.
(2008). Role of fungi in the biogeochemical fate of depleted uranium. Curr. Biol. 18,
R375-R377. doi: 10.1016/j.cub.2008.03.011

Gadd, G. M. (2017). The geomycology of elemental cycling and transformations
in the environment. Microbiol.  Spectrum  5:FUNK-0010-2016.  doi:
10.1128/microbiolspec. FUNK-0010-2016

Gadd, G. M., and Fomina, M. (2011). Uranium and fungi. Geomicrobiol. J. 28,
471-482. doi: 10.1080/01490451.2010.508019

Ganesan, V., Ragupathy, S., Parthipan, B., Rani, D. B. R., and Mahadevan, A. (1991).
Distribution of vesicular-arbuscular mycorrhizal fungi in coal, lignite, and calcite mine
spoils of India. Biol. Fertil. Soils 12, 131-136. doi: 10.1007/BF00341489

Ghazala, R. A, Fathy, W. M., and Salem, E. H. (2019). Application of the produced
microbial citric acid as a leachate for uranium from El-Sebaiya phosphate rock. J. Radiat.
Res. Appl. Sci. 12, 78-86. doi: 10.1080/16878507.2019.1594141

Glukhova, L. B., Frank, Y. A., Danilova, E. V,, Banks, D., Tuovinen, O. H., and
Karnachuk, O. V. (2018). Isolation, characterization and metal response of novel, acid-
tolerant Penicillium spp. from extremely metal-rich waters at a mining site in
Transbaikal (Siberia, Russia). Microb. Ecol. 76,911-924. doi: 10.1007/s00248-018-1186-0

Harpy, N. (2021). Correlation between bio-and classical techniques in uranium
leaching of granite sample from Gabal Gattar, North Eastern Desert, Egypt. Int. J.
Environ. Anal. Chem. 101, 2003-2015. doi: 10.1080/03067319.2019.1691187

Harpy, N. M., El Dabour, S. E.,, Nada, A. A, Sallam, A. M., El Feky, M. G., and El
Aassy, A. E. (2022). Fungal leaching of uranium from low grade ore and its waste using
Asp. lentulus. at Allouga locality, Southwestern Sinai, Egypt. J. Rad. Nucl. Appl. 7, 41-50.
doi: 10.18576/jrna/07030

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1523962
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1007/s00284-020-02301-y
https://doi.org/10.1080/08827508.2011.635731
https://doi.org/10.1007/s13762-023-05355-0
https://doi.org/10.1088/1755-1315/1215/1/012011
https://doi.org/10.1016/j.jenvrad.2014.02.024
https://doi.org/10.3390/met9050521
https://doi.org/10.1016/j.jhazmat.2022.128509
https://doi.org/10.1016/j.chemgeo.2004.10.011
https://doi.org/10.1134/S1066362221010136
https://doi.org/10.1016/j.jiec.2019.03.047
https://doi.org/10.1002/fft2.66
https://doi.org/10.1016/S1387-2656(07)13011-8
https://doi.org/10.3390/jof9010089
https://doi.org/10.1016/j.jece.2018.01.032
https://doi.org/10.1016/j.chemosphere.2020.126068
https://doi.org/10.1002/btpr.3032
https://doi.org/10.1016/j.arabjc.2011.08.010
https://doi.org/10.1021/es011125m
https://doi.org/10.1093/toxsci/14.1.88
https://doi.org/10.1016/j.jenvman.2023.118511
https://doi.org/10.1016/j.envadv.2021.100083
https://doi.org/10.1016/j.scitotenv.2022.160391
https://doi.org/10.21276/haya.2017.2.1.3
https://doi.org/10.1088/1757-899X/975/1/012021
https://doi.org/10.21608/nssj.2013.30991
https://doi.org/10.1007/s13762-022-04594-x
https://doi.org/10.1111/j.1462-2920.2007.01288.x
https://doi.org/10.1016/j.cub.2008.03.011
https://doi.org/10.1128/microbiolspec.FUNK-0010-2016
https://doi.org/10.1080/01490451.2010.508019
https://doi.org/10.1007/BF00341489
https://doi.org/10.1080/16878507.2019.1594141
https://doi.org/10.1007/s00248-018-1186-0
https://doi.org/10.1080/03067319.2019.1691187
https://doi.org/10.18576/jrna/07030

Bhatti and Tuovinen

Hassanien, W. A. G., Desouky, O. A. N., and Hussien, S. S. E. (2014). Bioleaching of
some rare earth elements from Egyptian monazite using Aspergillus ficuum and
Pseudomonas aeruginosa. Walailak J. Sci. Technol. 11,809-823. doi: 10.14456/WJST.2014.85

Hefnawy, M. A., El-Said, M., Hussein, M., and Amin, A. M. (2002). Fungal leaching
of uranium from its geological ores in Alloga area, West Central Sinai, Egypt. Online J.
Biol. Sci. 2, 346-350. doi: 10.3923/jbs.2002.346.350

