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Abstract: Red mud (RM), the primary waste product of the aluminium industry, is no-
table for its high concentrations of metals and rare earth elements (REE). Efforts have
been made to develop extraction methods for REE recovery from RM, aiming to enhance
its valorisation and reduce the European reliance on external REE sources—particularly
crucial for technological advancements and the transition to renewable energy. However,
these methods have only been limited to low technology readiness levels (TRLs), with
no economically or technically viable processing routes yet defined to enable large-scale
industrialisation within a circular economy model. This study characterised RM sam-
ples from the Seydisehir region in Tiirkiye using different techniques and explored the
experimental process for recovering metals and REE. Moreover, the study assessed the
global prospective potential of RM based on technical and economic data, as well as the
sustainability of the implemented process through the life cycle assessment (LCA) tool.
Results showed a total REE concentration of up to 1600 ppm, with Ce, being the most
abundant (426 £ 27 ppm), followed by La, Nd, and Sc. Concentration efficiencies for La and
Nd ranged between 240-300%. Sc, Y, Ce, La, and Nd have significant usage in European
markets and represent prime RM targets for further prospecting. The LCA revealed that
the highest global warming potential of the sequential extraction process was attributed to
hydroxylamine hydrochloride and hydrogen peroxide. The findings highlight the need to
explore alternative, more eco-friendly reagents to improve RM valorisation.

Keywords: rare earth elements (REE); red mud (RM); sequential extraction; prospectivity;
sustainability

1. Introduction

Bauxite residue, also known as red mud (RM), is the main residue of the Bayer process,
in which alumina is obtained for subsequent use to produce aluminium. Approximately
1-2.5 tons of RM are produced per ton of aluminium hydroxide, reaching a global stock-
pile of over 4 billion tons [1], increasing by approximately 175 million tons annually [2].
RM mineralogical composition is based mainly on iron, aluminium, silicon, calcium, and
titanium oxides as well as smaller concentrations of rare earth elements (REE) [3]. This
residue constitutes a significant environmental concern, and handling it remains a global
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challenge given the substantial volumes produced and the adverse effects associated with
its disposal [4]. It is primarily handled through dry stacking (70%) or storage in ponds
(30%), though often with limited effectiveness [5]. Due to its high alkalinity, high heavy
metal content, and trace of radioactive elements, RM causes significant environmental
issues, including pollution of soil, surface water, and groundwater and dispersion of
fine-grained particles [6,7]. Finding a single cost-effective and sustainable method for
RM management remains a major challenge [8]. In addition, the variability of the RM
composition is notable in terms of main and minor components. However, several studies
reveal that this variability is within the range of the vast amounts of by-products used
in industry [6,7].

Efforts to reduce RM disposal have explored its potential valorisation in several
applications, including (i) environmental uses: water purification, desulphurisation, and
soil remediation [9,10]; (ii) formulation of construction material: cement, glass ceramics,
and bricks [11,12]; and (iii) geotechnical engineering [13]. Due to its valuable composition,
RM is also considered a potential secondary source of REE and other metals [1,14-17].
Achieving this involves developing and implementing multiple extraction and purification
processes, which are quite complex. However, the rising demand and price of REE have
increased interest in their extraction from RM [3].

The acquisition of REE, neither earth nor rare, has changed geopolitical paradigms.
The search and identification of REE constitute an essential part of the scientific and tech-
nological development of the late 19th and early 20th centuries. REE are made up of
17 elements from the lanthanide series in group IIIB of the periodic table of elements
(La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu). Sc and Y are also in-
cluded due to their similar chemical behaviour. Primary REE deposits include carbonatites,
alkaline igneous rocks and pegmatites, while secondary sources consist of laterites and
ion-adsorption clays. Despite over 250 rare earth minerals, only a few such as bastnaesite,
monazite and xenotime are economically mineable [18].

REE are essential for various high-tech industries, such as renewable energies, batteries,
phosphors, catalysts, petroleum refining, ceramic, and metallurgy. By the end of 2023,
global rare earth oxide (REO) production reached 350,000 tons, with reserves estimated at
110 million tons [19]. China dominates REE supply, controlling 38% of global reserves [20]
and accounting for approximately 58% of global production in 2020 [18]. The European Union
(EU) has experienced a notable rise in REE imports, reaching 18,000 tons in 2022—60% higher
than in 2019 [21]. Recognising their importance, the EU has classified REE as critical raw
materials (CRMs) [22,23] and heavily relies on China to meet their demand.

Ensuring a stable REE supply has demonstrated challenging. Trade policies, industrial
adjustments, and innovation strategies should be implemented to reduce this depen-
dency [24,25]. Consequently, it is critical to characterise the RM potential as a REE source
and develop innovative and feasible extraction methods.

Globally, approximately 9.14 million tons of REE remained within stockpiled RM
by 2019 [26]. The industrial-scale recovery of these elements has the potential to release
around USD 4.3 trillion worth [16]. However, RM valorisation remains technologically
unviable. This presents a fascinating area for further research, especially since extracting
metals from mines and industrial waste is often more economically feasible than mining
primary deposits [27].

Analysing REE concentrations in RM is crucial to evaluating its prospective potential
as a secondary raw material. While numerous studies have reported REE concentrations in
RM, a comprehensive global assessment of its potential as a secondary REE source remains
incomplete. Additionally, the environmental sustainability of REE extraction from RM has
not been deeply addressed.
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This work aims to (i) physiochemically characterise RM samples from Tiirkiye,
(ii) perform a five-step sequential extraction process to assess the technical feasibility
of REE recovery, and (iii) evaluate the prospective potential of RM as an alternative REE
source based on relative concentrations and market demand. Furthermore, this research
uses the life cycle assessment (LCA) tool to assess the environmental sustainability of
the sequential extraction process in terms of its global warming potential. The analysis
integrates chemical, geological, production, environmental, and market data, focusing on
European resource independence.

2. Material and Methodology
2.1. Materials

The Turkish Company ETI Altiminyum A.§ (Konya, Turkey) supplied the RM samples.
The Mortag and Dogankuzu bauxite deposits, operated by ETI Aluminum A.S, are the most
significant aluminium sources in the Akseki region of Southern Tiirkiye and provide the
raw material for the country’s aluminium smelter in Seydisehir region [28]. The sample’s
previous characterisation was left for 72 h in an oven at 105 °C to remove possible moisture.
This was followed by grounding in an agate mortar to reduce particle size and homogenise
the sample. Finally, a standard quartering method was followed to obtain representative
subsamples for further analysis.

