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The Utilization of Bauxite Residue with a Calcite-Rich

Bauxite Ore in the Pedersen Process for Iron

and Alumina Extraction

ADAMANTIA LAZOU, CASPER VAN DER EIJK, KAI TANG,

EFTHYMIOS BALOMENOS, LEIV KOLBEINSEN, and JAFAR SAFARIAN

Metallurgical grade alumina is produced worldwide through the well-known Bayer process,
which unavoidably generates bauxite residue (BR, also known as red mud) in almost equal
amounts to alumina. This study aims the valorization of BR through a smelting-reduction
process to obtain calcium aluminate slags that can be a proper feed for alumina recovery via the
Pedersen process. It investigates the thermodynamics and characteristics of the slags and pig
iron produced from mixtures of BR, a bauxite beneficiation byproduct, and lime. In this
context, the evolution of the different phases in the slags is studied with advanced analytical
techniques and thermodynamic calculations. According to the results, a CaO/Al2O3 mass ratio
within 1.3 to 1.4 in the slags can yield more Al2O3-containing leachable phases, such as
CaOÆAl2O3 and 12CaOÆ7Al2O3. The cooling dictates the amount and the characteristics of these
phases, and the slower cooling rate yields improved slag characteristics. The distribution of the
elements between the slag and metal phases shows that iron is separated, and the majority of the
P, Cr, Ni, and V are distributed in the produced pig iron, while S, Ti, and Si are mostly
concentrated in the slags.
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I. INTRODUCTION

ALUMINA is the feedstock to produce aluminum

and is mainly extracted from Bauxite ore.[1] Bauxites are
composed mostly of alumina hydrate minerals and, in a
lesser amount, hydrated aluminum silicate, iron, and
titanium minerals.[2] The common industrial way to
produce alumina is the well-known Bayer process,[3] in
which large amounts of a residue, called bauxite residue
(BR), are generated. As an example, 1 ton of alumina
production can generate from 0.8 to 1.5 tons of BR
(depending largely on the quality of the bauxite ore
used).[3] BR holds all the insoluble/less-soluble com-
pounds of bauxite ore in the Bayer leaching solution,
containing Fe, Si, and Ti as the main elements, and

some levels of Ca and Na (Na considers as solution loss)
as well as valuable compounds as rare earth ele-
ments.[4,5] Extensive research has been done in recent
years for the valorization of BR.[6–12] However, none of
those attempts have been industrialized, commonly due
to economic obstacles; hence, BR’s valorization is still
challenging.
A different process for producing alumina was intro-

duced at 1927 by Harald Pedersen, in Norway, and is
considered as a method with no significant waste
generation.[13,14] This process can be well adapted for
the use of any bauxites; in particular, the ones with
lower Al2O3/Fe2O3 ratio, which are not proper for the
Bayer process.[13,14] The first step is the smelting
reduction of bauxite ore with lime (CaO) as a flux and
coke as a reducing agent.[15] The produced calcium-alu-
minate slag should contain phases that are suitable for
further alkaline leaching to recover alumina. According
to Azof et al., such phases, from higher to lower
leachability, are 12CaOÆ7Al2O3 (C12A7), CaOÆAl2O3

(CA), and 3CaOÆAl2O3 (C3A).[16] According to Miller
and Irgens, the formation of CaOÆTiO2 (CT) from the
input CaO and the TiO2 content of the raw materials
will not retard the Al2O3 recovery.

[13] The SiO2 content
can be related with the input CaO to form 2CaOÆSiO2

(C2S), which has three polymorphs: a, b, and c-C2S. The
transformation from b fi c-C2S will make the slag
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self-disintegrate as there is around 12 pct volume
expansion.[17] The self-disintegration of the slag will be
beneficial in terms of energy consumption for crushing
prior to the leaching process. The formation of Al-con-
taining nonleachable phases, particularly Gehlenite
(2CaOÆAl2O3ÆSiO2., C2AS), should be avoided since they
will reduce the alumina recovery. The iron byproduct of
the process can be used in the foundry and steel industry
if the characteristics, such as the S content, are appro-
priate for further use.[14] The solid residue from the
leaching step, called grey mud, can be used in cement
and fertilizer production if it is classified as an inert
material.[13,14,18]

Significant experimental and theoretical work has
been done about the leachability of the calcium alumi-
nate slags in the framework of the Norwegian Centre
SFI-Metal production[19] and ENSUREAL EU pro-
ject.[20–22] According to laboratory and pilot results, the
slags can be used for alumina extraction if their major
mineralogical Al2O3-containing phases are classified as
leachable. In the current study, a BR and a calcite-rich
bauxite beneficiation byproduct (BBBP) are used as raw
materials for the Pedersen process. This study aims to
valorize industrial wastes from the mining and alumina
industry for iron and alumina recovery. The pyromet-
allurgical part of the Pedersen process and the opti-
mization of the smelting reduction conditions are
experimentally and theoretically studied. The research
is supported by thermodynamic calculations and the
application of significant material characterization
techniques.

