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Abstract 
Bauxite residue (BR), also known as red mud, is the reddish solid waste generated during the 

production of alumina from bauxite ores. In particular, the production of 1 metric ton of alumina 

creates between 0.9 and 1.5 metric tons of residue depending on the composition of initial bauxite 

ore. 

Due to its high alkalinity, with a pH range between 10 and 13, the handling of this waste is a 

challenge for the alumina industry. In addition, the massive volume of BR produced, which exceeds 

150 million metric tons per year worldwide, is causing drastic scarcity of available storage areas. 

However, its chemical composition encompassing iron, alumina and titania oxides turn BR into an 

interesting resource for base and critical metal recovery, while a large-scale and bulk utilisation is 

rather conceivable using BR in construction materials, such as aggregates, cements, ceramics or 

inorganic polymers. In the last decades, the research was concentrated to find environmentally 

friendly and cost-effective methods to dispose of or utilize the bauxite residue. 

In this framework, the aim of this PhD was to recover iron from BR, developing two different 

reductive roasting processes followed by magnetic separation.  

The first part of the PhD was focused on the study of optimal process for reduction of the 

nonmagnetic iron phases found in BR (namely hematite and goethite), to magnetic ones such as 

magnetite, wüstite, and metallic iron. BR was mixed with a carbon source (metallurgical coke) as a 

reducing agent and roasted in a resistance-heated tube furnace. The magnetic iron phases in the 

roasting residue were fractionated in a second stage through wet magnetic separation, forming a 

valuable iron concentrate and leaving a nonmagnetic residue containing rare earth elements 
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among other constituents. The BR-roasting process has been modeled using a thermochemical 

software (FactSage 6.4) to define process temperature, Carbon/Bauxite Residue mass ratio (C/BR), 

retention time, and process atmosphere. Roasting process experiments with different ratios of 

C/BR (0.112 and 0.225) and temperatures (800 and 1100 °C), 4 h retention time, and, in the 

presence of N2 atmosphere, have proven almost the total conversion of hematite to iron magnetic 

phases (99 wt %). Subsequently, the magnetic separation process has been examined by means of 

a wet high-intensity magnetic separator, and the analyses have shown a marginal Fe enrichment in 

magnetic fraction in relation to the sinter. 

In the second part of the work a microwave-assisted heating was presented as a suitable method 

to transform hematite and goethite contained in bauxite residue into magnetite, wüstite and 

metallic iron, with a short processing time. The final target was the production of a sinter with 

strong magnetic properties, allowing the magnetic separation of Fe from the residue. The influence 

of microwave energy on the sample, the effect of irradiation time together with the carbon/bauxite 

residue mass ratio (C/BR) were the parameters that have been analyzed to optimize the process. 

Their optimized combination allowed to transform the 79 % of the iron present in the sinter into 

metallic iron. However, hercynite (FeAl2O4) was also formed and the presence of this mineralogical 

phase could be considered a possible drawback for its magnetic properties, since its presence in 

the magnetic fraction could reduce its purity.  

To avoid the formation of FeAl2O4, a combined soda sintering, and microwave reductive roasting 

process of bauxite residue was presented. In the first step, all the alumina phases in BR were 

transformed into sodium aluminates and leached out through alkali-leaching to recover alumina by 

adding sodium carbonate as flux to BR. Subsequently, the leaching residue have been mixed with 

carbon and roasted by using a microwave furnace at the optimum conditions. The iron oxide 

present in the sinter were converted into metallic iron (98 %). In addition, hercynite is not detected. 

The produced sinter is subjected to magnetic separation processes by using a wet high intensity 

magnetic separation to separate iron from the other elements. 
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Περίληψη 
 

Tα Κατάλοιπα Βωξίτη (ΚΒ), γνωστά και ως ερυθρά ιλυς, είναι το στερεό παραπροϊόν που παράγεται 

κατά την εξαγωγή αλουμινας από βωξίτες.  Συγκεκριμένα η παραγωγή ενός τόνου αλουμίνας 

παράγει από 0.9 εως 1.5 τόνους καταλοίπων βωξίτη, ανάλογα με τη χημική σύσταση του 

κατεργαζόμενου βωξίτη. 

Εξαιτίας της μεγάλης αλκαλικότητας, με ένα pH ανάμεσα στο 10  και 13, η διαχείριση αυτού του 

υλικού είναι προβληματική για τη βιομηχανία αλουμίνας. Επιπλέον, η μεγάλη ποσότητα ΚΒ που 

παράγεται κάθε χρόνο και η οποία ξεπερνά τους 150 εκ. τόνους παγκοσμίως, δημιουργεί ελλείψεις 

σε χώρος απόθεσης. Όμως η χημική σύσταση των ΚΒ, που περιέχουν οξείδια σιδήρου, αλουμινίου 

και τιτανίου, τα καθιστά  αξιόλογους πόρους για την ανάκτηση βασικών και κρίσιμων μετάλλων  

ενώ παράλληλα μπορούν να χρησιμοποιηθούν και σε εφαρμογές δομικών υλικών όπως αδρανή, 

τσιμέντο, κεραμικά και ανόργανα πολυμερή. Τις τελευταίες δεκαετίες, η έρευνα έχει επικεντρωθεί 

στην εύρεση οικολογικών και ανταποδοτικών μεθόδων αξιοποίησης των ΚΒ. 

Σε αυτό το πλαίσιο ο σκοπός της παρούσης διδακτορικής διατριβής, είναι η ανάκτηση σιδήρου 

από τα ΚΒ μέσα από την ανάπτυξη δυο διαφορετικών διεργασιών αναγωγικής φρύξης των ΚΒ  και 

μαγνητικού διαχωρισμού των παραγόμενων φρυγμάτων. 

Το πρώτο μέρος του PhD επικεντρώθηκε στη μελέτη της βέλτιστης διαδικασίας για τη αναγωγή 

των μη μαγνητικών φάσεων σιδήρου που συναντιόνται στα ΚΒ (συγκεκριμένα αιματίτης και 
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γκαιτίτης), σε μαγνητικές φάσης όπως μαγνητίτης, βουστίτης και μεταλλικός σίδηρος. Τα ΚΒ 

αναμίχθηκαν με πηγή άνθρακα (μεταλλουργικό ΚΩΚ) ως αναγωγικό  μέσο και φρυχθήκαν σε 

φούρνο ηλεκτρικής αντίστασης. Οι μαγνητικές φάσεις σιδήρου στο φρύγμα, διαχωρίστηκαν σε ένα 

δεύτερο στάδιο μέσω υγρού μαγνητικού διαχωρισμού, σχηματίζοντας ένα πολύτιμο συμπύκνωμα 

σιδήρου και  ένα μη μαγνητικό κλάσμα που περιέχει στοιχεία σπάνιων γαιών μεταξύ άλλων 

συστατικών. Η διαδικασία φρύξης των ΚΒ έχει μοντελοποιηθεί χρησιμοποιώντας ένα θερμοχημικό 

λογισμικό πακέτο (FactSage 6.4) για τον καθορισμό της θερμοκρασίας της διαδικασίας, της 

αναλογίας μάζας  άνθρακα / Καταλοίπων Βωξίτη (C/BR), του χρόνου παραμονής και την 

ατμόσφαιρα της διαδικασίας. Πειράματα φρύξης με διαφορετικές αναλογίες C/BR (0.112 και 

0.225) και θερμοκρασίες (800 και 1100 °C), χρόνο παραμονής 4 ωρών και παρουσία ατμόσφαιρας 

Ν2, έχουν αποδείξει τη σχεδόν συνολική μετατροπή του σιδήρου σε μαγνητικές φάεις (99 % κ.β.). 

Στη συνέχεια, η διαδικασία μαγνητικού διαχωρισμού σε υγρό μαγνητικό διαχωριστή υψηλής 

έντασης κατέδειξε ένα οριακό εμπλουτισμό του σιδήρου στο μαγνητικό κλάσμα σε σχέση με το 

φρύγμα. 

Στο δεύτερο μέρος της εργασίας εξετάστηκε η χρήση φούρνου μικροκυμάτων ως κατάλληλη 

μέθοδος για τη μετατροπή του αιματίτη και του γκαίτη που περιέχεται σε κατάλοιπα βωξίτη σε 

μαγνητίτη, σίδηρο και μεταλλικό σίδηρο, με σύντομο χρόνο επεξεργασίας. Ο τελικός στόχος ήταν 

η παραγωγή φρυαγμάτων με ισχυρές μαγνητικές ιδιότητες, επιτρέποντας τον μαγνητικό 

διαχωρισμό του σιδήρου από το υπόλειμμα. Η επίδραση της ενέργειας μικροκυμάτων στο δείγμα, 

η επίδραση του χρόνου ακτινοβολίας μαζί με την αναλογία μάζας  άνθρακα / ΚΒ (C/BR) ήταν οι 

παράμετροι που εξετάστηκαν για τη βελτιστοποίηση της διαδικασίας. Ο βελτιστοποιημένος 

συνδυασμός τους επέτρεψε να μετατραπεί το 79 % του σιδήρου που υπάρχει στα ΚΒ σε μεταλλικό 

σίδερο. Ωστόσο, σχηματίστηκε επίσης η μαγνητική φάση του  ερκινίτη   (FeAl2O4), η παρουσία της 

οποίας θα μπορούσε να θεωρηθεί  μειονέκτημα καθώς θα μειώσει τη καθαρότητα του  μαγνητικού 

κλάσματος. 

Για να αποφευχθεί ο σχηματισμός FeAl2O4, παρουσιάστηκε μια συνδυασμένη μέθοδος σύντηξης 

των ΚΒ με  σόδας και αναγωγής σε  φούρνο μικροκυμάτων. Στο πρώτο βήμα, όλες οι φάσεις 

αλουμίνας στα ΚΒ μετασχηματίστηκαν σε αργιλικά άλατα νατρίου και εκχυλίστηκαν μέσω 

αλκαλικής έκπλυσης. Στη συνέχεια, το υπόλειμμα της εκχύλισης  αναμίχθηκε με άνθρακα και 

φρίχθηκε σε φούρνο μικροκυμάτων στις βέλτιστες συνθήκες. Τα οξείδιο του σιδήρου 

μετατράπηκαν σε μεταλλικό σίδηρο (98 %) στο φρύγμα. Επιπλέον, η  φάση του  ερκινίτη   δεν 

εντοπίζεται πλέον. Το παραγόμενο φρυγμα  υποβλήθηκε σε διεργασίες  υγρου μαγνητικού 

διαχωρισμού. 
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List of abbreviations 
Δ"	 Temperature variation 

Δt Time variation 

e’  Dielectric constant 

e’’ Dielectric loss factor 

er’’ Relative dielectric loss 

e* Complex dielectric constant 

e0 Permittivity of free space 

% Volume magnetic susceptibility of the particle 

&! Wavelength of the incident wave 

'0 Magnetic permeability of vacuum 

'#
$

 Magnetic moment 

μm Micrometer 

( Density  

)*%
&'(

 
Sum of competing force of magnetic material 

)*%
)*)+&'(

 
Sum of competing force of non-magnetic material 

∇!!⃗ , External magnetic gradient 

Å Ångströme 

°C Celsius degrees 

AAS Atomic absorption spectrometry 

A Ampere 

A % (t) Percentage of absorbed energy from the sample at a specific time 

As(t) Absorbance value of the sample 

Ae(t) Absorbance value of the empty chamber 

AoG Aluminum of Greece plant 

B External magnetic force 

BEC Back electron scattering 

BR Bauxite residue 

c Constant 

- Curie constant 

CBMS Cross belt magnetic separator 

C/BR Carbon/Bauxite Residue mass ratio 
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C/MBR Carbon/ Modified bauxite residue mass ratio 

CFix Carbon fix 

Cp Specific heat of the material 

Dp Microwave penetration depth 

DSP Desilication product 

E (z) Root mean square of the electric field strength 

EAF Electric arc furnace 

ED-XRF Energy Dispersive X-ray Fluorescence Spectroscopy 

EU European union 

f Frequency 

*&....⃗  Magnetic force 

*&
&'(

 Magnetic force of the particle 

*&
)*)+&'(

 Weak magnetic force of the particle 

g Grams 

GHz Giga hertz 

h Hours 

HGMS High gradient magnetic separators 

HGSMS High gradient superconducting magnetic separation 

ICP-MS Inductively coupled plasma mass spectrometry 

ICP-OES Inductively coupled plasma optical emission spectrometry 

IRMS Induced roll magnetic separator 

0 Boltzmann constant 

K Kelvin degrees 

kW Kilowatt 

L Liter 

L/min Liter/minute 

LIMS Wet low-intensity magnetic separators 

log 4,!  Oxygen partial pressure 

LOI Loss of Ignition 

MAG I Magnetic I fraction 

MAG II Magnetic II fraction 

MBR Modified bauxite residue 

min Minutes 

MHz Mega hertz  
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mm Millimeter 

MW Microwave 

n Number of magnetic dipoles 

NM Non-magnetic fraction 

OGMS Open gradient magnetic separator 

P Pressure 

Pv (z) Power absorbed by a sample per unit volume 

ppm Part per million 

REEs Rare earth elements 

REO Rare earth oxides 

rpm Revolutions per minute 

SEI Second electron imaging 

SEM-EDS Scanning Electron Microscopy coupled with Energy Dispersive Spectroscopy 

T Absolute temperature 

Tc Critical temperature 

TN Néel temperature 

tand Dielectric loss tangent 

TE Transverse electric 

TGA-DTA Thermogravimetric Analysis and Differential Thermal Analysis 

TM Transverse magnetic 

TWTs Traveling wave tubes 

V Volume of the particle 

WHIMS Wet high-intensity high-gradient magnetic separators 

XRD X-Ray powder Diffraction 
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1. Introduction 
Bauxite ore contains aluminum hydroxides in large percentage (30-65 wt. %)[1–3]  and it is mainly 

employed for the production of alumina (Al2O3) through the two main process steps [4]. In the first, 

alumina is obtained by the Bayer process (based on the reaction with sodium hydroxide under heat 

and pressure) and in the second, the alumina is electrolyzed in a Hall-Heroult cell to yield aluminum 

metal [4–6]. However, the hydrothermal extraction of alumina is related with the formation of a 

reddish byproduct: bauxite residue [7,8] which is consisted of undissolved solids composed of iron 

oxides, sodium aluminosilicates, titania, silica and mineralogical phases that contain rare earth 

elements (REEs) [8]. The production of 1 metric ton of alumina creates between 0.9 and 1.5 metric 

tons of residue depending on the composition of initial bauxite ore. Due to its high alkalinity, with 

a pH range between 10 and 13, [5,9,10] the handling of this waste is a challenge for the alumina 

industry. In addition, the massive volume of BR produced, which exceeds 150 million metric tons 

per year worldwide [7], is causing drastic scarcity of available storage areas [7,11].  

In the last decades, the valorization of the alumina by-product was the main drive for the 

continuous research. The aim was to find environmentally friendly and cost-effective methods to 

dispose of or utilize the bauxite residue [12]. In addition, an increasing demand for sustainable 

industrial processing and the depletion of available ores have supported technology development 

based on secondary raw materials with almost zero-waste production [12]. Thanks to its chemical 

composition, BR was classified as interesting resource for base and critical metal recovery [13]. 

BR is a polymetallic source, thanks to its composition, and iron (Fe) is the predominant constituent 

with its typical range concentration (20-45 wt. % ) [2]. For this reason, in the last decades Fe 
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recovery from BR has attracted major attention [4,12,14,15], since the iron recovered can be used 

as an alternative iron sources [16,17]. Iron removal studies from bauxite residue are mainly based 

on pyrometallurgical processes. These works can be grouped into two methods for producing either 

high-grade magnetite (Fe3O4) or metallic Fe: the solid state reductive roasting followed by magnetic 

separation [18–21] and the reductive smelting process by employing different furnaces (blast 

furnace, electric arc furnace (EAF) and other types) [6,12,22–25]. On the other hand, the microwave 

treatment is an emerging technology of mineral processing, as it has several advantages in 

comparison to conventional heat treatment methods. [17,26–29] One of the advantages of this 

method is to generate instantaneously heat inside the material, rather than heating the outside 

surface and slowly conducting it inside as the conventional heating method [30]. This depends on 

the molecular interactions with the electromagnetic field generated during the process. Based on 

dielectric properties, materials can be classified into: absorbers (materials that absorb microwave 

energy and easily heat), insulators (which are transparent to microwave energy) and conductors 

(which reflect the energy) [31–33]. Since the absorption of microwave energy varies with the 

composition and structure of different phases, a selective heating is possible. Moreover, 

microwaves can accelerate chemical reactions [30,34,35]. Therefore microwave-assisted heating 

could be a suitable method to transform nonmagnetic iron phases found in BR (namely hematite 

and goethite), to magnetic ones such as magnetite, wüstite, and metallic iron, within a short 

processing time. The magnetic iron phases in the roasting residue can be fractionated in a second 

stage through wet magnetic separation, forming a valuable iron concentrate and leaving a 

nonmagnetic residue containing the other constituents. 

1.1 The scope of PhD 
In this framework, the aim of this research work is to develop a process for recovering valuable 

metals from bauxite residue such us iron. Figure 1 shows two conceptual flowsheets in approaching 

Fe removal. 
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(a) (b) 

Figure 1. Conceptual flowsheets of the work presented in this PhD thesis focused on the 

recovery of iron from bauxite residue 

The roasting process of bauxite residue using a carbon source (metallurgical coke) as a reducing 

agent in a resistance-heated tube furnace was investigated (Figure 1 a). The BR-roasting process 

has been modeled using a thermochemical software (FactSage 6.4
TM

) to define process 

temperature, Carbon/Bauxite Residue mass ratio (C/BR), retention time, and process atmosphere. 

