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Abstract: Primary aluminum production is dependent on the Bayer process for Al,Os refining
and the Hall-Héroult process for Al production. Both these processes face serious sustainability
challenges, while the overall Al supply chain is inflexible and prone to disruptions. One solution
to the aforementioned challenges is the adoption of alternative Al,O3 production processes from a
variety of primary and secondary raw materials. This research paper explores the potential use of
bauxite tailings as an alternative secondary resource for alumina production, with an aqueous HCI
process technology. Bauxite tailings are solid waste produced during the mining and beneficiation
of certain bauxites before their digestion in the Bayer process. The research was conducted in two
stages. Initially, 24 h trials using aqueous 5.9 M HCl solution and a 5:100 g/mL solid-to-liquid (S/L)
ratio revealed complete dissolution of Al and near-complete dissolution of Fe. In the second stage,
investigations involving higher S/L ratios under the same conditions confirmed that an S/L ratio of
20:100 g/mL represented the optimal parameters for bauxite tailings leaching, producing a 36.8 g/L
Al and 25.2 g/L Fe concentration solutions. The PLS produced under the optimum conditions is
suitable for downstream processing for the production of AICl3-6H,0.

Keywords: alumina leaching; bauxite tailings; sustainable alumina production; alternative alumina
resources

1. Introduction

Primary aluminum production is achieved by the combination of two metallurgical
processes: (a) the Bayer process, which refines bauxite to metallurgical-grade alumina
(MG-AI,03), and (b) the Hall-Héroult process, which produces aluminum metal by elec-
trolytically reducing MG-AlL,Oj3 in a cryolite bath. Increasing the sustainability of both
these processes and of the entire primary aluminum supply chain is one of the industry’s
main challenges in the 21st century.

Concerning the industry’s contribution to CO, emissions, according to the Interna-
tional Energy Agency’s (IEA) most recent analysis, the production of aluminum using the
current state-of-the-art technologies is a significant source of CO,, accounting for approxi-
mately 270 Mt of direct emissions in 2022 [1]. This accounts for about 3% of the global direct
industrial CO, emissions. According to the same source, the direct emissions intensity of
aluminum production must decline by an annual rate of nearly 4% until 2030, if the goal
of net zero emissions is to be met by 2050. Although the major part of these emissions is
attributable to the electrolytic reduction of MG-Al, O3, the energy demands of the Bayer
process are approximately 12.8 MJ per kg of Al,O3 and the corresponding CO, emissions
are 0.83 kg per kg of Al,O3 [2].
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Aluminum is recognized as an important component for a number of technologies
critical to the energy transition, e.g., in lightweight vehicles and solar energy technologies.
For this reason, aluminum demand is expected to increase in the next few decades. For
instance, Svendrup et al. [3] in their study of the aluminum market’s long-term devel-
opment, suggested that primary production of aluminum will reach its maximum in the
coming decades. A. Elshkaki et al. [4] studied the material-energy-water nexus combined
with CO; emissions for aluminum and developed four global and regional process-based
scenarios. Their results indicate that global CO, emissions from the production of alu-
minum will increase, due to increasing demand. Furthermore, this increase is unavoidable
even after considering secondary production, energy efficiency, and cleaner energy supply
technologies that will be available in the following decades. Similar conclusions are drawn
from the study of G. Liu et al. [5], who developed a dynamic material flow analysis model
that simulates the future global aluminum cycle. Their model allows for the exploration
of emission pathways and mitigation potentials associated with that cycle. Their main
finding is that if the aluminum stock patterns of developing countries follow those of the
industrialized countries, the target of a 50% emission reduction by 2050 (below 2000 levels)
cannot be reached, even when extremely optimistic assumptions for recycling rates and
technological breakthroughs are considered.

Concerning the sustainability of the primary aluminum supply chain, its inelastic
character has become increasingly apparent in the last few decades. Primary aluminum
production depends almost entirely on the supply of bauxite. Specifically, only the high-
quality bauxites with an Al,O3/SiO; mass ratio of at least 7 are appropriate for the Bayer
process. Bauxite reserves of such quality are located in specific geographic regions, such as
Australia, Guinea, Brazil, Jamaica, China, and India [6]. In the event of regional resource
depletion and/or alterations in trade relationships and dependencies (e.g., due to geopo-
litical, economic, or social factors), the whole supply chain for primary aluminum will be
disrupted. For this reason, the EU [7], USA [8], and Canada [9] have labeled bauxite and/or
aluminum as critical raw materials.

Finally, focusing specifically on the bauxite mining and refining stages, additional
sustainability concerns are raised due to the landfilling of solid wastes from these operations.
Bauxite residue, the solid residue remaining after digestion of bauxite is one of the most
pressing concerns in the industry. Approximately 0.8-1.5 tonnes of BR are produced per
1 tonne of Al,O3 produced in the Bayer process [10]. More recently, attention has been
drawn to the solid waste produced during the mining and beneficiation processes of certain
bauxite sources. These wastes are termed bauxite tailings (BTs). For instance, it is estimated
that for Chinese bauxite, approximately 0.45t of BTs is produced per tonne of Al,O3 [11]

The issue of BTs management has only recently emerged as an additional environmen-
tal and sustainability concern [12] due to the increasing importance of bauxite beneficiation
as a method of reducing the cost of Al,O3 refining. The latter is dependent on the amount
of makeup NaOH per ton of Al,O3 produced, and bauxites with a ratio of available alu-
mina (AA)/reactive silica (RS) greater than 10 are found to be economically attractive [13].
Hence, the main objective of bauxite beneficiation is to lower the concentration of reactive
silica (usually found in the form of kaolinitic clay). Additional beneficiation objectives
include reduction in the iron content, particularly in the form of goethite, and reduction
in the organic carbon content [14]. As expected, the composition of BTs depends on the
composition of the original bauxite. For example, BTs from Chinese karst bauxites are
predominantly of aluminosilicate composition, while BTs from lateritic bauxites, such as
those originating from Guinea, are richer in iron oxides.

