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Abstract: Sustainable utilization of Bauxite Residue (BR) is currently one of the greatest challenges
being tackled by the alumina industry, due to its high production rates and limited reuse options.
The present work is concerned with the use of BR as a candidate metallurgical raw material for
iron (Fe) production and aluminum (Al) extraction. In more detail, at first, BR undergoes reductive
smelting to extract its Fe content and produce a slag of mainly calcium aluminate composition. In
a second step, Al contained in the calcium aluminate phases is extracted hydrometallurgically by
leaching with a Na2CO3 aqueous solution. The focus of the current study is the optimization of this
leaching process, and it was performed in two stages. The first was a laboratory scale investigation
on the main parameters affecting the extraction rate of Al. The second stage was performed in pilot
scale and incorporated observations and suggestions based on the laboratory scale investigation.
Laboratory work showed that more than 50% of aluminum could be easily extracted in less than 1 h,
in 5% S/L, at 70 ◦C and with an 20% excess of Na2CO3. Pilot scale work, by successfully applying the
suggestions derived from laboratory scale work, achieved an average Al extraction of 68% from a 10%
S/L pulp, with a slag of optimized composition in relation to the one used in the laboratory scale.

Keywords: bauxite residue; red mud; slag valorization; alumina; leaching; zero-waste;
calcium aluminates

1. Introduction

Bauxite Residue (BR) is the term used to describe the solid residue produced from
the alkaline digestion of bauxite in the Bayer Process for the production of aluminum
oxide (alumina, Al2O3). BR is produced in large amounts in alumina refineries: about
0.9–1.5 tons of BR per ton of Al2O3, depending on bauxite quality and plant operating
conditions. This by-product is currently one of the greatest sustainability challenges faced
by the alumina industry [1]. Storage of the wet or dry residue in disposal sites is not a
viable option in the long term, especially when one considers the global stock of BR, which
was estimated at 2.7 billion tons in the beginning of the previous decade [2]. Given the lack
of large-scale BR reuse options [3], this amount is expanding with increasing rates, due to
the raise in demand of primary aluminum. Global production of alumina was estimated at
134 million metric tons for 2020, the majority of which was produced by Bayer plants [4].
On the road to sustainability and a zero-waste production process, the alumina industry is
orienting its efforts on possible utilization processes for BR, among which are processes for
the extraction of metal values from BR.

The main feature of BR as a candidate metallurgical raw material is its chemical and
mineralogical heterogeneity. Major metal values contained in BR are Fe, Al, Na and Ti.
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Other metals of economic interest that are commonly found in BR are Ga, V, Sc and the
REEs. The latter are found in minor amounts. As the concentrations of the major metals in
BR are lower compared to their respective concentrations in metallurgical grade ores used
for their extraction, the only viable economic option for its processing is the production of
several metals by single integrated process [5].

The Laboratory of Metallurgy of the National Technical University of Athens (NTUA)
and MYTILINEOS Aluminium of Greece plant are participating in the H2020 Removal
Project [6], a collaborative research project which evaluates different process routes for the
valorization of Greek BR. Among other alternatives, a two-stage process for the extraction
of the Fe and Al content of Greek BR is studied. The main goal of the first stage of the
process under consideration is the extraction of the Fe content of BR, in the form of metallic
iron. This is achieved by a reductive smelting operation. A second goal is the production
of a slag of suitable phase composition, which will be further treated for the extraction of
Al. The second stage of the process is the alkaline extraction of Al from the slag produced
in the reductive smelting step, by leaching with an aqueous Na2CO3 solution. In Figure 1,
a conceptual flowsheet of the process is shown.

Figure 1. Conceptual flowsheet of the metallurgical process for the treatment of BR under investiga-
tion in the present work.

Processes for the extraction of Fe usually comprise the first stage in most integrated
process flowsheets studied for the metallurgical treatment of BR. This is logical, considering
that Fe is the most concentrated metal value found in BR and the one causing the most
difficulties downstream in process flowsheets that aim at the extraction of other valuable
metals. Process alternatives for the extraction of Fe from BR have been reviewed by X. Liu
et al. [7]. Reductive smelting of BR is a process option that usually aims at the production
of a marketable iron alloy. D. Valeev et al. used neutralized (Na-free) BR from the Ural
Aluminum Plant in a reductive smelting process [8]. At 1750 ◦C, they produced pig iron,
low in sulfur (S) and high in Ti (~1.12 wt.%), V (~0.49 wt.%) and P(~0.96 wt.%). Reductive
smelting of Greek BR has been studied by various research groups, in relation to process
flowsheets that aim at the extraction of Sc and REEs. It is estimated that Greek BR produced
at the MYTILINEOS Aluminium of Greece plant contains on average ~1 kg of REEs per
ton of BR (dry basis) with Sc averaging ~120 g per ton (0.02% Sc2O3) [9]. C. R. Borra et al.
studied a three-stage process to treat Greek BR for the extraction of Al, Fe and REEs [10].
The first stage was an alkali roasting stage with Na2CO3, that aimed at the removal of Al
and Na from BR. By this process, about 75% of alumina contained in BR was extracted by
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water leaching, at 80 ◦C, in 1 h. The Al-depleted BR was then reductively smelted, with
carbon as the reductant, leading to a 98 wt.% extraction of Fe. REEs concentration in the
leaching residue was higher by a factor of 3 and was directly leached with mineral acids.
Sc extractions were over ~80% for both HCl and H2SO4 leaching of the slag residue. R.
M. Rivera et al. studied a reductive smelting–HPAL process for the selective extraction
of REEs [11]. The reductive smelting step aimed, firstly, at the extraction of Fe, which
poses challenges in the downstream process of acid extraction of the REEs. Secondly,
different slag compositions and slag crystallinity (glassy or crystalline) were studied by
using different flux mixtures (CaO and SiO2) and cooling rates. After the reductive smelting
step, the concentration of Fe in all slags was below ~4 wt.%. Extraction rates for the Sc
from the slags were up to 90 wt.% for HPAL with H2SO4 at 150 ◦C and up to 80 wt.%
HPAL with HCl at 120 ◦C. Moreover, more than 90% wt.% of the Al contained in the slags
was recovered.

Processing of BR for the extraction of Al is studied by acid and alkaline routes, due
to the amphoteric character of Al. Processing options include, either the direct processing
of BR, or processing of intermediate phases produced by prior treatment, as is the case of
slags produced after the reductive smelting of BR described earlier. The various process
alternatives have been reviewed multiple times [12–14]. Relevant to the process under
investigation is the work by B. Friedrich and F.M. Kaußen, who studied different alkaline
process routes for the extraction of Al from homogenized BR recovered from a closed
industrial landfill [15,16]. Among the processes studied was one termed “Pedersen–Bayer
Process” which consisted of a reductive smelting step for the extraction of the Fe content
of BR and subsequent pressure leaching of the slag with NaOH for the extraction of
Al. Different slag compositions were formed by gradually increasing lime additions.
The authors identified that most of the phases formed were either insoluble or needed
aggressive leaching conditions in all slag compositions produced. It is reported that
leaching at 250 ◦C, with 200 g/L NaOH, led to 50% Al extraction and 200 mg/L Si co-
dissolution independent of slag phase composition. Aluminum recovery of 95% was
achieved from a slag with CaO/SiO2 equal to 1.4, by leaching with a solution containing
465 g/L NaOH, for 2 h leaching time, at a temperature of 280 ◦C. The authors conclude
that such conditions are of no practical industrial interest.

