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ARTICLE INFO ABSTRACT

Editor: Yunho Lee Red mud is an alkaline industrial solid waste discharged from alumina production via the Bayer process and can
be considered a kind of potential resource of rare earth elements (REEs). Many valuable metals such as iron,
aluminum, and titanium also exist in red mud. A multi-stage extraction method was proposed in this study by
taking full account of the REEs’ occurrence in red mud. Firstly, the pretreatments of oxalic acid leaching,
roasting, and dilute hydrochloric acid leaching were employed to recover iron and enrich REEs in the residue.
Subsequently, sulfuric acid leaching was used to selectively dissolve REEs into the leaching solution. Finally, the
effects of sulfuric acid concentration, liquid-solid ratio, reaction temperature, and reaction time on the leaching
efficiency of REEs were then investigated. The results show that the maximum extraction of the REEs reached 80
% and less than 4 % of Fe, Na, Ca, Ti and Al were extracted under the experimental conditions of 1 mol/L HySO4,
3 h, 95 °C, and the liquid-solid ratio of 5:1 mL/g. The practicable approach by multi-stage extraction of acid
leaching and roasting can split iron and REEs from red mud.
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1. Introduction

Red mud (or bauxite residue) is a byproduct of alumina production
from the Bayer process. Globally, approximately 200 million tons of red
mud are discharged annually for stockpiling as waste [1]. The stockpiled
red mud poses a serious environmental threat because of its high alkali
and heavy metal contents [2]. Comprehensive utilization or zero-waste
valorization of red mud remains a huge challenge for the alumina in-
dustry. The compositions of red mud samples vary in extremely broad
ranges depending upon the raw bauxite ore and the extraction process
[3], and generally, it comprises 6-8 main components and more than 50
trace elements [4,5]. In addition to its main components of iron,
aluminum, sodium, and titanium, the valuable metals with low contents
like gallium, vanadium, and rare earth elements (REEs) in red mud can
also be recovered as resources [6-8].

It is estimated that quantities of REEs could be produced from red
mud due to the large discharged volumes as well as the rapid increase in
the demand for these critical metals [9,10]. Recovery of REEs from red
mud is becoming an increasingly important issue accompanied by the
emergence of a variety of leaching and extraction approaches. For

example, direct leaching methods using mineral acids, such as sulfuric
acid, hydrochloric acid, nitric acid, and phosphoric acid, as the leaching
agents can obtain higher leaching efficiencies [4,11], while the major
elements like iron, aluminum, and calcium in red mud will be
co-extracted in the leachate as impurities which are not conducive to
subsequent separation and purification of REEs. There also have been
many other studies on the selective recovery of REEs from red mud
involving EDTA-enhanced selective leaching [12], acid-roasting fol-
lowed by water leaching [13-16], and high-temperature smelting fol-
lowed by acid leaching [17,18]. In terms of the rare earth elements
leached into the solution, various techniques including chemical pre-
cipitation, ion exchange, solvent extraction, membrane separation, and
adsorption, are used to separate and recover them [19-22]. However,
the major elements are concentrated in the leaching residue after REEs
are selectively extracted from the above methods. Viewed from one
perspective, major metals in red mud like iron and aluminum are wasted
in the residue. Additionally, concentrated acid is inevitably used to
require one-stage acid leaching of REEs from red mud, and this will
cause no selectivity. Its subsequent separation and purification with
solvent extraction for iron removal will also refer to a complex process
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and economical cost. Therefore, developing a multi-stage extraction
method to recover metals in an integrated way with enhanced selectivity
is required.

Previous literatures suggest that scandium in red mud mainly sub-
stitutes Fe3' in hematite and goethite minerals [23,24], while major
lanthanides-bearing phases are ferrotitanates and minor phases are
identified as carbonate and phosphate minerals [25]. The modes of REEs
have also been demonstrated in the hydrometallurgical process. For
example, it is reported that iron and calcium can be leached in the hy-
drochloric acid solution while REEs can be leached together [11,26].
Therefore, iron and calcium must be removed in advance to enhance the
selective extraction of REEs from red mud [18].