Production of Al,O3 from alternative raw materials, both primary and secondary, can
significantly contribute to increasing the sustainability of primary aluminum production.
The inclusion of alternative Al,O3 sources will diversify the supply chain, thus minimizing
the risk of disruptions and increasing the strategic autonomy of aluminum metal for nations
that do not produce bauxite. Moreover, reducing dependency on bauxite also reduces the
accumulation of large volumes of the solid wastes mentioned earlier.
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Nowadays, there is significant ongoing research in the field of utilizing alternative
raw materials to produce Al;O3. Numerous studies have been conducted, with a particular
focus on the use of abundant clays (e.g., kaolinitic clays). Many of these studies involve a
pretreatment-calcination step before leaching [15,16]. Additionally, investigations are being
carried out on the utilization of industrial byproducts such as coal fly ash [17]. Furthermore,
efforts are being made to explore the processing of bauxite deposits that are unsuitable
for the Bayer process [18]. A study performed by Zhao [19] states that advances in acid
treatment in comparison with the Bayer process for low-grade gibbsite bauxite samples
suggest treatment with a high molarity HCI solution (10% w/w) for a retention time of 2 h
at a temperature of 100 °C. This trial results in over 95% dissolution degree of both Al and
Fe and the production of a high silica residue that is easily filtered.

At the forefront of EU research initiatives in the field of alternative technologies for
Al>,O5 production is the AlSiCal project [20]. AlSiCal is developing an integrated process for
producing alumina, silica, and calcium carbonate from primary and secondary alternative
sources of Al,O3. A generic process flowsheet of the AlSiCal technology is shown in
Figure 1 and consists of a leaching stage with aqueous HCl as the leaching agent, followed
by a precipitation stage whereby aluminum is separated from the solution in the form of
AlCl3-6H,O0. Finally, a calcination stage leads to the production of Al;O3 and allows for HCI
recovery. The AlSiCal technology has been tested on a variety of primary raw materials,
including anorthosite [21], kaolin [22], and industrial or mining tailings of aluminosilicate
composition, e.g., nepheline syenite [23]. The present research work is concerned with
the application of the AlSiCal technology to lateritic BTs from Guinea with the principal
objective being the effective separation of the Al;O3 content from the SiO; content. The
research is important; currently there have been no attempts to metallurgically valorize
this category of BTs (high Fe;O3/Al,O;3 tailings). On the other hand, attempts for the
valorization or utilization of the Chinese BTs (high in Al,O3/SiO; tailings) have been
numerous in the last 15 years.

In more detail, W. Yuhua et al. used BTs, unmodified (as is) and modified with
FeCl3-6H,0, as adsorbents for Cr(IV) from aqueous solutions [24]. They reported a max-
imum removal rate of 99.3% for Cr(IV) in the case of the modified material. D. Yang
et al. attempted to produce a primary Al-Si alloy from BTs by a carbothermal reduction
process [25]. At the optimum condition (pressure 0.1 MPa, maximum temperature 1900 °C,
duration 1 h) they managed to obtain an alloy containing a high Al Al-Si-Fe alloy and
several carbides of Si and Al. Production of several zeolite precursors from BTs has been
achieved, notably 4A Zeolite [26,27], Zeolite, X. [28], and Zeolite, Y. [29]. Y. Peng et al.
have studied the use of BT as filler for foamed-mixture lightweight soil with promising
results [30,31]. L. Yang et al. concluded that BTs are a suitable raw material for the pro-
duction of lightweight aggregates (LWA), due to their high concentration of glass-forming
oxides [32]. On the other hand, LWA produced from BTs have no expanding capacity, and
the addition of CaF; or CaCOj is needed to increase their pore size. Y. Ren et al. prepared
high-strength ferric-rich ceramics from BTs at low sintering temperature [33]. For the
ceramics produced under the optimum conditions (sintering temperature of 1130 °C), they
report a 4.65% breakage ratio under 52 MPa and an apparent density equal to 2.78 g/cm?3.
X. Shen et al. suggest that BTs can be used for the production of mullite (Al4SipO13) after
removal of Fe;O3 and KO that act as impurities [11]. They studied a combined calcination
and acid leaching process with HCl but could not achieve complete removal of Fe and K.
Finally, Y. Zhang et al. studied Li-enriched BTs from the Guiyang City, Guizhou Province,
and proposed an acid leaching process for coextraction of Al and Li [34]. By using a mixture
of H,SO,/H3P0Oy, they managed to extract 88% and 96% of Al and Li, respectively.
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Figure 1. AlSiCal technology generic flowsheet [35].

