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Rare-earth elements (REEs) are geologically widespread, but their mining and
especially processing are concentrated in a small number of countries; as de-
mand grows, some specific REEs may face supply shortages in the near future.
Consequently, owing to their economic potential even at low concentrations,
ability to provide alternative supply opportunities, and process development
potential, various countries are conducting studies on REE production from
secondary geological sources such as high-silica bauxite ore. This study pro-
vides a detailed examination of aluminum (Al) and REE recovery from bauxite
ore, emphasizing sustainable utilization of these resources. In this context, the
study presents the technological evaluation potential of these deposits in the
context of modern demands, the acquisition process, and an analysis of the
main technical difficulties in this process. Furthermore, the application of both
mechanical and thermal activation methods in conjunction may prove more
economically viable and environmentally sustainable by reducing the tem-
perature requirements of fossil fuel-consuming heat treatment. The develop-
ment of sustainable Al and REE recovery technology from bauxite ore is of
significant importance, not only in terms of mitigating supply risk but also as

an alternative source for REE production.

INTRODUCTION

In the report published by organizations such as
the European Commission and the US Department
of Energy in 2023, considering global commodity
supply and demand, 30 raw materials were identi-
fied as critical in terms of supply risk, with rare-
earth elements ranked among the most critical.
REEs are indispensable to modern materials and
energy technologies; although their usage by weight
is relatively low, they impart superior mechanical,
magnetic, electrical, and optical properties to mate-
rials.? Accordingly, REEs are widely used in
advanced technological applications such as perma-
nent magnets (electric vehicles, wind turbines,
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aircraft), electrical and electronic devices (mobile
phones, computers, TVs), rechargeable batteries,
medical imaging systems (e.g., magnetic resonance
imaging), catalytic converters, ceramics, oil refin-
ing, and solar panels.>® Based on their atomic
number, ionic radius, and geochemical behavior,
REEs are generally classified into light REEs
(LREEs; La—Gd) and heavy REEs (HREEs; Th—
Lu).® While LREEs are typically supplied from
primary geological sources such as carbonatites,
HREEs are mainly produced from secondary geo-
logical sources, including ion-adsorption clays and
lateritic deposits.”® Despite their lower crustal
abundance and reserves compared to LREEs,
HREESs are particularly critical for defense, renew-
able energy, and high-tech industries.’

Rare-earth permanent magnets (NdPrFeB and
SmCo) are so strong that they are at the heart of
modern efficient engines that power electric
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vehicles, wind turbines, and aircraft. They are
highly preferred because they reduce power con-
sumption and greenhouse gas emissions. In addi-
tion, with the widespread use of hybrid electric
vehicles, wind turbines, and solar panels, the
demand for REEs is increasing. According to the
U.S. Geological Survey (USGS) data for 2025, global
mine production of rare-earth oxides (REOs) equiv-
alent was estimated at about 390,000 tonnes in
2024.1° Tt is predicted that the demand for neody-
mium in electric vehicles will increase 11-fold by
2032. The annual growth in NdFeB magnet con-
sumption across different sectors is projected to
increase steadily. The global consumption of sin-
tered NdFeB magnets was 184,000 tons in 2022 and
is expected to grow at an average annual rate of
5.8% in the coming years. Based on this trend, total
demand is forecast to reach approximately 322,000
tons by 2032. From a sectoral perspective, electric
vehicles are anticipated to account for around 32%
of the total NdFeB magnet demand by 2032.%!

According to 2024 data, China accounts for
approximately 69.23% of total REE mine produc-
tion, followed by the United States (11.54%), Myan-
mar (7.95%), and Australia (3.33%).'° China holds a
dominant position in the production of intermediate
and end products, with an approximate share of
80%. This position has enabled China to utilize its
REE reserves as a significant instrument in com-
mercial, political, and strategic contexts. Today, the
United States, Japan, and European Union member
states remain largely dependent on China for REE
supply due to limited domestic resources and chal-
lenges in competing with China in terms of produc-
tion costs. For this reason, countries have begun to
seek REE production from secondary geological
sources with low U and Th contents. Among the
secondary geological sources that can be used for
REE groduction, red mud,'? bauxite, related shale
ores,'®! and ionic clays,'”'® are remarkable. REE
production from ionic clays outside China has been
established at Serra Verde (Brazil), Liberty Hill
(USA), and Zandskopdrift (South Africa) deposits.
In addition, studies are ongoing in the Makuutu
(Uganda), Koppamurra (Australia), Caldeira (Bra-
zil), Brazilian rare earth (Brazil), and Ambasindava
(Madagascar) deposits, which are known to be in the
project phase.

Alumina (Al;O3) is commonly produced from
bauxite ore using the Bayer process. High-silica
bauxite is a type of bauxite characterized by a
relatively high total SiO, content (typically > 8-10
wt.% SiO,), in particular containing reactive silica
phases such as kaolinite and halloysite. High-silica
bauxites cannot be directly processed using the
Bayer process because of their high caustic soda
consumption, low alumina recovery, and increased
red mud (RM) generation. Reactive silica is con-
verted into insoluble sodium aluminosilicate
hydrate, leading to substantial losses of both alu-
mina and caustic soda.!”'® Bauxite deposits
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suitable for the conventional Bayer process are
limited on a global scale, and the reserves of such
deposits are gradually declining. In contrast, high-
silica bauxites are more widely distributed across
many countries and constitute a significant propor-
tion of total bauxite reserves. This situation neces-
sitates the evaluation of high-silica bauxites as an
alternative raw material source through the sus-
tainable production of alumina and critical by-
products. Several researchers have proposed meth-
ods to mitigate the issues associated with high-silica
bauxites; however, due to certain technological and
economic limitations, the silica challenge has not
been fully resolved.

