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Abstract 

Bauxite residue, also known as red mud, is the major solid waste generated during primary alumina 

production with the Bayer process. For each ton of alumina produced, 1 - 1.5 tons of bauxite residue 

is generated [1–3], leading to over 150 million tons per year of bauxite residue generated globally 

[2,4]. Management of bauxite residue is the major issue for alumina industry because of its high 

volume and alkalinity. However, bauxite residue is a polymetallic matrix, containing valuable metals 

like scandium, titanium, iron, aluminum and rare earth a comprehensive strategy is needed for 

recovering metals from bauxite residue and utilize the left-over residue in applications like 

cementitious industry or building materials. This “zero-waste” approach could contribute in finding 

a way to solve major issues for the management of bauxite residue and furthermore could help to 

tackle the raw material dependency of Europe.   

In this perspective, the main aim of this PhD thesis was to study a process for recovering valuable 

metals from bauxite residue, with the main objective being recovering valuable metals, such as 

titanium and scandium. A conceptual flowsheet was presented and two main parts can be outlined. 

The first part involved the dissolution of metals from bauxite residue through an innovative 

ionometallurgical approach. In particular, the direct leaching of bauxite residue by using the 

Brønsted acidic ionic liquid 1-ethyl-3-methylimidazolium hydrogen sulfate for recovering scandium 

and titanium at high recovery yields was investigated.  

To optimize the process, parameters like stirring rate, time, temperature and pulp density were 

evaluated. Their optimized combination has shown high recovery yields of scandium, nearly 80 %, 

and titanium (90 %), almost total dissolution of iron, while aluminum and sodium were partially 
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extracted in the range of 30 – 40 %. Silicon and rare earth element dissolutions were found to be 

negligible, whereas calcium was dissolved and reprecipitated as calcium sulfate anhydrate, 

consuming about the 2 wt.% of the ionic liquid.  

Moreover, the left-over solid residue was fully characterized, providing explanations for the destiny 

of rare earths that remain undissolved during the leaching process. The solid residue produced after 

dissolution can be further treated to extract rare earths or employed in cement industry or for 

building materials.  

The second part of the conceptual flowsheet involved solvent extraction process for extracting 

metals from the pregnant liquid solution. Preliminary tests with four major extractants, three 

organophosphorus acids (D2EHPA, Cyanex 272 and Ionquest 801) and a neutral extractant (Cyanex 

923), were tested in a comparative manner to understand the extraction behavior directly from 

ionic liquid leachates.   

Phase separation time, organic to ionic liquid ratio and extractant concentration were studied as 

variable parameters and kinetic studies were performed to understand metals extraction behavior 

over time. From the experiments performed, the acidic extractant D2EHPA at 20 % v/v and 1:1 O:IL 

gave the best results in terms of extracting metals, as almost the total amount of iron, aluminum, 

titanium and scandium were recovered from the pregnant liquid solution after fifteen minutes. On 

the other hand, scandium selectivity was achieved using the neutral extractant Cyanex 923. 

In this perspective, a multi-stage solvent extraction process for selectively recovering metals from 

pregnant liquid solution was proposed. In the first two stages Cyanex 923 was employed for 

recovering almost the total amount of scandium and aluminum, while iron and titanium were 

moderately extracted. After stripping and purification, aluminum and scandium could be employed 

in Al-Sc alloys industry. The third stage involved the use of the acidic extractant Cyanex 272 for 

extracting iron and titanium that can be further stripped and purified. 

Finally, the resulting ionic liquid phase could be regenerated and further used again in leaching 

process. 
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Περίληψη 

Τα κατάλοιπα βωξίτη, επίσης γνωστά ως ερυθρά ιλύς, είναι τα κύρια στερεά απόβλητα που 

προκύπτουν κατά την παραγωγή αλουμίνας με τη μέθοδο Bayer. Για κάθε τόνο παραγόμενης 

αλουμίνας, παράγονται 1 - 1,5 τόνοι καταλοίπων βωξίτη [1-3], οδηγώντας παγκοσμίως σε 

παραγωγή περισσότερων από 150 εκατομμύρια τόνων καταλοίπων βωξίτη ετησίως [2,4]. Η 

διαχείριση των καταλοίπων βωξίτη είναι το σημαντικότερο ζήτημα για τη βιομηχανία αλουμίνας 

λόγω του μεγάλου όγκου και της αλκαλικότητάς τους. Τα κατάλοιπα βωξίτη περιέχουν σημαντικές 

ποσότητες μετάλλων όπως σκάνδιο, τιτάνιο, σίδηρο, αργίλιο και σπάνιες γαίες και γιαυτό το λόγο 

απαιτείται μια ολοκληρωμένη στρατηγική διαχείρισής τους με στόχο την ανάκτηση μετάλλων από 

αυτά και τη χρήση του δευτερογενούς καταλοίπου στην τσιμεντοβιομηχανία ή/και στη βιομηχανία 

παραγωγής δομικών υλικών. Αυτή η προσέγγιση των «μηδενικών αποβλήτων» συμβάλει στην 

βιώσιμη επίλυση του προβλήματος της διαχείρισης των καταλοίπων βωξίτη καθώς επίσης και στην 

μείωση της εξάρτησης της Ευρώπης από τις εισαγόμενες πρώτες ύλες. 

Έχοντας κατά νου αυτή την προοπτική, κύριος στόχος αυτής της διδακτορικής διατριβής είναι να 

μελετήσει μια διεργασία ανάκτησης μετάλλων, κυρίως τιτανίου και σκανδίου, από τα κατάλοιπα 

βωξίτη. Στα πλαίσια της διατριβής αυτής αναπτύχθηκε ένα σύνθετο διάγραμμα ροής που μπορεί 

να περιγραφεί από δύο κύρια στάδια. 

Το πρώτο στάδιο αφορά την ανάπτυξη μιας ιονομεταλλουργικής διεργασίας εκχύλισης των 

καταλοίπων βωξίτη. Συγκεκριμένα, μελετήθηκε η άμεση εκχύλιση των καταλοίπων βωξίτη 
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χρησιμοποιώντας το όξινο κατά Brønsted-Lowry  ιοντικό υγρό EMIMHSO4 (‘Οξινο Θειικό 1-αίθυλο-

3-μεθυλο-ιμιδαζολίο) για την ανάκτηση σκανδίου και τιτανίου με υψηλές αποδόσεις. 

Για τη βελτιστοποίηση της διεργασίας, μελετήθηκαν παράμετροι όπως ο ρυθμός ανάδευσης, ο 

χρόνος παραμονής, η θερμοκρασία και η πυκνότητα πολτού. Υπό τις βέλτιστες συνθήκες 

επιτεύχθηκαν υψηλές ανακτήσεις σκανδίου (80%) και τιτανίου (90%), σχεδόν ολική διάλυση 

σιδήρου, ενώ το αργίλιο και το νάτριο ανακτήθηκαν μερικώς (30-40%). Στοιχεία όπως το πυρίτιο 

και οι σπάνιες γαίες παρουσίασαν αμελητέες ανακτήσεις, ενώ το ασβέστιο αρχικά διαλύθηκε και 

εν συνεχεία καταβυθίστηκε ως άνυδρο θειικό ασβέστιο, καταναλώνοντας περίπου το 2% κ.β. του 

ιοντικού υγρού. 

Το εναπομείναν στερεό υπόλειμμα της εκχύλισης χαρακτηρίστηκε διεξοδικά, παρέχοντας 

σημαντικές εξηγήσεις για τη συμπεριφορά των σπανίων γαιών κατά τη διεργασία της εκχύλισης. 

Το στερεό αυτό υπόλειμμα μπορεί να υποστεί περαιτέρω υδρομεταλλουργική επεξεργασία για 

την εξαγωγή των  σπανίων γαιών είτε να χρησιμοποιηθεί ως πρώτη ύλη στη βιομηχανία τσιμέντου 

ή στη βιομηχανία παραγωγής δομικών υλικών. 

Το δεύτερο κύριο στάδιο του διαγράμματος ροής περιλαμβάνει τη διεργασία εξαγωγής με 

οργανικό διαλύτη των μετάλλων από το κυοφορούν διάλυμα της εκχύλισης. Έγιναν συγκριτικές 

προκαταρκτικές δοκιμές με τέσσερεις οργανικούς διαλύτες (εξαγωγείς), τρία όξινα 

οργανοφωσφορικά οξέα (D2EHPA, Cyanex 272 και Ionquest 801) και ένα ουδέτερο εξαγωγέα 

(Cyanex 923), με στόχο τη κατανόηση της διεργασίας της εξαγωγής μετάλλων με οργανικό διαλύτη 

απευθείας από κυοφορούντα διαλύματα ιοντικών υγρών. 

Η χρονική διάρκεια διαχωρισμού φάσεων (οργανική/ιοντικό υγρό), η αναλογία όγκων οργανικής 

φάσης προς ιοντικό υγρό και η συγκέντρωση του εξαγωγέα στην οργανική φάση 

(εξαγωγέας/διαλύτης/τροποποιητής) μελετήθηκαν ως μεταβλητές παράμετροι και 

πραγματοποιήθηκαν κινητικές μελέτες για την κατανόηση της συμπεριφοράς εξαγωγής των 

μετάλλων με την πάροδο του χρόνου. Από τα πειράματα που πραγματοποιήθηκαν, ο όξινος 

εξαγωγέας D2EHPA (σε συγκέντρωση 20% v/v στην οργανική φάση και αναλογία O:IL 1:1 v/v) 

έδωσε τα καλύτερα αποτελέσματα όσον αφορά την εξαγωγή των μετάλλων, καθώς σχεδόν η 

συνολική ποσότητα σιδήρου, αργιλίου, τιτανίου και σκανδίου ανακτήθηκε από το κυοφορούν 

διάλυμα μέσα σε χρονικό διάστημα δεκαπέντε λεπτών. Από την άλλη πλευρά, επιλεκτικότητα 

εξαγωγής σκανδίου επιτεύχθηκε χρησιμοποιώντας τον ουδέτερο εξαγωγέα Cyanex 923. 

Βάσει αυτών των αποτελεσμάτων, προτάθηκε μια διεργασία επιλεκτικής εξαγωγής μετάλλων 

πολλαπλών σταδίων από το κυοφορούν διάλυμα ιοντικού υγρού. Στα δύο πρώτα στάδια, 

χρησιμοποιήθηκε ο εξαγωγέας Cyanex 923 για την ανάκτηση σχεδόν της συνολικής ποσότητας 
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σκανδίου και αργιλίου ενώ ο σίδηρος και το τιτάνιο εξήχθησαν σε μέτρια ποσοστά παραμένοντας 

κυρίως στο κυοφορούν διάλυμα ιοντικού υγρού. Μετά την αναγέννηση και τον καθαρισμό της 

οργανικής φάσης που μπορεί να ξαναχρησιμοποιηθεί πάλι, το διάλυμα αργιλίου και σκανδίου θα 

μπορούσε να χρησιμοποιηθεί για παραγωγή κραμάτων Al-Sc. Στο τρίτο στάδιο χρησιμοποιείται ο 

όξινος εξαγωγέας Cyanex 272 για την ανάκτηση σιδήρου και τιτανίου από το κυοφορούν διάλυμα 

ιοντικού υγρού που έχει προκύψει μετά τα δύο πρώτα στάδια εξαγωγής. Τελικά, η προκύπτουσα 

φάση του ιοντικού υγρού αναγεννάται και δύναται να χρησιμοποιηθεί περαιτέρω στη διεργασία  

εκχύλισης των καταλοίπων βωξίτη. 
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1. Background 

Bauxite residue, also known as red mud, is the major by-product of the Bayer process for alumina 

production, produced by the alkali leaching of bauxite ores. On average, for each metric ton of 

alumina, 1 – 1.5 metric tons of BR are generated, which leads to a global production of over 150 

million metric tons per year. The management of bauxite residue involves stockpiling, storage 

within settling pond and landfilling. However, these approaches are disadvantageous in terms of 

potential risk for the environment, such as an accidental dam failure in the case of the Ajka alumina 

sludge spill in Hungary (2010) as well as the degradation of large areas used for storing huge 

amounts of bauxite residue. Bauxite residue is a polymetallic matrix, therefore investigating metal 

recovery methods and the utilization of the left-over residue in other application (i.e. cement, 

building materials) could contribute to solve issues related to bauxite residue management in view 

of the zero-waste valorization approach. 

Bauxite residue composition can differ depending on the type of bauxite ore from which alumina 

are produced and Bayer processing techniques. During the Bayer process, valuable base and trace 

elements like iron, some aluminum, titanium, and rare earth elements remain in the bauxite 

residue. As a consequence, rare earths are enriched with a factor of about 2 in BR comparing to the 

initial ore. Particularly interesting is the case of scandium, as its concentration in BR (in Greek BR 

accounts to 130 ppm on average) is much higher than in the Earth’s crust (22 ppm on average); that 

means a notable enrichment of scandium in bauxite residue. Due to the high market price (Sc2O3—

4600 US$/kg, 99.99 % purity, in 2017), scandium may represent 95 % of the economic value of rare 

earths in BR. It has also been listed as a critical raw material by the European Commission due to 

its high economic importance and supply risk. In fact, scandium is mainly produced as a byproduct 
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during the processing of various ores, from titanium and rare earths ores (China), uranium ore 

(Kazakhstan and Ukraine), and apatite ore (Russia). It can also be recovered from previously 

processed tailings or residues. For these reasons, bauxite residue can be accounted as a secondary 

raw material source, and the recovery of scandium could represent a high economic interest.  

Bauxite residue can also be considered a secondary source for titanium, which is a photocatalyst 

and it is applied in the white pigment industry. Since the availabilities and qualities of titanium ores 

are decreasing, it is important to find methods for extracting Ti from secondary sources. 

Many studies, patents, and pilot scale implementations have been carried out for scandium and 

titanium recovery from BR, mainly by investigating hydrometallurgical or combined pyro-

hydrometallurgical processes, but none of them has reached an industrial scale. Nowadays, the 

impact of the zero-waste valorization policy motivates the research community on finding 

innovative, greener, and economical viable routes for metal extraction from complex polymetallic 

matrices, such as the bauxite residue. In this perspective, ionometallurgical approach can be 

exploited as an alternative to conventional hydrometallurgical processing. The term ionometallurgy 

indicates the use of ionic liquids as solvents in metals processing. Ionic liquids are liquid at room 

temperature and consist solely of ions; generally, an organic cation and inorganic/organic anion. 

ionic liquids have superior properties against conventional organic solvents, such as 

nonflammability, a wide electrochemical window, high thermal stability, negligible vapor pressure, 

and low volatility. For these reasons and thanks to the vast number of combinations of the cation 

and the anion during synthesis, ionic liquids have potential for many applications, such as solvent 

extraction, catalytic reactions, and electrodeposition of metals. In the past few decades, ionic 

liquids have been used also as lixiviants for metals dissolution. Applying ionic liquid leaching on 

secondary raw material resources eventually improves efficiency yields, reduce waste effluent, and 

increases selectivity. 

1.1 Scope of the PhD thesis 

In this context, a process for recovering valuable metals from bauxite residue has been studied 

within the framework of this PhD thesis with the main objective being recovering valuable metals, 

such as titanium and scandium. A conceptual flowsheet is presented in Figure 1 and two main parts 

can be outlined. 



- 3 - 

 

 

Figure 1 Conceptual flowsheet of the work presented in this PhD thesis focused on the recovery 

of valuable metals from bauxite residue 

(1) Firstly, the direct leaching of bauxite residue by using the Brønsted acidic 1-ethyl-3-

methylimidazolium hydrogen sulfate ionic liquid was investigated and high titanium and 

scandium recovery yields were reached. The process was optimized by evaluating 

parameters like stirring rate, time, temperature and pulp density. It was found that at the 

optimum conditions (200 rpm, 200 °C, 12 hours and 5 % w/v pulp density) high recovery 

yields of scandium (80 %) and titanium (90 %) could be reached. Having high scandium 

dissolution, led to an almost complete co-extraction of iron, as in bauxite residue, scandium 

is mainly contained in iron mineralogical phases (75 %). Rare earths were not extracted 
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with this process and the resulting solid residue was characterized to try to locate them. 

The matrix was mainly composed of aluminum – calcium – sodium silicates and surrounded 

phases transitioning from calcite to calcium sulfate anhydrite. Calcium sulfate anhydrite is 

a new mineralogical phase formed due to the interaction between calcium and the anion 

of the ionic liquid and it is responsible for a 2 wt. % consumption of the ionic liquid. Heavy 

rare earths like gadolinium and dysprosium were located in yttrium phosphate particles. 

This kind of grains were previously located in bauxite residue; therefore, they endure the 

leaching process. On the other hand, light rare earths, including neodymium, lanthanum 

and samarium, were identified in small mixed calcium-cerium phosphate particles. This may 

indicate a partial dissolution of calcium from the mixed Ca – light rare earths phases, leaving 

behind smaller phosphate particles which are beneficiated in light rare earths. Since rare 

earths remain in the solid residue, this could be further treated for subsequently extracting 

them. Moreover, being rich in calcium, aluminum and silicon, the left-over solid residue 

could be employed in building material or cementitious applications.  