Thus, the principal aim of this research is to examine Guinean BTs as a raw material
for aluminum extraction with an HCI atmospheric pressure leaching process. The process
under investigation can be applied to any BTs source of similar composition. Such tail-
ings are abundant in several areas around the globe, where ferruginous karst or lateritic
bauxites can be found (Jamaica, Mediterranean, West Africa, etc.) in both active and legacy
mining sites.

2. Materials and Methods
2.1. Equipment and Materials Used
2.1.1. Equipment and Chemical Reagents

For the leaching tests, an Amar G 2360 glass reactor was used, equipped with a 1000 mL
capacity jacketed glass vessel and a polytetrafluoroethylene (PTFE) lid. A mechanical stirrer
is connected to a PLC unit which allows the control of the operating parameters while the
heating was controlled by a chiller through the circulation of silicon oil in the external layer
of the jacketed vessel. Reagent-grade hydrochloric acid (>37%) and deionized water were
mixed for the leaching agent.

Wet chemical analysis of the aqueous solutions produced was carried out using
a PinAAcle 900T Atomic Absorption Spectrometer (AAS) and the Inductively Coupled
Plasma-Optical Emission Spectrometry (ICP-OES) Optima 8000 by PerkinElmer™ (Waltham,
MA, USA). The investigated metals of interest were Al, Fe, Ti, and Si. Calibration stan-
dard solutions were prepared from commercially available ICP-OES and AAS standards
(1000 ppm) obtained from Merck (Darmstadt, Germany). The standard solutions were pre-
pared in the suitable concentration and diluted further with 1% v/v analytical grade HNO;
(65%wt.) as required for working standards. High-purity deionized water (18.2 M()/cm),
and argon (99.999% purity) were used.
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To determine the free acidity of the solutions in the presence of hydrolyzable ions,
such as AI** and Fe®*, a sample of the solution is titrated with standard sodium hydroxide
solution 1 M (Honeywell) after the metal ions in the solution are masked with EDTA
0.1 mol/L (Chembiotin). Titrations were performed in an auto titrator Model 702 SM
manufactured by Metrohm.

The XRD patterns were collected using a MiniFlex 600 benchtop diffractometer
(Rigaku, Tokyo, Japan) equipped with a D/tex ultra detector. The diffractometer op-
erated at 40 kV and 15 mA (600 W) with Cu-K« radiation (Ni-filtered). Diffraction data
were collected from 10 to 120° (26), in 0.02° (20) steps and at a rate of 5° (20) per minute.
The mineralogical composition of the materials examined was determined using DIFFRAC
EVA V5.1 software (Bruker AXS, Karlsruhe, Germany) and the ICDD databases PDF-4+
2022 and PDF-4 Minerals 2022 [36]. The results of this qualitative analysis are illustrated in
Figure 2 and Figures 5 and 7 for the raw and the leached samples, respectively.
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Figure 2. Powder X-ray diffractogram of the bauxite tailings sample used in this study. Legend:
1—Gibbsite, 2—Aluminous Goethite, 3—Quartz, 4—Hematite, 5—Anatase, 6—Rutile, 7—Kaolinite
and 8—Boehmite. (The inset in the picture shows the major diffraction peaks of kaolinite and
boehmite).

2.1.2. Chemical Analysis of Raw Material

The sample tested in this work originated from the Boffa Prefecture, Guinea. The
bauxite from this area contains silica, mainly in the form of quartz. Kaolin is found in trace
amounts. Bauxite is sieved and the plus 20 mm particles are sent to alumina refineries
whereas the undersized particles (—10 mm), called bauxite tailings, due to their increased
silica, cannot be processed by the Bayer process.

The sample of bauxite tailings received was ground to —100 pm. Then, it was dried
at 100 °C for 24 h and its chemical composition was determined by wet chemical anal-
ysis techniques. The sample was solubilized via the fusion method with a mixture of
LipB4O7/KNOj5 at 1000 °C for 1 h and then dissolved in a nitric acid solution. The leaching
residue was solubilized via the fusion method with LiBO, at 1000 °C for 0.5 h and then
dissolved in a hydrochloric acid solution. For the determination of loss of ignition content
(LOI), 1 gr of the material was calcined at 1000 °C for 1 h. LOI was calculated based on the
difference in mass between the starting and calcined material.

The results of the chemical analysis (in equivalent oxide basis) are presented in Table 1.
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Table 1. Chemical analysis of the bauxite tailings sample used in this study.

Component Al,O3 Fe, O3 SiO, TiO, LOI Others
Y%owt. 3894+03 204+0.3 18.8 £0.8 1.5+03 199 £ 0.5 04

The chemical analysis reveals that the raw material used in this study is rich in Al;O3
and Fe, O3, these two oxides accounting for more ~than 60% of the raw material. The
concentration of SiO, is indeed greater compared to bauxites suitable for the Bayer process,
and the resulting Al,O3/5i0; modulus is ~2.1.

A detailed mineralogical analysis of the material was performed to determine the
phase composition of the raw material.

2.1.3. Mineralogical Analysis of Raw Material

The mineralogical analysis of the raw material used in this study is presented in
Figure 2.