Hein, G., Mahandra, H., and Ghahreman, A. (2023). Potential utilization of fungi in
biomining as biological engines for the alteration of sulfide and carbon matrices. Rev.
Environ. Sci. Biotechnol. 22, 591-623. doi: 10.1007/s11157-023-09661-4

Hoekstra, H. R., and Fuchs, L. H. (1960). The origin of thucholite. Econ. Geol. 55,
1716-1738. doi: 10.2113/gsecongeo.55.8.1716

Hofmann, M., Heine, T., Malik, L., Hofmann, S., Joffroy, K., Senges, C. H. R., et al.
(2021). Screening for microbial metal-chelating siderophores for the removal of metal
ions from solutions. Microorganisms 9:111. doi: 10.3390/microorganisms9010111

Hore-Lacy, 1. (2016). Uranium for nuclear power: Resources, mining and
transformation to fuel. Amsterdam: Elsevier.

Hummel, W, Anderegg, G., Rao, L., Puigdomeénech, I, and Tochiyama, O. (2005). Chemical
thermodynamics of compounds and complexes of U, Np, Pu, Am, Tc, Se, Ni and Zr with
selected organic ligands. Chemical Thermodynamics, vol. 9. Amsterdam: Elsevier.

Hussien, S. S., Desouky, O. A., and Mohamadey, S. E. (2016). Microbial leaching of
uranium from low grade ore and waste sample of northern part of Gabal Gatter, Egypt
using Penicillium purpurogenium and Pseudomonas fluorescens SHA 281. J. Progr. Res.
Biol. 3, 127-141.

Hussien, S. S. (2020). Microbial leaching of El-Sella mineralisation by Aspergillus
clavatus - a fact of fungal-uranium interface. Int. J. Environ. Stud. 77, 275-296. doi:
10.1080/00207233.2020.1736441

Hussien, S. S., Mosbah, A. S., El-Mougith, A. A., Hassanien, W. A., and Mahfouz, M. G.
(2021). Bio-dissolution process as environmental technology for uranium leaching from
El-Sella ore material by Aspergillus sulphureus. Geomicrobiol. J. 38, 540-548. doi:
10.1080/01490451.2021.1883161

Ibrahim, M. E., Abdel Aziz, Z. K., Mira, H. I, Amin, M. M., and Morsy, W. M. (2013).
Optimization of different physical parameters for bioleaching of uranium and rare earth
elements from Nubia sandstones, Wadi Natash, Eastern Desert. Egypt. Nucl. Sci. Sci. J.
2, 165-174. doi: 10.21608/nssj.2013.30992

Ilyas, S., Kim, H., and Srivastav, R. R. (2022). Microbial interactions with gold and
uranium. Adv. Environ. Microbiol. 10, 279-298. doi: 10.1007/978-3-030-97185-4_11

International Atomic Energy Agency (2018). Geological classification of uranium
deposits and description of selected examples. JAEA-TECDOC-1842. Vienna:
International Atomic Energy Agency.

International Atomic Energy Agency (2020). Descriptive uranium deposit and
mineral system models. IAEA/DES/MOD, 978-92-0-109220-5. Vienna: International
Atomic Energy Agency.

Islam, A., Ahmed, T., Awual, M. R., Rahman, A., Sultana, M., Aziz, A. A., et al. (2020).
Advances in sustainable approaches to recover metals from e-waste — a review. J. Clean.
Prod. 244:118815. doi: 10.1016/j.jclepro.2019.118815

Jadhav, U, Su, C.-H., Chakankar, M., and Hocheng, H. (2018). Leaching of metals
from waste silver oxide-zinc button cell batteries by Aspergillus niger. Batteries 4:51. doi:
10.3390/batteries4040051

Jaiswal, M., and Srivastava, S. (2024). A review on sustainable approach of bioleaching
of precious metals from electronic wastes. J. Hazard. Mater. Adv. 14:100435. doi:
10410lG/j.haZadV42024.100435

Jamir, L, Ezung, L. Y., Merry, L., Tikendra, L., Devi, R. S., and Nongdam, P. (2024).
Heavy metals clean up: the application of fungi for biosorption. Geomicrobiol. J. 41,
201-212. doi: 10.1080/01490451.2024.2307899

Jin, R, Teng, X,, Li, X,, Si, Q, and Wang, W. (2020). Genesis of sandstone-type
uranium deposits along the northern margin of the Ordos Basin, China. Geosci. Front.
11, 215-227. doi: 10.1016/j.gsf.2019.07.005

Jones, D. L., Dennis, P. G., Owen, A. G., and Van Hees, P. A. W. (2003). Organic acid
behavior in soils -misconceptions and knowledge gaps. Plant Soil 248, 31-41. doi:
10.1023/A:1022304332313

Kaksonen, A. H., Lakaniemi, A.-M., and Tuovinen, O. H. (2020). Acid and ferric
sulfate bioleaching of uranium ores: a review. J. Clean. Prod. 264:121586. doi:
10.1016/j.clepro.2020.121586