(2) Metals recovery from the pregnant liquid solution generated by the leaching process. 

Preliminary studies on solvent extraction were carried out, by testing different kind of 

extractants to find the most suitable for extracting metals from the pregnant liquid 

solutions. For this purpose, three acidic organophosphorus extractants and a neutral 

mixture of phosphine oxides were tested. It was found that the neutral extractant, the 

Cyanex 923, was selective for extracting Sc and Al from the leachate. On the other hand, 

the three acidic extractants, Cyanex 272, D2EHPA and IONQUEST 801 were able to extract 

all kind of metals. Therefore, a multi-stage solvent extraction process was proposed, by 

firstly using a dual-stage solvent extraction process with Cyanex 923 for extracting almost 

the total amount of scandium (99 %) and aluminum (more than 95 %). The second stage of 

the solvent extraction process involved the acidic extractant Cyanex 272 for recovering 

nearly the total content of titanium and iron (about 95 %) from the leachate.  

After the solvent extraction process, the ionic liquid could be regenerated and subsequentially 

re-used for a more environmentally friendly process for recovering metals from bauxite residue 

and a complete valorization in view of a zero-waste approach. 

1.2 Outline 

This PhD thesis has been divided into nine chapters. The first four chapters refer to the literature 

review, while from the fifth to the eighth chapter the experimental part is presented. In the ninth 
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and final chapter conclusions and outlook are given. A more detailed outline of these chapters is 

given below. 

- Chapter 1 presents the thesis background, scope of this work and the outline of this PhD 

thesis. 

- Chapter 2 describes the Bayer process in general and more specifically the conditions used 

in Aluminum of Greece plant. It gives an overview on bauxite residue management, 

describing its potential applications. Finally, the use of bauxite residue as secondary raw 

material is reported; particularly an overview of the literature on the scandium and 

titanium recovery from bauxite residue is given. 

- Chapter 3 specifies ionic liquids definition, characteristics and uses. It describes in detail 

the ionometallurgy field and specifically the use of the ionic liquids for leaching. 

- In Chapter 4 the solvent extraction technique is described and an overview on extracting 

metals from leachates with both conventional and non-aqueous solvent extraction 

processes is given. 

- Chapter 5 discusses the fully characterization of the bauxite residue employed in this work. 

- Chapter 6 is the core of this PhD thesis, as it illustrates the characterization of the ionic 

liquid 1-ethyl-3-methylimidazolium hydrogen sulfate employed in this work and 

investigates the mechanisms of the reaction that takes place for dissolving metals from 

bauxite residue. Moreover, some preliminary tests are shown and finally, the optimization 

of the leaching process is extensively discussed.  

- In Chapter 7 the characterization of the left-over solid residue after leaching is discussed. 

REEs in the solid residue were located. 

- In Chapter 8 metal recovery from the leachates is investigated. More in detail, some 

preliminary tests with several extractants are evaluated and a multi-stage solvent 

extraction process is proposed.  

- Chapter 9 presents the overall conclusions of the thesis and gives an outlook for further 

studies that can be performed.   
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2. Bauxite residue  

2.1 From bauxite to alumina: the Bayer Process 

The Bayer Process is a cycling method for producing technically pure alumina (>98.3 % Al2O3) from 

bauxite [5–7]. It was developed and patented in 1887 and successively implemented in 1893 by Karl 

Josef Bayer. Since then, the process has been extensively researched and any technological 

improvements have been made; however, its basic principles and environmental issues remain 

unchanged [8]. Today, over 95 % of the alumina produced globally is generated through the Bayer 

process [9], as it remains the only viable way to produce alumina from bauxite.  

On average, 2.65 kg of bauxite ore are required to produce 1 kg of alumina, while the remaining 

amount of the solid is removed from the process as slurry [10,11], commonly known as red mud. 

Bauxite is a sedimentary rock principally consisting of a heterogeneous mixture of hydrated 

aluminum oxides such as gibbsite (Al(OH)3 or Al2O33H2O), boehmite (γ-AlOOH or Al2O3H2O) and 

diaspore  (α-AlOOH or Al2O3H2O) with average levels 30 – 65 wt. % (measured as aluminum oxides) 

[9]. Other constituents are silica (4 – 8 wt. %), iron oxides and hydroxides (10 – 35 wt. %, measured 

as iron oxides), titanium oxides (2 – 4 wt. %) [12]. Scandium [13], rare earth elements [14] and other 

trace elements like gallium and vanadium are also present [7].  

The Bayer process generally consists of six main units processes (Figure 2, [15]): (I) material 

preparation (milling and pre-desilication); (II) digestion, (III) clarification, (IV) precipitation, (V) 

evaporation and (VI) calcination. Each unit process influences the chemical composition of the 

residues, as well as their physical and mineralogical attributes [5]. 
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Figure 2 The Bayer Process simplified scheme (source: http://bauxite.world-

aluminium.org/index.php?id=208&L=0 [15]). 

(I) The first unit process consists of preparing the raw material by crushing and milling 

bauxite to reduce particle size and increase the surface area for the following stage, 

which involves desilication, where silica (SiO2) is removed.  

(II) During the next unit process, bauxite is leached with a hot caustic soda (NaOH) solution. 

At this high pH value and elevated temperature and pressure, aluminum-containing 

minerals are dissolved selectively, while most of the other compounds remain insoluble 

and the pregnant liquor is formed (“green liquor”). This is called alkaline digestion and 

it is based on the solubility of Al3+ as aluminate (Al(OH)4
-) relatively to the other 

constituents of bauxite [12]. The operative conditions of this unit depend on the 

mineralogy of the processed bauxite. The main aluminum phases in bauxite are 
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trihydrates like gibbsite (also known as hydrargillite) or monohydrates like boehmite 

and diaspore. While trihydrates are better soluble at temperatures of about 135 – 150 

°C, boehmite is treated at temperatures of 205 – 245 °C and diaspore needs the highest 

digestion temperatures above 250 °C [16]. Due to its mineral composition, bauxite can 

be divided into two groups, karst bauxite and lateritic bauxite. Karst bauxite mainly 

contains boehmite and small amount of diaspore and can be found primarily in Europe. 

On the other hand, lateritic bauxite is mainly constituted by gibbsite with small 

amounts of boehmite and are located in tropical deposits  [16,17].  

The alkaline digestion process is governed by the following reactions [12,17–19]:  

Gibbsite: 
𝐴𝑙(𝑂𝐻)3(𝑠) + 𝑁𝑎𝑂𝐻 → 𝐴𝑙(𝑂𝐻)4(𝑎𝑞)

− + 𝑁𝑎(𝑎𝑞)
+  (135-150 °C) (1) 

Boehmite:                  𝛾 − 𝐴𝑙𝑂𝑂𝐻(𝑠) + 𝑁𝑎𝑂𝐻 +  𝐻2𝑂 → 𝐴𝑙(𝑂𝐻)4(𝑎𝑞)
− + 𝑁𝑎(𝑎𝑞)

+  (205-245°C) (2) 

Diaspore: 𝛼 − 𝐴𝑙𝑂𝑂𝐻(𝑠) + 𝑁𝑎𝑂𝐻 + 𝐻2𝑂 → 𝐴𝑙(𝑂𝐻)4(𝑎𝑞)
− + 𝑁𝑎(𝑎𝑞)

+  (T>250 °C) (3) 

In general, the equilibrium in the above moves to the right with an increase in caustic soda 

concentration [18].  

During this part of the process, iron and titanium containing species remain insoluble, while silica 

containing species are partly digested according to the following reactions: 

𝑆𝑖𝑂2(𝑠) + 2𝑁𝑎𝑂𝐻+ = 𝑁𝑎2𝑆𝑖𝑂3(𝑎𝑞)
+  𝐻2𝑂  (4) 

𝐴𝑙2𝑂3 ∙ 2𝑆𝑖𝑂2 ∙ 𝐻2𝑂(𝑠) + 6𝑁𝑎𝑂𝐻 = 2𝑁𝑎𝐴𝑙𝑂2(𝑎𝑞)
+ 2𝑁𝑎2𝑆𝑖𝑂3(𝑎𝑞)

+  5𝐻2𝑂  (5) 

The soluble products (NaAlO2 and Na2SiO3) react to form desilication products (DSP) which are non-

soluble aluminosilicate precipitates:  

2𝑁𝑎𝐴𝑙𝑂2(𝑎𝑞)
+ 2𝑁𝑎2𝑆𝑖𝑂3(𝑎𝑞)

+  2𝐻2𝑂 = 𝑁𝑎2𝑂 ∙ 𝐴𝑙2𝑂3 ∙ 2𝑆𝑖𝑂2(𝑠)
+  4𝑁𝑎𝑂𝐻(𝑎𝑞)  (6) 

Even though the DSP formation process leads to soda and aluminum losses during leaching, its 

formation is necessary to control the concentration of dissolved silicon. If the bauxite ore does not 

contain a significant proportion of readily soluble silicon, then the above process cannot take place. 

In this case, low silicon concentration in the leaching solution, can be achieved by adding an excess 

of calcium oxide (CaO) in the feed charge. This leads to the formation of cancrinite 

Na6Ca2Al6Si6O24(CO3)2, a slightly soluble phase. 
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(III) The clarification stage involves multiple steps where flocculants are added to enhance 

the sedimentation of the solid (red mud) from the sodium aluminate-containing 

pregnant liquor [12]. The red mud slurry is then washed in counter-current decantation 

washer to recover NaOH and Al(OH)4
- for recycling them into the Bayer Process. 

Depending on the plant requirements, the slurry is undergone to further treatments 

and stockpiled in the disposal area [5,12].  

(IV) In the precipitation stage alumina hydrate (Al(OH)3) is crystallized from the sodium 

aluminate supersaturated solution: 

𝐴𝑙(𝑂𝐻)4(𝑎𝑞)
− + 𝑁𝑎(𝑎𝑞)

+ → 𝐴𝑙(𝑂𝐻)3 + 𝑁𝑎𝑂𝐻 (7) 

Precipitation is initiated by the introduction of aluminum hydroxide seed crystals [7]. 

(V) The spent liquor is then heated for recycling NaOH that is washed and reused into the 

digestion stage (evaporation).  

(VI) Al(OH)3 is then thermally decomposed at T > 1000 °C to produce alumina (Al2O3) 

(calcination) [6,20], which is the final product of the Bayer Process:  

2𝐴𝑙(𝑂𝐻)3 → 𝐴𝑙2𝑂3 + 3𝐻2𝑂 (8) 

The Bayer process is often divided into the “red side” and the “white side”. The “red side” is referred 

to the units where bauxite and its residue are present, the “white side” denotes the stages after 

residue removal (clarification) until precipitation, calcination and evaporation stages [5,7,21]. 

2.1.1  The Aluminum of Greece conditions for the Bayer Process 

Bauxite residue employed in this work comes from Aluminum of Greece plant (Metallurgy Business 

Unit, Mytilineos S.A.; hereafter denoted as AoG). As Vind et al. explain, AoG utilizes mainly two 

types of bauxite feed: 80 % of the feed is from the locally mined karst (diasporic/boehmitic) bauxite 

and 20 % is imported lateritic (gibbsitic) bauxite originating from Ghana or Brazil [7,13]. Due to the 

presence of karst bauxite (boehmitic and diasporic bauxites), AoG uses digestion conditions known 

as high-temperature digestion (HTD), which implies T > 250 °C and elevated pressure (5.8 – 6.0 

MPa) [7,22]. The karst bauxite used originates from Parnassos-Ghiona, which is situated between 

limestones. For this reason, it is necessary to remove the unwanted limestone from the ore that is 

inevitably partly mined as a contaminant together with bauxite [7]. As it is possible to observe in 

Figure 3, prior to the other stages, limestone is removed by heavy media separation (HMS) in 

ferrosilicon slurry, also referred as “ decalcitation” in literature [7]. AoG also uses an optimization 
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step (called “sweetening” process), in which lateritic bauxite is digested at a lower temperature 

after the digestion of karst bauxite. Lateritic bauxite suspension passes through a pre-desilication 

step to allow the formation of desilication products (sodalite and cancrinite) and avoid the 

problems of reactive silica (i.e., kaolinite) during digestion. Hence, lateritic bauxite suspension is 

introduced to the main karst bauxite slurry after the HTD of karst bauxite suspension [7]. It should 

also be noted that to obtain de-watered bauxite residue (BR), AoG makes use of the plate and frame 

filter pressing of the initial residue slurry (red mud) after the settling and washing unit [2]. 

 

Figure 3 Bayer Process flow diagram described in Vind et al. [7]. 

2.2 Bauxite residue characteristics 

Bauxite usually contains 30 – 60 wt.% of Al2O3 [9] and, due to the formation of sodium aluminum 

silicates, the deposited bauxite residue still contains 10 – 22 wt.% of Al2O3 [9,18,23]. Typical bauxite 

residue composition is reported in Table 1 [9,24].  
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Table 1 Typical bauxite residue composition [9,24].  

Component Typical range (wt.%) 

Fe2O3 20-25 

Al2O3 10-22 

TiO2 4-20 

CaO 0-14 

SiO2 5-30 

Na2O 2-8 

REEs 0.1-1 

BR composition can differ depending on the ore composition, residual alkalinity and other added 

materials during refining, and Bayer processing techniques [5,10,12,25]. During the Bayer process, 

base and trace elements (e.g. Fe, Al, Ti and Rare Earth Elements (REEs)) remain undissolved and are 

concentrated up in BR, representing a significant portion of recoverable and economically valuable 

metals in terms of volume of waste produced per annum [25]. 

Many minerals are present in BR, some of them are also present in bauxite itself, while others are 

produced during the Bayer process. The typical mineralogical composition of BR is shown in Table 

2.  
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Table 2 Typical range of minerals found in bauxite residue [2].  

Component Typical range (wt.%) 

Sodalite (3Na2O3Al2O36SiO2Na2X)  

[X=carbonates, chlorides, sulphates, etc.]  
4-40 

Al-goethite ((Fe, Al)2O3nH2O) 1-55 

Hematite (Fe2O3) 10-30 

Magnetite (Fe3O4) 0-8 

Silica (SiO2) crystalline and amorphous 3-20 

Calcium aluminate (3CaOAl2O36H2O) 2-20 

Boehmite (AlOOH) 0-20 

Titanium dioxide (TiO2) anatase and rutile 2-15 

Muscovite (K2O Al2O36SiO22H2O) 0-15 

Calcite (CaCO3) 2-20 

Kaolinite (Al2O32SiO22H2O) 0-5 

Gibbsite (Al(OH)3) 0-5 

Perovskite (CaTiO3) 0-12 

Cancrinite (Na6[Al6Si6O24]2CaCO3) 0-50 

Diaspore (AlOOH) 0-5 

Some of the elements are soluble in the Bayer process and either build up in the Bayer liquor or 

precipitate along with the aluminum hydroxide [2]. Sodium is the only element not found in the 

bauxite itself and in BR may be present in DSP or a soluble form. In fact, small quantities of soluble 

sodium compounds resulting from soda used during digestion will remain. The amount of this 

residual will depend on the de-watering and washing conditions used. These species, a mixture of 



- 14 - 

 

sodium aluminate and sodium carbonate are responsible for elevated pH for BR slurries, which are 

then neutralized by carbon dioxide from the air to form sodium carbonate and other metal 

carbonate species [2]. 

Physical characteristics, such as moisture content and particle size are also important when 

considering BR management or as a raw material. The median particle size is normally in the range 

of 5 – 10 μm. However, the grains width can spread from 1mm size to sub-micron particles. Also 

this factor depends from the kind of bauxite used and the parameters employed during the Bayer 

process by the alumina refinery [2]. 

2.3 Bauxite residue management and possible applications 

The global demand for alumina increases rapidly (Figure 4), in fact, in 2015 over 115 million tons of 

alumina were produced globally, while in 2018 the production increased of 15 million tons 

compared to 2015 (for a total of 130 million tons) [26].  

 

Figure 4 Al2O3 global production from 1974 to 2018 (source: http://www.world-

aluminium.org/statistics/alumina-production/#histogram [26]). 

It is estimated that for each ton of alumina produced, 1 – 1.5 tons of bauxite residue is generated 

[1–3], leading to over 150 million tons per year of bauxite residue generated globally [2,4]. The 
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extraction efficiency and bauxite characteristics (alumina content, karst or lateritic bauxite 

employment and silica content) [2]. BR is currently generated at 80 active Bayer plants, while there 

are at least other 50 closed legacy sites, so the combined stockpile of bauxite residue at the active 

and legacy sites is estimated at 3 – 4 billion tons [2,9,27].  

The management of BR has evolved over the decades and continues to be a global issue [2,9,28]. 

The way BR is handled and stored depends on factors like age of the plant, land availability, 

proximity to the sea, climate logistics, nature of the residue and regulations [9]. Historically, in the 

early Bayer alumina plants, the residue was often just disposed either close to the site or adjoining 

lands [2,27]. This method had the advantage of filling depressions, valleys and mine workings, but 

these areas were often not lined, causing high alkaline leaching of the landfill [9].  