According to our findings, the main crystalline phases of the raw material are gibbsite
(Al(OH)3), aluminous goethite (Fep 71 Al 200(OH)), quartz (5iO,), and hematite (Fe;O3).
Additionally, Ti-bearing minerals in the form of anatase (TiO;) and rutile (TiO,), layer
silicates in the form of kaolinite (Al,Si,O5(OH)4), and boehmite (AIO(OH)) were also
detected. To further understand the composition of the raw material and especially the
characteristics of the aluminous goethite phases, a quantitative XRD analysis was also
performed.

The quantitative analysis of the raw material was based on the fundamental parameter
approach [37] and performed in DIFFRAC TOPAS V6 software (Bruker AXS, Karlsruhe,
Germany). All of the initial structure models for the identified crystalline phases were
retrieved from the ICDD databases PDF-4+ 2022 and PDF-4 Minerals 2022. As part of this
analysis, various parameters of these models were allowed to be refined, such as the lattice
parameters, the scale factor, the crystalline size (Lorentzian contribution), and the strain in
the case of gibbsite and aluminous goethite (Gaussian contribution). Preferred orientation
correction for gibbsite peaks was applied using spherical harmonics of the fourth order [38].
The refinement strategy also included a procedure to estimate the substitution of aluminum
for iron in goethite, a common feature that occurs in natural goethites, as summarized in
Schulz (1984) [39]. For Al-substituted synthetic goethites, Schulz [39] derived a negative
linear relationship between the unit-cell edge length c and the substitution of Al, which is
expressed by Equation (1).

mole%Al = 1730 — 572¢ 1)

This empirical relationship is also applicable to natural goethites, as shown by Schw-
ertmann and Carlson (1994) [40], and is widely used for the estimation of aluminum
substitution in both synthetic and natural goethites [41-44].

Equation (1) was then modified appropriately to be inserted into the quantitative
analysis software and used to calculate the aluminum occupancy at the iron site. At the
same time, iron occupancy was restricted in such a way that the sum of these values equals 1.
Accordingly, goethite in the raw material showed a significant amount of aluminum
substitution in the iron site (about 29 mol. %), indicative of a geochemical environment
rich in aluminum.

Furthermore, an effort was made to investigate any amorphous content in the raw
material. Amorphous phases are very common in natural and synthetic materials, while
their significance in many branches of science and engineering has led to the development
of various quantification methods. Among them, the internal and the external standard
methods, also known as indirect methods, are widely used, and in this case, for bauxite
formations, they highlight the existence of amorphous material whose percentage by
weight (wt.) can be up to 19% [45-47]. As for this study, the external standard method was
adopted, as first described by O’Connor and Raven (1988) [48], also enabled in Topas. For
the implementation of this method, a pure Si powder (NIST-SRM 640f) was used.
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The results of the quantitative analysis of the raw material are summarized in Table 2,
presenting the percentage by weight (wt.) of each phase and its statistical measure of
performance (Rwyp).

Table 2. Quantitative analysis of the raw material.

Phases—wt. (%) Ruyp (%)
Gibbsite Al-goethite Quartz Hematite Anatase Rutile Kaolinite Boehmite = Amorphous 54
56.9 15.2 8.8 7.5 1.0 0.8 0.9 0.2 8.8 :

Based on this analysis, the main characteristic of the raw material is the abundance of
gibbsite, while the phases of Al-substituted goethite, quartz, and hematite are present in
lesser amounts. Regarding the remaining accessory minerals, these are present in minor
quantities. Furthermore, a small amount of amorphous phase was calculated. Comparing
the results of the chemical analysis with those of the quantitative XRD analysis, the main
observation concerns the concentration of SiO,. The %wt. of SiO, attributed to the siliceous
phases as determined by the quantitative XRD analysis is lower than the corresponding
%wt. of SiO, determined by the elemental chemical analysis. This is an indication that the
amorphous phase could predominantly be of siliceous composition.

2.2. Methodology

The experimental leaching work, at atmospheric pressure, was performed in two
stages. First, a study of the leaching system was performed at 90 °C and with a 5:100 g/mL
S/L ratio, a 5.9 M solution, and an intensive stirring rate of 300 rpm. These tests were 24 h
in duration and samples were drawn at 0.5, 1, 2, 4, 8, and 24 h. The goal for this stage of the
work was to determine the leaching rates of the main metal values and draw information
on the behavior of Si in the system.

In the second stage, the effect of the S/L ratio was studied and, specifically, the
maximum S/L ratio that can be applied for the atmospheric pressure leaching of the raw
material under investigation. The values of the S/L ratio tested were 20:100, 22.5:100, and
25:100 g/mL. The basis for the selection of this range in values was the equivalent molar
amount of HCI needed for the complete dissolution of the material. In more detail, the
exact molar amount of HCI needed for the dissolution of the Al and Fe hydroxides and
Fe and Ti oxides present in the raw material was calculated according to the dissolution
Equations (2)—(5) shown below.

AI(OH)3() +3H" — A" () +3H0 )
FeO(OH) ) +3H" (4 — Fe** () +2H0 ©)
FeyOss) + 6H™ () — 2Fe* () + 3H0() (4)
TiOy(s) + 4H " (4) = Ti*" (4 +2H20() (5)

This equivalent amount corresponds approximately to the 22.5:100 g/mL S/L ratio.
Consequently, the 20% S/L ratio test corresponds to an 8% molar excess of HCI and the
25:100 g/mL to a 16% excess of bauxite tailings. Although the stoichiometrically required
HC1l had been calculated, the application of a higher S/L ratio value was possible due to
the hydrolysis that occurs for both Al and Fe. More specifically, acidity produced by the
hydrolysis reaction of Al and the Fe reaction, presented in Equation (6), generates acidity in
the system and enables the application of higher S/L ratios than the theoretical S/L ratios.