Kalinowski, B. E., Oskarsson, A., Albinsson, Y., Arlinger, J., Odegaard—]ensen, A,
Andlid, T, et al. (2004). Microbial leaching of uranium and other trace elements from shale
mine tailings at Ranstad. Geoderma 122, 177-194. doi: 10.1016/j.geoderma.2004.01.007

Kamal, H. M., Mahdy, H. M. A., Hassabein, R. A., Mahmoud, K. E, and
Abouzeid, M. A. (2012). Microbial leaching of some valuable elements from Egyptian
phosphate rock. Nucl. Sci. Sci. J. 1, 155-165. doi: 10.21608/nss}.2012.31026

Kampf, A. R, Plasil, J., Nash, B. P, Némec, L., and Mart, J. (2020). Uroxite and

metauroxite, the first two uranyl-oxalate minerals. Mineral. Mag. 84, 131-141. doi:
10.1180/mgm.2019.57

Kapoor, A., and Viraraghavan, T. (1995). Fungal biosorption - an alternative treatment
option for heavy metal bearing wastewaters: a review. Bioresour. Technol. 53, 195-206.
doi: 10.1016/0960-8524(95)00072-M

Frontiers in Microbiology

13

10.3389/fmicb.2025.1523962

Kara, I. T, Kremser, K., Wagland, S. T., and Coulon, F. (2023). Bioleaching metal-
bearing wastes and by-products for resource recovery: a review. Environ. Chem. Lett. 21,
3329-3350. doi: 10.1007/s10311-023-01611-4

Karahalil, E., Coban, H. B., and Turhan, I. (2019). A current approach to the control
of filamentous fungal growth in media: microparticle enhanced cultivation technique.
Crit. Rev. Biotechnol. 39, 192-201. doi: 10.1080/07388551.2018.1531821

Kareem, S. O., Akpan, I., and Alebiowu, O. O. (2010). Production of citric acid by
Aspergillus niger using pineapple waste. Malays. J. Microbiol. 6, 161-165. doi:
10.21161/mjm.19009

Kasatkina, E. A., Shumilov, O. I, Kirtsideli, I. Y., and Makarova, D. V. (2023).
Bioleaching potential of microfungi isolated from arctic loparite ore tailings (Kola
Peninsula, northwestern Russia). Geomicrobiol. ]. 40, 285-294. doi:
10.1080/01490451.2022.2162166

Kazemian, Z., Larypoor, M., and Marandi, R. (2023). Evaluation of myco-leaching
potential of valuable metals from spent lithium battery by Penicillium chrysogenum and
Aspergillus  niger. Int. ] Environ. Anal. Chem. 103, 514-527. doi:
10.1080/03067319.2020.1861605

Khalafalla, M. S. (2022). Biotechnological recovery of uranium (VI) from Abu
Zeneima spent ore residue using green lixiviant. . Radioanal. Nucl. Chem. 331,
2503-2513. doi: 10.1007/s10967-022-08249-6

Khan, L, Zhong, N., Luo, Q., Aj, ., Yao, L., and Luo, P. (2020). Maceral composition
and origin of organic matter input in Neoproterozoic-Lower Cambrian organic-rich
shales of Salt Range Formation, upper Indus Basin. Int. J. Coal Geol. 217:103319. doi:
10.1016/j.c0al.2019.103319

Ksiazek, E. (2024). Citric acid: properties, microbial production, and applications in
industries. Molecules 29:22. doi: 10.3390/molecules29010022

Kim, M.-],, Seo, J.-Y., Choi, Y.-S., and Kim, G.-H. (2016). Bioleaching of spent Zn-Mn
or Ni-cd batteries by Aspergillus species. Waste Manag. 51, 168-173. doi:
10.1016/j.wasman.2015.11.001

Kretzschmar, J., Tsushima, S., Lucks, C., Jackel, E., Meyer, R., Steudtner, R., et al.
(2021). Dimeric and trimeric uranyl(VI)-citrate complexes in aqueous solution. Inorg.
Chem. 60, 7998-8010. doi: 10.1021/acs.inorgchem.1c00522

Lei, J., Liu, H.,, Zhou, L., Wang, Y., Yu, K., Zhu, H,, et al. (2023). Progress and
perspective in enrichment and separation of radionuclide uranium by biomass
functional materials. Chem. Eng. J. 471:144586. doi: 10.1016/j.cej.2023.144586

Li, L., Hu, N,, Ding, D., Xin, X., Wang, Y., Xue, J., et al. (2015). Adsorption and
recovery of U(VI) from low concentration uranium solution by amidoxime modified
Aspergillus niger. RSC Adv. 5, 65827-65839. doi: 10.1039/c5ra13516h

Li, G., Sun, J., Li, E, Wang, Y., and Li, Q. (2022). Macroparticle-enhanced bioleaching
of uranium using Aspergillus niger. Miner. Eng. 180:107493. doi:
10.1016/j.mineng.2022.107493

