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Abstract During acid leaching of bauxite residue (red
mud), the increase in dissolution of rare-earth elements
(REEs) is associated with an increase in iron dissolution,
which poses problems in the downstream processing.
Therefore, it would be beneficial to remove iron from bauxite
residue by smelting reduction. The slag generated in the
smelting reduction process could then be further processed
forrecovery of REEs. Smelting experiments were carried out
at temperatures between 1500 and 1600 °C. Wollastonite
(CaSiO3) was used as a flux and graphite as areducing agent.
The addition of wollastonite decreases the slag melting
temperature and the viscosity, facilitating slag-metal sepa-
ration, whereas a graphite content higher than the optimum
level alters the slag chemistry and hinders the slag-metal
separation. The optimum conditions were found to be for
heating at 1500 °C: 20 wt% of wollastonite and 5 wt% of
graphite. More than 85 wt% of the iron was separated from
the slag in the form of a nugget. A further 10 wt% of the iron
could be extracted from the slag by subsequent grinding and
magnetic separation. The slag obtained after iron removal
was treated with HCI, HNOs, and H,SO, acids to extract
REEs. Room-temperature leaching was found to be not
beneficial for REEs extraction. High-temperature leaching
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enhanced the recovery of REEs. More than 95 % of scan-
dium, >70 % of REESs, and about 70 % of titanium could be
leached at 90 °C. The selectivity of REEs over iron during
slag leaching was clearly improved.

Keywords Bauxite residue - Iron - Leaching - Rare
earths - Red mud - Slag - Smelting

Introduction

Bauxite is the primary ore for aluminum extraction. It is
treated with sodium hydroxide at above 200 °C to extract
alumina in the Bayer’s process. Iron, together with impuri-
ties that are insoluble in the caustic solution, will be removed
by clarification. The residue generated after clarification is
known as bauxite residue (or red mud). About 1.5-2.5 tons of
bauxite residue is generated per ton of alumina produced. Itis
stored mainly in large storage ponds, with potentially envi-
ronmentally harmful effects. There is no bulk application of
bauxite residue except the use of small amounts in cement
and ceramic production [1]. On the other hand, some of the
bauxite residues are rich in REEs [2]. Extraction of REEs and
of scandium in particular from bauxite residue can be eco-
nomically feasible [3].

Bauxite deposits on carbonate rocks are known as karst
bauxites. These deposits account for around 14 % of the
total bauxite reserves. Karst bauxite ores are rich in REEs
[4]. These REEs end up in the bauxite residue during the
Bayer’s process. The REEs can be recovered from the
bauxite residue by direct acid leaching [3, 5-7]. The yield
of extraction of REEs is low, but it can be improved at high
acid concentrations, and the effect is more pronounced for
HCl compared to H,SO, or HNO;. However, these
strongly acidic conditions will also bring large amounts of
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iron into solution [6]. Iron dissolution is not beneficial as it
is difficult to separate iron from the REEs and especially
from scandium, requiring a large amount of reagents during
the further processing such as solvent extraction [7].
Therefore, it was proposed to remove iron by smelting
reduction so that the REEs can be concentrated in the slag
phase, which then subsequently can be leached with the
help of acids for the sake of extracting REEs [2, 8-10].

