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Whilst bioleaching is primarily used to recover minerals

autotrophic oxidation of ferrous and reduced sulphur compounds

from low-grade ores, the increasing demand for Rare Earth

for mineral release and subsequent recovery, which are found in

elements combined with supply chain concerns is opening

low amounts in REE ore bodies. Nevertheless, studies of REE

up new avenues of extraction from mine tailings, waste

mineral extraction from phosphate ores by bioleaching are in their

products and recyclable materials. Exploration of new,

infancy8–10. These bioleaching activities utilise acidophilic and

novel and economically viable techniques are required to

heterotrophic phosphate solubilising microorganisms (PSMs),

manage the coming shortage and volatility of global mar-

those often employed to increase soluble phosphate levels in

kets with more environmentally sound alternatives to tra-

agricultural settings. Species currently identiﬁed with the potential

ditional mining operations holding the key.

to recovery REEs from phosphate laden ores include Pseudomo-

The exploitation of microbes in the industrial application of bio-

cillium and Cladosporium10. Primarily, the focus of REE

leaching has been underway since the 1950s1 due to their ability to

bioleaching investigations have utilised pure cultures on sterile

mobilise minerals from ore bodies, with either heap leaching

ore and have resulted in varied rates of recovery depending on both

implemented for the recovery of Cu, Zn, Ni2 or stirred tank reactors

the microbial species employed and mineralogical characteristics

for U or Au3. With fewer discoveries of large high grade mineral

of the ore used.

nas, Acinetobacter, Bacillus, Microbacterium, Aspergillus, Peni-

deposits occurring4 it is anticipated that demand for raw minerals
will outstrip reserves for not only these elements, but also for Rare

For example, the fungal species Penicillium tricolor was shown to

Earth Elements (REEs). REEs are fundamental components of

leach 30–70% of available REEs from red mud9 compared to

mobile phones, lasers, electric batteries and superconductors5.

Bacillus megaterium, which leached less than 1% from monazite11.

With dwindling supplies of high grade REE stocks, ever increasing

Industrial operations with ferrous and sulphide ores often involve

demand for new technologies and a push for the mining industry to

two or more species due to the leaching chemistry requirements,

‘go green’, the processing of lower grade ores, recycling of elec-

size of the processes and the inability to maintain sterility. It has

tronic waste and treatment of discarded mining by-products using

been shown that mixed acidophilic populations increase recovery

bioleaching applications is proving attractive. Due to this the use

rates of copper12 compared to pure cultures. Our research initially

and application of bioleaching techniques is expanding as they are

conducted with pure cultures13 (Figure 1) demonstrated low

more cost efﬁcient, less energy intensive and employ more eco-

recovery rates of REEs from a concentrated Western Australian
monazite, whereas when bioleaching was performed using non-

2

friendly techniques .

sterile ore complete with the native population and an introduced
6

REEs (15 elements with atomic numbers ranging from 57 to 71) are

PSM (Figure 2), REE leaching rates increased tenfold with some

located amid carbonates, placer deposits, pegmatites and marine

species14. These leaching rates were much greater than those

7

phosphates . However, current bioleaching applications utilise the
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recorded with either pure cultures or the native consortia alone.
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Figure 1. Scanning Electron Microscopy of pure cultures of Enterobacter aerogenes employed during bioleaching trials of sterile Mount Weld
Monazite concentrate for the recovery of REEs. No indigenous microbes were identified during this leaching process.
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Figure 2. Scanning Electron Microscopy of non-sterile monazite bioleaching experiment inoculated with a starter Penicillium sp. After an 8-day
incubation, establishment of native bacilli species and production of exopolysaccharide substances were detected along with fungal matter adhered
to the monazite.

Cultures with a fungal starter organism such as Penicillium sp. had

more viable possibility that will meet microbial growth needs for

higher leaching rates than those commenced with a bacterial

optimum ongoing leaching. Fermentation of glucose by an intro-

isolate such as Enterobacter or Pseudomonas sp. As the indige-

duced heterotroph to the non-sterile leaching environment results

nous microbial population present on the ore is expected to be

in the manufacture of numerous ligands, predominately organic

2

limited in number , the addition of a heterotrophic PSM aids in

acids including acetic, citric, formic, oxalic and pyruvic depending

initiating leaching processes during the early operating phases.

on the PSM employed, which drives a signiﬁcant portion of the
REE leaching process. This initial consumption of glucose by the

Unlike the chemolithoautrophic pathways employed by the mi-

introduced species and the resultant availability of secondary

crobial consortia for growth during ferrous and sulphide leaching

metabolites can enable the growth of heterotrophic, mixotrophic

operations, heterotrophic leaching of REE phosphates requires the

and acidophilic microorganisms already existing on the ore, with

addition of a carbon source, usually in the form of glucose, which

the presence of native Firmicutes notably increasing leaching

can be cost prohibitive on a large scale. The provision of molasses,

rates14. In this symbiotic association, with the generation of

a waste product generated from sugarcane reﬁning is a ﬁnancially

secondary carbon compounds, a lowered pH environment is
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Figure 3. Stirred tank bioleaching reactors set-up for optimisation of REE recovery from phosphate bearing ores.

established and as the system stabilises with increased numbers of
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indigenous species, the need to add further glucose is reduced.
As it has been demonstrated that the native consortia alone are
capable of REE leaching albeit at very low levels, initiation of
indigenous activity appears to require one or more unknown
metabolites that arise as a result of the inoculant species fermenting
glucose.
The uptake of bioleaching as a viable alternative to traditional
methods for the recovery of REEs has been slow due to the inherent
unknowns in a biological based system and the uncertainty in value
for money returns. In Australia there are currently no commercial
REE bioleaching projects using heterotrophic or mixotrophic
microorganisms despite Australia having one of the largest REE
deposits in the world15. To encourage more mining corporations to
opt for a more environmentally friendly approach to REE recovery,
extensive research needs be undertaken to determine not only the
best PSM to ‘prime’ the system, but also to examine the complex
interactions occurring between the introduced PSM and native
consortia. Armed with this evidence, optimisation of REE bioleach-
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ing operations (Figure 3) is an obtainable goal with improved
leaching rates likely to allow the construction of long term reactor
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