REE-bearing bauxites are considered a potential
secondary geological source of REEs due to their
enrichment in REEs. However, the use of bauxite as
an REE source is limited due to geological, miner-
alogical, and process-related constraints. This lim-
itation becomes evident when compared with
bastnésite ore. Bastnésite [(Ce,La)(CO3)F] typically
contains a high total REO grade, ranging from
approximately 3 wt.% to 15 wt.%, in which REEs
are concentrated within a distinct mineral phase
and can be processed wusing well-established
hydrometallurgical routes on an industrial scale.
In contrast, the total REE content of high-silica
bauxites is generally low, typically at the ppm level.
Moreover, REEs in these materials do not form a
discrete mineral phase but are instead dispersed
within clay minerals, Fe oxides, or various sec-
ondary phases. This dispersed occurrence signifi-
cantly complicates the selective enrichment of
REEs, leading to high acid consumption and com-
plex solution chemistry issues. In addition, the high
silica content adversely affects leaching kinetics and
increases operational risks such as gel formation
and precipitation. For these reasons, high-silica
bauxite cannot technically or economically compete
directly with primary REE ores. Nevertheless, this
does not imply that high-silica bauxite is entirely
insignificant in the context of global REE supply.
On the contrary, when integrated into large-scale,
existing processes such as alumina production, REE
recovery from intermediate products and process
residues may become feasible. Under this inte-
grated processing approach, high-silica bauxites
can be considered as a secondary strategic REE
resource with meaningful potential.

Numerous studies have focused on the geochem-
ical aspects, formation, and economic potential of
REE-bearing bauxite.'? 22 However, research on the
sustainable production of REEs from REE-bearing
bauxite ores, along with Al as a byproduct, is
limited. Therefore, the primary objective of this
study was to assess the potential for Al and REE
recovery from bauxite. In this scope, the review
focuses on pyrometallurgical (e.g., alkaline roasting)
and hydrometallurgical (e.g., leaching) techniques
but also include studies combining these two meth-
ods (roasting—leaching). A further aim of this review
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is to comprehensively present and summarize the
findings of recent research. Thus, current trends,
research gaps, and potential directions for future
studies are highlighted, aiming to provide a valu-
able resource for researchers in this field.

REE-BEARING BAUXITE ORE FORMATIONS

Karst bauxite is a type of bauxite deposit formed
on carbonate rocks (particularly limestone and
dolomite) or within their cavities and doline systems
as a result of karstic weathering and residual
enrichment processes. It is not directly classified
within high-silica bauxites but is considered a
distinct bauxite type. These deposits commonly
contain REEs and are therefore regarded as a
potential source. Representing approximately 14%
of the world’s bauxite resources,” karst bauxites
have recently attracted increasing attention due to
their REE potential.?>?? Karst bauxite deposits of
the Pedernales Peninsula (Dominican Republic)
have high REE (La-Lu) contents ranging from
~ 500 ppm to ~ 14000 ppm. Two deposits in the
Bahoruco area, Aceitillar and El Turco, stand out
with average REE contents of ~ 1200 and
~ 7600 ppm and Y contents of ~ 700 ppm and
~ 8800 ppm, respectively. In these deposits, REE
host minerals mainly consist of relict monazite,
authigenic Y-dominant phosphates, and hydroxyl-
bastnisite.?® Similar REE enrichments have been
reported in karst-type bauxite mineralization in
Mediterranean countries (such as Greece, Montene-
gro, Hungary, and Bosnia Herzegovina).?* Karst
bauxite deposits in the Southern Chongqing bauxite
belt of China are rich in REEs. It has been
determined that the source of REEs in these bauxite
ores are bedrock host.

In karst-type bauxite formation processes, Al, Fe,
and Ti are dissolved from source rocks during
extremely acidic weathering and are deposited on
karst surfaces. In the following process, it is formed
by in-situ leaching, silicification, and enrichment of
element concentrations in the karst drainage sys-
tem.?>?¢ As a result of this process, bauxite deposits
are enriched in relatively immobile elements such
as Al, Ti, Zr, Nb, and REE in karst cavities.*"*®
REE minerals such as monazite, xenotime and
hydroxylbastnésite are widely found in low concen-
trations in bauxite deposits.?*! The most common
REE-bearing minerals are hydroxylbastnisite
(Ce(CO3)OH)) and detrital monazite, xenotime
(YPO,) and florensite type supergene phosphate
((REE)AlI3(PO4)2(OH)g)) minerals formed by the
weathering of monazite ((Ce,La,Nd,Th)PO,)).** Nor-
malized diagrams of Italy, Tirkiye, Greece, the
Balkan countries, and Mediterranean bauxites are
shown in Fig. 1. Major oxide and REE contents of
some REE-bearing bauxite deposits are given in
Table 1.

According to Fig. 1 and Table I, the geochemical
trends of karst bauxites in different countries are
similar. Table I shows that karst bauxites are rich
in Ce and La relative to other REEs. The REE
content in bauxite ores varies widely from 17 ppm to
3610 ppm, and most ores show an obvious positive
Ce anomaly.?® Researchers have stated that there is
geochemical similarity between the bauxite deposits
in the Bolkardag: region (Tiirkiye) and the ion
adsorption clay deposits in China (Fig. 2). Consid-
ering the REE production from clays in the ion
adsorption deposits of China, it is predicted that the
Kizildag bauxite-associated shale and Kemiklitepe
bauxite deposits in the Bolkardag: region may be
potential sources.?!

Greek bauxites formed during the Late Jurassic
paleo relief in the Parnassos-Ghiona geotectonic
zone have the highest average REE content of
approximately 1280 ppm. This is followed by Juras-
sic bauxites from the Vojnik-Maganik and Prekor-
nica regions of Montenegro, with an average of
approximately 1000 ppm, and Turkish bauxites
from the Bolkardagi tectonic unit, with an average
of approximately 950 ppm. The lowest average
content is observed in Jurassic bauxites from the
Cevo region of Montenegro, with an average of
approximately 550 ppm, and in Greek bauxites from
the Parnassos-Ghiona geotectonic zone, with an
average of approximately 390 ppm. Regarding Cre-
taceous bauxites, the highest contents are found in
the Caserta bauxites of Italy and the Provence and
Languedoc bauxites of France, which exceed
700 ppm. In contrast, the lowest contents were
recorded in Montenegro (~ 310 ppm), Greece
(~ 420 ppm), and Spain (~ 440 ppm). Despite the
uneven level of exploration and the average values
obtained from the analyses of different numbers of
samples, it can be concluded, based on the average
REE contents, that the Jurassic bauxite formations
have the highest potential for REE extraction.>®
Bauxite deposits are enriched in LREEs compared
to HREEs. It has been stated that the preferential
adsorption of LREE by kaolinite, illite, boehmite,
diaspore and anatase results in separation from
HREE.?® The adsorption of REE on kaolinite and
the REE adsorption model associated with the Al-
octahedral layers of kaolinite are shown in Fig. 3.