Another method largely employed between the 1940s and 1960s and definitely phased out in 2015, 

was marine discharge, where the slurry was directly pumped from the washing circuit to the sea or 

discharged into the deep ocean [2,5,9]. Prior to 1980, most of the inventory of BR was stored in 

lagoon-type impoundments and the practice continues at some facilities. Lagooning involves 

pumping of the bauxite residue slurry with a solid content of 18 – 30 % into land-based ponds. Such 

ponds may be formed within natural depressions or old mine workings using dams to ensure secure 

containment [2,5,9]. If the residue material is not neutralized before discharging it into the lagoon, 

it remains highly alkaline (pH > 12 and soda level excess of 2000 mg/L) for many years after the 

residue slurry pumping had stopped [2]. For this reason, this approach is disadvantageous in terms 

of potential risk for the environment, as the dam may fail. If that happens muds and process liquids 

may flow a considerable distance, as though in the case of the accidental dam failure at Ajka, in 

Hungary in 2010 [29,30]. Another major disadvantage of this disposal method is the degradation of 

large areas used for storing huge amounts of BR and the cost of monitoring both leachate, site and 

surrounding area [9].  

Dry stacking was adopted as disposal method where lagooning was not possible due to lack of space 

and since the 1980s, this method has been increasingly used to reduce the land area required as 

well as to reduce the risk of a leakage of the caustic liquor [2]. This method involves filtration with 

drum filters and plate and frame filter presses and helps to maximize the recovery of caustic soda 

and alumina which are sent back to the Bayer process. This is currently the preferred technology 

for storing bauxite residue at large alumina refineries; in fact, it provides considerable economic 

benefits as the solid residue contains less than 28 % moisture and therefore transport issues and 

costs are dramatically reduced [2]. Aluminum of Greece adopted the frame filter press and dry 

stacking disposal method. However, in this alumina refinery, the BR disposal takes up to 1 km2 of 

land for an annual 0.75 million tons of BR. Because of the big amount of waste generated and huge 
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areas needed for disposal, many potential options for reusing BR have been considered. Possible 

applications can be divided into various categories [2]: 

• Cement manufacture [31–34]; 

• Recovery of specific components like iron [10,18,35,36], titanium [36–40], aluminum 

[37,41], scandium [39,42,43], yttrium [24]; 

• Building or construction materials [4,44]; 

• Soil amelioration, landfill capping [4], treatment of acid mine drainage [45], road 

construction [46]; 

• Pigments or glass ceramic. 

This wide research is also demonstrated by the more than 700 patents since 1964 [47], in Figure 5 

the different areas of BR processing are shown [27,47]. 

 

Figure 5 Patents distribution on BR processing (Klauber et al. [47]). 
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The processing of BR as a raw material has its challenges such as high economic costing for energy 

requirements in drying BR, acid-consuming nature of BR due to high alkalinity, interfering elements 

and complex structure of minerals that inhibit the metal extraction process, and restrictions in 

physical and chemical parameters of extractive agents [5,10,12,25,48]. For these reasons, a number 

of processes have been proposed, but never implemented, for the simultaneous recovery of the 

major metals from BR [27]. However, exergy analysis of Bayer process performed by Balomenos et 

al. [8] reported very low exergy efficiency value 2.94 % indicating that the process is inefficient from 

the exergetic point of view mainly due to high exergy content of the unexploitable by-products 

[10,48]. Therefore, to improve the efficiency of the overall Bayer process, there is the need to find 

possible ways for reusing BR and/or recovering metals from it [8,10].  

2.4 Bauxite residue as a secondary raw material 

Thanks to its composition, BR can be considered a secondary source of valuable base and trace 

metals. Many studies, patents and pilot scale implementations have been carried out with the 

intention of recovering metals from this secondary resource, mainly by investigating 

hydrometallurgical or combined pyro-hydrometallurgical processes [23–25,35,38,40,42,43,49–57], 

but none of them has reached an industrial scale. This is due to the fact that BR utilization in a 

different industry is either technically complicated or financially non-viable [58]. 

However, the impact of the zero-waste valorization policy motivates the research community on 

finding innovative, greener and economical viable routes for metal extraction from complex 

polymetallic matrixes such as BR. In the next section an overview of recovering methods from BR 

of the two targeted metals (titanium and scandium) is given. 

2.4.1 Titanium  

Titanium dioxide (TiO2), better known as titania, has a high refractive index and for this reason is 

commonly used as white pigment in various fields of industry, such as dyes, plastics and drugs 

[23,38,59,60]. Thanks to its high strength-to-weight ratio and inertness to many corrosive 

environments, it is also used in space industry and automotive applications [61].  

Since the availabilities and qualities of Ti ores are decreasing [38], it is important to find methods 

for extracting Ti from secondary sources. In bauxite residue, it is present either in the form of rutile 

or anatase, or it can coexist with other minerals [25]. BR can be considered a secondary source also 

for Ti, as its amount can vary between 4 and 20 wt.% (Table 1). 

There are different methods to recover titanium from BR, pyrometallurgical and hydrometallurgical 

processes, or a combination of them. Pyrometallurgy is normally used as a pretreatment method 
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for recovering iron from BR. Reductive smelting of BR [10] either as it is or after palletization with 

a carbonaceous reducing agent is the preferred method. Molten iron and slag that contains mainly 

titanium dioxide, alumina and silica are obtained. After separation of the molten pig iron, the slag 

is digested to recover aluminum and titanium from solution [25].  

There are two main acidic treatments to recover titanium, by hydrochloric or sulfuric acid leaching. 

Agatzini-Leonardou et al. [40] suggested that through a 6 N H2SO4 leaching at 60 °C with a solid-to-

liquid ratio of 5 %, Ti recovery can reach up to 64.5 %. Kasliwal and Sai [59] carried out experiments 

which involved a leaching step of bauxite residue with hydrochloric acid. They found that the 

titanium dioxide content in the leaching tailings was enriched from 18 % in the raw BR to 36 % 

under the optimum leaching conditions (90 °C, acid to BR ratio 10.3, acid concentration 5.2 M). In 

order to enrich more the tailings in TiO2, they added a second treatment step which was consisting 

of roasting the leaching tailings with sodium carbonate and subsequently leaching the resulted 

cinders with water. Under the optimum roasting conditions (1150 °C, Na2O/Al2O3 molar ratio 2.8, 

retention time 115 min) and followed by water leaching, the resulted tailings had a TiO2 content of 

76 %. 

Ghorbani and Fakhariyan [60] made a comparison between a single acid leaching of red mud and a 

combination of two acids at different ratios. The highest extraction of titanium was 97.7 % and it 

was obtained with a combination of concentrated sulfuric and hydrochloric acids with 3:1 ratio at 

100 °C and 2 hours retention time. Additionally, the co-dissolution of iron and aluminum were 92 

% and 91.3 % respectively [60]. 

Alkan et al. made a comparison by dissolving BR with H2SO4, HCl and a combination of them (HCl to 

H2SO4 ratio 1:3). The highest leaching efficiency (above 67 %) was reached with H2SO4 after 2 hours. 

However, 50 % of Fe was also leached [38]. To improve Ti leaching efficiency and suppress the 

formation of silica gel that inhibits filtration, Alkan et al. also proposed another process that implied 

the use of 2.5 M H2SO4 and 2.5 M H2O2. After 30 minutes, at 100 °C and 1:10 solid to liquid ratio, 90 

% of Ti was recovered, while Fe leaching was limited to 35 % [42].   

2.4.2 Scandium  

In 2017, scandium has been listed as a critical raw material (CRM) by the European Commission, as 

a single element [62] and not included together with REEs as in 2010 [63] (Figure 6). The CRMs list 

has been assessed combining the criteria of supply risk (SR) and economic importance (EI), with a 

material defined as critical when exceeding both the thresholds (SR ≥ 1, EI ≥ 2.8); 61 materials were 

assessed, 26 of which were identified as critical [62]. EI is intended as the impact that the raw 

material has on the European manufacturing economy in terms of end-use applications and the 
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value added of the corresponding EU manufacturing sector. Furthermore, the economic 

importance is corrected by the substitution index (SIEI) related to the technical and cost 

performance of the substitutes for individual applications [64]. The SR parameter reflects the risk 

of a disruption in the EU supply of the material and it is assessed considering governance 

performance and trade aspects of the raw material producing countries, which are classified into 

two categories: the global suppliers and the countries from which the EU is sourcing the raw 

materials. SR is measured at the stage of extraction or processing the material, which represents 

the highest supply risk for the EU. Substitution and recycling are considered risk-reducing measures 

[64]. In particular, in 2017, the EI and SR factors were assessed to be 3.7 and 2.9 for Sc respectively 

[65], as reported in Figure 6.  

  

Figure 6 Critical raw materials list, published by the European Commission in 2017 [62]. 

China is the first producer of scandium in the form of oxide (SC2O3) with about 10 tons per year 

(around 66 wt.%). It comes mainly as a by-product of REEs extraction, but also from the recovery of 

sulfate wastes from the manufacture of titanium pigments [66,67]. Russia produces 3 to 5 tons per 

year (33 wt.%), mainly from apatite [67] and uranium ore [66,67]. Kazakhstan is estimated to 
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produce 100 – 200 kg of Sc2O3 annually (about 1 wt.%) from uranium ore [66,67]. There is no Sc 

extraction in the EU, therefore the EU import reliance for Sc is 100 % [65].  

Sc is mainly used (90 % of the total production) as a stabilizing agent for zirconia in advanced Solid 

Oxide Fuel Cells (SOFCs) and in aluminum-scandium alloys (9 % of the total production) with 

applications in aerospace industry and automotive transportation [65], as it increases the strength 

of aluminum alloys [68]. Sc is also used in ceramics, electronics and lightning [69]. 

As already discussed before, during the Bayer process, Sc along with Fe, Ti, REEs and other 

undissolved material remain unchanged ending up in BR. Ochsenkühn-Petropoulou et al. 

investigated REEs concentration in bauxite from Parnassos-Ghiona reserves in Greece and in the 

resulting solid residue after the Bayer process. The total average concentration in bauxite was 506 

ppm, whereas in BR was 1040 ppm [70]. As a consequence, REEs are enriched with a factor of about 

2 in BR comparing to the initial ore [7,55,70]. Remarkable is the case of scandium (Sc), as its 

concentration in BR (in Greek BR it accounts to 130 ppm on average [55]) is much higher than in 

the Earth’s crust (22 ppm on average [71]) and that means a notable enrichment of Sc in BR. Due 

to the high market price (Sc2O3 - 4600 US$/kg, 99.99 % purity, in 2017) [67], Sc may represent the 

95 % of the economic value of rare earths in BR  [58]. For these reasons, BR can be accounted for a 

secondary raw material source [55] and the recovery of Sc could represent a high economic interest.  

Researchers have employed different approaches for recovering Sc from BR, mainly involving 

hydrometallurgical processes or a combination of pyrometallurgical and hydrometallurgical 

processes. Most of them use the pyrometallurgical treatment to recover iron leaving behind Sc (or 

REEs in general) which are leached by acids.  

Ochsenkühn-Petropoulou et al. [72] recovered selectively and almost quantitatively up to 93 % 

scandium from BR. They dissolved BR in 1.5 M of HCl and the solution was then passed through a 

chromatographic column containing a cation resin. The metals Fe, Al, Ca, Si, Ti, Na Ni, Mn, Cr were 

eluted with 1.75 M HCl. REEs were eluted with 6 M HCl. They extracted scandium with di(2-

ethylhexyl)phosphoric acid (D2EHPA) in hexane and Sc was back-stripped with 2 M NaOH [72].  

In a following work, the same team recovered lanthanides and yttrium from BR by selective leaching 

using diluted mineral acids and subsequent liquid-liquid extraction. Results showed that diluted 

HNO3 could successfully leach Sc (about 80 %) and heavy REEs but not iron at room temperature 

and pressure. Diluted HCl revealed similar results for the recovery of Sc and REEs, but it is not 

selective for iron. They have also studied different types of pre-treatment such as the oxidizing 

roast, the magnetic separation and the size fractionation by sieving analysis. These treatments 
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showed no significant enrichment of Sc and REEs in any fraction of BR [24]. This work was 

implemented in a pilot-scale process for recovering Sc from BR [43]. 

Borra et al. [57] compared six mineral and organic acids (HNO3, HCl, H2SO4, citric acid, acetic acid, 

and methanesulphonic acid) to leach REEs from BR. They found that REEs dissolution increased with 

acid concentration. Extraction of Sc was the highest for 6 N HCl leaching (about 70 %) followed 

unavoidably by high iron dissolution (about 60 %) [57]. In a more recent work, Borra et al. proposed 

an integrated flowsheet to firstly recover iron from BR in a pyrometallurgical step and secondly to 

leach REEs. They succeeded in removing the 95 % of iron via pyrometallurgical route and then they 

treated the slag with HCl and HNO3 at 90 °C, recovering almost the total amount of Sc [56]. 

Alkan et al. proposed an approach that suppresses the silica gel that is formed when BR is leached 

with H2SO4. 2.5 M of H2O2 is added at 2.5 M H2SO4, leaching temperature was set at 90 °C and solid 

to liquid ratio was 1:10. In this way, 68 % of Sc was recovered together with 91 % of Ti [42]. The 

same team proposed an integrated process to remove Fe via pyrometallurgical treatment (with an 

electrical arc furnace), the resulting slag was undergone to dry digestion to recover Sc at high rate 

(about 80 %) [73]. 

As Qu and Lian explain, Sc recovery could be achieved through a bio-hydrometallurgical approach. 

They carried out bioleaching experiments with acid-producing fungi identified as Penicillinium 

tricolor RM-10 directly isolated from BR. They achieved the recovery of about 70 % of Sc (together 

with other REEs) by incubating the fungus together with the red mud and medium  [74]. 

An innovative method for extracting scandium from BR involves the use of ionic liquids and it will 

be thoroughly discussed in chapter 3. However, in this section it is important to mention the work 

of Davris et al., who studied the direct leaching of BR by using ionic liquid and specifically the 

protonated betaine bis(trifluoromethylsulfonyl)imide ([Hbet][Tf2N]). They recovered 45 % of Sc 

with good selectivity for iron (Fe dissolution was significantly low, 2.7 %) at 150 °C, 400 rpm, 5 % 

w/v pulp density for 24 hours [75].  
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3. Ionic liquids 

Ionic liquids (ILs) are liquids that consist entirely of ions [76–78], generally an organic cation and an 

organic/inorganic anion [79]. This term was coined to distinguish ILs from molten salts, which 

consist on inorganic cations and anions [80]. Many researchers describe ILs as molten salts that are 

liquid below 100 °C [79,81,82]. They underline the fact that a lower melting point comparing to 

common ionic salts, is due to the composition and space arrangement of ILs, resulting in a low 

lattice energy [79,80]. Their ions, in fact, are large and not symmetric [80] and therefore they are 

not packed [79]. Another factor that affect the melting point, is the presence of hydrogen bonds in 

the lattice. ILs with a strong hydrogen bond have a higher melting point than ILs that do not have 

any hydrogen bond in their lattice [77]. Other researchers consider the threshold 100 °C too 

restrictive and arbitrary, as there are many ILs with melting point above 100 °C [83].  

ILs composition makes them unique materials that are different from both conventional organic 

solvents, consisting of neutral molecules, and from salts solutions, which are composed of neutral 

molecules and ions [83]. The most common cations in IL are alkyl-substituted organic molecules 

such as the heterocyclic ring molecules imidazolium, pyrrolidinium and pyridinium, quaternary 

ammonium and quaternary phosphonium. Anions can be inorganic, including chloride, bromide, 

iodide, thiocyanate, tetrafluoroborate, hexafluorophosphate, bis(trifluoromethylsulfonyl)imide 

hydrogensulfate, or organic, such as acetate or benzoate [80,83]. From the combination of typical 

cations and anions, a wide range of ILs can be obtained (at least 106 simple ILs can be synthetized) 

(Figure 7) [77].  
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Figure 7 Common cations and anions in ionic liquids (Binnemans et al.). 

ILs have superior physiochemical properties compared with classical organic solvents, which can be 

controlled and determined by the cation/anion combination, anion and cation size, position and 

length of the alkyl chains [78,79]. In general, the cation is responsible for physical properties like 

viscosity, density and melting point, whereas the anion controls the chemical properties and 

reactivity [77,80]. Each IL has different properties tuned by factors already mentioned, 

nevertheless, some generalizations can be made (Table 3). 

First, ILs usually have extremely low vapor pressure, having a negligible loss at room temperature 

and can be vacuum dried, whereas some ILs can be distilled in high vacuum at high temperatures. 