2.2. Methodology
2.2.1. Characterization Techniques

An air-suspended particle size distribution (PSD) by volume was determined with
a laser diffraction particle size analyser (Beckman Coulter LSTM 13 320, Beckman Coul-
ter Life Sciences, Indianapolis, IN, USA). Three independent samples were analysed,
with three repetitions conducted for each sample to ensure accuracy and consistency in
the results.

The crystallographic phases of the samples were identified using an X-ray powder
diffraction (XRD) with the PANalytical X"Pert PRO. CoKa (A = 1.79 A) radiation with a
voltage of 40 kV and a tube current of 45 mA were used. 20/6 scan from 7 to 125° 26 with
step size of 0.017° and measuring time of 100 s per scan.

The semi-quantitative analysis of trace, minor and major elements was conducted
using X-ray fluorescence (XRF, Malvern Panalytical, Almelo, The Netherlands) with a
Panalytical Axios Advanced wavelength dispersive X-ray spectrometer. To analyse trace
elements, the sample pellets were made with 6 g of the sample mixed with Resine (Elvacite®,
Chempoint, The Netherlands). For minor and major elements, the powder sample (0.3 g)
was mixed with flux in a 1:20 proportion and then melted at 1200 °C for 11 min in a melting
machine (PERL X3, Philips, Amsterdam, The Netherlands), obtaining a glass bead-shaped
sprue. For both techniques, four replicates were performed per sample.

Inductively coupled plasma atomic emission spectroscopy (ICP-OES) using
a PerkinElmer ELAN 6000 ICP mass spectrometer (PerkinElmer, Waltham, MA, USA)
and inductively coupled plasma mass spectrometry (ICP-MS) with the PerkinElmer Op-
tima 3200R spectrometer were performed to identify and quantify the metal and metalloid
content in the sample’s composition. The samples were prepared through an alkaline
fusion, which involves mixing the sample with an alkaline flux and then performing an
acid digesting in a zirconium crucible; 0.1 g of RM sample was mixed with 1 g of sodium
peroxide (NayO,) and 0.5 g of sodium hydroxide (NaOH), and the mixture was heated in
an oven until 470 °C.
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2.2.2. Sequential Extraction Procedure

A modified 5-step sequential extraction procedure developed by [29] was followed,

Figure 1.
30 % hydrogen peroxide
+
1 Red Mud 0.5M ammonium acetate
Exchangeable Carbonate Hydroxides Organic Matter
fraction fraction fraction fraction
Ultrapure 0.1M 05M
water Acetic Acid hydroxylamine Residual
hydrochloride

fraction

Figure 1. Scheme of sequential step extraction process.

Each step is described in the following;:

e  Exchangeable fraction (Step 1): 5 g of RM sample were weighed and stirred for 16 h at
room temperature with 200 mL of ultrapure water and covered with watch glasses.

e  Carbonate fraction (Step 2): The residue obtained in Stage 1 (Residue 1) was stirred for
16 h at room temperature with 200 mL of 0.1 M acetic acid (CH3COOH), covering the
beakers with watch glasses.

e  Hydroxides fraction (Step 3): The residue obtained in Step 2 (Residue 2) was stirred
for 16 h at room temperature with 200 mL of 0.5 M hydroxylamine hydrochloride
(NH,OH-HCI; pH = 2-3), covering the beakers with watch glasses.

e  Organic matter fraction (Step 4): The residue obtained in Step 3 (Residue 3) was stirred
for 1 h at room temperature with 50 mL of 30% hydrogen peroxide (H,O,) covering
the beaker with watch glasses. The watch glasses were removed, and the solution was
again stirred for 1 h in a water bath at 85 + 5 °C. Subsequently, a further 50 mL of
30% HO, was added. This solution was covered with a watch glass, and the agitation
was stopped. The water bath was kept at the same temperature for another hour.
Finally, the solution was removed from the water bath, and 250 mL of 0.5 M ammonium
acetate (NH4CH3COO) was added and stirred at room temperature for 16 h [30].

e  Residual fraction (Step 5): The residual fraction from Step 4 (Residue 4) was subjected
to an alkaline fusion.

After each step, the leachates were analysed by ICP-OES and ICP-MS, and the residual
fraction was treated with alkaline fusion. XRD also investigated the residue fractions
obtained in the first four stages.

2.2.3. Life Cycle Assessment

The life cycle assessment (LCA) methodology is regulated by the ISO 14040 [31]
and ISO 14044 [32] standards. The software GaBi [33], the Ecoinvent 3.9.1 database [34],
and the IPCC GWP 2013 impact evaluation method were used to assess the potential
greenhouse gas emissions associated with the materials and equipment used in the leaching
process. The IPCC GWP 2013 method estimates the greenhouse gas relative contribution to
global warming compared to the impact of 1 kg of carbon dioxide emissions (CO5eq) [35].
The system boundaries included the first four steps of the REE lixiviation process as
described in the previous section (gate-to-gate perimeter). The quantity of input material or
intermediates needed to produce 1 kg of REE could not be precisely determined. Therefore,
the functional unit (FU) chosen was “1 kg of processed RM”. The life cycle inventory (LCI)
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data were measured and compiled at the laboratory scale (Table 1) following the datasheet
proposed by Grzesik et al. [36]. At this scale, direct emissions to the air and other releases
were not measured. The outcomes of this section are presented in Section 4.3.

Table 1. Life cycle inventory (LCI) of the leaching process for REE recovery from RM. Quantities per

FU (1 kg of processed RM).

Step of the Leaching Process Flows Type Value Unit
Raw Materials
RM Input 1 kg
Ultrapure water Input 40 1
1 Leaches Output 0.25 kg
RM residue (1) Output 0.75 kg
Energy
Mixing Electricity 12,800 Wh
Filtering Electricity 2310 Wh
Raw Materials
RM residue (1) Input 0.75 kg
Ultrapure water Input 40 1
Aceticacid 0.1 M Input 0.24 kg
2 Leaches Output 0.15 kg
RM residue (2) Output 0.60 kg
Energy
Mixing Electricity 12,800 Wh
Filtering Electricity 2310 Wh
Raw Materials
RM residue (2) Input 0.60 kg
Ultrapure water Input 40 1
Hydroxylamine Inputs for hydroxylamine 0.66 kg
3 Hydrochloride hydrochloride 0.5 M 0.73 kg
Leaches Output 0.20 kg
RM residue (3) Output 0.40 kg
Energy
Mixing Electricity 12,800 Wh
Filtering Electricity 2310 Wh
Raw Materials
RM residue (3) Input 0.40 kg
Ultrapure water Input 61.30 1
Hydrogen peroxide Input 8.70 kg
Ammonia Inputs for ammonium acetate 0.43 kg
Acetic acid 0.5M 1.50 kg
4 Leaches Output 0.12 kg
RM residue (4) Output 0.28 kg
Energy
Mixing Electricity 16,800 Wh
Mixing at 85 °C Electricity 2000 Wh
Heating at 85 °C Electricity 1500 Wh
Filtering Electricity 2310 Wh
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3. Results
3.1. Physicochemical Characterisation of RM

The particle size distribution of RM is characterised by a fine grain size, with approxi-
mately 90% of particles (d90) being smaller than 75 pm. Based on the analysis of three inde-
pendent samples, the average particle size (d50) by volume of the sample is 34.7 + 0.6 pm.

