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Australia holds the world’s fourth-largest reserves of rare earth elements (REE) and is an important global
producer. Historically, Australia has contributed approximately 5% of global REE extraction; however, its share
has increased over time, reaching about 8% of global extraction in 2025. Currently, the REE mining sector is
concentrated in Western Australia. However, other Australian states also have significant potential for REE
mining. Queensland hosts a range of both clay-hosted and mineral-hosted REE ores, which importantly include
both heavy-REE and light-REE enriched deposits. An advantage is that most of these ores are found near the
surface, which significantly reduces extraction costs. However, the conventional REE extraction and purification
technologies rely on toxic, corrosive and environmentally harmful reagents, which conflict with Queensland’s
strategic industrial priorities for sustainable and low-impact processing. This study explores different pathways
(e.g. bioleaching, electrokinetic, organic acids and novel green solvents, including ionic liquids and deep eutectic
solvents) in which efficiency and environmental care can coexist within economically feasible processes,
depending on the mineralogy and physicochemical properties of the ores. Unlike previous reviews, this work
provides a Queensland-focused comparison of green extraction routes, linking ore mineralogy with process se-
lection to support practical decision-making for regional REE mining. All the routes were evaluated regarding the
chemical mechanisms, thermodynamic properties, operational conditions, costs, efficiency, optimisation, scal-
ability, sustainability and environmental impact. The analysis indicates that bioleaching and deep eutectic sol-
vent systems offer the most promising near-term pathways for clay-hosted and tailings-derived REE, while hybrid
approaches will be required for crystalline ores.

2015).
Processing REE ores requires several steps of which mining, benefi-

1. Introduction

Rare Earth elements are essential to modern green technologies due
to their unique magnetic, optical, and thermal properties. They have
been vastly applied across different industries, from defence to medical,
for electrical vehicle motors, turbine generators, high-tech screens and
displays, and catalytic converters for combustion engines, resulting in
reduced gas emissions (Alonso et al., 2012; Binnemans et al., 2018).
However, despite their importance for enabling green and clean tech-
nologies, the circular economy for the mining and refining of REE re-
mains unsatisfactory due to current eco-unfriendly routes (Balaram,
2019; Jha et al., 2016). Although most REE occur predominantly in the
trivalent state, a few (notably Ce, Eu, Sm, and Yb) display variable
oxidation states, which affect solubility, complexation and leaching
behaviour and therefore influence downstream hydrometallurgical ef-
ficiency (Balaram, 2019; Cicconi et al., 2021; Krishnamurthy and Gupta,
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ciation, hydrometallurgy, refining, and purification are potential envi-
ronmental challenges. Firstly, mining requires different approaches due
to the ore deposits’ size and depth (Jha et al., 2016; McNulty et al.,
2022). Queensland’s deposits typically occur as surface to relatively
shallow subsurface rather than deeper underground ores (Hughes et al.,
2023; Huleatt, 2019). The advantages of mining in this case are that the
process tends to be cheaper and has lower operational risks (Bridge,
2004; Hughes et al., 2023). However, there are disadvantages as well.
Surface mining results in a larger area being explored, which disturbs
the ecosystem, alters landscape structure, and causes soil erosion
(Farjana et al., 2019; Worlanyo and Jiangfeng, 2021). Consequently,
there is an increase in the spatial footprint of waste rock, contamination,
acid mine drainage, and chemical dispersion into the surrounding
ecosystem (Farjana et al.,, 2019). Regarding sub-surface mining,
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although less visually disruptive, it results in impacts such as subsidence,
groundwater contamination and more energy requirement (Bridge,
2004; Dehkordi et al., 2024).

Beneficiation (e.g., crushing, grinding, flotation, magnetic separa-
tion, gravity separation) improves the physical properties of the ores,
resulting in a better feedstock for the next step, hydrometallurgy, where
REE are removed from the ores (Huang et al., 2015; Jha et al., 2016;
McNulty et al., 2022). The most common hydrometallurgy mechanism is
leaching (Huang et al., 2015; Ibad et al., 2024; Jha et al., 2016; Laksh-
manan, 1992; Li et al., 2018; Wu et al., 2018). It is the crucial step to
achieve higher efficient extraction processes. The next step is refining, in
which the mixed leach solution rich in REE and impurities, is processed
to separate the REE from other constituents (El Ouardi et al., 2023; Jha
et al., 2016). The most common mechanism is liquid-liquid extraction,
but other methods are promising, such as ion exchange, electrochemical
methods, and membrane-based methods (El Ouardi et al., 2023;
McNulty et al., 2022; Parhi et al., 2020). Although the extent of purifi-
cation depends on the final application. The purification remains the
most challenging stage due to the almost identical physicochemical
properties of the REE (Binnemans et al., 2018; Krishnamurthy and
Gupta, 2015). The application of microfluidic separation systems might
offer a novel sustainable pathway to perform this step, providing high
selectivity (Feng et al., 2025; Kolar et al., 2016; Santana et al., 2018).

Most of the methods introduced previously require hazardous and
strong chemicals (Han et al., 2025; Jha et al., 2016; Khalid and Santos,
2025). Conventional REE leaching, for example, depends upon strong
acids, such as sulfuric or hydrochloric acids, which result in soil and
water contamination, fauna and flora damage, and air pollution (Farjana
et al., 2019; Han et al., 2025; Jha et al., 2016). Thus, most of the
countries, including Australia and the United States of America, send
their REE feedstocks to other countries, where the REE extraction can
proceed at low cost and with minimal environmental legislation (Barazi
et al., 2025; Chen et al., 2024a; Mancheri, 2015; UFOP, 2020, 2016).
China has dominated the separation and refining steps for decades,
reaching about 97% of global REE processing in 2010 (Mancheri et al.,
2019; Wiibbeke, 2013). However, China has recently shifted some REE
processing to Myanmar due to lower cost and weaker environmental
regulations (Meehan and Lawn, 2024; Marsden, 2024). Currently,
Myanmar is considered the largest supplier of heavy rare earth elements
(HREE), with a growing market share (Chinkaka et al., 2023; Liu et al.,
2023). Moreover, other countries have emerged as destinations for REE
processing, such as Cambodia, Laos, and Madagascar (Chen et al.,
2024a; Liu et al., 2023). Despite recent diversification, China still ac-
counts for about 90% of global capacity for REE separation processes
(Chen et al., 2024b; Mancheri et al., 2019).

Australia’s REE market is dominated by Western Australia (WA)
(Hoatson et al., 2011). The Mt Weld deposit (Eastern Goldfields) is one
of the richest REE deposits over the globe. It has grades reaching up to
14% of total rare earth oxides (TREO) in the primary body that formed
from a Proterozoic carbonatite intrusion and is rich in Nd and Pr (Jaireth
et al.,, 2014). The Yangibana deposit (Gascoyne Province) is enriched
with Nd, Pr, Dy and Tb, with the REE hosted in monazite and xenotime
(Jaireth et al., 2014). There are also heavy-mineral sand deposits
(monazite and xenotime) along the WA coastlines, such as Eneabba,
Calypso, Eucla Basin and Perth Basin. Additional REE occurrences
include lignite-associated deposits (e.g. Mulga Rock region) and
pegmatite (Cooglegong-Pinga Creek region) (Hoatson et al., 2011;
Jaireth et al., 2014).

Queensland is the second largest state in Australia and has several
prospective REE ore deposits found in multiple types of ores (Hoatson
et al.,, 2011; Jaireth et al., 2014). The region has a long and complex
geological history (~2 Ga) and hosts a wide range of prospective re-
sources, including clay-hosted deposits (e.g., Hughenden and Kennedy),
phosphate-rich deposits (e.g., Georgina Basin), and legacy tailings, such
as those at Mary Kathleen (Anenburg et al., 2021; Hoatson et al., 2011;
Jaireth et al., 2014). Although a wide variety of ores are found across the
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state, most of them are found at the near subsurface (<20 m), making
extraction easier and generally cheaper with less environmental damage
(Bridge, 2004; Hughes et al., 2023). Queensland also has another
important advantage, which is the large mining experience in different
metals (e.g. zinc, lead, and copper) (Golev, 2025; Hoatson et al., 2011;
Hughes et al., 2023; Poulet et al., 2017). This knowledge in hydromet-
allurgy can be translated to the REE mining, but the need for sustainable
and greener mining processes is required to improve the local market in
accordance with government policies (Golev, 2025; Jha et al., 2016). In
this pathway, different methods have already been tested at small scales
such as microorganisms and organic acids (Gergoric et al., 2018;
Rasoulnia et al., 2021). Moreover, other methods have been evaluated
around the world, such as green solvents like ionic liquids (IL) (Alguacil
et al., 2024; Li et al., 2020; Quijada-Maldonado and Romero, 2021) and
deep eutectic solvents (DES) (Entezari-Zarandi and Larachi, 2019;
Martin et al., 2023), electrokinetic leaching (Dushyantha et al., 2024;
Kang et al., 2024), membranes (Abbasi et al., 2018; Carretas et al., 2023;
Parhi et al., 2020) and microscale reactors (Feng et al., 2025; Kolar et al.,
2016).

This review systematically examines green and emerging REE pro-
cessing routes for Queensland ores, critically evaluating their perfor-
mance across diverse ore mineralogy, operational conditions,
thermodynamic behaviour, and scale-up potential. For the first time,
these technologies are comparatively assessed within a unified frame-
work that integrates technical efficiency, economic feasibility, and
environmental performance, supported by targeted case studies. By
explicitly aligning processing strategies with Queensland and northern
Australia’s geological characteristics and sustainability-driven policy
requirements, this review provides practical, decision-oriented guidance
for expanding the regional REE market under environmentally respon-
sible conditions.

2. Geochemical context of rare earth elements (REE) ores

According to the International Union of Pure and Applied Chemistry
(IUPAC), REE comprise the group of lanthanides, from La (lanthanum)
to Lu (lutetium), plus Y (Yttrium) and Sc (Scandium) (Connelly, 2005).
They exhibit unique and closely related physicochemical properties,
particularly their magnetic, optical, and catalytic behaviour, which
distinguish them from other metallic elements (Binnemans et al., 2018;
Krishnamurthy and Gupta, 2015). In nature, they are usually found as
trivalent ions (REE®") and filled up to the 4f orbital, but their outer shell
is similar (ds2), so there is not significant variation in the chemical
properties, and only a slight variation due to the electrons contraction,
resulting in a small variation in the ionic radii (Krishnamurthy and
Gupta, 2015). This behaviour leads to a variation in mineral-melt par-
titioning, resulting in the REE elements being split into 2 groups: LREE
(La, Ce, Pr, Nd, Pm, Sm, Eu, and Gd) and HREE (Dy, Tb, Ho, Er, Tm, Yb,
Luand Y) (Anenburg et al., 2021; Bea, 1996). The concentration of LREE
or HREE varies significantly due to these properties and their response
regarding the Lanthanide Contraction (Goodenough et al., 2016; Hughes
etal., 2007). The type and concentration of REE in different deposits are
strongly controlled by the geochemical characteristics of their protoliths
and by crystal-melt partitioning governed by equilibrium processes
between minerals and molten fluids (Hoshino et al., 2016; McCoy-West
et al., 2015). REE attachment to the ores can simplistically be divided
into two main processes: surface adsorption in ores like ionic-hosted,
and inside the crystal lattices of the ore minerals, such as phosphates,
carbonates and silicates (Van Gosen et al., 2014a; Voncken, 2016). The
most common minerals that can contain significant amounts of REE are
monazite, xenotime and bastnaesite (Van Gosen et al., 2014; Voncken,
2016).

Monazite is a phosphate mineral (PO4)” and contains mostly LREE
(Voncken, 2016). Xenotime is also a phosphate mineral and is a primary
source of HREE (Voncken, 2016). Bastnasite is a fluorocarbonate [(CO3)
F] and the primary source of LREE, predominantly Ce, La, Pr and Nd
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(Van Gosen et al., 2014b; Voncken, 2016). LREE form stronger com-
plexes with CO3 and F and are more suitable for crystallisation in
minerals within the carbonatite environment, such as bastnasite, or
monazite (Anenburg et al., 2021; Williams-Jones et al., 2012). By
contrast, HREE exhibit higher hydration energies and form weaker
carbonate—fluoride complexes under equivalent physicochemical prop-
erties, which enhances their solubility in hydrothermal solutions
(Harmon et al., 2013; Williams-Jones et al., 2012). As a result, HREE
tend to remain more mobile in hydrothermal fluids and are preferen-
tially incorporated into minerals such as zircon, xenotime, and garnet,
which are commonly associated with granitic and metamorphic systems
(Stroncik and Niedermann, 2016; Wang et al., 2017; Williams-Jones
et al,, 2012). In addition, chloride ligands can form stable aqueous
complexes with REE, enhancing their mobility in hydrothermal fluids
and contributing to their redistribution during fluid-rock interaction
(Williams-Jones et al., 2012).Table 1

Light REE (LREE) are more abundant, more viable economically and
usually more requested at the high-tech market (Goodenough et al.,
2016; Voncken, 2016). However, both LREE and HREE are spread
globally across various geological formations, with heterogeneous con-
centrations and fractions, and are necessary in different industries
(Hoshino et al., 2016; Van Gosen et al., 2019). Exploring the geological
characteristics and comprehending the REE ore mineralogy are vital to
go further with the mining and extraction procedures (Krishnamurthy
and Gupta, 2015; Jha et al., 2016).

2.1. Rare earth elements mineralisation in Queensland

Queensland has a complex geological history spanning approxi-
mately 1.9 Ga, with the Mt Isa Inlier (part of the North Australian
Craton) forming its western core (Chandler and Spandler, 2020; Ewart,
1982). This complex framework encompasses a wide range of near-
surface mineral systems, including phosphate deposits, volcanic-
hosted systems, heavy-mineral sands, clay-hosted deposits, and
phosphorite-hosted apatite (Dutkiewicz et al., 2015; Valenta et al.,
2021). As a result, REE show a heterogeneous distribution across
Queensland, reflecting the diversity of geological settings and deposit
types (Hoshino et al., 2016; Valenta et al., 2021).

2.2. Clay-hosted

The Hughenden region, located between Mount Isa and Townsville,
has clay-hosted ores with resources at about 150 Mt and has been the
focus of the Kennedy Project (Bradley and Read, 2024; Valenta et al.,
2021). These deposits are typically associated with kaolinite-rich clay
systems containing REE, including both light and heavy REE (e.g. Dy,
Tb, and Y), and represent a relatively uncommon deposit type outside
Asia (Goodenough et al., 2016; Yang et al., 2013). The mineralisation
occurs close to the surface, with REE reported from the topsoil to depths
of approximately 2-4 m in the Hughenden area (Bradley and Read,
2024). Similar but higher-grade ion-adsorption clay deposits are found
in Jiangxi Province (China), which represents a major global source of
HREE such as Dy and Tb (Goodenough et al., 2016; Yang et al., 2013).
Although both regions contain near-surface ore deposits, Chinese ion-
adsorption deposits are generally thicker and more laterally extensive,
whereas deposits in Queensland tend to be shallower and more limited
in vertical extent (Li et al., 2019; Valenta et al., 2021; Yang et al., 2013).

2.3. Sedimentary phosphorite hosted

Phosphorite deposits in the Georgina Basin, located in northwestern
Queensland, form part of extensive Palaeozoic sedimentary sequences
and are known to host REE, commonly associated with phosphate
minerals (Dutkiewicz et al., 2015; Lisitsin and Valetich, 2022; Valenta
et al., 2021). These sediments normally have high porosity, increasing
the internal mass transfer of post-depositional fluids, promoting an
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enrichment of REE (Dutkiewicz et al., 2015; Emsbo et al., 2015; Follmi
and Follmi, 1996; McArthur and Walsh, 1984). Also, phosphorite de-
posits are dominated by carbonate-fluorapatite that hosts P05 (28-35
wt%), generally with a structure as Cas (PO4) 3 (F,Cl,OH,) (McArthur
and Walsh, 1984; McConnell, 1973). Apatite contains two calcium
structural sites Ca(I) and Ca(Il). In both cases, there are lattice defects
that accommodate ions with radii closer to Ca, such as LREE (La®*, Ce3*,
Nd3*, Pr3*"), which are preferable instead of Ca due to their higher
charge (Cloud, 1987; Hughes and Rakovan, 2002; McConnell, 1973; Pan
and Fleet, 2002).