Me(H,0) ™ = Me(H,0) 7' + HY (6)
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where Me: AlorFe,1<n<3and3<m<6.
All of the aforementioned parameters in the experimental plan are shown in Table 3.

Table 3. Parameters in the experimental plan for the leaching trials.

Stage Temperature Pressure HCl Rotation Speed Duration S/L Ratio
8 Q) (atm) Concentration (M) (rpm) (h) (x:100 g/mL)
24
1. 24 h tests (intermgdiate 5
90 1 5.9 300 sampling at

2. S/L ratio
optimization
Tests

0.5,1,2,4,and 8 h)

2 20,22.5,25

All experiments were repeated three times, to ensure reproducibility of results. During
leaching experiments, the leaching solution was placed in the reactor and heating was
applied. When the reactor reached the target temperature, the solid sample was inserted
into the reactor, thus signaling the start of the experiment. At the end of the experiment, the
leachate was separated from the solid residues via vacuum filtration. The final pregnant
liquid solution (PLS) and any intermediate samples were analyzed by AAS and ICP-OES
while the residue was dried, and milled, and its mineralogical composition analyzed by
X-ray diffraction (XRD).

Equation (7) defines the %wt. dissolution of each metal as its mass dissolved in the
PLS, divided by its mass in the solid phase prior to leaching.

x dissolution (%) = W x 100 (7)
x BT

where my gissolved 1S the respective mass of its elements that dissolved in a solution, and mjy
BT is the mass of its element that was present in the total amount of BTs that was leached.

3. Result
3.1. Kinetics of Metal Dissolution

As mentioned earlier, experimental work on the leaching behavior of bauxite tailings
started with a 24 h leaching test where the effect of time on the dissolution of the major
metals was evaluated. The %wt. dissolution rates for Al, Fe, and Ti are shown in Figure 3.
The behavior of Si is shown separately in Figure 4. The average %wt. dissolution and
concentration of these metals in the PLS as a function of leaching duration are shown in
Table 4.

Table 4. Dependence of average metal concentration and %wt. dissolution of Al, Fe, Ti, and Si in the
PLS as a function of leaching duration.

Duration

Average Metal Concentration Average %wt. Metal Dissolution

in PLS in PLS

(h)

Al
(g/L)

Fe Ti Si

(g/L) (mg/L) (mg/L) Al Fe Ti Si

8.2
9.1
9.3
9.2
9.2
10.2

6.2 47.2 79.0 79.6 80.3 9.2 24
6.6 51.0 55.0 88.7 86.0 10.0 1.7
6.7 59.4 440 90.0 87.5 11.6 1.4
6.6 73.2 39.5 89.7 86.4 14.4 1.2
6.6 75.0 29.5 89.9 85.4 14.7 0.9
73 114.9 27.5 99.7 95.3 225 0.8
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Figure 3. Effect of retention time on the dissolution of Al, Fe, and Ti (pressure: 1 atm, stirring rate:
300 rpm, HCl concentration: 5.9 M, S/L ratio: 5:100 g/mL, temperature: 90 °C, retention time: 24 h).
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Figure 4. Effect of retention time on the dissolution of Si (stirring rate: 300 rpm, HCI concentration:

59M, S/L ratio: 5:100 g/mL, temperature: 90 °C, retention time: 24 h).

According to Figure 3, Al and Fe show similar leaching behavior with high dissolution
rates. More specifically, Fe and Al %wt. dissolution peak during the first hour of leaching
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and then remains practically stable until 24 h. At 1 h, the %wt. dissolution value is 86%
for Fe and 88.7% for Al. As presented in Figure 2, Al is found mainly in the form of
gibbsite, while Fe is included mainly as goethite. Literature data collected and presented
by Zhao [49] indicate fast dissolution of Al content from gibbsite with HCl treatment.
These data are in full agreement with the presented results. Fe dissolution behavior is also
attributed to the fast dissolution of hematite treatment in the aqueous HCI solution [50].

Overall percent weight dissolution of Ti is lower than that of Al and Fe, with a ~12%
dissolution rate noted at 2 h. Ti is found in the form of rutile and anatase, according to
Figure 2, which are both stated as slightly soluble in aqueous HCl solutions [51,52].

Moreover, it is worth noting the dissolution behavior of Al, Fe, and Ti in the 824 h
interval (Figure 3). Almost complete dissolution of Al was achieved at 24 h, while %wt.
dissolution of Fe and Ti is increased correspondingly by ~7% and 10%.

The behavior of Si in the leaching process is depicted in Figure 4. A rapid dissolution
of Si in the aqueous HCl solution is observed during the first 30 min of leaching. A
maximum value of ~2.5% wt. dissolution is achieved, corresponding to ~80 mg/L Si
(Table 4). In the period between 30 min and 8 h during leaching, part of the dissolved Si
appears to precipitate. The concentration of Si currently decreases from its maximum value
of ~80 mg/L to ~30 mg/L. The desilication of the solution was effectively achieved at
this time and until the end of the leaching test; at 24 h, the concentration of Si remains
practically constant. At this point, it must be noted that Si is found, according to the XRD
analysis, in the form of quartz (5iO,), which is known to be insoluble in aqueous HCl under
ordinary conditions [53]. Consequently, the source of soluble Si must be attributed to other
phases. This point is further discussed in the next section.

