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Abstract: In this study, the recovery of rare earth elements (REEs) from red mud (bauxite residue)
was explored through a combination of citric acid leaching and sulfation roasting–water leaching
processes, introducing an innovative approach to the field. The research uniquely investigates the
influence of citric acid on the leaching behavior of REEs and impurities in both untreated red mud
and red mud subjected to sulfation roasting, providing a direct comparison of these methodologies. A
novel aspect of this study is the evaluation of solvent extraction efficiency using DEHPA, highlighting
the selective recovery of REEs over impurities from both citric acid and water-leaching solutions.
Furthermore, a comprehensive phase analysis using X-ray diffraction (XRD) was conducted to track
the transformations of minerals during the sulfation roasting process, an original contribution to
the literature. The findings revealed that over 85% of REEs and major elements such as Fe, Al, Ca,
and Ti dissolved in water after sulfation at 105 ◦C, while iron and titanium dissolution significantly
decreased following roasting at 725 ◦C. Importantly, terbium, neodymium, and gadolinium extraction
efficiencies were notably affected by roasting temperature. Citric acid leaching results demonstrated
that the direct leaching of red mud leads to higher leaching efficiency than leaching it after the
roasting process. Solvent extraction demonstrated lower terbium and neodymium recovery from
citric acid solutions compared to water leaching solution. Finally, stripping experiments illustrated
that 6M H2SO4 solution is capable of stripping more than 80% of rare earth elements, except terbium.

Keywords: red mud; rare earth elements; sulfation–roasting; citric acid; leaching; solvent extraction

1. Introduction

Red mud is the by-product of the alkaline refining process of alumina, which is called
the Bayer process. The application of pressure leaching on bauxite ore in an alkaline media
leads to the dissolution of aluminum, leaving behind a reddish solid residue enriched with
ferric oxide [1–3]. Nearly 2–3 tons of bauxite is consumed for the production of 1 ton of
aluminum hydroxide in alumina refining factories, which leads to the generation of about
1–2.5 tons of red mud [4–6]. Considering the annual world production of aluminum, global
alumina production systems discharged 200 million tons of red mud in 2021 [7]. Due to
its high discharge rate and alkalinity, it is usually stored in dams and occupies large areas
of land, inducing serious potential hazards to the environment [8]. According to statistics,
currently more than 4.6 billion tons of red mud are estimated to be accumulated in global
stockpiles [9]. Some physicochemical characteristics, such as its complex composition, large
specific surface area, and strong alkalinity, pose challenges in finding large-scale applica-
tions for red mud [3,10]. On the other hand, red mud contains valuable components such
as Al, Fe, Ti and rare earth elements (REEs) which are important from an economic point of
view and for sustainable development, considering the scarcity and depletion of primary
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resources [11]. Hence, it is necessary to develop efficient and economical technologies to
consume large amounts of red mud effectively and overcome the environmental problems
of its disposal [12].

There are two strategies in this regard. The first focuses on utilizing red mud as a
consumable raw material in other sectors, based on its physicochemical properties. Its small
particle size and porous structure provide a high specific surface area, making it a suitable
candidate for use as an adsorbent and ion exchange material. Accordingly, it has found
some applications in wastewater treatment [13–16] and waste gas treatment [17–19]. In
addition, red mud contains oxides such as Fe2O3, SiO2, Al2O3, CaO, and TiO2, which makes
it suitable for application in construction materials such as brick, cement, and concrete
production [20–22], as well as in glass and ceramics [23,24] and catalysts [25–28].

The second strategy involves recovering valuable elements from red mud using hy-
drometallurgical and pyrometallurgical processes, or a combination of both methods [29].
In this regard, some researchers have focused on the recovery of iron [4,30–32], alu-
minum [33–35], or titanium [36–38], while other studies have considered REEs as valuable
elements [39–44]. The total concentration of REEs in red mud is different and depends on
the origin of the bauxite ore, but typically lies between 0.02% and 0.27% [1]. Considering
the low concentration of REEs in comparison to the high values of other elements such as
iron and aluminum, the selective extraction of REEs is a challenging issue.

The primary methods used in the metallurgical extraction of REEs from red mud are
pyrometallurgy, hydrometallurgy, and biohydrometallurgy processes. Pyrometallurgical
processes often come with high capital costs, require substantial energy, and contradict
the goal of reducing the carbon footprint of value recovery from red mud. In contrast,
hydrometallurgical processes offer several advantages, including lower capital costs, flex-
ibility in processing complex secondary resources, the potential for diverse by-product
recovery, relatively low energy consumption, and the ability to handle extremely low-grade
materials [45].

Among the various hydrometallurgical methods applied for leaching using different
acids [46], as well as for separation techniques like solvent extraction [47–50] and ion
exchange [51,52], the combination of sulfation roasting pretreatment followed by water
leaching [43] appears to be particularly attractive. This approach offers a high leaching
rate of REEs, high selectivity, and the added benefit of sulfuric acid regeneration. In the
direct acid leaching method, the high concentration of dissolved iron in the leach solution
creates challenges for the subsequent recovery of REEs. However, during the sulfation
process, the resulting sulfate salts of iron, aluminum, and titanium are converted into
their corresponding water-insoluble oxides in the subsequent roasting stage. In contrast,
REEs remain as soluble sulfates, which can be easily dissolved during the following
water leaching step. This process results in the separation of the insoluble oxides of iron,
aluminum, and titanium, leading to a high selectivity for REEs over impurities [43].

On the other hand, it has been demonstrated that carboxylic acids, such as citric acid,
can selectively dissolve REEs from coal ash, leaving behind iron and aluminum impuri-
ties [53]. However, citric acid has rarely been used to dissolve REEs from red mud. One
study showed that using citric acid resulted in lower leaching efficiency for iron compared
to inorganic acids, indicating higher selectivity for REE dissolution from red mud [46].
The advantage of using citric acid as a leaching agent lies in its biodegradability, making
it an environmentally friendly option for sustainable wastewater treatment. Therefore,
further investigations are needed to explore its potential as a promising lixiviant for treating
red mud.