REE EXTRACTION PROCESS
FROM BAUXITE ORE

High-silica bauxite cannot be processed in the
conventional Bayer process due to technological
limitations. A high reactive silica content adversely
affects process efficiency, especially during the
Bayer process, as it leads to sodium losses and the
formation of desilication products. Therefore, alter-
native methods such as direct acid leaching, flota-
tion—Bayer, sintering, lime-soda, and alkaline
roasting—leaching are applied for the recovery of
aluminum from high-silica bauxite. The direct
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Fig. 1. Chondrite-normalized diagrams of karst bauxites of Italy, Tirkiye, Greece (Parnassos), Balkan and Mediterranean bauxites belt (partially
reprinted from Ref. 33, Copyright © 2018, The Minerals, Metals & Materials Society).

Table I. Major oxide and REE contents of some REE-rich bauxite deposits

21,26,32-34

Al;O3 SiO, Fez03 TiO, Ce La Nd Y Ga
Location (%) (%) (%) (%) (ppm) (ppm) (ppm) (ppm) (ppm)
Mugla, Tirkiye 53 9.0 22 2.7 273 150 100 82 59
Jajce, Bosnia-Herze- 59 1.0 25 2.7 287 121 108 53 45
govina
Halimba, Hungary 53 5.8 22 2.6 126 78 49 55 52
Niksié¢, Montenegro 57 6.4 20 2.8 331 153 117 100 48
Parnassos, Greece 55 5.0 23 2.7 258 87 65 75 58
Suhodoll, Kosovo 56 4.2 27 2.8 310 165 120 92 63
Guangxi, China 58 3.5 24 3.0 340 180 135 65 75
Weipa, Australia 61 6.2 19 2.2 210 95 78 48 52
Odisha, India 49 7.5 28 3.5 380 170 142 105 69
Pocos de Caldas, 54 5.8 23 2.9 320 155 118 88 60
Brazil
Penjikent, Tajikistan 57 4.7 26 2.6 360 165 128 95 72

leaching method is considered an alternative
approach for ores that are not amenable to process-
ing by the conventional Bayer process. In this
method, the ore is directly dissolved using acidic
solutions, enabling the transfer of aluminum along
with associated valuable elements into the solution
phase. However, high reagent consumption, equip-
ment corrosion, limited selectivity, and challenges
related to waste management constitute the main
disadvantages of this method. The sinter and
Bayer—sinter processes are environmentally disad-
vantageous due to their high energy requirements
and associated carbon emissions. The lime—soda
method refers to an alkaline pretreatment (diges-
tion) process carried out using lime (CaO/Ca(OH)s)

and sodium carbonate (NayCOs), facilitating the
stabilization and/or removal of impurity phases
prior to subsequent processing steps. This method
exhibits an unfavorable environmental profile due
to its high chemical consumption and significant
waste generation potential. Although the alkaline
roasting—leaching process produces acidic waste
solutions, these can be effectively managed through
neutralization and sulfate recovery. In the alkaline
roasting—leaching process, the ore is roasted with
alkaline (NayCOg3) at approximately 900°C, after
which the resulting sodium aluminate phases are
dissolved through water leaching. REEs and major
elements (Al, Fe, Na, etc.) concentrated in the water
leach residue are subsequently recovered via
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Fig. 2. Comparison of REE distribution of Bayan Obo (China), Mountain Pass (USA), Ganzhou ionic clay (China) and Kemiklitepe (Turkiye)
bauxite deposits associated with carbonatite—alkaline igneous rocks (adapted from Ref. 34).
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Fig. 3. Adsorption model of REE on kaolinite (a) and REE adsorption model associated with Al-octahedral layers of kaolinite (b) (reprinted from

Ref. 37, under the terms of the Creative Commons CC BY 4.0 license).

sulfuric acid leaching, and the pregnant leach
solution is purified by solvent extraction (SX). In
contrast, the flotation—Bayer process is character-
ized by lower soda consumption and reduced RM
generation due to pre-enrichment, and is therefore
considered to have the most balanced environmen-
tal profile among the alternative methods.'® The
purpose of the flotation process applied here is to
reduce the silica content in bauxite, thereby serving
as an important beneficiation step aimed at enhanc-
ing the efficiency of alumina production. However,
despite these advantages, the flotation—Bayer pro-
cess becomes economically inefficient for bauxites
with a very low silica modulus, as high reactive
silica contents lead to excessive caustic soda con-
sumption and significant alumina losses during the
Bayer process.?®*? Among these, the most feasible
approaches are flotation-Bayer and alkaline roast-
ing-leaching. In this study, the alkaline roasting-
leaching—SX technology, as an ideal method for the
simultaneous recovery of Al and REEs from high-
silica bauxite, is examined in detail.

Due to the complex mineralogical composition of
certain ores and their low beneficiation efficiency,
direct leaching approaches may be preferred

without applying conventional mineral processing
methods such as flotation.**~*? In such cases, ther-
mal pretreatment steps, including alkaline roasting,
can be employed to induce structural transforma-
tion of the ore and enhance leaching efficiency. For
example, the flow chart suggested for REO produc-
tion from Kemiklitepe (Tiirkiye) bauxite ore is given
in Fig. 4. The comparison of REE production
parameters from bastnésite, ionic clay, and bauxite,
which are the main minerals of REEs, is summa-
rized in Table II. Borra et al.'® conducted a study to
recover alumina, Fe, and Sc separately from Greek
RM by combining of alkaline roasting with sodium
carbonate (NayCQOs3), followed by water leaching,
smelting and acid leaching (Fig. 5). RM was alkaline
roasted with Na,COs3; at 950°C, followed by water
leaching, which dissolved approximately 75% of the
alumina. The undissolved residue was smelted to
recover over 98% of Fe, while about 80% of Sc was
subsequently extracted from the slag by acid leach-
ing. The authors highlighted that the process is
nearly zero-waste, enabling the recovery of most
major metals and REEs.
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Fig. 4. Proposed process flowsheet for REO production from Kemiklitepe (Ttrkiye) bauxite ore.