The process studied in the present work is based on an alternative approach to the
leaching of slags that are produced by the reductive smelting of BR. This approach is based
on the modelling of the slag composition with respect to the aluminate and silicate phases
produced. In more detail, the formation of certain calcium aluminate and calcium silicate
phases is desired. Before turning to the specifics of these phases, we present a note on
terminology. For the remaining of the present discussion, the common terminology of
the cement industry is used to describe various calcium aluminates, silicates and hydrate
phases that are encountered. In this terminology, C represents CaO, A represents Al2O3,
S represents SiO2 and H denotes H2O. This choice is made because it has been proven
more comprehensive for the description of the chemical actions these phases participate
in. Diversions from this terminology are encountered only in the description of chemical
actions for which the ionic character of the compounds is important.

Calcium aluminates are binary oxides of the CaO–Al2O3 system, mostly known
for their use in high alumina cements (HAC) and refractories [17]. Stable phases in the
CaO–Al2O3 system are considered tricalcium aluminate (3CaO·Al2O3, C3A), monocalcium
aluminate (CaO·Al2O3, CA), calcium dialuminate (CaO·2Al2O3, CA2) and calcium hexalu-
minate (CaO·6Al2O3, CA6). Dodecacalcium heptaluminate or mayenite (12CaO·7Al2O3,
C12A7) is usually included among the calcium aluminates due to its importance and co-
formation with C3A and CA, though it is not considered a stable phase in the anhydrous
CaO–Al2O3 system [18,19]. A characteristic feature of the calcium aluminates with molar
ratio CaO/Al2O3 ≥ 1 (C3A, C12A7 and CA) is that they are chemically attacked by aqueous
Na2CO3 solutions to produce CaCO3 and dissolved sodium aluminate (Al(OH)4

−). This
action is described by the generic chemical Equation (1).
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xCaO·yAl2O3 + xNa2CO3 + (x + 3y)H2O→ xCaCO3 + yNaAl(OH)4 + 2(x− y)NaOH (1)

This feature is known for more than a century and various alternative processes for
alumina production based on it have been proposed, including the Pedersen Process and the
Lime Sinter Process [20–22]. These processes share the following common design principles:

(a) CA and C12A7 are the target calcium aluminate phases as they have proven to give
the highest Al extraction rates in Na2CO3 aqueous solutions. C3A is also leachable
but to a minor extent. In more detail, R. V. Lidquist and H. Leitch achieved 98 wt.%
Al extraction from CA produced by pure reagents. Leaching was performed under
atmospheric pressure conditions, at 70 ◦C, with a solution of Na2CO3, with 10%
w/w addition of NaOH (total equivalent Na2O concentration at 85 g/L), for 1.5 h of
leaching time and with an S/L ratio ~14% [23]. Similar extraction rates were achieved
in a later study by the same authors for C12A7 produced from pure reagents, under
the same conditions (atmospheric pressure 70 ◦C) with an 85 g/L Na2CO3 solution,
in 1 h of leaching time and with an S/L ratio ~6%, while pure C3A extractions at
approximately the same conditions never exceeded 60% [24]. Similar results were
achieved by F. I. Azof et. al, who leached slags containing CA/C3A [25]. Extraction
rates for CA and C3A reached 98% and 65%, respectively, for leaching performed
under atmospheric pressure conditions, at 70 ◦C, with a solution of 120 g/L Na2CO3
and 7 g/L NaOH.

(b) Bounding of all SiO2 in the form of γ-Ca2SiO4 (γ-C2S) is essential in all processes
and this is possible by employing slow cooling rates during slag solidification. The
transformation of C2S from the β- to the γ- phase leads to the known disintegration
or dusting effect of the slag [26]. This effect reduces grinding costs while, at the same
time, hindering the formation of gehlenite (Ca2Al2SiO7, C2AS), which is a phase
difficult to leach and consequently leads to reduced Al extraction rates [27].

This work focuses mainly on the leaching process of calcium aluminate slags produced
by the reductive smelting of Greek BR. The work was performed in two stages: first in
laboratory scale and then in pilot scale. Laboratory scale work was initially performed on a
calcium aluminate slag that was produced on laboratory scale and served as the starting
point for the study. The aim of the laboratory scale work was to assess the leaching process
and, according to the observations, assist in the optimization of the pilot scale work. Pilot
scale work was performed at a later stage with a slag and under leaching conditions that
were optimized according to the suggestions of the laboratory scale work.

2. Materials and Methods

The present research work on the leaching of calcium aluminate slags produced by
the reductive smelting of Greek BR consists of two stages. At a first stage, laboratory scale
tests were performed by the Laboratory of Metallurgy of the National Technical University
of Athens (NTUA), on a calcium aluminate slag, also produced in laboratory scale. This
slag was produced using an excess of lime in order to produce the target calcium aluminate
phase of C12A7 and avoid the formation of C2AS. This stage of experimental work aimed
at assessing this slag’s leaching behavior and judge whether it is a suitable material for the
pilot scale tests.

Upon completion of the laboratory scale work and based on the conclusions drawn
thereof, pilot scale tests were performed in the facilities of MYTILINEOS Aluminium of
Greece plant. The goal of the pilot scale tests was to achieve similar, or better, aluminum
extraction results compared to the laboratory scale, by implementing improvements in slag
engineering and in the parameters of the leaching process.

According to the aforementioned experimental plan, the materials and methods used
in each stage are addressed separately.
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2.1. Laboratory Scale Experiments
2.1.1. Methodology

Laboratory scale tests aimed at assessing the effects of the main hydrometallurgi-
cal parameters on the extraction degree of Al and Si. These are defined as the mass of
each metal dissolved in the leaching solution, divided by its mass contained in the slag
(Equations (2) and (3), respectively).

Al extraction (%) =
mAl dissolved

mAl slag
× 100 (2)

Si extraction (%) =
mSi dissolved

mSi slag
× 100 (3)

where mAl dissolved and mSi dissolved are the masses of aluminum and silicon dissolved in
solution after leaching, respectively, while mAl slag and mSi slag are the mass of aluminum
and silicon contained in the amount of slag that underwent leaching, respectively.

The parameters evaluated are temperature, hydrodynamics of agitation, pulp density
(or Solid to Liquid ratio, S/L) and the concentration of the leaching agent. Out of these,
the hydrodynamics of agitation are the most difficult to investigate as it depends both
on physicochemical properties of the raw materials and on equipment design factors,
such as the reactor geometry, stirring impeller geometry and speed of agitation. For this
work, a single reactor was used and consequently, impeller geometry and stirring speed
were optimized in separate tests. Moreover, the mean particle size of the slag remained
stable throughout the experimental work. The combined effect of these features resulted
in hydrodynamic conditions that could be considered optimized for the specific reactor
set up and, thus, are stable experimental design parameters. The remaining parameters of
temperature, leaching agent concentration and S/L ratio are those studied in laboratory
scale tests.

An experimental plan was devised which consisted of the following tests:

a. Effect of temperature on Al and Si extraction;
b. Effect of Na2CO3 concentration on Al and Si extraction;
c. Effect of S/L ratio on Al and Si extraction;
d. Kinetic approach tests of the leaching mechanism.

For tests (a)–(c), a one-factor-at-a-time (O.F.A.T.) experimental approach was followed
in order to reach an optimum combination of these parameters. All experiments were
of 60 min duration and repeated twice to ensure a minimum reproducibility of results.
The leaching solution was preheated to the temperature selected for each experiment and
the start of each experiment was marked as the moment the slag sample was inserted
in the reactor. Upon completion of each test, stirring was turned off and the pulp was
filtered with a Buchner funnel, without being allowed to cool down. After filtration, the
aluminate solution was stored in a sealed volumetric flask and allowed to cool freely to
room temperature and kept for wet chemical analysis. The residue was washed with 200 mL
of deionized water. The washing solution was also kept for analysis and the residue was
allowed to dry for 24 h at 105 ◦C. After drying, a sample was drawn for crystallographic
analysis by XRD and the rest of the residue was stored. Table 1 summarizes the values
tested for different parameters.