Considering these advantages, this study aimed to investigate the effect of citric acid
on the leaching behavior of REEs and impurities in a provided red mud sample. The study
also explored the effect of citric acid on the leaching efficiency of REEs and impurities
after sulfation roasting, comparing the results with the sulfation roasting–water leaching
method. Subsequently, solvent extraction studies were conducted to evaluate the selective
recovery of REEs over impurities across the methods used. This investigation, along with
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the comparison between the employed methods, citric acid leaching and sulfation roasting–
water leaching, followed by solvent extraction, is considered original in the context of
existing studies, as reported in this paper. Additionally, a comprehensive phase study
using XRD was conducted to examine the phase changes of different elements during
the sulfation roasting process, which, to the best of our knowledge, is unprecedented in
the literature.

2. Materials and Methods
2.1. Materials

A dried sample of agglomerated red mud was supplied by the Iran Alumina Company
in northeast Iran. Preliminary milling was conducted to produce a homogeneous fine
powder before further treatment. The moisture content of the sample was measured at
approximately 0.9% after drying at 105 ◦C. X-ray fluorescence (XRF) and X-ray diffraction
(XRD) methods were used to identify the major components of the homogeneous powder.
The XRF analysis of the red mud sample is presented in Table 1. The rare earth element
(REE) content was determined by chemical digestion using aqua regia, followed by ICP
measurement, as shown in Table 2. The particle size distribution of the red mud was
measured by a particle size analyzer (Figure 1). Analytical-grade sulfuric acid (VWR
chemicals) and citric acid (Sigma-Aldrich, Wien, Austria) were used for the acid baking
and leaching experiments.
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Table 1. Chemical composition of red mud determined by XRF.

Compound Value (wt.%)

Fe2O3 24.63
CaO 19.04
SiO2 15.36

Al2O3 14.69
TiO2 4.69
Na2O 3.92
MgO 1.12
K2O 0.44
P2O5 0.11
MnO 0.07
SO3 0.40
LOI 15.25
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Table 2. Chemical composition of red mud determined by ICP-OES.

Rare Earth Element Value (g/t) Undesired Elements Value (wt.%)

Y 45 Fe 18.47
Eu 4.3 Ca 13.76
Tb 22.9 Al 7.89
Dy 11.8 Ti 5.65
Nd 447
La 93.9
Ce 265
Gd 42.2

2.2. Acid-Baking Sulfation

In these experiments, varying amounts of sulfuric acid were added to red mud to create
a homogeneous paste. The weight ratio of sulfuric acid to solid powder ranged from 0.5 to
2. A small amount of water was added during mixing to ensure proper homogenization.
The mixture turned gray, and the temperature increased immediately as the sulfation
reactions began. The homogenized pastes were then baked at 105 ◦C for 24 h. Finally, phase
identification of the sulfated samples was carried out using XRD analysis.

2.3. Roasting

The goal of the roasting process is to convert sulfates into oxides. To achieve this,
the baked samples from the sulfation reactions were roasted at 675 ◦C and 725 ◦C for two
hours. The samples were first placed in a muffle furnace at room temperature and then
heated up to the target temperatures. After two hours, the roasted samples were allowed
to cool to ambient temperature and were subsequently analyzed by XRD.

2.4. Leaching

Leaching experiments were conducted in two groups. The first group involved simple
water leaching at room temperature. Sulfated samples, both after acid baking and those
roasted at 675 ◦C and 725 ◦C, were subjected to water leaching for 1 h with a pulp density
of 2% wt./v. The second group focused on citric acid leaching at an elevated temperature.
Initial red mud and roasted samples were leached in 0.5 M citric acid at 80 ◦C for up to
6 h with a pulp density of 5% wt./v. All experiments were carried out in a borosilicate
glass reactor at a fixed temperature with magnetic stirring (1000 rpm). Solid–liquid phase
separation was achieved using a vacuum filter with a 0.45 µm pore size. Finally, all solutions
were analyzed by ICP.

2.5. Solvent Extraction Experiments

These experiments were conducted at room temperature, using DEHPA as the extrac-
tant and n-Heptane as the diluent. The organic/aqueous ratio and mixing speed were kept
constant across all experiments. The effects of mixing duration and the extractant/diluent
ratio were investigated. Sulfuric acid was used as the stripping agent, and the effect of acid
concentration on the stripping process was also examined.

2.6. Characterization

X-ray fluorescence spectroscopy of the initial red mud was conducted using a Philips
PW1480 instrument. The phase identification of all solid samples, including the initial red
mud, sulfated samples under various conditions, and roasted samples, was performed
using an XRD instrument (Explorer: G.N.R. srl, Agrate Conturbia, Italy). The particle size
distribution of the red mud was measured by a Mastersizer 2000 (Malvern Instruments Ltd.,
Malvern, UK). The thermal analyses were carried out with a LINSEIS instrument, heating
at a rate of 10 ◦C/min from ambient temperature to 1050 ◦C. The metal concentration
measurements for all solutions were conducted using an ICP-OES (Agilent Technologies
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5100, Santa Clara, CA, USA). It should be noted that all experiments were performed with
a single repetition.