Iron removal studies from bauxite residue can be clas-
sified into two major approaches: (1) solid-state reduction
and (2) smelting. In a solid-state reduction process, bauxite
residue is reduced with a solid or gaseous reductant,
resulting in the formation of Fe;0,4 or metallic iron which
can be used for the metal production with or without prior
magnetic separation [11-13]. So far, no solid-state reduc-
tion process has been commercialized yet [14, 15], because
of specific problems associated with the bauxite residue
such as low iron content, high alkali content, fineness of the
particles, moisture etc. In the smelting approach, bauxite
residue is treated in a blast furnace with prior sintering in
the presence of a reducing agent in order to reduce the iron
oxides, generating pig iron and slag. Low concentrations of
iron and high concentrations of sodium are the major draw-
backs for utilizing bauxite residue in the blast furnace [2].
Therefore, use of alternative smelting methods should be
considered for the production of iron from bauxite residue.
They include the Corex, Finex, Hismelt, Romelt, Auslron,
and electric arc furnace (EAF) processes [16]. So far, two
smelting processes were tested on a large scale for bauxite
residue smelting. These are the Romelt process [17] and
the EAF smelting process [8, 18, 19]. The Moscow Insti-
tute of Steel and Alloys (MISA), together with NALCO
and RSIL (India), studied processing of bauxite residue by
the Romelt process [17]. The main disadvantage of this
process is the high energy consumption and the poor
quality of the produced pig iron (high sulfur content) [16].
In the EAF process, a mixture of bauxite residue and coal
was smelted in an EAF at 1600-1700 °C to form an iron
alloy with more than 90 % extraction of iron [18, 19]. The
slag generated after smelting can be used for the production
of slag wool [18] or building materials [20], as well as for
the extraction of titanium [8, 19, 21], other non-ferrous
metals or REEs [2, 8-10]. REEs from the slag were leached
with the help of a sulfuric acid solution [8-10, 22].

High temperatures or large amounts of fluxes are
required for smelting of bauxite residue due to the high
alumina content. Both high temperature and high amount
of flux increase the energy consumption during smelting. In
addition, the high amount of flux increases the acid con-
sumption during leaching. Therefore, in this work, the
amount of flux was optimized with respect to slag-metal
separation. The carbon content was also optimized to
obtain a clear slag-metal separation. The slag generated

after smelting was leached with different acids to study the
recovery of the different elements.

Experiments and Methods

The bauxite residue used in this work was provided by the
Aluminum of Greece. It is generated predominantly from
Greek (karst) bauxite ore. Chemical analysis of the major
elements was performed using wavelength-dispersive
X-ray fluorescence spectroscopy (WDXRF, Panalytical
PW2400), whereas that of the minor elements was per-
formed by complete dissolution of the bauxite residue by
alkali fusion and acid digestion in a 1:1 (v/v) HCI solution,
followed by Inductively Coupled Plasma Mass Spectrom-
etry (ICP-MS, Thermo Electron X Series) analysis. Ther-
modynamic calculations, based on the chemical analysis,
were performed using the FactSage 6.4 software [23]. The
slag melting point, effect of different fluxes on slag melting
point, and phase equilibria at different temperatures were
studied. All the major slag forming oxides (Al,03;, CaO,
Si0,, and Ti0O,) were considered in the calculations. Na,O
was not considered in the calculations because of its low
amount in the sample and its volatile behavior during
smelting. FeO, was not used in the calculations as it will be
reduced to metallic iron during smelting. The wt% of
carbon and fluxes showed in the FactSage studies and
smelting experiments are expressed with respect to the
weight of the bauxite residue.

The bauxite residue sample was mixed with high purity
(>99.5 %) graphite powder (Superior Graphite Co.) and
wollastonite (Sibelco Specialty Minerals) (CaO—51.2 %
and SiO,—46.4 %) using a mortar and pestle. Graphite
was used instead of other commercial reductants to make
this scientific study uncomplicated as the graphite does not
contain any volatiles and ash. Handmade pellets were
prepared and dried at 105 °C for 12 h. A graphite crucible
was used to contain the pellets. The smelting reduction
experiments were carried out in a high-temperature vertical
alumina tube furnace (Gero HTRV 100-250/18, with
MoSi, heating elements). High purity argon gas
(99.999 %) with a flow rate of 0.4 L min~' was used to
control the atmosphere in the furnace. Pellets were heated
to 1500—1600 °C with a heating rate of 5 °C min~' and
kept at that preset temperature for 1 h. After heating, the
sample was cooled to room temperature at a cooling rate of
4 °C min~". The reduced samples were then embedded in
epoxy resin and polished with SiC abrasive paper down to
1200 grit size followed by polishing with diamond paste (6,
3 and 1 pm) on a cloth disk. Then, the samples were coated
with platinum and analyzed with scanning electron
microscope (SEM-EDX, Philips XL30). The metal pro-
duced in the smelting experiment was analyzed with
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WDXRF, Panalytical PW2400 for its chemical composi-
tion, and the carbon and sulfur contents were measured by
LECO combustion analysis (type CS-444, based on infra-
red absorption).