To summarize, for the second stage of this study, a value of 2 h retention time is
selected as the optimum value for leaching duration, as it combines a high Al dissolution
rate (90%) with a low SiO, / Al,O3 mass ratio, calculated to be 0.01.

3.2. Analysis of Leached Residue

The mineralogical characterization of the bauxite tailings’ leaching residue at the
5:100 g/mL S/L ratio for a 24 h retention time is presented in Figure 5.

1-Quartz
2-Anatase
3-Rutile
4-Gibbsite
5-Kaolinite
6-Boehmite

Intensity (a.u.)

4 —— 5% Leaching Residue

2, 3
4 UL 31111 1 \~1 T 1
56 ¢ lle 321512\ 205 (21 Bp1tat1e g1 w1111 14

10 20 30 40 50 60 70 80 90 100 110 120
26 ()

Figure 5. Powder X-ray diffractogram of 5% S/L leaching residue. Legend: 1—Quartz, 2—Anatase,
3—Rutile, 4—Gibbsite, 5—Kaolinite and 6—Boehmite.
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Phases included in the analysis of the leaching residue agree with the 24 h PLS metal
concentration. More specifically, the nearly complete dissolution of Al and Fe is verified by
the existence of the low-intensity peaks of the gibbsite and the elimination of diffraction
peaks of the Fe-containing phases. After conducting the 24 h trial, quartz appears as the
dominant phase in the residue matrix, as expected by its high concentration in the starting
material and the low dissolution rate presented both in Figure 4 and Table 4. Ti is found
again in the leaching residue in both the anatase and rutile phases, as expected by the low
dissolution rate that was noted. Kaolinite and boehmite, reported in bibliographic data as
slightly soluble for the applied conditions [54], were unaffected by the leaching process
and traced in the leaching residue.

3.3. Results of the S/L Ratio Optimization Study

Figure 6 depicts the wt.% dissolution of Al and Fe as a function of the S/L ratio in
the range 20:100 to 25:100 g/mL (right-hand side axis, solid lines) and their corresponding
concentrations in the PLS in g/L (left-hand side axis, dotted lines). Moreover, in Table 5,
we report the average %wt. dissolution and concentration for Al, Fe, Ti, and Si in the same
range of S/L ratios.

90 - - 90

80 - L 80
— 70 - 70 Q
L S0
£ 60- Lo §
;5 50 50 §
A 40 4 Al % L 40 O
Fe % | | O

30 —-—-Alg/L| |30

—-e—-- Fe g/L
20 . . , 20
20 25

s/L Ratio (%)

Figure 6. Effect of S/L ratio on the dissolution and concentration of Al and Fe (stirring rate: 300 rpm,
HCI concentration: 5.9 M, temperature: 90 °C, retention time: 2 h).

Table 5. Average concentration and %wt. dissolution of Al, Fe, Ti, and Si in the PLS in the range of
S/L ratios studied.

Average Concentration Average %wt. Dissolution
S/L in PLS in PLS
(x:100 g/mL) : i
8 Al Fe Ti Si Al Fe Ti Si
(g/L) (g/L) (mg/L) (mg/L)

20 36.8 25.2 80.4 76.9 89.5 88.2 4.4 0.4
22.5 36.6 26.8 105.8 91.0 79.0 83.5 51 0.5
25 36.5 27.8 101.3 102.7 71.0 779 4.4 0.5
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As expected, based on the results of the 24 h study shown in the previous section,
the %wt. dissolution values for Al and Fe are high across the range of S/L values tested.
Focusing on the corresponding extraction lines shown in Figure 6, a downward trend
can be observed for both Al and Fe. This trend is more pronounced in the case of Al,
whereby the decrease in %wt. dissolution is approximately 20%. This decrease in %wt.
dissolution is accompanied by a minor increase in the concentration of Fe in the PLS, from
25 g/L in the 20:100 g/mL S/L tests to 28 g/L in the 25:100 g/mL S/L ratio tests. The
concentration of Al remains stable across the range of S/L ratio values tested, equal to
~37 g/L. Nonetheless, free acidity measurements confirmed that there is still an excess
of H+ ions for the dissolution of included metallic values, even at the 25:100 g/mL S/L
ratio. In more detail, for the 25:100 g/mL S/L ratio tests, free acidity in the produced PLS
was calculated to be 0.4 M(pH = 1) while calculated to be 0.5 and 1 M, respectively, for the
22.5:100 and 20:100 g/mL S/L ratio tests. It is therefore highly probable that the observed
inability for further dissolution of Al and Fe beyond the 20:100 g/mL S/L value is the
result of reaching a solubility limit for these metals in the PLS.

To further validate the view that a solubility limit was reached for this system, the
leached residue from the 22.5:100 g/mL S/L ratio test was characterized chemically and
mineralogically. The results of the characterizations are presented in Table 6 and Figure 7,
respectively.