Table 1. Parameters tested in the laboratory scale tests, their range, levels and corresponding
values selected.

Parameter Range Levels Parameter Values Tested

Temperature 50–90 ◦C 3 50◦, 70◦, 90◦

Na2CO3 concentration 46–138 g/L 4 46 g/L, 55 g/L, 92 g/L, 138 g/L
S/L Ratio 5–15% 3 5%, 10%, 15%
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Concerning the selection of values for Na2CO3 concentration, the selection was chosen
according to the theoretical molar amount of Na2CO3 needed for complete reaction of the
corresponding carbonate ion content with the Ca content of the slag. The minimum value
of 46 g/L corresponds to the theoretical amount, with the following values corresponding
to an excess of 20% (55 g/L), 100% (92 g/L) and 200% (138 g/L).

In the case of the kinetic approach tests (d), full scale leaching was conducted according
to the procedure described before. All hydrometallurgical parameters remained stable
in these tests, besides the parameter of leaching duration. It was selected to perform
5 min, 15 min and 60 min leaching tests. Al and Si extractions were estimated in the
aluminate solution and the residues were examined by XRD after being dried according to
the procedures described earlier. The only difference between the kinetic approach tests
and the O.F.A.T. methodology was that the washing solutions were not stored for analysis
afterwards in the former.

2.1.2. Equipment and Materials Used

Leaching work was performed with a custom reactor set up. The body of the reactor,
besides the lid, was built from parts of a Parr™ 4563 model. For this work, the reactor lid
was replaced by a custom Teflon lid, suitable for leaching tests at atmospheric pressure. In
more detail, the reactor set-up consisted of a 600 mL capacity vessel made from Inconel
alloy, a heating mantle, and the Teflon lid. The lid was built with openings and sockets
which allowed for: (a) attaching a condenser for condensing vapors, (b) the immersion of a
thermocouple and mechanical stirrer (c) the insertion of the solid sample, (d) the drawing
of pulp samples during leaching and (e) the immersion of electrodes for pH measurement.
Heating and stirring were controlled by a PLC unit. All leaching tests were performed
under atmospheric pressure conditions.

Elemental chemical analysis of the aqueous solutions produced was performed in a
PerkinElmer™ PinAAcle 900T Atomic Adsorption Spectrometer. Crystallographic analysis
of the solid samples was performed in a Malvern-PANalytical™ X ‘Pert Pro diffractometer,
with CuKa radiation (V = 40 KV και I = 30 mA). Phase identification was performed
with Bruker™ Diffrac EVA software and use of ICDD™ Diffraction databases PDF-4+ και

PDF-4 Minerals.
The raw material used for the laboratory scale experiments is a slag produced from

reductive smelting of Greek BR and was produced into a 100 KVA DC laboratory scale
electric arc furnace, operated at about 5 kW, and smelted batch wise in a graphite crucible.
Details about the experimental procedure and properties of the slag are discussed in a
previous publication [28]. After separation of slag from metal, the former was prepared
for subsequent hydrometallurgical treatment. The slag was first mechanically crashed
to cm size particles and then milled in a LABTECHNICS LM2 Laboratory Pulverizing
Mill with a target size of passing through the 0.3 mm sieve. Sampling of the milled slag
was performed using a riffle splitter to ensure homogeneity and samples were drawn for
chemical, crystallographic and particle size analysis of the slag.

Particle size analysis was performed by sieving of the dry material. The particle
size distribution curve is shown in Figure 2. It can be observed that 100% of the slag
passes through the 0.3 mm sieve. Moreover, the mean D50 of the material was calculated
graphically from the particle size distribution curve and is also shown in Figure 2.

For the chemical analysis, slag samples were fused with a mixture of borate fluxes
and the melt was dissolved in 10% HNO3 solution. The wet samples were analyzed by
Atomic Adsorption Spectroscopy (AAS). The chemical analysis for the main elements,
calculated in wt.% of their respective oxides is shown in Table 2. The carbon (in the form
of graphite) content of the slag was estimated by a LECO elemental analyzer and is also
shown in Table 2.
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Figure 2. Particle size distribution and corresponding graphical estimation of the D50 of the Ca-rich
slag used for the laboratory scale experiments of this study.

Table 2. Chemical analysis of the Ca-rich slag used for the laboratory scale experiments of this study.

Component CaO Al2O3 SiO2 TiO2 FeO Na2O MgO Cr2O3 C Others

Content 50.8% 26.3% 10.4% 5.7% 1.2% 2.4% 0.8% 0.11% 1.7% 0.7%

Finally, crystallographic analysis was performed by Powder X-ray Diffraction. The
Powder X-ray Diffractogram of the slag is shown in Figure 3. The alumina content of the
slag is found on the calcium aluminate phases of C12A7 and C3A. Perovskite is the only
Ti-bearing phase, while silicon is found in the form of two modifications of the C2S phase.
Finally, graphite and traces of metallic Fe are also observed. The dusting effect related to
the γ-C2S (calcio-olivine) was never observed, hence the need for crushing and milling of
the slag.

Figure 3. Powder X-ray Diffractogram and phase identification of the Ca-rich slag used for the
laboratory scale experiments of this study.
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2.2. Pilot Scale Experiments

At the Pyro-pilot facilities of MYTILINEOS, Greek BR was smelted in 1MVA Electric
Arc Furnace (EAF) to produce pig iron and calcium aluminate slag. The slag was then
treated at the Hydro-pilot facilities of MYTILINEOS. An 800 L Polypropylene leaching
reactor, with a Halar coated steel blade agitator and emerged heating and cooling coils
for temperature control, was employed. The percent extractions of Al2O3 and SiO2 were
estimated based on comparing the chemical analyses of these compounds in the solid
residue of the leaching process with their respective amounts before leaching.

All solids were analyzed at MYTILINEOS by fused bead XRF analysis, using an ARL™
PERFORM’X Sequential X-ray Fluorescence Spectrometer. Crystallographic analysis of the
slag was performed with the same instrument used for the analysis of the laboratory scale
tests (described in Section 2.1.2).

For the pyrometallurgical pilot work, BR was dried in a static bed dryer before feeding
and was mixed with 300 kg CaO/t BR and 180 kg metallurgical coke/t BR. Chemical
analysis of these raw materials is shown in Table 3. This feed was smelted in 300–500 kg
batches in the EAF. Smelting duration was 74 min and the maximum temperature reached
was 1700 ◦C.

Table 3. Chemical analysis of the materials used in pilot scale pyrometallurgical tests.

Material Al2O3
%

Fe2O3
%

CaO
%

SiO2
%

TiO2
%

Na2O
%

MgO
%

CaCO3
%

C
%

S
%

P
%

LOI
%

Others
%

BR 19.75 42.74 9.42 6.98 5.28 2.92 - - - - - 9.42 3.44
Lime - - 96.37 - - - 0.63 0.93 - - - - 2.07
Coke 3.11 - 1.28 3.74 - - - - 82.62 0.22 0.04 - 8.99

The pig iron produced was casted in ingots. The slag was casted in 100 L steel ladles
and left to slowly solidify. Subsequently, the slag was crushed and milled using a series of
jaw crushers, cylinder crushers and disk mill to attain a−500 µm particle size. The chemical
analysis of the slag is shown in Table 4 and its crystallographic analysis in Figure 4.