The slag was crushed into small pieces (<4 mm) with a
jaw crusher (Retsch BB100), followed by grinding in a
centrifugal mill (Retsch ZM100) to reduce the particle size
to <80 um. Small iron particles in the slag sample were
removed by a magnet after grinding. The chemical analysis
procedure for the slag is the same as for the bauxite resi-
due. Room-temperature leaching experiments were carried
out in sealed 50-ml polyethylene bottles by constant agi-
tation using a laboratory shaker (Gerhardt Laboshake) at
160 rpm and 25 °C. High-temperature leaching experi-
ments were carried out in a 500-mL glass reactor fitted with
a reflux condenser and placed on a temperature-controlled
ceramic hot plate with a magnetic stirring system. Ana-
lytical reagent grade nitric acid (65 %) (Chem-lab), sul-
furic acid (95-97 %) (Sigma—Aldrich), and hydrochloric
acid (37 %) (Fisher Scientific) were used in the present
study. The leach solution sample was filtered using a syr-
inge filter (pore size of 0.45 pm) and diluted with deionised
water (Milli-Q, resistance 18.2 MQ cm) for ICP-MS
analysis.

Results and Discussion

The chemical analysis of the bauxite residue used in this
study is shown in Tables 1 and 2. Table 1 shows that the
bauxite residue is rich in iron oxide and alumina. Table 2
shows that the total REE content in the bauxite residue is
about 0.1 %. It also shows the total REE content of the slag
generated after smelting experiments for the sake of com-
parison. Borra et al. found that the bauxite residue used in
this study was a very fine material with d90 <10 pm
containing small agglomerates [6]. They also found that it
contains different phases like hematite, goethite, gibbsite,
diaspore, calcite, and cancrinite from XRD analysis

(Fig. 1).

Table 1 Major chemical

; . wt%
components in the bauxite
residue sample [6] Fe,O5 44.6
Al,O5 23.6
CaO 11.2
SiO, 10.2
TiO, 5.7
NaQO 2.5

@ Springer

Table 2 Rare-earth elements
composition of the bauxite
residue (BR) sample [6] and Sc 121 166
slag generated after smelting

BR (g/ton) Slag (g/ton)

experiments Y 76 120
La 114 173
Ce 368 577
Pr 28 41
Nd 99 155
Sm 21 30
Eu 5 6
Gd 22 35
Tb 3 4
Dy 17 27
Ho 4 5
Er 13 18
Tm 2 2
Yb 14 18
Lu 2 2
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Fig. 1 XRD pattern of the bauxite residue sample [6]

Thermodynamic Calculations

Figure 2 shows the effect of temperature on the phase
equilibria of the slag without any addition of flux. It shows
that with an increase in the temperature, the amount of
liquid phase is increasing. A temperature of about 1600 °C
is required to melt the slag completely. The slag should be
liquid and fluid (less viscous) for good slag-metal separa-
tion. The presence of any solid phase in the slag drastically
decreases the slag fluidity.