Their electrochemical stability and ionic conductivity are also important properties, in fact they 

have a wide electrochemical window (more than 4 V, in some cases 6 V) and therefore they are 

electrical conductors. In addition, their ionic conductivity is comparable to sea water as it is about 

10 mS/cm. However, their high viscosity inhibits the ionic conductivity, therefore a combination of 

high conductivity and low viscosity would be preferable for using the IL as electrolyte. ILs have a 

wide liquid range, it is common to find an IL which is fluid at temperatures above 250 °C. They also 

have remarkably high thermal stability. However, as already mentioned, ILs are usually much more 

viscous than a common organic solvent and this can prevent mass transport and slow down the 

rate of the chemical process. On the other hand, by heating the IL or adding a small amount of an 

organic solvent, viscosity dramatically decreases [79,83]. 
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Table 3 Ionic liquids properties (Park et al. [79]). 

Properties Values 

Melting point (preferably) < 100°C 

Liquidous range > 200 °C 

Thermal stability High 

Viscosity < 100 cP 

Dielectric constant < 30 

Polarity Moderate 

Ionic conductivity < 10 mS/cm 

Molar conductivity < 10 Scm2/mol 

Electrochemical window > 4 V 

Vapor pressure Negligible 

Another key issue is that usually ILs are very expensive, as they are designer solvents and can be 

based on ions of a very wide range regarding costs. For example, ionic liquids based on the 1-alkyl-

3-methylimidazolium cation can be quite costly, when coupled with the 

bis(trifluoromethylsulfonyl)imide anion. In general, ILs are 5 – 20 times more expensive than 

molecular solvents. However, one of the advantages of ILs is that they can be recycled lowering in 

that way the final cost when comparing with the conventional solvents [77].  

ILs have a low-volatility and non-flammability, which make them very attractive for a wide range of 

industrial applications such as organic synthesis [84,85], fine chemical production [86,87], 

electrolytes for capacitors [88] and batteries [89]. Other applications of ILs are in extractive 

metallurgy, since they can be used either as electrolytes for electrodeposition of reactive metals 

[90], as solvents for liquid-liquid metal extraction or separation [91] as well as lixiviants [75,81–

83,92,93]. The term used for describing the use of ILs as solvents in the field of metal processing is 

ionometallurgy [83]. 
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3.1 Ionometallurgy 

Metal oxides have traditionally been processed using hydrometallurgical techniques based upon 

dissolution in mineral acids and bases. Separation has usually been achieved using solvent 

extraction with specific chelating agents for given metals [80].  

Nevertheless, in the last decades, thanks to the zero-waste valorization policy, more sustainable 

routes have been investigated. In the applications of metals processing, ionometallurgy can be 

considered an innovative approach as alternative to conventional methods. In fact, thanks to their 

negligible vapor pressure, ILs have been reported as green solvents compared to common organic 

solvents [81]. There are many advantages in using IL in metal processing and this can have a 

significant impact to waste valorization. In ionometallurgical processes there are no bulk aqueous 

phases and therefore the consumption of water is extremely limited. This is also true for the acid 

consumption, which is surely less comparing to the conventional acid leaching. Processes are also 

intensified as the different unit operations, like leaching and solvent extraction, can be combined, 

reducing the number of steps. In addition, using ILs for leaching leads to a higher selectivity than 

leaching with mineral acids. Therefore, both problems related to the co-dissolution of metals from 

polymetallic matrices and formation of silica gel are reduced. This makes them suitable for 

processing metals from low-grade ores, mine tailings and industrial process residues [83].  

3.1.1 Ionic liquid leaching 

As already discussed, ILs have been introduced to metal extraction processes as leaching agents.  

The first reported studies of leaching metal oxides in ionic liquids concerned the dissolution of 

uranium oxide (UO3) in imidazolium chloroaluminate melt. The solubility of UO3 was found to be 

1.5 – 2.5  10‐2 mol/dm3 and the main species in solution was found to be [UO2Cl4]2‐ [94]. Another 

example, Nockemann et al. succeeded to leach metal oxides and hydroxides into a number of task 

specific ionic liquids (TSILs), which are ILs designed for specific purposes [95,96]. The TSIL betaine 

bis(trifluoromethylsulfonyl)imide ([Hbet][Tf2N]) has been used for the dissolution of rare earth 

oxides [95]; while oxides like UO3, lead oxide (PbO), zinc oxide (ZnO), cadmium oxide (CdO), mercury 

oxide (HgO), copper oxide (CuO), silver oxide (Ag2O), nickel oxide (NiO), palladium oxide (PdO) as 

well as several hydroxides where found to be soluble into the TSILs based on imidazolium, 

pyridinium, pyrrolidinium, piperidinium, morpholinium, and quaternary ammonium 

bis(trifluoromethylsulfonyl)imide salts [96].  

Abbott et al. have extensively studied the dissolution of metals and metal oxides deep eutectic 

solvents (DES) of choline chloride mixtures with hydrogen bond donors such as carboxylic acids, 

amines and alcohols [80,81,97–101]. The solubilities of iron oxide (Fe3O4) and copper oxide (CuO) 
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have been tested in three deep eutectic solvents between choline chloride and carboxylic acids at 

50 °C. Fe3O4 resulted to be more soluble in oxalic acid/choline chloride (ChCl) system (molar ratio 

1:1), whereas twenty times less soluble in phenyl propionic acid mixture. CuO showed the opposite 

behavior, suggesting that deep eutectic solvents can be applied for selectively leaching of metals 

[98]. In addition, the same team tested the solubility of seventeen metal oxides in the elemental 

mass series Ti through Zn was reported in three ionic liquids based on choline chloride mixtures 

with urea, malonic acid, and ethylene glycol.  

 

Figure 8 Solubility of metal oxides in a variety of Deep Eutectic Solvents (DESs) and HCl (Abbott 

et al. [81]). 

It has been shown (Figure 8) that these types of ionic liquids can dissolve a range of metal oxides. 

In general, the malonic-acid-based DESs showed the highest solubility for metal oxides. However, 

all these liquids are totally miscible with water and cannot be used for biphasic extraction. 

Selectivity for extracting certain metals from complex matrices can be reach by choosing right 

hydrogen bond donor [99]. 

Few studies have been published regarding the ionometallurgical leaching of metal and metal 

oxides from polymetallic matrixes as alternative to hydrometallurgical leaching. 

For example, Abbott et al. selectively dissolved metals by using a eutectic mixture of choline 

chloride (ChCl) and urea (molar ratio 1:2) at 60 °C for 48 hours, from the polymetallic matrix derived 

from the Electric Arc Furnace (EAF) dust, which mainly consists of metal oxides. They found that 

ionic oxides such as zinc oxide (ZnO), lead oxide (PbO) and copper oxide (Cu2O) exhibit high 

solubility. On the other hand, aluminum oxide (Al2O3) was found to be essentially insoluble. ZnO 
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was found to have the highest solubility. Zinc, lead and copper can be subsequently recovered by 

electrodeposition [81,100].  

The 1‐alkyl‐3‐methylimidazolium ILs were studied as solvent medium either in neat or in aqueous 

mixtures for dissolving metals. Whitehead et al. used a leaching system based on ionic liquids for 

recovering gold, silver and copper from gold-bearing ores [102,103]. The room-temperature ionic 

liquid 1-butyl-3-methylimidazolium hydrogensulfate [Bmim][HSO4] in presence of thiourea and iron 

sulfate (Fe2(SO4)3) was used for recovering over 85 % of gold and over 60 % of silver at 50 °C [102]. 

The remaining metals like zinc, copper, iron and lead have low recovery yields. Whitehead et al. 

employed [Bmim][HSO4] in presence of thiourea and Fe (III) as the oxidant for recovering 85 % of 

copper and about 8 % of iron from chalcopyrite at 60 °C with 20 % w/v of water. When increasing 

[Bmim][HSO4] concentration, also copper extraction increased [103]. [Bmim][HSO4] in water was 

employed by Dong et al. for leaching chalcopyrite at a temperature range of 50 – 90 °C. By 

increasing IL concentration from 10 to 100 %, also copper extraction increased from 52 to 88 % 

[104].  

McCluskey et al. used the 1-butyl-3-methylimidazolium tetrafluoroborate ([Bmim][BF4]) ionic liquid 

as the solvent with water (volume ratio 1:1) and Fe(BF4)3 as the oxidant for recovering 90 % of 

copper from chalcopyrite after 8 hours at 100 °C [105]. 

[Bmim][HSO4] was also used, with 30 % of H2O2 as oxidant, for leaching almost the total amount of 

copper contained in waste printed-circuit boards (WPCBs) [106]. 

[Bmim][HSO4] was employed for recovering copper and zinc from brass ash, which consists mostly 

of metal oxides (ZnO, CuO). Zinc was almost completely dissolved after 4 hours at 70 °C in a 50 % 

v/v [Bmim][HSO4] solution in water without any oxidant. On the other hand, copper extraction was 

low, resulting to be about 25 %. To increase the extraction of copper, H2O2 was added as oxidizing 

agent to the IL solution. This led to an 82 % recovery of copper and a faster zinc dissolution [107]. 

Dupont et al. studied the recovery of REEs from the neodymium–iron–boron (NdFeB) magnets by 

leaching them with the carboxyl-functionalized ionic liquid betainium bis(trifluoro-methylsulfonyl) 

imide [Hbet][Tf2N]. This IL has a switching thermo-morphic behavior as upon addition of water is 

hydrophobic at temperatures below 55 °C, whereas above 55 °C forms an aqueous solution, 

therefore the mixture resulted homogeneous during leaching at 80 °C (temperature above the 

cloud point temperature) and biphasic when cooling back down to room temperature. After 48 

hours they were able to leach the total amount of REEs, up to 50 % of cobalt and less than 25 % of 

iron [108]. In a previous work, the same team used [Hbet][Tf2N] for leaching lamp phosphors. They 

achieved to selectively dissolve up to 100 % of Y2O3:Eu3+ [109]. 
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As already discussed in chapter 2.4.2, Davris et al. studied the application of [Hbet][Tf2N] ionic 

liquid for directly leaching metals from bauxite residue. They performed experiments at 150 °C, 400 

rpm, 24 hours retention time and 5 % w/v pulp density at 40 % v/v water addition into IL.  Selective 

leaching of REEs (in a range of 60 - 85 %) was achieved against Fe, Ti and Si, whereas no selectivity 

occurred against Ca, Na and Al.  Sc recovery did not exceed 45 % [75]. The same team applied the 

same ionic liquid to the Rödberg polymetallic matrix, a low-grade REE ore from the Fen carbonatite 

complex ore deposit located in Norway. They found that [Hbet][Tf2N] resulted to be efficient for 

recovering both light and heavy REEs. In fact, they achieved to recover 65 – 100 % of light REEs and 

40 – 60 % of heavy REEs. Ca and Mg are co-dissolved at a range of about 80 – 90 %, whereas the IL 

resulted to be selective against Fe and Si [93]. 
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4. Solvent extraction 

Solvent extraction (SX) is a particularly important technique in hydrometallurgy for the separation 

and purification of metals. This term refers to a preferential distribution of a solute between two 

immiscible liquid phases in contact with each other [110]. The conventional solvent extraction 

involves an aqueous phase and an organic phase, but SX systems can also consist of (1) two mutually 

immiscible molten salts, (2) a molten salt and a molten metal, (3) a molten salt and an organic 

solvent or (4) two mutually immiscible organic solvents. [83,111]. For these reasons it is more 

correct to use the terms more polar phase and less polar phase. Generally, a pregnant liquid 

solution (PLS) that contains the dissolved solute, is put into contact with another immiscible phase 

Figure 9.  

 

 

Figure 9 Principles of non-aqueous solvent extraction. 
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The two phases need to have different polarities and be immiscible with each other, in order to 

create two distinct phases. Moreover, they need to show a short phase disengagement time after 

mixing and the extractant has to be soluble in the less-polar phase and insoluble in the more-polar 

phase [83]. By using the non-aqueous SX is possible to overcome issues that the conventional SX 

presents. For example, this approach can be applied for separating covalent compounds such as 

halide complexes of p-block elements and early d-block elements, as well as organometallic 

compounds which hydrolyze in water. In addition, it is possible to perform separations that are not 

efficient in aqueous solutions because of the differences in the extraction mechanism [83]. 

As illustrated in Figure 9, the solute A, which initially is dissolved in only one of the PLS, eventually 

distributes between the two phases. When this distribution reaches equilibrium, the solute is at 

concentration [A]ORG in one layer and at concentration [A]PLS in the other layer. 

The distribution ratio (D) of the solute is defined as the ratio of “the total analytical concentration 

of the substance in the organic phase to its total analytical concentration in the aqueous phase, 

usually measured at equilibrium” [112]. In this case, it is possible to generalize indicating as upper 

phase (UP) the lighter one and as lower phase (LP) the heavier one. The distribution ratio can be 

calculated as the following formula: 

𝐷 =
[𝐴]𝑈𝑃

[𝐴]𝐿𝑃
 (9) 

Extraction efficiency is given by the formula: 

𝐸% =
[𝐴]𝑂𝑅𝐺

[𝐴]𝑂𝑅𝐺 + [𝐴]𝑃𝐿𝑆
100  (10) 

where [A]org and [A]PLS are the metal concentrations at equilibrium in the extraction phase and PLS, 

respectively. 

When in a SX system there are two or more solutes, it is possible to evaluate the selectivity of the 

solvent for a solute (A) against another solute (B). This parameter is defined as the separation factor 

(SF):  

SF =
𝐷𝐴

𝐷𝐵
  (11) 

The separation is possible when SF > 1. The higher is the number, the more the system is selective. 

If SF  1, then separation is not feasible. 
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4.1 Metal extraction from leachates 

A number of extractants can be employed for extracting metals from leachates with conventional 

solvent extraction approach [111,113–120]. For instance, Lee et al. investigated the extraction 

behavior of indium and gallium from mixed sulfuric acid solutions using 0.05 M bis(2-ethylhexyl) 

phosphoric acid (D2EHPA) in kerosene. They obtained a good separation factor at pH 1.6 [113]. 

Yoon et al. performed experiments for extracting lanthanides dissolved in nitric acid (HNO3) at 

different concentration. They used D2EHPA diluted with several kinds of ILs or hexane. The ILs 

tested were 1-ethyl-3-methylimidazolium hexa- fluorophosphate ([C2mim][PF6]), 1-butyl-3-

methylimidazolium hexafluorophosphate ([C4mim][PF6]), and 1-butyl-4-methyl-pyridinium 

hexafluorophosphate ([C4mpy][PF6]). It was found that the distribution of lanthanides from an 

aqueous to an organic phase increased with the temperature and concentration of D2EHPA and 

decreased as the concentration of HNO3 increased. The best parameters combination was 0.1 M 

D2EHPA with a 0.01 M lanthanide mixed solution and a concentration of 0.1 M HNO3 at 313 K. 

Moreover, ILs containing imidazolium cation and ethyl group functionalized imidazolium cation 

showed a higher distribution coefficient than pyridinium cation and butyl group functionalized 

imidazolium cation containing ILs except for the case of ytterbium (Yb). Yb showed much higher 

selectivity than other lanthanides, especially the [C4mpy][PF6] system [114]. 

Wang et al. investigated the extraction of Sc from sulfuric acid solutions by using several 

extractants. They achieved an almost complete extraction of scandium by using 0.1 M D2EHPA and 

0.05 M tributyl phosphate (TBP) diluted in Shell D70 using an aqueous to organic ratio (A:O) of 5:1 

at 40 °C and 0.4 pH. At these conditions they did not co-extracted iron. Afterwards, Sc was 

precipitated as scandium hydroxide (Sc(OH)3) with the addition of 2 M sodium hydroxide (NaOH) 

[115]. 

Anitha et al. investigated the feasibility of using the aromatic analogue of D2EHPA, the di-nonyl 

phenyl phosphoric acid (DNPPA) for the extraction of rare earths from chloride medium. They 

achieved to extract almost the total content of REEs by performing experiments in solutions at 0.01 

M rare earths and 3 M HCl and using 0.6 M DNPPA at aqueous to organic phase ratio (A:O) of 1:1. 

Selectivity between REEs was checked, finding high SFs between heavy and light rare earths [116]. 

Vander Hoogerstraete et al. examined the neodymium extraction by the factionalized IL 

[Hbet][Tf2N] in combination with betaine as extractant. Neodymium (III) chloride (NdCl3), 

neodymium (III) nitrate (Nd(NO3)3), and neodymium (III) bis(trifluoromethylsulfonyl)imide 

(Nd(Tf2N)3) were tested and results gave almost no differences in extraction between the three 

different anions. They succeeded in extract almost the total content of Nd [117]. In a following 
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work, the same team used [Hbet][Tf2N] for selectively extracting scandium from sulfating-roasted 

leachates of bauxite residue.  They performed a pre-treatment with 0.2 M ascorbic acid to reduce 

Fe (III) to Fe (II) for preventing co-extraction. The pretreated leachates were then contacted with 

[Hbet][Tf2N] in a 1:5 O:A phase ratio in presence of 0.5 M NaOH for adjusting the pH. At these 

conditions, they could extract more than 80 % of Sc, while most of the other elements remained in 

the raffinate [118]. 

In addition, Wang and Cheng published a review on scandium extraction and purification methods 

through different kinds of extractants. They reported studies on organophosphorus acidic 

organophosphorus extractants, basic extractants, chelating extractants, phosphorus-based 

solvating extractants and neutral phosphorus-based extractants under various conditions [121]. 