From a global perspective, phosphorite sediments are widely utilised
as a source of fertiliser and a substantial by-product potential for LREE
recovery (Emsbo et al., 2016, 2015). REE-bearing deposits are found, for
example, in Morocco, where phosphate beds containing approximately
22-28 wt% P05 are mined at a rate of about 30-35 Mt/year using open-
pit and underground methods (Amirah, 2024; Chlahbi et al., 2023; Daafi
et al., 2014; Pistilli, 2024). Florida (USA, ca. 29-33 wt% P,0s) has
phosphate ores distributed in extensive sedimentary basins, with
extraction of about 10-15 Mt/year using dragline strip mining (Van
Gosen et al.,, 2019). Compared to these sites, the Georgina Basin
(Queensland, ca. 34-35 wt% P205) has more modest mining activity
(~0.8 Mtyear), with phosphorite deposits that locally contain elevated
REE concentrations and occur in relatively shallow profiles (Amirah,
2024; Hughes et al., 2023; Pistilli, 2024; Willin, 2022).

2.4. Peralkaline and volcanic-hosted

Peralkaline volcanic deposits are present worldwide, and the REE
deposits are both on the surface and underground (Cui and Zhang, 2008;
Krishnamurthy and Gupta, 2015). Round Top (USA) and Foxtrot (Can-
ada) ores are near-surface, allowing relatively low-cost open-pit mining
despite moderate TREO concentrations (600 ppm — Dy, Tb, Y, Gd)
(Alonso et al., 2012; National Minerals Information Center, 2025). The
Peak Range Volcanics (Central Queensland) have surface deposits with
moderate grade (1000 ppm of TREO — Dy, Gd, and Y). It extends widely
in a near-horizontal manner near the top, reducing operational mining
costs. However, due to the lower grade, a large volume must be mined,
which in turn tends to increase costs and environmental challenges
(Chandler and Spandler, 2020; Valenta et al., 2021).

2.5. Granite-hosted

The Sybella Granite, located about 20 km southwest of Mount Isa,
hosts a REE deposit characterised by weak-acid-soluble fluoro-carbonate
minerals hosted in low-acid-consuming granite. The REE ores are found
from the surface along a 14 km (“Sybella — REO Discovery Northwest
QLD | Red Metal Ltd, 2025). Two broad zones, each 1 km wide, have
been identified through drilling, with local high-grade breccia zones.
Preliminary work suggests favourable processing characteristics, driven
by the solubility of the dominant REE minerals and the benign
geochemical signature of the host granite (Jackon and Emery, 2024;
Valenta, 2021). Sybella shows similarities to Strange Lake (Canada) and
Khaldzan Buregte (Mongolia), both peralkaline granite systems enriched
in soluble REE minerals (Huston, 2024; Liu et al., 2023; Pistilli, 2024).

2.6. Heavy-mineral sands

The Cape York Peninsula hosts heavy mineral sand deposits con-
taining monazite and xenotime, typically developed in coastal dune
systems with total heavy mineral contents of approximately 1-1.5%, and
therefore representing a potential source of both LREE and HREE + Y
(Hitchman, 2018; Poulet et al., 2017; Valenta et al., 2021; von Gnie-
linski, 2015). The deposits in this area are formed by the erosion of
granitic and metamorphic rocks (Hitchman, 2018; Poulet et al., 2017;
Van Gosen et al., 2014b). The Urquhart Point deposit contains approx-
imately 2.8-3.2 Mt of heavy mineral sand ore, which includes a mineral
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Table 1
Comparison of representative rare earth element (REE) deposits in Queensland and their global analogues.
Deposit type Location Lithological host REE-bearing REE Global analogue  Ref
(Queensland) minerals’ fractionation
pattern
Granite-hosted (weak- Sybella Granite Sybella & Templeton granites; Fluorocarbonates LREE-dominant  Strange Lake (Chakhmouradian and Wall,
acid soluble) (Red Metal altered granite breccias (bastnasite-group), to mixed? (Canada); 2012; Huston, 2024; Pistilli,
discovery, Mt Isa minor monazite Khaldzan 2024; Poulet et al., 2017;
region) Buregtei Valenta et al., 2021)
(Mongolia)
Heavy mineral sands Sandy Mitchell Coastal/alluvial mineral sands Monazite (LREE), Mixed Chavara (Jackon and Emery, 2024;
(Ark Mines) xenotime (HREE + Monazite Sands Lucas, 2015; Poulet et al.,
Y) (India); Manjary 2017; Valenta et al., 2021)
Monazite Sands
(Madagascar)
Heavy mineral sands Cape York Detrital heavy-mineral sands Monazite, xenotime Mixed Chavara (Jackon and Emery, 2024; Liu
Peninsula Monazite Sands et al., 2023; Meehan and

Clay-hosted

Clay-hosted

Peralkaline volcanic
system

Phosphorite-hosted

Skarn/IOCG-related
uranium-REE*

Tailings

10CG with REE halo

10CG with REE
enrichment

10CG / alteration zone

Skarn-associated REE

REE nodules (surface)

REE surface lag +
phosphates

Phosphorite-xenotime

Y deposit

U-REE-Cu breccias

Kennedy Project

Hughenden

Peak Range
Volcanics

Georgina Basin
(Ardmore,
Phosphate Hill)

Mary Kathleen
(orebody)

Mary Kathleen
mill residues

Milo (GBM
Resources)

Andy’s Hill
(Hammer
Metals)
Koppany

Mount Dorothy

Coorabulka

Valroy

Korella (PHM
South)

Elaine Dorothy
(Elaine 1/2/3)

Kaolinite-halloysite regolith
over granite

Deeply weathered granite;
kaolinitic profiles

Aegirine-riebeckite-bearing

peralkaline rhyolites

Marine phosphorites (CFA)

Calc-silicate skarns
overprinted by IOCG fluids

U-REE processing tailings

10CG breccia system

Hematite-magnetite IOCG +
breccias

Sulphide-carbonate altered
volcanics

Secondary copper-cobalt
breccias

Surface nodules over Allaru
Mudstone

Surface lag over mudstones

Phosphate + xenotime-rich
horizon

Breccia zones near Mary
Kathleen

Surface-adsorbed
REE

Adsorbed REE

Eudialyte-like
phases

Apatite; secondary
REE phosphates

Allanite, apatite
(CFA), monazite,
bastnasite

Fine-grained
allanite + apatite

Disseminated REE
phosphates; apatite;
Y-P-REE halo

Ce-La enrichment in
alteration zones

Ce-La-Nd-Pr
Y-rich + HREE-

bearing phases
REE-Y phosphates

REE-Sr-P-Pb
enrichment

Xenotime (Y +
HREE), apatite

TREO + U + Th;
allanite + apatite

HREE-enriched

HREE-enriched

Mixed (LREE >
HREE)

LREE-dominant

LREE-
dominant; low
HREE

LREE-
dominant,
minor Y

LREE-dominant

LREE-dominant

LREE-dominant

HREE-enriched

Mixed

Mixed

HREE-enriched

LREE-dominant

(India); Myeik
Monazite Sands
(Myanmar)

Longnan Ion-
Adsorption Clays
— Jiangxi (China)
Xunwu Ion-
Adsorption Clays
— Jiangxi (China)
Round Top
(USA);
Nechalacho
(Canada)
Khouribga
Phosphorites
(Morocco); Bone
Valley
Phosphorites
(USA)

Bayan Obo
(China)

Mountain Pass
Tailings (USA)

Olympic Dam
REE Halo
(Australia)

Kiruna IOCG-REE
Halo (Sweden)

Cloncurry
IOCG-REE Halo
(Australia)

Browns Range
(Australia)

Olympic Dam
Peripheral REE
Zone (Australia)

Lawn, 2024; Pistilli, 2024;
Poulet et al., 2017; Rohner,
2023; Marsden, 2024; Valenta
et al., 2021)

(Bradley and Read, 2024; Li
et al., 2019; Poulet et al.,
2017; Valenta et al., 2021)
(Bradley and Read, 2024;
Kynicky et al., 2012; Valenta
et al., 2021)

(Chandler and Spandler,
2020; Poulet et al., 2017;
Spandler et al., 2020; Valenta
et al., 2021)

(Huleatt, 2019; Huston, 2024;
McNulty et al., 2022;
Nkrumah et al., 2021; Pistilli,
2024)

(Emsbo et al., 2016; Hughes
et al., 2023; Hughes and
Munro, 1965; Lottermoser
and Ashley, 2005; Nkrumah
et al., 2021; Poulet et al.,
2017)

(Lottermoser and Ashley,
2005; Nkrumah et al., 2021;
Valenta et al., 2021; Vaughan
et al., 2024)

(Hoatson et al., 2011, 2011b;
Huleatt, 2019; D Huston,
2024; S Jaireth et al., 2014;
Queensland critical minerals
prospectus, 2025; Rohner,
2023; P Rohner, 2023;
Valenta et al., 2021)
(Huleatt, 2019; Huston, 2024;
Pistilli, 2024)

(Huleatt, 2019; Huston, 2024)

(Beckton and Hatcher, 2011;
Poulet et al., 2017)
(Nkrumabh et al., 2021; Poulet
et al., 2017; Queensland
critical minerals prospectus,
2025; von Gnielinski, 2015)
(Branch and Humphries,
2012; Nkrumah et al., 2021;
Poulet et al., 2017)

(Branch and Humphries,
2012; Hughes et al., 2023;
Huleatt, 2019; Nkrumah et al.,
2021; Poulet et al., 2017;
Spandler et al., 2020)
(Beckton and Hatcher, 2011;
Hughes et al., 2023; Huleatt,
2019; Spandler et al., 2020)

IREE - Rare Earth Elements, 2LREE — Light Rare Earth Elements, >HREE — Heavy Rare Earth Elements, “lOCG - Iron Oxide Copper-Gold.
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assemblage dominated by zircon and rutile with minor monazite and
xenotime (Delzoppo, 2013). The Colmer Point deposit contains signifi-
cant heavy mineral resources, including approximately 4.08 Mt of
ilmenite, 1.02 Mt of zircon and 0.36 Mt of rutile (von Gnielinski, 2015).
Although these deposits are considered moderate grades, similar
monazite-rich coastal placers in India (e.g. Odisha and Kerala) have
been commercially exploited for decades, demonstrating the economic
viability of comparable ore types (Knorsch et al., 2025; Lucas, 2015;
Poulet et al., 2017; Valenta et al., 2021).

2.7. Iocgrelated rare earth elements halos

The Cloncurry district hosts multiple Iron-Oxide-Copper-Gold
(I0CG) systems, several of which display peripheral REE enrichment
associated with hydrothermal alteration halos (Beckton and Hatcher,
2011; Rohner, 2023; Valenta et al., 2021). Although not currently
considered standalone REE ore bodies, these halos contain allanite,
apatite and fluorocarbonate minerals capable of hosting LREE (Beckton
and Hatcher, 2011; Rohner, 2023). Similar IOCG-related REE systems
occur at Olympic Dam (Australia) and Norrbotten (Sweden), where REE
enrichment accompanies Fe-oxide-alkali metasomatism (Hoatson et al.,
2011; Huleatt, 2019; Huston, 2024; Liu et al., 2023). In Queensland,
these signatures remain under-explored but may represent long-term
potential for by-product REE recovery linked to copper extraction
(Huston, 2024; Queensland critical minerals prospectus, 2025).

2.8. Tailings and historical mine wastes

The Mary Kathleen (MK) ore deposit in northwest Queensland
(Mount Isa—Cloncurry mineral province) is historically known for its U
extraction, with approximately 9 Mt of ore mined; however, processing
of the ore resulted in the accumulation of REE-enriched tailings, with
total REE concentrations of up to ~ 3 wt%, predominantly composed of
LREE (mainly Ce, La, Nd, and minor Pr) (Nkrumah et al., 2021; Poulet
et al., 2017; Vaughan et al., 2024). The deposit was mined by open-pit
methods to a depth of approximately 230 m, and it is mineralogically
dominated by allanite with minor apatite and monazite (Costelloe,
2003; Hughes and Munro, 1965). The REE were incorporated into the
lattices of allanite crystals through coupled substitution of REE>" for
Ca?*, reflecting the strong structural compatibility of LREE in allanite
and their relatively high mineral-melt partition coefficients (D values)
compared to HREE (Chakhmouradian and Wall, 2012; Hoshino et al.,
2016; Hughes et al., 2007). A similar substitution mechanism occurs in
apatite, where REE>" can replace Ca®", leading to preferential incor-
poration of LREE; in contrast, monazite is a primary REE phosphate
mineral in which REE are structural constituents, and Ca occurs only as a
minor impurity (Chakhmouradian and Wall, 2012; Hoshino et al., 2016;
Hughes et al., 2007). A comparable ore is found in Bayan Obo
(Mongolia, China — Bastnasite, monazite, fluorocarbonates), containing
~ 40 Mt of rare earth oxides, and it is considered the largest REE deposit
in the world (Chakhmouradian and Wall, 2012; Drew et al., 1990; Ma
et al., 2024; Zhou et al., 2020). The deposit extends from near-surface to
depths of approximately 300 m and is responsible for a substantial
proportion of global REE supply, producing on the order of
100,000-120,000 t of TREO/year. In contrast, the Mary Kathleen
operation was significantly smaller in scale, with total ore extraction of
approximately 9 Mt over its operational lifetime (Chakhmouradian and
Zaitsev, 2012; Pistilli, 2024). The extraction processes differ between
the two ores. At Bayan Obo, processing typically involves magnetic
separation followed by flotation, and subsequent acid or alkaline
cracking prior to solvent extraction, reflecting the complex multi-stage
beneficiation and hydrometallurgical flowsheet required for REE re-
covery (Drew et al., 1990; Zhou et al., 2020). In contrast, at Mary
Kathleen, REE remain largely in tailings following uranium prduction
and may be recovered through targeted hydrometallurgical leaching
routes. (Nkrumah et al., 2021; Vaughan et al., 2024, Vaughan et al.,
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2021). In China, the iron is separated by magnetic process, followed by
flotation for REE and Nb, acid/alkaline cracking and solvent extraction
(Chao et al., 1997; Drew et al., 1990).

2.9. Economic diversification and supply chain security

The global market of REE has increased by 175% between 2005 and
2023 (National Minerals Information Center, 2024; Hammarstrom et al.,
2017; Zhu, 2024) reaching a production of 353 kt and valued at USD 6
billion (National Minerals Information Center, 2024; Mandaokar, 2023;
Zhu, 2024). Although cerium (Ce) dominates the global REE market in
terms of production volume, Nd, Pr, Dy and Tb are regarded as the most
strategically valuable REE because of their critical applications in high-
performance permanent magnets, which are strongly desired for magnet
technologies (Golev, 2025; Mandaokar, 2023). In 2023, this market was
driven by China (~70%), followed by the USA (~12%) (National
Minerals Information Center, 2024). Australia was responsible for
about 17 kt, which represents about 5% of the global market, with the
mining coming basically from Western Australia (Mount Weld — Lynas
Rare Earths). Currently, Mount Weld represents about 3% of global re-
serves and 8% of extraction (Golev, 2025). Queensland has no signifi-
cant extraction of REE, but the resources are estimated to reach about
4% of global reserves.

Despite China producing 70% of the global REE, more than 60% is
reserved for internal consumption, which means that more than 42%
(160 - 170 kt/year) of the world’s REE market remains in China. Its
domestic industries are focused on different sectors such as hybrid ve-
hicles, wind power, electronics, defence, and robotics; by applying
mainly Nd, Pr, Dy, Tb, Eu, Sm, and Y (Golev, 2025; National Minerals
Information Center, 2025; Zhu, 2024), as shown in Table 2. Moreover,
China controls about 90% of the global refining process (Barazi et al.,
2025; National Minerals Information Center, 2024). The imbalanced
market between China and Western countries, as described in detail in
Table 3, highlights the geopolitical risks for some countries like the USA
and Australia due to the potential supply chain disruptions and price
volatility. However, Australia, like several other Western countries,
faces challenges arising from the implementation of quotas, licensing
requirements, and taxes, driven by the need to conserve limited REE
resources for domestic use and to mitigate the environmental impacts
associated with mining and refining REE (Balaram, 2019; Barazi et al.,
2025).

To strengthen Australia’s capacity to respond to global market de-
mand while addressing national environmental challenges, the devel-
opment of a domestic REE processing sector is essential. Queensland
presents significant opportunities for REE extraction due to the diversity
of ore types present in the region, together with its well-established
mining and metallurgical infrastructure. These assets can be leveraged
to support the development of a fully integrated REE value chain, rather
than relying solely on experience gained from processing other
commodities.