The semi-quantitative chemical characterisation of RM, conducted by XRF, enabled
the determination of the major, minor, and trace element contents. The results for major
and minor elements are presented in Table 2, while those for trace elements are shown
in Table 3.

Table 2. XRF chemical composition of major and minor elements in the RM sample (wt.%).

Sample Fe; O3 TiO, CaO K,O P,0s5 SiO, Al,O3 MgO Na,O
RM1 33.31 4.81 6.58 0.38 0.05 14.03 20.64 0.36 8.60
RM 2 33.23 4.83 6.74 0.38 0.05 14.26 20.50 0.36 8.62
RM 3 33.31 4.72 6.16 0.38 0.05 13.70 20.49 0.33 8.45
RM 4 33.48 4.74 6.71 0.37 0.05 13.69 20.60 0.35 8.40

Average 333+01 4784+004 655+02 038+£001 005+£000 139+02 206=£01 035£001 85+0.1

Table 3. XRF chemical composition of trace elements in the RM samples (ppm).

Element ppm Element ppm Element ppm Element ppm

Zr 772 £12 Sc 142 +£2 Co 29+1 Ag 27 +1
Cr 718 £16 Mn 168 £ 1 Br 9.0+ 0.1 Ba 26 £2
Ce 638 =13 Pb 122 +£3 Tl 51+03 Sn 18+ 1
Ni 461 + 6 Y 101 £1 Cu 31+1 Ga 10£2
A% 474 + 2 Nb 76 £1 Mo 28+1 Bi 121 £0.1
La 205+ 2 Th 79+1 Rb 243 +£0.1 Se 2+1
Nd 188 + 6 Sr 53+1 Cd 29.5 + 04

As 151 £3 Sm 34+4 W 28+1

As expected, the chemical composition results, expressed as oxides, indicated that
RM has high iron content, with Fe,O3 accounting for 33.3 + 0.1 wt.%, followed by a
significant amount of aluminium (Al,O3 20.6 £ 0.1 wt.%) and silica (SiO; 13.9 &+ 0.2 wt.%).
RM composition depends on the location of the mine, the type of bauxite, and the Bayer
process parameters. The main chemical composition aligns with the results provided by
other researchers [4,37-40]. In addition to the typical bauxite composition, there are also
compounds such as CaO and alkalis, which are added during the refining process [8].

The trace elements concentration, as described in Table 3, revealed the presence of
27 elements in the samples, with Zr, Cr, Ce, Ni, and V being the most abundant. Addition-
ally, the sample contains about 1065 ppm of elements from the lanthanide series.

Figure 2 shows the RM sample’s main crystalline phases, determined by XRD. The
diffraction pattern identifies three main mineral phases: hematite, calcite, and gibbsite,
consistent with the findings of other studies [40-48].

After the semi-quantitative analysis by XRF, the concentration of REE and Th in RM
samples were analysed quantitatively through chemical analysis using ICP-OES (Figure 3).
This analysis was conducted following the alkaline fusion and subsequent acid digestion
of the samples, as described above. The sample contained over 1635 ppm of REE and
Th. The REE were further classified into light rare earth elements (LREE), including La,
Ce, Pr, Nd, Pm, Sm, and Eu, and heavy rare earth elements (HREE), including Gd, Tb,
Dy, Ho, Er, Tm, Yb and Lu. Additionally, Y and Sc were analysed separately. Through



Sustainability 2025, 17, 1849 7 of 24

this classification, the RM sample showed an average concentration of LREE = 1105 ppm,
HREE = 126 ppm, and Y o Sc = 281 ppm. Among them, Ce was the most abundant element
with a concentration of 589 + 25 ppm, followed by La, Nd, and Sc, consistent with the
findings reported for most RM samples in the literature [49]. The remaining elements
are present in trace amounts (<100 pg/g). Nevertheless, the REE are relatively abundant
as expected, except for Nd, which is more abundant than other regional RM [37,50,51].
Additionally, all the trace elements detected in XRF were analysed quantitatively by ICP,
and the results corroborate those presented in Tables 2 and 3.

a 3 35 1554

4
14000 — —— — ——— i

I 1Hematite (Fe,0;) Calcite (CaCO0;) 3 Gibbsite(Al(OH);) B 4Sodalite(3Na,0:3Al,0,:65i0,:Na,S0,) M5 Silica(Si0,)
2,000 LI B L B N L N N B L L O L L L L B LA B I
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2-Theta (degrees)

Figure 2. X-ray powder diffraction pattern of RM from 10° to 80° (26).
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Figure 3. Rare earth elements, Sc, and Y average concentration determined via ICP in RM samples.
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3.2. Sequential Extraction

The extraction of REE from RM primarily involves two main approaches: purely
hydrometallurgical methods or a combination of pyrometallurgical and hydrometallurgical
processes, referred to as complex processing. In combined treatments, the pyrometallurgical
step is usually performed first to recover iron from RM and concentrate the REE into an
oxide slag. Hydrometallurgical methods then selectively leach the trace metals, including
REE, from the residue. A significant finding is that REEs are readily leachable using diluted
mineral acids, whereas most elements, such as iron, remain non-leachable under the same
conditions [52].

3.2.1. Extraction of REE and Other Valuable Elements

Figure 4 illustrates the total concentration of REE leached during each stage of the
sequential extraction process. Step 3, where the sample underwent an acid attack using
hydroxylamine hydrochloride, exhibited the highest efficiency in REE concentration, reach-
ing over 2000 ppm—an increase of 32% compared to the initial sample. Moreover, the
concentration was significantly reduced in the final residue of the process. In contrast, the
efficiency of steps 1, 2, and 4 was negligible, indicating that the mineralogical phases of the
RM remained largely unaffected by these treatments.