Roasting process experiments with different ratios of C/BR (between 0.112 and 0.225) and 

temperatures (between 800 and 1000 °C), 4 h retention time, and, in the presence of N2 

atmosphere were investigated. The result of the roasting process at the optimum conditions (C/BR 

0.180, 800 °C, 4 h and in presence of N2) was the production of sinter with strong magnetic 

properties, containing Fe3O4 and A-Fe2O3. Subsequently, the magnetic separation process has been 

examined by means of a wet high-intensity magnetic separator, and the analyses have shown the 

existence of calcium aluminum silicon oxides on the surface of iron grains that reduced Fe 

enrichment in the magnetic concentrate. Other experiments were performed with high 

temperature (1100 °C) and C/BR ratio (0.225) to intensify reducing conditions and the result was 

the complete transformation of Fe
3+

oxide into metallic iron. The following magnetic separation 

have shown the same problems with calcium aluminum silicon phases attached to metallic iron. 

The second part of the study was focused on an optimization of a microwave reductive roasting 

process (Figure 1 b). Experiments have been carried out in a 2-kW microwave furnace with 3-stub 

tuner present in the waveguide that allowed to modify microwave energy to accomplish the highest 
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sample absorption for the entire experimental period. The main target was to transform hematite 

(Fe2O3) and goethite (Fe2O3·H2O) present in BR into magnetite (Fe3O4), wüstite (FeO) and metallic 

iron (Fe
0
) according with the iron reduction pathway Fe2O3àFe3O4àFeOàFe.  

Due to the fact that hematite and goethite was not good microwave receptors [36], a carbon (C) 

source (metallurgical coke) was mixed to BR as a reducing agent as well as microwave energy 

absorber. Different parameters have been studied (irradiation time, carbon/bauxite residue ratio 

and the influence of microwave energy on the sample) to optimize the process. The purpose was 

to liberate the iron-based components from the sinter produced matrix and concentrate them into 

the magnetic product by using a wet high intensity magnetic separator. At 0.6 kW and 0.225 C/BR 

with 1 l/min N2 flow constant for 300 seconds, Fe
3+

 oxides reduction into Fe
2+

 oxides and metallic 

iron was facilitated by the high temperature reached during the experiment (1100 °C). In particular, 

the result was the production of sinter with 79 % of metallic iron, while the rest of iron mineralogical 

phases were attributed to magnetite (Fe3O4), wüstite (FeO), and hercynite (FeAl2O4). Since the 

formation of iron aluminum oxide was an unavoidable and it can be considered a drawback for 

magnetic separation process due to its paramagnetic properties, the next step was to decrease the 

concentration of Al in the BR. 

Soda sintering process is covered extensively in many previous studies by Kaußen et al. [37,38], 

Zheng et al.[39], Alp et al.[40], Meher et al.[41,42] many more which is covered in Tam et al.[43] 

literature review section as there is potential in removing aluminum and sodium by transformation 

into sodium aluminate phase, removing two major components and impurities that affect other 

element recoveries downstream. In literatures that were focused on the carbothermic pig iron 

recovery from bauxite residue, it was noted that high alkali content, despite reducing melting point, 

contributes further to furnace lining destruction due to higher reactivity described by researchers 

such as Valeev et al. [44],Grafe et al. [5], Kaußen et al. [45,46], Borra et al.[23], Anisonyan et al. [47] 

and Ning et al. [25]. 

Therefore, the step of removing of aluminum and sodium have been proposed and completed in 

the previous studies by Tam et al.[43,48,49] using the soda sintering process of bauxite residue with 

sodium carbonate, which is then leached in mild alkaline solution due to the formation of leachable 

aluminum and sodium phases in the sinters. This produces leaching residue void of aluminum and 

sodium which have been optimized for the use of this thesis. 
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 Figure 2. Conceptual flowsheet of the microwave roasting process and magnetic separation 

As it presented in  Figure 2, bauxite residue was mixed with sodium carbonate as flux to transform 

all the alumina phases of BR to soluble sodium aluminates followed by alkali leaching to recover 

alumina (67 wt. % of aluminum value recovered).  

Successively, the leached residue was mixed with the carbon source and treated by using the 

optimized parameter of microwave furnace. At these conditions, the temperature reached was 

1250 °C within some seconds. The cinder resulted to be rich of spherical metallic particles 

entrapped in the matrix and magnetite (Fe3O4) and metallic iron (Fe
0
) were the main iron 

mineralogical phases after the microwave roasting reduction. The hercynite was not detected.  

To release the spheres, the sample was firstly milled and then separated by employing a manual 

sieve (particle size 0.2 mm). and the two fractions were fully characterized. 

Since the fraction with a particle size < 0.2 mm still contained a considerable amount of iron oxide, 

accounting for 51 wt. %, in form of magnetite and metallic iron and due to the presence of C source, 

the cinder was treated again in the microwave furnace. During this experiment, temperature 

immediately reached 1230 °C and the result was the formation of metallic iron particles with a 

particle size > 0.1 mm. To release the particles from the matrix an over mentioned physical 

approach was used. Analyzing the results, the main component of the fraction with particle size  
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> 0.1 mm was metallic iron (1 wt. % of the total solid sample), while the other fraction still contains 

a considerable amount of iron oxide, accounting for 55 wt. % (99 wt. % of the total solid sample).  

The sample was treated at the optimized condition to push the system towards the complete 

reduction into metallic iron to promote the magnetic separation. The analyses of the non-magnetic 

fraction revealed the existence of metallic iron particles (about 3 wt. %) embedded on the ceramic 

matrix which partially reduced Fe enrichment in the magnetic concentrate. However, microwave 

roasting process in combination with an Al-depleted leaching process can potentially developed 

into a high throughput continuous process to valorize bauxite residue a secondary raw material 

resource. 

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 

and final chapter conclusions and future work are given. A more detailed outline of these chapters 

is given below. 

- Chapter Errore. L'origine riferimento non è stata trovata. presents the thesis background, 

scope of this work and the outline of this PhD thesis. 

- Chapter Errore. L'origine riferimento non è stata trovata. describes the Bayer process in 

general and gives an overview on bauxite residue management, describing its potential 

applications. Finally, the use of bauxite residue as secondary raw material is reported and 

an overview of the literature on the iron recovery from bauxite residue is descript. 

- Chapter 3 specifies microwave energy characteristics and uses. It describes in detail the 

microwave theory and the technique application. 

- Chapter 4 describes the magnetic separation techniques analyzing the theoretical aspects 

and the different separators. 

- Chapter 5 describes the Bayer process in the conditions used in Aluminum of Greece plant 

and the fully characterization of the bauxite residue employed in this work. 

- In Chapter 6 the optimization of the conventional roasting process followed by magnetic 

separation process is discussed. The results of the thermodynamics software are presented 

compared with the analysis of the real matrix. 

- Chapter 7 is the core of this PhD thesis the optimization of microwave roasting process is 

extensively discussed, and the drawback of the process are also presented. 
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- In Chapter 8 a combined soda sintering, and microwave reductive roasting process of 

bauxite residue is investigated. Some preliminary tests are presented and a multi-stage 

microwave roasting process following by magnetic separation process is proposed.  

- Chapter Errore. L'origine riferimento non è stata trovata. presents the overall conclusions 

of the thesis.   
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2. Bauxite residue  
2.1 From bauxite to alumina: the Bayer Process 

Bauxite is a sedimentary rock composed of a heterogeneous mixture material and is characterized 

by aluminum hydroxide minerals found in varying proportions. The aluminum-bearing minerals 

present in bauxite are gibbsite (Al(OH)3 or Al2O3×3H2O) also known as hydrargillite or alumina 

trihydrate or hydrate in the industry; boehmite (γ-AlOOH or Al2O3×H2O, aluminum oxyhydroxide or 

monohydrate) and diaspore (α-AlOOH or Al2O3×H2O, monohydrate) with average levels 30-65 wt. % 

[1,2]. Other constituents are silica (4-8 wt. %), iron oxides and hydroxides (10-35 wt. %, measured 

as iron oxides), titanium oxides (2-4 wt. %) [5,50] and impurities in minor or trace amounts such as 

scandium [51], rare earth elements [52], gallium and vanadium [53]. 

Due to their mineral composition, bauxites can be divided into three categories: lateritic (85 % of 

total), karst (14% of total), and Tikhvin-type (1 % of total) bauxites [54,55]. Lateritic bauxite is 

formed by weathering of aluminum silicate rocks and is typical for tropical deposits. It composed 

mostly of gibbsite with only small amounts of boehmite. On the other hand, karst bauxite is formed 

by weathering of carbonate rock and can be found primarily in Europe and Jamaica. It contains 

mainly boehmite accompanied with small amounts of diaspore. Since Tikhvin-type bauxites have 

similar mineralogical characteristic with karst, these deposits are group together [56,57]. Figure 3 

shown the distribution of karst and lateritic bauxites worldwide. 
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Figure 3. World distribution of karst and laterite bauxite deposits [56]. 

The bulk of world bauxite production, approximately 85 %,  is used as feed for the 

hydrometallurgical extraction and refinement of pure alumina (> 98.3 % Al2O3) through the Bayer 

process [53,58–61]. Subsequently, the generated alumina is employed as the feedstock for the 

production of aluminum metal by electrolysis in the Hall-Héroult process [61]. 

The Bayer process was invented and patented by Karl Josef Bayer in 1887 and it is the primary 

process by which alumina is extracted from bauxite using concentrated NaOH (sodium hydroxide) 

solution at high pressure and temperature [2,59]. Although the alumina refineries tried to develop 

technological improvements to maximize the production of alumina, minimizing the energy costs 

and the environmental issue of this method [62,63], the Bayer process is still used to produce over 

95 % of worldwide alumina supply [2].  

The Bayer process is composed of a series of process steps that affect the chemical composition 

along with physical and mineralogical properties [59]. The essential process steps are the following: 

digestion, clarification, precipitation, and calcination [64] (Figure 4).  
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Figure 4. The Bayer Process scheme (https://aluminium.org.au/wp-

content/uploads/2017/10/refining.png). 

Power et al. divided the Bayer process in two parts: “red side” and “white side”. The first one starts 

with bauxite and finishes with bauxite residue and generally includes the unit processes of bauxite 

milling, pre-desilication, digestion and clarification. The “white side” of Bayer process incorporates 

the stages after residue removal (clarification) until calcination [59].  

The starting point of Bayer process involve crushing bauxite ore to reduce particle size less to 2 mm 

particle size [2] to facilitate the following stage. 

In the 1
st

 step of Bayer process is the digestion. The ground bauxite is mixed and leached with a hot 

caustic soda (NaOH) solution, where the aluminum-bearing minerals are dissolved selectively, and 

a pregnant liquor is produced (“green liquor”).The high pH values and elevated temperature and 

pressure of this Bayer process stage, promote the solubility of Al
3+

 as aluminate (Al(OH)4
-
). The most 

of the other compounds (e.g., iron, titanium and silicates) remain insoluble in the solid residue after 

leaching [5]. However, the conditions (NaOH concentration, temperature and pressure) are set 

according to the bauxite ore mineralogy as it is possible to observe from the following reaction 

[5,57,65–67].  

Ore with high content of gibbsite can be processed with 3.5 M NaOH [5,68] and temperature 

between 135-150°C. The digestion reaction is presented in the Equation (1): 

BC(5D)-(/) +EF5D → BC(5D)1('2)
+ +EF('2)

3
 (1) 

With a prevalent concentration of boehmite in bauxite, the temperature reached during the 

digestion step are between 205-245 °C and with a concentration of NaOH amounted to 3.5 M [5,68] 

(Equation (2)). 

Bauxite

Digestion Clarification Precipitation Calcination

Al2O3
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A − BC55D(/) +EF5D +	D$5 → BC(5D)1('2)
+ +EF('2)

3
 (2) 

The diasporic bauxite is dissolved by employing temperature higher than 250 °C and 5 M NaOH 

[5,68]  (Equation (3). 

H − BC55D(/) +EF5D +	D$5 → BC(5D)1('2)
+ +EF('2)

3
 (3) 

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

concentration [65].  

During the digestion, caustic soda dissolves silica containing species like kaolinite (Al2O3∙SiO2∙2H2O) 

at low temperature (gibbsitic bauxite parameters) as it is presented in Equation (4). Under this 

condition quartz is less reactive then remains in the solid residue [57,65].  

HBC$5- ∙ JK5$ ∙ 2D$5(/) + 6EF5D('2) = 2	EF$JK5-('2) + 2	EFBC5$('2) + 5D$5(4)  (4) 

Subsequently, the silica dissolved from kaolinite is not stable and starts to precipitate according to 

Equation (5) [57,69,70].  

6	EF$JK5-('2) + 6	EFBC5$('2) + 	6	EF$M('2) + 12D$5

= 3(EF$5 ∙ BC$5- ∙ 2JK5$ ∙ OD$5) ∙ EF$M(/)	 + 12EF5D('2) 

Where X are anions like CO3
2-, SO4

2-, AlO2
-, 2OH-, 2Cl- 

(5) 

Pre-desilication step is often necessary to control the silica content in the bauxite to avoid a loss of 

caustic soda, which decrease the dissolution of aluminum-bearing minerals. Prior to the digestion 

process, it is possible to add at the bauxite, slaked lime (Ca(OH)2) to form cancrinite instead of 

sodalite, which it remain insoluble in the solid residue during the alkaline leaching [5] . 

The 2
nd

 step of Bayer process is the clarification. It involves multiple steps, and it is achieved in a 

thickener (also known as a settler). Flocculants are added to facilitate the separation of residue 

composed with undissolved minerals (as from now on: “red mud” or “bauxite residue”) from the 

green liquor (saturated sodium aluminate (NaAl (OH)4) solutions). 

To recover NaOH and Al(OH)4
-
 for recycling them into the Bayer Process, the red mud slurry is 

washed in counter-current decantation washer. After the last washing step, the residue is usually 

filtered or treated in a final thickener to increase the solids content prior to being transported into 

a specific disposal [59].  
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The 3
rd

 step is the precipitation. The NaAl(OH)4) solution is pumped from the clarification settler 

into a series of tanks, where aluminum hydroxide seed crystals are introduced to aid the 

crystallization. The alumina hydrate (Al(OH)3) starting to precipitate according to Equation (6): 

BC(5D)1('2)
+ +EF('2)

3 → BC(5D)- ↓ +EF5D (6) 

The precipitation reaction can be considered the reverse of the digestion reaction. The difference 

is based on adjustment of precipitation conditions (such as type of seed material, temperature of 

precipitation, and cooling rate), which in this step can controlled the nature of the product [65].  

The precipitated material (alumina hydrate) is separated from the caustic aluminate liquor by 

filtration and through evaporation. Then NaOH is washed and reused into the digestion stage. 

Depending from the particle size, the fine hydrate is recycled to be used as seed, while the coarse 

one is sent to the last step of Bayer Process, the calcination [64].  

The 4
th

 Bayer Process step is the calcination. Alumina hydrate (Al (OH)3) is addressed to rotary kilns 

or stationary fluidized-bed flash calciners and then thermally decomposed at T > 1000 °C. The free 

water and the combined water evaporate at this temperature and the result is the production of 

pure alumina (Al2O3), as it is presented in Equation (7)[5,59,64]:  

2BC(5D)- → BC$5- + 3D$5 
(7) 

On average, to produce 1 kg of alumina are required 2.65 kg of bauxite ore [71] . The remaining 

amount of the solid is removed from the process as slurry (red mud). 

Global bauxite production grew from 250 million tons in 2011 to over 300 million tons in 2019, due 

to the high demand of aluminum production. In particular, the largest producing countries are 

Australia with over 80 million tons (equal to 28 % of the world’s output), followed by China (23 %), 

Guinea (15 %), Brazil (12 %) and India (9 %). Greece is the only EU country with a significant bauxite 

production (1.8 million tons in 2017) [72,73].  

Bauxite residue (also called "red mud", “Bayer process tailings”, “bauxite process tailings” [7], 

among other names) is the waste product left from the filtering and washing of the aluminum 

hydroxide crystals after the clarification step. The BR physical and chemical composition can 

depending on the initial ore composition, but also on the units which composed the “red side” of 

Bayer process (bauxite milling, pre-desilication, digestion, clarification and counter-current 

decantation washing) [5,14,59] (Figure 5). 
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Figure 5. A schematic flowsheet of "red side" Bayer process (source Power et al.[59]). 

The residue can vary in color but is typically a reddish-brown color due to the high concentration of 

iron oxide in the substance. The chemical composition of bauxite residue is extremely wide as it 

possible to observe in Table 1 [2,14,65].  

Table 1. Bauxite residue chemical composition [2].  