3. Rare earth elements extraction and processing technologies

Processing and separation of REE require several steps from mining
to purification. The main steps are described in Fig. 1. The mining step
depends on where the REE are found: underground or at the surface.
When near to the surface, as seen in Queensland, the processes tend to be
cheaper and less complex as they require less drilling, blasting and diesel
consumption; although this does not necessarily mean they are envi-
ronmentally cleaner overall (Arienzo et al., 2022; Liu et al.,, 2025;
Dehkordi et al., 2024). Open-pit mining typically generates substantially
larger disturbed areas, higher rates of waste-rock removal, increased
dust and particulate emissions, and greater risks of surface-water and
groundwater contamination, particularly where REE are associated with
phosphates, apatite, clays or weathered profiles (Dehkordi et al., 2024;
Shiksha, 2025; Haque et al., 2014). These factors can offset the apparent
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Table 2
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Crustal abundance, market distribution, global production, and major industrial applications of rare earth elements (REEs) (Barazi et al., 2025; Falconnet, 1985; Golev,
2025; Hidayat, 2025; Huleatt, 2019; Huston, 2024; Jaireth et al., 2014; Mancheri, 2015; Mandaokar, 2023; National Minerals Information Center, 2024; Pistilli, 2024).

Element Crustal Global market? Global Production Use in Industry Most Common Source (Country)®
abundance (%)! (t/year)3' 4

Sc 9.3% 1.0% 20 Ceramics, alloys China, Australia, Ukraine

Y 14.0% 6.0% 10,000 Catalysts, magnets China, Malaysia, Myanmar

LREE

La 12.7% 10.0% 12,000 Catalysts, glass China, USA, Myanmar

Ce 29.6% 20.0% 24,000 Chalco—catalysts, glass polishing China, USA, Myanmar

Pr 3.8% 10.0% 5000 Magnets, lasers China, USA, Myanmar

Nd 15.7% 30.0% 16,000 Permanent magnets, EV motors China, Australia, USA

Sm 3.4% 2.0% 1,000 Magnets, reactors China, Australia, USA

HREE

Eu 0.6% 2.0% 500 Phosphors, lasers China, Australia

Gd 3.4% 3.0% 1,000 MRI contrast agents, alloys China, Australia

Tb 1.8% 5.0% 600 Phosphors, magnetostrictive alloys China, Myanmar, Australia

Dy 2.1% 8.0% 1,300 High-temperature magnets China, Myanmar, Australia

Ho 0.7% 0.5% 400 Lasers, calibration China, Australia

Er 1.4% 0.5% 800 Fiber-optics, lasers China, Australia, Ukraine

Tm 0.1% 0.5% 100 Portable X-rays, lasers China, Australia

Yb 1.4% 0.5% 500 Stainless steel, sensors China, Australia

Lu <0.1% 0.5% 100 PET detectors, catalysts China, Australia

1Relative proportion of each REE in the Earth’s upper crust, based on averaged geochemical models (Rudnick and Gao, 2003). Values represent approximate
abundance and may vary slightly between datasets. 2Approximate share of each element in global REE demand by volume. Approximate share of each element in
global REE demand by volume 2023-2024), aggregated from major producers. “China remains the dominant producer of most REE (>70% of global supply),
particularly for HREE-rich ion-adsorption clays processed in Jiangxi and Guangxi. *Indicates the leading producing countries for each individual REE. For Scandium
(Sc) and Yttrium (Y), production may include by-products from bauxite, titanium slags, and IAC leachates.

Table 3

Global rare earth elements (REE) production, reserves, refining capacity, do-
mestic consumption, and exports by major producing countries (2024). (Barazi
et al., 2025; U.S. Geological Survey, 2025).

Country Extraction  Refining  Reserves Internal Exports
(kt TREO) (kt TREO)  Market (kt TREO/

(kt TREO/  year)
year)

China 270 ~90% 44,000 160-170 100-110

USA 45 <10% 1,900 ~30 ~15

Myanmar?® 31 ~0% Not <1 ~30

identified

Australia 13 <5% 5,700 ~1 12

India 2.9 <1% 6,900 ~2 ~1

Russia 2.5 <1% 3,800 ~1.5 ~1

Brazil 0.8 <1% 21,000 ~0.5 ~0.3

Global 390 100% 130,000 195-205 185-195

Total

!Myanmar is listed as a major source of several HREE because it supplies 30-35
kt TREO/year of ion-adsorption clay concentrates to China. However, Myanmar
does not have officially reported “resources” because extraction occurs in
informal, non-JORC operations without geological modelling or resource esti-
mation. Nearly 100% of Myanmar’s concentrates are exported to China for
refining.

reduction in energy intensity compared with underground mining. The
second step consists in the beneficiation, where the REE-rich minerals
are concentrated. After, the material enters the hydrometallurgy stage.

Mining Beneficiation

Crushing/Grinding

Surface Mining Flotation

Underground Mining Magnetic Separation

Gravity Separation

Hydrometallurgy

Leaching

Leaching is the most common one, and it is applied to dissolve the REE.
Depending on the ore type, leaching reagents may include inorganic
acids (e.g. HoSO4, HCl, HNOs3), alkaline reagents or a previous cracking
treatment (e.g. NaOH), ammonium salts ((NH4)2SO4) for ion-adsorption
clays, or organic complexing agents. This is an important step and is
responsible for the biggest environmental damage (Balaram, 2023;
Bridge, 2004; Haque et al., 2014). Currently, due to the environmental
regulations, most western countries, including the USA send their REE-
rich mineral concentrates to China as the processing steps from hydro-
metallurgy onwards are cheaper and faster (Barazi et al., 2025; Ham-
marstrom et al., 2017; IEA, 2020). The next step is refining, which
involves advanced technologies to separate REE into high-purity con-
centrates. Finally, purification ensures the separation of individual ultra-
pure oxides.

3.1. Mining and beneficiation methods for rare earth elements deposits in
Queensland

As described previously in Section 2.1, Queensland ores are typically
surface and shallow subsurface. The most common types of deposits are
clay-hosted and heavy mineral sands. However, unlike the classic ion-
adsorption clays from South China, recent studies demonstrate that
the Queensland occurrences are better classified as non-ionic residual
REE deposits, formed by deep weathering of REE-bearing parent rocks
rather than by true ion-exchange mechanisms (Huleatt, 2019; Knorsch
et al., 2025). These deposits contain REE predominantly in amorphous
or nano-crystalline phases, phosphate residua and Fe-Mn

Purification

Refining

Liquid-liquid Extraction
lon Exchange

Microfluidic Systems
Electrochemical Process

Membrane

Bioleaching

I | 1
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Fig. 1. General processing pathway for rare earth element (REE) production and representative leaching technologies under development.
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oxyhydroxides, rather than loosely adsorbed onto clay surfaces, mean-
ing that conventional ion-exchange leaching does not apply, and higher-
acidity or alternative reagents are required to mobilise the REE
(Goodenough et al., 2016; Knorsch et al., 2025).

These characteristics support low-cost mining operations by
enabling free-digging methods, lowering energy and water demands,
and minimising environmental disturbance, which in turn simplifies
post-mining land and ecosystem restoration (Goodenough et al., 2016;
Knorsch et al., 2025). Another potential REE source is by-product re-
covery, for example, phosphorites and tailings. It also has a low cost,
since the mining infrastructure for other primary commodities already
exists (Muddanna and Baral, 2021). Moreover, using existing tailings
reduces the need to characterise new ores, reduces the environmental
impact, and supports the circular economy by reprocessing waste
streams (Haxel et al., 2022).

Queensland’s current mining infrastructure for commodities such as
vanadium, bauxite, coal, and phosphate provides a strong foundation
that can be readily adapted to REE extraction, significantly lowering
upfront costs associated with equipment, workforce training, and
operational development. The vanadium deposits (Julia Creek area) and
bauxite (Weipa area) are at very shallow depths (0 to 4 m) and require
free-digging methods and are mined with scrapers, excavators, front-end
loaders, and dozers. A similar approach has been applied at the Kennedy
Project, which is currently at the exploration and pilot stage of REE in
ion-adsorption clays (Valenta et al., 2021). The mining of coal (Bowen
Basin — up to 50 m depth) and phosphate (Georgina Basin — 10 to 12 m
depth) is made by strip mining, dragline, bucket wheel excavators,
shovels, and large hydraulic excavators. Queensland is one of the global
leaders of coal and phosphate mining by these methods. Thus, these are
mature technologies with local expertise and the ability to deal with a
large volume of ores, allowing co-production of REE (Hughes et al.,
2023; Lazzarini, 2024).

A second common type of ore found in Queensland is the heavy
mineral sands. Currently, this type of ore has been explored for zircon,
ilmenite and rutile from coastal sediments (Cape York area — 3 to 5 m
depth) (Bradley and Read, 2023; Poulet et al., 2017). These ores are
mainly monazite and xenotime-bearing sands with an important LREE
endowment. The extraction of commodities has been made by hydraulic
dredging (cutter suction dredge), and wet separation (floating concen-
trator) followed by enrichment using wet high-intensity magnetic sep-
arators and gravimetric spiral separation. These methods do not need
drilling or blasting, are low-cost and low-energy, and can be applied
straight away for REE in parallel to the other commodities (Bradley and
Read, 2023; Lazzarini, 2024).

Hard-rock ores are found in Mount Isa (200 — 300 m depth) and Mary
Kathleen (150 m depth) areas, where U, Au, and Cu have been mined,
and these deposits form large-scale open-pit (Poulet et al., 2017; Laz-
zarini, 2024). The mining is made by drilling (rotary and blast hole
drills), hydraulic excavators, and large wheel loaders. The same tech-
niques can be applied to allanite and apatite ores containing REE, as at
Bayan Obo (China). The advantage in this case is the high scalability and
co-mining of multiple commodities. Mary Kathleen is also well known
due to the tailing reprocessing growing capacity of LREE (Ce, La, Nd)
and a lower environmental footprint than opening a new mine site
(Bradley and Read, 2023; Golev, 2025; Lazzarini, 2024). The mining
method is made by reprocessing fine material already ground and stored
in tailing dams, by dredge or excavators, followed using pumps and
piping systems, thickeners and filters, agitation tanks and solvent
extraction (Lottermoser and Ashley, 2005).

3.2. Eco-friendly hydrometallurgical extraction of rare earth elements

For deposits where REE are structurally incorporated within mineral
lattices, such as in silicates and phosphates, REE may occur either as
essential structural constituents (e.g. monazite) or through coupled
substitution for cations such as Ca®" (e.g. in allanite). This configuration
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requires aggressive hydrometallurgical steps to break the lattice and
release REE. These ores typically require pre-treatment by roasting or
calcination, followed by strong acid or alkaline leaching under relatively
harsh conditions, and subsequent purification via solvent extraction or
ion exchange. As a result, developing eco-friendly processing routes is
more challenging for these systems. Nevertheless, such approaches are
critically important, as lattice-bound REE minerals—including allanite,
monazite, xenotime, and apatite—are dominant in several Queensland
deposits (e.g. Mary Kathleen, Cape York, and the Georgina Basin)
(Emsbo et al., 2015; Hughes et al., 2023; Hughes and Munro, 1965;
Hughes and Rakovan, 2002; Knorsch et al., 2025). Despite their preva-
lence, these ores remain comparatively under-studied due to their
mineralogical complexity, further highlighting the need for targeted
research.

Conversely, ores where the REE are bound on the surface by their
charges and electrostatic forces, such as clay-hosted, do not require as
corrosive leaching reagents (Kynicky et al., 2012). In this case, envi-
ronmentally friendly reagents such as ammonium salts or organic acids
are sufficient to achieve high extraction efficiency of the ionically bound
REEs (Qu and Lian, 2013; Yang et al., 2013). This approach eliminates
the need for lattice breakdown, reducing reagent consumption, energy
use, and overall environmental impact (Balaram, 2019; Kynicky et al.,
2012). Consequently, there has been significant interest in applying
environmental approaches to this type of ore. Thus, the hydrometal-
lurgical route in Queensland varies from high-intensity, chemically
aggressive processing for lattice-bound REE minerals to milder and more
selective leaching approaches for ionically bound REE, as widely re-
ported in REE processing studies (Binnemans et al., 2018; Jha et al.,
2016).

3.2.1. Bioleaching

Bioleaching is facilitated through the metabolic activity of the
microorganism producing organic acids (e.g. acetic, gluconic, citric, and
oxalic) to convert insoluble minerals, such as those containing REE, to
soluble metal ions (Brisson et al., 2016; Rawlings and Johnson, 2007;
Rawlings and Silver, 1995; Rohwerder et al., 2003; Vera et al., 2022)
that can form complex chelated structures (Christenson and Schijf,
2011). They also work by solubilising phosphates, making it a prom-
ising method for crystal—REE3+ such as monazite (Brisson et al., 2016). It
is considered an environmentally sustainable and cost-effective method
for extracting REE from different sources (e.g., low-grade ores, industrial
wastes, and tailings) (Bosecker, 1997; Jones and Santini, 2023; Roh-
werder et al., 2003). Furthermore, most of the microorganisms applied
for REE bioleaching provide selectivity between HREE and LREE, and
bioremediation potential, simultaneously extracting valuable metals
and stabilising their residues (Ren et al., 2009; Sarkodie et al., 2022).

Bioleaching efficiency depends on the mass transfer diffusion in the
system between the phases, type of microorganism, and operational
parameters. At laboratory and pilot scale, bioleaching of REE-bearing
materials has achieved from tens to over ninety per cent extraction,
depending on the ore type and microorganism, for example, up to 83%
La and 23% Ce from spent fluid catalytic cracking (FCC) catalyst with
Acidithiobacillus ferrooxidans, and ~ 80-95% La, Nd and Y from ion-
adsorption type REE ores using Acidithiobacillus ferrooxidans, and py-
rite (Muddanna and Baral, 2021; Rasoulnia et al., 2021; Zhao et al.,
2025a). However, it remains challenging to scale up this process to an
industrial scale (Prodius et al., 2020; Rohwerder et al., 2003). The main
difficulty at larger scale arises from pH and oxygen gradients, which
develop because the mild agitation, essential for microbial viability,
provides insufficient mass transfer, ultimately reducing system homo-
geneity (Rasoulnia et al., 2021; Rawlings and Johnson, 2007). Another
challenge arises from the inherently slow kinetics of both microbial
growth and leaching, which often require residence times of several days
to achieve optimal recovery. This, in turn, necessitates large reactor
volumes, extensive plant footprints, and batch or cascade reactor con-
figurations, leading to increased capital expenditure (Christenson and
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Schijf, 2011). Moreover, microbial growth and leaching can occur
simultaneously in a one-step bioleaching process, or they can be sepa-
rated into a two-step approach in which leaching is performed after an
initial microorganism cultivation stage (Johnson, 2014; Rawlings and
Silver, 1995). The one-step process requires fewer steps and non-
dedicated vessels for each step, increases the adsorption on the sur-
face, reduces the mass transfer limitations, but the presence of metals
during the cultivation stage can reduce microbial growth rate and slow
the leaching kinetics due to their inhibitory or toxic effect on the mi-
croorganisms at the inoculation stage (Bosecker, 1997; Jones and San-
tini, 2023; Rohwerder et al., 2003). The two-step process requires more
space and dedicated vessels; however, the reaction kinetics of both
processes can be optimised by applying the optimal operational condi-
tions to each step (Brisson et al., 2016; Dusengemungu et al., 2021;
Owusu-Fordjour and Yang, 2023; Rohwerder et al., 2003).

Bioleaching processes can be mediated by various microorganisms,
including chemolithoautotrophic bacteria and archaea, as well as hetero-
trophic fungi. Heterotrophic fungi such as Aspergillus niger and Peni-
cillium simplicissimum are the most commonly used in REE focused
bioleaching (Brisson et al., 2016; Dusengemungu et al., 2021; Owusu-
Fordjour and Yang, 2023; Reed et al., 2016; Shi et al., 2023). The
overall mechanism can be summarised as a combined biochemical
dissolution process driven by organic acid secretion, redox changes, and
metal-ligand complex formation at low pH (typically pH 2.0-3.0 for
optimal REE dissolution) (He et al., 2025; Liu et al., 2025). The fungi
metabolise organic carbon sources via glycolysis and the tricarboxylic
acid (TCA) cycle, secreting large amounts of citric, oxalic, gluconic, and
lactic acids into the medium (Bosecker, 1997; Gadd, 2007). The acids act
by acidolysis (Equation 1), lowering the pH and promoting proton attack
on mineral lattices, and by complexation (Equation 2), where organic
anions chelate REE>™ ions released from mineral surfaces, keeping them
in solution (Barmettler et al., 2016; Liang et al., 2024). In addition,
oxalate and citrate ligands form stable soluble complexes with lantha-
nides, enhancing mobilisation from phosphates, carbonates, or clays
(Rasoulnia et al., 2021).