T T T T T T T T T T T 140

- 120

2094.8 ppm L
100

- 80

1581.6 ppm

- 60
2|
/&417 ppm | L 40

- 20

REEs Concentration (ppm)
REEs Ratio Extraction (%)

0 ppm 261 ppm 54

T T 1 ' I i I T 1 T 1 0
Initial Step 1 Step 2 Step 3 Step 4 Residue

Sequential Extraction Steps

Figure 4. Rare earth elements average concentration and extraction efficiency (%) in the initial RM
sample at each step of the sequential extraction.

To gain deeper insights into the sample’s chemistry, Figure 5 presents the variation
in the concentration of each analysed REE alongside the main elements constituting the
sample. The first column (orange and grey bars) represents the initial and final concen-
trations of each element in the residue. The second column shows the concentration of
these elements across the sequential extraction stages. Nd, Ce, La, and Y stand out with
significantly higher concentrations in step 3 compared to the other REE analysed, reaching
500 ppm for Nd and Ce and up to 600 ppm for La. These concentrations are promising for
the technical and economic feasibility of their extraction.

Regarding the major associated elements, the variation in Al, Si, and Fe concentrations
within the residue is noteworthy. Higher leaching of Al and Si is observed in Step 3, along-
side the REE, suggesting that the higher reducible fraction corresponds to the dissociation
of Al hydroxide and oxyhydroxide phases [28].
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Figure 5. RM elements’ average concentration in ppm, determined by ICP in the sequential extraction
steps and residue.

3.2.2. RM Residue After Sequential Extraction

Table 4 presents the average concentration of minor and trace elements in the final
residue obtained from the sequential extraction process, along with their variation relative
to the original RM sample. Most elements were found at lower concentrations in the
residue compared to the initial sample, except for Zr, Pb, Cu, Ba, Sn, and Co. Notably, Zr
and Ba were significantly more concentrated. The most relevant finding is the reduced
concentration of REE in the residue, corroborating that the proposed extraction process
effectively separates REE from the remaining RM. Consequently, the residue is enriched
in iron, which could be repurposed for other applications, thereby enhancing the overall
value of the process.

3.2.3. Crystallographic Phases Evolution During Sequential Extraction

XRD analysis was conducted on residue fractions obtained from the sequential extrac-
tion process to evaluate the evolution of the mineralogical phases at each step. Figure 6
compares the original RM sample with the residual fractions obtained from each stage.
The predominant mineral phase corresponding to Fe; O3 (hematite) remained unaltered
throughout the extraction procedure, indicating minimal chemical interaction between
the solvents and hematite. This observation further suggests that elements such as Ce are
predominantly associated with this mineral phase.
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Residue
Step 4

Residue
Step 3

Residue
Step 2

Intensity (a.u.)

Residue
Step 1

Initial

20 30 40 50 60 70 80
Angle 2Theta (°)
Figure 6. XRD diffractograms of RM evolution for each step of the sequential extraction process:

initial samples (black line), Residue 1 (red line), Residue 2 (blue line), Residue 3 (pink line), and
Residue 4 (green line).

Table 4. The average concentration (j1g/g) of minor and trace elements in RM samples after sequential
extraction along with their variation (%) relative to the initial sample concentration.

Element Reusglgu € A (uglg) Element Initial pg/g A (pglg) Element Repsgi;lgue A (ugl/g)
Zr 2999 288.2 Rb 24.3 —100.0 Ce 426 —27.7
Cr 453 —-36.9 W 27.5 —100.0 Gd 17 —54.1
Ni 326 —-29.3 Ba 26.3 1771 Sc 85 —45.9
Nd 81 —60.6 Sn 17.9 95.4 Yb 10 —47.1
As 67 —55.7 U 12.6 —52.3 Y 73 —41.1
Ga 24 —-39.8 Co 29.2 36.9 Th 56 —54.8
Pb 166 35.6 REE Pr 22 —59.6
Nb 24 —69.0 La 215.0 —60.5 Sm 17 —58.5
Sr 26 —-51.3 Nd 205.6 —60.6 Tb 0 —100.0
Cu 31 1.6 Lu 2.7 —100.0 Ho 0 —100.0
Mo 15 —46.6 Er 19.0 —-52.6 Dy 15 —53.6

In contrast, significant changes are observed in some diffracted peaks (marked with
grey lines). These mineral phases disappear in the residue from Step 2, following treatment
with acetic acid, which effectively dissolved the carbonate phases. Additionally, according
to ICP results, Al and Si were predominantly leached during Step 3, as evidenced by the
reduced intensities of peaks associated with aluminosilicates and oxyhydroxide phases
(e.g., sodalite).

4. Discussion
4.1. Potential Prospectivity of REE from RM

The global stock of REE in RM (as a potential resource), calculated for 2019, exceeded
9 million tons [16,26], which represents approximately 8% of conventional world reserves,
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estimated at 110 million tons by 2023 [19]. Table 5 presents the concentrations of REE in
conventional deposit venues, and Table 6 shows the concentrations of REE in RM. These
data indicate that the average REE content in RM (1260 ppm) reached approximately 8.4%
of that in mineral deposits (14,970 ppm). This ratio is expected to rise as traditional deposits
continue to deplete and aluminium production increases annually.

Globally, most current REE production comes from high-grade carbonatite deposits,
such as Bayan Obo in China and Mountain Pass in the USA, while European deposits
generally have lower grades [22]. The Bayan Obo mine is the largest REE ore deposit
worldwide [53], though precise data on rare-earth oxide (REO) reserves vary among
published sources, potential resources are estimated to reach up to 333 million tons [54],
with reserves estimated at 57.4 million tons [55]. This deposit is intensely enriched in LREE
but contains lower quantities of the more critical HREE (see Table 5). Although the REE
concentration at Mountain Pass is significantly lower than at Bayan Obo, its reserves were
estimated at 20 million tons of ore containing 8.9% REO in 2008 [56] and continues holding
significant reserves (approximately 18.4 million tons of REQO, in 2023 [57]), producing
during 2020 about 38,500 tons of REO [58].

The recent increase in REE production by the USA and other countries made China’s
share of global REE production decrease from 86% in 2014 [59] to less than 70% in 2023 [19]
when it produced 240,000 tons of REO. China is expected to reach peak production levels
between 2038 and 2045, with output ranging from 265,000 to 385,000 tons [55]. No other
venue on the planet contained the REE concentrations offered by Chinese deposits. Other
conventional reservoirs such as those in the USA, Brazil, Sweden, and Madagascar tend to
have REE concentrations much lower and closer to those offered by the RM. Then, there
could be a window of about 20 years to develop optimal methods for the feasible extraction
of REE from RM before the depletion of known conventional resources intensifies and the
decrease in production could accentuate the risk of global REE supply.