Component Typical range (wt. %) 

Fe2O3 20-45 

Al2O3 10-22 

TiO2 4-20 

CaO 0-14 

SiO2 5-30 

Na2O 2-8 

REEs 0.1-1 

science, utilization options and chemistry relevant to bauxite residue.
The absence of a means of collecting and managing information
on bauxite residue is a key impediment to elucidate knowledge
gaps about bauxite residue. This prompted the creation of an on-line
database that would contain details on refinery practices on bauxite
residue storage, disposal, and technologies gathered from a wide
range of sources with an aim to provide a comprehensive resource
through which data could be compared and analyzed in a variety of
ways. The database, known as the Bauxite, Residue and Disposal
Database (BRaDD), is publicly available to interested parties at no cost
(see Gräfe et al., 2009, 2010). BRaDD has been an essential enabling
tool for the collation and interpretation of information required for
this and the subsequent reviews in this series. It is hoped that later
versions of BRaDD, with data input from the industry, will provide
invaluable support to the development of a global strategy for the
future of bauxite residue management.

2.3. Bauxite residue production process: red side

The success of the Bayer process is demonstrated by the fact that,
despite enormous technological advances and the need to process a
wide range of ore types, the basic chemistry and operational steps of a
modern Bayer plant are fundamentally the same as originally
described in Bayer's patents. In combination with the Hall–Héroult
process for smelting alumina to metal, it remains the only viable
process for the production of the metal, a situation that is highly
unusual, if not unique, in the history of metallurgical processes. The
chemical and physical nature of bauxite residue is determined by the
nature of the bauxite and the effect that the Bayer process has on it.
Hence it is relevant to consider the main aspects of a modern Bayer
plant that affect residue properties.

The half of the Bayer plant that affects the properties of the residue
produced includes a series of unit processes that startwith bauxite and
finish with bauxite residue; this is often referred to as the “red side”. A
contemporary Bayer plant's red side generally includes the unit
processes of bauxite milling, pre-desilication, digestion, clarification,
and counter-current decantation (CCD) washing (thickener series). A
further thickening and/or filtration step prior to residue discharge
(usually to a bauxite residue disposal area or BRDA) follows these unit
processes. A schematic of these basic steps is shown in Fig. 2. Each unit
process influences the chemical composition of the residues, as well as
their physical and mineralogical attributes and the way they behave
subsequently in the BRDA.

Bauxite residuemanagement begins at the point of separation of the
green liquor from the solids remaining after digestion. This is usually
achieved in a thickener (also known as a settler) which separates
residues from saturated sodium aluminate (NaAl(OH)4) solutions. After
thegreen liquor hasbeen separated, the residue underflow is transferred
to the counter-current decantation (CCD) washer trains where the
residues are washed in several stages in raked thickeners (settler-
washers) to recoverNaOHandNaAl(OH)4 from the remaining entrained
liquor and from the solids that slowly release these constituents into
solution. After washing in the CCD train, the residue is usually filtered or
treated in a final thickener to increase the solids content prior to being
transported to the BRDA. Filtration is used in some plants currently, but
themajority of plants use thickeners for this purpose. The thickenermay
typically be either a deep cone thickener (Alcan) or a superthickener
(Alcoa). The most important influences of each process in relation to
bauxite residue are summarized in Tables 1 and 2.

3. Storage practices, engineering and science

3.1. Development of disposal methods

Prior to the 1970s, there were only two disposal methods in
general use, marine discharge and lagooning. Marine discharge is the

simplest method, the residue slurry from the washing circuit is
disposed directly into the sea, usually via a pipeline that takes the
slurry well offshore for discharge into the deep ocean. For lagooning
the residue slurry from the washing circuit is pumped into land-based
ponds. Such ponds may be formed within natural depressions using
dams and other earthworks to ensure secure containment. More
recently the emphasis has been on dry disposal, namely “dry” stacking
and dry cake disposal. “Dry” stacking is a misnomer as the residue is
actually not dry at time of discharge. Eachmethod has advantages and
disadvantages that are summarized in Table 3.

The main factors determining the choice of disposal method for
a given refinery are local rainfall and topography and the land
availability in the context of the grade and mineralogy of the bauxite
and the size of the refinery (which together determine the rate of
residue production) and of course legislative requirements. Secondary
factors that can influence choice are the economics of trucking versus
pumping to the BRDA. French and Japanese practices have historically
favoured disposal at sea as the best option on economic and
environmental grounds. North American practice has favoured land-
based disposal in lagoons, even for refineries on the seaboard.

The 1970s saw a major expansion of the alumina industry in
response to growth in primary aluminium production, resulting in a
rapid growth in the production rate and global inventory of bauxite
residue (Fig. 1) that in turn led to the construction of new refineries
throughout the world. In particular, increasingly large refineries were
built in the major laterite regions of first Australia and then South
America. The distribution and timing of refineries are shown in Fig. 3.
Apart from a number of refineries that we have been unable to locate

Fig. 2. Schematic of a general Bayer process “red side”, highlighting those processes
affecting the disposal and storage of bauxite residues. The right arrows for the counter-
current wash train (e.g. 1–5) indicate the flow of wash water opposite to the flow of
residue. The final residue preparation stage may be a deep cone type thickener (5),
superthickener (e.g. 6) or a filter. Some refineries practice a variety of pre-disposal
neutralization amendments.

35G. Power et al. / Hydrometallurgy 108 (2011) 33–45
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After the clarification step of Bayer Process, the undissolved base elements as silicon, aluminum, 

iron, calcium, titanium, sodium as well as an array of minor elements namely Rare Earth Elements 

(REEs) are concentrated up in BR. Therefore, the material contains a significant portion of 

recoverable and economically valuable base metals and trace elements in terms of volume of waste 

produced per annum [12]. 

The range of minerals typically found for bauxite residues is shown Table 2. As it possible to observe 

the mineralogical composition of the alumina waste is complex and contain some phases which are 

present in the ore and others that are produced during the Bayer Process [2,7]. Some of the 

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

along with the aluminium hydroxide during digestion. 
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Table 2. Typical range of minerals found in bauxite residue [2].  

Component Typical range (wt. %) 

Sodalite (3Na2O×3Al2O3×6SiO2×Na2SO4) 4-40 

Al-goethite ((Fe, Al)2O3×nH2O) 1-55 

Hematite (Fe2O3) 10-30 

Magnetite (Fe3O4) 0-8 

Silica (SiO2) crystalline and amorphous 3-20 

Calcium aluminate (3CaO×Al2O3×6H2O) 2-20 

Boehmite (AlOOH) 0-20 

Titanium dioxide (TiO2) anatase and rutile 2-15 

Muscovite (K2O× Al2O3×6SiO2×2H2O) 0-15 

Calcite (CaCO3) 2-20 

Kaolinite (Al2O3×2SiO2×2H2O) 0-5 

Gibbsite (Al(OH)3) 0-5 

Perovskite (CaTiO3) 0-12 

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

Diaspore (AlOOH) 0-5 

However, due to the conditions (temperature and pressure used in the extraction process, the 

elements can increase or decrease in concentration in the bauxite residue compare to the bauxite 

ore. Sodium is the only element not found in the bauxite itself and in BR may be present as DSP  as 

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 sodium aluminate and sodium carbonate are 
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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 [7]. 

In addition to mineralogical and chemical characteristics, the physical characteristics (moisture 

content and particle size) are important when considering BR management. The median particle 

size is normally in the range of 5 – 10 μm and the grains width is extremely wide. It can extend from 

coarse sandy grains about 1 mm in size down to sub-micron particles and it depend from different 

alumina plants and the parameters employed during the Bayer process and also from the kind of 

bauxites used as initial material [7].  

2.2 Management of bauxite residue 
Bauxite residue is classified from the European Protection Agency (EPA) within the European Waste 

Catalogue and Hazardous Waste List as a non-hazardous mine waste (CER 01 03 09) [37]. However, 

the Basel Convention [38] designates the material as a non-hazardous (B2110) if the pH value is 

below 11.5. For this reason the high alkalinity of BR limits transportation for storage, disposal, or 

treatment applications and reuse options [39], since the pH of BR is spread from 9.2 to 12.8 due to 

the presence of multiple alkaline solids [5]. To decrease the pH value below 11.5 the alumina 

industries implement the filtering operation down to a desired end-point pH of 7 to 9 [34].  

Although the disposal of bauxite residue is an environmental issue for the alumina refinery, due to 

the alkaline pH, the global demand for alumina increases rapidly. In 2019 over 130 million tons of 

alumina were produced worldwide, compared to 2015 where the production was attested at 115 

million tons (Figure 6)[74]. 
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Figure 6. Global production of Al2O3 from 1974 to 2019 (source: http://www.world-

aluminium.org/statistics/alumina-production/#histogram)  

It is estimated that the production of 1 metric ton of alumina creates between 0.9 and 1.5 metric 

tons of residue depending on the composition of initial bauxite ore characteristics and alumina’s 

extraction efficiency [5,7,63].  

The massive volume of BR produced, which exceeds 160 million metric tons per year worldwide [7] 

is causing drastic scarcity of available storage areas [5,7]. There are more than 80 alumina refinery 

plants in the world with bauxite residue ponds and dams [75], while there are at least other 50 

closed legacy sites. The combined stockpile of bauxite residue at the active and legacy sites is 

estimated around 3-4 billion tons [5,7,76]. The BR disposal remains a complicated issue for the 

aluminum/alumina industry [12] due to the waste high alkalinity [10] and the very large quantities 

generated [12]. 

The stocking method of BR can be mainly divided into two types: wet stocking and dry stocking. The 

method used depends on different factor as geological and environmental condition of the site, 

availability of the land, but also the nature of the residue and country regulations [2,59].  

In the early Bayer alumina plants, the wet residue was often stockpiled close or adjacent to the 

alumina refinery filling depressions, valleys and mine workings. However, due to the morphology 

of these areas, causing high alkaline leaching of the landfill, the ponds were dammed to contain the 

ever-growing volume of the waste (namely lagoon-storage ) [2,76].  
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Lagooning is the conventional wet disposal method in which the residue slurry (with a solid content 

of 18-30 %) is directly pumped into land-based ponds (either natural or artificial depression), and 

then is stocked after precipitation. The supernatant liquor above the residue was normally returned 

to the plant for reuse to recover most of the caustic soda and avoid the humans and wildlife 

contamination [7]. Prior to 1980, most of the inventory of BR was stored in lagoon-type 

impoundments and the practice continues at some facilities [7]. It was noticed that this approach 

is disadvantageous in terms of potential risk for the surrounding environment due to the high 

alkalinity (pH > 12 and soda level excess of 2000 mg/L) of the residue and the potential failure of 

the dam. Hence, the wet disposal method need high monitoring, maintenance and remediation 

cost to reduce the probability of a catastrophic environmental disaster, as though in the case of the 

accidental dam failure at Ajka, in Hungary in 2010 [7,77,78].  

Another wet 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 [2,7,59]. 

Since the 1980s, the trend adopted to discharge the BR was dry stacking. The residue is filtered with 

drum filters and plate and frame filter presses (with a solid content of 70-75 %) in order to minimize 

the potential for the leakage of caustic liquor to the surrounding environment and reduce the land 

area required. In addition, this method maximizes the recoveries of soda and alumina which can be 

reused in the Bayer process. Then, the alumina refinery utilized this method because environmental 

and safety hazards are reduced compare to lagooning. Moreover, the transport issue and cost are 

dramatically reduced and the dry stockpiling provides considerable economic benefits to the 

alumina refinery comparing with the wet [2,7,59,76,79]. 

The great volume of waste produced during the Bayer process and drastic scarcity of available 

storage areas have been the main drivers for the continuous research with the aim of reusing BR 

[7,80].  

Its chemical composition encompassing iron, aluminum and titanium [12,13,19,65,71,81,82], but 

also scandium [83–85] and yttrium[86], turns BR into an interesting resource for base and critical 

metal recovery, while a large-scale and bulk utilization is rather conceivable using BR in construction 

materials, such as aggregates, cements, ceramics or inorganic polymers [87–89]. In addition, other 

possible BR applications can be: soil amelioration, landfill capping [80], treatment of acid mine 

drainage [90] and also road construction [91]. 
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Since 1964 more than 700 patents have been presented and this also demonstrates the wide 

research to find a suitable method to reuse BR [80]. In Figure 7 the different areas of BR processing 

are shown [33, 52]. 

 

Figure 7. Patents distribution on BR processing (Klauber et al.)[11] 

The 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 are 

some of the problems that the researches had to handle to utilize BR as a raw material 

[5,12,59,71,92]. However, Balomenos et al. reported very low exergy efficiency value 2.94 % of 

Bayer process indicating that the process is inefficient from the exergetic point of view mainly due 

to high exergy content of the unexploitable by-products [63]. As the authors suggest, the solution 

to improve the efficiency of the overall Bayer process, is to find possible ways for reusing BR and 

recovering metals from it [63,71,92].  
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2.3 Bauxite residue: from by-product to secondary raw material 
The BR can be considered as a secondary raw material resource for the presence of valuable 

substances such us iron (Fe), titanium (Ti), aluminum (Al), and rare earth elements (REEs) [93–95], 

as it reported in Table 2, presented in paragraph Errore. L'origine riferimento non è stata trovata..  

In a multitude of scientific research papers, different processes have been extensively investigated 

to recover elements from BR (mainly hydrometallurgical or combined pyro-hydrometallurgical 

processes) instead of storing it [12,13,18,23,85,92,93,96–102]. None of them has reached an 

industrial scale due to the fact that BR utilization is either technically complicated or financially non-

viable [93]. 

However, thanks to the demand for sustainable industrial processing and the depletion of available 

ores, technology development based on secondary raw materials as BR, with almost zero-waste 

production, was encouraged [98]. The main drivers for the continuous research founded on the BR 

metals extraction, were the recovery of REEs. In particular, the focus was addressed to scandium 

(Sc), because of high concentration (130 ppm in the Greek BR, on average) [98], which is much 

higher than in the Earth’s crust (22 ppm) [103]. Consequently, Sc recovery from BR represents a 

high economic interest, since it has also been listed as a critical raw material by the European 

Commission due to its high economic importance and supply risk [104]. 

Although iron content in bauxite residue (20 – 45 wt. %) is not as high as in average iron ores (60 

wt. %) used in the iron industry [94], also Fe recovery from BR has attracted major attention 

[4,12,14,15]. The main purpose of research community is to find an innovative, greener and 

economically viable routes to extract iron from BR and used it as feedstock in the iron industry [16]. 

2.3.1 Iron recovery studies 

Three different approaches have been developed in literature to recover iron from BR: direct 

magnetic separation, pyrometallurgical processes and hydrometallurgical processes [12,92,105] 

(Figure 8)Figure 1. Each method will be explained in the following paragraphs.  
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Figure 8. Simplified flowsheet illustrating iron recovery from BR by using different approaches. 

(I) direct magnetic separation; (II) pyrometallurgical recovery by reductive roasting and separation 

and (III) BR employed directly in iron ore smelting [12] 

2.3.1.1 Direct magnetic separation  

The technique presented in this section is the direct magnetic separation and in Figure 8 (I) a 

simplified flowsheet of this method is presented. This approach is based on the interaction of 

material in presence of a magnetic field, due to its magnetic properties. Stickney et al. studied the 

direct application of high intensity magnetic separation process in Fe recovery from BR in a slurry 

form. Two products (magnetic and non-magnetic portions) were obtained, although the recovery 

of iron was low. A possible application of magnetic product can be as an ingredient for ironmaking 

or as a pigment for pottery making. The non-magnetic portion can be used in building materials or 

supplemented back into the Bayer process [106].  

One of the most effective way to separate the fine magnetic particles in liquid suspensions is 

through the high gradient superconducting magnetic separation (HGSMS) system, as it generates 

stronger magnetic field and is generally inexpensive compared to the ordinary ferromagnetic-core 

electromagnets [107]. Li et al. developed a technique to separate the bauxite residue particles (< 

100 μm) into high iron content and low iron content parts with the HGSMS system. The results of 

this study indicated that, after the separation process, high iron content part of BR could be the 

source for iron-making furnace whereas BR with low iron content could be reused in sintering 

process of alumina production. One of the few disadvantages of HGSMS iron recovery would be the 

inter-growth of Fe weak magnetic and non-metallic materials that would lead to the decrease of 

concentrate grade [107].  
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Peng and Huang investigated the Fe recovery with SLon® vertical ring and pulsating high gradient 

magnetic separators. Authors indicated that 53–58 % iron grade was achieved for this case study 

but a low overall recovery rate (28- 35 %) was reported [108]. 

Due to the lack of magnetic iron-bearing mineralogical phases, the direct magnetic separation 

approach is inefficient for Fe recovery from BR. Therefore, the Fe recovery increased when the 

magnetic separation was combined with a previous reductive roasting process (Figure 8 (II)). During 

the pyrometallurgical step, hematite and goethite are reduced into iron bearing mineralogical 

phases with high magnetic properties (as iron metal or magnetite). The cost of the combined route 

reductive roasting/magnetic separation is elevated compared to direct magnetic separation 

because of reductant and additives requirements as well as higher energy consumption; many 

attempts have been made to find an economically feasible technology for practical industrial 

applications [14,92,105].  

2.3.1.2 Pyrometallurgical processes 

Iron removal studies from bauxite residue are mainly based on pyrometallurgical processes. In 

particular, these works can be grouped in two methods for producing either high-grade magnetite 

(Fe3O4) or metallic Fe: the solid state reductive roasting followed by magnetic separation [18–21] 

(Figure 8 (II) and the reductive smelting processes by employing different furnaces (blast furnace, 

electric arc furnace (EAF) and other types) [12,15,22–25]( (Figure 8 (III) ).  

Different reductants in various studies have been investigated, including carbon powder [109–111], 

graphite [112], soft coal [21], coal char [113], metallurgical coke [18,19]  and coke [114].  