II. MATERIALS AND METHODS

A. Raw Materials

BR powder and the calcite-rich BBBP were supplied
by Mytilineos Metallurgy Business Unit S.A (former
Aluminium of Greece). The BBBP is generated from the
Greek (karstic) bauxite ore in order to remove carbon-
ate minerals from the ore entering the Bayer process.
Therefore, we emphasize that its availability depends on
geographical parameters, and for the one used in this
work, a considerable amount is produced every year
that can be valorized by the BR as is studied in this
work. The BBBP was received in big lumps and, thus,
was crushed and then milled using a ring mill to reduce
its particle size. The size reduction of the BBBP to lower
than 500 lm (sieve size) was done to minimize the
inhomogeneities along the ore particles. An additional
reason was to achieve a better sintering, contact, and
thus a bigger surface area of the raw materials during
heating and, therefore, faster smelting and slag forma-
tion. In addition, lime was used as a flux with 95.5 pct
purity (CaO wt pct) and was received in powder form.
The particle size distribution of the dried powder
materials was determined using a laser particle size
analyzer, Horiba Partica LA-950. The D90 values of BR,
BBBP, and lime were 1.25, 481, and 178.5 lm, respec-
tively. Different mixtures were prepared from dried

samples to achieve the desirable ratios between CaO to
Al2O3, SiO2, and TiO2, based on mass balance calcula-
tions, as shown in Table I.
The chemical analysis of these materials was carried

out by X-ray fluorescence (XRF). In Table II, the
compositions of the raw materials in dry basis and their
LoI are presented. Mineralogical analysis of the raw
materials was done by X-ray diffraction (XRD) analysis
using a Bruker D8 A25 DAVINCI�, with CuKa

radiation, in the 2h range of 10 to 75 deg diffraction
wavelength and 0.02 deg step size.

B. Experimental Setup and Smelting-Reduction
Procedure

The smelting reduction experiments were conducted
in a graphite crucible in a 75-kVA open induction
furnace. The input mixtures were heated to 1650 �C ±

20 �C, and the temperature and power were automat-
ically controlled. The holding time at the target temper-
ature was 90 minutes to ensure complete reduction of
iron oxides in addition to proper slag and metal
separation. The temperature was recorded with a
thermocouple type C placed in the charged material.
After the smelting-reduction trials, the metal settled in
the bottom of the crucible due to the significant density
difference with the slag, as schematically shown in
Figure 1. However, study of the cross-sectioned cru-
cibles after the trials indicated some tiny metal droplets
on the side walls of the crucible.
As seen in Table I, the mixtures S-1 and S-2 have the

same mixing analogies of BR and BBBP, but S-2 has
higher CaO/Al2O3 to study the effect of lime addition.
The higher CaO/Al2O3 ratio (mixtures S-2 and S-3) was
designed to form C2S and CT along with C12A7 in the
produced slags, based on mass balance calculations and
our previous works.[23,24] The mixtures S-3, S-3-S, and
S-3-R have the same mixing analogies and added lime,
while the studied parameter is the effect of the applied
cooling rate. The used mass of the BR and BBBP was
totally 1 kg.
The samples S-1 through S-3 were slowly cooled from

1650 �C to 1350 �C ± 20 �C with a rate of 10 �C/min
based on the programmed temperature profile. After 30
minutes at 1350 �C, the crucible was left in the furnace
to be cooled to room temperature. The different cooling
rates measured in samples S-3, S-3-S, and S-3-R are
shown in Figures 2(a) and (b). For S-3-S, the furnace
was shut down after the dwelling time at 1650 �C and
the sample was left to be cooled inside the furnace. For
S-3-R, the crucible was taken out from the top open hot
furnace (after the dwelling time at 1650 �C) and was
cooled outside of the furnace in air. The cooling rates
that are reported in Table I are based on the average
measured cooling rates from the thermocouple readings
that were embedded in the sample. In addition, two
thermocouples were used in experiment S-3-R in the
bottom of the crucible and 5 cm above (in the molten
bath) to examine any temperature gradient. As shown in
Figure 2(b), the temperature is slightly higher at the
bottom but the temperature difference is considered
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negligible. This is due to almost uniform induction into
the crucible wall and then heat transport into the
materials.

After solidification and cooling to room temperature,
the crucibles were cut in half to separate the slag andmetal.
Half of the slag samples were milled to a powder and
analyzedbyXRFandXRD,while large slagparticles from
the second half were mounted in epoxy and then ground
and polished using SiC emery papers. They were carbon
coated for studying the quantitative elemental distribution
in the slag phases using a JXA-8500F� electron probe
microanalyzer (EPMA), supported by wavelength disper-
sive spectroscopy (WDS). The metal samples were also
analyzed with XRF and EPMA techniques.