For the leaching work performed in pilot scale, the reactor was filled with 0.5 m3 of
120 g/L Na2CO3 solution and heated to 70 ◦C. A total of 50 kg of slag was added to the
reactor (10% S/L) and the pulp was retained in the reactor for 30 min. These conditions were
suggested after the laboratory scale tests were completed (results described in Section 3.1).
Subsequently, the resulting slurry, consisting of the aluminate solution and the leaching
residue, was transferred to a holding tank and a new leaching cycle followed. Two runs
(termed Run A and Run B), each consisting of 3 leaching cycles (150 kg of slag treated in
total at each Run) were performed. The slurry produced after each run was filtered at 6 bar
pressure in a filter-press, with filter-clothes of 10 µm pore size, producing an aluminate
solution and a filter cake (grey mud).

Table 4. Chemical analysis of the Ca-rich slag produced and used for the pilot scale experiments of this study.

Component Al2O3 % Fe2O3% CaO % SiO2 % TiO2 % Na2O % V2O5 % SO3 % LOI % Others

Content 32.00 0.89 36.30 13.10 4.28 1.38 0.08 0.61 1.57 9.79
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Figure 4. Powder X-ray Diffractogram and phase identification of the Ca-rich slag used for the pilot scale experiments of
this study.

3. Results
3.1. Results of Laboratory Scale Experiments
3.1.1. Effect of Temperature, Na2CO3 Concentration and S/L Ratio on Al and Si Extraction

Al and Si extraction rates from the laboratory scale tests, calculated as % Al ex-
traction and % Si extraction, according to Equations (1) and (2), respectively, are shown
in Figure 5a–f. These extraction rates correspond solely to the Al and Si contained in the
aluminate solutions produced. Washing solutions contained about 1.5–3% of the Al ex-
tracted and below 1% of the Si extracted, regardless of the leaching conditions employed,
as shown in Table 5. In other words, the total extraction rate for any test is the sum of the
extraction rates in the aluminate and the washing solution. On the other hand, based on
the uniformity of the extraction rates in the washing solutions and due to the design of
the Hydro-pilot facilities of MYTILINEOS, where these two streams would not be inter-
mixed, focus will be placed on the results of the aluminate solution stream, which is of the
main interest.

Figure 5. Cont.
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Figure 5. Laboratory scale extraction results: (a) effect of temperature on Al extraction, (b) effect of temperature on Si
extraction, (c) effect of Na2CO3 concentration on Al extraction, (d) effect of Na2CO3 concentration on Si extraction, (e) effect
of S/L ratio on Al extraction, (f) effect of S/L ratio on Si extraction.

Table 5. Al and Si extraction rates in the washing solutions of the laboratory scale tests.

Parameter Tested Parameter Value % Al Extraction in
Washing Solution

% Si Extraction in
Washing Solution

Temperature
50 ◦C 1.6% 0.6%
70 ◦C 1.9% 0.5%
90 ◦C 2.3% 0.4%

Na2CO3 Conc.

46 g/L 1.9% 0.5%
55 g/L 1.6% 0.4%
92 g/L 2.3% 0.4%

138 g/L 1.7% 0.3%

S/L Ratio
5% 2.3% 0.4%
10% 2.7% 0.3%
15% 3.3% 0.3%

The main experimental observations are summarized below:

• Effect of temperature on Al and Si extraction: As seen from Figure 5a, the extraction
rate of Al remains virtually unaffected in the range between 70 ◦C and 90 ◦C, while the
increase observed with a temperature raise from 50 ◦C to 70 ◦C is small. Si extraction
rates (Figure 5b) increase with an increase in leaching temperature. The choice of high
leaching temperatures would make sense only if higher Al extraction could also be
achieved to counterbalance this phenomenon. For this reason, a temperature of 70 ◦C
was chosen for the next two series of experiments, as the middle-ground between
acceptable Al extraction rates and corresponding low Si co-dissolution rates.
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• Effect of Na2CO3 concentration on Al and Si extraction: Employing a small excess
of Na2CO3 (20% excess, 55 g/L) has practically the same effect on the Al extraction rate
as employing a bigger excess (100% excess, 92 g/L), as shown in Figure 5c. Moreover,
a larger excess of Na2CO3 (200% excess, 138 g/L) shows no further increase in Al
extraction rates. As shown on Graph 5d, Si extraction rates remain constant throughout
the range of Na2CO3 concentrations tested. This consistency could prove important
for further modelling of the process in pilot scale. According to the results mentioned
above, an excess of 20% Na2CO3 is selected for the last series of experiments.

• Effect of S/L ratio on Al and Si extraction: As shown in Figure 5e,f, both Al and Si
extraction rates are reduced with the increase in the S/L ratio. This was more or less
expected, as with increased S/L ratio, the excess in concentration of the leaching agent
is diminished (actually an excess of slag is employed). Consequently, this leads to
lower Al and Si extraction rates and to more concentrated aluminate solutions, due
to higher absolute amount of metals dissolved. Table 6 presents the concentration of
Al and Si in the aluminate solution for each S/L ratio tested, calculated as equivalent
Al2O3 and SiO2 concentrations, verifying the above explanations.

Table 6. Al and Si extraction rates and concentrations in the aluminate solutions at different S/L ratios.

S/L Ratio % Al Extraction % Si Extraction Al2O3 (g/L) SiO2 (g/L)

5% 49.7% 3.5% 6.5 0.18
10% 39.9% 2.5% 10.4 0.26
15% 36.9% 2.3% 15.6 0.36

The results of the laboratory scale tests indicated overall low extraction rates for Al.
Among the hydrometallurgical parameters tested, increasing the concentration of Na2CO3
showed to have a positive effect, but only for a small, controlled excess in relation to the
stoichiometric amount needed. Moreover, Si extraction rates appear to be temperature-
dependent, with the higher rates observed in 90 ◦C (Figure 5b) and remaining uniform
in the range of 2–3% in 70 ◦C, regardless of the values of the other leaching parameters
(Figure 5d,f). The optimum leaching conditions for 5% S/L ratio were achieved for leaching
with a solution containing 55 g/L Na2CO3, at 70 ◦C, corresponding to ~50% of total
extraction for Al and ~3.5% extraction for Si. The chemical analysis of the main components
of the leaching residue is shown in Table 7 (dry basis).

Table 7. Chemical analysis of the grey mud (dry basis) produced under the optimal conditions of the
laboratory scale experiments of this study (5% S/L, leaching with 55 g/L Na2CO3, at 70 ◦C).

Component CaO Al2O3 SiO2 TiO2 FeO Na2O Others LOI

Content 51.1% 13.8% 9.3% 5.9% 1.4% 0.8% 1.9% 15.8%

In order to better comprehend the leaching mechanism, a final series of experiments
was designed. They were termed “kinetic approach” tests and their goal was to monitor
the evolution of Al and Si extraction rates during leaching. The corresponding leaching
residues would be crystallographically analyzed in order to assess, through the solid
products, the reactions taking place at different times. Consequently, the term “kinetic
approach” is meant as a description of this experimental design and not a kinetic study of
the hydrometallurgical system under investigation.

3.1.2. Kinetic Approach Tests

For these tests, the following values were selected for the parameters under investigation:

a. A 5% S/L ratio—this ratio was chosen to avoid excessive variations in the consump-
tion of the leaching agent;
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b. Na2CO3 concentration of 46 g/L, which corresponds to the theoretical amount
needed for complete reaction between the CaO content of the slag and the carbonate
content of the solution (according to Equation (1));

c. Tests were performed at 70 ◦C and 90 ◦C, in order to further assess the behavior of Si
during leaching, which appears to be temperature-dependent.

First, the extraction rates of Al and Si, in relation to the leaching duration, for both
temperatures, are presented, followed by the results of the crystallographic analysis of the
leaching residues.