Li, W. C,, Victor, D. M., and Chakrabarti, C. L. (1980). Effect of pH and uranium
concentration on interaction of uranium (VI) and uranium (IV) with organic ligands in
aqueous solutions. Anal. Chem. 52, 520-523. doi: 10.1021/ac50053a033

Liang, X., Hillier, S., Pendlowski, H., Gray, N., Ceci, A., and Gadd, G. M. (2015).
Uranium phosphate biomineralization by fungi. Environ. Microbiol. 17, 2064-2075. doi:
10.1111/1462-2920.12771

Liaud, N., Giniés, C., Navarro, D., Fabre, N., Crapart, S., Herpoél-Gimbert, L, et al.
(2014). Exploring fungal biodiversity: organic acid production by 66 strains of
filamentous fungi. Fungal Biol. Biotechnol. 1:1. doi: 10.1186/s40694-014-0001-z

Liu, H., Luo, Z., and Rao, Y. (2023). Manipulation of fungal cell wall integrity to
improve production of fungal natural products. Adv. Appl. Microbiol. 125, 49-78. doi:
10.1016/bs.aambs.2023.07.005

Lucks, C., Rossberg, A., Tsushima, S., Foerstendorf, H., Scheinost, A. C., and
Bernhard, G. (2012). Aqueous uranium(VI) complexes with acetic and succinic acid:
speciation and structure revisited. Inorg. Chem. 51, 12288-12300. doi:
10.1021/ic301565p

Luo, Q., Zhong, N, Qin, J., Li, K., Zhang, Y., Wang, Y,, et al. (2014). Thucholite in
Mesoproterozoic shales from northern North China: occurrence and indication for
thermal maturity. Int. J. Coal Geol. 125, 1-9. doi: 10.1016/j.c0al.2014.01.009

Ma, ], Li, S., Wang, J., Jiang, S., Panchal, B., and Sun, Y. (2023). Bioleaching rare earth
elements from coal fly ash by Aspergillus niger. Fuel 354:129387. doi:
10.1016/j.fuel.2023.129387

Martell, A. E., and Smith, R. M. (1977). Critical stability constants, vol. 3. New York:
Plenum Press.

Max, B,, Salgado, J. M., Rodriguez, N., Cortés, S., Converti, A., and Dominguez, J. M.
(2010). Biotechnological production of citric acid. Braz. J. Microbiol. 41, 862-875. doi:
10.1590/S1517-83822010000400005

Mishra, A., Pradhan, N., Kar, R. N., Sukla, L. B., and Mishra, B. K. (2009). Microbial
recovery of uranium using native fungal strains. Hydrometallurgy 95, 175-177. doi:
10.1016/j.hydromet.2008.04.005

Mohamed, W. S., Abbas, Y. M. M., Ammar, A. A. A., Negm, S. H., Kawady, N. A, and
Rezk, M. M. (2024). Optimum factors estimation during uranium bioleaching process
from three different samples using two different fungal strains. J. Radiat. Nucl. Appl. 9,
119-134. doi: 10.18576/jrna/090204

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1523962
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.14456/WJST.2014.85
https://doi.org/10.3923/jbs.2002.346.350
https://doi.org/10.1007/s11157-023-09661-4
https://doi.org/10.2113/gsecongeo.55.8.1716
https://doi.org/10.3390/microorganisms9010111
https://doi.org/10.1080/00207233.2020.1736441
https://doi.org/10.1080/01490451.2021.1883161
https://doi.org/10.21608/nssj.2013.30992
https://doi.org/10.1007/978-3-030-97185-4_11
https://doi.org/10.1016/j.jclepro.2019.118815
https://doi.org/10.3390/batteries4040051
https://doi.org/10.1016/j.hazadv.2024.100435
https://doi.org/10.1080/01490451.2024.2307899
https://doi.org/10.1016/j.gsf.2019.07.005
https://doi.org/10.1023/A:1022304332313
https://doi.org/10.1016/j.jclepro.2020.121586
https://doi.org/10.1016/j.geoderma.2004.01.007
https://doi.org/10.21608/nssj.2012.31026
https://doi.org/10.1180/mgm.2019.57
https://doi.org/10.1016/0960-8524(95)00072-M
https://doi.org/10.1007/s10311-023-01611-4
https://doi.org/10.1080/07388551.2018.1531821
https://doi.org/10.21161/mjm.19009
https://doi.org/10.1080/01490451.2022.2162166
https://doi.org/10.1080/03067319.2020.1861605
https://doi.org/10.1007/s10967-022-08249-6
https://doi.org/10.1016/j.coal.2019.103319
https://doi.org/10.3390/molecules29010022
https://doi.org/10.1016/j.wasman.2015.11.001
https://doi.org/10.1021/acs.inorgchem.1c00522
https://doi.org/10.1016/j.cej.2023.144586
https://doi.org/10.1039/c5ra13516h
https://doi.org/10.1016/j.mineng.2022.107493
https://doi.org/10.1021/ac50053a033
https://doi.org/10.1111/1462-2920.12771
https://doi.org/10.1186/s40694-014-0001-z
https://doi.org/10.1016/bs.aambs.2023.07.005
https://doi.org/10.1021/ic301565p
https://doi.org/10.1016/j.coal.2014.01.009
https://doi.org/10.1016/j.fuel.2023.129387
https://doi.org/10.1590/S1517-83822010000400005
https://doi.org/10.1016/j.hydromet.2008.04.005
https://doi.org/10.18576/jrna/090204