The effect of different fluxes was studied on the phase
equilibria of the slag. The wt% of all the components in the
slag is not equal to 100 % due to the fact that Fe was
removed and fluxes are added. Figure 3 shows the effect of
CaO on the phase equilibria at 1500 °C. In this Figure, it
can be observed that there is no complete liquid formation
up to 40 wt% of lime. On the other hand, 15 wt% of SiO,
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Fig. 3 Effect of the addition of CaO on the phase equilibria of the
slag at 1500 °C
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Fig. 4 Effect of the addition of SiO, on the phase equilibria of the
slag at 1500 °C

can completely dissolve the solid phases (Fig. 4). How-
ever, although 15 wt% of SiO, decreases the slag basicity,
it also increases the slag viscosity. Therefore, CaSiO; was

investigated as a flux, which maintains the slag basicity
around one. Figure 5 shows the effect of the amount of
CaSiOj; on the phase equilibria. It can be concluded from
this Figure that 15 wt% of CaSiOj is sufficient to make the
slag liquid at 1500 °C.

Both CaF, and B,0O; were not considered as fluxes.
CaF, is toxic because of fluorides emission, corrodes the
refractories [24], and also can form HF during leaching
with strong acids. B,Oj3 corrodes the refractories and a
fraction of it also reduces to metal during smelting [25].
Furthermore, FactSage showed that the amount of B,O3
required for slag melting is larger than 10 wt %, which
would make such an addition very expensive compared to
CaSiO; flux.

Smelting Studies

The requirement of carbon for the reduction of iron oxide
was calculated based on the stoichiometric equation
(Eq. 1).

Fe,03 + 1.5C = 2Fe 4 1.5CO, (1)

The initial experiment was carried out at 1500 and
1600 °C with 100 % excess of stoichiometric amount of
carbon (10 wt% of the bauxite residue) and without flux
addition. Excess carbon was used because there is also
some CO formation taking place at high temperatures
during the reduction. No clear slag-metal separation was
observed in the samples. Partial segregation of the metal
was observed at the bottom of the sample due to the high
density of the metal compared to that of the slag phase.
SEM-EDX analysis (Fig. 6) of the sample smelted at
1600 °C shows that some of the SiO, and most of the TiO,
are reduced to the metal phase. Therefore, further experi-
ments were carried out with a decreased amount of graphite
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Fig. 5 Effect of the addition of CaSiO; on the phase equilibria of the

slag at 1500 °C
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Fig. 6 SEM-EDX images of the reduced sample (no flux, 10 wt% graphite and 1600 °C), a low magnification, b high magnification, c: EDX

showing metallic iron (Fe) and a Ti-rich phase (Ti) in slag

addition. Figure 7 shows the SEM images of the sample
containing 20 wt% wollastonite and 40 % excess of stoi-
chiometric carbon (7 wt%) and smelted at 1500 °C. Wol-
lastonite enhanced the metal separation but not up to the
extent required. It was observed that the iron metal phase in
the sample was locked by a titanium oxycarbide phase,
which is prohibiting iron to separate from the slag phase.
Logomerac also faced the tapping problem due to the
reduction of TiO, during smelting [8]. Therefore, the gra-
phite content was even further decreased to the exact sto-
ichiometric amount. A clear slag-metal separation (Fig. 8)
was now observed at 1500 °C with 20 wt% wollastonite
and stoichiometric carbon (5 wt%). No iron oxides were

@ Springer

observed in the slag phase by SEM-EDX analysis, which
means that the amount of added carbon was sufficient for a
complete iron oxide reduction. However, the carbon
requirement will be more than stoichiometric as there will
be some CO formation on the one hand, and some amount
of carbon will be dissolved in the metal phase on the other
hand. This deficient carbon is presumed to be extracted
from the graphite crucible. 5 wt% of graphite was chosen
as the optimized amount at these experimental conditions,
although it may vary depending on the heating rate used
during smelting and reaction between the carbon crucible
or refractory. An experiment was also conducted at
1600 °C with 20 wt% wollastonite and stoichiometric
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Fig. 7 SEM image of the reduced sample (20 wt% flux, 7 wt%
graphite, 1500 °C), a low magnification, b high magnification
showing metallic iron (Fe) and a Ti-rich phase (Ti) in slag
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Fig. 8 Picture of the reduced sample (20 % wollastonite, 5 %
graphite, 1500 °C)