Meanwhile, oxalic acid was proposed and applied for selective re-
covery of iron from red mud in previous literatures [27-30]. In these
cases, the famous leaching efficiency of iron was achieved and the
iron-containing product was effectively separated by precipitation in the
form of FeCy04-2H50. Actually, oxalic acid could dissolve a large
number of other main metals such as aluminum and sodium into the
leach solutions [31-33,29]. Moreover, REEs would remain in the
leaching residue due to the low solubility of rare earth oxalates. Since
most of the iron, aluminum, etc. in red mud could be removed by oxalic
acid, the oxalic acid-leaching residue would enrich REEs, which would
be selectively extracted using mineral acid.

With this in mind, the current work proposes a type of multi-stage
extraction method including oxalic acid leaching to isolate iron and
aluminum, dilute hydrochloric acid leaching to remove calcium, and
sulfuric acid leaching to obtain REEs. Sulfuric acid concentration, re-
action temperature, reaction time, and liquid-solid ratio were investi-
gated as key factors to determine the optimum leaching condition. This
method was featured by high REEs leaching efficiency and can
comprehensively recover the main metals like iron.

Original red mud
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2. Material and methods
2.1. Materials and reagents

The red mud used in this study was provided by an alumina refinery
located in Qingzhen, Guizhou province, China. The fresh red mud usu-
ally contains approximately 30 % water and the sample is in the form of
small lumps after natural drying. Before analytical tests and leaching
experiments, red mud was dried at 60 °C until a constant weight was
achieved. And then, the dried red mud was crushed, ground, and
screened to less than 150 um to obtain a uniform distribution of particle
size.

In this study, analytical reagent grade oxalic acid (>99.5 wt. %,
Tianjin Yongda Chemical Industrial Co., Ltd), analytical reagent grade
sulfuric acid (95.0-98.0 wt/v %, Sinopharm Chemical Reagent Co., Ltd),
and guaranteed reagent grade hydrochloric acid(36.0-38.0 wt/v %,
Sinopharm Chemical Reagent Co., Ltd) were used for the follow-up
leaching experiments. All solutions involved in this study were pre-
pared with deionized water.

2.2. Experimental procedure

The experimental procedure proposed in this study is depicted in
Fig. 1. The experimental procedure is composed of (1) oxalic acid
leaching of red mud to separate iron and aluminum, (2) roasting the
oxalic acid-leaching residue followed by dilute hydrochloric acid
leaching to remove calcium, and (3) sulfuric acid leaching of the hy-
drochloric acid-leaching residue to dissolve REEs into leachate.

2.2.1. Oxalic acid leaching

Original red mud was added to a three-neck flask with 1 mol/L oxalic
acid solution at the liquid-solid ratio of 15:1 mL/g. The flask was set into
a thermostatic water bath at 75 °C and was stirred mechanically at a
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Fig. 1. Experimental flow sheet for REEs extraction from red mud.
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speed of 200 rpm for 2 h. Subsequently, the oxalic acid-leaching residue
was obtained after filtering, washing, drying, and weighing. The above
leaching steps were repeated to obtain the required mass of oxalic acid-
leaching residue, and all the as-obtained oxalic acid-leaching residues
were mixed homogeneously for the following trials.

2.2.2. Roasting and hydrochloric acid leaching

The oxalic acid-leaching residue was filled in a ceramic crucible,
which was then placed into a muffle furnace at a set temperature of
520 °C for 1h. The roasted oxalic acid-leaching residue was then
leached using 0.05 mol/L hydrochloric acid with the liquid-solid ratio of
100:1 mL/g to remove calcium. The leaching reaction was performed
with a continuously stirring at the ambient temperature of 20 °C for
2.5h. The hydrochloric acid-leaching residue was produced after
filtering, drying, and weighing for the following trials.

2.2.3. Sulfuric acid leaching

The as-obtained hydrochloric acid-leaching residue in the current
study was then treated through batch leaching trials to investigate
experimental conditions of sulfuric acid concentration, liquid-to-solid
ratio, reaction temperature, and reaction time. Sulfuric acid concen-
tration trials were performed at 95 °C for 3.0 h, and 1.0, 1.5, 2.0, 3.0,
and 4.0 mol/L of sulfuric acid concentration were investigated. In the
liquid-solid ratio trials, leaching reactions using different liquid-solid
ratios (5:1 and 10:1 mL/g) were carried out for 3.0 h at 95 °C. Tem-
perature trials were leached with 2.0 mol/L sulfuric acid in a liquid-to-
solid ratio of 5:1 mL/g at different temperatures of 25, 40, 60, 80, and
95 °C for 3.0 h. In addition, reaction time was controlled for 0.5, 1.0,
2.0, 3.0, 4.0 and 5.0 h by using 1.0 mol/L sulfuric acid leaching at 95 °C.
Each trial of sulfuric acid leaching was conducted twice to obtain the
average results of metal leaching efficiencies.