C. Theoretical Calculations

Theoretical calculations were conducted using Fact-
Sage 7.3 thermochemical software to support the
experimental design and evaluate the obtained
results.[25] The compositions of the molten slags and
metals were predicted through the equilibrium module
based on the raw material compositions and using the
commercial FToxid, FSStel, and FactPS databases.
Scheil–Gulliver cooling calculations were conducted
subsequently on the predicted liquid compositions for
the phase distribution in the slags. The main assump-
tions of the Scheil–Gulliver cooling model have been
presented extensively in other articles[25,26] and they are
not repeated here. A dedicated EnsureAl database was
also used to minimize the lack of data in the commercial
databases as it covers the metastable C12A7 phase. It is
worth noting that the considered thermodynamic prop-
erties of the C12A7 have been based on the phase
equilibrium data that are available in the literature.[27]

III. RESULTS

A. Characteristics of Raw Materials

The XRD analysis of the raw materials (Figure 3)
shows that iron presents as hematite (Fe2O3) and, in a
lower amount, as goethite (FeOOH). Titaniumappears as
anatase (TiO2) and calcium as calcite (CaCO3). Alu-
minum is found in hydroxides as gibbsite AlO(OH)3,
diaspore a-AlO(OH), and boehmite b-AlO(OH), in com-
plex alumino-sodium-silicate phases as Na1.15Al1.15-
Si0.85O4 and cancrinite (Na6Ca2(AlSiO4)6(CO3)2
(H2O)2), and as katoite (Ca3Al2(SiO4)(OH)8) in the BR.

Fig. 1—Schematic of the furnace and input mixture (a) before and
(b) after smelting trials.

Table II. Chemical Composition of Raw Materials, as
Analyzed by XRF and the Lime as Received

Oxides
Wt Pct BR BBBP Lime

Al2O3 22.78 25.33 0.24
CaO 8.44 34.49 95.5
TiO2 5.88 1.24 0.01
SiO2 6.35 1.11 0.46
Fe2O3 43.59 5.61 0.08
MgO 0.56 — 0.64
V2O5 0.30 — —
Na2O 1.93 — 0.12
MnO 0.10 — 0.01
Cr2O3 0.26 0.01 —
P2O5 0.19 — 0.02
NiO 0.07 — —
S 0.15 0.01 0.08
LoI 9.30 32.20 —

Table I. Mixing Analogies of the Raw Materials and Applied Cooling Rates

Test Name BR (Wt Pct) BBBP (Wt Pct) mCaO/mAl2O3* Added lime (Wt Pct)** Cooling Path�

S-1 50 50 0.96 — 10 �C/min to 1350 �C
S-2 50 50 1.3 12 pct 10 �C/min to 1350 �C
S-3 70 30 1.4 19.3 pct 10 �C/min to 1350 �C
S-3-S 70 30 1.4 19.3 pct 11.1 �C/min to 400 �C
S-3-R 70 30 1.4 19.3 pct 52 �C/min to 389 �C

*Mass ratio based on mass balance calculations.
**Added mass pct lime (g) per 1 kg of input mixture.
�Averaged cooling rate based on thermocouple readings.
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Table II shows the XRF analysis of the raw materials
used in the present study. BR contains a significant
amount of Fe2O3, 43.59 wt pct, while the alumina
content is 22.78 wt pct, indicating levels of alumina
losses that occur in the Bayer process.

B. Characteristics of Slags

1. Phase identification
The XRD results of the produced slags are illustrated

in Figures 4 and 5. It was observed that there are
significant differences compared to the mineralogical
compositions of the raw materials (Figure 3) in the
smelting reduction. Obviously, there are no Fe- and
Na-containing phases in the produced slags. According
to Figure 4, the main phases in slag S-1 are C2AS and
CA. Weak peaks of C12A7 and CT were also detected.

C12A7 is the dominant phase for slag S-2, while
larnite, b-C2S, CT, CA, and C2AS were also detected.
Slag S-3 contains C12A7, b-C2S, CT, CA, and weaker
peaks of C2AS in comparison with slags S-1 and S-2.
The carbon detected in all the mentioned slags was due
to the contamination from the graphite crucibles and
thermowell.

The XRD results of the S-3 with different cooling
paths are given in Figure 5. The slag S-3-S contains
C12A7, CT, C3A and C2AS. The slag S-3-R contains
C2AS, CT, C3A, b-C2S and C12A7. The peaks of C2AS
are obviously weaker in the S-3-S slag in comparison
with the S-3-R, while C12A7 has a stronger peak in S-3-S
than S-3-R.

The other minor phases, such as Ca3Ti2O7, anorthite
CA2S, and CaTi2O4, which may form in the slags, could
not be identified precisely due to their low intensity
peaks in addition to the overlapping of several phases.

2. Chemical composition
According to the XRF analysis in Table III, the slags

were composed mostly of CaO, Al2O3, SiO2, and TiO2

oxides. Slightly lower SiO2 content than expected was
observed for S-3-S (in comparison with S-3 and S-3-R),

which may be attributed to some inhomogeneities in the
used raw materials or little fluctuation in temperature at
elevated temperatures.
The XRF analysis reports the total iron content as

Fe2O3; however, as will be discussed in Section 3, the Fe
content of the slags is attributed to metallic entraps,
based on the microstructural analysis. To further justify
this, magnetic separation of iron by a normal magnet
was applied in the S-3-R sample prior to its analysis. As
seen in Table III, the Fe content was significantly
reduced. Hence, the Fe2O3 content of the XRF has
been transformed to metallic Fe in Table III.