REEPO, + 3H"— REE®*" + H3PO, €))

REE®" + C¢H503™—[REE(CsHs05)] 2

Chemolithoautotrophic bacteria (e.g. Acidithiobacillus ferrooxidans,
Acidithiobacillus thiooxidans, and Leptospirillum ferrooxidans) are the most
commonly used bacteria in REE bioleaching. These microorganisms
obtain energy from the oxidation of iron (Fe** — Fe®*") and reduction of
sulphur (S° — SO%"), generating ions that act as leaching agents (Equa-
tion 3) (Johnson, 2014; Rohwerder et al., 2003). The presence of sul-
phate ions results in a corrosive environment and enhances REE
solubilisation from phosphates and carbonates via indirect leaching
mechanisms (Rohwerder et al., 2003; Vera et al., 2022). The cation
generated (Equation 4) is used again as the feed for the first reaction by
the microbe and restarting the process by sustaining a cyclic redox
process indeterminately (Bosecker, 1997).

4Fe*" + 0,4+ 4H' > 4Fe®*' + 2H,0 3)
REEPO, + 3Fe’"— REE®*" + 3Fe’" + PO} 4

Regarding selectivity, bioleaching tends to favour LREE over HREE. This
is due to the larger ionic radii and weaker complex stability constants of
LREE—citrate or LREE-oxalate complexes, which promote faster disso-
lution and diffusion (Brisson et al., 2016; Owusu-Fordjour and Yang,
2023; Rasoulnia et al., 2021). However, mixed acid systems or the
presence of gluconic acid can improve HREE mobilisation by shifting the
complexation equilibria (Azimi, 2025; Dong et al., 2023; He et al., 2025;
Yaraghi et al., 2019). Co-culture strategies, combining bacteria and
fungi, and extending residence times can partially bridge the gap faced
by individual microbes, enhancing the extraction of both REE groups.
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Bioleaching has shown measurable extraction efficiencies across
different ore types, including phosphate-rich minerals (30-70% REE
recovery under fungal systems) (Ma et al., 2023; Qu and Lian, 2013)
carbonate-bearing hosts (40-65% depending on acidity and ligand
availability), (Dong et al., 2023; Rasoulnia et al., 2021), and ionic-
hosted deposits (60-94% depending on microbial species and resi-
dence time) (Brown et al., 2023; Owusu-Fordjour and Yang, 2023;
Rohwerder et al., 2003). These types of ores are abundant in Queens-
land, particularly in the Kennedy and Georgina regions, making fungal
bioleaching a promising green route for local REE extraction.

Bioleaching works well at mild operational conditions (T: 25-35°C,
aerobic conditions), as described in Table 4. However, considering that
most of the microbes prefer acid environment, pH between 1.5 and 3,
higher efficiency could potentially be achieved (Dong et al., 2023; Ren
etal., 2009). A. niger leached ~ 31% of total REE from coal fly ash at pH
2.5, 30°C, 14 days (Ma et al., 2023), while Penicillium tricolour leached
~ 70% of REE from red mud at pH 2.8 and 28°C (Qu and Lian, 2013). In
ion-adsorption type rare earth ores bioleached with Acidithiobacillus
ferrooxidans at initial pH 2.0, REE recoveries above 90% for La, Nd and
Y, and ~ 77% for Ce have been reported (Zhao et al., 2025a). Other
parameters include the solid particle size distribution, the metallic ma-
trix, the presence of radioactive compounds, and the pulp density
(Rasoulnia et al., 2021). For fungi, the oxalic and citric acids are the
most common and efficient organic acids produced by the microbes (Ma
et al., 2023; Qu and Lian, 2013). The kinetic efficiency tends to be low
and durations up to 10 to 20 days can be required to reach the extraction
equilibrium (Zhang et al., 2018). Qu and Lian (2013) compared the ef-
ficiency of solely bioleaching against the use of pre-culturing as pre-
treatment, with the two procedures producing comparable extraction
efficiencies, leaching about 70% of the REE (pH 2.8 and 28°C) (Qu and
Lian, 2013). More recently, Wang et al. (2025c) showed that A. niger
extracted up to 94% of REE, corroborating the fact that over time the
bioprocess has become more efficient and could be industrially feasible
in the future. Bacterial leaching results in higher efficiency in the pres-
ence of sulphur and iron, with Acidithiobacillus ferrooxidans achieving
60-70% Dy and Y recovery and 40-50% La and Ce extraction from ion-
adsorption clays at 30°C, pH 2.0, within 14 days (Wang et al., 2025c).
Acidithiobacillus ferrooxidans oxidizes Fe?* — Fe" and $° — SOZ,
creating ferric ions and acidity that promote acidolysis and redoxolysis
of REE-bearing minerals, while A. thiooxidans enhances sulphur
oxidation and acid generation in mixed cultures (Dong et al., 2023;
Rohwerder et al., 2003). Leptospirillum ferrooxidans, an obligate iron
oxidiser, is particularly active at higher redox potentials (Eh > 600 mV)
and contributes to the rapid regeneration of Fe>" under aerobic
conditions.

Thermodynamically, this process tends to be endothermic (AH > 0),
as energy is required to disrupt mineral lattice bonds and mobilise
REE®" ions from the solid matrix.. The proton attack step, observed by
fungus leaching, is the limiting step and has a Gibbs free energy (AG)
between + 120 and + 180 kJ/mol (Rasoulnia et al., 2021). However, the
environment acidification (pH < 3) and complex formation with organic
ligands, such as citrate (log p; =~ 6.4-7.2) or oxalate (log p; ~ 7.5-8.3),
decrease the AG, making the reaction more favourable (Wang et al.,
2025c). These two mechanisms act complementarily: sustained proton
activity drives continued mineral surface attack, while REE-ligand
complexation lowers the chemical activity of dissolved REE>" species,
shifting the dissolution equilibrium towards the aqueous phase. Here,
log B refers to the first-step stability constant of the REE-ligand com-
plex, defined as log p; = log([REE—L]/([REE3+] [L']), which quantifies
the affinity of the ligand (L) for complexing REE>" ions; higher values
indicate more stable complexes and therefore greater solubilisation ef-
ficiency. For bacteria, the process has one spontaneous step, the redox
(AG: -100 and -200 kJ/mol), resulting in the ferric diproton being
constantly regenerated, which maintains the chemical mechanism
active (Rohwerder et al., 2003).

The infrastructure required for bioleaching is simpler than that for
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Table 4
Summary of bioleaching approaches for rare earth element (REE) extraction.
Ore Type / Feed Solvent / Agent REE Analysed Operational Conditions Leaching Efficiency (%)’ Ref
Coal fly ash, bastnasite-bearing ~ Organic acids (citric, gluconic) from Mixed REE (focuson ~ 30°C; pH 2.5-3.0; 10-14 30% total REE; Ce, Nd, La (Ma et al., 2023)
rock Aspergillus niger LREE) days most soluble
Ion-adsorption clays Acidithiobacillus ferrooxidans Dy, Y, La, Ce 25-35°C; pH 2-3; 7-14 days Dy, Y: 60-70%; La, Ce: (Wang et al.,
(sulphur-oxidizing bacteria, in-situ 40-50% 2025¢)
sulfuric acid generation)
Mixed metal tailings (ion- Acidithiobacillus ferrooxidans + fungi La, Ce, Nd, Y 30°C; pH ~ 2.0; 10-14 days 70-80% REE removal from (Dong et al.,
adsorption and oxide phases)  consortium tailings 2023)
Phosphate rock Acidithiobacillus ferrooxidans Y, La, Ce, Nd 30°C; pH 2.0; 14 days (1% Y 36%; La 37%; Ce 28%; (Tian et al.,
(apatite-dolomite matrix) pulp density) Nd 33%; Total REE ~ 2022)

Red mud (bauxite residue)

Red mud (bauxite residue)

Spent fluid catalytic cracking
catalyst (SFCCC)

Zircon (7.3 g REE kg'l);
gibbsite shale (Um Bogma

Organic acids from Penicillium
tricolour

Penicillium sp. / Aspergillus niger
(fungi, organic acid secretion: citric,
oxalic)

Acidithiobacillus ferrooxidans
(adapted strain aAF20)

Acidithiobacillus ferrooxidans

Ce, Nd (LREE)

Y, Dy, La, Ce

La, Ce

Mixed REE (La, Ce,
Pr, Nd, Sm, Eu, Gd,

28°C; pH 2.8; 14 days

25-30°C; pH 2.5-3.0; 7-10
days

30°C; pH 2 + 0.2; Fe?* =
8.84 g/L; 1-7% pulp
density; 15 days

32°C; pH =~ 2; 10 g/L pulp;
batch 10 days

28-46%
60% Nd, 70% Ce

Higher for HREE (Y, Dy)
than LREE

La 83%; Ce 23% (La =~ 11.5
mg/g SFCCC; Ce ~ 0.21
mg/g SFCCC)

Total REE 80%; LREE (La,
Pr, Nd) =~ 90% max

(Qu and Lian,
2013)
(Qu and Lian,
2013)

(Muddanna and
Baral, 2021)

(Barmettler
et al., 2016)

Formation) Dy, Y)

! Overall, unless elements specified.

the traditional acid pathway. The system, including vessels, reactors and
mass transfer equipment, does not need to be developed to resist
corrosion, high pressure or temperature (Rasoulnia et al., 2021). How-
ever, because the reaction kinetics are slower, and high efficiency is only
achieved after several days, rather than a few hours as with acid, the
system requires larger volume vessels, and greater plant footprint to
accommodate more reactors working in parallel. Consequently, the
larger plant footprint required to compensate for slow kinetics increases
infrastructure costs, as materials and process streams must be trans-
ported over longer distances within the facility (Owusu-Fordjour and
Yang, 2023).

Reagent consumption requirements are approximately 70% lower
for bioleaching than for conventional acid leaching, due to the micro-
bially generated acids and the reduced need for externally supplied re-
agents (Rasoulnia et al., 2021). The reagents required for bioleaching
include those for culture maintenance, process monitoring, and pH and
oxygen control (Owusu-Fordjour and Yang, 2023; Rasoulnia et al.,
2021). The main consumable for heterotrophic fungal systems is the
carbon source, generally glucose or sucrose (10 — 40 g/L). It can
represent up to 60% of total operational expenditure (OPEX) (Owusu-
Fordjour and Yang, 2023). Using industrial by-products such as
molasses, corn-steep liquor, or lignocellulosic hydrolysates can signifi-
cantly reduce nutrient costs (Rasoulnia et al., 2021). The chemo-
lithoautotrophic bacteria rely on inexpensive inorganic substrates but
require continuous aeration and agitation, which together account for
about 30 — 40% of OPEX. The slow kinetics of bioleaching increase the
expenses with power to maintain the system under agitation, aeration
and constant temperature for about 10 to 20 days. Even though the
energy requirements for microbes’ systems operating are reported to be
less than 10% of those of autoclave-based acid leaching (Zhang et al.,
2024). Scale-up introduces additional expenses associated with main-
taining pH, oxygen, and nutrient gradients, thereby increasing both
energy and water requirements.

Bioleaching is a more sustainable process than traditional methods.
Direct effects include less waste generation and preservation of the
surrounding environment. Indirectly, bioleaching reduces overall power
demand, minimises the need for complex hazard-mitigation systems and
requires simpler infrastructure, as the process operates at ambient
pressure and relatively low temperatures. It is also well-suited for low-
grade ores and tailings, and its carbon source can be supplied by inex-
pensive organic waste streams, further lowering environmental impact.
Thus, when the whole chain is analysed, the carbon footprint can be

reduced drastically and even if it is more complex and has longer ki-
netics, the final power balance is positive.

Despite the limitations, ongoing genetic and process optimisations
further promote bioleaching performance, positioning it as a promising
green technology for REE extraction in future industrial applications
(Joshi et al., 2025). In Queensland, bioleaching offers a promising low-
impact pathway for REE extraction from phosphate-rich and lateritic
ores such as those found in the Mary Kathleen tailings and Georgina
Basin regions, and from clay-hosted deposits in northern Queensland.

3.2.2. Deep eutectic solvents

DESs have emerged as a greener and sustainable pathway for metal
leaching. Deep eutectic solvents were developed as a new generation of
green solvents to overcome key limitations of ILs, including high cost,
complex synthesis, toxicity concerns, and limited biodegradability. DESs
are formed by mixing at least two compounds in specific molar ratios,
typically a hydrogen bond donor (HBD) and a hydrogen bond acceptor
(HBA). Strong hydrogen-bonding interactions between the HBDs and
HBAs disrupt the orderly crystallisation of the individual components,
leading to lattice frustration, charge delocalisation, and a significant
depression of the DES melting point. This results in the molecules
intercalating with one another, causing frustrations in the natural
crystallisation of the components and delocalising charges. This pre-
vents solidification, resulting in mixtures with melting points signifi-
cantly lower than those of the individual components. As a result, DESs
remain liquids at temperatures well below the melting points of their
constituent compounds and exhibit distinctive physicochemical prop-
erties, including low vapour pressure, wide liquid-phase temperature
ranges, low flammability, and, in many cases, good stability in the
presence of water (Abbott et al., 2006; Alguacil and Robla, 2023; Amal
et al., 2021; Li et al., 2022; Martin et al., 2023; Shakiba et al., 2023).
With almost endless combinations of chemicals and molar ratios, DESs
are considered versatile “designer solvents,” enabling them to have a
wide and growing range of applications across science and industry.
DESs have been explored for their potential in green chemistry, energy
storage and conversion, catalysis, biotechnology and bioprocessing,
biomass pretreatment, pharmaceutical and drug formation, food and
nutraceutical processing, electrochemistry and electrodeposition, car-
bon capture, material synthesis, metal recovery, polymer recycling,
analytical chemistry, environmental remediation, and nanotechnology
(Ferreira and Sarraguca, 2024; Hansen et al., 2020; Ling and Hadinoto,
2022; Lomba et al., 2021; Perna et al., 2020; Prabhune and Dey, 2023;
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Sharma et al., 2023; Smith et al., 2014).

For leaching applications, four solvent properties are particularly
critical: (1) low viscosity, which enhances mass transfer and accelerates
dissolution; (2) sufficient thermal and chemical stability together with
low vapour pressure, ensuring the solvent remains liquid. non-volatile
and operationally safe under typical processing conditions; (3) tunable
acidity and complexation capability, which control proton activity and
ligand formation with REE>*; and (4) environmental compatibility,
meaning that the solvent should exhibit low toxicity, be readily syn-
thesised from inexpensive precursors, and be recyclable to minimise
waste generation. Collectively, these attributes underpin the growing
relevance of DESs as sustainable alternatives to conventional mineral
acids. Advanced computational modelling software, such as Conductor-
like Screening Model for Real Solvents (COSMO-RS®), enables re-
searchers to formulate and predict the physicochemical properties of
DESs and allows specific reactions to be simulated by analysing the
molecule interactions and thermodynamic properties. Using this
approach, Afridi et al. (2024) identified choline glycinate, choline
oleate, and choline decanoate as green solvents comparable to
(NH4)2SO4 to leach REE while maintaining biodegradability and negli-
gible toxicity (Afridi et al., 2024). Entezari-Zarandi and Larachi (2019)
formulated a DES composed of choline chloride, urea, and malonic acid.
It was able to leach more than 80% of Sm-, Nd-, and Y-bearing carbonate
salts, while La and Ce carbonates exhibited significantly lower solubility
(<40-50%), thereby evidencing the intrinsic selectivity of DESs systems
for HREE. This selectivity was also observed during dissolution of
multicomponent carbonate mixtures and bastnasite, confirming that
DESs can promote early-stage fractionation among REE groups,
depending strongly on feedstock mineralogy and carbonate availability
(Entezari-Zarandi and Larachi, 2019).