Figures 6 and 7 present the % Al extraction and % Si extraction rates, at different
leaching durations, for both temperatures studied. It is observed that no more than 15 min
of leaching time is needed for Al and Si to reach their maximum extractions in the aluminate
solution. Moreover, Al extraction appears to be slightly greater for the lower leaching
temperature of 70 ◦C for the first 15 min of leaching. Finally, at the end of the leaching
process, extraction rates for Al, at both temperatures, are almost equal. On the other hand,
by looking at the extraction of Si, it is slightly greater at 90 ◦C during the whole duration of
leaching. The final extraction rate of Si in both cases does not exceed 4%, which was also
observed in the previous series of tests.

To summarize the main observations from the extraction rate results, it is shown that
in the first 5 min of leaching, regardless of the leaching temperature, the rate of extraction
is extremely rapid for aluminum. Practically, leaching comes to a standstill after the first 15
min of leaching. The crystallographic analysis of the residues at the first stages of leaching
aims at providing more information about this behavior.

Figure 8a,c show the XRD graphs for the 70 ◦C tests at different leaching times (5 min,
15 min and 60 min tests, respectively). Figure 8a,b, corresponding to the residues obtained
from the 5 min and 15 min tests, show many different reaction products and, consequently,
a much more dynamic process during this stage of leaching. Residues of the 5 min
leaching tests (Figure 8a) show that the formation of all three polymorphs of CaCO3 (calcite,
vaterite and aragonite) has started, besides the presence of the unreacted slag phases
(calcium aluminates, calcium silicates and perovskite). Moreover, two minor hydrate
phases are present: katoite, with a chemical composition of (CaO)3(Al2O3)1.425(H2O)4.),
which is a calcium aluminate hydrate phase, along with a calcium monocarboaluminate
(Ca4Al2(OH)12CO3.5H2O).

Figure 6. The %Al extraction rate at different leaching times, at 70 ◦C and 90 ◦C.
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Figure 7. The %Si extraction rate at different leaching times, at 70 ◦C and 90 ◦C.

With the progression of leaching, at 15 min duration (Figure 8b), the calcium monocar-
bonate aluminate phase is no longer observed, while katoite persists. At the same time the
peaks of calcite intensify. Finally, after 60 min of leaching (Figure 8c), all hydrate phases,
along with vaterite, are no longer observed. The main reaction products remaining are
calcite and aragonite. The same succession of phenomena was observed also at the residues
from the 90 ◦C leaching tests, the only difference being the persistence of the calcium
monocarboaluminate phase in the residue of the 15 min leaching test.

3.1.3. Summary of Observations and Suggestions for the Pilot Work Tests

Laboratory scale work showed that significant optimizations were needed in order
to increase the alumina yield of leaching. These optimizations were implemented in the
design process of the planned pilot scale work. Concerning the issue of slag composition,
the main observation, verified by the crystallographic analysis, was that the excess of CaO
used to suppress C2AS formation has a negative effect on extraction, due to the formation of
C3A. As a result, for the pilot scale pyrometallurgical work, the amount of CaO used as flux
was reduced. This is reflected in the chemical (Table 3) and crystallographic composition
(Figure 3) of the slag produced in pilot scale. This pilot scale slag contained about 36%
CaO (compared to ~50% CaO of the laboratory scale slag). Some C2AS is formed, but the
lowered CaO content favored the formation of CA.

Concerning the observations of the leaching tests, it was shown, first of all, that in-
creased leaching temperatures and Na2CO3 concentrations are not needed for leaching
calcium aluminate slags. Temperatures of 70 ◦C and a minor excess of Na2CO3 proved suf-
ficient for extracting about 50% of the Al contained in the laboratory slag. Si co-dissolution
is inevitable, though its extent appears to be easily predictable and temperature dependent.
Moreover, it appears that maximum Al extraction is achieved fast (<20 min); as a result,
depending on the pilot plants operative conditions, a leaching duration of less than 1 h is
suggested. A key issue for pilot scale work is the fact that low S/L ratios are not desirable
on operating and cost-effective grounds. According to these considerations, the conditions
suggested for pilot plant work were as follows:

• Concentration of leaching agent: 120 g/L Na2CO3 (corresponding to a small excess
of Na2CO3 in relation to the CaO content of the slag);

• S/L ratio: 10%;
• Leaching temperature: 70 ◦C;
• Duration: Less than 1 h (exact value defined by the operating capabilities of the

pilot plant).
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Figure 8. Crystallographic characterization of XRD analysis of leaching residues of the kinetic approach experiments at
70 ◦C: (a) residue of 5 min leaching test, (b) residue of 15 min leaching test and (c) residue of 60 min leaching test.

3.2. Results of Pilot Scale Experiments

As described earlier (Section 2.2), two leaching runs were performed, each with 150 kg
of the calcium aluminate slag that was produced in the pilot scale EAF. Leaching and
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solid/liquid separation of a 150 kg of slag produced approximately 1380 L of aluminate
solution and 114.9 kg of filtercake (grey mud), on a dry basis, in the first trial (Run A)
and 1310 L of aluminate solution and 128.8 kg of grey mud, on a dry basis, in the second
trial (Run B). The percent yield of grey mud in each run and the corresponding chemical
analysis are shown in Table 8.

Table 8. Percent yield and corresponding chemical analysis of the produced filtercakes (grey muds) from the pilot scale
tests.

Material
on Dry
Basis

Yield % Al2O3 % Fe2O3 % CaO % SiO2 % TiO2 % Na2O % V2O5 % SO3 % LOI %

Grey Mud
(Run A) 76.6% 10.50 1.97 45.90 11.80 6.15 5.37 0.14 0.26 16.70

Grey Mud
(Run B) 85.8% 9.05 2.04 42.90 11.60 5.18 5.81 0.08 0.24 21.90

According to the data of Table 8, the leaching process achieved 72.08% and 64.56%
aluminum extraction rates in the two tests, respectively, or 68.23% on average. Silicon
extraction was limited to 1.95% and 1.85%, respectively, or 1.90% on average. The resulting
aluminate solutions had 24.56 g/L and 23.65 g/L Al2O3 and will be used for alumina
precipitation tests.

The crystallographic analysis of the grey mud produced in the pilot scale leaching
runs is shown in Figure 9. The first observation is that C12A7 and CA are present only as
minor phases in the residue, a fact that is related to the higher Al extraction rates achieved.
Moreover, C2AS is still present in the residue as one of the main components, suggesting
that the aluminum bound in this phase was not leached. Finally, a small fraction of the Al
content of the slag is precipitated in the form of katoite. Even with the unleached C2AS
and the precipitation of katoite, aluminum extraction rates were overall higher due to the
incorporation of the suggestions based on the laboratory scale tests.

Figure 9. Powder X-ray Diffractogram and phase identification of the grey mud produced at the pilot scale leaching
experiments of this study.
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4. Discussion

Both laboratory and pilot scale work performed in the course of this research high-
lighted important aspects of the alkaline leaching of calcium aluminate slags. The most
significant observations of the present work are discussed further in this section.

4.1. Correlation between Slag Composition and Aluminium Extraction Rates

The first important observation from the laboratory scale experiments was the low
extraction rates for aluminum. Though the known effect of coating of the slag particles by
CaCO3 is one of the reasons that further extraction is hindered [29], a closer examination to
the XRD graphs of the residues elucidated that it was also the crystallographic composition
of the slag that played a significant role. The slag used in the laboratory scale experiments
was produced with an excess of CaO in order to dilute its SiO2 content and avoid the
formation of C2AS. The excess CaO led to the formation of C3A, which proved less soluble
under the conditions applied, as shown by its presence in the XRD graph of the leaching
residue, even after 60 min of leaching (Figure 8c). This is also in accordance with the
findings of previous researchers working with C3A produced by reagent grade raw mate-
rials [24,25]. In other words, the soluble alumina observed in the aluminate solutions is
attributed mostly to the leaching of C12A7. This observation led to the decision of lowering
the amount of CaO in the pilot scale.