3. Microstructural analysis
As the WDS results are more reliable than those using

EDS for the determination of the chemical composition
of the phases, we present the WDS results. In Figure 6
and Table IV, the BSE images and WDS analysis of the
phases in slags S-1 through S-3 and S-3-R in different
locations are presented. We emphasize that we observed
even distribution of SiO2 in the main phases (overall
distribution), mostly for samples S-2, S-3-S, and S-3-R.
However, the compositions of the same phases in
different samples were observed to be different regarding
the content of the impurities (SiO2 and TiO2) in the
calcium aluminate phases, as seen in the WDS analysis
results in Table IV.
In slag S-1, three phases were observed and marked as

A, B, and C. The continuous phase A that appears as
light gray is attributed to the C2AS phase. The dark gray
phase B is rich in CaO and Al2O3, and its ratio
corresponds to CA2, not CA as detected with the
XRD analysis. The bright-phase C has a high concen-
tration of CaO and TiO2, which could be attributed to
the CT phase, but it contains 10.8 wt pct Al2O3.
However, a phase like this was not observed in the XRD
analysis. According to Dunyushkina et al., Al ions could
incorporate in the CT structure even if this phase
appears as CT in the XRD spectra.[28] In slag S-2, phase
A (dark gray) has an acicular shape and the C/A mass
ratio is close to the theoretical mass ratio of C12A7;
however, it contains some Si and Ti impurities. It is

Fig. 2—Measured temperature profiles of (a) S-1 through S-3 and (b) S-3, S-3-S, and S-3-R with the use of two thermocouples at the crucible
bottom (S-3-R-bottom) and 5 cm above it (S-3-R-5 cm from the bottom).
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worth noting that based on the recent work by Azof, this
phase may be C12A7 with Si ions in the locations of
some Al ions and is so called ‘‘Si-mayenite.’’[29] The
solidified structure B seems to be a mixture of small C2S,

CT, and possible CA phases distributed nonuniformly.
The fine structure phase C may be the C12A7 phase
containing Si impurities.

Fig. 3—XRD patterns of the main raw materials used in this study, BR and BBBP.

Fig. 4—XRD analysis of slags S-1 through S-3.
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In slag S-3, the bright phase A (Figure 6 and
Table IV) was rich in TiO2 and CaO, as in S-1, it was
high in Al2O3; in the XRD analysis, no Ca-Al-Ti-O
phase was observed. The light gray phase B is composed
of CaO and Al2O3, with the C/A mass ratio similar to
the C12A7. Sulfur has a higher concentration in com-
parison with the rest of the phases, and based on the
literature, the C12A7 phase dissolves S in its structure.[30]

Thus, we may claim that this phase is the C12A7 phase,
as identified in the XRD analysis. The solidified struc-
ture C could be a mixture of C12A7, C2S, and CT, which
supports the XRD result. The measured analysis of
phase D was difficult to evaluate due to that phase’s size
and morphology. However, based on WDS and XRD
analysis, it could be a mixture of C2AS, C12A7, and C2S
phases, but the identification is not precise in this case. It
is observed that metallic iron particles were entrapped in
the slag structure, as seen in Figure 6 for slag S-3.

The detected phases in the S-3-S and S-3-R slags were
found to be impure, as SiO2 and TiO2 were detected in all
the analyzed points. This is possibly due to the increased
cooling rate, in comparison with the S-3 slag. In the
S-3-R sample, it is found that the rapid cooling rate is
accompanied with the formation of porosity (Figure 6).
Phase A is likely a mixture of C12A7, CT, and C2AS, but
it is evidenced that Si is evenly dispersed. Phase B could
be the C2AS phase detected in the XRD analysis but
seems not to be stoichiometrically the same. For clarity,
the WDS results of slag S-3-S are not included.

C. Characteristics of Pig Iron

1. Chemical composition
The chemical analysis of the pig iron samples

(Table V) shows that the Fe content of all the metals
is ~92 wt pct. The Si content is low and varies between
0.22 and 0.02 wt pct, while the titanium concentration

varies from 1.4 to 0.38 wt pct. Cu did not appear in the
chemical composition of the raw materials (Table II),
possibly due to its low concentration, while we see a
small amount of it in the metal phase.

2. Microstructure
Typical examples of the micrographs of the metallic

phase are given in Figure 7. The microstructural
analysis of the produced pig irons indicates that they
have a relatively similar microstructure, where the
graphite flakes are distributed in the matrix, as seen in
Figure 7.
At the surface of the metallic phase and mostly close

to the graphite flakes, complex carbides were formed
that primarily consisted of titanium and vanadium as
indicated with the mapping. However, Si and Cr
elements were found to be evenly distributed in the Fe
matrix. In the metallic phase, M-3-R was observed with
less carbides formed in comparison with M-3. This is
possibly due to less Ti in the M-3-R (Table V) in
addition to the applied cooling, as will be discussed
subsequently.