Leaching REE by acidic DESs generally proceeds through three main
steps: 1) acidolysis; 2) complexation and 3) ion-exchange, as shown in
Fig. 2. In this process, the HBD, typically an organic acid, provides
protons that cleave REE-O bonds in phosphate or carbonate matrices
(acidolysis), releasing REE®* ions into solution. The HBA, commonly a
quaternary ammonium salt, stabilises the liberated REE>* ions through
ion-dipole interactions and coordination with chloride or carbonyl-

Acidic DES
(H+ + HBA)

H+

HBA

REE-OX lattle (solid) —HO

1. Protonation of
REE-OX lattlce

REE3* + HBA
REE-DES complex

REE-OX (solid) | (solid)

2. Bond cleavig}\>. : =
i (solubilised)

REE3+

Fig. 2. Schematic illustration of REE oxide dissolution in acidic deep eutectic
solvents (DESs) through lattice protonation, bond cleavage, and REE-DES
complex formation.
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containing ligands, thereby preventing precipitation and promoting
further complexation. Following acidolysis, ion-exchange reactions can
further enhance REE release from mineral surfaces, particularly in
phosphate, carbonate, and ion-adsorption-clay systems. These processes
typically occur under relatively mild operating conditions compared
with conventional mineral-acid leaching (Shakiba et al., 2023). Tem-
peratures between 25 and 90°C are usually enough to reach high effi-
ciency (Li et al., 2022; Shakiba et al., 2023). The temperature is more
important to reduce the DESs viscosity and enhance the diffusivity than
to promote the leaching. Thus, synthesising a DES with low viscosity can
be a key to drastically reduce the need for heating. A pH between 2 and 4
increases the proton availability, promoting partial dissolution of
phosphate (and carbonate) matrices while minimising hydrolysis of
REE>" jons (Shakiba et al., 2023). The optimal solid to liquid ratio is
between 1:5 to 1:10 w/v, depending on the viscosity of the liquid (Amal
etal., 2021; Sarker et al., 2025; Shakiba et al., 2023). More viscous DESs
require a higher solid-to-liquid ratio, and additional temperature
adjustment to better match the viscosity and enhance the mass transfer.
The processing time is usually between 2 and 6 h for pre-treated ores (e.
g., alkali-roasted, mechanically activated, or thermally cracked to
weaken the REE-O lattice) and > 12 h for untreated ores. High re-
coveries have been demonstrated in simplified feedstocks; for instance,
NdFeB magnets dissolved almost completely, yielding 97.6% Nd after 4
h at 80°C in a TEAC-LA DES, although this reflects the inherently
reactive, metal-rich nature of magnet alloys rather than the behaviour
expected for refractory REE minerals (Shuping et al., 2025). Similarly,
high recoveries have been achieved when carbonate ores are mechani-
cally activated prior to DESs leaching, with Li et al. (2022) reporting
88% dissolution of Y from mechanically activated carbonates. Me-
chanical activation involves high-energy milling that introduces lattice
defects, amorphization, and microcracks, which increase surface area
and weaken REE-O bonds. These structural changes substantially
enhance mineral reactivity and mass-transfer kinetics during leaching,
leading to higher extraction efficiencies than those obtained from un-
treated ores (Li et al., 2022). As a result, mechanical activation is
considered a critical pretreatment step for lattice-bound REE minerals
prior to DES leaching.

Li et al. (2022) obtained 88% Y recovery in 12 h from mechanically
activated carbonates. An alkali roasting pretreatment can enhance
acidic leaching (Li et al., 2022). Sarker et al. (2025) pretreated Fe-rich
tailings by KOH roasting at 250°C for 30 min and subsequently leach-
ing at 70°C using ChCl: PTSA DES (choline chloride: p-toluenesulfonic
acid, 2:1) and achieved about 95% recovery of REE (predominantly Nd
and Pr) from tailings (Sarker et al., 2025).

Selectivity toward REEs varies with the hydrophobicity of the DES,
with HREEs generally showing higher solubility in hydrophobic DESs
(HDESs) than LREEs. This behaviour is attributed to the stronger
complexation tendency of HREE ions, which arises from their smaller
ionic radii and higher charge density (Guidugli and Reza, 2025). In
HDES systems, HREE-solvent interactions are often stronger due to the
higher charge density and smaller ionic radii of HREE ions, which pro-
mote the formation of stable inner-sphere complexes with the DES
hydrogen bond donor-acceptor network (Guidugli and Reza, 2025).
Although HREEs possess more negative hydration enthalpies, their
stronger coordination with DES ligands can offset dehydration penalties
and favour transfer into the organic phase. This enhanced complexation
lowers the effective energy barrier for the ion-exchange step, making
phase transfer more thermodynamically favourable (Entezari-Zarandi
and Larachi, 2019; Shakiba et al., 2023). In contrast, LREE, with larger
ionic radii and lower charge density, typically form weaker solvent
complexes and show less favourable transfer into hydrophobic phases
(Entezari-Zarandi and Larachi, 2019). Consequently, a clear lanthanide
contraction effect emerged, whereby HREEs consistently achieved
higher extraction efficiencies under identical conditions (Guidugli and
Reza, 2025; Shakiba et al., 2023). Thus, while hydrophobicity influences
solvent stability and phase separation, the extraction selectivity between
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Table 5
Key physicochemical properties affecting REE extraction selectivity in DES
(Guidugli and Reza, 2025; Marcus, 1991; Pelaez et al., 2012; Shannon, 1976).

REE Group Ionic Radius Hydration Extraction Trend in
(VIII-coordination, Enthalpy DES
pm) (AHpyq, kJ/
mol)
LREE (La-Nd) 116-112 -3650 to -3600 e Low extractability
e Strong hydration
e Weaker
complexation
MREE 110-105 -3570 to -3500 e Moderate
(Sm-Dy) extractability
o Transitional
behaviour
HREE (Ho-Lu 104-100 -3480 to -3350 e High extractability
+Y) e Easy dehydration
e Strong
complexation

LREE and HREE is primarily thermodynamically driven by ion-solvent
interaction energies and hydration structure modifications (Guidugli
and Reza, 2025). Another aspect is that increasing surface area and
diffusion flux through the boundary layer results in an increase in sol-
ubilisation, resulting in higher leaching efficiency. Li et al. (2022)
evaluated Y dissolution in a ternary DES (ChCl-urea-malonic acid).
Under agitation, the apparent activation energy decreased from 83.9 to
37.4 kJ/mol because stirring disrupts the stagnant boundary layer at the
solid-liquid interface, increases collision frequency, and improves mo-
lecular mobility within the viscous DES. This enhancement of mass
transport reduces the diffusion resistance and accelerates the overall
leaching rate (Li et al., 2022). It indicates that, by reducing the viscosity
of the DES, higher efficiencies can be achieved due to variations in the
system's mass transfer. As demonstrated by Khalid et al. (2023), the
leaching process is endothermic (AH > 0) at room temperature (RT),
reflecting the energy demanded to disrupt REE-O bonds and overcome
the solvation barrier imposed by the viscous DES matrix; however,
above 60°C, the entropic gain associated with increased molecular
mobility outweighs the enthalpic penalty, driving AG below zero and
rendering the reaction spontaneous (Khalid and Santos, 2025). These
findings indicate that the mass transfer can limit the REE leaching by
DESs, and the solvent must be synthesised considering the importance of
its viscosity. By reducing the viscosity, the expenses associated with a
heating step would be reduced and thus, higher overall efficiency could
be possible.
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The optimal operational conditions for different feedstocks are
shown in Table 6. Usually, temperatures between 60 and 90°C are
enough to result in a high efficiency (Liu et al., 2024; Sarker et al., 2025;
Shuping et al., 2025; Sobri et al., 2024). This is because it reduces the
viscosity of DESs and increases the diffusion and transport of REE ions
and protons between the bulk DESs and the mineral surface, which
governs the rate at which leaching reactions proceed (Amal et al., 2021;
Hansen et al., 2020; Perna et al., 2020). Leaching kinetic equilibrium
generally occurs in about 5 h, being as fast as the traditional acid
pathway, and a better option than bioleaching as previously discussed.
Lower pH (< 4) increases the efficiency of REE dissolution by favouring
the first step of the chemical mechanism of leaching (Kaplan et al., 2025;
Liu et al., 2024; Sarker et al., 2025; Shuping et al., 2025). The use of
KOH as pretreatment can help to roast the lattice crystals, however, the
DES by itself tends to be enough depending on the pKa of HBA present in
the solvent (Kaplan et al., 2025; Sarker et al., 2025).

Leaching with DESs can offer lower environmental impact and
improved safety compared with conventional acid leaching using H,SO4
or HCJ, particularly due to their low volatility and reduced corrosiveness
(Amusa et al., 2026; Prabhune and Dey, 2023; Zante and Boltoeva,
2020). DESs are typically synthesised from relatively inexpensive
chemicals; however, the overall process may involve additional costs
associated with solvent preparation, larger processing footprints, and
sustained energy input for heating and viscosity control (Entezari-Zar-
andi and Larachi, 2019; Hansen et al., 2020; Martin et al., 2023; Perna
et al., 2020; Sharma et al., 2023). However, due to lower waste treat-
ment costs and environmental damage mitigation, the synthesis step
costs are lower, resulting in an economically competitive option.
Moreover, several DES systems demonstrate good recyclability, main-
taining high performance across multiple reuse cycles. For example,
ChCl: lactic acid DES maintains > 90% of its leaching performance over
5-6 cycles, ChCl: urea DES maintains > 95% efficiency across four cy-
cles, and ChCl: malonic acid DES remains above 85% efficiency for at
least three cycles (Alguacil and Robla, 2023; Shuping et al., 2025). This
recyclability, combined with the fact that DESs operate under mild
temperature and pressure, reduces operational costs significantly,
similar to bioleaching. It is also an environmentally friendly option
considering that DESs tend to be biodegradable and less hazardous due
to the hydrogen-bonding interactions between HBA and HBD (Abbott
et al., 2006; Martin et al., 2023; Pieckowski et al., 2025; Zante and
Boltoeva, 2020). This type of processing would be suitable for the clay-
hosted and monazite-bearing ores found in Queensland’s Kennedy
region.

Table 6
Summary of deep eutectic solvent (DES) approaches for rare earth element (REE) extraction..
Ore Type/Feed Composition and HBA:HBD REE Analysed Operational Leaching Ref
ratio Conditions Efficiency (%)’
A-type granites ChCl + Urea (1:2) General REE 20-100°C; pH ~ 2; >50% (Amal et al., 2021)
<300 min
Caustic-treated monazite ChCl + Lactic acid Ce, La, Nd 25°C; pH 2; < 300 min > 90 (Shakiba et al.,
2023)
Rare-earth carbonate ChCl + Urea + Malonic acid Y 80°C; pH 2.5-3; 720 85.2% (Li et al., 2022)
min
Model oxides/synthetic ores ChCl + Urea (1:2) General REE 50-70°C; pH ~ 2-4.9; < 90% (Abbott et al.,
120 min 2006)
Mixed oxides ChCl + Malonic acid (1:1) Ce, Nd, La 50°C; pH 3-4; 120 min > 85% (Abbott et al.,
2006)
Phosphor residues Betaine + Propanedioic acid Y, Eu 90°C; pH 3; 150 min Y 99.4%, Eu 93.1% (Alguacil and
Robla, 2023)
Red mud/phosphor waste ChCl + Glycerol/Betaine Ce, Nd, La, Y 60-90°C; pH 2-4; 180 85-95% (Alguacil and

NdFeB waste Tetraethyl-ammonium chloride + Nd
Levulinic acid
KOH roasted Fe-rich mine tailings DES (ChCL:PTSA 2:1) after KOH

containing REE minerals roast

TREE from Fe-rich
REE tailings

min Robla, 2023)

80°C; 240 min 97.6% (Shuping et al.,
2025)
25-70°C 95% (Sarker et al., 2025)

! Overall, unless elements specified.
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3.2.3. Electrokinetic mining

Electrokinetic mining (EKM) is another method that has emerged to
remove metals from ores as a promising replacement for traditional
methods that require strong acids (Amusa et al., 2026; Pires et al., 2023).
The main idea is to apply a controlled low-voltage electric field across
the REE feedstock to promote the transport of metallic ions, such as REE,
from the solid matrix toward the electrode surfaces and into a recov-
erable aqueous phase, typically the analyte solution (Acar and Alsha-
wabkeh, 2002; Wang et al., 2024). The feedstock can be ionic clays,
groundwater, surface water, tailing, or soil (Warner, 2025). The most
important criteria are that the feed material consists of finely milled
particles and that the target metal is ionically bound. For crystalline
mineral-based REE ores, EKM is insufficient to leach REE, since they are
stuck within robust crystal lattices, unless an optimised beneficiation
has been applied before the leaching, enriching the feedstock and
drastically reducing the particle size to a range of 20-50 um (Acar and
Alshawabkeh, 2002; Virkutyte et al., 2002; Watts and Fisher, 2021; Xu
et al., 2025). In this case, part of the metals would be exposed and able to
be removed from the crystals. Another option to improve leaching ef-
ficiency of crystalline REE-bearing minerals, is combining EKM with a
second method such as an organic acid (Maes et al., 2017), alkaline
roasting or mechanochemical activation (Khalid and Santos, 2025;
Shakiba et al., 2023). For example, NaOH-treated monazite undergoes
phase transformation to REE(OH)s, in which the phosphate matrix is
broken down and replaced by more soluble rare earth hydroxides, which
are more soluble under electric-field-driven extraction conditions
(Khalid and Santos, 2025; Shakiba et al., 2023). Li et al. (2022) com-
bined EKM and DES to extract REE. Initially REE extraction was between
28 and 32%; however, after reducing particle size, it was possible to
reach up to 72% of REE leaching (Li et al., 2022). Xu et al. (2025) and
Wang et al. (2023) reported that integrating EKM with ammonium-
sulphate electrolyte systems improved desorption, enhanced the mass
transfer and consequently achieved leaching efficiencies of 70-85% for
LREE (La, Ce, Nd) and up to 90% for HREE (Dy, Y) under electric-field
gradients of 1-2 V/cm at 30-60°C (Wang et al., 2023; Xu et al.,
2025). These combined approaches extend EKM potential beyond ion-
adsorption clays toward hard-rock REE deposits, representing a key
frontier for sustainable, reagent-efficient extraction technologies. Other
multipronged approaches can still be investigated, such as EKM in the
presence of ILs, microorganisms or enzymes.

The EKM process consists of three main steps: electromigration,
electrolysis and ion exchange, as outlined in Equations 5-7. The pres-
ence of water in the ores is crucial, as it promotes oxidation/reduction
reactions that result in ions (anode/cathode) responsible for the trans-
port of ionic metals. At the anode, protons are generated by oxidation
and pH decreases, and these protons displace REE>* from the negatively
charged adsorption sites on the mineral surfaces, causing their desorp-
tion into the porewater film. At the cathode, hydroxide ions increase
alkalinity, leading to REE>" be exchanged, favouring the leaching
(Wang et al., 2024, 2023). At this stage, an electrolyte, such as a salt, is
required to drive the ion-exchange reaction. Ammonium ions (NHZ) are
the most common to replace REE3" at adsorption sites, releasing the
REE3* into solution. Next, the electric field accelerates the mass trans-
port and promotes the ion exchange by driving NH4 toward the anode
and mobilising the free REE®* toward the cathode (Wang et al., 2025a;
Xu et al., 2025).

Anode (oxidation) : 2H,0 — 0,1+ 4H' + 4e” 5)
Cathode (reduction) : 4H,O + 4e™— 2H,1 + 40H" 6)
Ion — exchange equilibrium : = Clay — REE*" + 3NHj =

= Clay — (NH; ), + REE*" @

The optimal operational conditions for different REE extractions by EKM
are described in Table 7. The system usually does not need heating,
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although increasing temperature can improve ions transport within the
solvent or optimise the system in case of joined methods. A slightly
acidic pH (4 - 6) is required to allow protonation (Dushyantha et al.,
2024; Wang et al., 2024). The time required depends on the size of the
particles, the metallic mass transfer diffusion, and the water content
(Wang et al., 2025a; Xu et al., 2025). Bench and pilot scales can reach
maximum efficiency after a few hours, significantly shorter than
required during bioleaching extractions (Wang et al., 2025a,b; Wang
et al.,, 2024). In a large-scale (14 tons) experiment, it was possible to
reach 90% REE extraction efficiency after 264 h (Wang et al., 2025b; Xu
et al., 2025). The variable oxidation states of some REE also interfere
with the efficiency. Pires et al. (2023) achieved an efficiency of 79% for
Ce*" and less than 50% for LREE®" (47.7% of La®" and 35.1% of Nd*")
after 240 h of EKM in the presence of 0.1 M acetic acid and a voltage of
1.0 V/cm. However, the T4 oxidation state is only possible for Ce under
oxidising conditions in an aqueous environment and for a short time.
The lower oxidation state species Ce3t (AH: —695 kJ/mol, AG: —670
kJ/mol, AS: —180 J/mol.K) is thermodynamically more stable than the
Ce*" (AH: —500 kJ/mol, AG: —450 kJ/mol, AS: —300 J/mol.K), so,
even resulting in higher efficiency, this approach is not feasible for other
REE (Dean and Lange, 1998).

Usually, EKM is fast, does not disturb or damage the surrounding
environment through extensive excavation, requires fewer chemicals, is
less hazardous to flora and fauna, and remains highly selective and
efficient even in heterogeneous ore bodies (Dushyantha et al., 2024;
Wang et al., 2023; Xu et al., 2025). Large-scale pilots have been suc-
cessfully evaluated. Pilot- and industrial-scale operations resulted in
extraction efficiency > 95% for REE, whilst using 80% less chemicals
and 70% faster when compared to traditional acid-leaching methods by
using sulfuric and nitric acids (Xu et al., 2025). Despite its promising
performance and environmental advantages, it also presents several
challenges. First, it requires more power than traditional methods, and
insufficient control of the electric-field distribution, moisture content,
and ionic conductivity can increase energy consumption by ca. 50% due
to energy being dissipated through water electrolysis and ohmic heating
(Xu et al., 2025). A second aspect is that the electric field must be
tailored to different types of ores based on their characteristics, such as
porosity, moisture content, particle size distribution, mineral composi-
tion, and contaminants. Consequently, additional preparation time is
required for each deposit to optimise the system and achieve suitable
operating conditions.