Table II. Comparison between REE production from bastnisite, ionic clay, and bauxite!**°
Parameters Bastnisite Ionic clay Bauxite
REE content 7-10% 0.05-0.3% 0.05-0.3%
REE composi- 50% Ce, 20 La%, 20 Nd%, 20 Y%, 10% 40% Ce,

tion 30% La,
15% Nd, 5% etc.
Mineral processing, enrichment,
acidic leaching
HCI and HQSO4

Production
method
Solvent type

In situ leaching by ion ex-

NH,-Mg-Al-SO,

30% La, 15% Nd,
10% Y, 5% etc.
Mineral processing, alkali roast-
ing, acidic leaching
HCl and H2804

Ce, 30% etc.

change

The recycling and reuse of leach solutions emerge
as a critical parameter for process economics and
sustainability, particularly in the evaluation of low-
grade and secondary REE resources. Within the
scope of this study, the process flowsheet proposed
in Fig. 4 has been designed to integrate acid
recovery and its recirculation to the leaching stage.
Provided that appropriate pH regulation and impu-
rity control are maintained, the residual acid con-
tent and the major ionic composition of the raffinate
offer a recirculation potential capable of reducing
additional reagent consumption. Nevertheless, the
long-term effects of this approach, especially with
respect to the accumulation of Al, Fe, and Si, phase
stability, and leaching kinetics, need to be investi-
gated in detail using pilot-scale or continuous
systems. Accordingly, the recycling/recovery of

leach solutions and SX reagents, together with
mass balance and economic analyses, are considered
an integral component of advanced process devel-
opment studies.

Thermal Activation via Alkaline Roasting

Prior to this section, different recovery methods
for the utilization of high-silica bauxites were
presented in general terms. In this section, alkaline
roasting, which is considered the most suitable and
necessary pretreatment method for REE recovery
from high-silica bauxites, is discussed in greater
detail. Alkaline roasting is an important pre-acti-
vation step that enhances the reactivity of bauxite,
thereby reducing the high temperature require-
ments of subsequent hydrometallurgical processes.
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Fig. 5. Flow sheet for recovery of metals from Greek red mud
(reprinted from Ref. 12, Copyright © 2016, The Minerals, Metals &
Materials Society).

In this approach, sodium carbonate (NasCOs3) is the
most commonly employed reagent due to its eco-
nomic viability and widespread industrial use.
However, alkaline roasting is not limited to Nay;COs3
alone; in certain cases, the addition of CaO can
provide a synergistic effect. In this context, the
lime—-soda sintering process can be considered a
specific application of alkaline roasting. In this
process, bauxite is mixed with CaO and NayCOs;
and heated at high temperatures to form a porous
sintered structure. During this treatment, alu-
minum-bearing phases are converted into soluble
sodium aluminate (NaAlOsy), while the primary role
of CaO is to react with silica to form insoluble
calcium silicate (CaySiO,4), thereby suppressing
silica dissolution into the solution phase. This
enhances selectivity and improves the efficiency of
the subsequent leaching stage. In the conventional
lime—soda sintering process, the dosages of Na,CO5
and CaO are typically controlled based on molar
ratios of NagO/AlyO3~ 1 and Ca0/SiOy~ 2.4647 The
dosage of alkaline additives is generally determined
based on the content of the main components in the
bauxite. In this study, since both Al;O3 and SiO,
reacted with NayCOj3 during roasting, the NayO/
(Al,O5 + SiOy) molar ratio was used as an indicator
to control the NayCOs; dosage. According to a
previous study, the mixture was prepared with a
Nay0/(Al,03 + SiOs) molar ratio of 1.*® The reaction
resulting from alkaline roasting is described as:

2A10(0OH) + NayCOs — 2NaAlO2(S) + HQO(g)
+ COz<g) (1)

SiOy + NayCO3 — NaySiOsz + COq (2)

Literature studies on the effect of thermal acti-
vation on REE extraction are given in this section. Ji
and Zhang®® reported that REE recovery was less
than 20% as a result of 1.2 M HCI leaching of
kaolinite ore containing 245 ppm REE, while, after
calcining the ore at 600°C, a recovery of over 80%
was obtained in 0.01 M HCI. After REE recovery,
porous silica with a specific surface area of 336.95
m?/g was produced as a result of H,SO, leaching. In
a different study, Ji et al.’® investigated the effect of
thermal activation on REE recovery from two
natural kaolinite samples. While the leaching recov-
ery of the samples without pretreatment was 10%
and 56% in 1.2 M HCI, the leaching recovery in the
samples calcined between 500°C and 900°C
increased significantly and reached 93%. As a
result, it was explained that calcination has positive
effects on REE recovery. Accordingly, it was stated
that encapsulated REE-containing minerals are
released by the expansion of kaolinite aggregates
and that REE-containing minerals are transformed
into more soluble forms. Uysal*® investigated the
REE recoverability from Kemiklitepe bauxite ore
(Tirkiye). The milled bauxite ore was alkaline-
roasted with Na,CO3 at 950°C, and then the roasted
bauxite ore was subjected to water leaching. The
total REE recovery from the ore was 89% as a result
of HySO, leaching of the remaining leach waste
after water leaching.

Mechanical Activation via Intensive Milling

Mechanical activation is defined as the “increase”
in the ability of a solid whose chemical structure
remains unchanged during the milling process in
which mechanical energy transfer occurs. During
mechanical activation, while the particle size of the
mineral decreases with milling, defects occur in the
crystal structure depending on the mechanical
energy density.”! Thus, fresh, clean surfaces and
metastable species are formed.?”> Mechanical acti-
vation of minerals increases the selective dissolu-
tion efficiency and solvent efficiency during
leaching, leading to an increase in the reaction
rate.”® This increase occurs as a result of an
increase in specific surface area and structural
disorder, an increase in microstress, amorphization
of mineral crystals,”® microtopographic changes,®®
and formation of new phases more susceptible to
dissolution.’® In the case of mechanical activation,
the mineral will now behave more actively during a
metallurgical process such as calcination,”” sinter-
ing,?®%9 or leaching,%"®! where it will be processed,
and this will reduce the temperature of the process
or increase its speed.