As a consequence, the slag produced in pilot scale, was a mixture of C12A7 and CA,
which were both easily leachable, even at higher S/L ratio and higher mean particle size,
compared to the laboratory scale experiments. This can be observed in the XRD graph of
the residue produced at the pilot scale leaching runs (Figure 9), where the intensities of
characteristic diffraction peaks of C12A7 and CA have almost completely faded. Alumina
extraction rates were on average 68%, compared to approximately 50% in the laboratory
scale. Still, not all of the alumina was extracted and that can be attributed to the low
leachability of the C2AS phase. This can be observed once more in the XRD graph of the
pilot leaching residue (Figure 9), where the characteristic diffraction peaks of C2AS persist.

From the above analysis and the promising results from the pilot scale experiments,
derived from the lowering of the CaO addition in the pyrometallurgical step, further
optimization of the phase composition of the slag is needed in order to minimize its C2AS
content while remaining in the C12A7/CA area of the phase diagram.

4.2. Comments on the Aluminium Extraction Mechanism

The kinetic approach tests further highlighted some important aspects of the leaching
mechanism. Firstly, the accelerated leaching rates during the first 5 to 15 min of leaching.
Secondly, the formation of calcium monocarboaluminate phase and of tricalcium aluminate
hydrate (also referred to in literature as katoite, hydrogarnet, C3AH6, TCA) at the same
time period of leaching. These observations need to be evaluated in the context of the
leaching mechanism of calcium aluminate slags.

4.2.1. Effect of the Hydraulic Character of Calcium Aluminates

As stated earlier, the leaching of slags consisting of calcium aluminates with molar
ratios of CaO/Al2O3 ≥ 1, has been described as a process that has two major outcomes,
the production of CaCO3 and the dissolution of Al, according to the generic chemical
Equation (1). Moreover, C3AH6 is regularly reported as a by-product and is considered a
measure of Al losses, along with any unleached calcium aluminate phases [24,29]. This
view of the process is rather simplistic as it considers that the only possible reactions during
leaching are between (a) CaO and the CO3

2− ions, for the production of CaCO3, (b) between
the calcium aluminates and water, for the production of C3AH6 and (c) between Na+ and
Al(OH)4

− ions, leading to the dissolution of the latter. This view does not incorporate
the formation of the calcium monocarboaluminate phase observed in this work, nor does
it adequately explain the rapid initial extraction rates. Consequently, a more detailed
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approach to explaining the chemical phenomena taking place is needed. The starting point
for the discussion is the inherent physicochemical properties of the calcium aluminates.

A defining feature of the various calcium aluminates that is exploited in their applica-
tions as cementitious phases is their hydraulic character and their participation in hydration
reactions. The products of these hydration reactions are various calcium aluminate hydrate
phases. Since the hydrometallurgical process under examination involves the reaction of
calcium aluminates in an aqueous phase, it is certain that their hydraulic character also
affects their leaching behavior.

The hydration of any hydraulic phase is an irreversible process driven by the lower
solubility of the hydrate phase formed, compared to the solubility of the solid being dis-
solved. Therefore, in such systems, a competition takes place between two equilibrium
states that cannot be attained at the same time. The first one is the equilibrium between
the superficially hydroxylated solid and the aqueous phase, which is the driving force
for the dissolution ions from the solid phase to the solution. The second one is the equi-
librium between the hydrates and the aqueous phase, which is the driving force for the
precipitation of the hydrate phases. Put more simply, the competition between these two
equilibrium states reflects the competing processes of dissolution of the hydraulic solids
and precipitation of the hydrates [30].

The literature of hydration reactions of calcium aluminates and the properties of their
solid products has been reviewed by H. Pöllmann [31]. The thermodynamically stable
solid phases in the system Al2O3–CaO–H2O are C3AH6 and Al(OH)3 (also referred to
as AH3 in the literature of cements). These phases do not crystallize immediately but
form through the transformation of metastable hydrate phases, by a process termed as the
“conversion reaction”. The formation of the metastable phases is temperature-dependent.
Furthermore, the rate of the conversion reaction is accelerated at higher temperatures. These
dependencies are shown in Equations (4)–(8), describing the hydration reactions of CA at
intermediate and higher temperatures (Equations (4), (5) and (7)) and the corresponding
conversion reactions (Equations (6) and (8)):

Intermediate temperatures (15 ◦C–25 ◦C)

3CA + H2O (excess)→ CAH10 + C2AH8 (4)

2CA + 11H→ C2AH8 + AH3 (5)

2CAH10 → C2AH8 + AH3 + 9H (6)

Higher temperatures (>25 ◦C)

3CA + 12H→ C3AH6 + 2AH3 (7)

2C2AH8 → 2C3AH6 + AH3 + 9H (8)

The hydration of C12A7 is analogous to that of CA, forming similar hydrates, the
main difference being the formation of C2AH8 even at low temperatures, due to the higher
CaO/Al2O3 in the phase [32,33]. The hydration of C3A, which is a constituent of the slag
used in the laboratory scale experiments, follows a different path due to the value of the
molar CaO/Al2O3 ratio of this compound [32,34]. The reaction describing the formation of
the metastable hydrate phases during C3A hydration is described by Equation (9) and the
corresponding conversion reaction is described by Equation (10):

2C3A + H2O (excess)→ C2AH8 + C4AH19 (9)

C2AH8 + C4AH19 → 2C3AH6 + 15H (10)

Most important to the present discussion is the description of the mechanism of
hydration of calcium aluminate phases. The mechanism of hydration of all calcium alumi-
nates is a “dissolution–precipitation” mechanism or “through solution” mechanism [32,35].
Though the mechanism applies to all basic calcium aluminate compounds, subtle differ-
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ences exist between C3A and the other two calcium aluminates of interest to this study.
First, the hydration of CA and C12A7 is briefly covered.

The moment CA (or C12A7) comes in contact with water or an aqueous solution, a
hydroxylated surface layer forms, composed of Ca[Al(OH)4]2, also termed “superficially
hydroxylated” calcium aluminate surface [30,36]. This surface dissolves in solution, expos-
ing a fresh layer of anhydrous material, which in turn will be hydroxylated and dissolved.
As a result of this process, relatively high concentrations of Ca2+ and Al(OH)4

− ions are
observed in the solution for a period of time before the precipitation of the hydrates takes
place (induction period). When the solution reaches a supersaturation level, the metastable
calcium aluminate hydrate phases will precipitate massively out of the solution. The
degree of hydration of calcium aluminates can be increased by increasing the fineness of
the anhydrous grains [37]. The conversion reaction of the metastable to stable phases also
follows the same mechanism (“through solution”) and it initiates with the nucleation of the
first C3AH6 [38]. The solubilities of the metastable hydrates are higher than the solubility
of C3AH6 and the driving force of its precipitation is the dissolution of the metastable
hydrates. Both metastable phases are more soluble in increased temperatures, which favors
the progression of the conversion reaction for the production of C3AH6 and AH3 [31].

In the case of the C3A phase it has been observed that the first hydration products form
an amorphous gel-like material, which then converts to the metastable phases according to
Equation (9) [39]. Then, follows the conversion reaction as in the case of the other calcium
aluminates. It can be observed that reaction (10) does not lead to the release of AH3 as is
the case of the conversion reactions of CA and C12A7 (Equations (6) and (8)).