Costs associated with EKM encompass power supply, electrodes,
monitoring system, and water management. The high demand for power
can indirectly increase greenhouse gas emissions as the mining industry
usually uses conventional electricity generators (e.g., coal and oil)
(Wang et al., 2025a; Xu et al., 2025). In this scenario, Queensland does
not have a sustainable circular economy as the electricity comes mostly
from coal and natural gas (Understand the electricity supply system |
Homes and housing | Queensland Government, 2025). Nevertheless,
Queensland's substantial solar and wind resources, particularly across
the North West Minerals Province where REE deposits are concentrated,
present a credible pathway to decarbonise EKM operations; the renew-
able energy infrastructure already being developed in the region to
support critical minerals processing is discussed in detail in Section 6
(Queensland Department of State Development, 2023; Powerlink
Queensland, 2024). Another factor that can increase costs and timing is
finding the proper operational conditions, mainly the voltage of the
system and the electric-field conditions. The EKM process is highly
sensitive to the mineralogy and the physicochemical variability of the
ore, including changes in moisture content, porosity, conductivity, clay
content, and ionic composition (Dushyantha et al., 2024; Wang et al.,
2024; Warner, 2025; Xu et al., 2025). In addition, the system requires
careful electrode management to prevent degradation and corrosion
during extended operation, which can alter conductivity and reduce
electric field uniformity. These challenges highlight the need for opti-
mised electrode materials, dynamic voltage control, and improved
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Table 7
Summary of electrokinetic approaches for rare earth element (REE) extraction.
Ore Type / Feed Solvent / Electrolyte REE Analysed  Operational Conditions Leaching Ref
Efficiency (%)’
Ionic adsorption clay (China) 0.3 mol/L (NH,4),SO4 Y, Dy, Gd, Nd, 25°C; pH 4.5-5.5; 120-180 min; 85-95% / Y ~ 90% (Kang et al.,
Sm 20 VvDC 2024)
Ionic adsorption deposits (NH4)2S04 0.3 M - electrolyte circulation =~ Total REE Ambient T; pH ~ 5; continuous 95% (Warner, 2025)
(industrial scale, China) system mode; 12 V DC
Ionic adsorption clay (NH4)2S04 0.3 M + pH control Y, Dy 25°C; pH 5-6; 300 min; 15 V DC 92-96% (Wang et al.,
electrodes + anion membrane 2024)
Ionic clay (Guangdong) 0.5 mol/L (NH4)»SO4 + citric acid (0.1 Ce, La, Nd 30°C; pH = 4; 300 min; 15 V DC 70-80% (Wang et al.,
M) 2023)
ion-adsorption ore (Southern (NH4)2S04 0.3 M + NH4C1 0.05 M Y, Ce, Nd, Sm 25°C; pH 4.8; 180 min; 12 V DC 88-94% (J. Xu et al.,
China) 2025)
Weathered crust soils (HREE-rich) 0.5 mol/L (NH4)»SO4 + 0.05 mol/L Y, Dy, Gd, Nd 25°C; pH ~ 5; 240 min; 10 V DC 90-95% (Wang et al.,
MgSO4 2025a,b)
Weathered granite clay (NH4)2S04 (0.2-0.5 mol/L) + NaySO4 Y, Nd, Sm 20-30°C; pH ~ 5; 180 min; 12 V 90% (Y), 82% (Nd) (Xu et al., 2025)
0.1 M DC
Weathered bauxite ore (NH4)2S04 0.5 M + citric acid 0.05 M Y, Dy, Gd 25°C; pH 4.5; 200 min; 10 V DC 85-93% (Corner, 2025)
Monazite ore powder (bench scale) (NH4)2S04 + H20 (no additives) La, Ce, Nd 20-25°C; pH ~ 6; 240 min; 12 V 75-85% (Maes et al.,
DC 2017)
Monazite sand and bastnasite mix (NH4)»S04 + NaCl (0.1 M) + ethanol Ce,Nd, Y 25°C; pH 5.5; 300 min; 10 V DC 85% (Maes et al.,
interface 2017)

1 Overall, unless elements specified.

water-energy management strategies to enhance the long-term stability
and scalability of EKM for REE extraction (Wang et al., 2023; Xu et al.,
2025). On the other hand, other costs are reduced, such as chemicals,
waste treatment, environment restoring, specialized labour training,
insurances, infrastructure due to the high hazardous and toxicity of
chemicals required as in the traditional methods.

3.2.4. Ionic liquids leaching

ILs are salts composed entirely of organic or inorganic ions that are
thermally stable, easily soluble, non-flammable, non-volatile, with
melting points below 100°C, and most importantly, have high ionic
conductivity. They can be synthesised by combining different ions that
are chosen for a specific task, such as preferential REE leaching. In this
case, the use of biodegradable environmentally friendly compounds can
be attractive for Queensland. They can be used as a primary extractant,
by donating sites or as a diluent, working as an ion-pairing medium,
improving selectivity and mass transfer (Alguacil et al., 2024; Do-Thanh
et al., 2023). Their dual ionic-molecular nature allows them to dissolve
both polar and nonpolar species, facilitating direct coordination with
REE ions (Quijada-Maldonado and Romero, 2021).

Their unique physicochemical properties reduce hazards usually
found in regular solvents by decreasing volatile emission, corrosion,
thermal instability, high temperatures, and environmental damage. ILs
can also be reused in multiple cycles, reducing the operational costs, and
consequently mitigating the initial costs associated with solvent syn-
thesis (Alguacil et al., 2024). Most of the systems retain > 90% extrac-
tion efficiency for 4-8 consecutive cycles (Alguacil and Robla, 2023;
Khalid and Santos, 2025). Some bifunctional ILs maintain performance
for at least five extraction—stripping cycles with < 2% efficiency loss, as
demonstrated for Nd, Sm, and Eu (Prusty et al., 2022). In more robust
phosphonium- and imidazolium-based systems, up to 10 cycles were
reported when periodic regeneration was applied (Quijada-Maldonado
and Romero, 2021).

Through design task-specific ionic liquids, the incorporation of
coordinating groups such as phosphoryl, amide, or carboxylate func-
tionalities into the cation or anion structure enables the formation of
inner-sphere complexes with trivalent REE ions, increasing both selec-
tivity and loading capacity (Do-Thanh et al., 2023). This structural
property allows fine-tuning solvation energy, hydrophobicity, and
donor strength, improving phase separation, and selective separation
between LREE and HREE (Alguacil et al., 2024).

However, large-scale application of ILs remains highly challenging,
and to date they have seen very limited industrial deployment in mineral
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processing. The synthesis of high-purity ILs typically requires multiple
reactions and purification steps, which increases cost and process
complexity. In addition, while fluorinated ILs have demonstrated strong
performance at laboratory scale, their use substantially reduces overall
process sustainability due to environmental persistence and higher
production burdens (Do-Thanh et al., 2023). Another aspect is that they
normally have high viscosity, which increases the mass transfer resis-
tance. As viscosity increases, the diffusion coefficient of metal ions de-
creases, leading to a transition from a reaction-controlled to a diffusion-
controlled leaching regime. This mass-transfer limitation reduces
leaching efficiency, unless additional energy (e.g., heating or agitation)
is supplied to overcome diffusional resistance (Quijada-Maldonado and
Romero, 2021). The presence of highly coordinating anions such as
[PFg] (hexafluorophosphate) and [TF5N] (bis(tri-
fluoromethylsulfonyl)imide) can lead to hydrolytic instability and par-
tial degradation under acidic aqueous conditions which difficult the
solvent recycling, its long-term reuse, and low biodegradability
(Alguacil et al., 2024; Do-Thanh et al., 2023). Thermodynamically, IL-
based REE leaching is generally characterised by a positive enthalpy
of mixing (AH > 0), reflecting the considerable energy required to
dehydrate REE>" jons from their aqueous coordination shell and transfer
them into the high-density, high-ionic-strength IL phase. This enthalpic
barrier, compounded by the inherently low mass transfer coefficients of
viscous IL systems, means that spontaneity (AG < 0) is typically only
achieved at elevated temperatures, where the entropic contribution
from ion desolvation and increased configurational disorder becomes
the dominant thermodynamic driving force (Alguacil et al., 2024). Thus,
although being a good option at laboratory scale, the viability of the IL
for industrial-scale applications currently remains unfeasible economi-
cally and environmentally (Alguacil et al., 2024; Do-Thanh et al., 2023;
Quijada-Maldonado and Romero, 2021).

The mechanism of REE leaching by ILs is made up of three main
steps: ion exchange, coordination complexation, and solvation equi-
libria. The cation-anion of ILs drives the chemical speciation of REE ions
in the solution (Do-Thanh et al., 2023). Two of the most common ions,
imidazolium [Tf;N] °, and phosphonium [PF¢] °, usually act as primary
ligands, binding to the REE>* through oxygen donors while the cations
stabilise the complex through electrostatic interactions (Quijada-
Maldonado and Romero, 2021). This dual approach produces a syner-
gistic effect between ion pairing and ligand exchange, whereby the
solvent lowers the dielectric constant of the medium, increases REE
activity, and facilitates their desolvation from the aqueous phase (Do-
Thanh et al., 2023).



R.A. Welter et al.

Generally, the operational conditions for ILs leaching are mild tem-
perature (25-80°C), acidic environment (pH < 2-3), and a high effi-
ciency (>90%) can be reached in only a few minutes (Abbasi et al.,
2018; Panda and Mishra, 2024; Prusty et al., 2022). Table 8 shows the
optimal operational conditions for different REE:IL pairs. The temper-
ature impact varies depending on the type of IL chosen and the ther-
modynamic properties of the system. ILs synthesised with trihexyl-
tetradecyl-phosphonium ([THAH]") and di-(2-ethylhexyl) phosphate
([DEHP]") applied to Y(III) leaching is an endothermic system (AH: 27
kJ/mol) with positive entropy (AS: 120.54 J/K.mol) indicating that
temperature affects significantly the system efficiency (Panda and
Mishra, 2024). At lower temperatures (25-35°C), the system is endo-
thermic and non-spontaneous; however, by increasing the temperature
(~60°C), the molecular disorder increases and becomes the major factor
driving the reaction resulting in a spontaneous reaction. The IL
TOAH] " [OHex] (Trioctylammonium O-hexanoate) and
[TOAH]'[ODec] (Trioctylammonium O-decanoate) were applied to Nd,
Sm, Eu and all combinations (IL-REE) resulted in negative enthalpy and
entropy (Prusty et al., 2022). It demonstrates that the processes in this
case are exothermic, and molecular disorder reduces over time, indi-
cating that the process is more effective at lower temperatures than
higher ones. These conclusions are corroborated by the experimental
results, which show that at 25°C all REEs reached extraction efficiencies
of around 60%, while at 55°C efficiencies decreased by at least 30%
across all species (Prusty et al., 2022). The opposite thermodynamic
behaviour of different ILs and REE is mainly due to the ionic structure
and molecular interaction governing the IL-REE complexation. The
[THAH][DEHP] system results in dehydration of solvated REE®" ions
and subsequent coordination with oxygen donor of phosphate groups in
a viscous and hydrophobic ionic matrix. To reorganise the shell struc-
ture, the IL requires energy while releasing water molecules to the bulk
phase, which consequently increases the molecular disorder. Processing
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by [TOAH][OHex] and [TOAH][ODec] are driven by ion-pair formation
and electrostatic interactions instead of complexation. This mechanism
releases energy to stabilise the REE>* complexes.

Beyond temperature-dependent behaviour, pH also plays a critical
role in governing IL-REE interactions, particularly through proto-
nation-competition effects. At pH 1 the extraction of Y(III) was limited
to 40%, while at pH 3 efficiency rose sharply to 98% (Panda and Mishra,
2024). This effect is due to the competition between the metal ion and
the proton in the aqueous phase. The dilution of the IL phase with a
second solvent also influences leaching efficiency. A second solvent can
be considered to reduce the systems’ viscosity or increase the solubility
of the leached REEs and consequently improving the mass transfer.
Panda and Mishra (2024) observed that the solubility of Y(III) in
different co-solvents affected the REE extraction efficiency (kerosene:
96%, chloroform: 76%, hexane: 73%, heptane: 13%). The system po-
larity and dielectric constant of all the elements involved impact the
efficiency, as shown by Prusty et al. (2022), where the REE extraction
efficiency increased as the dielectric constant reduced frome =14 toe =
4.

Extraction efficiency also depends on system stability, which is
currently a barrier for industrial applications. The decline across mul-
tiple reuse cycles depends on the physicochemical stability of the ILs
under specific operational conditions. Most of the phosphonium- and
ammonium-based ILs undergo anion hydrolysis and cation oxidation,
especially in the presence of residual oxygen or moisture, resulting in
progressive degradation, and consequently reducing the effectiveness of
the leaching. For example, [N44447][DODGA] (Tetrabutylammonium
dioctyl  diglycolaminate) and [N1888"][DODGA’] (Methyl-
trioctylammonium dioctyl diglycolaminate) mixture shows a 50%
decrease in extraction efficiency from the first and fifth cycles (Dai et al.,
2023). In contrast, ILs such as pyridinium carboxylic acids and dia-
lkylammonium DEHO retain similar extraction efficiencies over

Table 8
Summary of ionic liquid approaches for rare earth element (REE) extraction.
Ore Type / Feed Solvent REE Analysed Operational Conditions Leaching Efficiency (%)* Ref
Acetate media Benzyltributylammonium Sm(III) RT; pH 5.5; Standard 98% (Alguacil et al., 2024)
decanedioate
Bauxite residue (red mud) [Hbet][Tf,N] Lanthanides, Y, Sc 75-85°C; pH 2.0; 180 26% (Davris et al., 2016)
min
Coal fly ash [Hbet][Tf,N] Sc, Y, Nd, Sm, Gd, Dy, 60-80°C; variable pH; 44-66% total REE (Alguacil et al., 2024)
Yb 30 min
Eu-U binary system [NZ444][DODGA’] Eu(IID), U(VI) RT; 4-5 M HNOg; D_Eu = 13; p_Euw/U = (Alguacil et al., 2024)
Standard 60.35
Eu-U binary system [N1ggs] [DODGA] Eu(IID), U(VI) RT; 4-5 M HNOs3; D_Eu = 9; p_Eu/U = 55.4 (Alguacil et al., 2024)
Standard
Radioactive waste Oxoacetate-functionalized ionic Mixed REE - - (Bie et al., 2024)
liquid
Ion-adsorbed REE ore Tetraheptylammonium oleate (TO) Nd®* RT; pH 0.24; < 1 min 9.83% (Li et al., 2020)
leachate
Ton-adsorbed REE ore Tetraheptylammonium oleate (TO) Nd3* RT; pH 1.82; < 1 min ~ 100% (Li et al., 2020)
leachate
Ion-adsorbed REE ore Tetraheptylammonium linoleate (TL) Nd3* RT; pH 1.82; < 1 min ~ 100% (Li et al., 2020)
leachate
Ion-adsorbed REE ore Tetraheptylammonium “cooking oil” All REE RT; variable pH; < 1 min 100% (Li et al., 2020)
leachate (TO)
Phosphogypsum leachate [Pess14]1 [NO3] La, Ce, Nd 50°C; multi-cycle (9 x ) 93% (after 9 cycles) (Tilp et al., 2024)
Synthetic solution Cyphos® IL-101 Th(1V) RT; pH 2; Standard B_Th/Ce > 5000; p_Th/La (Alguacil et al., 2024)
> 1000
Synthetic solution Pyridinium carboxylic acid IL Y3+ RT; pH 2.5; Standard 98.5% (Do-Thanh et al., 2023)
Synthetic solution Dialkylammonium DEHP Nd(II) RT; pH 4; Standard ~ 100% (Alguacil et al., 2024)
Synthetic solution DGA-based TSILs Lanthanides RT; variable acid; ~100 x D vs TODGA (Do-Thanh et al., 2023)

Synthetic solution [TOA-D2] Nd(III), Sm(III), Eu
(I1m)

Synthetic nitrate solution [THAH][DEHP] Nd(III)

Synthetic nitrate solution Tri-n-octylamine-octanoic acid Y, Eu, Gd, Tb

Synthetic nitrate solution [THAH][DEHP] Y(III)

Standard
25-35°C; pH 2-3;
Standard
25-35°C; pH 3; Standard 99%

51-69% (Alguacil et al., 2024)
(Alguacil et al., 2024)
(Kozhevnikova et al.,
2023)

45-55°C; pH 1-3; High (Alguacil et al., 2024)
Standard
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multiple cycles as their acidic functional groups and cationic frame-
works remain stable after hydrolysis and oxidation (Carretas et al.,
2023). However, this is only achieved when leaching occurs in the
presence of inorganic acids, such as HCl and H2SO4, because these acids
maintain IL ionic strength and prevent degradation through consistent
protonation that blocks anion discharge (Barrueto et al., 2022; Carlesi
et al., 2016; Wstawski et al., 2021).