3. Results and Discussion
3.1. Thermodynamic Evaluations

The goal of the sulfation process is to convert metal oxides into their sulfate salts.
According to the literature, most oxides in red mud can be converted to sulfates through
acid mixing and drying [43]. By analyzing the variation in Gibbs free energy for sulfa-
tion reactions, the feasibility of these reactions for the desired elements can be assessed
(Figure 2a). The probable sulfation reactions for the main impurities and REE oxides are
as follows:

CaO + H2SO4 → CaSO4 + H2O (1)

Fe2O3 + 3H2SO4 → Fe2(SO4)3 + 3H2O (2)

Al2O3 + 3H2SO4 → Al2(SO4)3 + 3H2O (3)

TiO2 + H2SO4 → Ti(SO4)O + H2O (4)

Y2O3 + 3H2SO4 → Y2(SO4)3 + 3H2O (5)

Eu2O3 + 3H2SO4 → Eu2(SO4)3 + 3H2O (6)

Tb2O3 + 3H2SO4 → Tb2(SO4)3 + 3H2O (7)

Dy2O3 + 3H2SO4 → Dy2(SO4)3 + 3H2O (8)

Nd2O3 + 3H2SO4 → Nd2(SO4)3 + 3H2O (9)

La2O3 + 3H2SO4 → La2(SO4)3 + 3H2O (10)

Ce2O3 + 3H2SO4 → Ce2(SO4)3 + 3H2O (11)

Gd2O3 + 3H2SO4 → Gd2(SO4)3 + 3H2O (12)

Minerals 2024, 14, x FOR PEER REVIEW 6 of 21 
 

 

 
Figure 2. (a) Variation in the standard Gibbs free energy versus temperature for sulfation reactions, 
(b) Variation in the standard Gibbs free energy versus temperature for thermal decomposition of 
sulfates to oxides. 

In general, the decomposition temperatures of REE sulfates are higher compared to 
those of main group or transition metal sulfates [54,55]. To achieve selective dissolution 
of rare earth elements over base metals, a subsequent roasting step was performed after 
the sulfation reaction. This step is necessary because REE sulfates are more stable than 
base metal sulfates within the applied temperature range. As a result, selective separation 
of water-soluble REE sulfates from undesirable base metal oxides can be achieved through 
simple water leaching. 

Probable roasting reactions for sulfate-to-oxide conversion of the elements of interest 
are as follows: CaSOସ → CaO + SOଷ (13) Feଶ(SOସ)ଷ → FeଶOଷ + 3SOଷ (14) Alଶ(SOସ)ଷ → AlଶOଷ + 3SOଷ (15) Ti(SOସ)O → TiOଶ + SOଷ (16) Yଶ(SOସ)ଷ → YଶOଷ + 3SOଷ (17) Euଶ(SOସ)ଷ → EuଶOଷ + 3SOଷ (18) Tbଶ(SOସ)ଷ → TbଶOଷ + 3SOଷ (19) Dyଶ(SOସ)ଷ → DyଶOଷ + 3SOଷ (20) Ndଶ(SOସ)ଷ → NdଶOଷ + 3SOଷ (21) Laଶ(SOସ)ଷ → LaଶOଷ + 3SOଷ (22) Ceଶ(SOସ)ଷ → CeଶOଷ + 3SOଷ (23) Gdଶ(SOସ)ଷ → GdଶOଷ + 3SOଷ (24) 

Figure 2b illustrates the variation in standard Gibbs free energy versus temperature 
for the roasting reactions, as calculated by HSC Chemistry 6.0 software. The thermal de-
composition of sulfates theoretically begins at temperatures where the plots intersect the 
ΔG = 0 line. According to Figure 2b, calcium sulfate is the most stable compound, followed 
by cerium and lanthanum sulfates, with thermal decomposition temperatures exceeding 

Figure 2. (a) Variation in the standard Gibbs free energy versus temperature for sulfation reactions,
(b) Variation in the standard Gibbs free energy versus temperature for thermal decomposition of
sulfates to oxides.

Variations in the standard Gibbs free energy, with temperature for the reactions de-
scribed, were calculated using HSC Chemistry 6.0 software, and the results are presented
in Figure 2a. These results clearly indicate that the ∆G◦ values for sulfation reactions
are negative for the most significant impurities and REEs in red mud. Consequently, the
sulfation reaction is theoretically feasible for all the elements mentioned. This suggests
that most oxides in red mud can be easily converted to their respective sulfates through a
simple acid-baking sulfation process.

Choosing an appropriate temperature is crucial from an economic standpoint. As
shown in Figure 2a, ∆G◦ values remain negative across the entire temperature range, even
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at ambient temperature. Therefore, the mixed samples were baked at 105 ◦C for 24 h to
ensure sufficient time for the reactions to occur.

In general, the decomposition temperatures of REE sulfates are higher compared to
those of main group or transition metal sulfates [54,55]. To achieve selective dissolution of
rare earth elements over base metals, a subsequent roasting step was performed after the
sulfation reaction. This step is necessary because REE sulfates are more stable than base
metal sulfates within the applied temperature range. As a result, selective separation of
water-soluble REE sulfates from undesirable base metal oxides can be achieved through
simple water leaching.

Probable roasting reactions for sulfate-to-oxide conversion of the elements of interest
are as follows:

CaSO4 → CaO + SO3 (13)

Fe2(SO4)3 → Fe2O3 + 3SO3 (14)

Al2(SO4)3 → Al2O3 + 3SO3 (15)

Ti(SO4)O → TiO2 + SO3 (16)

Y2(SO4)3 → Y2O3 + 3SO3 (17)

Eu2(SO4)3 → Eu2O3 + 3SO3 (18)

Tb2(SO4)3 → Tb2O3 + 3SO3 (19)

Dy2(SO4)3 → Dy2O3 + 3SO3 (20)

Nd2(SO4)3 → Nd2O3 + 3SO3 (21)

La2(SO4)3 → La2O3 + 3SO3 (22)

Ce2(SO4)3 → Ce2O3 + 3SO3 (23)

Gd2(SO4)3 → Gd2O3 + 3SO3 (24)

Figure 2b illustrates the variation in standard Gibbs free energy versus temperature
for the roasting reactions, as calculated by HSC Chemistry 6.0 software. The thermal
decomposition of sulfates theoretically begins at temperatures where the plots intersect the
∆G = 0 line. According to Figure 2b, calcium sulfate is the most stable compound, followed
by cerium and lanthanum sulfates, with thermal decomposition temperatures exceeding
1000 ◦C. The remaining elements decompose at temperatures below 800 ◦C. The theoretical
decomposition temperatures for the sulfates of interest are listed in Table 3.