In this study, each of the leaching efficiency of element i (1);, %) in the
leaching solution was calculated according to Eq. (1) as follows:

cioV

=——— x 100% 1
0.001 e c; ® my x ’ M

n;
where ¢; (mg/L) is the concentration of the element i in the leaching
solution, V (L) is the volume of the leaching solution, and c; (ng/g) and
my (g) are the content of the element i in the original red mud and the
mass of the original red mud, respectively.

2.3. Characterization methods

Chemical analyses of the major elements in solid samples, such as
iron, calcium, aluminum, and sodium of red mud were determined by X-
ray fluorescence spectroscopy (XRF, PANalytical PW2424,
Netherlands). The REEs in solid samples were measured by inductively
coupled plasma optical emission spectrometer (ICP-OES, Agilent 5110,
USA) and inductively coupled plasma mass spectrometry (ICP-MS,
Agilent 7900, USA). The phase compositions of the original red mud and
the leached residues were characterized by an X-ray diffractometer
(XRD, PANalytical Empyrean, Netherlands) equipped with Cu Ka radi-
ation at the 26 range of 5°— 70°. The element concentrations in leaching
solutions were analyzed with ICP-OES or ICP-MS to calculate the
leaching efficiency. The thermal stability and the microstructure of the
oxalic acid-leaching residue were characterized by thermogravimetric
analysis/differential ~scanning calorimetry (TG/DSC, NETZSCH
STA449F3 Jupiter system, Germany) and scanning electron microscopy
(SEM, JSM-7800 F, Japan), respectively.

3. Results and discussion

3.1. Oxalic acid leaching

As previously reported, Al,O3 (24.97 %), SiOy (18.33 %), FeqOs3
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(16.67 %), TiO3 (3.90 %), CaO (14.45 %), Na0 (4.58 %), K20 (1.77 %),
MgO (1.38 %), and SO (1.16 %) occurred as the main components in
the red mud. The mineral composition of the original red mud was
characterized by XRD as shown in Fig. 2. By combining with the main
chemical composition, it can be concluded that the main minerals in the
original red mud included diaspore (AIOOH), hematite (Fe;Os), can-
crinite (Nag(AlgSigO24)(CaCO3)(H20)2), perovskite (CaTiO3), etc. Iron
in red mud was mainly in the form of hematite. The contents of REEs in
the original red mud obtained from ICP-MS are listed in Table 1, which
provides bases to calculate REEs’ leaching efficiencies. The red mud
sample used in this study contained as high as 1570.16 ug/g of the total
REEs.

It has been reported that scandium and iron have a close relationship
on account of the similarities in ionic radius [34], and that separation of
scandium from iron in the leaching solution from red mud is a particular
challenge because of their similar physicochemical properties [12].
Yttrium and the lanthanides were reported in the form of ferrotitanates,
carbonate, and phosphate minerals in red mud, and these mineral phases
can be dissolved in hot oxalic acid solution. As stated, oxalic acid was
also applied for selective recovery of iron from red mud [28,30].
Accordingly, 1 mol/L oxalic acid was used to separate iron from red mud
and 68.59 % iron was dissolved during the process in this study. The iron
leaching efficiency was not as high as reported by Yu et al. [30] which
might be due to the variety of red mud. Sodium was also removed by
oxalic acid leaching, and only 0.32 % sodium remained in the oxalic
acid-leaching residue. Moreover, the contents of REEs in the oxalic
acid-leaching residue were enriched from the results as shown in
Table 1. And in the oxalic acid leachate, as shown in Table 2, the con-
centrations of rare earth elements (except scandium) were below the
detection limit (< 0.01 mg/L). Based on the yield of the oxalic
acid-leaching residue (64.43 % weight of the raw red mud) and the
contents of the element in Table 1 and Table 2, it can be calculated that
the losses of REEs were negligible. Thus, it is believed that REEs that
participated in a reaction with oxalic acid would be transformed into
REEs oxalates, and that the new-generated REEs oxalates can make for
subsequent extraction using sulfuric acid. In addition, the separated
FeC204-2H50 from red mud can be a kind of raw material for other
iron-containing products [27,29].