D. Theoretical and Modeling Calculations

1. Equilibrium study and distribution of elements
The predicted equilibrium compositions of metal and

slag phases in the molten state are listed in Table VI.
The calculations were carried out at the experimental
temperature of 1650 �C, and the metal phase was
assumed to be carbon saturated. As seen in Table VI, a
relatively good agreement was observed between the
calculated and experimental (Table III) contents of
Al2O3 and CaO. Besides, a higher but not significant
difference was observed for the SiO2 and TiO2. More-
over, FactSage predicts that parts of TiO2 and Cr2O3

will be reduced to Ti2O3 and CrO, respectively.

Fig. 5—XRD results of slags S-3, S-3-R, and S-3-S having different cooling paths.
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2. Scheil–Gulliver cooling calculations
The Scheil–Gulliver cooling calculations are shown in

Figure 8. The calculations were done based on the liquid
slag compositions previously calculated (Table VI) con-
centrated in the main components (above 2 pct). The
main phases that appear for S-1 in descending order are
CA, C12A7, a-C2S, CaTi (ss) that is a Ca3Ti2O7

(s)-Ca3Ti2O6 (s) solid solution, PERO that is a per-
ovskite Ca2Ti2O6 (s)-Ca2Ti2O5 (s) solid solution, and
c-C2S.

For slag S-2, the predicted phases are C12A7, a-C2S,
CaTi (ss), C3A, and Ca3Ti2O7, and for slag S-3, they are
C12A7, a-C2S, CA, CaTi (ss), C3A, and Ca3Ti2O7.

IV. DISCUSSION

A. Reduction Reactions and Distribution of Elements

In the present study, the applied temperature was
1650 �C to ensure higher reaction rates and proper
slag-metal separation. The carbon from the graphite
crucible ensures a high carbon activity in the system and
presents as CO (g) gas and dissolved carbon in the liquid
iron, C. In the applied temperature, it is expected that V,
Cr, Ni, and Cu will be reduced to the metallic phase,
while sodium oxide is reduced and Na will evaporate.[31]

This has been confirmed through the chemical analysis
of the slags and metals (Tables III and V). When solid

carbon reacts with iron oxides, higher temperatures are
required to reduce them to metallic iron in comparison
with the reduction by CO (g) since they are less
exothermic. The reduction of Fe2O3 to metallic iron
occurs through steps Fe3O4 fi FeO fi Fe, and most
likely the reduction to metallic iron occurs mainly
through the FeO reduction of the slags[16,32] by both
solid and dissolved carbon in liquid iron.
Partial Si reduction was observed from the measured

compositions of the products (Table V and Figure 7).
The mechanism for the Si transfer in the pig iron phase
has been explained in relevant articles[32�34] and is
believed to occur through the reaction of SiO2 with C.
Nevertheless, a small amount of Si is transferred into the
metallic phase, as the SiO2 content of the charge
mixtures is low; therefore, low activity of SiO2 in the
slag is expected. A higher extent of SiO2 reduction in
bauxite smelting has been observed in the case of the
smelting reduction of high SiO2-containing bauxites
(SiO2> 20 pct).[16]

The chemical compositions of pig irons (Table V)
revealed that some Ti has been transferred into the
metallic phase. It was seen from the micrographs that Ti
was not dissolved in the metallic phase but was
precipitated as complex (Ti,V)xCy carbides, and based
on earlier studies, their precipitation is likely to occur
upon cooling and solidification.[15,16] In agreement with
Morizane et al., the slower the cooling, the bigger in
shape are the carbide precipitates, as seen in Figure 7.[35]

Nevertheless, the effect of the anticipated characteristics
should be investigated more in terms of the further use
of the produced pig irons. The pig iron chemical
compositions (Table V) revealed low content of S, and
this is important for the subsequent processing of the pig
iron.
An important aspect in the assessment of the slag/

metal reaction extents is the equilibrium distribution
coefficient, Li, of the different species, which is linked to
the thermodynamic properties in the metal and slag
phases. The distribution coefficient values were calcu-
lated based on Eq. [1], and the results (in logarithmic
scale) are presented in Figure 9 using the measured
compositions by XRF and calculated (FactSage) com-
positions[36,37] based on the charge materials
characteristics.

Li ¼
wt pct ið Þ

wt pct i½ �
½1�

Table III. Chemical Analysis of Slag Products, as Analyzed by XRF

Oxides
Wt Pct Al2O3 CaO Cr2O3 Fe* S SiO2 TiO2 V2O5 ZrO2 MgO B**

S-1 45.01 39.20 0.08 2.76 0.26 7.60 3.21 0.05 0.14 0.54 0.75
S-2 36.30 49.60 0.04 2.30 0.22 5.91 3.31 0.02 0.30 0.34 1.18
S-3 35.95 47.50 0.09 2.70 0.18 7.13 4.75 0.04 0.20 0.20 1.1
S-3-S 37.10 48.50 0.11 2.63 0.15 5.37 5.50 0.01 0.15 0.36 1.14
S-3-R 35.60 49.70 0.03 0.29 0.24 7.60 5.80 0.03 0.24 0.36 1.15

*Calculated based on the reported Fe2O3 content.
**B = CaO/(SiO2 + Al2O3) wt pct.