Table 3. Theoretical and experimental thermal decomposition temperatures of sulfates for impurities
and of REE in red mud.

Compound Theoretical Decomposition
Temperatures (◦C)

Experimental (Onset)
Decomposition Temperatures (◦C) Heating Rate (◦C/Min) Reference

CaSO4 2280 >1000 - [56]
Fe2(SO4)3 784 545 5 [54]
Al2(SO4)3 769 524 5 [54]
Ti(SO4)O - 430 - [56]
Y2(SO4)3 650 850 2.5 [43]

Eu2(SO4)3 726 810 3 [57]
Tb2(SO4)3 - 820 10 [58]
Dy2(SO4)3 559 - - -
Nd2(SO4)3 778 800 1.5 [43]
La2(SO4)3 1209 840 2.5 [43]
Ce2(SO4)3 1262 666 5 [54]
Gd2(SO4)3 725 1001 10 [59]
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The data in Table 3 show that the thermal decomposition temperatures of undesirable
elements like iron and aluminum are very close to those of REEs. However, experimental
results reported in the literature differ from the theoretical temperatures calculated in
this study. As indicated in the third column of Table 3, iron, aluminum, and titanium
sulfates begin to decompose at temperatures below 600 ◦C, while the decomposition
temperatures for REEs are higher than 600 ◦C. Therefore, it is possible to perform roasting
at an appropriate temperature that converts the sulfates of impurities into their oxides,
while keeping the REE sulfates stable.

3.2. Phase Identification of Red Mud

Figure 3a shows that calcium is predominantly present in the structures of Calcite,
Hydrogarnet, and Laumontite. As expected, the main iron phase in the red mud sample
is Hematite. Aluminum is found in the structures of Hydrogarnet, Cancristilite, and
Laumontite, with Cancristilite and Laumontite being silicate compounds.
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Figure 3. (a) XRD pattern of red mud, (b) XRD patterns of sulfated samples at different acid/red
mud weight ratios, (c) XRD patterns of filter cake after water leaching of sulfated samples at different
acid/red mud weight ratios, (d) TGA-DTA graphs for red mud and (e) TGA-DTA graphs for sulfated
sample, at heating rate of 10 ◦C/min.

According to the XRF analysis (Table 1), titanium and magnesium are also present
in notable amounts, rather than as mere traces. These elements, along with some iron,
are observed in the composition of Armalcolite. Silicon is primarily found in the silicate
compounds Cancristilite and Laumontite.
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3.3. Phase Analysis of the Sulfated Samples

The XRD patterns of the sulfated samples at different acid/red mud weight ratios are
presented in Figure 3b. It is evident that some oxide phases of Al and Fe persist in sulfated
samples with lower acid/red mud weight ratios of 0.5 and 1. At the lowest ratio of 0.5,
aluminum is mainly present as Gibbsite (an oxide) and Laumontite (a silicate compound)
alongside calcium. It appears that aluminum-containing phases such as Hydrogarnet
and Cancristilite in the primary red mud are converted to Bassanite and Gibbsite at this
acid/red mud weight ratio. Laumontite also began to dissociate, though the reaction
was not complete. Increasing the acid to a ratio of 1 led to the complete dissociation of
Laumontite and the formation of an aluminum oxide sulfate phase known as Felsobanyatite.
The intensity of Gibbsite peaks decreased, indicating that primary aluminum compounds
in red mud are more fully converted to sulfates rather than oxides at this acid concentration.
Figure 3b also shows that with higher acid ratios of 1.5 and 2, there are no traces of oxide
and silicate compounds such as Gibbsite and Laumontite, demonstrating the complete
conversion of aluminum into the oxide sulfate phase of Felsobanyatite. Water leaching
experiments discussed in the following sections confirm that this aluminum oxide sulfate
is mostly soluble in water.

Regarding iron, the ratio of 0.5 is insufficient for complete sulfation. Hematite remains
the dominant iron phase at this ratio (Figure 3b). At a ratio of 1, increased acid concentration
reduces the intensity of Hematite peaks and increases the intensity of Hohmannite, an iron
oxide sulfate. With an acid ratio of 1.5, Hematite peaks disappear completely, leaving only
the Hohmannite phase detectable. It is important to note that Hohmannite is not a pure
sulfate phase; it contains more oxygen than a stoichiometric sulfate, making it an oxide
sulfate compound that is also nearly soluble in water, as indicated by subsequent results.

For calcium, only small peaks of Gypsum and Bassanite were observed at acid/red
mud weight ratios of 0.5 and 1. As the acid ratio increased to 1.5 and 2, Bassanite disap-
peared, and all calcium converted to Gypsum. Bassanite, an oxide sulfate compound, was
completely converted to Gypsum with increasing acid concentration (Figure 3b).

Based on the XRD patterns in Figure 2a,b, the Armalcolite phase in red mud also
decomposed, but no traces of resulting compounds containing silicon and titanium were
detected. This is likely due to the decomposition of Armalcolite into trace amounts of
partial compounds that were not detectable by XRD in this investigation.

3.4. Phase Analysis of Water-Insoluble Compounds in the Sulfated Samples

Phase analysis of different sulfated samples was performed in the previous section. To
assess the amount of insoluble compounds and evaluate the effectiveness of the sulfation
process, samples with varying acid additions were dissolved in water.

The water-insoluble compounds were collected as solid residues. The weight loss
measured during leaching indicates the amount of water-insoluble compounds. Table 4
presents the weight loss results during water leaching for different sulfated samples. The
highest weight loss, at 97.73%, was observed in the sulfated sample with an acid/red mud
weight ratio of 2.

Table 4. Weight loss results during water leaching for different sulfated samples.