In the RM, the average distribution of LREE (75%), HREE (10%), and }_Y + Sc (15%)
resulted in generally uniform (see Table 6), with LREE averaging approximately 950 ppm,
being the most abundant La, Ce, and Nd. RM from China and Jamaica is enriched in Dy,
Gd, Y, and Sc. Mediterranean RM is also richer in Y and Sc, representing 10-20% of the
total REE concentration. Although China’s RM has the highest REE concentration, it only
reached about 5% of the REE content in Bayan Obo carbonatites (Table 5). Nonetheless,
the average concentration of REE in RM is comparable to that of carbonatites from the
Mountain Pass deposits in the USA. This confirmed a high potential for this residue.
Additionally, RM contains a higher accumulation of some HREEs, like Tm, Yb, and Lu,
than the prominent Bayan Obo and Mountain Pass conventional deposits. This potential
should not be underestimated.

Comparing these concentrations may seem impractical, as the residue cannot currently
be beneficiated into the high-grade concentrates typically used in the REE industry, and
there is yet to be an active industrial-scale method for valorising RM [14,16]. However, this
comparison can help identify the potential that RM could have once new extraction routes
to achieve an optimum level of development and industrialisation. In RM, the concentration
and distribution of REE can vary significantly depending on the type of bauxite, mine
location, and processing conditions. However, this residue is usually enriched by a factor of
approximately two [51]. Samples from Seydisehir (Turkey), including those characterised
in this study, showed a two-fold increase in REE concentration compared to the Mortas
bauxite source [60]. Similar findings were observed for RM from Greek and Jamaican
bauxites [61].

The total REO consumption across several European market sectors—including mag-
nets, batteries and metal alloys, automotive catalysts, petroleum refining, polishing pow-
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ders, glass additives, phosphors, and ceramics, among others—has been studied. Analysis
of specific REO content in products revealed that La, Ce, Nd, Pr, and Y are the most
in-demand [62]. Three sectors accounted for the majority of REE demand in the EU: auto-
motive catalysts (27%, of which 90% corresponds to Ce), glass additives (19%, of which
90% corresponds to Ce + La), and fluid-cracking catalysts (16%, of which 90% corresponds
to La) [63]. Additionally, Nd comprised 70% of REE demand in the magnets sector, while
ceramics and phosphors required 53% and 70% of Y, respectively. Sc is used in several
niche applications and serves as a key alloying element in certain high-performance alu-
minium alloys, used in sectors such as fuel cells, sporting goods, commercial aviation, and
conventional and electric vehicles [64]. Economically, Sc accounts for approximately 95%
of the value held by the REE in RM [1]. Over the past two decades, growing demand has
driven the price of distilled dendritic Sc to approximately USD 269 /g in 2023, more than
four times the price of gold, which was around USD 61/g during the same year [19]. Most
conventional REE deposits studied do not report Sc concentrations (Table 5), while this
element is usually common and relatively abundant in RM (Table 6).

Recovering Nd, Eu, Tb, Dy, and Y is critical for sustainable development, as their
demand is expected to increase by 30% over the next decade [65]. Tb and Dy are attractive
due to their prices (USD 1000/kg and USD 300/kg, respectively [14]) and their multiple
applications in the magnet market. Their relatively low concentration in RM [5] should not
be considered a limitation as conventional deposits also have low concentrations. Gd and
Er are among the most abundant HREE in RM. After Sc, they represent the largest economic
potential locked in RM dry-stock inventory [5]. However, they have lower concentrations
than traditional mines, which limits the interest in extracting them from RM. In traditional
ores, the proportion of Nd is relatively low compared to other LREE, typically comprising
50% Ce, 20-25% La, 12-20% Nd, and 4-5% Pr. This distribution imbalance contributes
to the supply and demand gap [62]. The abundant availability of Ce and La may shift
focus towards Nd extraction from RM [53]. This interest in Nd is further supported by its
market price, which is currently higher than that of Ce and La [14,66]. The cost of Nd has
almost doubled over recent years, rising from USD 45/kg to USD 80/kg [19]. Additionally,
an evaluation of the potential for substituting REE in wind turbine magnets to reduce
dependency on them found that this substitution is not feasible without Nd [67]. This study
identified Sc, Y, Nd, La, and Ce as the most demanded REE, making them prime targets
for prospecting. The feasibility of extracting these elements from RM is discussed in the
following section. Additionally, it is important to highlight that HREE fractions, especially
Gd, Dy, and Er, will become increasingly interesting due to their high economic value.
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Table 5. Average REE concentration (ppm) in conventional ore deposits, including Y and Sc.

LREE HREE Others Total
Ref  Ore Type Region Location )y Y )y )y
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y Sc REE LREE HREE Y +Sc
[27] Eﬁ;’fﬁi‘;ggt Global - 39 67 9 4 7 2 6 1 5 1 4 1 3 0.8 33 22 242 165 22 55
[63) BayanObo China  BayanObo g5 63 8 29 5 1 5 1 4 1 3 0 3 0 ; 179 139 17 2%
Sediments region
Iron- . Bayan Obo
(691 Lich/dolomite China ore body 6105 10,134 1206 5490 360 75 253 23 61 7 19 1 4 1 142 - 23,882 23371 369 142
Iron- : Bayan Obo
701 ich/dolomite China ore body 8369 34430 552 5229 367 61 165 2 12 11 32 2 9 1 134 - 49,875 49,507 234 134
Iron- . Bayan Obo
701 Lich/dolomite China ore body 4605 17,744 345 398 285 61 130 1 10 2 7 0 1 0 91 - 27268 27,025 153 91
Iron- : Bayan Obo
701 ich/dolomite China ore body 1279 7977 152 2100 259 39 182 1 4 2 8 0 2 0 181 - 12,186 11,805 200 181
Iron- . Bayan Obo
701 ich/dolomite China ore body 9380 32,558 497 4414 328 73 121 3 17 3 10 1 3 0 110 - 47518 47,250 158 110
[71] Carbonatites USA I\If;’susnggi? 303 658 83 330 64 14 41 4 18 3 5 1 3 1 69 18 1615 1528 76 87
[72] Carbonatites USA Mountain 535 465 52 197 33 7 23 2 10 2 4 0 3 0 47 12 1093 1034 45 59
pass belt
Ton-
[73] adsorption  Madagascar - 908 276 156 506 9% 7 60 10 26 6 62 3 10 24 166 - 2294 1949 179 166
clays
fon- South-East
[73]  adsorption O 525 130 110 405 110 5 140 30 180 35 315 30 95 124 1020 - 3143 1285 837 1020
clays
Ton-
[73]  adsorption Brazil - 450 120 100 290 60 20 100 60 220 70 210 50 260 50 1200 - 3260 1040 1020 1200
clays
[74]  Ironore Sweden  Kiirunavaara 252 782 101 524 122 15 157 23 130 25 76 66 802 3097 1796 495 806
[74]  Ironore Sweden  Kiirunavaara 544 1650 188 846 151 22 163 23 108 20 59 51 638 4480 3401 438 641
Average REE (ppm) in conventional ores 2788 8910 295 2026 186 33 128 15 66 16 67 42 7 383 12 14,976 14,249 350 386
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Table 6. Average REE concentration (ppm) in RM, including Y and Sc.