Fig. 6—BSE images of slags S-1 through S-3 and S-3-R.
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where (wt pct i) is the content of element i in the slag
and [wt pct i] is the content of element i in the metal.
Species with negative log10Li are distributed mostly in
the metal phase, while the species with positive log10Li

are concentrated in the slag phase. Based on Figure 9,
a similar trend was observed in the distribution behav-
ior of the elements between the experimental results
(S-1 through S-3), while the LS reveals a proper desul-
furization to the slag, as also seen in Table III.

The Li coefficients determined for the experimental
and calculated results show some differences. As men-
tioned, FactSage predicts that part of the TiO2 and
Cr2O3 will be reduced to Ti2O3 and CrO, respectively
(Table VI), while it overestimates the metallization of Si,
Ti, and Cr, as it assumes thermodynamic equilibrium. It
is worth noting that the oxidation states of Ti4+, Ti3+,
Cr3+, and Cr2+ have been taken into consideration for
the Li calculation. The oxidation states of Ti and Cr are
strongly dependent on the oxygen potential that may be
changed during solidification and deviate between the
experimental conditions and equilibrium calculations. In
addition, the distribution of Si and Ti (Table VI) will be
defined based on both thermodynamic and kinetic
parameters, but the model excludes the kinetic effects.
In addition, the variations between the model assump-
tions and the experimental conditions (i.e., lower partial
pressure of O2 in the presence of carbon, open furnace
conditions, and kinetic effects), and uncertainties about
the Ti content in the applied databases, make the
observed differences reasonable. Nevertheless, further
experimental and modeling assessment is necessary for
further discussion of anticipated discrepancies.

B. Slag Characteristics

The results obtained for slags S-1 and S-2 clearly
indicate that increasing the lime addition enhances the
formation of the preferablephases, as also seen from the
theoretical calculations in Figure 8. The formation of
CT and C2S should be taken into consideration in terms
of the slag chemistry and proper CaO additions. Slag
S-3 was found to contain similar phases as slag S-2, and
their C/A mass ratios are quite similar.

For slags S-3, S-3-R, and S-3-S, it was observed that
the slower cooling rate, that is, ~10 �C/min (Table I),
yields more C12A7 in the slag as the C12A7 phase is not
dominant when the cooling rate becomes higher (~52
�C/min, Table I). Besides, the increased cooling rate is
accompanied with the formation of less pure leachable
phases with higher Si and Ti impurities, as illustrated by
the WDS analysis in Table IV. The effect that this may
have on the recovery of alumina can be the dissolution
of Si in the leaching step that affects both further
desilication of the sodium aluminate solution, which
causes some Al loss, and the purity of the alumina
product.[38] It is worth noting that based on the EPMA
results (Figure 6) in all slags, the CT phase seems to
incorporate Al in its structure, as observed in Reference
28, while in another study regarding the CaO-Al2O3-
TiO2 system, the formation of Ca3Ti8Al12O37 is evi-
denced.[39] However, the formation of complex
Ca-Ti-Al-O phase should be investigated more in
addition to the effects it may have in Al2O3 leaching.
Nevertheless, this case most likely occurs for high Ti
concentrations in the raw materials and the obtained
slag and is beyond the scope of the present study as we
did not detect Ca3Ti8Al12O33 by the EPMA and XRD
analysis.

1. Stabilization of C12A7

Both the experimental results and the theoretical
calculations indicate that C12A7 is a stable phase at low
temperatures. According to the literature, in both inert
and dry atmosphere conditions, C12A7 will not form
since it needs excess O2 to be stabilized; thus, an O2

containing atmosphere or small amount of moisture in
an inert atmosphere can enhance the formation of
C12A7.

[40–42] The experiments in the current study were
conducted in top open crucibles and in exposure to air
with normal humidity; hence, the C12A7 phase is
expected to appear in the slag samples. Nityanand and
Fine studied the effect of TiO2 on the liquidus temper-
atures of CaO-Al2O3 as a function of the oxygen
potential and concluded that TiO2 can have a similar
effect as the water vapor in the C12A7 formation.[43] Azof
has recently shown that the existence of a small amount

Table IV. WDS Analysis of Slags S-1, S-2, S-3, and S-3-R

Appearance in BSE Phase/Area Suggested Compound

Oxide (Wt Pct)

CaO Al2O3 SiO2 TiO2 FeO S MgO

S-1 light gray A C2AS 38.22 40.56 20.16 0.86 0.03 0.04 0.13
dark gray B CA 33.03 66.51 0.33 0.05 0 0.04 0.05
white C CT 42.89 10.81 1.91 44.24 0.02 0.01 0.11