Acid/Red Mud Weight Ratio 0.5 1 1.5 2

Weight loss (%) 47.6 83.28 90.45 97.73

The remaining solids after water leaching were analyzed by XRD. Figure 3c shows the
XRD patterns of solid residues for the different samples. For the sample with the lowest
acid ratio of 0.5, the main phases identified in the remaining solids were Hematite, Gibbsite,
and an aluminosilicate compound known as Epistilbite. Epistilbite was not previously
detected, likely due to its low concentration (Figure 3b). Similar compounds were present
in the solid residue of the sample with an acid/red mud weight ratio of 1. It is important to
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note that the solid residues differ in both phase type and the quantity of remaining solids.
While the phase types are similar for the samples with ratios of 0.5 and 1, the amount of
insoluble compounds is significantly higher in the sample with the lower ratio compared
to the sample with a ratio of 1 (Figure 3c and Table 4).

Phase detection was somewhat challenging for the sample with a ratio of 1.5 due to a
noisy diffraction pattern. Nonetheless, several phases of oxides, oxide sulfates, silicates, and
sulfates for aluminum, calcium, and iron were identified (Figure 3c). For the sample with
the highest acid/red mud weight ratio of 2, similar phases were detected as in the sample
with a ratio of 1.5. It should also be noted that the amount of undissolved aluminum and
iron oxide sulfates was very low in the residues from ratios of 1.5 and 2. This is attributed
to the substantial weight loss during water leaching (Table 4) and the presence of other
insoluble compounds.

3.5. Thermal Analysis by TGA-DTA

Figure 3d,e present the TGA-DTA analysis results for both the initial red mud sample
and the sulfated sample (with an acid/red mud ratio of 2). As shown in Figure 3d, the
red mud exhibited approximately 1% weight loss below 250 ◦C, which corresponded to
its moisture content, indicating that drying occurs within this temperature range. The
subsequent weight loss of about 12% below 800 ◦C was likely due to the elimination of
chemically bound water and/or some organic substances. The final weight loss stage is
attributed to the calcination of calcium carbonate.

For the sulfated sample, the weight loss observed below 300 ◦C is attributed to the
removal of water and residual sulfuric acid (Figure 3e). The gradual weight loss between
400 and 600 ◦C was likely due to the decomposition of titanium sulfate, as indicated by
its lowest decomposition temperature (see Table 3). The significant weight loss between
600 and 750 ◦C, coupled with an exothermic peak in the DTA analysis, is attributed to the
thermal decomposition of aluminum and iron sulfates, which are major components of
red mud.

It is important to note that the values reported in the literature (Table 3) represent the
starting temperatures of decomposition. The actual decomposition occurs over a range of
temperatures during heating. Additionally, the complexity of the compounds in the sulfated
red mud, as discussed in Figure 3b, contributes to variations in the observed decomposition
temperatures, because these compounds are not pure stoichiometric sulfates.

3.6. Phase Analysis of the Roasted Samples

Determining precise decomposition temperatures is more challenging with com-
plex mixtures compared to pure single sulfates due to the intricate nature of the mix-
ture and uncertainties surrounding the decomposition temperatures of rare earth ele-
ment (REE) sulfates. Based on the thermodynamic evaluation and TGA-DTA results for
the sulfated sample, roasting temperatures of 675 ◦C and 725 ◦C were selected for the
decomposition process.

X-ray diffraction patterns of the roasted sulfated samples with acid/red mud weight
ratios of 0.5, 1, 1.5, and 2 are shown in Figure 4. The roasted sample with an acid/red mud
weight ratio of 0.5 contained Anhydrite and a hydrated Hematite phase at both 675 ◦C
and 725 ◦C. Increasing the temperature did not significantly alter the phase structure of
the roasted sample (Figure 4a). For samples with higher acid ratios (1.5 and 2), Millo-
sevichite, an aluminum oxide sulfate, was detected alongside dehydrated Hematite and
Anhydrite at 675 ◦C. At the higher roasting temperature of 725 ◦C, Millosevichite decom-
posed to Alunogen, another aluminum oxide sulfate with a higher oxygen/aluminum
ratio, indicating progress in sulfate dissociation. Additionally, the intensity of Hematite
and Anhydrite peaks increased, likely due to further formation of Hematite and a higher
degree of crystallization at the higher temperature (Figure 4b).



Minerals 2024, 14, 1044 10 of 20

Minerals 2024, 14, x FOR PEER REVIEW 11 of 21 
 

 

 
Figure 4. XRD pattern of the roasted samples after sulfation at different acid/red mud weight ratios: 
(a) 0.5, (b) 1, (c) 1.5, (d) 2. 

3.7. Water Leaching 
Water leaching experiments were conducted to assess the recovery efficiency of REE 

sulfates under various conditions. A sulfated sample with an acid/red mud weight ratio 
of 2 was selected due to the complete sulfation of all elements (Table 4). This sulfated sam-
ple, along with the corresponding roasted samples at 675 °C and 725 °C, underwent water 
leaching for 1 h with a pulp density of 2% wt./v. The results are shown in Figure 5. For the 
sulfated sample, over 80% of REEs and undesirable impurities such as Ca, Fe, Al, and Ti 
were dissolved. In contrast, the dissolution behavior of REEs and impurities varied for the 
roasted samples. Figure 5a illustrates that yttrium sulfate remained stable up to 675 °C, 
with about 20% of the sulfate undergoing thermal dissociation and forming water-insol-
uble yttrium oxide at 725 °C. Dysprosium sulfate behaved similarly, with around 84% 
remaining stable at 675 °C and about 30% dissociation occurring at 725 °C. Europium sul-
fate exhibited a different pattern, with 37% dissociation at 675 °C, remaining constant up 
to 725 °C. Lanthanum and cerium sulfates showed a consistent trend, with approximately 
16% and 17% thermal dissociation, respectively, at each temperature increment. Conse-
quently, around 60% of La and Ce could be recovered by water leaching even after roast-
ing at 725 °C, allowing separation from most sulfate impurities with lower thermal stabil-
ity. The dissolution efficiency of Y, Dy, La, and Ce was approximately 10% lower than in 
a comparable study and showed greater sensitivity to the roasting temperature [43]. For 
Tb, Nd, and Gd sulfates, roasting led to about 20% remaining soluble sulfates after 2 h at 
725 °C. Thus, roasting for these REEs starts below 675 °C but progresses at different rates 

Figure 4. XRD pattern of the roasted samples after sulfation at different acid/red mud weight ratios:
(a) 0.5, (b) 1, (c) 1.5, (d) 2.