As previously discussed, non-aqueous solvent extraction offers several advantages over 

conventional aqueous solvent-extraction systems. However, as Binnemans et al. reported in a 

recent paper, only few studies were published on this technique [83]. They reported that Larsen 

and Trevorrow tried to separate hafnium from zirconium. With this aim, they investigated the 

distribution of zirconium chloride (ZrCl4) and hafnium chloride (HfCl4) between acetonitrile and 

isoamyl ether. However, the separation factors were too small to be of practical use [122]. Several 

metal salts (chloride, bromide, thiocyanate, and nitrate) were extracted to a diethyl ether phase 

that was equilibrated with a second immiscible phase, being ethanolamine, formamide, or 

adiponitrile. These solvents could extract nearly all metal complexes from the ether phase with an 

extraction efficiency of more than 90 %. Only tin (IV) chloride showed a higher affinity for the ether 

phase [123]. Thallium (III) was separated from Ga (III), In (III), Fe (III), Sn (II) and Sn (IV) by extracting 

the elements first from an aqueous 2 M HBr solution with methyl isobutyl ketone (MIBK), followed 

by stripping of the MIBK layer using a 1.5 M HBr solution in formamide. All the thallium (III) 

remained in the MIBK layer, while all the other metal ions were transferred to the formamide layer 

[124]. 

Foreman described the extraction of rare earths and transition metals from a deep-eutectic solvent 

(DES) based on choline chloride and lactic acid (molar ratio 1:2) to another organic phase. By using 

the quaternary ammonium salt Aliquat 336 dissolved in an aromatic diluent and in biodiesel, the 

transition metals were extracted, while rare earths were extracted using D2EHPA dissolved in 

aliphatic diluents. The extraction using Aliquat 336 was found to be more sensitive to the water 

content of the DES than when using D2EHPA [125]. 

Batchu et al. developed a SX process for rare earths that involved two immiscible organic phases. 

The more polar organic phase was ethylene glycol, which replaced water, with the dissolved rare 
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earth nitrate salts. Rare earths are extracted from an ethylene glycol phase, which represents the 

less polar phase, with dissolved lithium nitrate (LiNO3), by the extractant Cyanex 923 dissolved in 

n-dodecane.  Compared with aqueous feed solutions, the light rare earth elements (LREEs) were 

less efficiently extracted, and the heavy rare earth elements (HREEs) were more efficiently 

extracted from an ethylene glycol feed solution, resulting in a better separation of the HREEs from 

the LREEs. The SFs between neighboring elements were higher for extraction from the ethylene 

glycol solution than those for extraction from an aqueous solution [111].  
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5. Bauxite residue characterization  

The present work is based on bauxite residue produced by Aluminum of Greece plant, Metallurgy 

Business Unit, Mytilineos S.A. (AoG). As already discussed in paragraph 2.1.1, BR was collected by 

AoG in the form of a filtered cake after the dewatering of the washed bauxite residue in the filter 

presses. They provided a batch of about 58 kg of BR which was dried at 100 °C for 72 hours to 

eliminate the water content. It was homogenized and split to obtain a representative sample 

following the scheme represented in Figure 10.  

 

Figure 10 Sample preparation scheme. 
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When obtained a sample of about 7 kg, a riffle splitter (also called Jones splitter) (Figure 11) was 

used to guarantee the homogeneity of the sample. The Jones splitter is a mechanical method that 

is used for sample homogenization or sample size reduction. It has an equal number of sloping 

chutes with alternate chutes discharging the sample in opposite directions into two collecting bins 

[126]. The sample was poured through the splitter and after the sample passed through the splitter, 

one collection pan was replaced with a clean pan. The material in the “replaced pan”, which 

contained about one-half of the original sample, was then passed through the Jones splitter again 

thereby reducing the volume in the clean pan to one-quarter of its original sample volume [126]. 

This process of sample reduction was repeated two times and a sample of about 1.7 kg was 

obtained. The 1.7 kg of BR was then crushed, ground and sieved obtaining a representative sample 

which was fully characterized. 

 

Figure 11 The Jones riffle splitter present at NTUA laboratory. 

Particle size was measured with a Malvern MastersizerTM Laser particle size analyzer and it was 

found that 50 % of the particles were below 1.87 μm, while 90 % were smaller than 42.87 μm (Figure 

12).  
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Figure 12 Particle size of BR used for the experiments. 

Calcium oxide content was detected in solid samples with a Spectro Xepos Energy Dispersive X-ray 

fluorescence spectroscopy (ED-XRF). The bulk chemical composition for the other elements was 

determined after dissolving BR via fusion method: 0.1 g of BR was mixed with 1.5 g of lithium 

tetraborate (Li2B4O7) and 0.1 g of potassium nitrate (KNO3) and then fused in platinum crucibles at 

1000 °C for 1 hour. The obtained sample was then dissolved in 10 % v/v nitric acid (HNO3).  

Main elements were identified by a Perkin Elmer 2100 Atomic Absorption Spectrometer (AAS), 

while minor elements were analyzed by a Thermo Fisher ScientificTM X-series 2 Inductively Coupled 

Plasma Mass Spectrometer (ICP-MS) and a Perkin Elmer Optima 8000 Inductively Coupled Plasma 

Atomic Emission Spectrometer (ICP-OES).  

The main component of BR was found to be Fe2O3, accounting 42.34 wt.%, followed by Al2O3 with 

16.25 wt.%, while TiO2 was 4.27 wt.% and total rare earth oxides (REO) assessed to 0.19 wt.%, as it 

is shown in Figure 13. In particular, cerium (Ce) was determined to be the main rare earth element 

in concentration (402.2 ± 0.2 mg/kg), followed by lanthanum (La) (145 ± 12 mg/kg), scandium (Sc) 

(134 ± 4 mg/kg), neodymium (Nd) (127.1 ± 0.1 mg/kg) and yttrium (Y) (112 ± 2 mg/kg); error was 

calculated as the standard deviation based on the duplicate measurements.  
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Figure 13 Bauxite residue chemical analysis. Note: REO, rare earth oxides; LOI, loss of ignition. 

The loss of ignition (LOI) was 12.66 wt.% (Figure 13 and Figure 14) and it was measured with the 

thermogravimetric analysis (TGA), by using SETARAM TG Labys-DS-C system in inert atmosphere in 

the range temperature of 25 – 1000 °C at a 10 °C/min heating rate. The differential thermal analysis 

(DTA) showed (Figure 14) a strong endothermic peak at 280 °C related to the dehydroxilation of 

goethite to form hematite. This peak is partially overlapped by the one related to the dehydration 

of gibbsite (Al2O3·3H2O). Between 200 and 300 °C dehydration of calcium aluminum iron silicate 

hydroxide (Ca3AlFe(SiO4)(OH)8) is also present.  The endothermic peak at 500 °C is correlated to the 

dehydration of diaspore (α-AlOOH) and overlaps the peak associated to the dehydration of 

cancrinite Na6Ca2(AlSiO4)6(CO3)2 (between 400 and 625 °C); decarbonization of cancrinite occurs at 

750 °C [35,127,128].  
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Figure 14 Thermogravimetric and differential thermal analysis (TGA-DTA) of BR. 

Mineralogical characterization was performed with a Bruker D8 focus X-ray powder diffractometer 

(XRD) with nickel-filtered CuKa radiation and quantitative evaluation was done via profile fitting by 

using XDB Powder Diffraction Phase Analytical System version 3.107 that targets specifically bauxite 

and bauxite residue [129,130].  

Identification (Figure 15) and quantification of mineralogical phases (Table 4) denoted hematite as 

the main mineral in BR with 30 wt.%, other Fe-containing phases were determined as goethite and 

calcium aluminum iron silicate hydroxide with a contribution of 9 and 17 wt.% respectively. 

Diaspore was found to be the main Al-containing mineralogical phase (9 wt.%), followed by 

chamosite (4 wt.%), boehmite (3 wt.%), gibbsite (2 wt.%) and cancrinite (15 wt.%), while Ti 

containing phases were perovskite, anatase and rutile with 4.5, 0.5 and 0.5 wt.% respectively.  
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Table 4 Bauxite residue mineralogical phases and quantification. 

Mineralogical phase Formula  wt.% 

Hematite Fe2O3 30 

Calcium aluminum iron silicate hydroxide Ca3AlFe(SiO4)(OH)8 17 

Cancrinite Na6Ca2(AlSiO4)6(CO3)2 15 

Diaspore -AlOOH 9 

Goethite Fe2O3·H2O 9 

Perovskite CaTiO3 4.5 

Chamosite (Fe2+,Mg)5Al(AlSi3O10)(OH)8 4 

Calcite CaCO3 4 

Boehmite γ-AlOOH 3 

Gibbsite Al2O3·3H2O 2 

Rutile TiO2 0.5 

Anatase TiO2 0.5 

Sum  98.5 
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Figure 15 XRD profile of bauxite residue. 
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6. The Ionic liquid 1-ethyl-3-
methylimidazolium hydrogensulfate as 

the leaching agent 

As already discussed in chapter 3.1.1, several IL have been studied as leaching agents for extracting 

metals and metals oxides from polymetallic matrixes [75,93,100,102–108]. Since BR is mainly 

constituted by oxides, hydroxides and oxyhydroxides, it was necessary to find an IL with acidic 

characteristics that would be able to break particles and complex metals. [Emim][HSO4] was chosen 

because it provides a good complexation, as it is a Brønsted acidic ionic liquid, it is also a non- 

fluorinated IL and it is relatively cheap compared to other ILs. On the other hand, it has some 

drawbacks that need to be managed, as it is hydrophilic and consequently not easily regenerated and 

presents high viscosity at low temperatures. A way for handling the drawbacks consists in mixing the 

IL with other solvents or ILs.  

6.1 [Emim][HSO4] characterization 

The ionic liquid 1-ethyl-3-methylimidazolium hydrogensulfate ([Emim][HSO4]) is a Brønsted acidic 

ionic liquid whose molecular weight is 208.24 g/mol and density (ρ) at room temperature is 1367.9 

kg/m3. It was supplied by Iolitec Ionic Liquids Technologies with > 98 % purity and fully characterized. 

Its molecular structure is shown in Figure 16.  

For evaluating the ionic liquid thermal stability, five samples were prepared and weighed, they were 

heated in a muffle at different temperatures (25, 250, 300, 350 and 400 °C) and afterward, they were 

weighed again. The weight change was calculated as a percentage with the following formula: 
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[𝑊𝑒𝑖𝑔ℎ𝑡 𝑐ℎ𝑎𝑛𝑔𝑒, %] =  
[𝑠𝑎𝑚𝑝𝑙𝑒 𝑚𝑎𝑠𝑠, 𝑔]𝑓

[𝑠𝑎𝑚𝑝𝑙𝑒 𝑚𝑎𝑠𝑠, 𝑔]𝑖
∙ 100 (12) 

Where f stands for final and i for initial. 

 

Figure 16 [Emim][HSO4] molecular structure. 

As it is possible to observe in Figure 17, [Emim][HSO4] has a very high thermal stability, in fact, its 

decomposition starts at 250 °C.  

 

Figure 17 [Emim][HSO4] thermal stability, measured as weight change (%) versus temperature 

(°C). 
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Viscosity analysis was performed with a Brookfield viscometer DV-I + LV supported by a Brookfield 

Thermosel accessory.  

 

Figure 18 Viscosity of [Emim][HSO4] versus temperature. 

Viscosity measurements (Figure 18) have revealed that even though [Emim][HSO4] is very viscous at 

room temperature (1642 mPa·s), by increasing temperature its viscosity dramatically decreases, 

reaching 221 mPa·s at 60 °C, 33 mPa·s at 120 °C and 15 mPa·s at 200 °C.  

Mid-infrared measurements were conducted with a Perkin Elmer FTIR spectrum 100. The spectrum 

(Figure 19) have shown bands (cm-1) at 3452 (-OH, vibration), 3151 (imidazole C-H, vibration), 3106 

(imidazole ring, vibration), 2985 (methyl group C-H, stretching), 2944 (CH), 2881 ((CH2)n–CH3, 

vibration), 2583–2497 (hydrogen bond H-O-S-O•••H-O-S-O), 1636 (-OH, vibration), 1572 (C=C, 

stretching; C=N, stretching; C–N, bending), 1454 (CH3, stretching), 1431 (S=O2, anti-symmetric 

bending), 1389 (CH3, stretching), 1211 (S=O2, symmetric stretching), 1160 (S–OH, asymmetric 

bending), 1089  (HSO4
-, stretching), 1023 (C–N–C, stretching), 960 (O–S–O, stretching), 832 (imidazole 

ring, bending), 757 (CH of imidazole ring, bending) and 701 (C–H–C, stretching). 
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Figure 19 FT-IR spectrum of [Emim][HSO4] 

Nuclear magnetic resonance (NMR) spectra were obtained in DMSO-d6 at 25 °C on a Bruker Avance 

DRX 500 MHz (1H at 500.13 MHz and 13C at 125.77 MHz) equipped with a 5 mm multi nuclear broad 

band inverse detection probe. 1H NMR (500 MHz, DMSO) δ (ppm): 1.36 (t, 3H, CH3), 3.85 (s, 3H, CH3), 

4.19 (q, 2H, CH2), 7.71 (s, 1H, CH=CH), 7.78 (s, 1H, CH=CH), 9.19 (s, 1H, N-CH-N). 

6.1.1 Reaction mechanism 

To investigate the mechanism of the reaction that takes place, two monometallic solutions were 

prepared. Al was chosen as one of the main elements and Sc as one of the minor elements present 

in BR. Scandium oxide (Sc2O3) and aluminum oxide (Al2O3) were dissolved in [Emim][HSO4] ionic liquid 

and two solutions of 11 g/L of Sc and 11 g/L of Al were obtained.  

The two monometallic solutions were then analyzed with 1H and 13C NMR. Assignment of 1H and 13C 

chemical shifts was based on the combined analyses of a series of 1H - 1H and 1H - 13C correlation 

experiments recorded using standard pulse sequences from the Bruker library. 

From the results (Figure 20 and Figure 21) it could be concluded that there is no significant 

rearrangement in the carbon chain after the dissolution procedure in all three metal cases. 
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1H and 13C NMR spectra did not indicate any notable differences in the chemical shifts depending on 

the leached metal. The similar chemical shifts for the protons and the carbons localized in-between 

the two nitrogen atoms indicate metal interaction through the anion of the IL. 

There is not any steric effect of electron clouds changing of electrostatic interactions between ionic 

charges.  

The results obtained from the NMR analysis of two monometallic leachates have led to the following 

proposed reaction: 

𝑀𝑒2𝑂𝑛 + 𝑛[𝐸𝑚𝑖𝑚][𝐻𝑆𝑂4] ↔  𝑀𝑒2(𝑆𝑂4)𝑛 + 𝑛𝑂𝐻− + 𝑛[𝐸𝑚𝑖𝑚]+ (13) 

where Me is the metal and n is the oxidation state of the metal.   



- 50 - 

 

 

Figure 20 1H NMR comparison between [Emim][HSO4] (blue), [Emim][HSO4] after leaching Al2O3 (green), [Emim][HSO4] after leaching Sc2O3 (red). 
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Figure 21 13C NMR comparison between [Emim][HSO4] (blue), [Emim][HSO4] after leaching Al2O3 (green), [Emim][HSO4] after leaching Sc2O3 (red).  
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6.2 Preliminary tests 

In order to choose the best system for dissolving metals and for eventually recovering the ionic liquid, 

some preliminary tests have been carried out and different scenarios were explored: 

- [Emim][HSO4] neat; 

- [Emim][HSO4] in water; 

- [Emim][HSO4] in dimethyl sulfoxide (DMSO); 

- [Emim][HSO4] in 1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide (BMP-

TFSI). 

Regarding these systems some considerations can be drawn. In fact, by mixing [Emim][HSO4] with 

H2O, the acidity of the system increases and viscosity decreases, but the working temperature has to 

be lower than 90 °C. Moreover, by adding water, the chemistry of the system changes as the IL is 

hydrophilic and water reacts with the anion of the IL, producing H2SO4. Therefore, a part of the IL 

would be destroyed and hampering its regeneration.  

In the system [Emim][HSO4] – DMSO, viscosity is reduced but the acidity is lower compared with the 

neat IL. The working temperature must be minor than 170 °C, as its boiling point is 189 °C.  

By mixing [Emim][HSO4] with BMP-TFSI, viscosity is even lower than the other systems, and the 

working temperature can reach 250 °C. On the other hand, acidity is low, as it is hydrophobic, but 

this would allow a higher selectivity.  

To have a complete overview of the possible scenarios, experiments with neat [Emim][HSO4] and 

sulfuric acid (H2SO4) were conducted, as H2SO4 is one of the mineral acids used for recovering REEs 

and Ti from BR [24,40,56,115,131,132]. 