carbon (5 wt%). But the slag-metal separation was low. It
is due to the reaction between sample and graphite crucible
at high temperature, which reduces silica and titanium
dioxide from slag. Therefore, further studies were carried
out at 1500 °C. Subsequent experiments were conducted
with a varying amount of wollastonite flux, i.e., 5, 10, 15,
20, 30, and 40 wt%, to optimize the amount of flux. The
metal separation performance was decreased drastically
with a decrease in the wollastonite addition below 20 wt%.
However, clear slag-metal separation was observed in the
samples with additions of wollastonite above 20 wt%.
Therefore, 20 wt% of wollastonite was chosen as the
optimized flux. This value is higher than the FactSage
value, which may be due to the fact that a larger amount of
flux or a higher temperature is required to make slag suf-
ficiently fluid. Generally, it is better to conduct an experi-
ment at a temperature sufficiently above the melting point.

The iron nugget formed during smelting was easily
separable from the slag. Around 85 % of the iron, origi-
nally present in the bauxite residue, was extracted in the
form of a nugget. Small iron particles that are still in the
slag phase were subsequently separated after grinding by
using a permanent magnet. Around 10 % of the iron could
be extracted in this way. The chemical analysis of the
impurities in metal nugget is given in Table 3 which shows
that the nugget is rich in iron and can be used for steel
making or cast iron production [18].

The chemical analysis of the slag sample is given in
Tables 2 and 4. REEs analysis is shown in Table 2 for the
sake of comparison. The concentration of REEs in the slag
sample was increased by a factor of about 1.4 compared to
the concentration of REEs in bauxite residue.

Slag Leaching Studies

Leaching experiments were conducted with different min-
eral acids (HCl, HNO3, and H,SO,) to evaluate the selec-
tivity of the different elements. Initial leaching experiments
were conducted at 25 °C with a liquid-to-solid (L/S) ratio
of 50. A high L/S ratio was used to avoid filtration prob-
lems due to the formation of silica gel [10]. The acid
concentration was varied from 0.25 to 6 N. The leaching
experiments were conducted for a period of 24 h.

Table 3 Chemical analysis of

the metal nugget wt%
Si 0.19
Ti 0.33
p 0.12
S 0.004
c 5.1

@ Springer



34

J. Sustain. Metall. (2016) 2:28-37

Table 4 Major chemical

components in the slag sample Wit
Na,O 2.18
AL O3 33.54
SiO, 24.45
CaO 28.13
TiO, 6.83
Fe (total) 1.31

The dissolution of different elements during HCI
leaching of the slag sample at different acid concentrations
is shown in Fig. 9. It shows that with an increase in acid
concentration, the extraction yield of REEs, except scan-
dium, is increasing. The effect is prominent up to 1 N acid
concentration and levels off at higher acid concentrations.
Recoveries are lower at low acid concentration due to the
high pH of the leach solution. The scandium extraction
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Fig. 9 Effect of chloric acid concentration on leaching of REEs and
major elements from slag (7: 25 °C, t: 24 h, L/S: 50)
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increases with increasing acid concentration up to 3 N, but
then decreases at 6 N. This may be due to the absorption of
scandium on silica, a phenomenon that was -earlier
described in the literature [26] and which is supported by
the observed similarity in extraction behavior between Sc
and Si. The maximum extraction yields are around 60 %
for Y, La, Ce, Nd, and Dy, while it is around 40 % for Sc.
The extraction of scandium is low compared to that of
other REEs due to its different chemical behavior [6]. More
than 80 % of Na, Fe, and Al are dissolved in the solution.
Ca dissolution was around 80 %. Only around 20 % of Ti
is soluble, even at 6 N. Si dissolution increases up to 0.5 N
and then decreases from 3 N on, due to the precipitation of
silicon hydroxides at high acid concentrations [27]. Similar
results were observed for HNOj; leach solutions (Fig. 10).
The scandium extraction yield was higher for HNO;
leaching (60 %) compared to HCI leaching. As with HCI1
leaching, a drastic decrease in the extraction of scandium
was observed when leaching with 6 N of HNOj. The dis-
solution of iron also decreased with increasing acid con-
centration above 1 N, which is caused by the oxidation of
Fe(Il) ions by HNOj, which is an oxidizing agent. The
extraction rates of the REEs were different for H,SO, leach
solutions compared with the other two acids (Fig. 11). The
extraction rate of Y and Dy in sulfuric acid is similar to
other acids but there is a decreasing extraction trend related
with the increasing ionic radii, which may be due to the
formation of a solid product layer (calcium sulfate, con-
firmed by SEM-EDX) in H,SO,.