Table 6. Chemical analysis of the bauxite tailings 22.5:100 g/mL leaching residue sample.

Component SIOZ A1203 F9203 TiOz LOI Others
Yowt. 355+1.1 549 + 0.8 155 +0.2 46+£0.1 23.6 £0.2 0.4

1-Gibbsite
2-Quartz

3- Aluminous
Goethite
4-Anatase
5-Rutile
6-Kaolinite
7-Boehmite

Intensity (a.u.)
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Figure 7. Powder X-ray diffractogram of 22.5% S/L leaching residue. Legend: 1—Gibbsite, 2—Quartz,
3— Aluminous Goethite, 4—Anatase, 5—Rutile, 6—Kaolinite and 7—Boehmite.

The results of the chemical analysis verify that substantial amounts of Al and Fe
remain in the leached residue, verifying the results shown in Table 5. Moreover, comparing
the diffractogram in Figure 7 with the corresponding diffractogram of the raw material
prior to leaching (Figure 2), it can be observed that the leaching process resulted in the
complete dissolution of hematite. Gibbsite persists as the main mineral phase, while the
remaining crystalline phases observed in the raw material are also present. In addition to
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the above, an abrupt increase in the concentration of quartz in the leaching residual material
is observed and verified by the significant increase in the intensity of its diffraction peaks.

According to these findings, the 20:100 g/mL S/L value, corresponding to a slight
excess of HCl, should be considered the optimum value, leading to a high %wt. dissolution
and concentration for Al. Therefore, the initial hypothesis that the excess acidity provided
by the hydrolysis of Fe>* and A13* ions could assist the dissolution of the raw material at
increased S/L ratio values was dismissed.

4. Discussion

The efficient acidic leaching of bauxite tailings originating from the Boffa Prefecture,
Guinea, for the extraction of Al has been confirmed by the results presented in the present
study. By effectively utilizing the technology developed in the framework of the AlSiCal
project, an acceptable Al-bearing chloride solution was produced, which could be utilized
downstream for the precipitation of AICl3-6H,0. As the experimental study was divided
into two sections, i.e., the 24 h leaching study and the S/L ratio optimization tests, this
section addresses correspondingly the main findings and observations made at each stage
of the work.

4.1. Leachability of Major Compounds in Bauxite Tailings

The 24 h leaching trials were conducted to monitor the dissolution profile for the major
elements Al, Fe, Ti, and Si. Al and Fe were expected to exhibit increased %wt. dissolution
in aqueous HCl, while the opposite was expected for Ti and Si. Especially for the case of Si,
its behavior in the leaching process is a crucial parameter, as precipitated SiO, from acidic
solutions can form gels. The occurrence of SiO, gel formation can constitute the separation
of the leached residue from the PLS impossible.

The 24 h study confirmed the rapid and efficient dissolution of both Al and Fe. More
specifically, literature data collected and presented by Zhao [49] confirm the fast dissolution
of Al from gibbsite when leaching with aqueous HCl. Those data are in full agreement
with the results presented in this study (see dissolution results for Al in Table 4 and leached
residue XRD analysis in Figure 5). Concerning the leachability of the minor Al-bearing
phases, as depicted in Figure 5, boehmite and kaolinite are virtually unaffected by the
leaching process, as proposed bibliographically by Bénézeth [55] and Terry [56].

The high %wt. dissolution values for Fe presented in Figure 3 and the data in Table 4,
combined with the XRD analysis of the leached residue (Figure 5), suggest that during the
leaching trials, hematite and goethite were almost totally dissolved. During the treatment
with aqueous hydrochloric acid (HCI) solutions, hematite exhibits a faster dissolution rate
per unit area compared to goethite. This disparity in rates appears to persist throughout the
entire dissolution reaction, as supported by qualitative evidence. Similarly, when mixtures
of goethite and hematite are present, all the hematite dissolves before goethite, even when
the former compound is present in excess [57,58]. Based on these remarks, it could be
assumed that residual undissolved Fe is found in the form of goethite. However, no clear
peak was found in the residual matrix. This indicates the possibility for the presence of Fe
in some of the undissolved minerals in the raw material.

Ti dissolution rates observed do not agree with the bibliographic data that demonstrate
anatase and rutile are slightly soluble in HCI treatment. The dissolved Ti content could
be linked to the existence of a soluble Ti source. This source could be in the matrix of
detected mineralogical phases or amorphous material. Data provided by Valeton [59],
Hartman [60], and Vind [61] suggest that Ti, except for the form of rutile, the most common
and stable phase in bauxites, could be found through the diagenetic process to anatase
and Fe-minerals. Ti substitution in hematite could codissolve with Fe and explains the
dissolution rates observed. Indeed, Trolard et al. [62] have studied the existence of trace
elements in iron oxides originating from lateritic mineralization processes and confirmed
the substitution of Ti for Fe in hematite up to 2% w/w. On the other hand, according to
the same research group, Ti cannot substitute for Fe in goethite. Concerning the second
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observed TiO, phase of anatase, Schwertmann et al. [63] have confirmed the isomorphous
replacement of Ti by Fe, by the increase in the unit cell parameters 2 and V with increasing
Fe content. The replacement of Ti by Fe in anatase was also supported by Mossbauer and
EPR spectra. Consequently, the incomplete dissolution of Fe could be attributed to the
substitution of Ti by Fe in the anatase structure.