S2 dark gray A C12A7 (Si impurities) 44.92 46.86 5.66 1.74 0 0.01 0.16
light gray B C2S/CT/CA 52.61 37.86 5.46 3.85 0.01 0.63 0.35
gray C C12A7 (Si-impurities) 50.27 41.06 4.19 3.45 0.01 0.58 0.5

S-3 bright A CT 45.89 13.81 1.33 37.45 0.01 0.01 0.07
light gray B C12A7 49.51 48.17 0 0.5 0.01 2.13 0.09
eutectic C C12A7/C2S/CT 54.69 33.66 5.52 4.11 0.01 0.03 0.26
gray dendritic D C12A7/C2AS/C2S 51.39 36.83 7.06 1.99 0.02 1.35 0.22

S-3-R fine Structured A C12A7/CT/C2AS 44.64 38.11 6.98 9.58 0.22 0.46 0.22
light gray B C2AS 39.97 48.04 9.66 2.13 0.22 0.16 0.02
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of SiO2 in the CaO-Al2O3 slags has a similar effect, and
they called a C12A7 phase that contains Si ‘‘Si-mayen-
ite.’’[29] Kim et al. observed the dissolution of sulfur in
the C12A7 structure, as we also observed in the current
study.[30] Based on the EPMA analysis of S-3 (Figure 6
and Table IV), we can see that the C12A7 phase has S in
its structure. The free oxygen in the structure of C12A7

can be substituted by other anions, such as S, F–, Cl–, and

OH–,[30,44–46] which can be characterized as stabilizing
agents. Hence, we may claim that under the applied
conditions, all the critical parameters for C12A7 stabi-
lization (the excess O2, existence of moisture, TiO2, and
S) have enhanced its formation. Nevertheless, regarding
the complexity of the system, we cannot conclude which
of the aforementioned parameters plays the most impor-
tant role in C12A7 stabilization.

Table VI. Equilibrium Composition of the Slags S-1, S-2, and S-3 and Metals M-1, M-2, and M-3 at 1650 �C as Calculated by
FactSage

Slag Phases (Wt Pct)

Al2O3 CaO Cr2O3 CrO Fe2O3 S SiO2 TiO2 Ti2O3 Na2O MgO

S-1 45.23 43.81 1.09 9 10�5 2.28 9 10�4 1.08 9 10�5 0.11 5.57 2.84 1.50 0.10 0.44
S-2 38.10 51.52 1.42 9 10�5 1.7 9 10�4 1.80 9 10�5 0.10 5.20 3.27 1.04 0.08 0.46
S-3 36.19 50.89 1.36 9 10�5 1.81 9 10�4 1.45 9 10�5 0.12 6.50 3.82 1.42 0.10 0.66

Metal Phases (Wt Pct)

Fe Si Ti S C P V Cr Al Ni

M-1 88.96 1.25 2.6 1.04 9 10�3 5.6 0.22 0.4 0.46 0.11 0.14
M-2 91.08 0.46 1.21 4.49 9 10�4 5.66 0.22 0.41 0.47 0.11 0.15
M-3 90.41 0.65 1.62 6.29 9 10�4 5.68 0.23 0.46 0.49 0.11 0.14

Table V. Chemical Analysis of Metal Products, as Analyzed by XRF and LECO

Pig Iron
Wt Pct Fe Si Ti C* S P Mn Ni V Cr Cu

M-1 92.74 0.22 0.75 5.22 < 0.001 0.08 0.04 0.32 0.15 0.30 0.03
M-2 91.48 0.15 1.40 5.54 < 0.002 0.09 0.05 0.52 0.17 0.27 0.04
M-3 92.31 0.10 1.01 5.23 < 0.001 0.09 0.06 0.52 0.14 0.28 0.03
M-3-S 92.09 0.02 0.38 5.85 < 0.001 0.13 0.04 0.62 0.20 0.34 0.04
M-3-R 92.28 0.03 0.52 5.82 < 0.001 0.10 0.06 0.42 0.20 0.33 0.03

*Measure by LECO.

Fig. 7—BSE images and elemental X-ray mapping of typical
produced metal (M-3 and M-3-R).

Fig. 8—Phase distribution for S-1 through S-3 based on the
Scheil–Gulliver cooling calculations.
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2. Effect of slag chemistry and cooling rate on C12A7

formation
Based on the anticipated experimental and theoretical

results, we may claim that Ca diffusion plays an
important role in the formation of several CxAy phases,
in agreement with the literature.[47,48] According to the
microstructure analysis in Figure 6 and Table IV, it
seems that in slow cooling (slag S-3), the mayenite phase
appears as a pure phase. Thus, in connection to the slag
chemistry, it is possible for C12A7 to precipitate directly
from the melt. On the other hand, based on the
literature, it is possible that C3A reacts with Al2O3 to
form C12A7 as C3A is less reactive and stable.[16,49]