Bhatti and Tuovinen

Moosakazemi, E, Ghassa, S., Jafari, M., and Chelgani, S. C. (2023). Bioleaching for
recovery of metals from spent batteries — a review. Miner. Process. Extract. Metall. Rev.
44, 511-521. doi: 10.1080/08827508.2022.2095376

Mullen, L., Gong, C., and Czerwinsk, K. (2007). Complexation of uranium(VI) with
the siderophore desferrioxamine B. J. Radioanal. Nucl. Chem. 273, 683-688. doi:
10.1007/s10967-007-0931-5

Naseri, T., Mousavi, S. M., and Kuchta, K. (2023). Environmentally sustainable and
cost-effective recycling of Mn-rich Li-ion cells waste: effect of carbon sources on the
leaching efficiency of metals using fungal metabolites. Waste Manag. 157, 47-59. doi:
10.1016/j.wasman.2022.11.043

Ohyoshi, E., Oda, J., and Ohyoshi, A. (1975). Complex formation between the uranyl
ion and citric acid. Bull. Chem. Soc. Japan 48, 227-229. doi: 10.1246/bcsj.48.227

Orabi, A. H., Zaki, S. A., Bayoumi, M. M., and Ismaiel, D. A. (2021). Leaching
characteristics of uranium from El-Missikat mineralized granite. Euro-Mediterr. J.
Environ. Integr. 6:14. doi: 10.1007/s41207-020-00214-7

Ortega, A., Domingo, J. L., Gémez, M., and Corbella, J. (1989). Treatment of
experimental acute uranium poisoning by chelating agents. Pharmacol. Toxicol. 64,
247-251. doi: 10.1111/j.1600-0773.1989.tb00640.x

Osman, Y., Gebreil, A., Mowafy, A. M., Anan, T. I, and Hame, S. M. (2019).
Characterization of Aspergillus niger siderophore that mediates bioleaching of rare earth
elements from phosphorites. World J. Microbiol. Biotechnol. 35:93. doi:
10.1007/s11274-019-2666-1

Palmieri, E, Estoppey, A., House, G. L., Lohberger, A., Bindschedler, S., Chain, P. S.
G., etal. (2019). Oxalic acid, a molecule at the crossroads of bacterial-fungal interactions.
Adv. Appl. Microbiol. 106, 49-77. doi: 10.1016/bs.aambs.2018.10.001

Parsa, A., Bahaloo-Horeh, N., and Mousavi, S. M. (2024). A kinetic study of indium,
aluminum, arsenic, and strontium extraction from LCDs using biometabolites produced
by Aspergillus niger. Miner. Eng. 205:108441. doi: 10.1016/j.mineng.2023.108441

Pasilis, S. P,, and Pemberton, J. E. (2003). Speciation and coordination chemistry of
uranyl (VI)-citrate complexes in aqueous solution. Inorg. Chem. 42, 6793-6800. doi:
10.1021/ic0341800

Patra, A. K., Pradhan, D., Kim, D. J., Ahn, J. G., and Yoon, H. S. (2011). Review on
bioleaching of uranium from low-grade ore. J. Korean Inst. Resour. Recycl. 20, 30-44.
doi: 10.7844/kirr.2011.20.2.030

Pecoraro, L., Wang, X., Shah, D., Song, X., Kumar, V., Shakoor, A., et al. (2021).
Biosynthesis pathways, transport mechanisms and biotechnological applications of
fungal siderophores. J. Fungi 8:21. doi: 10.3390/jof8010021

Priyadarsini, S., and Das, A. P. (2025). Lithium bioleaching: a review on microbial-
assisted sustainable technology for lithium bio-circularity. J. Water Process Eng.
69:106744. doi: 10.1016/j.jwpe.2024.106744

Rajan, K. S., and Martell, A. E. (1965). Equilibrium studies of uranyl complexes. III.
Interaction of uranyl ion with citric acid. Inorg. Chem. 4, 462-469. doi: 10.1021/ic50026a006

Rendo6n-Castrilléon, L., Ramirez-Carmona, M., Ocampo-Lépez, C., and
Gomez-Arroyave, L. (2023). Bioleaching techniques for sustainable recovery of metals
from solid matrices. Sustainability 15:10222. doi: 10.3390/su151310222