Increasing the leaching temperature can increase the
extractions due to enhanced reaction rates. Therefore, fur-
ther leaching experiments were conducted at 90 °C. High-
temperature leaching results are given in Fig. 12. The
extraction of scandium now reached its maximum at 3 N of
acid concentration. At 0.5 N, the extraction of scandium is
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Fig. 10 Effect of nitric acid concentration on leaching of REEs from
slag (T: 25 °C, t: 24 h, L/S: 50)
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Fig. 11 Effect of sulfuric acid concentration on leaching of REEs
from slag (T 25 °C, t: 24 h, L/S: 50)

very low, which is due to the high pH of the solution (~ 3).
Extraction yields are high for Sc and Y (>90 %), followed
by Dy and Nd (>80 %) and Ce and La (>70 %) at 3 N for
both HCl and HNOj;. Sulfuric acid leaching results are
almost matching with the results reported in the literature
[8, 10]. More than 70 % of Ti is extracted in the solution at
3 N for all the acids. Most of the Na, Al, and Fe are dis-
solving in the solution at 3 N, except for Ca, which barely
(~20 %) dissolves in the sulfuric acid solution due to the
low solubility of CaSO,. At the conditions of highest
scandium extraction, the absolute amounts of scandium and
iron concentration in the leach solution are 3 and 250 ppm,
respectively.

HCI leaching of slag and that of bauxite residue are
compared in Fig. 13. For ease of comparison, the dissolu-
tion of iron from the slag shown in the figure is expressed
as the percentage of the amount of iron that was present in
the original bauxite residue. The extraction results of REEs
from slag are comparable with those from bauxite residue
except for scandium at 0.5 N acid concentration. It is dif-
ficult to leach the REEs from the bauxite residue above
50-60 % without dissolving major part of the Fe. However,
most of the REEs can be extracted from the slag with only
4 % of the Fe dissolution with respect to the amount pre-
sent in the bauxite residue (i.e., almost complete Fe dis-
solution from the slag). Most of the Ca, Al, and Na and
around 70 % of Ti are dissolved from the slag at 3 N acid
concentration. Al and Ti can also be recovered from the
leach solution together with REEs in order to make the
process more sustainable.
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Conclusions

Iron from Greek bauxite residue was successfully separated
in the form of a metallic nugget at 1500 °C with 5 wt%
graphite as reducing agent and 20 wt% wollastonite as flux.
A graphite content above 5 wt% and a wollastonite content
below 20 wt% decreased the slag-metal separation perfor-
mance. Reduction of TiO, affected the slag-metal separa-
tion. More than 95 % of the iron could be extracted from the
bauxite residue. Room-temperature leaching of the slag
sample gave low extraction yields, whereas high tempera-
tures improved the extraction yields. All of the scandium,
most of other REEs, and about 70 % of titanium could be
leached at 90 °C using HCl and HNO;. Selectivity of
scandium over other REEs is higher in the case of H,SO4
leaching. The main advantage of slag leaching compared to
direct bauxite residue leaching is that most of the REEs can

@ Springer

be extracted, with a minimum co-dissolution of iron, thus
limiting cumbersome purification of the leachate.
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