Liu and Mei[115] analyzed the influence of the reactivity and ash content of coal used, on the extent 

and rate of metal reduction. The ideal quality of the coal used should have the following 

characteristics: low ash content, high reactivity, large ratio of (Fc + Vm):(A + W) (where Fc is fixed 

carbon content, Vm is volatile content, A is the ash content, W is the other incombustible content) 

and high ash composition ratio (SiO2 + TFe):(Al2O3 + other) and capable of forming moderate 

porosity.  

Moreover, the addition of additives to BR was deeply investigated. Magnesium, calcium and/or 

sodium salts have been proved efficient in improving the reactivity of iron oxide during the 

reductive roasting of BR [111]. The presence of additives decreases the apparent activation energy 

of iron oxides reduction and increases thus the reduction rate [116]. Rao et al. confirmed that the 

addition of sodium sulphate and sodium carbonate in the reduction roasting process have improved 

the metallization degree of iron and the extent of magnetic concentrate recovery. At optimum 
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conditions of experiments, iron recovery of 94.95 % and a magnetic concentrate containing 90.12 

% Fe were obtained from a BR containing 48.23 % iron in the presence of 6 % Na2SO4 and 6 % 

Na2CO3 [117].  

Several parameters to optimize the roasting-magnetic process have been studied extensively; 

among those were the carbon source, carbon-to-bauxite residue ratio, roasting temperature, 

reduction time and magnetic conditions [92]. Liu et al.[110] focused on carbon reductants 

influencing direct reduction roasting of bauxite residue. The optimum conditions were obtained 

when samples with bauxite residue, carbon and additives were mixed with the following ratio 

Carbon:Additives:BR = 18:6:100. The temperature was set at 1300°C and the experimental time was 

110 min. After roasting, the product was separated with a magnetic separator. The total content of 

iron in materials was found to be 88.77 wt.%, with a metallization of 97.69 % and a recovery of 

81.40 % [110]. Zhu et al. added 1 % binder and 8 % sodium carbonate to the mixture of bauxite 

residue and soft coal prior to direct reduction. A recovery of 95.7 % of Fe was achieved after 

grinding, sintering and magnetic separation [21].  

Other studies are based on the simultaneous metal recovery from a polymetallic matrix as BR, by 

adding additives. Liu et at. used a soda-lime reductive roasting process prior to leaching and 

magnetic separation of the fine BR (< 75 μm). The additives promoted the formation of sodium 

aluminosilicate during the roasting process, which were leached and subsequently achieving 75.7 

% Al and 80.7 % Na recoveries. Magnetic separation was applied on the leaching residue and 51.2 

% of Fe was recovered in a magnetic concentrate [113]. Li et al. have conducted thermogravimetric 

analysis to further investigate the simultaneous reduction process of red mud oxides using 

reductants. The experiments involved reduction sintering under the optimized sintering conditions, 

(i.e. Reduction temperature range of 800-1075 °C in a controlled atmosphere) and a magnetic field 

intensity between 48 and 240 kA/m. The reduction to ferrite can be achieved with 61.78 % Fe in 

magnetite concentrate [109].   

In addition to using of blast/electric/low shaft furnace, the microwave radiation has been used as 

a source of heat in pyrometallurgical applications with the presence of carbon used us a reducing 

agent to recovery the iron. Worth mentioning in the study of Samouhos et al.[26], where the 

authors used a process involving microwaves for the roasting step. This research work included the 

reduction of BR using lignite (30.15 wt. % CFix), followed by wet magnetic separation (feed: 10 wt. 

% solids, intensity: 0.3 A) to produce a raw material which was suitable for sponge or cast-iron 

production. Both the reductive agent content and microwave heating time controlled the reduction 

degree of iron. Iron reduction pathway was found to follow the sequence Fe2O3àFe3O4àFeOàFe. 
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Under optimum conditions (Lignite-to-RM: 0.3, 800 W of power supply), a magnetic concentrate of 

iron (35.2 %) with a metallization of 69.3 % was obtained and a comparison was made between the 

conventional and the microwave reductive roasting techniques. They showed that the latter 

decreases the duration of roasting by approximately 40 %, whereas the magnetic concentrate 

presented higher metallization degree [26].  

In addition to the reductive roasting, the reductive smelting is another pyrometallurgical approach 

that has been studied for iron recovery from BR.  

Guo et al.[118] obtained iron nuggets containing 96.52 wt. % Fe by directly reducing the carbon-

bearing pellets of BR at 1400 °C for 30 min. The nuggets composed mainly of 96.52 wt. % Fe, 3.09 

wt. % C, and traces of 0.051 wt. % Si, 0.013 wt. % Mn, 0.076 wt. % P and 0.091 wt. % S. However, 

iron losses were observed in the slag in the forms of reduced metallic Fe and Fayalite (Fe2SiO4). 

Raspopov et al.[111] reported the results of experiments on the use of Russian BR in traditional 

pyrometallurgical processes. Cast iron and slag phases generated after reduction and smelting of 

BR (1200–1500 °C) with excess carbon, could easily be separated whereas the C content in the cast 

iron ranged from 2.0-2.3 % [111]. Jayasankar et al. [112] reduced BR through the use of thermal 

plasma technology (arc thermal plasma reactor) to produce pig iron. BR was mixed with fluxes (10 

% dolomite and lime) as well as graphite as reductant and the mixture was smelted for 25 min at 

1823-1923 K. These parameters allowed an optimal recovery of Fe around 71 % [112].  

Within the ENEXAL project, Balomenos et al [71] extensively studied reductive smelting of BR and 

coke as reducing agent in an electric arc furnace (EAF) via preliminary thermodynamic modelling, 

laboratory experiments that translated into a full-scale pilot plant operation. This “zero-waste” 

process is developed for the direct transformation of BR into valuable products: pig iron with an 

iron content of 95.47 wt.% and mineral wool fibers. This “zero waste” process has the potential to 

exploit BR completely, transforming the non-iron bearing slag by-product to a high value-added 

thermal insulation material thus offsetting the high operating cost of the pyrometallurgical 

treatment.  

Although reductive roasting and smelting process are the most promising to extract iron from BR, 

some drawbacks related for example to capital and operational expenditures as well as to several 

environmental issues [23] have led the research to find an alternative method to recover iron from 

alumina production waste. 
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2.3.1.3 Hydrometallurgical process  

Hydrometallurgical processes have been also developed for extracting Fe from red mud. Debadatta 

and Pramanik
 
have investigated the dissolution of iron from red mud using 8 N sulfuric acid 

achieving a low recovery of iron of 47 % [119]. Oxalic acid can also be applied as a leachate to extract 

Fe from red mud. The iron content of red mud was solubilized as Fe (III) oxalate and the extraction 

rate of iron was about 96 % after leaching process, using 1 mol/L oxalic acid at 75 °C for 2 hours. 

Subsequently, the solution was irradiated with UV light to reduce Fe (III) to Fe (II) and thus to 

accelerate its precipitation in the form of Fe (II) oxalate [120].  

In the last few years, bioleaching processes have been investigated extensively as ‘clean’ and 

economically viable alternatives to traditional metal recovery techniques [92]. As written in the 

article of Eisele and Gabby, these processes can be efficiently applied for iron recovery from 

refractory ores that cannot be beneficiated by the conventional ore dressing processes [121]. 

Bioleaching processes have been studied and applied in various fields, such as the removal of iron 

from kaolin [122] and silica [123]. The high pH value of bauxite residue is not favorable field for 

bacterial growth therefore, no such efforts have been made for the removal of iron from bauxite 

residue [124–126]. Laguna et al.[127] have managed to investigate the dissolution of iron at pH >7 

using mixed bacterial cultures. This study offers the possibility of using a multi-step procedure to 

recover iron, involving bioleaching process following by acid leaching and reduction of pH with 

other acidic wastes. There is potential for bioleaching technology to be a convenient and efficient 

way of recovery of Fe from red mud in the future [12,92,105].  
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3. Microwave energy 
Microwave energy is a non-ionizing radiation seated between infrared radiation and radio waves in 

the region of the electromagnetic spectrum. More specifically, the microwave frequencies are 

located in the range of 0.3 to 300 GHz and a free space wavelengths of 1 m to 1 mm [31,35] (Figure 

9).  

 

Figure 9. Microwave energy in the electromagnetic spectrum 

Microwave frequencies include three bands: the ultra-high frequency UHF: 300 MHz to 3 GHz., the 

superhigh frequency SHF: 3 GHz to 30 GHz. and the extremely high frequency EHF: 30 GHz to 300 

GHz [34] and it is commonly used in telecommunication. For this reason, Federal Communications 

Commission (FCC) reserved for the industrial, research, medical and domestic equipment two 

microwave frequencies, 0.915 and 2.45 GHz [128]. 

When the material is exposed to the microwave field, it could be caused molecular motion by 

migration of ionic species and/or rotation of dipolar species. The consequence of these interactions 

could be a rising of temperature inside the material [34]. In particular, in the case of polar molecules 
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(water and other polar fluids) the electric field component of the microwaves causes both 

permanent and induced dipoles to rotate as they try to align themselves with the field. This 

molecular movement generates friction among the rotating molecules and energy dissipates as 

heat. In the case of dielectric solid materials with charged particles which are free to move in a 

delimited region of the material, such as π-electrons, a current traveling in phase with the 

electromagnetic field is induced. Due to the Maxwell–Wagner effect (Interfacial or Maxwell-

Wagner Polarization) energy dissipates in the form of heat since the electrons cannot couple to the 

changes of phase of the electric field [31,129,130]. 

Therefore, the heating process depends on the interaction of both the electric and the magnetic 

fields of the microwave radiation with both chemical and physical properties of the material [35].  

3.1 Material interaction to microwave 

The response of materials to the exposure to the microwave field depends on their dielectric 

properties. Based on these properties, materials can be classified into: absorbers (materials that 

absorb microwave energy and easily heat), insulators (which are transparent to microwave energy) 

and conductors (which reflect energy) [31–33], as it is possible to observe in Figure 10. 

 

Figure 10. Classification of material based on dielectric properties 

The quantitative measure of the effective heating of the material in a microwave field is the 

dielectric loss tangent (tand) (8) 
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Absorber: i.e. water, solvent

Conductor: i.e. metals

Insulator: i.e. quartz, teflon, glass
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tan S =
T66

T6
 (8) 

Where e‘ is the dielectric constant (real permittivity) and e ’’ is dielectric loss factor (or imaginary 

permittivity) [129]. 

These two components are also expressed in terms of complex dielectric constant (ε*) (Equation(9)) 

[31,128]. 

T∗ = T6 − KT66 (9) 

The dielectric constant εʹ determines the quantity of incident energy absorbed. The dielectric loss 

factor εʹ’ measures the quantity of electric energy dissipated in form of heat. 

Therefore, the two dielectric components (εʹ and εʹ’) concur to the distribution of the electric field 

within the material. The power absorbed by a sample per unit volume at a specific area in the 

material 48(U) is given in the Equation (10) [128,131,132]. 

48(U) = 2VWT!T966|Y(U)|$ (10) 

where W	is the frequency of microwaves, ε0 is the permittivity of free space, εr" is the relative 

dielectric loss, which accounts for the conversion of microwave (MW) energy into heat. E (z) is the 

root mean square of the electric field strength. As it is possible to understand from the equation 

above, 48(U)	directly depends on the dielectric properties of the sample and the electric field 

strength. Because of the absorbed energy from the given material, sample temperature increased, 

and this behavior is explained by the Equation(11): 

48 = (-:
ΔT

Δt
 (11) 

where (	is the density of the material, -: is the specific heat of the material, ΔT is the temperature 

variation and Δt is the time variation [133,134]. 
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Materials with a high value of dielectric loss factor (εʹʹ) and a moderate value of εʹ are able to 

convert microwave energy into thermal one. These are classified as absorber. On the other hand, 

materials which are not possess a sufficiently high loss factor to allow dielectric heating are 

transparent to microwaves and they are classified as insulators. Insulators are often used in 

microwave ovens to support the material to be heated [31,129,135]. 

To understand completely the behavior of materials in presence of microwave field, another 

parameter that needs to be analysed is the penetration depth. The microwave penetration depth 

([:) is defined as the distance at which microwave power is reduced to 1/e (e = 2.718) from the 

strength at the point of entry [136]. [: is given in Equation (12) [35]: 

[: =
#0

2π(2'"6)
1
2	
\]1 + ^'"

′′

'"′
_

2

`

1
2
− 1a

−12

 
(12) 

where &! is the wavelength of the incident wave,	εr
'
 is the relative dielectric constant and εr

"
 is the 

relative dielectric loss. As it is possible to observe from the Equation (12)  the penetration depth is 

inversely proportional to the frequency of the microwave radiation. 

Materials with a very high conductivity, such as metals, have high loss factors, but the electric field 

penetration depth is very small (<< 1 mm). For this reason, most of the microwave energy is 

reflected and they are classified as conductors [35]. Thank to this characteristic, the conductors are 

used in the construction of microwave ovens, as conduits for the wavelength [31,34]. 

However, during the microwave process numerous factors influence the interaction between 

material and microwave energy. Non-homogeneous material (in terms of dielectric properties) 

cannot heat uniformly. This phenomenon is often referred to as thermal runaway and it could be 

minimized by keeping the sample in mixing or fluidized conditions [135]. Moreover, above a certain 

critical temperature (Tc), insulator materials become responsive to microwave heating [34]. The size 

of the material influences microwave heating. Metal in fine particle size can be heated by 

microwaves through a micro-arcing process [34,35,128,137]. In addition, the presence of a heat 

facilitator (such as magnetite, silicon carbide or carbon) in the sample permitted at low lossy or 

insulator materials to be heated by employing a microwave source. The facilitator transforms 
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microwave energy in thermal energy and subsequently, heats the insulator or low lossy material 

[34]. 

3.2 Microwave furnace 
Microwave furnace is composed of three major parts: the microwave source, the transmission line 

and the applicator. Microwave energy is generated by the source, transmitted by the transmission 

line and in the applicator, energy is either absorbed or reflected by the material[128]. In Figure 11 

the scheme of a microwave furnace is presented. 

 

Figure 11. Schematic diagram of microwave furnace 

3.2.1 Microwave source 

Microwave is an electromagnetic radiation and its generation results by the acceleration charge. 

Usually, microwave sources are vacuum tubes to achieve the power and frequencies required for 

microwave heating. The tubes that are mostly used are magnetrons and traveling wave tubes 

(TWTs)[128,138,139]. 

3.2.1.1 Magnetrons 

Magnetrons are efficient and reliable MW sources, and they are employed in home microwave 

ovens. Since magnetrons are mass produced, they are the lowest cost source available[128,140]. 

Magnetron are composed by vacuum tubes where a cathode and an anode are placed (Figure 12). 

The anode is at a high potential compared to the cathode. The potential difference produces a 

strong electric field, and the cathode is heated to remove the loosely bound valence electrons. Once 

the electrons are removed from the cathode, they are accelerated toward the anode by the electric 

field as presented in Figure 12 (a) [128]. A magnet is posed externally to the tube to generate a 

magnetic field orthogonal to the electric field. The combination of these two forces allows electrons 

to travel in a spiral direction, and this creates a swirling cloud of electrons. 

Microwave source
transmission line

Applicator
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Figure 12. Magnetron schematic diagram (a) top view (b) side view[128] 

As electrons pass the resonant cavities, the cavities set up oscillations in the electron cloud, and the 

frequency of the oscillations depends on the size of the cavities. Electromagnetic energy is coupled 

from one of the resonant cavities to the transmission lines through a coaxial line or waveguide 

launcher [128]. In addition, the average power output of magnetron tubes can be controlled 

through different methods. One of them is adjusting the period of operation as it happens in the 

home microwave ovens. The magnetron operates at full power and during a specified time, the 

current is turned on and off for segments of the operation period. The consequence is that the 

average power is reduced [141]. This on/off type of control is often referred to as duty cycle control 

[128]. 

The other method is to adjust the cathode current or magnetic field strength to control the average 

power output of magnetron tubes. The output power of the magnetron tube can be varied by 

changing the current amplitude of the cathode or the intensity of the magnetic field, when 

continuous microwave power is required. This allows variable control of the microwave power 

within the range of the source [128,135,139]. 

3.2.1.2 Traveling wave tubes 

The traveling wave tubes (TWTs) are used as microwave source for variable microwaves 

frequencies. Comparing with magnetrons, where the tube is used both to create the frequency of 

the oscillations and to amplify the signal, the TWT amplifies a large variation of frequencies 

(bandwidth) within the same tube. This is because there are no resonant structures in TWT. 
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The TWT consists of two main components: the electron gun and the helical transmission line as 

it is presented in Figure 13 

. 

 

Figure 13. Schematic diagram of traveling wave tubes (TWTs) 

The cathode emits a stream of electrons that is accelerated toward the anode, and the electron 

stream is focused by an external magnetic field. The purpose of the helical transmission line is to 

decrease the phase velocity of the microwave to the velocity of the electron beam. When the 

microwave signal propagates along the helix, the axial component of the electromagnetic field 

interacts with the electron beam. The amplification of the signal occurs when the electron beam is 

faster than the phase of the helix. In this case, the signal is amplified since  energy is transferred 

from the electron beam to the microwave field[128,135,138]. 

3.2.2 Transmission lines 

The transmission lines are the MW oven section where energy passes from the source to the 

applicator. The kind of the transmission lines utilized depends on the amount of the power system. 