When we employed high cooling rates, C2AS and C3A
were favored instead of C12A7. Based on the EPMA
results, the impurities in the mayenite phase were
increased (Si and Ti impurities in C12A7, slag S-3-S,
and slag S-3-R) while increasing the cooling rate and the
appearance of C2AS was evidenced. Consequently, we
may claim that when the cooling rate becomes high,
there is not enough time for complete diffusion of the
species (in particular, Ca ions). Thus, it is possible that
the remaining CA or Al2O3 will react with the coexisting
C2S to form C2AS. This can be confirmed further from
the XRD of slag S-3-S (Figure 5), where the C12A7,
C2AS, C2S, and C3A coexist. The C2AS formation
agrees with literature sources,[17] where during rapid
cooling there is not enough time for diffusion depending
on transformations and causing the C2AS. Hence, the
C12A7 is formed only in a low concentration since its
formation will not be kinetically favored, and C2AS,
along with C3A, will be the dominant phase. The
suggested mechanism here is schematically shown in
Figure 10.

It is worth noting that the thermodynamic calcula-
tions did not predict the formation of C2AS since the
present model excludes the kinetic effects, and we may
point out that the formation of the different phases is
highly dependent on the cooling rate. Our previous
experimental work showed that the CaO/Al2O3 ratio

must be in a range of 0.95 to 1.5 in the final slag.[23,24]

Therefore, the operational parameters should be con-
trolled regarding the target CaO/Al2O3 ratio and the
cooling conditions. Based on the present study, applying
slow cooling conditions and targeting a CaO/Al2O3

mass ratio of approximately 1.3 can provide a slag with
proper characteristics for the subsequent alumina recov-
ery. We intend to produce slags with higher amounts of
Al2O3-containing leachable phases with the highest
purities to attain the highest possible alumina recovery.
The alumina recovery depends on both slag character-
istics and later hydrometallurgical treatment. If Al is
completely in the leachable phases, the Al recovery in
the integrated process will be more than 90 pct.[50]

V. CONCLUSIONS

The carbothermic smelting reduction of a BR and a
calcium-carbonate rich BBBP was done in order to
separate the iron as pig iron and produce calcium-alu-
minate slags for further alumina recovery. The main
conclusions drawn from the study are as follows.

1. The iron oxide reduction and separation from the
slags was properly done, yielding pig iron containing
low concentrations of Si, S, P, Ti, V, and Cr. In the
metal, Ti and V appear as complex carbide precipi-
tates.

2. It was found that the sodium oxide of the BR is
completely reduced and removed from the system at
elevated temperatures, yielding a Na-free slag.

3. Both the experimental work and FactSage equilib-
rium calculations showed that the produced slags are
richer in Si, Ti, and S than the metal, while the pig
iron is richer in Cr. FactSage predicts much higher Si
and Cr concentrations in the metal phase than do the
experiments.

4. The increase of the CaO/Al2O3 ratio enhanced the
formation of the desirable leachable C12A7 and CA
phases.

Fig. 10—Suggested mechanism for the formation of C12A7 and
C2AS phases dependent on the cooling rate.

Fig. 9—Measured and calculated at the 1650 �C distribution
coefficient Li in the logarithmic scale for Si, Ti, S, and Cr.
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5. It was observed that the cooling rate significantly
affects the characteristics of the slags and the leach-
able C12A7 phase is obtained mainly under slower
cooling rates.

6. A possible mechanism for the formation of the C12A7

was suggested, in which the C12A7 is formed directly
from the melt due to the C3A and Al2O3 reaction at
slow cooling rates, while a high cooling rate inter-
rupts the diffusion of the species, in particular Ca,
and C2AS with C3A is formed instead.

ACKNOWLEDGMENTS

This research was performed within the EN-
SUREAL project and received funding from the EU
Horizon 2020 Program (H2020/2014-2020) under
Grant Agreement No. 767533, which is gratefully
acknowledged.

FUNDING

Open access funding provided by NTNU Norwegian
University of Science and Technology (incl St. Olavs
Hospital - Trondheim University Hospital).

OPEN ACCESS

This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction
in any medium or format, as long as you give appro-
priate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other
third party material in this article are included in the
article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is
not included in the article’s Creative Commons licence
and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need
to obtain permission directly from the copyright hold-
er. To view a copy of this licence, visit http://creativec
ommons.org/licenses/by/4.0/.

REFERENCES

1. R. Lumley: Fundamentals of Aluminium Metallurgy: Production,
Processing and Applications, 1st ed., Woodhead Publishing Lim-
ited, Cambridge, United Kingdom, 2011, pp. 23–27.

2. JT. Kloprogge, HD. Ruan, and RL. Frost: J. Mater. Sci., 2002,
vol. 37 (6), pp. 1121–29.

3. E. Balomenos, D. Panias, and I. Paspaliaris: Miner. Process. Extr.
Metall. Rev., 2011, vol. 32 (2), pp. 69–89.

4. J. Vind, A. Malfliet, C. Bonomi, P. Paiste, IE. Sajó, B. Blanpain,
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