For the sample with an acid/red mud weight ratio of 1.5, Felsobanyatite decomposed
into Millosevichite and Gibbsite during roasting at 675 ◦C (Figures 3b and 4c). Increasing
the temperature resulted in the coexistence of Felsobanyatite and Millosevichite. Gibbsite
was not detected in the roasted sample at 725 ◦C, despite the similarities between the
two patterns.

In the pattern for the sulfated sample with an acid/red mud weight ratio of 2, Fel-
sobanyatite decomposed into Millosevichite. Additionally, the decomposition of Hohman-
nite into Hematite during roasting at 675 ◦C was observed (Figures 3b and 4d). No
significant changes in phase composition occured at the higher roasting temperature of
725 ◦C; however, a slight increase in peak intensity for all three main phases suggested
greater stability of the crystalline phases at this temperature. It is worth noting that no
traces of titanium oxide or sulfate compounds were observed in any of the patterns, likely
due to their low concentration and the formation of partial phases undetectable by XRD.

3.7. Water Leaching

Water leaching experiments were conducted to assess the recovery efficiency of REE
sulfates under various conditions. A sulfated sample with an acid/red mud weight ratio of
2 was selected due to the complete sulfation of all elements (Table 4). This sulfated sample,
along with the corresponding roasted samples at 675 ◦C and 725 ◦C, underwent water
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leaching for 1 h with a pulp density of 2% wt./v. The results are shown in Figure 5. For the
sulfated sample, over 80% of REEs and undesirable impurities such as Ca, Fe, Al, and Ti
were dissolved. In contrast, the dissolution behavior of REEs and impurities varied for the
roasted samples. Figure 5a illustrates that yttrium sulfate remained stable up to 675 ◦C,
with about 20% of the sulfate undergoing thermal dissociation and forming water-insoluble
yttrium oxide at 725 ◦C. Dysprosium sulfate behaved similarly, with around 84% remaining
stable at 675 ◦C and about 30% dissociation occurring at 725 ◦C. Europium sulfate exhibited
a different pattern, with 37% dissociation at 675 ◦C, remaining constant up to 725 ◦C.
Lanthanum and cerium sulfates showed a consistent trend, with approximately 16% and
17% thermal dissociation, respectively, at each temperature increment. Consequently,
around 60% of La and Ce could be recovered by water leaching even after roasting at
725 ◦C, allowing separation from most sulfate impurities with lower thermal stability.
The dissolution efficiency of Y, Dy, La, and Ce was approximately 10% lower than in a
comparable study and showed greater sensitivity to the roasting temperature [43]. For Tb,
Nd, and Gd sulfates, roasting led to about 20% remaining soluble sulfates after 2 h at 725 ◦C.
Thus, roasting for these REEs starts below 675 ◦C but progresses at different rates up to the
maximum applied temperature. Y and Dy exhibited a slower initial rate, increasing with
temperature, while La and Ce sulfates dissociated at a relatively constant low rate, and
Eu, Tb, Nd, and Gd sulfates converted to oxides more rapidly. The experimental results
differed somewhat from the theoretical and experimental onset temperatures reported
in Table 3, particularly for Eu, Tb, Nd, Gd, and La. Yttrium sulfate’s onset temperature
aligned well with the theoretical value. Ce and Dy sulfates’ onset temperatures were closer
to the experimental and theoretical values, respectively. Differences in thermal dissociation
behavior may be attributed to the impurities in the sulfates, as the compounds in this study
were not pure and may have interacted with each other, affecting their thermodynamic
properties. The values in Table 3 are reported for pure compounds with an activity of
1, while the compounds in the sulfated sample are not pure sulfates, allowing for the
possibility of solubilization among different sulfates. Consequently, the impurities in the
sulfates could have led to variations in thermodynamic properties, including thermal
dissociation temperature.
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Figure 5b shows the water leaching results for undesirable elements Ca, Fe, Al, and
Ti. These results are consistent with Figure 4d, which demonstrates a reduction in the
amount of soluble sulfates and an increase in the quantity of insoluble oxides at higher
roasting temperatures. Calcium sulfate remained stable due to its high thermal stability,
resulting in similar Ca concentration in the solution for both sulfated and roasted samples.
However, a decreasing leaching efficiency trend for calcium was observed with increasing
roasting temperature, attributed to the enrichment of Ca in the solids caused by weight loss
during roasting. Chemical analysis shows a Ca content of approximately 4.7%, 7.5%, and
10% for the sulfated sample and roasted samples at 675 ◦C and 725 ◦C, respectively. This
corresponds to about 0.1 g Ca per 100 mL of water for all samples, considering a constant
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pulp density of 2% wt./v. Iron sulfate began to dissociate below 675 ◦C, with approximately
46% converted to Hematite at this temperature, which aligns with the experimental onset
temperatures in Table 3. Nearly complete conversion of sulfate to oxide was observed at
725 ◦C, with only 3% residual iron sulfate. Aluminum sulfate roasting behavior was similar
to iron sulfate, beginning below 675 ◦C, but with slower progress, resulting in 30% residual
sulfate at 725 ◦C. Titanium sulfate roasting was faster, reaching nearly complete conversion
at 675 ◦C, with only about 8% residual sulfate. Titanium sulfate was fully converted to
oxide at 725 ◦C. It should be mentioned that the dissolution efficiency of Fe and Ti was
similar to that in the comparable study, while the dissolution of Al was higher [43].