The mechanical activation method can be consid-
ered an alternative to thermal pretreatment, as it
enhances leaching efficiency while offering lower
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energy consumption and a more environmentally
friendly process option. Mechanical activation can
be realized at lower energy costs than thermal
processing. In addition, it is known that in facilities
where mechanical activation is applied, reactions
occur in shorter times, and simpler and cheaper
reactors or furnaces are used.®? While many studies
have examined the effects of intensive milling on
minerals, studies on the effect of mechanical acti-
vation on REE recovery are limited. Kato et al.®®
mechanically activated a decomposed residual ore
containing britolite, cerianite, serite, and monazite
by intensive milling to increase the solubility of
cerium. The mechanical activation process reduced
tetravalent (Ce™) cerium to trivalent (Ce*®) and
increased the solubility of cerium. According to the
results of the leaching experiments with HSO,, it
was emphasized that the Ce solubility increased not
only because of the increase in the surface area of
the ore but also by the mechanochemical reaction.
In addition, it was determined that the main
mechanism of the increase in Ce solubility with
mechanical activation was not the increase in the
leaching rate but the reduction of the insoluble
tetravalent cerium in the cerianite component to the
soluble +3 valence. The crystal lattice defects,
oxygen vacancies, and locally reducing environ-
ments generated during mechanical activation ren-
der the reduction of Ce(IV) to Ce(III) in CeOs-like
phases thermodynamically and kinetically feasi-
ble.’* Notably, cerium is the only REE that can
stably exist in the +4 oxidation state, which explains
why the redox behavior observed during
mechanochemical processing is largely confined to
Ce. In contrast, because Pr, Nd, and the majority of
other lanthanides predominantly occur in the
stable +3 oxidation state under natural and pro-
cessing conditions, there is no generalization that
mechanical activation induces a similar reduction
behavior for these elements. Instead, the literature
indicates that the primary effect of mechanical
activation on these REEs is an enhancement of
leaching reactivity through phase disordering,
amorphization, and increased solubility, rather
than a change in valence state.%:5°

The effect of mechanical activation is generally
applicable to bauxites with varying SiO, contents;
however, this effect is strongly dependent on both
the SiOy level and the mineralogical mode of silicon
occurrence. Mechanical activation can enhance the
leaching reactivity of Al-bearing phases (gibbsite,
boehmite, and diaspore) as well as secondary min-
eral phases hosting REEs through structural mod-
ifications such as increased specific surface area,
lattice distortion, amorphization, and increased
dislocation density. Nevertheless, the presence of
kaolinite and reactive silica phases may, particu-
larly after mechanical activation, lead to gel forma-
tion during leaching, increased acid consumption,
and challenges in solution management.*® Within
the scope of this study, the beneficial effect of
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mechanical activation was therefore not treated as a
general assumption but was evaluated by explicitly
considering potential limitations associated with
Si04 content. Accordingly, mechanical activation is
not regarded as a universal solution for bauxites,
but rather as an auxiliary pretreatment that can
enhance Al and REE recovery under controlled
conditions.

Leaching of Bauxite Ores

It is important to understand the binding mech-
anisms that dissolve REEs. REEs bound to clays
consist of three main bindin§ phases in terms of
their leaching mechanisms,”® which consist of
water-soluble and ion-exchangeable phases, colloid
precipitate phases, and mineral phases. A visual
summary of these bonding phases is shown in Fig. 6.

In the water-soluble phase, REEs exhibit high
solubility in water, whereas in the ion-exchangeable
phase they can be efficiently recovered via ion
exchange using monovalent salt solutions. The
colloidal precipitate phase hosts REEs primarily as
insoluble oxides, hydroxides, or as constituents of
colloidal polymeric organometallic complexes, which
generally require acid leaching for effective recov-
ery. In contrast, REEs in the mineral-bound phase
are structurally incorporated into crystal lattices
and can only be liberated through combined calci-
nation and subsequent acid leaching. In bauxites,
REEs predominantly occur in ion-exchangeable,
colloidal, and mineral-bound phases. Although the
ion-exchangeable fraction is typically limited in
abundance, it represents the most readily recover-
able phase from a processing perspective. Conse-
quently, bauxites should not be directly compared
with ion-adsorption-type REE deposits. Within the
ion-exchangeable phase, REEs are electrostatically
adsorbed onto clay mineral surfaces or retained by
weak, labile bonds. An increase in clay mineral
content promotes REE adsorption onto these sur-
faces, thereby increasing the relative contribution of
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Fig. 6. Binding phases of REEs: 1 ion exchangeable phase, 2 colloid
phase, 3 mineral phase (adapted from Ref. 67).
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this fraction. The colloidal phase in bauxites is
generally co-dominant. Elevated contents of low-
crystallinity goethite and hematite enhance the
proportion of colloidally-bound REEs due to their
strong affinity for Fe-oxide surfaces. The mineral-
bound phase constitutes the most chemically
stable and strongly bound form of REEs and may
occur in higher proportions relative to the other
phases. The leaching reactions corresponding to
these phases are presented in:

NaAlOyy + 2H;0 — NaOH + Al(OH);  (3)
2A1(0H),— Al,O5 + 3H,0 (4)

(NaAl)ZSiO4(S] + 2H2804 — H4SiO4 + 2NaAISO4
(5)

H,Si0, — SiOy + 2H,0 (6)

The bauxite ore was mixed with NayCOs; and
calcined at approximately 900°C, and the resulting
calcined product was dissolved in hot pure water
(Eq. 3). NaAlO,, which passes into the solution
phase, is filtered and separated from the insoluble
waste. Insoluble REE, Al, and Fe silicates
((REE,Al Fe);SiO4) remained in the cake, which
was dissolved with HySOy, resulting in the forma-
tion of silicic acid (H4Si04) and sodium aluminum
sulfate (Egs. 4 and 5). Silica was obtained by
removing water from the silicic acid structure
(Eq. 6).