The composition and morphology of oxalic acid-leaching residue was
analyzed, and the SEM image and EDS analysis results are shown in
Fig. 3a. The EDS analysis revealed that lanthanum, cerium, and neo-
dymium appeared with carbon, oxygen, silicon, aluminum, calcium, and
titanium, etc. These major elements were the main components of the
leaching residue. Therefore, it can be inferred that the newly-generated
REEs oxalates were unevenly attached on the residue surfaces.

H: Hematite, Fe,O;; P: Perovskite, CaTiO,
D: Diaspore, AIOOH; Cal: Calcite, CaCO,
C: Cancrinite, Nag(Al¢Si 0,,)(CaCO,;)(H,0),
K: Katoite, Ca, g3Al, 97(Sij 640, 56)(OH)g 44
Kln: Kaolinite, Al,(Si,O5)(OH),

Intensity (a.u.)

Two-theta (deg)

Fig. 2. XRD pattern of the original red mud.
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Table 1

Contents of REEs in original red mud and the oxalic acid-leaching residue (pg/g).
REEs Sc Y La Ce Pr Nd Sm Eu
Original red mud 72.4 179.5 281 565 64.5 227 45.5 8.44
Oxalic acid-leaching residue 106.0 284 433 888 107.0 369 72.7 12.95
REEs Gd Tb Dy Ho Er Tm Yb Lu
Original red mud 37.9 5.84 33.8 6.78 19.00 2.94 17.85 2.71
Oxalic acid-leaching residue 58.5 4.60 53.2 10.60 29.1 4.60 27.9 4.32

Table 2

Concentrations of major elements and REEs in the oxalic acid leachate (mg/L).
Element Al Ca Fe Ti Na K Mg Sc REEs
Concentration 3830 120 145 801 1595 306 278 0.518 <0.01
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Fig. 3. (a) The SEM image and EDS analysis of oxalic acid-leaching residue, (b) the XRD pattern of the oxalic acid-leaching residue before and after roasting, and (c)

TG and DSC curves of oxalic acid-leaching residue.

3.2. Roasting and hydrochloric acid leaching

From the XRD pattern of oxalic acid-leaching residue in Fig. 3b, the
as-obtained oxalic acid-leaching residue contains a large amount of
whewellite (CaC204-H0), which will be converted into sulfates if the
oxalic acid-leaching residue were directly leached using sulfuric acid.
The newly generated calcium sulfate is slightly soluble and might cover

on the residue surface to hinder the extraction of REEs. Hence, calcium
removal from the oxalic acid-leaching residue is necessitated.

As reported, CaCz04-H0 dissolution needs concentrated hydro-
chloric acid [35,36], but its decomposition product CaCOs is relatively
easy to be dissolved by dilute hydrochloric acid [37]. And REEs could
probably be dissolved by concentrated hydrochloric acid. In the process
of removing the calcium oxalate, compared with the use of concentrated
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acid which generates a large amount of waste liquid and dissolves REEs,
intermediate temperature roasting and minimizing the use of hydro-
chloric acid were more appropriate choices.

The thermal decomposition behavior of the oxalic acid-leaching
residue was studied by the TG/DSC analysis as given in Fig. 3c. It is
found that three main weight losses can be observed from the TG curve.
The first weight decline (8.16 %) at 128-181 °C was attributed to the
dehydration of CaC204-H20. The latter two stages of weight loss (9.26 %
and 12.07 %) from 429 to 478°C, and from 689 to 754°C were corre-
spondingly ascribed to the decomposition of CaC204 with the formation
of CaCOg and the decomposition of CaCOs. As shown in the DSC curve,
two endothermic peaks (170.26 and 740.06 °C) were associated with
the decomposition reaction of the thermal decomposition process. The
exothermal peak at 458.05 °C was attributed to the decomposition of
CaCy04 and the consequent oxidation of CO in the air atmosphere [38].
Therefore, before the sulfuric acid leaching process, CaC204-H20 in the
oxalic acid-leaching residue could be removed by dilute hydrochloric
acid leaching after the thermal decomposition reaction. The calcium
removal process was performed as described in Reactions (2)-(4).