o LREE HREE Others Total
Ref re Region Location

Type )y ) )y z

yp La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y Sc REE LREE HREE Y +Sc
[3] RM Greece - 156 483 32 125 25 5 23 - 24 - 14 - 14 - 115 134 1150 827 75 249
[75] RM Greece Agios 114 368 28 99 21 5 22 4 17 4 14 2 14 2 76 121 910 635 78 197
Nikolaos
[76] RM Greece 149 418 26 115 29 5 23 - 13 4 17 - 16 2 91 128 1036 742 76 219
[77] RM Greece Aggeg{?;‘t' 130 480 29 107 19 5 22 3 20 4 13 2 14 2 108 - 959 770 81 108
[78] RM Greece Pagi‘gf;us‘ 127 409 28 103 20 4 18 2 19 3 11 2 13 2 98 - 859 691 70 98
[61] RM Greece Pagi‘g;zus' 151 422 26 121 29 5 23 - 14 4 17 - 16 2 93 - 923 754 76 93
[79] RM China - 416 842 95 341 64 110 56 184 48 25 28 14 28 14 266 158 2689 1868 397 424
[79] RM India - 112 191 18 48 2 7 - 4 - 1 - 2 - 13 58 465 380 14 71
[80] RM Jamaica - 287 366 74 69 0 37 0 38 6 21 14 17 2 373 55 1359 797 134 429
[81] RM Jamaica Alcan Plant 626 714 - 295 80 15 - 14 83 - - - 34 6 - 162 2029 1730 137 162
[82] RM Russia Rusal Plant 234 508 58 222 43 8 44 5 31 6 17 2 15 2 145 86 1425 1072 122 231
[83] RM Montenegro ~ Podgorica 303 558 58 215 40 8 36 6 33 7 20 3 20 3 180 105 1594 1183 127 284
[66] RM Montenegro ~ Podgorica 292 539 56 208 39 8 35 5 32 7 19 3 19 3 174 102 1541 1142 123 276
[66] RM Slovenia Kidri¢evo 182 363 33 116 21 4 19 3 22 5 15 2 15 2 131 85 1020 719 85 216
[66] RM Hungary Almaésfiizito 241 426 54 199 38 7 33 5 29 6 16 3 16 3 155 77 1308 965 111 232
[66] RM Hungary Ajka 210 429 46 171 32 6 27 4 24 5 14 2 14 2 136 n/a 1122 894 92 136
[84] RM Hungary Ajka 114 368 - 99 - - - - - - - - - - 68 54 703 581 0 122
[61] RM Tiirkiye Seydigehir 219 616 62 210 42 9 6 34 31 6 17 3 18 3 145 - 1420 1157 118 145
[28] RM Tiirkiye Seydigehir 209 406 99 186 54 1 26 12 31 6 15 - 17 9 135 104 1309 955 115 239
* RM Tiirkiye Seydigehir 215 589 54 206 41 - 41 6 32 6 19 - 19 3 124 157 1512 1105 126 281
Average REE (ppm) in RM 224 475 49 163 34 12 28 20 29 7 16 4 17 4 138 106 1267 948 108 211

* Sample from ETI Altiminyum A.S analysed in this study.
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Feasibility of Extracting Main Targets from RM

Sc concentrations exceeding 100 ppm are rarely formed due to geological processes,
thus materials containing 20-50 ppm can be classified as ore [51]. This element is typically
recovered as a by-product from the production of host metals such as aluminium, titanium,
and REE [85], being particularly abundant in tailings. Sc is distributed within detrital
mineral phases, predominantly in Sc-enriched zircons within bauxite. It may also be ad-
sorbed onto the surface of iron oxide phases or enriched in the outer layers of iron oxide
particles [61]. Globally, RM contains Sc concentration ranging from 55-170 ppm, depending
on the source [86]. The analysed samples in this study showed a concentration within the
upper range (157 ppm), indicating its potential as a valuable secondary source for Sc ex-
traction. However, the efficiency of Sc extraction through the experimental process used in
this study was relatively low (10%), with significant recovery occurring only during step 2.
Therefore, Sc extraction should be conducted using alternative methods.

Other studies have explored extracting Sc from RM using two primary approaches:
purely hydrometallurgical processes or a combination of pyrometallurgical and hydromet-
allurgical techniques. Ochsenkiihn-Petropulu et al. [87] demonstrated the most efficient
recovery, achieving up to 80% Sc extraction using 0.5 M nitric acid (HNO3) under ambient
conditions [86]. Sc can also be effectively separated from the leachate using a combination
of bis(2-ethylhexyl) phosphoric acid (D2EHPA) and tributyl phosphate (TBP) at pH 0.4,
with minimal co-extraction of iron [52].

Beyond laboratory studies, press releases announced the successful commercialisation
of Sc recovered from RM. In 2014, RUSAL Company launched a pilot facility at Uralsk
Aluminium Smelter in Russia [88,89]. The company reported having the largest reserves
of Sc in RM, estimated at 32,500 tonnes [90], and it concentrated Sc through carbonisation
leaching, initially achieving a yield of 23%. This process was described as environmentally
friendly technology [91]. In 2016, 10 kg of 99.4% Sc were obtained, appealing to increase the
performance to 0.8-1.4 tons of Sc,O3 per year [92]. In 2021, RUSAL successfully reduced
the Sc leaching time by half and achieved an extraction rate of 40-45% [82].

RM from Mediterranean bauxites (Turkey, Greece, and Montenegro) contain higher
concentrations of Sc than the slurry used in RUSAL (Table 6), where the concentration is
approximately 90 ppm [82,91]. However, the latter stands out for its content of “easily
leachable” Sc-containing phases, which can make up to 60% of the total content in the
original RM. Since the chemical and mineral composition of RM can vary significantly, it is
essential to determine the form in which Sc is present in each sample before conducting
extraction experiments [93]. Previous analyses of Turkish RM samples indicated that Sc
was mainly associated with Fe compounds.