The preliminary tests were performed in a magnetic stirring plate with a magnetic stirrer to provide 

vigorous agitation, a condenser to avoid water evaporation and a thermocouple to control the 

temperature. In every case, the pulp density was 5 % w/v and experiments were carried out for 24 

hours, while the temperature was set depending on the kind of ionic liquid. Conditions and 

parameters chosen for each experiment are shown in Table 5.  
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Table 5 Parameters and conditions of the preliminary leaching experiments. 

Leaching agent 
Concentration 

(M) 
Temperature 

(°C) 
Pulp density 
(% w/v) 

Time 
(hours) 

H2SO4 1 90 

5 24 

[Emim][HSO4] neat - 180 

[Emim][HSO4] in H2O 1 90 

[Emim][HSO4] in DMSO 1 120 

[Emim][HSO4] in BMP-TFSI 1 90 

Each test was repeated three times and results are given as the average recovery percentage. Fe, Na, 

Ca, Al and Si were analyzed by using AAS; Ce, La, Y and Nd with ICP-MS; Ti and Sc with ICP-OES. Results 

are given in Figure 22.  

 

Figure 22 Results of the preliminary tests performed by dissolving BR with a)  H2SO4; b) 

[Emim][HSO4] in H2O; c) [Emim][HSO4] in BMP-TFSI; d) [Emim][HSO4] in DMSO; e) [Emim][HSO4] 
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As it is possible to observe in Figure 22a, when BR is leached with H2SO4, even though silica gel is not 

formed due to the low pulp density [42,56], Si is dissolved at a very high rate (96 %) together with Na 

(88 %). Fe and Al recoveries are limited to 28 % and 47 % respectively, while Ti and Ca are barely 

dissolved (19 %), as Ca forms CaSO4 precipitate [56]. REEs are leached in a range of 60 – 80 %. 

 These results are comparable with the results obtained by leaching BR with [Emim][HSO4] in H2O 

(Figure 22b), but in this case, Fe and Ti recoveries are negligible (lower than 5 %) and Si extraction is 

moderate (34 %). Also in this system, Ca is very low extracted as it forms CaSO4 precipitate. Moreover, 

REEs recovery yields are moderate, as Sc extraction is 47 %, La and Y are about 60 %, Ce 38 % and Nd 

32 %.  

In both systems, [Emim][HSO4] in BMP-TFSI (Figure 22c) and [Emim][HSO4] in DMSO (Figure 22d), the 

recovery yields for all the metals were negligible, as consequence neither of them can be employed 

as leaching agent to dissolve metals from BR.  

Neat [Emim][HSO4] (Figure 22e) resulted to be the best system for extracting Ti (71 %) and also Sc 

recovery is 50 %. On the other hand, it is not selective for Fe which is almost totally dissolved (92 %). 

REEs remain in the solid and can be leached afterward. Al and Na recovery yields are moderate (37 

and 33 % respectively). Si is not leached, while Ca dissolves and precipitates as CaSO4.  

In consideration of the fact that it resulted to be the most efficient system for recovering Ti and Sc, 

which are the target of this work, neat [Emim][HSO4] was chosen for extracting metals from BR.  

6.3 [Emim][HSO4] leaching: process optimization 

Batch leaching experiments were performed in a 50 mL Trallero and Schlee mini reactor combined 

with a mechanical stirrer, a vapor condenser and a temperature controller (Figure 23), by adding BR 

to the IL when the set temperature was reached.  

Vacuum filtration was executed by cooling the system at 120 °C and adding a non-viscous/volatile 

solvent (dimethyl sulfoxide, further denoted as DMSO) to the leachates, to decrease viscosity and 

ease the process.  

After filtration, pregnant leaching solutions (PLS) were digested through acidic treatment (HNO3 65 

% v/v and aqua regia) to oxidize and destroy the organics and then analyzed with AAS, ICP-OES and 

ICP-MS.  
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Figure 23 The Trallero and Schlee mini reactor scheme. 

In order to optimize the process, stirring rate, retention time, temperature and pulp density were 

investigated. Each parameter was studied separately, keeping the others constant, and choosing the 

combination that gave the best results. In each case, Ca and Si in leachates were below the detection 

limit and Ce, Nd, Y and La recovery was lower than 1 %. 

6.3.1 Stirring rate 

Initially, experiments were carried out by examining four different stirring rates, 100, 200, 400 and 

600 revolutions per minute (rpm), while keeping constant all the other parameters at 150 °C, 5 % w/v 

pulp density and 24 hours. Results are given in Figure 24. At these conditions, it is possible to observe 

an increase of Fe, Ti and Sc extraction when the stirring rate increases from 100 to 200 rpm (from 55 

% of Sc, 57 % of Fe and 65 % of Ti at 100 rpm to 67 % of Sc, 75 % of Fe and 72 % of Ti at 200 rpm). On 

the other hand, as the stirring rate increases from 200 to 600 rpm, Fe, Ti and Sc extraction is observed 

to linearly decrease (from 67 % of Sc, 75 % of Fe and 72 % of Ti at 200 rpm to 37 % of Sc, 46 % of Ti 

and only 9 % for Fe at 600 rpm). Na and Al recovery are slightly affected by the stirring rate as they 

remain almost stable in a range of 17-32 % of the recovery. This effect of stirring rate on metal 
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recovery is typical in hydrometallurgy. Under low stirring rates, a thick boundary layer is developed 

on the surface of the solid particles, making the diffusion of chemical species from and to the solid 

particles surface inefficient. Therefore, at stirring rates lower than 200 rpm, the leaching process is 

slowed down and the metal recovery decreases, as it is seen in Figure 24. At stirring rates higher than 

200 rpm, the thickness of the boundary layer is substantially decreased, but the high convective mass 

transfer of reactants from the surface of the particles, makes the surface reactions again inefficient 

and thus the recovery yields are diminishing, as it is seen in Figure 24. Therefore, a compromise is 

always found under intermediate stirring rates which, for this system, is around 200 rpm. At this 

stirring rate, Fe, Ti and Sc have the highest recovery yields (75, 72 and 67 % respectively). 

 

Figure 24 Investigation of the stirring rate effect on metals dissolution by leaching BR with 

[Emim][HSO4] at 150 °C, 5 % w/v pulp density for 24 hours. 

6.3.2 Kinetic studies 

Several sets of kinetic experiments have been performed at 200 rpm stirring rate, 5 % w/v pulp 

density, analyzing the behavior of the system at three different temperatures: 150, 175 and 200 °C.  

In Figure 25 it is observed that at low temperature (150 °C), all metals show the same trend in the 
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occurs within the first 6 hours (Figure 26), while Fe dissolution is low. In the latter 6 hours, adsorption 

phenomena are more important and faster than dissolution and, being in contact with anhydrite, 

metals are removed from the leachates, attaining the minimum at 12 hours. Then, metals continue 

their dissolution and as the anhydrite precipitation has been completed, they are gradually desorbed, 

increasing their concentration in solution and reaching the equilibrium at 24 hours retention time, 

with the exception of iron that continues to be dissolved but at a substantially lower rate.  

 

Figure 25 Kinetic curves for metals dissolution by leaching BR with [Emim][HSO4] at 1, 3, 6, 12, 

18, 24 and 48 hours, 200 rpm, 150 °C and 5 % w/v pulp density. 
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Figure 26 Comparison between XRD of bauxite residue and solid residue after leaching bauxite residue at 150 °C, 200 rpm, 5 % w/v pulp density for 1, 6, 12 and 

24 hours 
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Kinetic studies have been carried out at 175 °C (Figure 27), in this case, the unusual dissolution 

phenomenon observed at 150 °C is not seen and the plateau has been reached faster, after 12 hours, 

achieving 90 % of Fe, 70 % of Ti and Sc dissolution and again moderate Al and Na recovery (30 %).  

 

Figure 27 Kinetic curves for metals dissolution by leaching BR with [Emim][HSO4] at 1, 3, 6, 12 

and 18 hours, 200 rpm, 175 °C and 5 % w/v pulp density. 

After 1 hour, more than 35 % of Sc has been dissolved, this, as mentioned above, is due to the fact 

that goethite is totally dissolved and hematite starts to be leached as well. The equilibrium has been 

reached at 70 % of Sc and 90 % of Fe recovery, which is in agreement with Vind et al. studies, as the 

main mineralogical Sc containing phases in bauxite residue are hematite and goethite (55 and 25 % 

on average respectively) [13].  

At 200 °C (Figure 28), Fe, Ti and Sc are considerably leached even after 1 hour (60-74 %). The 

maximum extraction of these metals has been reached after 12 hours, where Fe is almost totally 

dissolved, Ti recovery is over 90 % and Sc reaches nearly 80 %. Al and Na dissolution remains stable 

along the kinetic curve in a range of 30-40 %.  

Extraction of Sc at these high recovery yields (nearly 80 %), when Fe is also almost totally dissolved, 

again confirms that Sc was found to be hosted mainly in hematite and goethite mineralogical phases 
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mainly with the chemically durable zirconium orthosilicate (ZrSiO4), that contains around 10 % of the 

total Sc in bauxite residue, but also with other undissolved (or partially dissolved) phases as 

boehmite, diaspore and titanium-containing phases, that have been determined to be carriers of Sc 

in Greek BR [13]. 

 

Figure 28 Kinetic curves for metals dissolution by leaching BR with [Emim][HSO4] at 1, 3, 6, 12 

and 18 hours, 200 rpm, 200 °C and 5 % w/v pulp density. 
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pulp density higher than 14.3 % w/v were not carried out due to the high viscosity, which prevented 

filtration and caused serious problems during the leaching process. 

 

Figure 29 Study on the system behavior for metals dissolution by changing pulp density when 

leaching BR with [Emim][HSO4] at 12 hours, 200 rpm, 200 °C. 

6.3.4 Leaching bauxite residue at optimum conditions 

It can be concluded that 200 rpm, 200 °C, 12 hours and 5 % w/v pulp density are the optimum 

conditions for leaching BR and obtaining obtain the best results, in terms of Ti and Sc recovery, when 

bauxite residue is directly leached with [Emim][HSO4] (Figure 30).  

At the optimum conditions, Fe was almost totally dissolved and Sc recovery yield was nearly 80 %. As 

already mentioned before, this outcome is in accordance with Vind et al. as Sc is mainly hosted in 

hematite and goethite mineralogical phases (55% and 25%, respectively) in bauxite residue [13]. The 

undissolved Sc content might be attributed to ZrSiO4, containing around 10 % of the total Sc in bauxite 

residue, but also to other phases, such as boehmite, diaspore, and titanium-containing phases that 

host Sc in Greek bauxite residue [13].  

At these conditions, 90 % of Ti was dissolved, while Al and Na were partially extracted (in a range of 

30 – 40%). Si and REEs dissolutions were found to be negligible, whereas Ca was partially dissolved 

and precipitated as CaSO4 consuming about 2 wt.% of the ionic liquid. 

 

0

10

20

30

40

50

60

70

80

90

100

2.5 5 10 14.3

R
ec

o
ve

ry
 (%

)

Pulp density (%)

Fe

Al

Ti

Na

Sc



- 62 - 

 

 

Figure 30 Metal recoveries at optimum conditions: 200 rpm, 200 °C, 12 hours and 5 % w/v pulp 

density. 

  

0

10

20

30

40

50

60

70

80

90

100

Fe Al Si Ti Na Ca Sc Nd La Y Ce

R
ec

o
ve

ry
 (%

)



- 63 - 

 

7. Characterization of the solid residues 
after leaching 

Solid residues were characterized via fusion method (already described in chapter 5) and XRD. 

Microstructural characterization was carried out by a JEOL 6380 LV Scanning Electron Microscope 

coupled with Energy Dispersive System (SEM-EDS) and a JEOL 2100 HR  200kV Transmission Electron 

Microscope (TEM) in order to detect and locate REEs. 

With this purpose, two kinds of samples were taken into consideration, one rich in Fe (reddish), from 

the bauxite residue dissolution at mild conditions (150 °C, at 200 rpm, 24 h, 5 % w/v pulp density), 

hereafter referred a S1, and another Fe – depleted (greyish) after complete dissolution at optimum 

conditions (200 rpm, 200 °C, 12 h, 5 % w/v pulp density), from now on named S2 (Figure 31). 

 

Figure 31 Solid residues after leaching. The reddish one (Sample S1) is from the dissolution of BR 

at 150 °C, 200 rpm, 5% w/v pulp density for 24 h and the greyish one (Sample S2) is from the 

dissolution of BR at optimum conditions. 

Sample S1 Sample S2
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7.1 Characterization of the left-over residues S1 and S2 

The left-over residue S1 was found to be the 61 wt.% of the weight of the initial BR mass; its 

composition is given in Figure 32; this sample is rich in iron and aluminum, which are the main 

components of the sample, followed by calcium and silicon. REEs remain in the solid residue (except 

for scandium that has been leached for 67 %).  

 

Figure 32 Chemical composition of the solid residue (S1) after leaching bauxite residue at 150 °C, 

200 rpm and 5% w/v pulp density for 24h. 

This behavior has been confirmed by SEM-EDS analysis as the matrix is mainly composed of aluminum 

oxides and Ca-Al Silicates; Fe oxides particles persist to leaching and remain enclosed in the matrix 

(Figure 33). 
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Figure 33 S1 matrix SEM-EDS image. 
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The left-over residue S2 was the 48 wt.% of the initial BR mass. As it can be seen from the chemical 

analysis shown in Figure 34, S2 is high in aluminum, calcium and silicon, while it is depleted in iron 

and titanium. This was also confirmed by SEM-EDS analysis (Figure 35) as the matrix, mainly 

composed of Al, Ca, Na silicates, surrounds phases transitioning from CaCO3 to CaSO4. Also in this 

case, REEs remain in the solid residue (with the exception of scandium) and can be leached afterward.  

 

Figure 34 Chemical composition of the solid residue (S2) after leaching bauxite residue at 

optimum conditions, 200 °C, 200 rpm and 5% w/v pulp density for 12 h. 
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Figure 35 SEM image of the matrix of the residue after leaching S2.
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Both samples were analyzed via XRD and a comparison between bauxite residue, S1 and S2 is given 

in Figure 36. There are three differences between the two samples, (I) one is due to the presence of 

hematite, (II) one to the massive formation of CaSO4 and the (III) last is due to the peaks attributed 

to the other mineralogical phases that gradually disappear after leaching.  

(I) The difference in color between the two samples, is due to the fact that when BR was 

leached at mild condition, hematite still existed, giving the red color to the left-over 

residue (S1); on the other hand, at more severe conditions, hematite was totally 

dissolved and the solid residue remained grey (S2).  

(II) In addition, a new mineralogical phase is created during leaching, the calcium sulfate 

anhydrite (CaSO4), which was formed due to the interaction between calcium and the 

anion of the ionic liquid. This mineralogical phase caused the consumption of about 2 

wt.% of the IL when BR was leached at optimum conditions. Making a comparison 

between the two XRD’s profiles, when BR was leached at severe conditions, Ca was 

completely dissolved and massively precipitated as CaSO4 (S2), while at milder conditions 

CaSO4 mineralogical phase formation was not complete, as it is possible to observe by 

the number and intensity of the peaks in Figure 36.  

(III) Moreover, it is possible to observe that peaks attributed to hematite, goethite, calcium 

aluminum iron silicate hydroxide, gibbsite and perovskite, which are present in bauxite 

residue, gradually disappear after leaching. In both samples, aluminum phases like 

diaspore and boehmite remain relatively intact after leaching as well as cancrinite, 

chamosite and calcite. The above observations explain well the behavior of Al and Na 

during leaching as their main minerals in BR such as diaspore, boehmite and cancrinite 

remain insoluble, leading to low to moderate recoveries.  
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Figure 36 XRD comparison between bauxite residue, Fe-rich solid residue after leaching (S1) and Fe-depleted solid residue after leaching (S2). 
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7.2 REEs in the solid residues S1 and S2 

The main purpose of the left-over residues’ characterization was to locate REEs particles and find a 

reason why they were not dissolved even at severe conditions. 

 S1 was analyzed with SEM-EDS and heavy rare earth (HREE) phosphate particles were found in the 

matrix, surrounded by Fe oxides particles and TiO2, with the major constituent being yttrium (YPO4) 

and presence of erbium, gadolinium, europium, dysprosium, ytterbium and samarium (Figure 37). As 

Vind et al. explain, heavy rare hearth phosphate particles are small (few μm) and endure the Bayer 

process digestion, as they are present in the same form in bauxite ores [14]. Therefore, we can 

conclude that this kind of phases remains intact also during the ionic liquid dissolution of BR. 

 

Figure 37 S1 SEM-EDS image: TiO2 and Fe oxides particles enclose a small (2x3μm) YPO4 particle 

that contains also other heavy rare earths. 

Light rare earth (LREE) particles were also found in the form of calcium sodium titanate [(REEs, Ca, 

Na)(Ti, Fe)O3] (Figure 38). This kind of particles are relatively big (particle in Figure 38 is 15x17 μm) 

and are formed during the Bayer process [14]. (REEs, Ca, Na)(Ti, Fe)O3 particles endure the ionic liquid 

leaching, as their shape is the same as in bauxite residue.  
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Figure 38 SEM-EDS image of a (REEs, Ca, Na)(Ti, Fe)O3 particle present in the solid residue (S1) after 

ionic liquid leaching at 150 °C, 200 rpm, 5 % w/v pulp density for 24 hours. 