Renshaw, J. C., Robson, G. D., Trinci, A. P.]., Wiebe, M. G., Livens, E. R., Collison, D.,
et al. (2002). Fungal siderophores: structures, functions and applications. Mycol. Res.
106, 1123-1142. doi: 10.1017/50953756202006548

Reynier, N., Gagné-Turcotte, R., Coudert, L., Costis, S., Cameron, R., and Blais, J.-F.
(2021). Bioleaching of uranium tailings as secondary sources for rare earth elements
production. Fortschr. Mineral. 11:302. doi: 10.3390/min11030302

Rinaudo, M. (2006). Chitin and chitosan: properties and applications. Progr. Polym.
Sci. 31, 603-632. doi: 10.1016/j.progpolymsci.2006.06.001

Roy, J. J., Zaiden, N., Do, M. P,, Cao, B., and Srinivasan, M. (2023). Microbial recycling
of lithium-ion batteries: challenges and outlook. Joule 7, 450-456. doi:
10.1016/j.joule.2023.01.004

Saaed, S., Bhatti, H. N., and Bhatti, T. M. (2002). Bioleaching studies of rock phosphate
using Aspergillus niger. J. Biol. Sci. 2, 76-78. doi: 10.3923/jbs.2002.76.78

Schaefer, S., Steudtner, R., Hiibner, R., Krawczyk-Birsch, E., and Merroun, M. L.
(2021). Effect of temperature and cell viability on uranium biomineralization by the
uranium mine isolate Penicillium simplicissimum. Front. Microbiol. 12:802926. doi:
10.3389/fmicb.2021.802926

Schalk, I. J., Hannauer, M., and Braud, A. (2011). New roles for bacterial siderophores
in metal transport and tolerance. Environ. Microbiol. 13, 2844-2854. doi:
10.1111/j.1462-2920.2011.02556.x

Schmeide, K., and Bernhard, G. (2008). “Spectroscopic study of the uranium(IV)
complexation by organic model ligands in aqueous solution” in Uranium, mining
and hydrogeology. eds. B. J. Merkel and A. Hasche-Berger (Berlin: Springer),
591-598.

Septlveda, L., Ascacio, A., Rodriguez-Herrera, R., Aguilera-Carb¢, A., Cristébal, N.,
and Aguilar, C. N. (2011). Ellagic acid: biological properties and biotechnological
development for production processes. Afr. J. Biotechnol. 10, 4518-4523. doi:
10.5897/AJB10.2201

Shen, L., Zhou, H., Shi, Q., Meng, X., Zhao, Y., Qiu, G., et al. (2023). Comparative
chemical and non-contact bioleaching of ion-adsorption type rare earth ore using

Frontiers in Microbiology

10.3389/fmicb.2025.1523962

ammonium sulfate and metabolites of Aspergillus niger and Yarrowia lipolytica to
rationalise the role of organic acids for sustainable processing. Hydrometallurgy
216:106019. doi: 10.1016/j.hydromet.2023.106019

Show, P. L., Oladele, K. O,, Siew, Q. Y., Zakry, E. A. A,, Lan, J. C.-W,, and Ling, T. C.
(2015). Overview of citric acid production from Aspergillus niger. Front. Life Sci. 8,
271-283. doi: 10.1080/21553769.2015.1033653

Sillen, L. G., and Martell, A. E. (1964). Stability constants of metal ion complexes.
London: Chemical Society.

Skirrow, R. G., Jaireth, S., Huston, D. L., Bastrakov, E. N., Schofield, A., van der
Wielen, S. E., et al. (2009). Uranium mineral systems: processes, exploration criteria and
a new deposit framework. GeoCat # 69124. Canberra: Geoscience Australia.

Skoog, D. A., West, D. M., and Holler, E J. (1992). Fundamentals of analytical
chemistry. 6th Edn. New York: Saunders College Publishing.

Sun, J., Li, G., Li, Q, Wang, Y., Ma, ], Pang, C,, et al. (2020). Impacts of operational
parameters on the morphological structure and uranium bioleaching performance of
bio-ore pellets in one-step bioleaching by Aspergillus niger. Hydrometallurgy 195:105378.
doi: 10.1016/j.hydromet.2020.105378

Sun, J,, Li, Q, Li, T,, Xu, K., Cui, Z,, and Li, G. (2022). Insights into formation and
dissolution mechanism of bio-ore pellets in the one-step uranium leaching process by
Aspergillus niger. Miner. Eng. 184:107672. doi: 10.1016/j.mineng.2022.107672

Syczewski, M. D., Panajew, P., Marynowski, L., Waliczek, M., Borkowski, A.,
Rohovec, J., et al. (2024). Geochemical implications of uranium-bearing thucholite
aggregates in the upper Permian Kupferschiefer shale, Lubin district, Poland. Miner.
Depos. 59, 1595-1618. doi: 10.1007/s00126-024-01279-y