Even though extracting Sc from RM has been demonstrated to be scalable, its eco-
nomic feasibility ultimately determines its practical application. In this sense, the recovery
of Sc should follow these strategies: (1) minimising the use of organic chemicals in sol-
vent extraction due to their high cost, (2) using concentrated solutions to reduce the
amount of reagents needed, thereby generating less waste, and (3) optimising process
selection based on cost savings [86]. Additionally, an economic evaluation of a lab-scale Sc
(59 ppm) recovery process from Jamaican RM, involving roasting, leaching, and selective
precipitation, resulted in 75% efficiency, suggesting that this approach is economically
viable [80].

In 2023, world mine Y production in REE minerals was estimated at 10,000 to
15,000 tons [19]. While global Y,0O3 reserves are unknown, they appear sufficient for
near-term demand. However, China’s high demand for ion-adsorption REE as well as
economic, environmental, and regulatory changes may impact the availability of Y, the
cost of which nearly tripled, rising from USD 3000/ ton in 2019 to USD 8000/ ton in 2023,



Sustainability 2025, 17, 1849

16 of 24

with a peak at USD 12,000/ton in 2022 [19]. Y is present in phosphate minerals such
as xenotime and churchite within the bauxite and tends to accumulate in RM, where it
may be incorporated into mixed REE phases [77]. Its concentrations generally range from
60-150 ppm [94]. Steps 2 and 3 of the extraction method performed in this work were able
to concentrate important fractions of Y, reaching efficiencies in terms of concentration of
15% and 130%, respectively.

As with Sc, Y from RM is reported to be successfully recovered through selective
leaching with dilute HNO3; under moderate conditions, without any preliminary treatment,
achieving a 96% recovery rate [87]. Previous processes for extracting Y from RM include the
sulfation process, which involves a smelting pretreatment (1500-1550 °C for 1 h) and water
leaching post-treatment, achieving an 80-90% extraction yield. However, both treatments
have elevated water and energy demands. Pyro-hydro process pretreatments such as
smelting, alkali roasting, and microwave exposure, are required and the extraction yield
ranges from 30-90%. In contrast, hydrometallurgical process requires no pre- or post-
treatment and achieves 60-90% yields [1]. Conversely, some bioleaching experiments have
reached efficiencies of 60-80% of Y extraction [94]. The highest extraction efficiencies in the
bioleaching of REE are typically achieved for Y [52], which makes it a technique of great
interest for future developments.

Most natural REE deposits are primarily composed of La, Ce, and Nd [53]. In RM,
LREE ferrotitanate (REE, Ca, Na)(Ti, Fe)Os is the most abundant phase, forming a solid so-
lution between the ideal end-members (Ca, Na)(Ti, Fe)O3; and (REE, Ca, Na)(Ti, Fe)O3 These
occurrences further sub-divide into cerium-predominant and neodymium-lanthanum pre-
dominant types [77]. These LREE are presumed to co-occur, as evidenced by the strong
correlation in their dissolution behaviour during leaching studies, excluding Ce, which
exists as a stable tetravalent oxide (CeO;) and as a discrete bastnaesite phase ((Ce, La)COsF),
making it more resistant to acid leaching [1]. Globally, RM from China, Jamaica, Greece,
and Turkey contains the highest concentrations of LREE, with Ce, La, and Nd making up
85-95% of the total LREE concentration (Table 6).

Other lab-scale experiences to separate and purify La, Ce, and Nd include: (i) the
extraction of La (70 ppm) and Ce (110 ppm) from Indian RM achieved optimal dissolution
(99.9%) by leaching with 3 M H,SO4 at room temperature for La and at 75 °C for Ce,
followed by liquid-liquid extraction [49]; (ii) Hungarian RM containing La (114 ppm)
and Ce (368 ppm) was treated with HCI (6 M), H,SO,4, HNO3, C;Hy04, and CgHgOy,
reaching a recovery yield of 98% for La and 74% for Ce. When D2EHPA was used as
the extracting solution, extraction yields increased to 96% for La and 92% for Ce [51];
(iif) using imidazolium-based ionic liquid 1-ethyl-3-methylimidazolium hydrogen sulfate
(Emim[HSOy4]) as a leaching agent at elevated temperatures can achieve recovery rates
of 60-70% for Ce and Nd, while La recovery reaches 100% [15,51]; and (iv) extraction of
Nd and La was higher with the HCl-based dry digestion compared to HySO4-based dry
digestion, reaching a yield of 10-99% for Nd [95].

Bioleaching using green algae was employed for the intracellular accumulation of
lanthanides, achieving an accumulation rate of 27.3 ppm per day with an RM concentration
of 0.1%. Higher RM levels resulted in a reduced accumulation rate. In the alga Desmodesmus
quadricauda, concentrations of Ce, La, and Nd reached 22.5%, 11.9%, and 10.1%, respectively,
outperforming other algae species in effectiveness [96].

4.2. Sustainability of RM Valorisation

Traditionally considered industrial waste, RM is now recognised as a valuable resource
for REE production [66]. Rather than pursuing new mining ventures, extracting REE from
bauxite residues presents a promising and sustainable alternative to REE supply [25,27].
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The feasibility of REE extraction depends on the process design, which must demonstrate
both financial and operational viability under current and future free market conditions.
To meet the fast-growing demand for REE while promoting circularity, it is necessary to
extract them utilising sustainable practices. These requirements have made it difficult to
advance the development of these technologies on an industrial scale.

Reprocessing REE from stockpiled mine waste can be more environmentally sus-
tainable than extracting non-renewable virgin ore [66,97]. This approach conserves finite
resources, boosts biodiversity, and reduces the production of radioactive elements, dust,
and contamination of water and soil. Additionally, it lowers energy consumption, CO,
emissions, and landfill waste. It can also address environmental issues like tailings disposal,
heavy metal contamination, and dam failures. Redirecting RM to a valorisation system
prevents it from being sent to landfills, thereby avoiding the associated impacts. When
waste-based materials are included in other systems they displace the need for new raw
materials made through conventional methods. This substitution consequently reduces
the environmental impact associated with traditional production (avoided burden) [98].
However, achieving this substitution through RM valorisation remains challenging due to
technical, economic, and environmental limitations.