As mapping confirms, Ce and Nd are the main LREEs in the particle (Figure 39) and Sm is also present. 

LREEs distribution in the particle is homogeneous, they are rich in Ti which is predominant on the 

edges, together with Ca as well as with Na. Al is absent and Fe and Si are slightly present, while sulfur 

surrounds the particle in the form of CaSO4. 

 

Figure 39 SEM-EDS elemental mapping of a (REEs, Ca, Na)(Ti, Fe)O3 particle present in the solid 

residue (S1) after ionic liquid leaching at 150 °C, 200 rpm, 5 % w/v pulp density for 24 hours. 

From the above observations, we can conclude that in S1, the solid residue obtained by leaching BR 

at milder conditions, both heavy and light REEs endure the ionic liquid dissolution, remaining intact 

as they were in BR.  

In S2, small REEs containing particles (about 10 μm) were detected in SEM-EDS, in particular, YPO4 

particles including heavy rare earths like gadolinium and dysprosium (Figure 40). 

AlSi

S
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Figure 40 SEM-EDS image of a YPO4 particle present in the solid residue (S2) after ionic liquid 

leaching at 200 °C, 200 rpm, 5 % w/v pulp density for 12 hours. 

This is consistent with Vind et al. studies of raw bauxite residue [14] where the presence of heavy 

rare earth phosphates with the major constituent being yttrium and containing other heavy REEs like 

gadolinium, dysprosium and erbium is reported. This is an indication that these grains endure the 

[Emim][HSO4] leaching process, without being subjected to any dissolution and thus explaining the 

negligible heavy REEs recoveries.  

Small mixed calcium-cerium phosphate particles were also identified, in this case, grains included 

light rare earths like neodymium, lanthanum and samarium (Figure 41). 

 

Figure 41 SEM-EDS image of a CePO4 particle present in S2. 

Vind et al. reported the presence of light rare earths as calcium-containing phosphate phases in 

bauxite residue [14]. In the case of the solid residue after leaching (S2), grains containing light REEs 

(LREEs) phosphates are also present. This may indicate a partial dissolution of calcium from the mixed 

Ca-LREEs phases, leaving behind smaller phosphate particles which are beneficiated in LREEs. This 
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was also implied by TEM analysis, detecting very fine (<500 nm) particles of Al-containing CePO4 

(Figure 42). 

 

Figure 42 TEM image of a CePO4, Al containing, particle present in S2. 

Also in the case of S2, the residue obtained by leaching BR at heavy conditions, REEs remained 

unchanged in mineralogy with the respect of the initial BR. Solid residue after leaching could be 

treated for selectively leaching REEs afterwards. 

  

Element Wt%

C 6.33
O 44.4
Al 17.92
P 7.91
Sc 0.08
La 6.05
Ce 17.17
Nd 0.13

Total: 100

1 μm
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8. Metals extraction from the leachate 

As already described in chapter 4, the term solvent extraction (SX) refers to a preferential distribution 

of a solute between two immiscible liquid phases in contact with each other [110]. Usually SX systems 

involve an aqueous phase and an organic phase, but it can also consist of two immiscible molten salts 

phases, a molten salt and an organic solvent or two immiscible organic solvents [83,111]. Generally, 

a pregnant liquid solution (PLS) that contains the dissolved solute, is put into contact with another 

immiscible phase. The two phases need to have different polarities and be immiscible with each 

other, in order to create two distinct phases. Moreover, they need to show a short phase 

disengagement time after mixing and the extractant has to be soluble in the less-polar phase and 

insoluble in the more-polar phase [83].  

Many extractants can be used for recovering metals from leachates [83,111,113–117,121]. 

Extractants containing sulfur donor atoms are expected to be strong extractants for metal ions as the 

donor atoms of common bases have electronegativities increasing in the order: S<Br<N<Cl<O<F 

[133].  

The most commonly used acidic organophosphorus extractants are divided into phosphoric, 

phosphonic and phosphinic acids (Figure 43) and extract metals by cation exchange mechanism 

[121]. 
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Figure 43 Structures of the commonly used acidic phosphorus-based extractants. 

Generally, the neutral organo-phosphorus extractants are divided into four types: trialkyl phosphate, 

dialkyl-alkyl phosphonate, dialkyl-alkyl phosphinate and trialkyl phosphine oxide with the structures 

shown in Figure 44 Structures of the phosphorous-based solvating extractants. and are based on 

solvating extraction mechanism [121]. 

 

Figure 44 Structures of the phosphorous-based solvating extractants. 

Flett explains that the mechanism of metal extraction by acidic extractants from aqueous solutions 

is governed by a cation exchange mechanism as in equation (14): 

Ma
n+ + (n + x)(RH)o = (MRn ⋅ xRH)o + nHa

+ 
(14) 

where Ma
n+ is an n-valent metal cation in the IL phase, RH is the organic acid, the subscript “a” and 

“o” stand for the aqueous and the organic phases respectively [134]. In case of this work, where the 

ion is complexed by the anion of the IL, the proposed reaction for the SX with acidic extractants is 

the following: 

[M2(SO4)n]IL + (n + x)(RH)O = (M2Rn ⋅ xRH)O + (nHSO4)IL 
(15) 

where M is the n-valent metal, RH is the organic acid and the subscript “IL” and “o” stand for the IL 

leachates and the organic phases, respectively. 
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On the other hand, metal extraction mechanism by neutral reagents is based on the solvation of 

metal complexes by electron-donor-containing extractants [120,121,134]. General reaction is 

presented as following: 

(𝑀𝑋𝑛)𝑎 + y(P)O = (𝑀𝑋𝑛𝑃𝑦)O 
(16) 

where M is the n-valent metal, X is a mono-valent anion P is the neutral phosphine oxides and the 

subscript “a” and “o” stand for the aqueous and the organic phases respectively [134]. 

In case of this work, the reaction that takes places by extracting metals from IL leachates with a 

neutral extractant is presented in equation (17): 

[M2(SO4)n]IL + y(P)O = [M2(SO4)n ⋅ Py]
O

 (17) 

Where the subscript “IL” and “o” stand for the IL leachates and the organic phases, respectively. 

For the abovementioned reasons, three acidic organophosphorus extractants and a mixture of four 

trialkylphosphine oxides have been chosen in this work for extracting metals from the PLS obtained 

by leaching BR with the IL [Emim][HSO4].  

Table 6 Extractants used for recovering metals from the PLS obtained by leaching BR with 

[Emim][HSO4]. 

Extractant 
Commercial 

name 
Kind 

di-(2-ethylhexyl)phosphoric acid D2EHPA 

acidic di-(2-ethylexhyl)phosphonic acid Ionquest 801 

bis(2,4,4-trimethylpentyl)phosphinic acid Cyanex 272 

trioctylphosphine oxide, dioctyl(hexyl)phosphine oxide, 

dihexyl(octyl)phosphine oxide, trihexylphosphine oxide 
Cyanex 923 neutral 

As presented in Table 6, D2EHPA, Ionquest 801 and Cyanex 272 were tested as acidic extractants and 

molecular structures are shown in Figure 45. 
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Figure 45 Molecular structures of di-(2-ethylhexyl)phosphoric acid (D2HEPA) (a), bis(2,4,4-

trimethylpentyl)phosphinic acid (Cyanex 272) (b) and di-(2-ethylexhyl)phosphonic acid (IONQUEST 

801) (c). 

On the other hand, the neutral solvating extractant chosen was Cyanex 923, a mixture of four 

phosphine oxides whose molecular structures are shown in Figure 46. 

 

Figure 46 Cyanex 923 is a mixture of phosphine oxides: trioctylphosphine oxide (a), 

dioctyl(hexyl)phosphine oxide (b), dihexyl(octyl)phosphine oxide (c), trihexylphosphine oxide (d). 

Parameters like phase disengagement, temperature, organic to IL ratio and extractant concentration 

were investigated aiming to find a suitable method to extract all the metals contained in a PLS 

obtained by leaching BR with the IL [Emim][HSO4] for reusing the IL for subsequent uses. 
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8.1 Preliminary studies 

For these experiments, the PLS from leaching BR with [Emim][HSO4] at optimum conditions (12 hours, 

at 200 °C and 200 rpm) was employed. After leaching, the pulp was filtrated by adding dimethyl 

sulfoxide (DMSO) as non-volatile/viscous solvent in order to decrease the viscosity of the PLS and 

ease the filtration step [39]. A synthetic leach solution was also prepared considering the composition 

of the real one. The required amount of Fe2O3, TiO2, Al2O3 and Sc2O3 were dissolved in [Emim][HSO4] 

for 12 hours, at 200 °C and 200 rpm. In this case, DMSO was not added to the leach solution to 

observe the behavior of the solvent extraction process with a high viscous solution. Like in the case 

of real PLS, the synthetic leach solution was prepared by leaching oxides with [Emim][HSO4] in a 

Trallero and Schlee mini reactor combined with a mechanical stirrer, a vapor condenser and a 

temperature controller. Samples were then digested through acidic treatment (HNO3 65 % v/v and 

aqua regia) and analyzed. Fe and Al were detected with AAS, Ti and Sc with an ICP-OES.  

The real PLS composition is shown in Table 7. As it is possible to observe, the main metal is Fe which 

accounts to 3.9 g/L, followed by Ti (384 mg/L) and Al (370 mg/L); Sc contributes with 1.3 mg/L. 

Table 7 Composition of the solution obtained by leaching bauxite residue with [Emim][HSO4]. 

Metal Composition 

Fe 3.9 g L-1 

Al 369 mg L-1 

Ti 378 mg L-1 

Sc 1.3 mg L-1 

The synthetic PLS composition simulates the real PLS composition, but it contains a significant 

amount of Sc (91 mg/L), as it is shown in Table 8, to clearly observe the behavior of this element in 

comparison with the others. 
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Table 8 Synthetic pregnant liquid solution (PLS) composition. 

Metal Composition 

Fe 4.8 g L-1 

Al 340 mg L-1 

Ti 184 mg L-1 

Sc 91 mg L-1 

Solvent extraction preliminary experiments were conducted by using D2EHPA, Ionquest 801, Cyanex 

272 and Cyanex 923. Parameters of these experiments are shown in Table 9. 

Table 9 Preliminary SX experiments parameters.  

Kind of PLS 
Extractant concentration 

(% v/v) 

Organic to IL ratio 

(O:IL) 

Temperature 

(°C) 

Synthetic 10 

1:1 

55 

2:1 

Real 20 1:1 room 

Extractants were diluted in kerosene D85 at 10 % v/v, 1:1 and 2:1 organic to IL ratio (hereinafter 

referred as O:IL) were applied for synthetic PLS. Tests with real PLS were carried out at 20 % v/v and 

1:1 O:IL. The correct immiscibility and phase disengagement between the different organic 

extractant phases and the IL one were verified by putting in contact the PLS (both synthetic and real) 

with the diluted extractants. Experiments with synthetic PLS were done at 55 °C to have a viscosity 

closer to the organic reagent, whereas experiments with real PLS were executed at room 

temperature since the viscosity, in this case, is much lower than the case in synthetic solution. 

Agitation improves the distribution of the solute between the two phases as the phase boundary 

area between them increases, until the equilibrium is reached [117]. For this reason, in both cases, 
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magnetic stirrers have been used to assure the correct agitation between the two phases. Kinetic 

tests were performed by sampling 5 mL of both phases at 15, 30, 60 and 120 minutes.  

Samples were centrifuged and PLS phases were subjected to acidic digestion and analyzed. Extraction 

efficiency was calculated in percentages as the equation (18): 

𝐸% =
[𝐴]𝑂𝑅𝐺

[𝐴]𝑂𝑅𝐺 + [𝐴]𝑃𝐿𝑆
100  (18) 

where [A]ORG and [A]PLS are the metal concentrations at equilibrium in the extraction phase and PLS, 

respectively. 

8.1.1 Cyanex 272 

In the case of Cyanex 272, the separation between the extractant and the synthetic PLS phases took 

less than a minute due to the synthetic PLS high viscosity, while it was almost immediate with the 

real PLS. Tests performed with synthetic PLS at 10 % v/v extractant concentration 1:1 (Figure 47a) 

and 2:1 O:IL (Figure 47b) show a moderate Ti extraction (30 – 40 %). In both cases, the extraction of 

both Al and Fe are moderate, while Sc recovery is observed as 70 % at 1:1 O:IL and almost 90 % at 

2:1 O:IL after 120 minutes.  

Kinetic tests with real PLS at 1:1 O:IL and 20 % v/v Cyanex 272 concentration show a remarkable 

increase in metal loading, in fact, all metals are removed after 60 minutes (Figure 47c). Lowering 

viscosity and increasing extractant Cyanex 272 concentration affect positively on metals recovery. As 

the major aim is to transfer loaded ions into the extractant and reuse the IL, Cyanex 272 could be 

one of the promising organic extractants in this aspect. 
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Figure 47 Metals extraction with Cyanex 272: from synthetic PLS at 10 % v/v in Kerosene D85, 1:1 

O:IL (a) and 2:1 O:IL (b); from real PLS at 1:1 O:IL and 20 % v/v in Kerosene D85 (c). 

8.1.2 Ionquest 801 

Phase disengagement tests showed a very slow separation between the extractant and the synthetic 

PLS phases that took more than 3 minutes. On the contrary, phase disengagement resulted to be 

almost immediate with real PLS samples like the Cyanex 272 case. Experiments performed by using 

Ionquest 801 as extractant show similar behavior as the other extractants. In fact, also in this case, 

results are slightly different when O:IL changes from 1:1 to 2:1 (Figure 48a and b), showing a limited 

Ti extraction (less than 30 %), a moderate removal of Al (50 %) and a considerable amount of Fe (70 

%). Sc is the only metal that benefits of increasing O:IL to 2:1, in fact after 15 minutes it is 10 % 

extracted at 1:1 O:IL (Figure 48a), while it is 40 % removed at 2:1 O:IL (Figure 48b).  

Performing experiments with the real PLS, all metals are almost totally extracted after 15 minutes, 

with the exception of Ti that is totally removed after 60 minutes (Figure 48c).   
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Figure 48 Metals extraction with IONQUEST 801: from synthetic PLS at 10 % v/v in Kerosene D85, 

1:1 O:IL (a) and 2:1 O:IL (b); from real PLS at 1:1 O:IL and 20 % v/v in Kerosene D85 (c). 

8.1.3 Cyanex 923 

The separation between the extractant and the synthetic PLS phases for Cyanex 923 was as fast as in 

the case of Cyanex 272, in fact, it took less than a minute and was instantaneous for the real PLS 

samples. Experiments carried out with 10 % v/v Cyanex 923 showed a limited Fe and Ti extraction at 

1:1 and 2:1 O:IL. Al was slightly affected by the increase of O:IL, reaching 60 % at 2:1 O:IL and about 

85 % of Sc was extracted in both cases (Figure 49a and b). When increasing Cyanex 923 concentration 

to 20 % v/v results from experiments performed with real PLS showed a complete extraction of Al, 

high recovery of Fe and Sc (about 80 %) and moderate recovery of Ti (almost 70 %) after 15 minutes 

(Figure 49c). Results do not change much over time. This extractant resulted to be not so effective 

for metals removal from [Emim][HSO4] solutions. 

Although incomplete extraction of the metal ions is observed in all cases, this organic extractant also 

proposes some advantages over the other extractants. In Figure 49a and b enhanced selectivity for 

Sc and Al than the others is shown. While Fe and Ti, two of the problematic elements for Sc recovery 

during SX operations as these elements are generally co-extracted with Sc, stayed 10 % extraction 
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levels, almost 90 % of Sc was extracted from the IL PLS. Therefore, this organic phase could be used 

to selectively recover Sc from IL PLS first before loading other metal ions in a dual-stage SX circuit. 

Figure 49 Metals extraction with Cyanex 923: from synthetic PLS at 10 % v/v in Kerosene D85, 1:1 

O:IL (a) and 2:1 O:IL (b); from real PLS at 1:1 O:IL and 20 % v/v in Kerosene D85 (c). 

8.1.4 D2EHPA 

Phase disengagement between synthetic PLS and D2EHPA extractant phases was quite slow, in fact, 

necessitated of about 2 minutes for separating, whereas it was immediate for the real PLS samples 

as in the other reagents. The metals extraction trends with D2EHPA are shown in Figure 50. In case 

of synthetic PLS, experiments carried out at 1:1 O:IL (Figure 50a) show a moderate extraction of Ti 

even after 120 minutes (<20 %); all the other metals present a moderate extraction (60 – 70 %) after 

120 minutes. When O:IL increases to 2:1 (Figure 50b), there is a substantial increase in Ti extraction 

that reaches 50 % after 120 minutes. All the other metals extraction slightly increases reaching a 

range of 70 – 80 % after 120 minutes. By varying O:IL from 1:1 to 2:1 does not significantly improve 

efficiency in metals extraction.  
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Experiments with the real PLS were conducted at 20 % v/v of D2EHPA in Kerosene D85 (Figure 50c), 

results show a total extraction of metals after 15 minutes. This behavior can be accounted not only 

to the increase of extractant concentration, but also to the fact that experiments were carried out at 

a lower viscosity comparing to the synthetic PLS. D2EHPA is able to extract metals form viscous and 

non-viscous [Emim][HSO4] solutions. In case of non-viscous solutions, the optimum conditions are 20 

% v/v extractant concentration, 1:1 O:IL and 15 minutes, whilst with viscous solutions more time is 

needed to extract metals. 