A similar unexpected dissolution but to a smaller degree was noted also in the case of Si.
Siin the form of quartz is known to be insoluble in aqueous HClI solution under atmospheric
pressure conditions [64,65]. However, Si dissolution is noted. This phenomenon could be
linked with the existence of Si in the amorphous mass calculated during the raw material
XRD analysis. This statement is endorsed also by the Si concentration differences between
chemical analysis and XRD quantitative analysis. Amorphous Si phases are reported as
easily soluble in HCI treatment [66]. The extent of Si dissolution is not severe and indeed
no SiO, gelation phenomena were observed, although most of the dissolved Si precipitates,
as shown in Figure 4.

4.2. Optimization of S/L Ratio

The goal of the S/L ratio optimization trials was to utilize the highest feasible S/L
ratio in a one-stage leaching process and to produce a concentrated Al-containing solution,
suitable for the subsequent precipitation of Al in the form of chloride salts. Analysis of
the results showed that a further rise in the S/L ratio over the 20:100 g/mL value did not
affect positively the process, as depicted in Figure 6. However, trials using higher S/L ratio
values provided useful information about the overall process.

The hypothesis tested in these trials was that the hydrolysis of the trivalent ions (A
and Fe3") generates additional acidity to the system, which could potentially lead to in-
creased %wt. extraction for Al. As stated in previous works [67], through the dissolution of
gibbsite-bearing materials and in the absence of any complexing species, Al concentration
in the final produced solution is controlled by the dissolution of gibbsite (presented in
Equation (2)) and the hydrolysis of AL+ (presented in Equation (6)). Free acidity measure-
ments confirmed the hydrolysis theory as free acidity was found in all produced solutions.
Thus, the decrease in %wt. extraction noted for Al and Fe could not be linked with the
lack of acidity but with the reach of a solubility limit for the system under investigation.
With the reach of this limit, any further dissolution is not possible, as confirmed by the
XRD analysis of the residue from the 25:100 g/mL S/L ratio tests (Figure 7), showing that
gibbsite and Al-goethite remain partially insoluble after 2 h of treatment. Compared to the
solubility of Al in the AICl3-HCI-H,O system, the observed solubility of Al in this study is,
as expected, lower [68]. This deviation can be explained by the high concentration of other
dissolved impurities and more particularly, Fe. As presented by Cheng et al. [69], AI**
solubility is decreased by the increase in Fe** concentration and density. This relationship
could also explain the small drop in Al concentration with the rise in Fe concentration
noted with the rise in the S/L ratio, as shown in Table 5.

The work portrayed above describes a method to produce an AlCl3-FeCl; solution
containing approximately 37 g/L Al and 25 g/L Fe. This solution could be treated based
on AlSiCal’s technology for Al,O3 production, as it is depicted in Figure 1. The PLS pro-
duced in the study can be effectively treated downstream by an HCl-purging crystallization
process, leading to the precipitation of the corresponding hydrated chloride. A tailored
selection of applied conditions employed during the process can prevent the coprecipitation
of undesired impurities [70]. As stated by Cheng et al. [69], Al precipitation in the form of
hydrated salt is preferred over Fe at ambient temperature, which is the major impurity in
the produced solution. The solubility of Fe is almost unchanged under elevated HCI con-
centrations. Moreover, utilizing a temperature above 60 °C would hinder the precipitation
of iron (Fe) [71]. Additionally, purification cycles could be repeated multiple times until
the desired level of purity, as per the established criteria, is achieved. Known techniques
could be applied for HCl regeneration [72] from the spent acid solution. Finally, the Fe-rich

13+
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solution, after the removal of the Ti impurities, can be harnessed as FeClz, a commercially
valuable product.

5. Conclusions

The goal of the present research was to access BTs as an alternative source for the Al,O3
industry. The composition of this waste necessitates an acid treatment for the dissolution
of Al and its separation from Si content. In more detail, the following results were shown:

e A 24 h leaching trial with an aqueous 5.9 M HCI solution and a 5:100 g/mL S/L
ratio led to almost total Al dissolution and Fe dissolution and the production of
a predominant siliceous residue. PLS calculated impurities were 27.5 ppm Si and
114.9 ppm Ti.

e  Two-hour duration was selected as the optimum leaching time combining high Al
dissolution rates and low Si dissolution.

e  TheS/L ratio optimization study was performed with the same leaching conditions as
in the 24 h study (stirring rate: 300 rpm, HCI concentration: 5.9 M, temperature: 90 °C),
but with a 2 h duration. The range in S/L ratio values tested was 20:100-25:100 g/mL,
corresponding from a slight excess of acid to an excess of solids. The 20% S/L ratio
proved to be the optimum, leading to the production of a solution with 36.8 g/L Al,
25.2 g/L Fe, 80.4 ppm Ti, and 76.9 ppm Si.

e  Further increase in the S/L ratio value led to a decrease in Al %wt. extraction, which
is most likely attributed to reaching the solubility limit for this system.

e Inall of the S/L ratios tested, filtering of the leached residue was conducted with no
difficulties.

To conclude, BTs are a promising material for alternative Al,O3 extraction and future
work should focus on the valorization of the major byproducts, i.e., the SiO,-rich residue
and the FeCls content of the PLS.
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