Several obstacles must be addressed to reach metal recovery from RM with sustainable
practices. Common REE recovery technologies often produce significant acid residues,
leading to secondary pollution. Additionally, some high-temperature processing routes
consume large amounts of energy, making them less appealing to companies from both eco-
nomic and environmental perspectives [6]. Additionally, there are limitations related to the
available technology and poor waste management strategies. Pyrometallurgical processes
are effective for selective metal recovery but have a high carbon footprint and present
issues with post-recovery slag treatment. Scaling these processes requires substantial in-
vestment and significant technological modifications [5]. In contrast, hydrometallurgical
techniques operate at lower temperatures, demand lower capital expenditures (CAPEX),
and—depending on the leaching process—can offer greater selectivity [99,100]. Thus,
hydrometallurgy may present a more efficient solution for REE recovery.

Bioleaching processes provide advantages such as environmental protection, low en-
ergy consumption, and reduced investment costs. However, their recovery and processing
efficiencies are typically lower than conventional hydrometallurgical and pyrometallurgical
methods [94]. This is primarily due to slower reaction rates and difficulties in optimising
bioleaching conditions for extracting specific REE. Consequently, the practical application
of bioleaching for large-scale REE recovery still faces significant challenges that require
further research and development.

The maximum theoretical avoided burden, calculated for processing 1 ton of RM to
extract 0.416 kg of REO (including Sc) and assuming 100% extracting efficiency could have
potential environmental savings of 1133 kg CO,eq [101]. However, these savings may be
overshadowed if high carbon footprint-chemical agents are used. The life cycle thinking
(LCT) methodology makes it possible to assess the potential environmental impacts and
identify some critical concerns related to specific REE extraction processes. With LCT, it was
demonstrated that extracting routes such as carbothermic reduction of iron, soda sintering,
or ionic liquids can be more polluting than others [101]. For example, the climate change
potential of producing the candidate ionic liquid Emim[HSO4] is 5.1 kg CO,eq/Kg. This
is over 30 times higher than that of the traditional solvent (sulfuric acid) [98]. Therefore,
special care must be taken when defining extraction and separation methods, especially
since achieving greater efficiency in these processes does not necessarily align with using
the most sustainable practices.
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4.3. Global Warming Potential of the Sequential Extraction Process

This study employed the life cycle assessment (LCA) methodology to measure the
potential greenhouse emissions associated with the leaching process. The IPCC GWP 2013
impact evaluation method (Figure 7) identified hydroxylamine hydrochloride from step 3
(11.2 kg COeq/FU) and hydrogen peroxide from step 4 (9.75 kg CO,eq/FU) as the pri-
mary contributors to emissions. These chemicals represented the main environmental
concerns of the process as their associated emissions could exceed the theoretically avoided
burden. Emissions related to equipment usage, electricity, and water consumption were
considered inconclusive on the laboratory scale, thus shifting the focus to the analysis of
the chemical inputs.
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Figure 7. The IPCC GWP 2013 method yielded the potential greenhouse emissions of the leaching pro-
cess. Total emissions from Steps 1 to 4 amounted to 36.3 kg of CO,eq/FU (FU: 1 kg of processed RM),
with Steps 3 and 4 contributing the most global warming emissions.

Due to its low leaching efficiency and high carbon footprint, the hydrogen peroxide
used in Step 4 should be replaced, as it contributes 26.8% of the total emissions from this
extraction process. The case of hydroxylamine hydrochloride is more complex since it
enabled the highest REE recovery efficiencies, a crucial factor in guaranteeing a net en-
vironmental benefit from its implementation [98]. The use of 1.39 kg of hydroxylamine
hydrochloride (Table 1) results in more than double the COeq emissions compared to
1 kg Emim[HSO,] (the agent candidate mentioned in Section 4.2). Only hydroxylamine con-
tributed the highest proportion of total emissions of the process (30.7%). Additionally, the
credit for RM valorisation provided by the Ecoinvent database [34] (—0.01 kg CO,eq/FU)
is insufficient to offset the emissions associated with hydroxylamine. Therefore, from the
perspective of quantifying emissions and global warming potential, the implemented process
is not feasible.

Conventional REO extraction in China, which includes iron ore mining, beneficiation
and separation, has a carbon footprint of approximately 43 kg CO,eq per 1 kg of REO pro-
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duced [102]. Furthermore, producing 1 kg of heavy rare earth oxides from ion-adsorption
clays results in a global warming potential of 12-36 kg CO,eq [103]. Although the techno-
logical maturity, scale, and system boundaries of these examples differ significantly from
the case study, this comparison underscores the challenge of developing an efficient process
that meets both environmental and economic sustainability criteria.

Due to the limited availability of industrial-scale data, LCA studies in this field are
scarce [98]. Nonetheless, this methodology should be broadly applied to identify the most
environmentally sustainable processes for RM recycling [104], even for laboratory-scale
processes and their potential industrial-scale applications. This approach can facilitate
the comparison of different technologies, aiding in the selection of the most efficient and
eco-friendly extraction methods.

5. Conclusions

Red mud (RM), a major by-product of aluminium production, presents environmental
challenges but also serves as a potential secondary source of rare earth elements (REEs).
This study evaluates RM from Seydisehir (Turkey) for REE recovery, its economic feasibility,
and environmental impacts using the life cycle assessment (LCA) approach. RM contains
up to 1600 ppm of REEs—mainly light elements like Ce, La, Nd, and Sc—whose high
demand enhances its strategic importance. Although REE concentrations in RM are lower
than those in conventional deposits, such as Bayan Obo, they are economically significant.
For instance, scandium (Sc), priced at USD 269/g, represents up to 95% of RM’s REE
economic value. Experimental extraction methods achieved REE concentrations of up to
2000 ppm using reagents like hydroxylamine hydrochloride and hydrogen peroxide, but
these pose a high potential for global warming emissions.

With over 9 million tonnes of REEs globally stored in RM, it represents 8% of the
world’s reserves as of 2023. This positions RM as a sustainable alternative to mining,
with potential benefits in reducing radioactive waste, emissions, and resource depletion.
However, industrial-scale recovery faces technical and economic barriers that require
optimisation for environmental sustainability.

RM recovery could significantly contribute to Europe’s sustainable technology sectors.
A life cycle analysis framework highlights improvement opportunities, turning RM into
a strategic resource for industrial applications. However, simply quantifying the global
warming potential is insufficient for RM LCA modelling. Future approaches must also
account for the complete environmental sustainability assessment to quantify the actual
benefits of RM valorisation, such as reducing the need for virgin raw material production,
avoiding landfilling, and mitigating resource depletion.
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