3.8. Citric Acid Leaching

This section examines the citric acid leaching of the initial red mud and sulfated
samples roasted at 675 ◦C and 725 ◦C. Leaching experiments were conducted using a 0.5 M
citric acid solution, with a pulp density of 5% wt./v, at 80 ◦C for up to 6 h. The results are
presented in Figure 6.
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Figure 6a shows the leaching efficiency of REEs from the red mud sample. The leaching
efficiency increased up until two hours of leaching and then leveled off for most REEs, with
the exception of gadolinium. Yttrium exhibited the highest leaching efficiency, reaching a
maximum of 68% after 6 h, while gadolinium showed the lowest, with a maximum of 40%.
Among the undesirable elements, more than 65% of Ca, Al, and Ti were dissolved after 1 h,
while only about 20% of Fe was leached during the same period. Figure 6b indicates that
iron was dissolved at the lowest rate, with a maximum of 41% after 6 h. To achieve a high
leaching efficiency for REEs and low concentration of undesirable elements in the solution,
a leaching time of 1 h is optimal (Figure 6a,b). A comparison with a similar study after 24 h
of leaching shows that the leaching efficiency of REEs in citric acid was higher in this study,
while the leaching efficiency of Fe was lower than in the comparable study [46].

Figure 6c,d present the leaching results for the sulfated sample roasted at 675 ◦C. The
leaching efficiency for most REEs, except for Gd and Tb, decreased compared to the red
mud sample. This reduction suggests that the roasting process converts primary REE
minerals into more refractory compounds with lower solubility in citric acid (Figure 6c). In
other words, the REE cations were rearranged into the crystal structure of newly formed
compounds after the sulfation roasting process. The leaching efficiency for iron increased
due to the presence of residual iron sulfate after roasting at 675 ◦C, while Ca dissolution
decreased due to the formation of calcium sulfate (Figure 6d).

Increasing the roasting temperature to 725 ◦C further decreased the leaching efficiency
of REEs, likely due to the completion of the rearrangement process of REE cations into the
structure of more refractory compounds (Figure 6e). As anticipated, the leaching efficiency
of undesirable elements also decreased with higher roasting temperatures and a greater
conversion of sulfates to oxides (Figure 6f).

3.9. Solvent Extraction

The leaching solution using citric acid with the highest content of REEs and undesirable
elements after 6 h was subjected to solvent extraction experiments. The goal was to
investigate the separation behavior of REEs from undesirable elements. DEHPA was
used as an extractant and n-Heptane as a diluent. The effects of the two parameters, n-
Heptane:DEHPA ratio and mixing time, were evaluated on extraction efficiency, with an
organic/aqueous ratio of 1.

Figure 7a,c show an increase in the extraction efficiency of REEs when the
n-Heptane:DEHPA ratio increased, while the effect of mixing time was less significant
compared to the diluent/extractant ratio. Notably, more than 80% of REEs, except terbium
and neodymium, were extracted at an n-Heptane ratio of 50:50 after 15 and 30 min.

Figure 7b,d illustrate that the extraction efficiency for undesirable elements, excluding
calcium, increased significantly with both a higher n-Heptane:DEHPA ratio and longer mix-
ing time. Almost all iron, aluminum, and titanium were extracted at an n-Heptane:DEHPA
ratio of 50:50 (Figure 7b). In contrast, less than 24% of these elements were co-extracted into
the organic phase at a n-Heptane:DEHPA ratio of 90:10 after 15 min of mixing (Figure 7d).
Therefore, the extraction efficiency of undesirable elements was more sensitive to the con-
centration of the extractant in the organic phase compared to the REEs. Hence, optimization
of this parameter is of great importance for practical applications.

Solvent extraction was also applied to the leaching solution obtained from the water
leaching of the roasted sample at 725 ◦C. This solution contained lower levels of Ca, Fe,
and Al, with no Ti present (Figure 5b). Figure 7e,f show the extraction efficiency of REEs
and undesirable elements at an n-Heptane:DEHPA ratio of 90:10 after 15 min of mixing.
The extraction efficiency of REEs was high, including for Tb and Nd. Concurrently, the
extraction percentages of Ca, Fe, and Al were higher compared to the citric acid leaching
solution (Figure 7b,d). It should be noted that only 3.4% of iron was dissolved in water
(Figure 5b), which resulted in a lower Fe concentration in the final solution, despite 60%
extraction into the organic phase. Thus, the final solution was expected to have a lower
content of undesirable elements.
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Figure 7. (a–d) Extracted values of REEs and undesirable elements from citric acid leaching solution of
red mud into organic phase for different n-Heptane:DEHPA ratios: (a,b) 30 min of mixing, (c,d) 15 min
of mixing. (e,f) Extracted values of REEs (e), and undesirable elements (f) from water leaching
solution of roasted sample at 725 ◦C into organic phase at n-Heptane:DEHPA ratio of 90:10 and
mixing duration of 15 min. A/O ratio was equal to 1 for all experiments.

Stripping experiments were conducted to recover elements of interest from the organic
phase into an aqueous solution. The organic phase, loaded with elements from the citric
acid leaching solution and using an n-Heptane:DEHPA ratio of 90:10, after 15 min of
mixing, was subjected to stripping. Sulfuric acid was chosen as the stripping agent, and
its concentration was evaluated for its effect on stripping efficiency. The loaded organic
phase and sulfuric acid solution were mixed for 30 min. Figure 8a illustrates that a 6M
sulfuric acid solution effectively stripped most REEs, with approximately 50% of terbium
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also being recovered. In contrast, lower concentrations of sulfuric acid resulted in lower
stripping efficiencies, particularly for yttrium and dysprosium. Figure 8b shows that
increasing the sulfuric acid concentration inversely affected the stripping of calcium, while
only minimal amounts of iron, aluminum, and titanium were stripped across all tested acid
concentrations. Thus, a 6M sulfuric acid solution was deemed effective for stripping the
organic phase loaded with the citric acid-pregnant leaching solution.
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Figure 8. (a,b): Stripped values of REEs (a) and undesirable elements (b) after 30 min, at different
sulfuric acid concentrations, from citric acid leaching of red mud, extracted at n-Heptane:DEHPA
ratio of 90:10, with mixing duration of 15 min. (c,d): Stripped values of REEs (c) and undesirable
elements (d), using a 6M sulfuric acid solution at different mixing durations, from water leaching of
sulfated sample at 725 ◦C, extracted at n-Heptane:DEHPA ratio of 90:10, with mixing duration of
15 min. A/O ratio was equal to 1 for all experiments.