The hydration reactivity of calcium aluminates appears to be playing an important
role also in the hydrometallurgical process of aluminum leaching from these phases, which
takes place in an aqueous solution of Na2CO3. The dissociation of Na2CO3 in alkaline
solutions can be presented according to Equation (11):

Na2CO3(s) 
 2Na+
(aq) + CO2−

3(aq) (11)

In the first minutes of leaching, high aluminum extraction rates are observed, which
can be directly related to the dissolution mechanism described above. In more detail,
and for the case of C12A7 and CA, the hydroxylated Ca[Al(OH)4]2 layer that forms as
soon as the slag particles come in contact with the Na2CO3 aqueous solution will dissolve
according to Equation (12).

Ca[Al(OH)4]2 → Ca2+
(aq) + 2Al(OH)−4 (aq) (12)

The leaching solution, having a considerable concentration in CO3
2−, will aid the dis-

solution process by consuming the Ca2+ ion initially dissolved, according to Equation (13)
and consequently push the equilibrium of Equation (12) to the right.

Ca2+
(aq) + CO2−

3 (aq) → CaCO3(s) (13)

According to Equation (13), by continuously reducing the concentration of Ca2+ ions in
solution, the solution is not allowed to reach supersaturation with respect to the metastable
hydrates, at least in the initial stages of leaching, when the concentration of CO3

2− ions is at
its highest value. At the same time, as CO3

2− ions are removed by the formation of CaCO3,
the amount of free Na+ ions increases, causticizing the solution. A second outcome of this
action is that more Al(OH)4

− ions are allowed to remain in solution and not precipitate as
Al(OH)3. In other words, the increase in free Na+ in solution pushes the equilibrium of the
reaction described by Equation (14) to the side of the products.

Al(OH)3(s) + Na+
(aq) + OH−

(aq) � Al(OH)−4(aq) + Na+
(aq) (14)
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Thus, the high extraction rates at the first minutes of leaching are significantly aided by
the inherent hydraulic properties of the leachable calcium aluminates (CA and C12A7). As
mentioned earlier, the hydration of C3A is different due to the formation of the amorphous
gel-like phase on the surface of C3A particles. It is probable that the lower extraction rates
attributed to this phase are correlated to this phenomenon. Further research is needed to
verify this suggestion.

The dissolution of the Ca[Al(OH)4]2 surface layer is not the only mechanism contribut-
ing to the extraction of aluminum and the causticization of the solution. Another reaction
is certain to be taking place between the hydroxylated Ca[Al(OH)4]2 surface of the calcium
aluminate phases and the solution. This reaction on the solid/liquid interface is the one
leading to the surface precipitation of CaCO3 that has been described repeatedly in the
literature. This action could be described by an equation such as (15).

Ca[Al(OH)4]2 + CO2−
3 (aq) → CaCO3(s) + 2Al(OH)−4 (aq) (15)

At this point, Equation (15) must be treated as a conceptual reaction and not the actual
description of the CaCO3 precipitation process, which is dealt with in the next section.

Consequently, the high extraction rates during the initial stages of leaching could be
attributed to the combined effect of two actions. The first action is the aqueous dissolution
of Ca2+ and Al(OH)4

− ions from the hydroxylated surface of the calcium aluminates, which
is an inherent property of the hydraulic character of these materials. The second action is a
reaction on the solid/liquid interface, which leads to the surface precipitation of CaCO3.
These two leaching actions are analogous to the competing dissolution and precipitation
actions that characterize the CaO–Al2O3–H2O system. The dissolution action is accelerated
by the presence of Na+ and CO3

2− ions of the leaching solution. Supersaturation of the
solution in relation to the metastable calcium aluminate hydrates is not reached in the first
stages of leaching due to the continuous reaction of the Ca+ and CO3

2− ions. At the same
time, CaCO3 is precipitated, both through solution, according to Equation (13), and on
the surface of the slag particles, according to an action resembling the one described by
Equation (15). The latter is the one that is progressively hindering further dissolution and
is discussed next.

4.2.2. CaCO3 Formation through Causticization of the Aluminate Solution

Equation (15) describes a conceptual action because it isolates the dissolved CO3
2−

ions and does not take into consideration the remaining components of the solution. In
reality, as a consequence of the rapid dissolution described earlier, the composition of the
aqueous solution changes rapidly from a purely Na2CO3 solution to an Al(OH)4

−–NaOH–
Na2CO3 solution. As a result, additional chemical reactions are possible between the
dissolved Al(OH)4

−, Na+ and CO3
2− ions and the hydroxylated calcium aluminate surface.

This group of reactions and the corresponding chemical system is already of interest to the
alumina industry, with respect to the causticization of spent Bayer liquors. Consequently,
studies of this system are relevant also to the leaching of calcium aluminates by aqueous
Na2CO3 solutions.

Causticization is a process that aims at removing dissolved CO3
2− ions (expressed

as equivalent Na2CO3) from the spent aluminate solution by its reaction with Ca(OH)2,
according to the generic Equation (16).

Ca(OH)2 (s) + CO2−
3 (aq) → CaCO3(s) + 2OH−

(aq) (16)

The Al(OH)4
− ions contained in the spent liquor are also known to react with lime to

produce the C3AH6 phase, according to Equation (17):

3Ca(OH)2 (s) + 2Al(OH)−4 (aq) → Ca3Al2(OH)12 (s) + 2OH−
(aq) (17)
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The overall goal of causticization is the effective removal of the CO3
2− ions while

minimizing aluminum precipitation as C3AH6. These are also the goals during the process
of Na2CO3 leaching of the calcium aluminate slags, with the removal of the CO3

2− ions
aiding the continuous dissolution of Ca2+ and Al(OH)4

− ions from the hydroxylated
surface of the calcium aluminate phases, and the resulting causticization allowing for
increased concentration of Al(OH)4

− ions in solution. On the other hand, reaction of the
Al(OH)4

− ions with the hydroxylated calcium aluminate surface might lead to a reaction
analogous to Equation (17) and partial precipitation of the dissolved Al(OH)4

−. Therefore,
a deeper look into the exact mechanism of causticization of aluminate solutions is needed.

The studies of G. I. D. Roach and S.P. Rosenberg et al. examined the chemical mecha-
nism of Bayer causticization in more detail [40,41]. Both researchers identify quaternary
intermediate phases such as the calcium monocarboaluminate (Ca4Al2(OH)12CO3.5H2O)
as a critical to effective causticization.

In more detail, an aluminate solution in contact with lime will produce the monocar-
boaluminate phase according to the reaction described by Equation (18):

4Ca(OH)2 (s) + 2Al(OH)−4 (aq) + CO2−
3 (aq) + 5H2O→ Ca4Al2(OH)12CO3·5H2O(s) + 4OH−

(aq) (18)

This is an effective causticizing reaction but also removes the aluminum from the
solution. In higher temperature (above 80 ◦C), the monocarboaluminate phase becomes
unstable and reacts with CO3

2− ions to form CaCO3, according to Equation (19).

Ca4Al2(OH)12CO3·5H2O + 3CO2−
3 (aq) � 4CaCO3(s) + 2Al(OH)−4 (aq) + 4OH−

(aq) + 5H2O (19)

This is considered the main causticization reaction leading to the precipitation of
CaCO3, while at the same time increasing causticity and aluminum concentration in the
solution. The reaction is written in equilibrium form because, upon cooling of a causticized
liquor in contact with a pulp containing CaCO3, the so-called “reversion reaction” takes
place and the calcium monocarboaluminate can reform [41]. The reversion reaction is
obviously a reaction that also reduces the aluminum content in the solution.