CaC,04-H,O — CaC,04 + H,O (2)
CaC,04 — CaCO3 + CO (g) 3)
CaCO3 + 2HCI — CaCl, + H,0 + CO; (g) (€))

Through considering synthetically with the above factors, 520 °C
was selected as the appropriate roasting temperature. The XRD pattern
of mineral phases after the roasting process is shown in Fig. 3b, which
confirmed that whewellite in the oxalic acid-leaching residue trans-
formed to calcite after roasting at 520 °C. Meanwhile, the newly-formed
REEs oxalates could have been decomposed into oxides more easily than
CaCy04 decomposition into CaCO3 when subjected to the roasting
treatment. Actually, REEs were considered to be oxides before the
roasting temperature reached 480 °C as shown in Reaction (5) [39]. In
addition, the difference of solubility in dilute hydrochloric acid between
CaCOs and rare earth oxides was also instrumental in CaCO3 removed
from the roasted oxalic acid-leaching residue.

REE»(C,04)3 + nO; — 2REEQ, + 6CO, 5)

Since CaCO3 was the main calcium-containing phase in the roasted
oxalic acid-leaching residue, 0.05 mol/L of dilute hydrochloric acid was
used to remove calcium. The leaching efficiency of elements in the hy-
drochloric acid leaching process is presented in Table 3. It is found that
70.51 % calcium was removed, while the effect of hydrochloric acid on
the rare earth metals was less than 1 %. The pH of the hydrochloric acid
leachate was close to neutral, and the concentrations of elements in the
leachate compared to calcium were negligible. Therefore, the leachate
could be recycled for the preparation of dilute hydrochloric acid for
cyclic utilization. After hydrochloric acid leaching, the weight yield of
the hydrochloric acid-leaching residue was approximately 31.89 %
compared with the original red mud used. The REEs contents in the
hydrochloric acid-leaching residue are presented in Table 4. Owing to
the decomposition of oxalates and the separation of calcium, the REEs
were further enriched in the hydrochloric acid-leaching residue.
Compared with the original red mud, the concentration of the REEs in
the hydrochloric acid-leaching residue was around tripled. Accordingly,

Table 3

Metals leaching efficiency during the hydrochloric acid leaching process (wt. %).
Element Al Ca Fe Ti Na K Mg
Extraction  0.02  70.51 0.00 0.00 180 1.49 0.60

+0.76

Element La Ce Pr Nd Sm Eu Gd Tb
Extraction  0.34  0.065 0.10 0.08 0.00 0.00 0.17 0.00
Element Dy Ho Er Tm Yb Lu Sc Y
Extraction  0.19  0.00 033 0.00 035 0.00 0.52 0.42
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REEs were enriched in the hydrochloric acid-leaching residue with a
total content of REEs up to 4791.06 pg/g. The higher contents of REEs in
the hydrochloric acid-leaching residue would be beneficial for subse-
quent extraction using sulfuric acid solution.

3.3. Sulfuric acid leaching process

3.3.1. Effect of sulfuric acid amount

Sulfuric acid was performed to leach REEs from the obtained hy-
drochloric acid-leaching residue. The effects of sulfuric acid concen-
tration on REEs leaching efficiency were firstly investigated under the
condition of the liquid-solid ratio of 5:1 mL/g at 95 °C for 3 h. The re-
sults are shown in Fig. 4a. For the sake of concise, the concentrations of
scandium, yttrium, lanthanum, and cerium were selected to show in the
leaching efficiency figures. An obvious gap in leaching efficiency was
observed between the major metals and REEs, and the REEs’ leaching
efficiencies were much higher than the leaching efficiency of major el-
ements such as iron and titanium. This was proposed to be due to in-
teractions between REEs and sulfuric acid, and it was summarized as the
Reaction (6).