The loaded organic phase from the water leaching of the roasted sample at 725 ◦C was
also subjected to stripping with 6M sulfuric acid solution, evaluated over different mixing
durations (Figure 8c,d). More than 80% of all REEs were stripped after 15 and 30 min,
with no significant difference in stripping efficiency between the two durations (Figure 8c).
Concurrently, 38% of Ca, 78% of Al, and none of the Fe were stripped after 15 min of mixing
(Figure 8d). Mixing duration significantly impacted aluminum stripping, with complete
recovery achieved after 30 min, while the stripping efficiency of Ca remained constant.

3.10. Concluding Remarks

In this research, two methods were investigated for recovering REEs from red mud.
The sulfation roasting–water leaching process revealed that even at roasting temperatures
as high as 725 ◦C, approximately 3.4% of iron and 29.6% of aluminum remained as soluble
sulfates, leading to their presence as undesirable elements in the water leaching solution. A
positive aspect of this process was the complete removal of titanium at 725 ◦C. However, the
high dissolved value of calcium could be significantly reduced by employing higher pulp
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densities during leaching or by recirculating the leaching solution using a cross-leaching
process, given the limited solubility of calcium sulfate in water.

Increasing the roasting temperature also decreases REEs dissolution. Therefore, while
reducing impurity content in the solution by raising the roasting temperature, this ap-
proach resulted in lower REE recovery rates. On the other hand, the results indicated that
solvent extraction could reduce impurity content to some extent. Consequently, we suggest
combining the sulfation roasting–water leaching process with solvent extraction to enhance
the separation efficiency of REEs from undesirable elements. The study showed that this
combined approach yields a final solution containing 2 mg/L of REEs and 132 mg/L of
undesirable elements, with about 80% of the impurity content being Ca. This calcium
content can be significantly reduced by increasing the pulp density or recirculating the
water leaching solution for a new leaching step of the roasted sample. A scheme of the
proposed process is shown in Figure 9a.
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In the citric acid leaching process, 40%–60% of REEs were dissolved in a 0.5M citric
acid solution at 80 ◦C over a period of 6 h. A drawback of this method is the higher leaching
rate of undesirable elements compared to the sulfation roasting–water leaching process.
However, fewer impurities were co-extracted and stripped during the solvent extraction
stage. The results showed that this process yielded a final solution containing 9.75 mg/L
of REEs and 207 mg/L of undesirable elements. It’s important to note that a higher pulp
density was used in this process compared to the sulfation roasting–water leaching process
(5% wt./v versus 1% wt./v). A scheme of the proposed process is shown in Figure 9b.

The combination of the two processes, sulfation roasting plus citric acid leaching, was
found to be inefficient, as the citric acid leaching efficiency of the roasted samples decreased
with increasing roasting temperature. This decrease is likely due to the phase differences
and complexities between the primary red mud and the mineralized compounds formed
in the roasted samples (Figures 3 and 4).

Finally, the advantages and disadvantages of the two processes are summarized in
Table 5. Based on the results, citric acid leaching followed by solvent extraction appears
to be a better choice than the sulfation roasting–water leaching-solvent extraction process.
It is evident that REE concentration can be improved by increasing pulp density and
by recirculating the solution using a cross-leaching method, which can be optimized in
future studies.
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Table 5. Advantages and disadvantages of two investigated processes.

Process Advantages Disadvantages

Sulfation roasting–Water
leaching–Solvent extraction

• Capable of removing most of Ti and Fe
during the roasting process

• Uses water as the leaching agent
• Ability to regenerate sulfuric acid

• Complex process
• High energy consumption
• Special need for flue gas treatment (SO3)

Citric acid leaching–Solvent
extraction

• Simple process
• Green process due to biodegradability

of wastewater for treatment
• No need for flue gas treatment
• Lower energy consumption
• Relatively higher leaching efficiency

of REEs

• Higher leaching rate of undesirable
elements

4. Conclusions

1- XRD investigations revealed that the primary complex oxide and silicate compounds in
red mud are converted mostly to sulfates during the sulfation process, in an acid/red
mud weight ratio of 2, which are converted subsequently to oxide and oxide sulfate
compounds in the roasting process.

2- Increasing roasting temperature to 725 ◦C can reduce the water leaching efficiency of
Ti and Fe significantly, but about 30% of Al remained water soluble. Increasing the
temperature is not suggested, due to the decrease of the leaching efficiency of REEs.

3- The citric acid leaching of red mud led to a higher leaching efficiency of REEs and un-
desirable elements, in comparison with the sulfation roasting–water leaching process.
On the other hand, the citric acid leaching of the roasted sample at 725 ◦C resulted in
a lower leaching efficiency of REEs and undesirable elements.

4- The solvent extraction experiments illustrated that in the citric acid leaching process,
the extraction efficiency of undesirable elements is more sensitive to both the con-
centration of extractant in the organic phase and mixing time than the REEs. The
results also showed that the extraction efficiency of REEs and undesirable elements
in the pregnant leaching solution of water leaching is higher than in the citric acid
leaching solution.

5- The stripping experiments revealed that sulfuric acid concentration has a significant
effect on the recovery of Y, Tb, Dy, and Ca from citric acid solution. About 50%
of Tb and more than 80% of other REEs were stripped using a 6M H2SO4 solution,
while about 11%, 6.5%, and 16% of Ca, Fe, and Al were stripped, respectively, at the
same time.

6- The same stripping conditions applied to the water leaching solution illustrated that
more than 80% of REEs, except for Tb, were stripped in 15 min using 6M sulfuric acid
solution, with the same results after 30 min. Regarding the impurity elements, only
Ca and Al were stripped in such conditions, with higher Al stripping efficiency after
30 min of mixing.
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