In the present work, the identification of calcium monocarboaluminate in the residues
of the initial stages of leaching is suggestive of a similar causticization process taking
place. It was earlier suggested that the precipitation of CaCO3 on the surface of slag
particles indicates that a reaction on the solid/liquid interface also takes place, besides
the dissolution of Ca2+ and Al(OH)4

−. This reaction can now be further understood as a
causticization reaction similar to (18), with the calcium sites of the hydroxylated calcium
aluminate surface acting as a causticizing agent. As leaching is studied in temperatures
over 70 ◦C, where the Equation (19) is favored, the surface precipitation of CaCO3 indicates
efficient causticization and removal of aluminum from the hydroxylated calcium aluminate
surface. Subsequently, the leaching/causticization action is gradually hindered and finally
terminated when the coating of all slag particles with CaCO3 has been completed.

The formation of C3AH6 can also proceed via the monocarboaluminate according to
the reaction described by Equation (20):

3Ca4Al2(OH)12CO3·5H2O + 2Al(OH)−4 (aq) + 4OH−
(aq) → 4Ca3Al2(OH)12 (s) + 3CO2−

3 (aq) + 5H2O (20)

This reaction is indicative of poor causticization and actually removes aluminum from
the solution and it is favored by high Al(OH)4

− and free NaOH concentration, and also
hindered by high carbonate ion concentrations [40,41].

The fact that both the calcium monocarboaluminate phase and the C3AH6 are observed
in the residues during the first 15 min of leaching could possibly be explained by the relative
concentration of CO3

2− and Al(OH)4
− ions. Specifically, the consumption of CO3

2− ions
is high during the initial stages of leaching. A point is reached, depending on the initial
Na2CO3 concentration of the leaching solution, that the relative concentration of CO3

2−

ions, Al(OH)4
− ions and free NaOH favors the Equation (20) instead of (19). This would

suggest that an equilibrium between CaCO3 and C3AH6 exists and an excess of CO3
2−

ions is always needed to avoid the action described by Equation (20). Further investigation
will be performed in order to fully explain this phenomenon.
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4.3. Comments the Silicon Co-Dissolution Phenomena

Both the laboratory and pilot scale tests showed that Si co-dissolution is inevitable, re-
gardless of the slag composition, although lower extraction rates for Si were observed in the
pilot scale (1.9% extraction rate compared to ~3.5% in laboratory scale). This phenomenon
can be attributed to the presence of the difficult to leach C2AS phase. Consequently, in its
present form, the leaching process must be followed by a desilication process in order to
produce aluminate solutions of acceptable quality for the alumina industry.

Another aspect related to the Si chemistry of the leaching process under investigation
is the probable Si removal action of C3AH being produced in the first stages of the leaching
process. Pure C3AH is an end member of the hydrogrossular (HG) mineral series. In more
detail, the HG series has a general chemical formula of Ca3Al2(SiO4)3-x(OH)4x; 0 ≤ x ≤3.
Its structure is made up of AlO6 octahedra and SiO4 tetrahedra linked with oxygen and the
hydroxyl component (OH−). Si4+ is progressively replaced by 4H+ as x increases which
leads to the formation of (OH)4 groups. Katoite is the name designated for HG with an x
value in the range 1.5 < x ≤3 [42].

This substitution of 4H+ by Si4+ is what gives katoite a desilication potential. Jiongliang
Yuan and Yi Zhang have already studied C3AH as desilication agent and found it to be
superior for Si removal compared to lime [43]. The desilication action is described by the
generic chemical Equation (21):

3CaO·Al2O3·6H2O + kSiO2(OH)2−
2 → 3CaO·Al2O3·kSiO2·(6− 2k)H2O + 2kOH− + 2kH2O (21)

This action appears once again to be causticizing in nature and could also be con-
tributing to the main causticization action (Equation (19)). Moreover, it is possible that
the reduced Si co-dissolution rates observed during the pilot scale extraction tests could
be attributed to this phases, which was observed in the crystallographic analysis of the
residue (Figure 9). It is probable that further optimizations of the leaching process could
incorporate this phenomenon in order to achieve the desired desilication of the solution.

5. Conclusions

Alkaline leaching with Na2CO3 aqueous solutions of calcium aluminate slags pro-
duced from the reductive smelting of Greek BR was studied in two interconnecting stages.
In the first stage of the work, which was performed in laboratory scale, a slag produced
in laboratory scale was tested in a series of hydrometallurgical tests. This material was
prepared with excess of CaO as a flux in order to avoid the formation of C2AS which is
unreactive in Na2CO3 solutions. The key parameters under investigation were the per-
cent extraction rates of Al and Si from the slag. Analysis of the results of the laboratory
scale tests highlighted several issues for further optimizations in the second stage of the
work, the pilot scale extraction tests. The most important findings from both stages of this
research are summarized below:

1. A calcium aluminate slag containing C12A7 and C3A, produced in laboratory scale,
was leached in laboratory scale, under atmospheric pressure conditions. Leaching
parameters tested were temperature, Na2CO3 concentration and S/L ratio, for op-
timized stirring rate. The extraction rates for Al were low under all conditions and
at best a 54% Al extraction, in 5% S/L ratio was achieved. Laboratory scale work
also highlighted high extraction rates for Al during the first 5 min of leaching, which
progressively decelerate in the next 10 min, until no notable change in Al extraction is
observed after that point.

2. For the design of the second stage of the work in pilot scale, the observations of
the laboratory scale tests were utilized, suggesting a slag with a reduced amount of
CaO and preferably containing a mixture of C12A7 and CA as the calcium aluminate
phases. Moreover, leaching should be performed in moderate temperature (70 ◦C),
for a short duration (<1 h) and with a Na2CO3 concentration not exceeding 120 g/L
for a 10% S/L. The results of the pilot scale work confirmed the validity of the above
suggestions, with alumina extraction reaching 68%, in 10% S/L ratio.
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3. Si co-dissolution always occurred, both in the laboratory and the pilot scale experi-
ments, at extraction rates of 3% and 1.9%, respectively. Desilication of the aluminate
solution is needed.

4. Based on the results of laboratory leaching tests that were performed at 70 ◦C and
90 ◦C, for different leaching times (kinetic approach tests) the Al extraction mecha-
nism was further explained. Al extraction rates observed are the net result of two
mechanisms. The first is a mechanism of direct dissolution of Al into the solution,
due to the hydraulic character of calcium aluminate phases. In an aqueous solution
containing no other ions, dissolution would continue until supersaturation in relation
to the metastable calcium aluminate hydrates. In the case of the aqueous Na2CO3
solutions, this supersaturation is not reached due to the reaction of CaCO3 formation
through solution (Equation (12)). Moreover, the removal of CO3

2− ions from the
solution increases the causticity (causticization) due to the increase in free Na+ ions,
which in turn leads to an increase in dissolved Al(OH)4

−, as is observed in the first
5 min of leaching (Figure 6).

The second mechanism of Al extraction is a causticization mechanism that becomes
progressively more dominant, as the concentration of Al(OH)4

− in the solution increases.
As in the case of spent Bayer liquor causticization, the present leaching solution containing
Al(OH)4

−–NaOH–Na2CO3 reacts with the hydroxylated Ca sites on the slag particles pro-
ducing calcium monocarboaluminate (Figure 8a), according to Equation (18). Subsequently,
calcium monocarboaluminate reacts with the dissolved CO3

2− ions, further dissolving
Al(OH)4

− and at the same time precipitating CaCO3 on the surface of slag particles accord-
ing to Equation (19). This action is responsible for the decelerating extraction rates, and
after about 15 min of leaching, further extraction is ceased as the particles are completely
coated with CaCO3.
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