REEO,, + nH;SO4 — REE(SOy), + nH,O (6)

The leaching efficiency of REEs presented an increasing tendency
with an increase in sulfuric acid concentration. The extraction of scan-
dium reached nearly 100 % when the sulfuric acid concentration was at
3 mol/L. However, as the sulfuric acid concentration changed from 3 to
4 mol/L, the leaching efficiencies of yttrium, lanthanum, and cerium did
not increase distinctly. Increasing sulfuric acid concentration from 1.0 to
4.0 mol/L, the leaching efficiencies of iron and titanium increased
gradually from 3.40 % to 31.02 % and from 1.63 % to 27.94 %,
respectively. Hematite in red mud has been subjected to oxalic acid
dissolution and the residual hematite can be eluted in the high con-
centration sulfuric acid solution [40]. Titanium-bearing phases such as
perovskite and anatase are insoluble under the condition of low con-
centration of acid at room temperature, but they can dissolve at high
temperature and using high concentration of acid [41]. Due to these
reasons, the residual iron and titanium were further leached into the
leaching solution with sulfuric acid concentration increasing.

When 1 mol/L sulfuric acid was used, the leaching efficiency of
scandium reached 80.02 % and the leaching efficiencies of all major
elements were less than 4 %. According to previous reports in the
literature, sulfuric acid would reveal more excellent leaching ability for
scandium in comparison with other mineral acids [42]. Therefore, it
seems that low concentration sulfuric acid had better selectivity for REEs
dissolution. For controlling the dissolution of major metals, 1 mol/L was
chosen as a suitable sulfuric acid concentration.

However, the leaching efficiency of lanthanum and cerium was
around 60 % under the condition of 1 mol/L sulfuric acid with the
liquid-to-solid ratio of 5:1 mL/g. To pursue higher REEs leaching effi-
ciency, 1 mol/L sulfuric acid with a liquid-to-solid ratio of 10:1 mL/g
was carried out as a contrast in this study. These samples prepared for
liquid-to-solid ratio experiments were leaching for 3 h at the constant
temperature of 95 °C. Fig. 4b shows the extraction of REEs and major
elements in the leaching solution with the liquid-solid ratios of 5:1 and
10:1 mL/g, respectively. The leaching efficiencies of REEs with the
liquid-solid ratio of 10:1 mL/g were above 80 % (88.39 % for scandium),
and were obviously higher than those with the liquid-solid ratio of
5:1 mL/g. Nonetheless, the leaching efficiency of iron was close to 17 %,
and the leaching efficiencies of aluminum and titanium were approxi-
mately 7 % with the liquid-solid ratio of 10:1 mL/g. Herein, the option
of liquid-solid ratio will result in significant differences in concentra-
tions of iron and REEs in the sulfuric acid leaching solution, and the
concentrations of iron and REEs depend on leaching efficiency as well as
the contents in the original red mud samples. When the iron content in
the original red mud is not high, the liquid-solid ratio of 10:1 mL/g can
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Table 4

REEs Contents in the hydrochloric acid-leaching residue (pg/g).
REEs Sc Y La
Hydrochloric acid-leaching residue 141.5 550 844
REEs Gd Tb Dy

Hydrochloric acid-leaching residue 117.5 17.9

106

Ce Pr Nd Sm Eu
1720 203 758 148.5 26.8
Ho Er Tm Yb Lu
20.8 61.2 8.96 58.1 8.80
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Fig. 4. Leaching efficiency of major elements and REEs from the hydrochloric acid-leaching residue (a) using different sulfuric acid concentrations at 95 °C for 3 h
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leaching temperatures using 2 mol/L H2SO, for 3 h with a liquid-solid ratio of 5:1 mL/g, and (d) for different reaction times using 1 mol/L H;SO4 at 95 °C with a

liquid-solid ratio of 5:1 mL/g.

be acceptable. The previous literatures reported less than 5 % iron
extraction as good selectivity for REEs [11,14], but their red mud
samples contain higher iron contents. Therefore, it is proposed that
1 mol/L sulfuric acid with the liquid-to-solid ratio of 5:1 and 10:1 mL/g
can meet the requirements depending on the different iron contents of
red mud samples.