Kusrini et al.®® the recovery of lanthanides from
low-grade bauxite using the acid-leaching method
was investigated. The effects of leaching parame-
ters, including temperature, oxalic acid concentra-
tion, and leaching duration, were examined. The
results showed that although the leaching efficiency
was temperature-dependent, increasing the tem-
perature from 45°C to 85°C did not improve lan-
thanide recovery. The optimum leaching conditions
were determined to be 1 M oxalic acid, a tempera-
ture of 40°C, and a leaching time of 2 h. The
findings demonstrate that oxalic acid is an effective
reagent for the dissolution of lanthanides from low-
grade bauxite. Uysal et al.’® investigated the
usability of REE-bearing bauxite-associated shale
ore in Kizildag (Turkiye) for REE production. HCI1
leaching was performed under different leaching
conditions to determine the leaching optimization
conditions for the raw ore. The modeling and
optimization parameters for leaching recovery were
investigated using response surface methodology.
Accordingly, the optimum leaching parameters
were determined as 1 M HCI concentration, leach-
ing temperature of 98°C, leaching time of 3 h, and
solution-to-ore ratio of 8.75 1/kg. The REE leaching
recovery corresponding to the determined optimum
values was 49.13%. Because leaching optimization

was performed on raw ore in this study, the
obtained leaching recoveries were low. To increase
the leaching ability, ore activation by calcination
and/or intensive milling before leaching is
recommended.

Alkaline methods are generally not suitable for
alumina production from bauxites with a low silica
modulus. In contrast, acid-based processes offer
significant advantages, including the reduction of
bauxite waste and the potential for waste recycling.
In this context, Sun et al.*® achieved zero-waste Al
extraction from high-silica bauxite using a hybrid
processing strategy. According to their study,
sodium aluminate solution was obtained by water
leaching of bauxite ore that had been alkaline-
roasted with Na,COs;, from which alumina was
subsequently recovered. The solid residue remain-
ing after water leaching was then subjected to
sulfuric acid leaching, enabling the recovery of the
remaining critical elements. The advantages and
disadvantages of the main alumina extraction
methods for high-silica bauxites are summarized
in Table III. In the study conducted by Valeev
et al.”? boehmitic bauxite ore with high silica
content in Severoonezhsk (Russia) could not be
used in the Bayer process. To evaluate this ore, the
bisulfate method (H;SO, and NH,HSO,), which
combines the advantages of acidic and alkaline
methods, was tested. Accordingly, it was deter-
mined that the solubilities of Al, Fe, and Ga were
greater than 90%, and that most of the silica and
titania remained in the cake. In addition, an REE
leaching efficiency of 70-80% was achieved. Accord-
ing to the results obtained, it was stated that it
could be an effective technology for the processing of
high-silica bauxites. Alkaline roasting and acid
leaching are promising and suitable methods for
evaluating high-silica bauxite ores. Thus, it is an
alternative source that will meet the REE demand
by ensuring the sustainable production of Al
together with REEs, can be obtained from these
karstic bauxite deposits that are REE-bearing. The
utilization of sulfuric acid as a leaching reagent
results in significant environmental pollution.
Excessive acid is detrimental to soil and water
ecosystems, subsequently affecting flora and fauna.
In summary, the selection of leaching agents should
consider environmental sustainability, leaching effi-
ciency, and commercial availability.

Solution Purification

In the pregnant leach solution where the acidic
leaching process lacks selectivity, impurities such
as Al, Fe, and Na will be present in the solution.
These impurities are anticipated to adversely affect
the quality of the REE and by-products to be
obtained. Consequently, there is a risk of decreased
selectivity. As the leaching process conducted in
short durations increases selectivity, it may be
performed gradually in brief intervals. The removal
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Table III. Advantages and disadvantages of alumina production methods for high-silica bauxite ores

Process Advantages Disadvantages References
Sinter process Lower competition with silica; generally low- High energy cost due to elevated temper- 69
er red mud volume atures; complex phase equilibria
Bayer—sinter  Potential to reduce sodium loss; possibility of = High energy consumption; operational 70
process increasing overall alumina recovery complexity due to dual-process manage-
ment
Lime—soda Silica can be immobilized by binding to Ca Low solubility of Ca—aluminate phases; 71
process phases; potential for lower operating costs  difficult phase control; limited commercial
maturity
Flotation— Provides Bayer-compatible ore feed; reduced High chemical cost; flotation efficiency 72
Bayer process sodium loss. depends strongly on ore mineralogy.
Alkali roast- Silica is bound to more inert phases; reduced Corrosion and cost issues; technology is 48, 73

ing-leaching  Na loss; high alumina solubility; lower waste
process volume.

not yet fully commercialized.

of dissolved metal ions such as Al, Fe, and Na in the
leach solution containing predominantly REE ions
is typically accomplished through selective precip-
itation at varying pH levels and/or SX methods.

Precipitation

Precipitation is a process wherein a precipitant is
introduced to the pregnant solution, resulting in the
acquisition of metal ions as precipitates.”* Common
precipitants include oxalates, carbonates, sulfates,
phosphates, and hydroxides. In the study conducted
by Han,”* oxalate was identified as the most effec-
tive precipitant, exhibiting superior precipitation
behavior for REEs even at low pH levels. This is
attributed to the generally high affinity of oxalic
acid for REEs.”"® The order of precipitation effi-
cacy was determined to be oxalate > phosphate > flu-
oride > sulfate > carbonate. Nawab et al.”’
investigated the experimental parameters and mor-
phology of oxalate precipitations in chlorinated
rare-earth solutions in the presence of contaminant
elements such as Al, Fe, and Na. Their findings
indicated that the quantity of precipitant and
solution pH were the most significant factors influ-
encing the reaction. Under specific conditions, the
precipitation rate of REEs reached 98.9%.