In the low power system, the transmission line employed are coaxial cables, while at high 

frequencies and output power are used the waveguides. Waveguides are often employed in 

microwave heating systems and are hollow tubes in which the electromagnetic waves propagate. 

The most commonly used have rectangular shape [128]. The waves propagated through a 

waveguide into two broad modes: transverse electric (TE) and transverse magnetic (TM), depending 

on which field (electric or magnetic) is perpendicular (transverse) to the direction of wave travel. 

Every mathematical solution of the electromagnetic wave in a rectangular waveguide can be 

decomposed into a linear combination of the TE and TM modes [135,142]. 

Furthermore, other components are used into the transmission line to protect the equipment and 

couple microwaves with the material in the applicator. The circulator protects the microwave 

equipment by significant amount of power reflected back to the microwave source from the 

sample. Directional couplers are present to measure the ability of materials to absorb 
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electromagnetic energy by detecting the magnitude of the forward and reflected power from the 

sample through a power meter. Finally, tuners are employed to maximize the power absorbed by 

the load through impedance matching [31,128,142]. 

3.2.3 Applicator 

The applicator, as well known as cavity, is the place in the microwave oven, where energy is 

transferred to the material. The design of the applicator is a critical issue, because it could interfere 

with the distribution of the electric fields within the applicator [34]. Common microwave 

applicators for processing materials include single mode cavities and multi-mode cavities. In 

particular, single mode, multi-mode, and variable frequency multi-mode processing systems are 

employed in the microwave processing research [128]. A single mode applicator has a not uniform, 

but predictable, electromagnetic field distribution. The design of single mode applicators is based 

on the Maxwell equations to support one resonant mode. The possibility to know the location of 

high and low field strengths offers the possibility to place the sample in the area of optimum 

coupling. In addition, through a single mode cavity it is possible to follow the dielectric properties 

of the sample. Thanks to these advantages, this cavity is used for laboratory-scale experiments to 

study the interaction between material and microwave. However, single mode applicators could 

not scale-up to industrial application due to geometric limitation and a non-uniform field [128,135]. 

A multi-mode applicator is a resonant cavity able to perform a large number of different spatial 

electromagnetic field configurations (modes) [143]. This, together with the multiple reflections 

from the cavity wall, implies that in the multi-mode applicator the global electromagnetic field 

configuration results by the addition of different electromagnetic waves propagating in different 

directions [128,143]. The presence of different modes results in multiple hot spots within the 

microwave cavity and decrease the field uniformity. Several techniques are used to reduce the 

presence of different hot spots, for example increasing the dimensions of cavity, operating at higher 

frequency or utilizing mode stirrers [128,135]. Multi-mode applicators are the most common 

processing systems used in industrial applications since they are more versatile than single mode 

applicators for batch operations [128,135,143]. 

3.3 Microwave process 
In the last two decades, microwaves have been examined as an emerging technology of mineral 

processing. Compared to conventional heat treatment methods, microwave has the advantage to 

significantly faster reaction times and potentially lower energy [144]. This depends on the 

interaction between the material and the electromagnetic field generated during the process, as it 
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has been explained in the previous paragraph 3.1. The microwave energy instantaneously 

generates heat inside the absorber material, rather than heating the outside surface and slowly 

conducting it inside [35]. Moreover, microwave heating is a cleaner [135] and more manageable 

method (quick start-up and stopping) [129] and it offers promising opportunities in terms of energy 

reducing consumption for intensive firing processes [145]. Thank to these advantages, microwave 

has found applications for the processing of materials [32,35,36,144,146] and metal recovery 

processes such as heating [34,35,137,144,147], drying [144,148–150], grinding [151–155], 

hydrometallurgical process [34,144,156], pyrometallurgical process [30,32,35,36,129,146,157–

160], pretreatment of refractory gold concentrate or ore [34,144,153,156,161], spent carbon 

regeneration [34,144,162] and waste management [26,30,34,35,144]. 

The main drawback of the use of microwave in the industries could be related to the capital cost 

comparing with a conventional treatment. Usually, microwave energy is more expensive than 

electrical energy, mainly due to the low conversion efficiency from electrical one (50 % for 2450 

MHz and 85 % for 915 MHz). However, efficiency of microwave heating is often much higher than 

conventional heating and overcomes the cost of energy [34,144]. 

Another problem for the microwave application in the mineral processing industries is related to 

the amount of ore treated per day by the manufactory, as Haque concluded in his review. Usually, 

these industries process a large tonnage of ore or concentrate per day (several thousand to over 

30,000 tons). To treat such a large tonnage of ore or concentrate, several MW generators would 

have to be operated in parallel, since the highest microwave power generator available is 75 kW at 

915 MHz. Even though the processing costs are higher comparing to the conventional process, the 

high value product recovery and the low tonnage material treatment required, the use of 

microwave energy could offer advantages over the conventional one [34,163]. 

Nowadays, mineral industries are facing increasing global competition, more stringent 

environmental regulations, higher overhead costs and profit margins reduction. The processing 

industries are addressing these problems in various ways, principally focusing on peak product yield 

as well as performance and productivity efficiency. In this framework, microwave energy has the 

potential to play an important and possibly crucial role in future mineral treatment processes. 

However, challenges remain to be overcome through a fundamental understanding of microwave 

interaction with minerals and advanced engineering, especially in designing efficient applicators, 

processes and process control devices [34,143,144,156]. 
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4. Magnetic separation process 
Magnetic separation is a method to selectively separate and concentrate magnetic materials based 

on the differences in magnetic properties between particles [142–144]. Through this method it is 

possible to treat a wide range of materials with different particle size (from colloidal to large sizes). 

In addition, it can be considered an environmentally friendly technique and it can operate in wet 

and dry modes. 

4.1 Magnetic separation theory 

Magnetic separation is based on the magnetic force *&....⃗  generated when a particle is immersed in a 

non-uniform magnetic field (Equation(13)) 

*&....⃗ =
-
.0	

/0∇.⃗ 0 (13) 

where % is the volume magnetic susceptibility of the particle and reflects how readily a material is 

magnetized when subjected to an applied magnetic field [167]. '0	is the magnetic permeability of 

vacuum, b is the volume of the particle, ,	and ∇!!⃗ , are the external magnetic force and its gradient, 

respectively. Therefore, *&....⃗  is directly proportional to the external magnetic field and the field 

gradient as it is possible to observe from the Equation(13). In addition, the magnetic force has the 

gradient direction, indeed when ∇!!⃗ , = 0 (homogeneous magnetic field), the magnetic force on the 

particle is equal to zero [165]. 
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The separation of one material from another depends on the particle response to the magnetic 

force, but also to other competing external forces, namely gravitational, inertial, hydrodynamic and 

centrifugal forces as it is showed in Figure 14 [168]. 

 

Figure 14. Schematic diagram of magnetic separation process [165] 

Magnetic particles are separated from “non-magnetic” ones if the magnetic force of the particle 

(*&
&'(

) is stronger compare with the sum of competing force (∑*%
&'(

 ) (Equation(14)). 

On the other hand, if the sample has a weak magnetic force (*&
)*)+&'(

) comparing to the sum of 

competing force (∑*%
)*)+&'(

), the material is non-magnetic (Equation (15)). 

2''() >) 2*'() (14) 

2'+,+−'() <) 2*+,+−'() (15) 

To achieve a high recovery of magnetic particles in a mixture, the magnetic force should be greater 

than the sum of the competing forces. In this way, the magnetic separator can split into two or 

more components depending on different magnetization of the particles. However, in any real 

separation, both magnetic and non-magnetic particles can be found in the magnetic fraction, non-

magnetic fraction and the middle fractions. For this reason, the efficiency of the separation is 

expressed by the recovery of magnetic components and the grade of magnetic product [168]. 
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4.2 Materials magnetic properties  
The magnetic properties of materials lie on the orbital and spin motions of electrons. According 

to the magnetic response, materials can be classified into five groups: diamagnetic, paramagnetic, 

ferromagnetic, antiferromagnetic and ferrimagnetic. Usually, ferrimagnetic and antiferromagnetic 

are considered a sub-classification of ferromagnetic materials [168,169].  

4.2.1 Diamagnetic 

Diamagnetism occurs when the electrons orbital rotation is modified by an applied magnetic field. 

The resulting magnetic moment is directed opposite to the applied field, according to Lenz’s law 

and the material is characterized by a weak magnetism [168,169]. In diamagnets, the magnetic 

susceptibility has a value around 10
-5

 and, with few exceptions, is independent of temperature. 

Many metals and most non-metals are diamagnetic. The substances which contain electrons that 

constitute a closed shell have no permanent magnetic moment as many inorganic and almost all 

organic molecules. In the case of metals which are associated with small negative susceptibility, the 

diamagnetism is hidden by a much stronger paramagnetic/ferromagnetic effect [168,170]. 

4.2.2 Paramagnetic 

Paramagnetism derives from atoms, molecules, or ions which have a permanent magnetic moment 

associated with unpaired electron spins [170]. When an external magnetic field is applied to a 

paramagnetic material the magnetization is given by Equation(16)  

5 ≅ 7	.-8	../ 	9
:;  (16) 

where e	is a constant, n is the number of magnetic dipoles, '#
$

 is the magnetic moment, '!	is the 

magnetic permeability of vacuum, 0 is the Boltzmann constant and "	is the absolute temperature.  

The magnetic susceptibility of paramagnetic materials is defined by Equation (17) 

- = 7	.-8	../ 	
:; = =

; (17) 

where -	is the Curie constant and the value are between 10
-3

 to 10
-5

. Analyzing the Equation (17), 

it is possible to observe that magnetic susceptibility is inversely proportional to temperature [168]. 

4.2.3 Ferromagnetic 
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In a ferromagnetic material, the permanent magnetic moments are aligned parallel because of a 

strong positive interaction among neighboring atoms or ions. The strong internal field is called 

molecular field and depends on exchange interactions [168,169]. Ferromagnetism is normally seen 

in materials that have partially filled outer valence shells. The materials exhibit parallel alignment 

of moments, resulting in large net magnetization even in the absence of a magnetic field. However, 

these materials exhibit no magnetization or magnetization much smaller than saturation 

magnetization. This is due to the fact that the dipoles which constituted the ferromagnetic body, 

are line up in sections or domains. When they are not aligned in the same direction, it means that 

the overall magnetic moment throughout the material is zero [168,171]. Moreover, temperature 

affects the value of saturation magnetization. At temperature of 0 K, it is possible to observe a 

maximum value, while it is zero at the Curie temperature Tc. Above Tc the behavior of the 

ferromagnetic material become similar to a paramagnetic one, as it is shown in Figure 15. 

 

Figure 15. The temperature influence on the magnetic susceptibility [168] 

For the ferromagnetic material the susceptibility is given by Equation (18) 

- = =	
; − ;0

 (18) 

In order to induce permanent magnetism, a ferromagnetic compound should be placed within a 

strong magnetic field and the domains line up parallel to generate one strong magnetic moment. 

In some materials, the domains remain in this position even when the external magnetic field is 

removed. The ferromagnetic are thus characterized by hysteresis [168,171]. 
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Ferromagnetism occurs in nine elements: three transition metals, iron, cobalt and nickel, and six 

rare earth metals, gadolinium, terbium, dysprosium, holmium, erbium and thulium. Most alloys 

consisting of the three transition metals are ferromagnetic, and so there are many of their alloys 

with non-magnetic elements. Manganese alloys are considered ferromagnetic, even though pure 

manganese is not ferromagnetic [168]. 

4.2.4 Antiferromagnetism 

In the antiferromagnetic material, the permanent magnetic moments are aligned in antiparallel as 

a result of a strong negative interaction[169]. The interaction among neighboring atoms or ions is 

zero. The magnetic susceptibility is calculated by Equation (19) 

- = =	
; + ;1

 (19) 

where ";  is Néel temperature. Below this temperature ("; ), the %  generally decreases with 

decreasing temperature, as it is shown in Figure 15 [168]. Transition metal oxides as manganese 

oxide (MnO), cobalt oxide (CoO) and nickel oxide (NiO) are classified antiferromagnetic. Hematite 

is the only mineral which has antiferromagnetic properties [168,169]. 

4.2.5 Ferrimagnetism 

Ferrimagnet materials have magnetic properties similar to ferromagnets, the differences lie in the 

source of the net magnetic moments. In the ferrimagnetic material, the permanent magnetic 

moments are aligned in antiparallel, as in antiferromagnetism. However, in ferrimagnetic materials, 

the opposing moments are not equal and the net magnetic moment is different to zero [168]. 

Ferrites are classified as ferrimagnetic materials, but also in two of iron oxides, magnetite (Fe3O4) 

and maghemite (g-Fe2O3) [168,169]. 

4.3 Magnetic separators 
In literature various classification schemes of magnetic separation processes are presented. 

However, the most practical and logical way to categorize them is based on the medium carrying 

the sample. In this manner, the magnetic separator can be divided in two classes: dry or wet. At the 

same time, both of these categories can be classified depending on the magnetic field generated (a 

low-intensity or high-intensity magnetic field) [165,168]. Although this scheme is maneuverable, it 

does not consider an important parameter in magnetic separation: the gradient of the magnetic 

field. It can be, however, safely assumed that low-intensity separators usually generate a low 

magnetic field gradient while high-intensity separators can be, in general, classified as high-gradient 
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machines [168]. Nevertheless, there are some exceptions. The choice of the kind of separator 

typology is based on numerous variables, but especially on particle size distribution, distribution of 

magnetic properties of the particles to be separated, and by the required throughput of the 

machine [165,168]. 

4.3.1 Dry low-intensity magnetic separators 

The dry low-intensity magnetic separators are employed to remove iron and strongly magnetic 

impurities. To accomplish the separation different devices are used, like suspended magnets, 

magnetic pulleys and plate and grate magnets. Moreover, through dry low-intensity magnetic 

separators, it is possible to concentrate a strongly magnetic valuable component. Magnetic drums 

are used mainly for this application [165,168]. 

4.3.2 Wet low-intensity magnetic separators 

The main device used as wet low-intensity magnetic separators (LIMS) is drum separators and it is 

employed mainly for the recovery of heavy medium, such as magnetite or ferrosilicon used in dense 

medium separation. Another application is the concentration of strongly magnetic ores, such as 

magnetite. The availability of rare-earth permanent magnets extends the applicability of drum 

magnetic separators to medium or even weakly magnetic materials [165]. 

In the LIMS, the permanent magnet drum separators have two basic configurations, namely radial 

and axial configurations. In the first, the polarity of permanent magnets alternates across the drum 

width, while in an axial arrangement, the poles alternate along the circumference. Radial 

configuration is employed when the recovery of the strongly magnetic materials is important. The 

axial configuration is preferred when the quality of the magnetic product is of significance [165]. 

The tumbling motion of particles over the rows of the magnet facilitates the release of non-

magnetic particles and thus improves the grade of the magnetic concentrate [168]. 

4.3.3 Dry high-intensity magnetic separator 

Dry high-intensity magnetic separation has been used to remove weakly magnetic material from 

the material stream. There are several separators which come under high-intensity dry category 

and these are: cross belt magnetic separator (CBMS), permanent roll magnetic separator, induced 

roll magnetic separator (IRMS), lift roll magnetic separator, isodynamic separator, open gradient 

magnetic separator (OGMS), high gradient magnetic separators (HGMS), vibrating high gradient 

magnetic separator/filter, superconducting high gradient magnetic separator [165,172]. 

The advent of rare-earth permanent magnetic materials was crucial in this sense. Those devices 

allowed an implementation of the separation results due to the possibility to design rolls for 
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treatment of materials with different size ranges and magnetic susceptibility distributions [168]. A 

drawback of dry high-intensity magnetic separator is the particle size. These separators frequently 

yield an excellent separation on material coarser than 75 µm. 

4.3.4 Wet high-intensity magnetic separator 

The wet high-intensity magnetic separator generated sufficiently high gradient force to extend the 

process separation to fine weakly magnetic minerals. Although numerous cyclic and continuous wet 

high-intensity high-gradient magnetic separators (WHIMS or HGMS) were designed and built, only 

a few met the requirements of the mining industry. Successful application of WHIMS in mining 

industries are: kaolin purification, iron-ore and beach sand beneficiation [165]. 
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5. Greek bauxite residue  
5.1 From bauxite to bauxite residue  

The largest deposits of bauxite, in Greece, is present in the area of Parnassus-Ghiona (Ghiona-

Helicon, Oeta, Parnassus). It can be classified as karst bauxite because it is hosted within carbonate 

rocks and situated between limestone sequences [52,173]. The mineralogical composition of this 

bauxite shows that the main aluminum-bearing minerals present are boehmite and diaspore, 

followed by kaolinite, hematite, goethite. 

Due to the high amount of bauxite, Greece is also a significant producer of aluminum [72]. 

Aluminum of Greece (Metallurgy Business Unit, Mytilineos S.A.; hereafter denoted as AoG) is the 

main Greek alumina company, which produces annually 850,000 tons of alumina, 175,000 tons of 

aluminum and 750,000 tons of bauxite residue [174]. 

To produce pure alumina from bauxite through the Bayer process, AoG mixes two types of bauxite 

feed: 80 % of the feed is from the karst (diasporic/boehmitic) bauxite coming from Parnassus-

Ghiona, and 20 % is imported lateritic (gibbsitic) bauxite originating from Ghana or Brazil [51,53]. 