Tan, N, Ye, Q, Liu, Y., Yang, Y., Ding, Z., Liu, L., et al. (2023). A fungal-modified
material with high uranium (VI) adsorption capacity and strong anti-interference ability.
Environ. Sci. Pollut. Res. 30, 26752-26763. doi: 10.1007/s11356-022-24092-4

Tobin, J. M., Cooper, D. G., and Neufeld, R. J. (1990). Investigation of the mechanism
of metal uptake by denatured Rhizopus arrhizus biomass. Enz. Microb. Technol. 12,
591-595. doi: 10.1016/0141-0229(90)90132-A

Trivedi, A., and Hait, S. (2024). Fungal bioleaching of metals from WPCBs of mobile
phones employing mixed Aspergillus spp.: optimization and predictive modelling by
RSM and Al models. J. Environ. Manag. 349:119565. doi: 10.1016/j.jenvman.2023.119565

Tsezos, M., McCready, R. G. L., and Bell, J. P. (1989). The continuous recovery of
uranium from biologically leached solutions using immobilized biomass. Biotechnol.
Bioeng. 34, 10-17. doi: 10.1002/bit.260340103

Tsezos, M., and McCready, R. G. L. (1991). “The pilot plant testing of the continuous
extraction of radionuclides using immobilized biomass” in Environmental biotechnology
for waste treatment. eds. G. S. Sayler, R. Fox and J. W. Blackburn (New York: Plenum
Press), 249-260.

Tsezos, M. (2001). Biosorption of metals. The experience accumulated and the outlook for
technology development. Hydrometallurgy 59, 241-243. doi: 10.1016/S0304-386X(99)00056-0

Tsezos, M. (2014). Biosorption: a mechanistic approach. Adv. Biochem. Eng.
Biotechnol. 141, 173-209. doi: 10.1007/10_2013_250

Varnava, N., and Pashalidis, I. (2024). Studies on parameters affecting uranium
leaching from phosphogypsum. J. Radioanal. Nucl. Chem. 333, 1083-1088. doi:
10.1007/s10967-023-09342-0

Vazquez-Campos, X., Kinsela, A. S., Waite, T. D., Collins, R. N., and Neilan, B. A.
(2014). Fodinomyces uranophilus gen. nov. sp. nov. and Coniochaeta fodinicola sp. nov.,
two uranium mine-inhabiting Ascomycota fungi from northern Australia. Mycologia
106, 1073-1089. doi: 10.3852/14-013

Veglio, F, and Beolchini, E. (1997). Removal of metals by biosorption: a review.
Hydrometallurgy 44, 301-316. doi: 10.1016/50304-386X(96)00059-X

Wang, Y.-D,, Li, G.-Y,, Ding, D.-X,, Zhang, Z.-Y,, Chen, J,, Hu, N,, et al. (2015). Column
leaching of uranium ore with fungal metabolic products and uranium recovery by ion
exchange. J. Radioanal. Nucl. Chem. 304, 1139-1144. doi: 10.1007/s10967-015-3957-0

Wang, Y., Li, G., Ding, D., Hu, N., Deng, Q., and Zhou, Z. (2012). Factors influencing
leaching of uranium ore by organic acids from Aspergillus niger. CIESC J. 63, 1584-1591.
doi: 10.3969/j.issn.0438-1157.2012.05.037

Wang, Y., Huang, W, Li, Y., Yu, E, and Penttinen, P. (2022). Isolation, characterization, and
evaluation of a high-siderophore-yielding bacterium from heavy metal-contaminated soil.
Environ. Sci. Pollut. Res. 29, 3888-3899. doi: 10.1007/s11356-021-15996-8

Wang, Y., Wang, J., Ding, D,, Li, G., Sun, J., Hu, N, et al. (2024). Hyphae and organic
acids of Aspergillus niger promote uranium recovery by destroying the ore surface and
increasing the porosity and permeability of ores. Nucl. Eng. Technol. 56, 1880-1886. doi:
10.1016/j.net.2023.12.049

Werner, I, Bacher, A., and Eisenreich, W. (1997). Retrobiosynthetic NMR studies with
3C-labeled glucose. Formation of gallic acid in plants and fungi. J. Biol. Chem. 272,
25474-25482. doi: 10.1074/jbc.272.41.25474

Wu, W, Ke, T,, Zhou, X., Li, Q, Tao, Y., Zhang, Y, et al. (2022). Synergistic remediation
of copper mine tailing sand by microalgae and fungi. Appl. Soil Ecol. 175:104453. doi:
10.1016/j.aps0il.2022.104453

Xiong, Y., and Wang, Y. (2021). Uranyl oxalate species in high ionic strength

environments: stability constants for aqueous and solid uranyl oxalate complexes.
Radiochim. Acta 109, 177-185. doi: 10.1515/ract-2020-0083