The general objective of precipitation in this
context is either the removal of Al, Fe, and Na from
the solution prior to REE recovery or the direct
precipitation of REEs while allowing these elements
to remain in the solution. In the selective precipi-
tation process, the removal of impurities can be
effectively achieved through controlled precipitation
conditions, often guided by Eh-pH diagrams to
optimize phase stability and separation efficiency.
For instance, the Eh-pH diagram of the La-Ce-Al-
H,0 system based on fundamental thermodynamic
data is presented in Fig. 7.

According to Fig. 7, it can be observed from the
Eh-pH diagram that Al>* exhibits stability when the
pH value is below 3.8, and the stable region for La®*

and Ce®* in the solution is below pH 6.2. Based on
this diagram, the theoretical leaching pH value at
which both aluminum and REEs demonstrate sta-
bility should be below 3.8. Furthermore, REE-Al
separation can be achieved through gradual precip-
itation of Al at approximately pH 4, and La and Ce
at pH 7. The extraction rate of Al increases slowly
with the pH values in the range 1.5-3.0 and
increases quickly in the range 3-4. This is attrib-
uted to the formation of transient or metastable-
state mononuclear and multinuclear compounds by
hydrolysis, polymerization, flocculation, and precip-
itation with increasing pH value. The most common
hydroxyl polymeric aluminum ions include
Al(OH)**, ~ AI(OH)y*,  Al(OH)sq, Al(OH),,
Al(OH),™, Aly(OH),™", Alg(OH);5>", Al(OH).7*,
Alg(OH)so** , and Al;30,(0H)s,™*. The equilibrium
reactions are presented in:*°

A" + HyO = AI(OH)*'+ H'log K= —5.00 (7)

AP + 2H,0 = Al(OH); + 2H"log K = —10.10
(8)

A** + 3H,0

Al(OH)y,, + 3H'log K
= —16.00. (9)

Solvent Extraction

SX is a hydrometallurgical separation technique
used to selectively transfer metal ions from an
aqueous phase into an immiscible organic phase
using specific extractants. In this context, the SX
process is applied to separate impurities such as
REEs, Al, and Fe from the pregnant leach solution.
In the SX process, the optimal conditions should be
determined by considering multiple critical param-
eters, including the types of reagents to be employed
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Fig. 7. Eh—pH diagram of the La-Ce-Al-H,O system at 25°C, 1073 M and 1 bar pressure (adapted from Ref. 78, under the terms of the Creative
Commons CC BY 4.0 license, and from Ref. 79, Copyright © 2020, Springer Nature).

for impurity removal, their quantities, reaction
duration, organic/aqueous phase ratio, selective or
batch SX feasibility, and the characteristics of the
medium in which the loading and stripping pro-
cesses will occur. In recent years, researchers have
identified various types of extractants. However, a
limited number of extractants are employed in
industrial applications. For an extractant to be
utilized industrially, it must exhibit low operating
costs and provide effective separation. Di-2-ethyl-
hexyl-phosphoric acid (D2EHPA), 2-ethyl-hexyl-2-
ethyl-hexyl-phosphonic acid (EHEHPA), versatic
acid, and Aliquat 336 (Cy5H54CIN) are reagents
that are generally used in hydrometallurgical sys-
tems for solvent extraction.®™®? In this study, the
main extractants specifically applied in the solvent
extraction of REEs are considered. For the selective
removal of impurities such as Al and Fe from REE-
bearing solutions, more selective extractants such
as D2EHPA,**#* saponified naphthenic acid,®*%¢
and tri-n-butyl phosphate, are preferentially used.
In the stripping stage, the type of acid utilized in the
leaching stage is generally employed.

At present, D2EHPA, and naphthenic acid are the
most widely used extractants in REE extraction
process. Naphthenic acid (NA) is produced from
petroleum or crude oil and are mainly composed of
cyclic aliphatic monocarboxylic acids with varying
composition. The major advantages of NA are low
cost, high loading capacity in regard to REEs and
easy stripping.®’” NA as a weak organic acid can be
denoted by HL. The extraction of RE3* by naph-
thenic acid is a cation-exchange mechanism
(Eq. 10). The rare-earth extraction sequence in
naphthenic acid—mixed alcohol-kerosene—HCI sys-
tem at pH 4.8-5.1 follows®® Eq. 11:

RE(,) + 3(HL)g o= RE(HLg)g 0y + 3H,,,  (10)

org org

Sm®" >Na@** >Pr’* >Dy?" >Yb*" >Lud" >Tbh3"
>Ho®" >Tm?" >Er®" >Gd*" >La®t >Y3*
(11)

To evaluate the effect of pH on the separation of
REEs and Al, experiments were conducted at room
temperature using a 1.5 M extractant concentration
and a fixed saponification value at different pH
levels. The results, as shown in Fig. 8, indicate that
an increase in pH leads to a significant enhance-
ment in REE extraction efficiency.

D2EHPA is one of the most widely used REE
extractants from the organophosphorus group.
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Fig. 8. Effect of pH value on the extraction rate of REE and Al
(adapted from Ref. 85).
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Peppard et al.%? studied the properties and applica-
tion of D2EHPA as an extractant for the separation
of REEs. D2EHPA has the ability to reduce the total
number of extraction steps required for REE sepa-
ration. They also discovered that D2EHPA, which is
mostly in dimer form, has a high affinity for REE?*
ions, indicating that pH has a significant effect on
the reaction.®”° Sato”' studied the behavior of
REEs in HCl with D2EHPA and EHEHPA. The
study concluded that REEs follow the cation
exchange mechanism at low acidity and the solvent
mechanism at high acidity. Both extractants
showed higher extraction efficiency for metals with
larger atomic numbers in the lanthanide series. The
extraction efficiency was found to be
La< Ce<Pr<Nd< Sm< Eu< Gd< Th< Dy(~Y)<Ho< —
Er < Tm < Yb < Lu. The possible explanation for
this is the attraction effect of the extractant anion
and the increase in electrostatic force causes the
size of the cation to decrease.®