In Figure 16 a simplified flow diagram of AoG process is presented [53]. Before the conventional 

Bayer process, an additional step is introduced. The  Parnassos-Ghiona karst bauxite contains trace 

of unwanted limestone (mainly composed of calcite), which is inevitably partly mined together with 

bauxite. It is necessary to remove limestone from the ore and for this reason it is separated by 

gravimetric heavy media separation (HMS) in Fe-Si medium, prior to the other stages [53,175,176]. 

The sample is ground with the presence of concentrated leach liquor to achieve granulometry < 
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315 μm and the resulting suspension is pre-heated at about 180 °C.  The digestion conditions 

utilized from the AoG, require T > 250 °C and elevated pressure (5.8 – 6.0 MPa) and are also known 

as high-temperature digestion (HTD)[53,177]. These conditions are necessary to promote the 

solubility of Al
3+

 in presence of diasporic/boehmitic bauxite.  

To increase the productivity of the Bayer process, the Greek alumina plant uses an optimization 

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. Consequently, lateritic bauxite 

suspension is introduced to the main karst bauxite slurry after the HTD of karst bauxite suspension 

[53].  

During the clarification step, the solid fraction is separated from the pregnant leach liquor as 

residue slurry or red mud (bauxite residue in the suspended form) by settling and washing. To 

obtain de-watered bauxite residue, AoG makes use of the plate and frame filter pressing of the 

initial residue slurry after the settling and washing unit. Then, by adding gibbsite seed crystals to 

supersaturated liquid, alumina trihydrate begins to precipitate. In the last step of Bayer process, 

the aluminium hydroxide is calcined at >1000 °C to produce anhydrous alumina (Al2O3) [60,178]. 

Aluminum of Greece adopted the frame filter press and dry stacking disposal method for the 

produced BR . However, in this alumina refinery, the BR disposal takes up to 1 km
2
 of land for an 

annual 0.75 million tons of BR[93]. 
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Figure 16. Simplified flow diagram of AoG’s process (source Vind et al.[52]) 

5.2 Bauxite residue characterization 
In the experiments of the present work, a filter-pressed bauxite residue cake, received from 

Aluminum of Greece plant, Metallurgy Business Unit, Mytilineos S.A. (AoG), was used as a raw 

material. A batch of about 58 kg of the as-produced BR cake was drying at 100 °C for 72 hours in a 

laboratory oven to eliminate the residual moisture.  

Before the chemical and mineralogical composition analyses, the BR was homogenized by using 

laboratory sampling procedures and split to obtain a representative sample following the 

procedure in Figure 17. 
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Figure 17. Homogenization procedure of BR 

In particular, from 58 kg to 7 kg, the material was mixed by using “spooning” method. This method 

is one of the most common to obtain a homogeneous sample which involves the random insertion 

of a spoon into a course soil. After 7 kg the BR was separated by using a riffle splitter (also called 

Jones splitter), since this method ensures the representativeness of a sample and thus the 

reproducibility of the analysis [179].  

In Figure 18  is presented a riffle splitter used to homogenize a 7 kg batch. The device is composed 

of a steel funnel and three collection pans. The funnel is designed to have an even number of 

opposing inclined chutes (the riffles) with same width and this permit the material to flow out 

towards two different sides. The sample then produces two equally divided subsamples.  

 As it is possible to observe, the sample was flowed through the alternately arranged passages 

(Figure 18 a) into the two collecting pans under the dividing funnel outlets, which contained about 

one-half of the original sample each (Figure 18 b). To obtain the required quantity of material, the 

operation can be repeated as many times as necessary using the following procedure. One 

collection pan containing one-half of the original BR was replaced with a clean pan, and the feed 

sample was treated again through the splitter and divided in two representative subsamples. After 

this step the volume was reduced to one-quarter of its original sample volume. The operation was 

repeated two times and a sample of about 1.7 kg was obtained and dried in a static furnace at 105 

°C for 24 hours. Subsequently, the material was milled using a vibratory disc mill and the sample 

was fully characterized.  
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Figure 18. Riffle splitter used to homogenize BR sample 

The particle size distribution of the dried sample was measured through laser particle size analysis 

Malvern Mastersizer
TM

 and it was found that 50 % of the particles were below 1.87 μm, while 90 % 

were smaller than 42.87 μm, as it is illustrated in Figure 19. 

 

Figure 19. Particle size of BR used for the experiments 
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The chemical distribution and composition of microstructure of the samples were examined 

through a scanning electron microscope JEOL 6380LV (SEM) combined with an Oxford INCA energy 

dispersive spectrometer (EDS). 

Chemical analyses of major and minor elements were executed via fusion method (1000 °C for 1 

hour with a mixture of Li2B4O7/KNO3 followed by direct dissolution in 10 % v/v HNO3 solution) 

through a Perkin Elmer 2100 Atomic Absorption Spectrometer (AAS), a Thermo Fisher Scientific X-

series 2 Inductively Coupled Plasma Mass Spectrometer (ICP-MS) and a Perkin Elmer Optima 8000 

Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES). Calcium oxide content was 

detected in solid samples with a Spectro Xepos Energy Dispersive X-ray fluorescence spectroscopy 

(ED-XRF).  

 

Figure 20: Bauxite residue chemical analysis 

The chemical analysis results of the BR are shown in Figure 20. Iron oxide content (Fe2O3) is 42.34 

wt. % and it can be considered the major component followed by aluminum oxide (16.25 wt. %), 

calcium oxide (11.64 wt. %), silicon oxide (6.97 wt. %), titanium oxide (4.27 wt. %) and sodium oxide 

(3.83 wt. %) while the rare earths elements (REEs) content, as oxides, is 0.19 wt. %. In particular, 

regarding the REEs, 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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The loss of ignition (LOI) of the sample was provided by differential thermal analysis (DTA), using a 

SETARAM TG Labys-DS-C system in the temperature range of 25 – 1000 °C with a 10 °C/min-heating 

rate, in air atmosphere (Figure 21). As it is possible to observe from the Figure 21, the value of the 

LOI is attested at 12.66 wt.% and it is constituted by dehydration and the decarbonation of mineral 

phases existing in the residue.  

The composition of the Greek bauxite residue is representative of sampling of years 2010 to 2015 

with an error margin of 1–10% for both chemical and mineral assays. Further variations of Greek 

bauxite residue is explained by Vind et al. [43,52] 

 

Figure 21. Thermogravimetric and differential thermal analysis (TGA-DTA) of BR 

The results of TGA-DTA analysis presented four strong endothermic peaks, which correspond to 

four mass variation (Figure 21) [180,181]. The first peak at 280 °C is correlated to the 

dehydroxylation of goethite (Fe2O3·H2O) to form hematite (Fe2O3). The other endothermic peaks 

disclosed are related to the dehydration of gibbsite (Al2O3·3H2O) which partially overlapped the 

goethite peak around 280 °C. Moreover, the dehydration of calcium aluminum iron silicate 

hydroxide (Ca3AlFe(SiO4)(OH)8) is detected between 200 and 300 °C, while the dehydration of 

cancrinite (Na6Ca2(AlSiO4)6(CO3)2(H2O)2) between 400 and 625 °C. The endothermic peak at 500 °C 

is correlated to the dehydration of diaspore (α-AlOOH), overlapping the peak associated to the 

dehydration of cancrinite. The decarbonation of cancrinite (Na6Ca2(AlSiO4)6(CO3)2(H2O)2) appears at 

750 °C [19,182]. 
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Mineralogical phases were detected by X-ray diffraction analysis (XRD) using a Bruker D8 Focus 

powder diffractometer with nickel-filtered CuKa radiation (a= 1.5405 Å) coupled with XDB Powder 

Diffraction Phase Analytical System version 3.107 which evaluated the quantification of mineral 

phases via profile fitting specifically for bauxite ore and bauxite residue. The mineralogical phases 

of BR are presented in Figure 22 and according with the quantification analysis carried out with the 

XDB software (Table 3), hematite is the main mineral in BR with 30 wt. %. The other iron 

mineralogical phases were calcium aluminum iron silicate hydroxide, goethite, and chamosite with 

17 wt. %, 9 wt. % and 4 wt. % respectively. Regarding the alumina-containing phases, diaspore was 

the main mineralogical phase (9 wt. %), followed by chamosite (4 wt. %), boehmite (3 wt. %), 

gibbsite (2 wt. %) and cancrinite (15 wt. %), while Ti was detected into perovskite, anatase and rutile 

with 4.5, 0.5 and 0.5 wt. % respectively.  

Table 3. Bauxite residue mineralogical phases and quantification. 

Mineralogical phases Formula wt.% 

Hematite a-Fe2O3 30 

Goethite Fe2O3·H2O 9 

Boehmite γ-AlOOH 3 

Diaspore a-AlOOH 9 

Gibbsite Al2O3·3H2O 2 

Calcite CaCO3 4 

Anatase TiO2 0.5 

Rutile TiO2 0.5 

Perovskite CaTiO3 4.5 

Cancrinite Na6Ca2(AlSiO4)6(CO3)2 15 

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

Chamosite (Fe
2+

,Mg)5Al(AlSi3O10)(OH)8 4 

Sum  98.5 
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Figure 22. XRD profile of bauxite residue. 
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6. Reductive roasting process through 
conventional furnace 

In BR, iron is present as oxides/oxyhydroxides, and usually it is the largest constituent (14 -45 wt. %), 

as already discuss in chapter Errore. L'origine riferimento non è stata trovata.  [94]. Due to the 

gradual depletion of available ores and the demand for sustainable industries, several processes have 

been developed based on iron recovery from bauxite residue [12,19,23,99]. The present work has 

the scope to develop and optimize at a lab scale a reductive roasting process in a conventional tube 

furnace followed by wet high intensity magnetic separation (WHIMS) to recover iron from BR. The 

aim of the roasting process is the transformation of the non-magnetic iron phases found in BR 

(namely hematite and goethite), to magnetic ones such as magnetite, wüstite, and metallic iron. The 

magnetic iron phases in the roasting residue can be fractionated in a second stage through wet 

magnetic separation, forming a valuable iron concentrate and leaving a nonmagnetic residue 

containing rare earth elements among other constituents. Figure 23 shows the details of the 

experimental procedure and process diagram.  



- 55 - 

 

 

Figure 23. Experimental process flowsheet 

In addition, the BR-roasting process has been modeled using a thermochemical software (FactSage 

6.4TM) to define process temperature, carbon/bauxite residue mass ratio (C/BR), retention time, and 

process atmosphere. 

6.1 Thermochemical studies 
The FactSage 6.4TM thermochemical software was used for the thermodynamic analysis of the 

reductive roasting of BR in presence of C [183]. To examine the process, the databases FT- oxid, SG-

TE, and FT-misc which contain all the oxides present in the system (including magnetite and wüstite), 

the metallic iron solution (pig iron), and the oxidic slag phase were employed. As starting point it was 

used the obtaining chemical analysis of BR and the additions of varying amounts of carbon for a range 

of temperature (25 - 1000 °C) were simulated. 

The phase equilibrium diagram during the reductive roasting of pure hematite (under constant molar 

ratio !
(#$%!)= 0.1 and 1 atm) as a function of process temperature and oxygen partial pressure in the 

system is shown in Figure 24. 

N2(g) Reductive roasting 
process

Off- gasses

Sinter

Wet high intensity 
magnetic separator 

(WHIMS)
H2O H2O

MAG I
Dried at 105 °C , 24 h

H2O WHIMS H2O

BR C

MAG II
Dried at 105 °C , 24 h

NM
Dried at 105 °C , 24 h



- 56 - 

 

 

Figure 24. Fe-C-O2 system 

As it was expected, the transformation of hematite (Fe2O3) to magnetite (Fe3O4) is drastically affected 

by the oxygen partial pressure in the system. The transformation temperature decreases as the 

oxygen partial pressure decreases reaching to a value lower than 500 °C in practically an oxygen-free 

reaction atmosphere (log $'! =	−	20). The increase of process temperature under low oxygen 

partial pressures pushes gradually the system toward the formation of wüstite (FeO) and even of 

metallic iron at higher temperatures.  

The percentage compositions of the several mineralogical phases in the reductive roasting solid 

product as a function of temperature in practically an oxygen-free atmosphere with log log $'! =
	−	16, are presented in Figure 25. 
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Figure 25. Percentage compositions of the several mineralogical phases in the reductive roasting 

solid product as a function of temperature ( log $'! =	−	16, molar ratio !
(#$%!) = 0.1, and Ptotal = 1 

atm) 

As it is seen in Figure 25, the sintered products from the reductive roasting of hematite [( log $'! =

	−	16, molar ratio !
(#$%!) = 0.1, and Ptotal = 1 atm)] are exclusively composed of magnetite in the 

temperature range of 625–825 °C. The wüstite thermodynamic stability area is very narrow at the 

temperature range around 925 °C, while, at temperatures higher than 1000 °C, metallic iron is 

formed. Based on the performed thermodynamic analysis, the temperature regime between 400 and 

1100 °C and an inert atmosphere were chosen as experimental parameters for the study of BR 

reductive roasting process. 

6.2 Reductive roasting process through conventional tube 
furnace 

The roasting process was carried out in an alumina tube furnace. Temperature in the furnace was 

measured using an R-type thermocouple. In Figure 26, a schematic diagram of the static tube furnace 

employed for the experiments is presented. 
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Figure 26. Schematic diagram of the static tube furnace 

As a reductant agent a metallurgical coke was used. The chemical analysis results of metallurgical 

coke presented in Table 4 proved carbon as the main component of the sample with 80.31 wt. %. 

Thanks to its high fixed carbon (Fixed C) content, metallurgical coke was used as the reductant in all 

the experiments carried out in this work. 

Table 4. Metallurgical coke chemical analysis  

Component wt. % 

Fe2O3 0.83 

SiO2 3.42 

CaO 1.26 

MgO 0.14 

Al2O3 1.91 

TiO2 0.10 
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Na2O 0.16 

Fixed C 80.31 

S 0.77 

P 0.03 

H2O moist. 3.31 

LOI 7.38 

OTHERS 0.39 

 

Preliminary experiments were conducted to optimize the process. To evaluate the influence of 

temperature on the process, samples of 3.5 g possessing a metallurgical coke- to-bauxite residue 

mass ratio of 0.112, in the presence of N2 flow heated at a range of temperature between 400 and 

1100 °C, were reduced.  

 

Figure 27. XRD of sinter (C/BR= 0.112 at 800 °C after 4h) compared to XRD of BR 
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Figure 27 shows that magnetite (Fe3O4) has already been formed at 800 °C as predicted by the 

thermochemical software. The transformation of hematite to magnetite has not been completed yet, 

as hematite is still the major mineralogical phase in the sinter. To achieve the complete reduction of 

iron phases, present in BR, several experiments, varying C/BR ratios ranging between 0.135 and 

0.225, were performed. Time and temperature were kept constant at 4 h, and 800 °C, respectively, 

under N2 atmosphere. 

 

Figure 28. XRD of sinters at 800 °C under different carbon/bauxite residue ratios (between 0.135 
and 0.225) 

As shown in Figure 28, the transformation of trivalent iron phases of Fe2O3 and Fe2O3×H2O into 

magnetic ones of Fe3O4 and g-Fe2O3 (maghemite) is favored with the increasing carbon/bauxite 

residue ratio. Examining the XRD profiles of different samples, Fe3O4 and g-Fe2O3 were the main iron 

mineralogical phases after 4 hours of reductive roasting reaction at 800 °C, with C/BR ratio of 0.180. 

At the same time, under these conditions, all alumina-containing phases in BR (gibbsite, boehmite, 

diaspore, cancrinite, and calcium aluminates) have been transformed to corundum and gehlenite 

which is a calcium aluminosilicate phase not initially existing in BR. Titanium phases have been 

converted to perovskite and ilmenite. The calcite peak disappeared due to its thermal decomposition 
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[182,184]. The result of the roasting process optimization is the production of sinter with strong 

magnetic properties, containing Fe3O4 and g-Fe2O3 among the other constituents. 

6.3 Wet high intensity magnetic separation  
Preliminary tests were performed to understand the magnetic behavior of tube furnace sinter (at 

800 °C; C/BR = 0.180; 4 h roasting time, and in the presence of N2) using a wet high-intensity magnetic 

separator (WHIMS).  

For the magnetic separation experimental tests, a Carpco Model MWL-3465 laboratory, high-

intensity, wet magnetic separator (WHIMS) manufactured was utilized (Figure 29) [26]  

 

Figure 29. Carpco Model MWL-3465 laboratory, high-intensity, wet magnetic separator 
schematic diagram 

An intensive magnetic field was generated through two magnet poles by applying a controlled 

electric field (0.01 A and 0.02 A). 

A metal box was placed between the poles and filled with steel spheres during separations. The 

spheres served as induced magnetic poles and created a point with an intense magnetic field. 

At the bottom of the metal box, a stainless steel slide was placed to carry the non magnetic flux in a 

beaker. 

Magnetic separation experiments were carried out by dispersing the optimized sinter in water (50 g 

of sample in 800 ml of distilled water). The pulp was constantly stirred with an ES Overhead stirrer at 

400 revolutions per minute (rpm) and passed throughout the metal box by using a peristaltic pump 

with a flow rate of 10 ml/ min. The pulp was separated into the magnetic material, which was held 

to the steel spheres, and the non-magnetic material that passed through the separation zone. 
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The main purpose of the magnetic separation was to remove the iron based components in the sinter 

solution and concentrate them in the magnetic product. To achieve the target, the feed was treated 

through the WHIMS two times. 