 

Figure 50 Metals extraction with D2EHPA: from synthetic PLS at 10 % v/v in Kerosene D85, 1:1 O:IL 

(a) and 2:1 O:IL (b); from real PLS at 1:1 O:IL and 20 % v/v (c) in Kerosene D85. 

Even though D2EHPA was previously shown one of the best reagents for Sc extraction with high 

selectivity in aqueous solutions [115], when SX is performed with ILs, this selectivity is decreased 

significantly with high co-extraction levels of the metal ions. However, as D2EHPA showed immediate 

extraction of the all ions in real PLS (Figure 50c), this reagent could be the best option for stripping 

ions from IL PLS among the other tested extracted when the price, efficiency and kinetics are 

considered. 
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8.2 Multi-stage solvent extraction process 

For these experiments, a synthetic pregnant leaching solution (PLS) was obtained by simulating the 

concentration of metals from leaching BR with [Emim][HSO4] at optimum conditions. Batch 

experiments were performed in a Trallero and Schlee mini reactor combined with a mechanical 

stirrer, a vapor condenser and a temperature controller. The required amount of Fe2O3, TiO2, Al2O3, 

Na2O and Sc2O3 were dissolved in [Emim][HSO4] for 12 hours, at 200 °C and 200 rpm. Filtration was 

performed by avoiding the addition of DMSO which would prevent the regeneration of the IL.  

Samples were then digested through acidic treatment (HNO3 65% v/v and aqua regia) and analyzed. 

Fe and Al and Na were detected with AAS, Ti and Sc with ICP-OES.  

The PLS composition is shown in Table 10. As it is possible to observe, the main metal is Fe which 

accounts to 13.93 g/L, followed by Al (1.53 g/L), Ti (1.13 g/L) and Na (580 mg/L); Sc contributes with 

4.9 mg/L. 

Table 10 Composition of the PLS obtained by leaching bauxite residue with [Emim][HSO4] at 

optimum conditions. 

Metal Composition 

(g/L) 

Fe 13.93  

Al 1.53 

Ti 1.13 

Na 0.58 

Sc 0.0049 

Solvent extraction experiments were done at 55 °C to have a viscosity closer to the organic reagent; 

magnetic stirrers have been used to assure the correct agitation between the two phases. Based on 

results already discussed in chapter 8.1, a multi-stage process was executed, as it is shown in Figure 

51.  
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Figure 51 The multi-stage solvent extraction process. 

Firstly, a dual-stage extraction process with a neutral mixture of phosphine oxides was applied to 

selectively extract Sc and Al.  Both stages were conducted for 120 minutes, by using Cyanex 923 

diluted in kerosene D85 (Cy 923 – ker. D85) at 10 % v/v and 2:1 O:IL. Subsequently, the acidic 

organophosphorus extractant Cyanex 272 diluted in kerosene D85 (Cy 272 – ker. D85) at 20 % v/v 

and 1:1 O:IL was employed, by stirring the sample for 60 minutes. The separation between the 

extractant and the synthetic PLS phases for both extractants, Cyanex 923 and Cyanex 272, took less 

than a minute. Samples were then centrifuged and pulp PLS phases were subjected to acidic digestion 

(HNO3 65 % v/v and aqua regia) and analyzed with AAS and ICP-OES. 

As it is possible to observe in Figure 52, in the dual-stage SX with Cyanex 923 at at 10 % v/v and 2:1 

O:IL,  more than 95 % of Al and Sc, about 60 % of Na and nearly 20 % of Fe and Ti have been extracted. 

In particular, the first stage is responsible for the extraction of 87 % of Al and 93 % of Sc. Metals can 

be further purified and used in Al-Sc alloys industry [58].  
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Figure 52 The multi-stage SX process results. 

In the third stage, the acidic extractant Cyanex 272 at 20 % v/v and 1:1 O:IL was employed. About 74 

% of Fe and 78 % of Ti were extracted. These metals can be recovered and purified afterward. Sc and 

Al extraction, in this case, was negligible, being less than 1%. Na extraction is limited in all the three 

stages, as about 30 % has been extracted in the first stage and 25 % in the second stage with Cyanex 

923, while about 30 % was extracted in the third stage with Cyanex 972. 

In conclusion, this multi-stage extraction process resulted to be efficient for recovering metals from 

IL leachates as most metals are extracted. Indeed, about 10 % of Na and less than 5 % of Ti, Fe, Al 

and Sc were left behind in the IL phase and therefore, they can be considered as impurities. IL could 

be regenerated for further uses as leaching agent, making the process more sustainable.  
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9. Conclusions 

Bauxite residue is currently being managed via stockpiling, storage within settling pond and 

landfilling. However, these approaches are disadvantageous in terms of potential risk for the 

environment and storage issues associated with its management. Moreover, BR contains valuable 

metals (i.e. REEs, Sc, Fe, Ti), therefore it can be considered a valuable secondary raw material 

resource. In this perspective, a process for recovering valuable metals from BR has been studied 

within the framework of this PhD thesis. As said previously, ionic liquids can be considered an eco-

friendly replacement for mineral acid metals dissolution, providing more economical and sustainable 

processes for secondary resources. In particular, this research study was focused on the recovery of 

Sc and Ti from bauxite residue by (1) directly leach it with the Brønsted acidic ionic liquid 

[Emim][HSO4]; (2) the resulting pregnant solution was then subjected to solvent extraction to recover 

metals from the IL and regenerate it for subsequent use.  

The bauxite residue was provided by Aluminum of Greece (Mytilineos S.A.) and fully characterized. 

From the granulometric analysis resulted that 90 wt.% of the material had a particle size smaller than 

43 μm. The main minerals were hematite, calcium aluminum iron silicate hydroxide, cancrinite, 

diaspore, goethite and perovskite. Iron oxide was the major constituent in the bauxite residue 

accounting for about 42 wt.%. It was followed by aluminum oxide with 16 wt.%, while titanium oxide 

was 4 wt.% and total rare earth oxides (REO) assessed to 0.2 wt.%. In particular, Sc was 134 ± 4 mg/kg 

(134 ppm).  
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The Brønsted acidic ionic liquid 1-ethyl-3-methylimidazolium hydrogen sulfate ([Emim][HSO4]) has 

been chosen to directly leach bauxite residue. Its decomposition starts at 250 °C, therefore it has a 

remarkably high thermal stability. Viscosity measurements have revealed that, even though 

[Emim][HSO4] is very viscous at room temperature (1642 mPa·s), by increasing temperature its 

viscosity dramatically decreases, reaching 15 mPa·s at 200 °C. Moreover, reaction mechanism that 

takes place has been investigated by analyzing two monometallic solutions of Sc and Al dissolved in 

[Emim][HSO4] with 1H and 13C NMR. The results obtained have led to the following proposed reaction: 

𝑀𝑒2𝑂𝑛 + 𝑛[𝐸𝑚𝑖𝑚][𝐻𝑆𝑂4] ↔  𝑀𝑒2(𝑆𝑂4)𝑛 + 𝑛𝑂𝐻− + 𝑛[𝐸𝑚𝑖𝑚]+ (13) 

Subsequently, bauxite residue was directly leached with [Emim][HSO4] and process was optimized by 

evaluating parameters like stirring rate, temperature, time and pulp density.  

Each parameter was assessed separately, keeping the others constant, and choosing the combination 

that gave the best results. The first parameters taken into consideration was the stirring rate; it was 

possible to observe that under low (100 rpm) and high (600 rpm) stirring rates, metals recoveries 

were low. This is due to the fact that under low stirring rates a thick boundary layer is developed on 

the surface of the solid particles, making the diffusion of chemical species from and to the solid 

particles surface inefficient. On the other hand, at high stirring rates, the thickness of the boundary 

layer substantially decreases, but the high convective mass transfer of reactants from the surface of 

the particles, makes the surface reactions again inefficient and thus the recovery yields are 

diminishing. Therefore 200 rpm was found to give the best results, in terms of Sc and Ti recoveries. 

At this stirring rate, Fe, Ti and Sc have the highest recovery yields (75, 72 and 67 % respectively). 

Metals like Na and Al were slightly affected by the stirring rate as they remained almost stable in a 

range of 17-32 % recovery yields.  

The behavior of the system was analyzed by performing kinetic tests at 150, 175 and 200 °C. Leaching 

temperature and time greatly affected the system, as it was found that at mild conditions (150 °C), 

Sc and Ti dissolution could not exceed about 70 %, while Fe can be leached at about 80 % after 24 

hours. By raising temperature, also metals recovery yields increased in less time; in fact, at 175 °C, 

90 % of Fe and 70 % of Ti and Sc dissolution was reached after 12 hours. At harsher conditions (200 

°C), metals like Fe, Ti and Sc have been considerably leached even after 1 hour (60 – 74 %). However, 

the maximum extraction of these metals has been reached after 12 hours, where Fe was almost 

totally dissolved, Ti recovery was over 90 % and Sc reached nearly 80 %. At each temperature chosen, 

Al and Na dissolution remained stable along the kinetic curves in a range of 30 – 40 %.  
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The effect of pulp density on the leaching system was also investigated. At low pulp densities (2.5 – 

5 % w/v), there is a consistent excess of the IL, therefore it was possible to obtain the best results in 

terms of Ti and Sc dissolution (88 % of Ti and 78 % of Sc; Fe was almost totally leached). When 

increasing pulp density (10 – 14.3 % w/v), also viscosity increased as the IL excess was lower. This fact 

had led to a lower recovery of all metals taken into consideration.   

In conclusion, the optimum conditions, in terms of Ti and Sc recovery, were 200 rpm, 200 °C, 12 hours 

and 5 % w/v pulp density. At these conditions, Fe was almost totally dissolved and Sc recovery yield 

was nearly 80 %. It was not possible to have high recovery yields of Sc without having co-dissolution 

of iron. This is because Sc is mainly hosted in hematite and goethite mineralogical phases (55 % and 

25 %, respectively) in bauxite residue [13]. Moreover, 90 % of Ti was dissolved and Al and Na were 

partially extracted (in a range of 30 – 40 %). Si and REEs dissolutions were found to be negligible, 

whereas Ca was partially dissolved and precipitated as CaSO4 consuming about 2 wt.% of the ionic 

liquid. 

After solid/liquid separation, the solid residue after leaching has been characterized. The matrix was 

mainly composed of Al, Ca, Na silicates and surrounded phases transitioning from calcite (CaCO3) to 

calcium sulfate anhydrite (CaSO4). CaSO4 is a new mineralogical phase formed due to the interaction 

between calcium and the anion of the ionic liquid. 

An attempt to locate REES in the solid residue after leaching was made, as they were not dissolved 

during the leaching process. With this purpose two samples were analyzed with SEM-EDS and TEM, 

one Fe-depleted derived from leaching BR at optimum conditions and one rich in Fe, derived from 

leaching BR at milder conditions.  

The Fe – depleted sample was proved to contain small REEs particles of about 10 μm. In particular, 

heavy rare earths like gadolinium and dysprosium were located in YPO4 particles. These grains endure 

the [Emim][HSO4] leaching process, as this kind of particles were previously located in bauxite residue 

[14]. In view of this fact, it is possible to explain the negligible recoveries of heavy REEs since they are 

not subjected to any dissolution. Light REEs, including neodymium, lanthanum and samarium, were 

identified in small mixed calcium-cerium phosphate particles. This may indicate a partial dissolution 

of calcium from the mixed Ca – light REEs phases, leaving behind smaller phosphate particles which 

are beneficiated in light REEs. Since REEs remain in the solid residue, this could be further treated for 

subsequently extracting REEs. Moreover, being rich in calcium, aluminum and silicon, the Fe – 

depleted solid residue could be employed in building material applications. 
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The Fe – rich sample was also analyzed, where both heavy and light REEs endure the ionic liquid 

dissolution, remaining intact as the same kind of particles were located in BR [14]. More in detail, 

heavy REE phosphate particles were found in the matrix, surrounded by iron oxides particles and 

titanium oxide, with the major constituent being yttrium (YPO4) and presence of erbium, gadolinium, 

europium, dysprosium, ytterbium and samarium. Moreover, relatively big light REE particles were 

also found in the form of calcium sodium titanate [(REEs, Ca, Na)(Ti, Fe)O3], which endure the ionic 

liquid leaching, as their shape is the same as in bauxite residue.  

Among the technologies for scandium separation and purification, solvent extraction has the 

advantages of high extraction capacity and ease of operating at large scales, and therefore the next 

stage involved the metals recovery from the pregnant liquid solution (PLS). Preliminary studies on 

solvent extraction (SX) have been carried out on synthetic solutions. Cyanex 272, D2EHPA, Ionquest 

801 and Cyanex 923 diluted in kerosene D85 were examined as possible extractants for metals 

contained in the PLS. Parameters like phase disengagement, extractant concentration and organic to 

IL ratio were investigated to produce kinetic curves at 15, 30, 60 and 120 minutes retention time. 

Although retention time was affected by the presence of DMSO in some cases, this does not affect 

solvent extraction process in terms of loading efficiency and it is possible to perform tests with 

viscous solutions at about 60 °C. This would allow to avoid the use of DMSO during the filtration step 

after leaching, simplifying the whole process. O:IL ratio has a minor effect on the efficiency of the 

process, while by changing extractant concentration, all the recoveries enhanced significantly.  From 

the results obtained, it can be concluded that the neutral extractant, Cyanex 923, was the best for 

selective Sc extraction from IL PLSs and could be used for its recovery as a pretreatment before 

loading all the ions in the PLS. Moreover, D2EHPA at 20 % v/v and 1:1 O:IL resulted to be the best 

parameters combination to extract metals, in fact after 15 minutes almost 100 % of Fe, Al, Ti and Sc 

were recovered from PLS. Therefore, both selective Sc extraction, as well as reuse of IL, could be 

carried out with a multi-stage SX process. Firstly, a dual-stage extraction process with a neutral 

mixture of phosphine oxides was applied to selectively extract Sc and Al, succeeding to extract more 

than 95 % of Al and Sc, about 60 % of Na and nearly 20 % of Fe and Ti. Al and Sc could be further 

purified and used in Al-Sc alloys industry [58]. In the third stage, the acidic extractant Cyanex was 

employed for extracting 74 % of Fe and 78 % of Ti. It can be concluded that about 10 % of Na, and 

less than 5 % of Ti, Fe, Al and Sc remained in the IL phase and could be considered as impurities for a 

subsequent use of the IL as leaching agent. 



- 93 - 

 

In summary, the only way to have high recovery yields of Sc by directly leaching bauxite residue with 

[Emim][HSO4] was to have also an almost complete co-dissolution of iron. The presence of iron in the 

PLS may be an issue for a subsequent recovery of this metal, which could be overcome by subjecting 

the PLS to a multi-stage SX process. Therefore, the neutral phosphine extractant Cyanex 923 has been 

employed to selectively extract Sc from PLS, which was treated with an acidic extractant afterwards 

for extracting all the other metals. In this way, the ionic liquid could be regenerated for further uses, 

making the process economically and environmentally viable. 

9.1 Outlook 

In this PhD thesis a conceptual flowsheet for recovering metals from bauxite residue was proposed. 

Bauxite residue was directly leached with the ionic liquid [Emim][HSO4] and metals were 

subsequentially recovered through a multi-stage solvent extraction process. However, some aspects 

of this work need to be studied more in details. Furthermore, energy and cost calculations need to 

be performed for evaluating the economic feasibility at higher scale. This paragraph describes the 

proposals for future work. 

Bauxite residue was leached with [Emim][HSO4] and solid/liquid separation was performed by cooling 

the system at 120 °C and adding a non-viscous/volatile solvent to decrease viscosity of the system. 

Too high viscosity would prevent the room temperature filtration stage. Furthermore, a synthetic 

pregnant leaching solution simulating the concentration of metals from leaching bauxite residue with 

[Emim][HSO4] at optimum conditions was produced. In this case, filtration was performed by avoiding 

the addition of the non-viscous/volatile solvent which would hamper the regeneration of the ionic 

liquid. However, high temperature filtration needs to be tested on the system obtained by directly 

leaching bauxite residue with [Emim][HSO4] at optimum conditions. 

Moreover, previous studies have focused on metals extraction from the pregnant liquid solution. 

However, further work required on solvent extraction process unit is the stripping of metals from the 

organic extractant phases. Metals could be subsequentially purified, hence resulting in a stream that 

can be economically processed with available refining technologies. 

In addition, regeneration and subsequent use of the ionic liquid need to be studied more in detail, to 

verify the eventual feasibility of a continuous metal recovery process. In that way a complete 

utilization of bauxite residue would be proposed. 
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