Following the selective separation of metal ions
from the pregnant leach solution, REEs are typi-
cally precipitated selectively using oxalic acid. The
resulting REE oxalate hydrates (REEq(-
C904)3 nH,O) are subsequently converted into
REO Dby calcination in the temperature range of
800-1000°C. The oxalate precipitation method is
widely recommended in the literature, particularly
due to its ability to limit the co-precipitation of Fe
and other base metals.”> Chen et al.?® compared
the effects of calcination after precipitation with
oxalic acid, sodium carbonate, and bisulfate for the
preparation of REOs. The REE recoveries in the
three processes were 99.44%, 97.95%, and 99.12%,
respectively. Among these, precipitation with oxalic
acid recovered the highest purity but at a higher
cost. Xu et al.”* implemented a stepwise precipita-
tion process utilizing NaOH as a pH adjuster to
recover REEs and Al. By adjusting the pH value of
the pregnant leach solution to 4.5, 99% of the Al
and < 1% of the REEs were precipitated. Subse-
quently, by adjusting the pH value in the pregnant
leach solution to 8.5, 99% of the REEs were
precipitated. As a result of this precipitation pro-
cess, the purity of AI(OH); was determined to be
82% Aly03, with the total content of metal impuri-
ties being less than 5%. The purity of RE(OH)3 was
determined to be 93% REO, with other base metals
comprising less than 2%. Erust and Uysal®® demon-
strated that aluminum can be selectively purified
from REEs in the pregnant leaching solution
obtained after acid leaching of bauxite-related shale
ore using the SX method. Under optimized SX
conditions (1.5 M D2EHPA, 50% O/A ratio, pH 1.5,
and 15-min mixing time), the total REE extraction
efficiency reached 95%, with the element-specific
extraction order determined as
Pr > La > Nd > Ce > Dy > Y > Sc. Furthermore,
following REE separation, AI(OH)3; was precipitated
with an efficiency of 97.16% at pH 5 by electrolysis
from the Al- and Fe-enriched solution. The resulting
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precipitate was subsequently roasted at 1100°C to
produce coarse-purity o-alumina containing approx-
imately 75% A1203.

CURRENT ASSESSMENT AND FUTURE
PERSPECTIVES

In recent years, significant progress has been
made in the recovery of Al and REEs from bauxite.
Hybrid processes, such as alkaline roasting—leach-
ing, and environmentally friendly biosorption-based
approaches, have attracted increasing attention due
to their technical feasibility and sustainability
potential. In particular, deep eutectic solvents,
considered as alternatives to conventional mineral
acids, offer environmentally benign leaching media
and can provide both technical and economic advan-
tages. Therefore, parameters such as energy con-
sumption, CO, emissions, chemical usage, waste
disposal costs, process efficiency, and investment
requirements should be comprehensively evaluated.
Moreover, sustainability is not limited to technical
performance but also encompasses social and envi-
ronmental aspects. In this context, water usage,
waste disposal, generation of hazardous by-prod-
ucts, and overall environmental impacts should be
assessed within a life cycle assessment framework.

Hybrid processes, such as integrated multi-step
approaches combining biological pre-treatment,
alkaline roasting, leaching, and solvent extraction,
have the potential to combine the advantages of
individual methods while minimizing their respec-
tive drawbacks. In addition, the development of
processes aimed at the simultaneous recovery of not
only the primary product (Al) but also critical by-
products such as REEs is considered an ideal
approach for sustainable mining.

Manfredi et al.”® reported that the use of the
microalga, Galdieria sulphuraria, in repeated
adsorption—desorption cycles enabled the recovery
of REEs from bauxite suspensions at 5-30% (w/w).
This approach combines biological and chemical
processes to enhance recovery efficiency while
potentially reducing environmental impacts. How-
ever, biosorption processes generally exhibit low
REE yields, while chemical methods are constrained
by high energy requirements, intensive reagent
consumption, and waste generation. Therefore, the
development of biotechnology-based methods and
environmentally friendly leaching processes to mit-
igate these limitations is of great importance.
Bacteria- and microalgae-based biosorption meth-
ods are still at the developmental stage. In partic-
ular, more comprehensive research is needed on the
selective recovery of REEs, optimization of adsorp-
tion—desorption cycles, and the reuse of biosorbents.
These biotechnological and hybrid approaches can
reduce chemical consumption and energy require-
ments in conventional leaching processes, thereby
minimizing environmental burdens and waste
generation.
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CONCLUSION

REE mining globally is derived from primary
geological sources like carbonatite and alkaline
complexes, as well as secondary sources such as
ionic clays, RM, and bauxite ores. It is evaluated
that REE recovery directly with Al from bauxite ore
is easier than REE recovery from RM. This study
details the process of producing REEs, aluminum,
and silica from bauxite ore using a sustainable,
zero-waste technology. Karst bauxites are consid-
ered a potential REE source due to their high REE
content worldwide. Research is ongoing regarding
the feasibility of REE production from these
sources. In this context, for REE production from
bauxites, it is crucial to thoroughly define the
mineralogy and geochemistry of the ore and to
develop the recovery method accordingly. Since
REEs are typically bound to the crystal lattice
structure in bauxite ore, they require thermal and/
or mechanical activation before leaching to enhance
solubility. The thermal activation process poses an
environmental challenge due to the costs associated
with roasting and fossil fuel consumption. To mit-
igate fossil fuel use and improve energy efficiency, it
has been suggested that incorporating mechanical
activator mills before roasting could be a more
economical and environmentally friendly approach.
It is anticipated that future research on REE
production will concentrate on scaling the process
to industrial conditions, conducting techno-eco-
nomic evaluations, and focusing on reactive recy-
cling and energy efficiency.

The process of REE recovery from RM is quite
difficult. It has been stated in some studies that
direct REE recovery with Al from bauxite ore is
easier. Consequently, REE-bearing bauxite ores
hold potential for use in REO production. The
development of REE production technology from
alternative sources such as bauxite can reduce the
global REE supply risk. Utilizing this REE-bearing
bauxite ore in environmentally friendly and zero-
waste critical REE production is crucial for sustain-
able raw material use. Although the simultaneous
recovery of Al and REEs from bauxite still presents
several challenges, significant scientific advances
have been achieved in recent years. It is considered
that future progress will depend on the transfer of
these approaches to industrial scale, the optimiza-
tion of process parameters, effective waste manage-
ment, and the development of techno-economic and
circular economy based integrated methods.
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