In the first step, a magnetic fraction (MAG I) was collected by emploing a 0.01 A current intensity, 

while a non-magnetic fraction was run again through WHIMS. In the second pass the current intensity 

was increased to 0.02 A and a second magnetic fraction was gathered (MAG II). 

Magnetic I, Magnetic II and Non-magnetic fractions (residue from second pass, NM) were then dried 

in a static furnace at 105 °C for 24 hours and characterized by using the analytical techniques above 

mentioned. 

In Figure 30, mineralogical phases of the Magnetic I fraction are presented in comparison with BR 

and the tube furnace sinter.  

 

Figure 30. XRD profile of Magnetic I compared with optimized sinter and bauxite residue 

Although Fe3O4 is the main mineralogical phases of iron, in the highest magnetic sample (Magnetic 

I), perovskite, ilmenite, and gehlenite also exist. Moreover, scanning electron microscope (SEM) 

analyses combined with EDS (Figure 31) have demonstrated the existence of Si phases together with 

the iron ones. 
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Figure 31. SEM–EDS images of Magnetic I sample 

Analyzing the distribution of the elements, the white particles are composed principally of Fe3O4, but 

an amount of SiO2 is also detected as inclusions in the scratches (black area on white particles) of the 

surface (Spectrum a, Figure 31). As Chao Li et al. have shown in their work [185], when iron, silicon, 

and calcium are finely distributed in a matrix, they are commonly complexed together. This makes 

their fractionation through magnetic separation a very hard issue. On the other hand, Spectrum b 

(Figure 31) confirms the existence of a complex matrix that entraps the iron magnetic phases. 

An alternative route was then explored by performing tests at higher temperature (1100 °C) and with 

C/BR = 0.225, favoring metallic iron formation. The purpose of this work was the intensification of 

reduction conditions to produce metallic iron nuggets which could be more easily and efficiently 

liberated from the complex matrix by means of the magnetic separator. XRD patterns of these 

experiments are shown in Figure 32. 

	

	

(a)

(b)
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Figure 32. XRD patterns of sinter after 4 h at 1100 °C 

Hematite and goethite were completely transformed into metallic iron after being roasted at 1100 

°C for 4 h, while the other elements (Ca, Si, Al, Ti, and Na) are present mainly in sodium and calcium 

aluminosilicate phases as well as perovskite. In addition, Al is also present in the sinter as corundum. 

 

Figure 33. SEM–EDS image of sinter achieved after 1100 °C roasting process 
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SEM–EDS analyses have shown the presence of melted metallic iron (Spectrum b, Figure 33) 

concentrated in some grains of the material, entangled in a matrix mainly composed of calcium, 

aluminum, and silicon (Spectrum a, Figure 33). 

After the reductive roasting process, the samples were ground (particle size < 90 μm) to increase the 

liberation of the metallic iron phase from the matrix through a planetary ball mill (Planetary Ball Mill 

PM 100) with a grinding time of 5 minutes and a speed a 400 rpm. The sample was treated four times 

with the planetary ball mill to transform the sinter into fine powder. The sample was finally separated 

by using WHIMS and three fractions were collected following the procedure already explained above. 

The chemical analysis of sinter and the three fractions is shown in Figure 34. 

 

Figure 34. Main components contained in sinter (1100 °C), MAG I, MAG II and NM 

As it is seen in Figure 34, metallic iron is concentrated in the MAG I fraction and diluted significantly 

in NM residue, although the iron content is still high. Fe occurs in NM fraction as very small, almost 

spherical metallic particles (< 5 μm) entrapped inside a solid matrix that contains nearly all sinter 

constituents (Figure 35). This can be attributed to the fact that BR contains significant amount of 

ceramic-forming constituents (such as SiO2 and Al2O3) as well as fluxing oxides (such as Na2O and 

CaO), which form a ceramic precursor that sinters the residue, during the reductive roasting process 

at 1100 °C. Although the roasted residue (sinter) was ground to liberate the magnetic iron particles, 

this proved to be an inefficient procedure for the effective magnetic separation of iron as the MAG I 

fraction (even though concentrated in metallic iron) contains considerable amounts of impurities.  
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Figure 35. SEM-EDS analysis of NM fraction 

By increasing the intensity of the magnetic field, a new fraction MAG II was separated, which however 

looks like the initial sinter as seen in Figure 36.  

 

Figure 36. Comparison of the XRD profile of sinter after 4 h at 1100 °C, magnetic fraction (MAG I), 
weak magnetic fraction (MAG II) and non-magnetic fraction (NM). 

Moreover, the produced NM fraction amounts to only the 15 % of the initial sinter material, which 

contains almost 78 % noniron-bearing phases (Figure 34) indicating once more, the inefficient 

separation of metallic iron due to its entrapment inside the ceramic matrix. 
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7. Microwave roasting process 
A possible scenario to increase the iron recovery from BR is to utilize a microwave furnace instead of 

a conventional furnace. As explained in the paragraph 3.3, microwave heating has several advantages 

depending on the molecular interactions with the electromagnetic field generated during the 

process. Materials (with high dielectric loss) are internally heated up, leading to rapid heating. Since 

the absorption of microwave energy varies with the composition and structure of different phases, a 

selective heating is possible. Finally, microwaves can accelerate chemical reactions [30,34,35]. 

Hematite and goethite are not good microwave receptors [36], therefore a carbon (C) source 

(metallurgical coke) was added to BR as a reducing agent as well as microwave energy absorber. 

Different parameters have been studied (irradiation time, carbon/bauxite residue ratio and the 

influence of microwave energy on the sample) to optimize the process. The scope was to liberate the 

iron based components from the sinter produced matrix and concentrate them into the magnetic 

product by using a wet high intensity magnetic separator. 

7.1 Microwave furnace 
Experiments were carried out with a 2-kW microwave furnace (Fricke und Mallah Microwave 

Technology GmbH) and Figure 37 showed the scheme of the device employed during the 

carbothermic roasting process. 
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Figure 37. Schematic diagram of the microwave furnace 

The above-mentioned furnace was composed by a power supply, a 2.45 GHz air-cooled magnetron, 

a circulator connected with a multimeter through a detector, a rectangular aluminum wave guide 

with 3-stub tuner and a water-cooled cylindrical aluminum cavity (diameter 150 mm and height 165 

mm). 

The magnetron converts electrical energy into high frequency microwaves and the power capacity 

can be set, from 0 kW (0 %) to 2 kW (100 %), through a potentiometer located on the switch-mode 

power supply. The microwave energy runs via the rectangular waveguide to the cylindrical single 

mode cavity, where the sample is placed. 

The 3-stubs tuner present in the waveguide allowed to modify microwave energy to accomplish the 

highest sample absorption for the entire experimental period. The reaction occurred in accordance 

with the materials ability to absorb microwave. 

The sample was composed by mixing BR and metallurgical coke as carbon source. The powder was 

transformed in tablets with dimensions of 2 cm x 2 cm x 3 mm and approximate weights of 10 g by 

using a manual hydraulic press. 

To ensure the interaction between the modified BR and MW wavelength, the samples were settled 

in the furnace on the top of a tower constituted by alumina crucibles and quartz glasses with the 

following dimensions: 7 cm height and 3 cm length and located at the center of the cylindrical cavity. 

A borosilicate glass dome (Pyrex) was positioned to cover the sample and protect the cavity from the 

possible plasma formation during the experiment. 

The optical pyrometer, IMPAC Pyrometer IGA 6/23 Advanced with a RS 485 converter LumaSense 

Technology, was located on the top of the chamber lid to record the temperature variation during 
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the whole reaction period. Nitrogen flow of 1 l/min was maintained throughout the experiments in 

order to ensure inert atmosphere during the reduction of Fe3+ oxide into Fe2+ oxide and metallic iron. 

To determine the content of metallic iron in the samples, the Zhiyong Xu method with a tolerable 

error ranged below 1 wt.% was used [186]. 

7.2 Microwave roasting process optimization 
The influence of microwave energy on the sample, the effect of irradiation time together with 

addition of carbon source to BR (C/BR ratio) were the parameters investigated to find the optimized 

combination to convert iron oxides into metallic iron, according to the sequence of 

Fe2O3→Fe3O4→FeO→Fe [36,186,187]. 

7.2.1 Influence of microwave energy 

A possible approach to determine the microwaves influence on the given material, is the 

quantification of the absorbed power from the sample, with a laboratory-scale microwave system 

[132]. The power absorbed by a sample per unit volume at a specific area in the material $((-)  is 

given by the Equation (10) [128,131,132]  

$((-) = 2/01)1*++|3(-)|, (20) 

where 0	 is the frequency of microwaves, ε0 is the permittivity of free space, εr" is the relative 

dielectric loss, which accounts for the conversion of microwave (MW) energy into heat. E (z) is the 

root mean square of the electric field strength. As it is possible to understand from the equation 

above, 	Pv(z)  directly depends on the dielectric properties of the sample and the electric field 

strength. 

One of the aims of this study was to understand the behavior of BR on power conversion during the 

roasting process. In this perspective, the whole range of power capacity was investigated (0 - 2 kW) 

by performing experiments at 0.6 kW (30 %), 1.2 kW (60 %) and 1.8 kW (90 %). 

BR was mixed with metallurgical coke (C/BR mass ratio 0.180) and transformed into tablets. C to BR 

ratio was chosen according to the optimized results obtained from a previous work [19], BR roasting 

process in a conventional tube furnace. Reaction time was set to 5 minutes and the nitrogen flow 

(N2) of 1 l/min was maintained constant for the entire experimental period.  
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In order to analyze the effect of power capacity on BR, the experiments were carried out by 

measuring the percentage of absorbed energy (A %(t)) from the sample at a specific time and a 

specific power capacity as it is explained in Equation (21). 

!	%(%) = [100 − ,!!	(#)∙&''!#(#)
-]       (21) 

Where	4-(5) is the absorbance value at a specific power capacity of the empty chamber collected 

with multimeter and 4.	(5) is the absorbance value of the sample collected with multimeter at the 

same power capacity employed during the empty chamber experiment. The absorbed energy from 

the samples was evaluated by collecting the values and combining the two series of experiments with 

the same power capacity. 

 

Figure 38. Percentage of the absorbed microwave power from BR, mixed with metallurgical coke 
(C/BR 0.180), by choosing three different power capacities, 0.6 kW, 1.2 kW and 1.8 kW at 1 l/min N2 

flow constant for 5 min 

During the experiment at 0.6 kW (blue line) at the above-mentioned conditions, the modified BR 

absorbed 100 % microwave energy in 10 seconds. As it possible to observe in Figure 38, after 10 

seconds, the absorption decreased due to the reduction of the samples and the liberation of the off 
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gases. To achieve the highest sample absorption, the 3-stubs tuner present in the waveguide were 

employed and the absorption was maintained constant around 94 % for 0.6 kW. 

When the power capacity was set at 1.2 kW (red line) and successively at 1.8 kW (green line), a rapid 

absorption of microwave energy (5 seconds for 1.2 kW and less than 1 second for 1.8 kW) by the BR 

was observed. Increasing the power capacity, the electromagnetic field increased (E(z)Equation 

(21)), and the consequence is a microwave absorption extremely fast.  

On the other hand, the absorption was retained at above 85 % for the experiment at 1.2 kW and 80 

% with 1.8 kW power capacity. 

This behavior is attributed to the reduction of Fe3+ oxides into Fe2+ oxides and into metallic iron, as it 

is confirmed in the XRD profile (Figure 39). As the reaction proceeds, the matrix of material is 

continuously changing as well as its dielectric properties affecting the microwave energy 

absorption[188]. The energy absorption from the sample is then controlled by using the 3 stubs 

system of the furnace. 

 

Figure 39. XRD of sinters (C/BR 0.180, and 1 l/min N2 flow constant for 5 minutes) by changing the 

amount of MW energy (0.6 kW, 1.2 kW and 1.8 kW) and compared to XRD of bauxite residue 

The presence of metal in the sample caused a reflection of microwave energy, due to the high 

material conductivity [31,34,128] that reduced the 3-stubs tuner effect. 

10 15 20 25 30 35 40 45 50 55 60 65

2θ, degree

BR 0.6 kW 1.2 kW 1.8 kW

11 6 10 5 6,3 4 2

3 1
6

3
6

5
7 5

1
1

3 5
3
4 5

1

3 3

8

5 9

1

5

1

8

5
3 1 9

1
1

1: Hematite Fe2O3
2: Goethite Fe2O3·H2O
3: Diaspore AlOOH
4: Gibbsite Al(OH)3
5: Calcium Aluminum Iron Silicate Hydroxide Ca3AlFe(SiO4)(OH)8
6: Cancrinite Na6Ca2(AlSiO4)6(CO3)2(H2O)2
7: Calcite CaCO3
8: Rutile TiO2
9: Perovskite CaTiO3
10: Boehmite AlOOH
11: Chamosite (Fe2+,Mg)5Al(AlSi3O10)(OH)8

12: Nepheline NaAlSiO4
13: Gehlenite Ca2Al(AlSiO7)
14: Magnetite Fe3O4
15: Metallic Iron Fe0

16: Calcium Silicate CaSiO3
17: Wüstite FeO
18: Hercynite FeAl2O4
19: Jedeide NaAlSiO6 

1313 16 12 13
1616 12 13

14

13

1212
14

9
16 18

12
13 14 18

17

13
16 9

17

1419
18

19
9

13 13 13
14

19
16

18 13
17 15

14 18
18

15

13 13

9

1313 12 13 16 12

13

1214

18

12
13

14

17

16 9

17

14
9

13 13 13
14

16 18 13
17

1514
181813

9

9
16

16

16 13
14

12
9 16 1919 1913

18
18

13

13

9

16 13

13 12 1
3

12

13

1214

18 13

14
17

16
17 9

13 13
13

14 16 18
13
17

15
14

1818

9

916 13
14

12 9 19

1913
18 18 1316 1313 12 9

141616 1913



- 73 - 

 

As a consequence of the absorbed energy from the given material, sample temperature increased, 

and this behavior is explained by the Equation (22): 

$( = 670
ΔT
Δt  (22) 

where 6	is the density of the material, 70 is the specific heat of the material, ΔT is the temperature 

variation and Δt is the time variation [133,134]. 

Since the effectiveness of the microwave energy absorption by the sample, is reflected on the 

instantaneous heating of material, temperature has been recorded during the whole duration of the 

tests by using an optical pyrometer which pointed the sample surface (Figure 40). 

 

Figure 40. Heating rates of BR mixed with metallurgical coke (C/BR 0.180), by choosing three 
different power capacities, 0.6 kW, 1.2 kW and 1.8 kW at 1 l/min N2 flow constant for 5 min 

During the experiment at 0.6 kW, the sample has reacted at 998 °C in 10 seconds absorbing the 

maximum of energy. The use of 3-stub tuner had allowed to achieve a value above 950 °C. 

In the case of 1.2 kW, a temperature of 1015 °C has been attained after 5 seconds and then 

temperature was kept constant at about 860 °C. 
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For the experiment at 1.8 kW, temperature exponentially rose within a second to 1020 °C. However, 

it is possible to observe that temperature considerably decreased at around 800 °C, due to the 

presence of the conductive material which defeats the effect of the 3-stubs tuner. 

The results obtained from the experiments have shown the behavior of BR by using different power 

capacities. When power capacity was set at 0.6 kW, the iron phases present in the initial sample, 

were converted into magnetite (Fe3O4), wüstite (FeO), metallic iron (Fe0) and hercynite (FeAl2O4) with 

an absorbed microwave power of 95 % and a maximum temperature of 998 °C. 
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7.2.2 Irradiation time 

To analyze the behavior of the sample by changing the irradiation time, different sets of experiments 

have been performed at 180 seconds, 300 seconds and 600 seconds, while keeping constant all the 

other parameters at 0.6 kW, C/BR 0.180 and 1 l/min nitrogen flow. 

From the comparison of the XRD spectra of BR and the sample after microwave heating treatments 

( 

Figure 41), it is possible to mark that the complete transformation of iron containing phases 

(hematite, goethite and calcium aluminum iron silicate hydroxide) present in BR, into metallic iron, 

wüstite, hercynite, magnetite and maghemite is favored by increasing the irradiation time. The other 

elements (Ca, Si, Al, Ti and Na) are present mainly in sodium and calcium aluminosilicate phases as 

well as perovskite and calcium silicate.
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Figure 41. XRD of sinters (C/BR 0.180, 0.6 kW and 1 l/min N2 flow) by changing the irradiation time at 180 seconds, 300 seconds and 600 seconds compared 

with XRD of bauxite residue
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At 180 seconds, a peak of hematite is still observed. This is because the reaction was not complete, 

since the sample was exposed to the microwave radiation for a short period. As it can be seen in 

Figure 42 the tablet showed a black, partially molten state in the centre, while the outer rim of the 

disk remained reddish, comparable to its initial state. 

 

Figure 42. Tablet after 180 seconds irradiation time at 0.6 kW, C/BR 0.180 and 1 l/min nitrogen 
flow 

At 300 sand 600 seconds, hematite and maghemite peaks disappeared while magnetite, hercynite, 

wüstite and metallic iron were the main iron mineralogical phases among the other constituents. 