The physicochemical characteristics of REE ores strongly impact
overall leaching efficiency and system stability across multiple cycles.
The most important aspects are the ionic radius and ligand field
strength, as they determine the metal-ligand coordination complexes.
For example, HREE have smaller ionic radii and higher charge densities,
enhancing electrostatic attraction and orbital overlap with hard donor
groups such as carboxylates, phosphates, and amides and strong acidic
conditions. Consequently, stronger complexes with oxygen-donor an-
ions, that promote slower kinetic reactions and less efficient leaching.
Tetraheptylammonium linoleate (TL) and [C4mimT][Tf,N], for
example, resulted in almost 100% of extraction at pH of 1.82 favouring
the leaching of HREE rather than LREE (Alguacil, 2024; Alguacil et al.,
2024; Alguacil and Robla, 2023). Conversely, LREEs result in weaker
coordination complexes, which result in faster kinetics (Alguacil et al.,
2024). In this case, systems with low acidities are desired. For
example, CMPO-based and phenanthroline-dicarboxamide ILs in the
presence of 6 M HCl resulted in higher efficiency of LREE preferentially
over the HREE (Do-Thanh et al., 2023).

Environmentally, ILs tend to be better than traditional ones, such as
H2SO4 or HCL. Overall, they tend to reduce volatile organic compounds
emissions, minimise waste, work at mild temperatures, saving energy,
and can be applied for lower grade feedstocks supporting circular re-
covery from secondary REE sources (Alguacil et al., 2024; Do-Thanh
et al., 2023; Li et al., 2020). However, each IL must be analysed indi-
vidually as the biodegradability, toxicity, stability, and volatility varies
due to the chemicals applied in the IL synthesis. Many ILs still rely on
non-biodegradable halogenated or fluorinated anions, such as [PFg]” and
[TfoNT, that are potentially toxic (Bie et al., 2024).

The economic aspects regarding the ILs application on a large scale
remain a challenge. The systems using ILs have positive aspects such as
high selectivity, being environmentally friendly, and reduced OPEX due
to the mild operational conditions required. However, some aspects
remain as a critical barrier to large-scale implementation, such as high
costs involved in the ILs synthesis, lower stability across the cycles even
though a high initial efficiency is usually achieved, the partial biode-
gradability. Additionally, synthesis and purification of task-specific ILs
remain energy- and cost-intensive, and degradation during repeated
cycles generates waste requiring management (Davris et al., 2016).

3.2.5. Organic acids leaching

The use of organic acids (e.g. citric, oxalic, acetic, lactic and tartaric)
for REE leaching is an environmentally friendly alternative to traditional
strong inorganic acids (Lazo et al., 2017; Liu et al., 2025; Ray et al.,
2025; Zhao et al., 2025c¢). They can be applied to different sources such
as ionic-clay ores, crystal-REE ores, tailings, and e-waste (Artiushenko
et al., 2024; Lazo et al., 2017; Liu et al., 2025; Ray et al., 2025; Sakr
et al., 2025; Turanov et al., 2018; Zhao et al., 2025c). They can dissolve
REEs from mineral surfaces via protonation and metal-ligand
complexation, being effective for ionic clay ores, where the REE are
ionically bound (Banerjee et al., 2021; Gergoric et al., 2018; Ji et al.,
2022; Liu et al., 2025; Pan et al., 2022; Petraglia et al., 2025; Zhao et al.,
2025c¢). Unfortunately, crystalline ores, such as monazite and bastnasite,
are more resistant to organic acids (Abdulvaliyev et al., 2024; Lazo et al.,
2017). In this case, pre-treatments are usually required, such as mech-
anochemical activation, roasting, and electrokinetic-assisted leaching
(Banerjee et al., 2021; Jensen et al., 2007; Karaca, 2025; Ray et al.,
2025; Rezaei et al., 2022).

This approach has several advantages, such as non- or low-toxicity,
biodegradability, less corrosivity, low environmental impact, and easy
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refining after leaching by liquid-liquid extraction, which is the most
common method applied industrially after leaching to purify REE con-
centrates (Almohasin et al., 2023; Amusa et al., 2026). Lab-scale tests
show that several different organic acids can be applied, under different
operational conditions, to achieve high REE extraction efficiency, as
shown in Table 9. Citric-acid leaching can reach up to 90% REE recovery
under optimised conditions (2 mol/L, 343 K, 240 min) (Ray et al., 2025).
Acetic acid applied to REE leaching from e-waste magnets system shows
high selectivity by dissolving the REE and not leaching the iron present
in the source material, enabling downstream purification (Petraglia
et al., 2025). However, organic acids usually have slower reaction
rates than inorganic acids. Therefore, to extract the same amount,
organic acids require a larger process footprint (e.g. larger vessels) than
inorganic acids. The moisture content in ores can also directly interfere
with the extraction efficiency, as some organic acids are not fully soluble
in the aqueous phase (Song et al., 2022). In this case, smaller carbonic
chains (< 5C — carbon atoms per chain), with higher polarity, are
preferable, such as acetic (2C), oxalic (2C), lactic (3C), and tartaric (4C).

Organic acids leach rare-earth elements (REEs) through two coupled
mechanisms: proton donation and ligand complexation. Proton attack
initiates the disruption of surface functional groups and weakly bound
REE species, whereas carboxylate ligands stabilise REE>* ions in solu-
tion through the formation of strong metal-organic complexes (Banerjee
etal., 2021; Liu et al., 2025). Because protonation of the mineral surface
can be comparatively slow, this step frequently governs the overall re-
action rate, making mass-transfer optimisation essential for enhanced
extraction (Liu et al., 2025; Ray et al., 2025). Operational parameters
such as temperature, agitation, and the liquid-solid (L/S) ratio exert
strong control over boundary-layer diffusion and the transport of
REE-ligand complexes (Banerjee et al., 2021; Gergoric et al., 2018; Ji
et al., 2022; Liu et al., 2025; Petraglia et al., 2025; Ray et al., 2025).
Temperature plays an important role. For instance, citric acid leaching
of red mud increased from 36% at 25°C to 67% at 70°C because faster
pore diffusion, higher proton activity, and more favourable complexa-
tion kinetics accelerate extraction (Ray et al., 2025).

The L/S ratio also significantly influences leaching by modifying
slurry rheology, particle accessibility, and reagent availability (Banerjee
etal., 2021). Lower solid loadings generally improve REE dissolution —
in coal ash, they raised extraction from roughly 40-50% to over 60%
with organic acids — while stronger agitation enhances mass transfer
and surface renewal (Banerjee et al., 2021). Agitation intensity further
affects leaching efficiency by improving external mass transfer and
continuously renewing the reactive surface (Gergoric et al., 2018). This
effect was shown for Nd, Pr, and Dy in NdFeB magnet waste, where
increased stirring speed markedly enhanced REE dissolution during
organic-acid leaching (Gergoric et al., 2018). Together, these findings
emphasise that REE leaching by organic acids is governed not only by
chemical affinity and ligand strength but also by proton availability,
hydrodynamic conditions, and the efficiency of solid-liquid in-
teractions. A mechanistic understanding that integrates both chemical
and mass-transfer phenomena is therefore essential for designing high-
performance, low-acid extraction systems, particularly for materials
with heterogeneous mineralogy or complex surface chemistries.

The leaching mechanism of REE>" through organic acids is divided
into two main steps: protonation, where REE®" ions are liberated from
the solid, and complexation, where the REE are dissociated with
carboxylate ligand in the solution and chelated (Banerjee et al., 2021;
Petraglia et al., 2025). The kinetics of the system can be driven by both
steps depending on the acid pKa and the type of REE (LREE or HREE).
Organic acids with lower pKa, such as oxalic acid (pKa of 1.2), at low pH,
the protonation is the dominant step with H' ions attacking the surface
sites (ESO—REE3+), forming =SOH and releasing REE>* in the solution.
Subsequently, carboxylate anions produced by acid dissociation chelate
the cation to yield an inner-sphere REE-organic complex (Petraglia et al.,
2025; Ray et al., 2025). In this case, the larger and less charge-dense
LREE3* are more easily proton-desorbed and hydrated, leading to
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Table 9

Summary of organic acid leaching approaches for rare earth element (REE) extraction.
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Ore type / feed

Leaching reagent(s)

REE analysed

Operational conditions

Leaching
efficiency (%)’

Ref

Calcined coal refuse Citric acid (0.5-2 M) La, Ce, Nd, Y 90°C; pH 2-4; 30-120 min 42-70 (La > Ce > (Ji et al., 2022)
Nd >Y)
Coal fly ash (ionic Citric acid (0.1-0.5 M) La, Ce, Nd (+ transition 25°C; pH = 5.0; continuous 56-60 (Zhang et al., 2025)
exchange phase) metals) column leaching (8 h)
E-waste magnets Acetic acid (0.5 M) Nd, Dy, Fe 60°C; pH 4.5; 180 min 65 (Petraglia et al.,
2025)
Ion-adsorption clay Tartaric acid (5%) La, Ce, Nd, Sm 90°C; pH 1.8; 60 min 65 (LREE), 19 (Banerjee et al.,
(HREE) 2021)
Ion-adsorption clay Oxalic acid (0.1-1 M) La, Ce, Nd, Y (+ Fe, Al for 25-50°C; pH 2-4; 240 min 55-78 (REE); < 25 (Zhao et al., 2025c¢)
selectivity) (Fe, Al)
Ton-adsorption REE clay Citric / Lactic / Oxalic (0.1 M) Y, Dy, Er, Yb; La, Ce, Nd 25°C; pH 4-5; 180 min 65-75 (HREE), (Zhao et al., 2025b)
< 55 (LREE)
Leach liquor treatment Formo-phenolic-resin adsorption La, Ce, Nd (total REE) 25°C; pH ~ 3.5 90-95 (Lelong et al., 2025)
after citric acid leachate
Mobile-phone magnets Citric acid (1 M) Nd, Pr, Dy, Tb 80°C; pH ~ 3.0; 120 min 70-85 (Stein et al., 2022)
NdFeB magnet powder Mixtures of citric acid + lactic acid Nd, Pr, Dy 70°C; pH =~ 3.5; 60 min > 80 (Belfqueh et al.,
(0.5 M each) 2023)
NdFeB magnet waste Acetic acid (1 M) Nd, Dy 70°C; pH 3.5-4.0; 180 min 58 (Nd), 43 (Dy) (Gergoric et al.,
2018)
NdFeB magnet residues Citric acid + H0, (0.5 + 0.2 M) Nd, Pr 70°C; pH 3.2; 60 min 93 (Makarova et al.,
2020)
NdFeB magnet scrap Lactic acid (1 M) Nd, Pr, Dy 80°C; pH = 2.5; 90 min 68 (Gergoric et al.,
2018)
Phosphate rock Mixed carboxylic acids (lactic + La, Ce, Nd 90°C; pH ~ 2.0; 60 min 68-73 (Abdulvaliyev et al.,
malic + citric) 2024)
Red mud (industrial Citric acid (0.2-1 M) La, Ce, Nd, Pr, Sm 80°C; pH 2-4; 60-180 min 48-76 (Ray et al., 2025)
residue)
Red mud Acetic acid (0.5-2 M) La, Ce, Nd, Pr 90°C; pH = 3.5; 120 min 57 (Ray et al., 2025)

! Overall, unless highlighted.

higher dissolution rates. Banerjee et al. (2021), for example, achieved
65% of LREE leaching and only 19% of HREE by using tartaric acid (5%,
90°C, and pH of 1.8). In the presence of weak acids and higher pKa, such
as acetic acid (pKa of 4.8) and mild pH (4 to 5) the process becomes
driven by the complexation step and HREEs are more easily leached than
LREEs due to the stronger inner-sphere complexes formed between
smaller radii and more charge-dense REE>" ions and the carboxylate
groups of the multidentate ligands, resulting in more stable chelation
(Zhao et al., 2025c¢).

Thermodynamic properties also vary due to the joint structure: acid
strength and ligand structure. Leaching by strong acids, with greater
proton activity tends to be endothermic, and diffusion controlled. Citric
and oxalic acids (pKa of 3.1 and 1.2, respectively) produce REE-O/REE-
OH bonds effectively, and the reactions are mildly endothermic (AH =~
+10 to 25 kJ/mol, AS =~ 50 to 85 J/mol.K). At high temperatures
(>70°C), they tend to be spontaneous (AG < 0). Experimentally, the
efficiency rises from 60% to 90% by increasing the temperature from 25
to 70°C, validating the thermodynamic approach. Moreover, the acti-
vation energy (E, ~ 25-35 kJ/mol) is in concordance with the re-
quirements of the shrinking-core diffusion model, which describes a
process in which a porous product layer forms around an unreacted solid
core, and the overall rate is controlled not by the surface reaction but by
the diffusion of ions through this outer layer. This behaviour is char-
acteristic of systems where proton attack is rapid, but mass transfer
through the reacted layer limits the overall kinetics, consistent with
experimental observations (Banerjee et al., 2021; Gergoric et al., 2018;
Ray et al., 2025).

In contrast, leaching by weaker acids, which relies on a complexation
step, tends to be exothermic and entropy-driven. Acetic and lactic acids
(pKa of 4.8 and 3.9, respectively) do not generate enough proton activity
for strong mineral attack, thus the kinetic is driven by the ligand
complexation. Because weaker organic acids do not provide the high
proton activity or reaction enthalpy characteristic of proton-driven
dissolution by strong mineral acids or stronger carboxylic acids (e.g.,
citric and oxalic acid), the system does not reach the same energetic
regime associated with mineral protonation. Consequently, the enthalpy
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tends to be lower (AH: —8 to + 6 kJ/mol) and the entropy higher (AS:
40-70 J/mol.K) (Liang et al., 2024). Due to the entropic contribution,
the system is spontaneous but not strongly exothermic (AG: —14to — 16
kJ/mol at 298 K), however, at high temperatures, the spontaneous re-
action is easily feasible (Gergoric et al., 2018; Zhao et al., 2025c).

The costs of organic acids are higher than those of inorganic acids;
however, the investment in equipment is lower, as the system does not
require corrosion protection. Any waste produced is also less harmful
and biodegradable, consequently reducing costs of treatment and
disposal. Due to being less hazardous compared to conventional inor-
ganic acids, the investment in personal protective equipment, speci-
alised labour and environmental damage mitigation and recovery is also
less (Abdulvaliyev et al., 2024; Ray et al., 2025; Zhao et al., 2025c). The
leaching by oxalic acid, for example, tend to be cheaper than sulfuric
acid after 100 cycles when accounting for makeup costs (Rahmatullah
et al., 2025). Citric-acid processes avoid expensive acid-resistant lin-
ings and neutralisation plants, cutting capital and operational expendi-
tures for small-to-medium operations, LCA-based evaluations show
reduced environmental cost per kilogram for REE extracted when
biodegradability and effluent neutrality are considered (Zhao et al.,
2025c).

3.3. Synthesis and outlook for eco-friendly leaching of Queensland REE
ores

The diversity of Queensland’s REE ore types, including non-ionic
residual clay-hosted deposits, heavy mineral sands, phosphorite-hosted
apatite ores, skarn/IOCG systems, and legacy tailings, necessitates
differentiated hydrometallurgical approaches. Surface-adsorbed and
weakly bound REEs in clay-rich profiles (e.g. Hughenden) respond
efficiently to mild leaching agents, particularly ammonium salts,
organic acids, DESs, and ILs, enabling selective desorption without
disruption of the mineral lattice (Basu and Banerjee, 2023; Knorsch
et al.,, 2025; Moldoveanu and Papangelakis, 2016; 2021; Spellman,
2022). These ores present the fastest transition toward low-impact
extraction because their mineralogical configuration requires minimal
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energy input, limited chemical intensity, and no high-temperature
activation. Table 10 shows that bioleaching, organic-acid leaching,
DES, and ILs are particularly well suited to clay-hosted, surface-adsor-
bed REE deposits, offering lower-impact extraction options that fit well
with circular-economy principles and the evolving regulatory landscape
in Australia.