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1523962
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1080/08827508.2022.2095376
https://doi.org/10.1007/s10967-007-0931-5
https://doi.org/10.1016/j.wasman.2022.11.043
https://doi.org/10.1246/bcsj.48.227
https://doi.org/10.1007/s41207-020-00214-7
https://doi.org/10.1111/j.1600-0773.1989.tb00640.x
https://doi.org/10.1007/s11274-019-2666-1
https://doi.org/10.1016/bs.aambs.2018.10.001
https://doi.org/10.1016/j.mineng.2023.108441
https://doi.org/10.1021/ic0341800
https://doi.org/10.7844/kirr.2011.20.2.030
https://doi.org/10.3390/jof8010021
https://doi.org/10.1016/j.jwpe.2024.106744
https://doi.org/10.1021/ic50026a006
https://doi.org/10.3390/su151310222
https://doi.org/10.1017/S0953756202006548
https://doi.org/10.3390/min11030302
https://doi.org/10.1016/j.progpolymsci.2006.06.001
https://doi.org/10.1016/j.joule.2023.01.004
https://doi.org/10.3923/jbs.2002.76.78
https://doi.org/10.3389/fmicb.2021.802926
https://doi.org/10.1111/j.1462-2920.2011.02556.x
https://doi.org/10.5897/AJB10.2201
https://doi.org/10.1016/j.hydromet.2023.106019
https://doi.org/10.1080/21553769.2015.1033653
https://doi.org/10.1016/j.hydromet.2020.105378
https://doi.org/10.1016/j.mineng.2022.107672
https://doi.org/10.1007/s00126-024-01279-y
https://doi.org/10.1007/s11356-022-24092-4
https://doi.org/10.1016/0141-0229(90)90132-A
https://doi.org/10.1016/j.jenvman.2023.119565
https://doi.org/10.1002/bit.260340103
https://doi.org/10.1016/S0304-386X(99)00056-0
https://doi.org/10.1007/10_2013_250
https://doi.org/10.1007/s10967-023-09342-0
https://doi.org/10.3852/14-013
https://doi.org/10.1016/S0304-386X(96)00059-X
https://doi.org/10.1007/s10967-015-3957-0
https://doi.org/10.3969/j.issn.0438-1157.2012.05.037
https://doi.org/10.1007/s11356-021-15996-8
https://doi.org/10.1016/j.net.2023.12.049
https://doi.org/10.1074/jbc.272.41.25474
https://doi.org/10.1016/j.apsoil.2022.104453
https://doi.org/10.1515/ract-2020-0083

Bhatti and Tuovinen

Xu, L., Yang, H., and Zhou, Y. (2019). Uranium leaching using citric acid and
oxalic acid. J. Radioanal. Nucl. Chem. 321, 815-822. doi: 10.1007/s10967-019-
06673-9

Yang, L., Libeck, M., and Liibeck, P. S. (2017). Aspergillus as a versatile cell
factory for organic acid production. Fungal Biol. Rev. 31, 33-49. doi:
10.1016/j.fbr.2016.11.001

Youssef, H. 1. (2007). Bioleaching of some heavy metals from different ores. Ph.D.
Thesis. Cairo: Faculty of Agriculture, Ain Shams University.

Frontiers in Microbiology

15

10.3389/fmicb.2025.1523962

Zhang, H., and Bloom, P. R. (1999). Dissolution kinetics of hornblende in organic acid
solutions. Soil Sci. Soc. Am. J. 63, 815-822. doi: 10.2136/s55aj1999.634815x

Zhang, J., Chen, X., Zhou, J., and Luo, X. (2020). Uranium biosorption mechanism
model of protonated Saccharomyces cerevisiae. ]. Hazard. Mater. 385:121588. doi:
10.1016/j.jhazmat.2019.121588

Zhou, H., Yu, X., Wang, J., Qiu, G., Zhao, H., and Shen, L. (2023). Utilization of
Aspergillus niger strain to leach rare earth elements based on untargeted metabolomics
analysis. Chem Eng. J. 475:146070. doi: 10.1016/j.cej.2023.146070

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1523962
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1007/s10967-019-06673-9
https://doi.org/10.1007/s10967-019-06673-9
https://doi.org/10.1016/j.fbr.2016.11.001
https://doi.org/10.2136/sssaj1999.634815x
https://doi.org/10.1016/j.jhazmat.2019.121588
https://doi.org/10.1016/j.cej.2023.146070

Bhatti and Tuovinen

Glossary

Uranium mineral - Ideal formula
Autunite - Ca(UO,),(PO,),-10-12H,0
Brannerite - UTi,0,4

Coffinite - U(SiOy); _ (OH) .

Dimorph uranophane-f§ - Ca(UO,),(SiO;OH),-5H,0
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Metauroxcite - (UO,),(C,0,)(OH),(H,0),

Thucholite (pyrobitumen) - Admixture of uraninite, hydrocarbons,

and sulfides

Tyuyamunite - Ca(UO,),(VO,),-5-8H,0
Uraninite - UO,

Uranophane - Ca(UQ,),(SiO;0H),-5H,0

Uroxcite - [(UO,),(C,0,)(OH),(H,0),]-H,0
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