The series of pretreatment processes were proved to be efficient for
selective extraction of major and rare earth elements from red mud.
Compared with previous studies such as the method of roasting with
concentrated sulfuric acid and leaching [15,43], the current leaching
process can obtain gratifying REEs leaching efficiencies under the con-
dition of maintaining low leaching efficiency of iron, sodium, etc. The
one-stage acid leaching and solvent extraction process involved several
procedures and concentrated acid leaching was poorly selective,
although significant rare earth recoveries were obtianed using concen-
trated acids and high temperatures [44-46]. In addition, both acid
consumption and roasting temperature were reduced in this study.

3.3.2. Effect of reaction temperature
In this section, the effects of reaction temperature on REEs leaching

efficiency were investigated under the condition of 2 mol/L of HySO4 for
3 h with the liquid-solid ratio of 5:1 mL/g. The results are shown in
Fig. 4c. The element leaching efficiencies showed an increasing trend
basically with the increase of reaction temperature. The results revealed
that temperature in this period was a determinant factor affecting
extraction. At room temperature of 25 °C, the leaching efficiency of iron
and cerium were 2.94 % and 50.57 %, whereas they respectively
reached 18.70 % and 78.79 % at 95 °C. The results indicated that higher
temperature was in favor of the leaching reaction activity. The particles
were diffused into the leaching agent more rapidly as the temperature
increased, and the interfacial reaction rate between mineral particles
and the leaching reagent increased, resulting in the promotion of the
particles’ dissolution [47]. The increase in leaching temperature was
beneficial for REEs dissolved in the solution. Significantly, the leaching
efficiency of iron and titanium raised with the growth of reaction tem-
perature under the condition of 2 mol/L H3SO4. As discussed, the
leaching efficiency of iron and titanium was steady below 4 % when
using 1 mol/L HySO4 at 95 °C. Consequently, the leaching temperature
of 95 °C was conceived as a suitable temperature condition to use in
other condition experiments.
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3.3.3. Effect of reaction time

Fig. 4d presents the impact of leaching efficiency on reaction time
under conditions using 1 mol/L of HySO4 at 95 °C with a liquid-solid
ratio of 5:1 mL/g. As reaction time increased from 0.5 to 5h, the
leaching efficiencies of lanthanum, and cerium increased respectively
from 49.18 % to 66.96 %, and from 52.73 % to 69.24 %. The results
shown in Fig. 4d proved that reaction time was not the main factor
affecting the leaching efficiency of REEs. With the increase in reaction
time, the leaching efficiency of all elements was still relatively un-
touched. The leaching efficiency of major elements was maintained
below 4 % throughout the increase in reaction time. Although the
highest points of REEs leaching efficiency were mainly focused on 4 h,
the leaching time of 3 h was used as the suitable reaction time in other
effect factor trials in this study. It was on the grounds of the no-
significant growth in leaching efficiency and energy conservation.

4. Conclusions

In this work, a multi-stage extraction process was used to selectively
extract REEs from red mud, which included oxalic acid leaching to
dissolve iron and to release REEs, dilute hydrochloric acid leaching to
remove calcium, and sulfuric acid selectively leaching REEs. Firstly,
sodium, iron, and aluminum were dissolved in the oxalic acid solution,
while REEs were enriched in the oxalic acid-leaching residue due to the
divergences of solubility of the major metals and REEs oxalates.
Furthermore, the treatment of roasting was demonstrated to be benefi-
cial for calcium removal and obtaining REEs oxides. Subsequently, REEs
oxides were selectively dissolved into the sulfuric acid solution. Ele-
ments of iron, aluminum, and calcium extracted at each stage can be
further recovered.

High selectivity and low energy consumption are deemed as signif-
icant advantages of multi-stage extraction in this study. Calcium and
iron in red mud are effectively separated in the pre-treatment process.
The concentration of sulfuric acid used for selectively leaching REEs was
determined as 1 mol/L HySO4 at the temperature of 95 °C. With the
liquid-solid ratio of 10:1 mL/g, all the REEs leaching efficiencies were
more than 80 % (88.39 % for scandium) with 17 % iron co-extracted.
When the liquid-solid ratio was 5:1 mL/g, the REEs leaching effi-
ciencies were approximately 60 % (80.02 % for scandium) with less than
4 % iron dissolved. A new insight is provided into the recovery and full
utilization of valuable metals from red mud in this work.
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