In contrast, deposits where REE are structurally incorporated into
phosphate, silicate, or oxide lattices, including heavy mineral sands of
Cape York (monazite-xenotime), Georgina Basin phosphorites (car-
bonate-fluorapatite), and Mary Kathleen-type skarn/IOCG systems,
require more intensive hydrometallurgical strategies (Hughes and
Munro, 1965; Willin, 2022). These ores demand pre-treatment steps
like calcination, alkaline cracking, or oxidative roasting to unlock
lattice-bound REE (Chakhmouradian and Wall, 2012; Emsbo et al.,
2015; Krishnamurthy and Gupta, 2015). Once structural barriers are
removed, greener solvents, including DESs, ILs, and organic acids, can
be integrated downstream, reducing reliance on strong mineral acids
traditionally used for monazite/xenotime or allanite breakdown
(Alguacil and Robla, 2023; Belfqueh et al., 2023; Liu et al., 2025;
Quijada-Maldonado and Romero, 2021; Turanov et al., 2018). Queens-
land’s phosphorite-hosted REE represent a promising intermediate case:
their apatite matrix dissolves more readily, allowing organic acids and
bioleaching to achieve economically meaningful recoveries under softer
conditions (Cloud, 1987; Emsbo et al., 2016; McArthur and Walsh,
1984). This mineralogical spectrum, summarised in Table 11, frames
Queensland as a unique natural laboratory where both, low-intensity
and high-intensity hydrometallurgical, approaches are found.

Looking forward, a hybrid “ore-specific green processing

Table 10

Comparative assessment of green extraction technologies for rare earth element
(REE) recovery from surface-adsorbed and lattice-bound deposits, highlighting
their advantages, limitations, and potential processing roles.

Green Method Best for Surface- Best for Lattice- Main Role in
Adsorbed REE Bound REE Processing
Bioleaching Produces organic Can help break Early-stage

Deep Eutectic
Solvents

Electrokinetic
mining
(EKM)

Ionic Liquids

Organic Acid
Leaching

acids that mobilize
REE

Best used for initial
leaching of low-
grade ores

Highly effective and
selective

Ideal for replacing
ammonium salts or
strong acids in clays

Enhances ion-
exchange extraction
by mobilizing REE
with an electric
field

Efficient for clays

Can directly leach
REE from clays
High selectivity
Low environmental
footprint

Costs more than
DES

Works directly and
very effectively for
ion-exchange
recovery of REE
Mild acidity
environment

down the lattice
Process is slow and
limited in
efficiency

Promising results
after pre-
treatment (e.g.
roasting, grinding)
Process
intensification to
dissolve tightly
bound REE

Helps penetration
of acids or DES
into lattice
minerals
Requires strong
electric field and
pre-treatment
Effective only after
pre-treatment
Highly selective
leaching or
downstream
separation

Can be applied
after pre-
treatment to
slowly dissolve
REE

Requires high
temperature or
extended time

leaching for low-

grade ores
Sustainable
recovery

Low
environmental
impact

Leaching
intensification
and efficiency
improvement

Selective
separation

Mild conditions
Eco-friendly
leaching
alternative to
strong acids

17

Minerals Engineering 248 (2026) 110513

framework” emerges as the most realistic development route for the
state. Clay-hosted REE can adopt fully green leaching regimes (DES, IL,
organic acids, bioleaching, EKM), while lattice-bound REE can incor-
porate green reagents primarily after pre-treatment. Electrokinetic
mining (EKM) is a novel technology that can enhance desorption in clays
and improve reagent penetration in denser rocks. Meanwhile, Queens-
land’s extensive tailings, already finely milled, represent the lowest-
impact feedstock for green leaching, requiring minimal beneficiation
and enabling rapid adoption of DES/IL approaches (van der Ent et al.,
2020). Taken together, this suite of technologies positions Queensland
to develop an environmentally responsible REE extraction sector where
hydrometallurgical routes are tailored to ore mineralogy, chemical
bonding environment, and the degree of pre-treatment required.

4. Refining

The separation of REE after the leaching step is crucial and although
different methods can be applied, ultimately the choice is driven by the
previous process/solvent used during leaching. Solvent extraction is the
most common method; however, ion exchange, precipitation, adsorp-
tion, EKM, and membrane processes have been utilised. To reach high
purity, typically > 99% for individual oxides and often > 99.9% for
magnet-grade Nd;Os, Pr¢O11, Dy203 and Tb407, and separate HREE and
LREE it requires a multistage hydrometallurgical process based on ion
stability, hydration, solubility and ionic radii (McNulty et al., 2022).
Currently, liquid-liquid solvent extraction (SX/LEE), using organo-
phosphorus extractants (e.g. DoEHPA, P204/Cyanex 272, TBP) remains
the most common method of REE refining applied industrially. Greener
solvents have emerged to replace the original solvents due to the higher
biodegradability, less waste, volatility and toxicity (Kim et al., 2025).
Generally, the operation goes through counter-current mixer-settler
cascades to progressively fractionate LREE from HREE (Kim et al.,
2025). Currently, Queensland has a pilot-scale clay-hosted and phos-
phorite beneficiation that integrates an liquid-liquid extraction (LLE)
unit. However, even when reaching high separation efficiency, the LLE
has limitation such as solvent loss and high chemical demand (Delaval
et al., 2024).

Ion-exchange techniques can be considered as a complementary after
SX/LEE to reach higher purity levels or for dilute complex secondary
streams (El Ouardi et al., 2023). Ionic resins and clays are the optimal
solid ion exchange materials. Solution-based ion-exchange systems can
also be employed; however, they typically require additional down-
stream separation steps (e.g., evaporation, precipitation, or solvent ex-
change) to efficiently recover the REE-loaded phase. The advantages
include the high selectivity, processability, and environmental friend-
liness. However, the drawbacks are that the kinetics tend to be low, the
resins can foul, and further regeneration costs are high. Chemicals based
on sulfonic, phosphonic or chelating resin active groups (-SOsH,
—PO3H,, -COOH) usually have high selectivity, being able to separate
different REE (light and heavy) and minimise iron co-extraction. Usu-
ally, HREE display higher separation efficiency due to their higher
charge density. Ion exchange by oxalate, carbonate and phosphate is
driven by pH and can be run in a one-step reaction as done from NdFeB
slurries via phosphoric media without mobilising the Fe, consequently
improving the purification (He et al., 2022). Resins containing chelating
groups (iminodiacetate, formophenolic) show high REE recovery from
citric and oxalic leaching (Delaval et al., 2024). Researchers are devel-
oping continuous flow column systems that integrate electrochemical
stripping to improve efficiency and reduce waste; adsorption has also
been explored (Delaval et al., 2024). Similarly, adsorption has been
considered. In this case, the mechanism focuses on chemical surface
complexation and is driven by coordination/chemisorption and entropy,
while the ion exchange core is the physical replacement of counterions
driven by electrostatic attraction (primarily outer-sphere Coulombic
interactions between the negatively charged adsorbent surface and hy-
drated REE3* ions) (Li et al., 2023; Payne et al., 2013; Shen et al., 2024).
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Table 11
Comparative heat map of green extraction technologies for representative Queensland REE deposits based on mineralogical characteristics and expected processing
performance.
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The selectivity tends to be higher for HREE than LREE. Lelong et al.
(2025) reported that a formophenolic-like resin achieved about 85%
adsorption for Dy>* and Y3+ at pH 4.5, while retaining only ~ 65% for
La3* and Ce3* (Lelong et al., 2025). The shift is due to the higher
charge-density and smaller ionic radii of HREE that result in faster and
greater thermodynamic stability compared to LREE. Other refining
processes focused on greener downstream treatment have emerged,
including ILs, DESs, and EKM, which can be applied as selective refining
steps following leaching and offer reduced environmental impact while
supporting Australia’s low-footprint approach to REE processing
(Anne-Antoine Otron et al., 2025; Delaval et al., 2024).

Membrane-based refining offers a low-footprint and solvent-saving
approach to REE refining after leaching by greener solvent. Some of
the most promising are the supported liquid membranes (SLM), and
polymer-inclusion membranes (PIM) impregnated with extractants (e.g.
Cyanex 272 and organophosphorus) (Delaval et al., 2024). Australian
research partnerships (Northern Minerals and the University of Mel-
bourne) are developing polymeric and metal-organic framework (MOF)
membranes for REE refining. Considering the Queensland context, the
use of membranes aligns with sustainable downstream processing,
complementing solvent extraction and adsorption to minimise waste
and energy demand. However, some challenges remain, such as fouling,
chemical stability, and scalability.

5. Purification

By this stage a high-purity (>99%) metal oxides are obtained. To
achieve this grade, the most common process is by multistage solvent
extraction with organophosphorus reagents (e.g. DoEHPA, Cyanex 272,
TBP) (Kim et al., 2025). A typical REE separation plant may require
hundreds to thousands of mixer-settler stages, generating large volumes
of spent aqueous raffinate and organic residue; reported waste streams
range from 5-20 m> of acidic effluent per tonne of TREO produced
(Chen, 2011; Hermassi et al., 2022). Despite its effectiveness, the process
is time-consuming, solvent-intensive, and produces substantial second-
ary waste. Currently, China is well-positioned to further develop this
process at low cost. To proceed with this step in Australia, novel
methods focused on sustainability must be explored. The use of micro-
fluidic systems is a promising avenue as they promote highly efficient
mass transfer allied to different purification methods (e.g. liquid-liquid
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extraction ion-exchange, and adsorption). The microscale systems have
higher efficiency, faster kinetics, enhanced selectivity, lower solvent
consumption, and lesser waste generation when compared to the in-
dustrial scale. This is because the mass transfer is improved by reducing
the system size (Abbasi et al., 2018; Welter et al., 2022). Abbasi et al.
(2018) developed a parallel-flow microfluidic chip for GA(III) extrac-
tion using MDEHPA, achieving 96% purification within 13.5 s at pH 2.5
and 2.9 vol% extractant, a more than tenfold improvement in mass-
transfer efficiency compared to conventional mixers (Abbasi et al.,
2018). Scaling up this process is possible by operating multiple paral-
lel reactors and implementing multi-stage separations on one platform
(Saez et al., 2016). For purification, microfluidic solvent extraction can
be sequentially coupled with on-chip stripping or crystallisation mod-
ules, to progressively enrich specific REE, such as Nd, Dy, and Y. These
approaches align with Australia’s sustainability goals, enabling decen-
tralised, low-waste refining for high-purity REE recovery (Abbasi et al.,
2018; Saez et al., 2016).

6. Future Perspectives

Australia is well positioned to contribute to the growing global de-
mand for REE, and Queensland, in particular, offers a combination of
shallow deposits, diverse mineralogy, and established mining expertise.
However, the reliance of conventional processing routes on large vol-
umes of strong acids and corrosive reagents presents significant regu-
latory, environmental, and social challenges in the Australian context.
Rather than making these methods impossible, these constraints are
likely to limit their long-term acceptability and economic viability. This
creates a clear incentive to develop alternative extraction routes that can
meet both environmental expectations and commercial requirements.

Within this context, green hydrometallurgical approaches such as
bioleaching, organic acids, DESs, ILs, and electrokinetic systems repre-
sent a growing technological toolkit. The review shows that these
methods are not universally applicable, but that their effectiveness de-
pends strongly on mineralogy and ore type. For clay-hosted deposits,
several studies have already demonstrated efficient recovery using mild
reagents and controlled leaching sequences, suggesting a relatively short
pathway from laboratory results to pilot-scale operations. By contrast,
crystalline REE minerals remain more challenging, and their treatment
will likely require hybrid approaches that combine pretreatment with



R.A. Welter et al.

selective green leaching or electrokinetic methods.

Looking ahead, progress in Queensland will depend less on identi-
fying a single “best” technology and more on developing ore-specific,
integrated processing strategies. Several research and development
priorities emerge from the comparative analysis presented in this re-
view. First, pilot-scale validation of bioleaching and DES-based pro-
cesses for clay-hosted and tailings-derived REE resources should be a
near-term focus, as these systems already show promising recoveries
under mild conditions. Second, hybrid flowsheets that combine me-
chanical, thermal, or chemical pretreatment with DES or electrokinetic
extraction should be investigated for lattice-bound ores. Third, greater
attention should be given to solvent recycling, reagent regeneration, and
process intensification to ensure that green technologies remain
economically competitive at scale.

Technology readiness also needs to be considered more explicitly.
Bioleaching and DES-based processes are approaching pilot-scale
demonstration for certain feedstocks, while ILs and electrokinetic sys-
tems are still at earlier stages of development or require further inte-
gration with other processes. Bridging this gap will require coordinated
efforts in pilot testing, long-term stability studies, and techno-economic
assessments under realistic operating conditions. Beyond the techno-
logical dimension, the success of a Queensland REE industry will depend
on how effectively research, regulation, and industry collaborate to
build an integrated domestic value chain. National strategies already
emphasise the importance of local processing capacity, and Queens-
land’s existing mining and metallurgical infrastructure provides a
practical foundation for this transition.

Beyond technological development, the long-term viability of
energy-intensive green extraction routes in Queensland is closely tied to
the state's ongoing energy transition. Currently, Queensland's electricity
grid relies predominantly on coal and natural gas, which undermines the
environmental case for processes with high power demands (Wang et al.,
2025a; Understand the electricity supply system | Homes and housing |
Queensland Government, 2025). However, the state's solar and wind
endowment, especially across the North West Minerals Province, pro-
vides a strong foundation for decarbonising mineral processing opera-
tions. Meaningful industrial precedent already exists within
Queensland's metals sector. Sun Metals' zinc refinery in Townsville —
the second largest single-site electricity consumer in Queensland —
commissioned a 125 MW solar farm supplying approximately 22% of its
operational energy requirements, and has committed to 100% renew-
able electricity by 2040, establishing that energy-intensive hydromet-
allurgical operations can be decarbonised at industrial scale (Sun
Metals, 2020; RE100, 2020). In northwest Queensland, the Dugald River
zinc mine, located in proximity to several prospective REE deposits in
the Mount Isa region, began sourcing approximately one third of its
electricity from the Dugald River Solar Farm, reducing operational
carbon emissions by 33% and demonstrating the feasibility of
renewable-powered mining in the same geographic corridor as
Queensland's REE resources (Proactive Investors, 2025). At a broader
infrastructure level, the A$5 billion CopperString 2032 transmission
project — currently under construction and scheduled for grid connec-
tion by 2031 — will link the North West Minerals Province to the Na-
tional Electricity Market, unlocking up to 6 GW of renewable energy
capacity and providing the transmission backbone necessary to supply
low-carbon electricity to future critical minerals operations across the
region (Powerlink Queensland, 2024; SFA Oxford, 2025). Taken
together, these developments suggest that the energy constraint
currently limiting the environmental performance of EKM and other
power-dependent extraction routes is not a permanent barrier, but
rather a transitional challenge that Queensland's evolving energy
infrastructure is positioned to resolve. Integrating renewable energy
planning explicitly into the design and siting of future REE processing
facilities would therefore represent a decisive step toward genuinely
sustainable extraction in the region.

In this sense, the future of REE extraction in the region is not defined
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by a single breakthrough technology, but by the gradual integration of
ore-specific green processes, pilot-scale validation, and local refining
capability. If these elements are developed in parallel, Queensland could
move beyond being a promising resource base to becoming a reference
model for environmentally responsible REE extraction, demonstrating
how technological innovation, policy alignment, and regional industry
can evolve together.

7. Conclusion

Queensland contains a wide variety of REE-bearing deposits. These
include clay-hosted systems, phosphorites, heavy-mineral sands,
granitic deposits, IOCG-related mineralisation, and historical mine
tailings. Many of these resources occur close to the surface, creating
favourable conditions for lower-cost extraction and providing an
important opportunity for the expansion of Australia’s critical minerals
sector.

This review highlights that the mineralogical characteristics of each
deposit strongly control the selection of the most suitable extraction
route. Conventional hydrometallurgical methods (e.g. strong inorganic
acids and alkalis) remain effective, particularly for lattice-bound REE
minerals. However, they are commonly associated with high chemical
consumption and significant environmental impacts. In contrast,
emerging green technologies such as bioleaching, DESs, ILs, and elec-
trokinetic methods show strong potential to reduce environmental risks.
These approaches can also maintain technically viable extraction
efficiencies.

Among the approaches evaluated, bioleaching and DES systems
appear especially promising for several Queensland ore types, particu-
larly clay-hosted deposits and REE-enriched tailings, whereas more
complex crystalline ores will likely require hybrid processing routes that
combine conventional and emerging technologies to achieve efficient
and sustainable recovery.

Although no single technology can currently address all REE deposit
types, the combination of Queensland’s geological diversity, established
mining expertise, and growing focus on sustainable resource develop-
ment provides a strong foundation for the future growth of a regional
REE industry. Advancing greener extraction and refining strategies will
be essential for reducing environmental impacts. These developments
will also strengthen Australia’s role in secure and diversified global REE
supply chains.
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