 

Figure 43. Tablet after 300 seconds irradiation time at 0.6 kW, C/BR 0.180 and 1 l/min nitrogen 
flow 

The above observations explain well the microwave heating behavior. The microwave radiation went 

through the sample, the heat was generated inside the tablet and then it was transferred to the 

surface of the material [132]. Therefore, at 300 seconds, the tablet resulted completely roasted 

(Figure 43), promoting the reduction of trivalent iron oxide into bivalent ones and metallic iron. 
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However, increasing the irradiation time, the presence of conductive material (such as metallic iron) 

caused a reflection of microwave energy. Indeed, after 300 seconds, the percentage of microwave 

absorption fluctuated, even though the 3-stubs tuner were employed for the entire experimental 

period (Figure 44). 

 

Figure 44. Percentage of the absorbed power from BR, mixed with metallurgical coke (C/BR 
0.180) at 0.6 kW, 1 l/min N2 flow constant for 600 seconds 

The result of the irradiation time optimization is the production of sinter containing Fe3O4, FeO, Fe0 

and FeAl2O4 among the other constituents at 300 seconds. 

7.2.3 Carbon source addition to BR 

To clarify the role of C during the microwave roasting process and the heating behavior of BR, 

experiments were carried out by analyzing a BR tablet without the carbon source addition. The other 

parameters that were examined span the whole power capacity range (0 - 2 kW) and irradiation time 

between 300 and 600 seconds. The nitrogen flow remained constant at 1 l/min. 

Figure 45 (a) shows the percentage of the microwave power absorbed by BR without the addition of 

C, at 0.6 kW, 300 seconds and 1 l/min nitrogen flow. At these conditions, it is observed that the 

absorbed power was negligible because the sample can be considered as a poor receptor to 

microwave energy. This behavior was also confirmed during the experiments at higher power 

capacity and irradiation time. 
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The above observations proved that the carbon source addition is required to facilitate the 

microwave absorption by the sample, in fact carbon is a good receptor of microwave energy [36]. 

Therefore, the heat is transferred through the BR material, promote the hematite and goethite 

reduction, as it was shown in the previous study [19]. 

 

Figure 45. Percentage of absorbed microwave power from BR varying C/BR ratios ranging 
between 0.122 and 0.225 at 0.6 kW (30 %), 1 l/min N2 flow constant for 300 seconds 

To investigate the effect of C/BR ratio on microwave reductive roasting, several sets of experiments 

were performed at 0.6 kW, irradiation for 300 seconds with a constant 1 l/min N2 flow. The following 

C/BR ratios were studied: 0.122, 0.135, 0.158, 0.180 and 0.225. 

As it is shown in Figure 45 (b), during the microwave absorption of the sample irradiated for 300 

seconds at 0.6 kW with a C/BR of 0.122, a two-step absorption sequence was observed. Up to 30 

seconds of irradiation time, no absorption was registered; while after that time, the absorption rose 
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to 75 % and remained constant by using the 3-stubs tuner. At these conditions, the highest T recorded 

was at about 780 °C. Similar behavior with 0.135 C/BR was noted with 80 % microwave energy 

absorption and a maximum temperature of 830 °C (Figure 45 c). On the other hand, the absorption 

of microwave power is favored when increasing carbon/bauxite residue ratio. As it is observed for 

0.158 C/BR (Figure 45 d), the energy absorption is kept almost constant at 90 % with a T around 950 

°C, while for 0.180 at 95 % and a maximum T of 998 °C (Figure 45 e). Regarding C/BR 0.225 (Figure 45 

f), an immediate absorption is noted and by employing the 3-stub tuner, the energy absorption was 

controlled at 98 % with a detected temperature of 1100 °C. 

At low C/BR ratio it is possible to observe a "dead" initial period (Figure 45 b, c and d) which decreases 

as the C/ΒR ratio increases, although it is evident even at the ratio of 0.180 (Figure 45 e). This 

phenomenon can be attributed to the amount of heat generated per volume of material and the rate 

of heat transferred by conduction (qk) which is proportional to dT/dx according to the Fourier law 

(Equation Errore. L'origine riferimento non è stata trovata.). 

!! = −$	&	 '(') (23) 

where k is the thermal conductivity of the material that is temperature dependent; A is the area 

through which heat is transferred, T is temperature and x the direction of the heat flow [189,190].  

During the MW experiment at C/BR 0.122, the initial “delay” observed depends on the small number 

of hot spots generated in the sample compare to the volume of the material. Consequently, the rate 

of heat transferred by conduction is low due to the high distance in-between a specific hot spot and 

its cold surround. Therefore, the sample composed with low C/BR ratio needs time to warm up net 

of the masses. On the other hand, when the ratio C/BR increases, the amount of heat generated per 

volume of material and dT/dx also increase, because more hot spots per volume are created. 

Therefore, time needed to disperse heat inside the given volume of material decreases and at 

extremely high C/BR ratio becomes practically negligible. 
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The mineralogical characterizations of the sinters by changing the C/BR ratio between 0.122 and 

0.225 are presented in 

 

Figure 46. The XRD analysis revealed the complete transformation of BR iron phases Fe2O3 and 

Fe2O3·H2O into Fe3O4, γ- Fe2O3, FeO, Fe0 and FeAl2O4 already at 0.112 C/BR after 300 seconds and 0.6 
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kW (

 

Figure 46, orange line). At the same time, under that conditions, all alumina containing phases in BR 

(gibbsite, boehmite, diaspore, cancrinite and calcium aluminates) have been transformed to 

corundum and also into nepheline, jadeite and gehlenite which are sodium aluminosilicate and 

calcium aluminosilicate phases not initially existing in BR. Regarding titanium phases, these have 

been converted into perovskite, while the calcite peaks disappeared due to its thermal 

decomposition [182].
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Figure 46. XRD of sinters (300 seconds, 0.6 kW and 1 l/min N2 flow) by changing the C/BR ratio between 0.122 and 0.225 compared to XRD of bauxite residue
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When increasing the C/BR ratio, an intensification of reduction conditions that foster the formation 

of metallic iron was observed. The Fe0 content in the samples was determined through the Zhiyong 

Xu method [186] and the results shown in Table 5, confirmed the XRD profiles. 

Table 5. Percentage of metallic iron / total iron content of BR and 4 different C/BR ratio sinters 
determined with Zhiyong Xu method [186] 

Sample % Fe0/ Fetot 

BR 0 

0.122 C/BR 20 

0.135 C/BR 29 

0.158 C/BR 35 

0.180 C/BR 57 

0.225 C/BR 79 

 

By increasing C/BR ratio from 0.122 to 0.225 C/BR, also metallic iron content increased from 20 % 

(0.122 C/BR) to 79 wt. % (0.225 C/BR) respectively. This is attributable to the high temperatures 

generated during the experiments which facilitate the conversion of trivalent iron phases, present in 

BR, into Fe0. 

Although 0.225 C/BR at 0.6 kW with 1 l/min N2 flow constant for 300 seconds, can be considered the 

optimum conditions to obtain the best results (almost the 79 % of total Fe content present in BR, 

converted to Fe0), hercynite (FeAl2O4) is still observed as the XRD analysis has shown. The 

backscattering electron (BES) image taken with SEM-EDS analyses confirmed the presence of FeAl2O4 

Figure 47 (c) with the metallic iron which is concentrated in almost spherical particles in the matrix 

of material Figure 47 (b). In addition, the iron phases (FeAl2O4 and Fe0) are entrapped in the matrix, 

which is mainly composed of all the other constituents Figure 47 (a). 
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Figure 47. BES image taken with SEM-EDS analysis of 0.225 C/BR sinter 

As Lu et al [158] explained in their work, the hercynite is an unavoidable product. During the roasting 

process, the hematite can be reduced to magnetite [19] by carbon source, but in presence of alumina 

can be transformed also into hercynite. 

Hercynite is a normal spinel structure, where one-eighth of the tetrahedral sites are occupied by Fe2+ 

cations and one-half of the octahedral sites are occupied by Al3+ cations. This spinel exhibits a 

magnetization and can be considered as a magnetic material [191]. The presence of FeAl2O4 in the 

optimized sinter represents a drawback for the magnetic separation process since the magnetic 

fraction would be composed by oxides reducing its purity. 

To avoid the presence of hercynite in the sinter, a possible scenario is to decrease Al content in BR. 

In fact, by adding sodium carbonate as flux all the alumina phases of BR are transformed into soluble 

sodium aluminates, that can be afterwards subjected to alkali leaching to recover alumina 

[21,109,113]. After this treatment, Fe+3 could be transformed into Fe+2 and Fe0 by using microwave 

(a)

(b)

(c)
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roasting process and the produced sinter treated with the magnetic separation process to recover 

iron from the other elements.  
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8. A combined soda sintering and 
microwave reductive roasting process of 

bauxite residue for iron recovery 
In this section, an integrated process involving three stages is proposed (Figure 48) as a suitable 

method to transform Fe3+ oxides present in BR into magnetic oxides and metallic iron through a 

microwave roasting reduction, avoiding the formation of hercynite (FeAl2O4). Firstly, the soda 

roasting process of BR is taking place to transform all the alumina phases into soluble sodium 

aluminates which are leached out in alkaline solutions to recover alumina [21,43,192,193]. In the 

second stage, the leached residue is mixed with a metallurgical coke and treated in a microwave 

furnace at optimum conditions. After this treatment, Fe+3 oxides are transformed into magnetic iron 

oxides and Fe0. In the final stage, the produced cinder is subjected to magnetic separation process by 

using a wet high intensity magnetic separator to recover iron leaving behind the other elements.  



- 88 - 

 

 

Figure 48. Conceptual flowsheet of a combined soda sintering, microwave reductive roasting 
process of bauxite residue and magnetic separation
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8.1 Experimental devices 
Experiments were carried out with a 2-kW microwave furnace mentioned in the paragraph 7.1 and 

the optimized setting was employed. 

For the magnetic separation experimental tests, high-intensity, wet magnetic separator (WHIMS) 

was employed (Figure 29) [26]. An intensive magnetic field was generated through two magnet poles 

by applying a controlled electric field. Due to the high magnetic properties of the sinter, two current 

settings (0.005 A and 0.01 A) were set for the whole test duration. 

Magnetic separation experiments were carried out by dispersing the optimized sinter in water (50 g 

of cinder in 800 ml of distilled water). The pulp was constantly stirred with an ES Overhead stirrer at 

400 rpm and passed throughout the metal box by using a peristaltic pump with a flow rate of 10 ml/ 

min. The pulp was separated into the magnetic material, which was held to the steel spheres, and 

the non-magnetic material that passed through the separation zone. 

The main purpose of the magnetic separation was to remove the iron-based components from the 

aqueous dispersion of the sinter and concentrate them in the magnetic product. To achieve the 

target, the feed was treated through the WHIMS two times.  

In the first step, a magnetic fraction (MAG I) was collected by employing a 0.005 A current intensity, 

while a non-magnetic fraction was run again through WHIMS. In the second pass the current intensity 

was increased to 0.01 A and a second magnetic fraction was gathered (MAG II). 

Magnetic I, Magnetic II and Non-magnetic fractions (residue from second pass, NM) were then dried 

in a static furnace at 105 °C for 24 hours and fully characterized. 

8.2 Soda sintering/Leaching process 
Dried homogenized bauxite residue was sintered in muffle furnace with 50 % excess of sodium 

carbonate (Na2CO3 > 99.5 % Purity) from stoichiometric amount required for sodium aluminate 

conversion, which amounted to 25 g Na2CO3 for 100 g of bauxite residue. Sintering was performed in 

alumina crucibles at 900 °C for 2 hours duration and left to cool overnight [43]. The sinter leaching 

experiments were conducted in a 1 L borosilicate glass reactor, equipped with heater, and 

temperature controller (thermocouple type-K) as it shown in Figure 49. 
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Figure 49. A schematic diagram of leaching reactor 

The sinter was stirred in 0.1M NaOH solution at 80 °C for 4 hours with 1.5 % w/v pulp density at 

240 rpm stirring rate. Aluminium and sodium were recovered into leachates from the leaching step, 

leaving solid residue that was further dried in a static oven (105 °C), which produced the modified BR 

(MBR) used in the next processing steps.  

Figure 50 showed the mineralogical alteration of the bauxite residue after soda sintering process 

and mild alkaline leaching process. During the sintering step, aluminium bearing species such as 

boehmite, diaspore, gibbsite and complex phases such as cancrinite are transformed into sodium 

aluminate (NaAlO2) [43]. This phase is leached out after the mild alkaline leaching step, and about 70 

% of all Al is extracted from bauxite residue. Na is also co-extracted at about 85.5 %, leaving the 

leaching residue enriched with Fe as well as Ti for downstream processing[43]. Titanium is 

concentrated in the form of perovskite. Hematite is found in the leached residue and new 

mineralogical phases are detected in the modified BR: sodium aluminum silicate (NaAlSiO4), sodium 

ferrotitanate (NaFeTiO4) and harmunite (CaFe2O4). Table 6 shows the compositions in element wt. % 

basis of original bauxite residue (BR), Na2CO3 sintered BR and leaching residue (modified BR).  
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 Figure 50. Comparison of the XRD profile of bauxite residue, bauxite residue sintered with 
sodium carbonate and leaching residue after mild alkaline leaching (0.1M NaOH)  

Table 6.Chemical analysis of bauxite residue, soda sinter and leaching residue (MBR) 

Sample Fe Al Si Ti Na Ca OTHERS LOI 

Bauxite residue (wt. %) 30.43 10.19 3.04 3.29 2.08 6.85 0.0130 9.40 

Sinter (wt. %) 27.72 9.35 2.83 2.82 14.16 6.32 0.0117 2.73 

Leaching residue (wt. %) 37.47 3.83 3.25 3.64 2.86 8.53 0.0123 9.66 
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8.3 Microwave roasting process of modified bauxite residue 
The dried modified BR (MBR) was blended with metallurgical coke (C/MBR 0.225) and it was 

transformed in tablets using a manual hydraulic press. The sample was treated through microwave 

roasting process at optimum conditions (0.6 kW, 1 l/min N2 flow constant and 300 seconds) and then 

characterized via ED-XRF, XRD and SEM analyses [194]. 

During the microwave heating of the sample, an immediate absorption was detected, and 

temperature exponentially rose within some seconds to 1250 °C Figure 51.  

 

Figure 51. Heating rates of 1st MW roasting process at 0.6 kW, 1 l/min N2 flow constant and 300 
seconds 

The formation of melt phases was observed through the window of the pyrometer, started from the 

center and propagated to the rim of the disk. In addition, at this temperature it was possible to note 

the reduction of iron oxide into metallic iron. In Figure 52, the cinder after the microwave roasting 

reduction is presented, and the presence of metallic iron nuggets is evident. 
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Figure 53. Second electron imaging (SEI) mode SEM-EDS analysis of sinter after the first microwave 
roasting reduction 

(a)

(b)

(c)

Figure 52. Cinder after 300 seconds, irradiation time at 0.6 kW, C/BR 0.225 
and 1 l/min nitrogen flow 
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SEM analysis of the cinder confirmed the presence of the spherical metallic particles which are 

entrapped in the matrix of the solid samples (Figure 53 a). The nuggets are covered by a layer of 

powder (Figure 53 b), which has the same composition of the matrix (Ca, Al, Si, Na, Ti and Fe) as it is 

shown in Figure 53 c. 

To release the metallic iron spheres, the sample was milled through a planetary ball mill with a 

grinding time of 5 minutes and a speed of 400 rpm. The sample was treated four times with the 

planetary ball mill to transform the cinder into fine powder. The metallic iron was then separated 

from the matrix by employing a manual sieve. The sample was, therefore, physically separated into 

two fractions: the first one with a particle size higher than 0.2 mm mostly composed by Fe nuggets 

(around 7 wt. % of the total solid sample) and the other one with a particle size lower than 0.2 mm 

(around 93 wt. % of the total solid sample). 

Samples were analyzed via fusion method; chemical composition of the fraction with the particle size 

higher than 0.2 mm and the other fraction is shown in.  

Table 7. Chemical analysis of the metallic iron spheres fraction with a particle size > 0.2 mm and 1st 

cinder fraction with a particle size lower than 0.2 mm 

Sample Fe Al Si Ti Na Ca C 

> 0.2 mm wt.% 95.84 0.02 1.15 0.76 0.01 1.94 - 

1st cinder fraction (< 0.2 mm) wt. % 35.26 4.33 3.63 4.08 3.23 9.54 8.35 

Chemical analysis confirmed (Table 7) that the main component of the fraction with particle size 

higher than 0.2 mm is metallic iron, being more than 95 wt. % of the total weight of the fraction. In 

addition, the other fraction (1st cinder fraction (< 0.2 mm)) still contains a considerable amount of 

iron. Analyzing the Fe mass balance, from 35.53 g of iron present in MBR, 29.59 g of Fe are present 

in the 1st MW cinder while 5.94 g in the > 0.2 mm fraction. 
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Figure 54. Comparison of XRD profiles of bauxite residue, modified BR and 1st cinder fraction with 
particle size < 0.2 mm 

Comparing the XRD profiles of BR, leached residue and the fraction with a particle size lower than 

0.2 mm (Figure 54), the results obtained with chemical and SEM analyses were confirmed. In fact, 

magnetite (Fe3O4) and metallic iron (Fe0) are the main iron mineralogical phases after the microwave 

roasting reduction at the optimum conditions (C/MBR 0.225, 0.6 kW, 1 l/min N2 flow constant and 

300 seconds). Hercynite (FeAl2O4) is a mineralogical phase that is not formed during microwave 

reductive roasting of aluminum depleted MBR materials (Figure 54).  

Decreasing the concentration of aluminum in the MBR sample, hematite and other iron-bearing 

phases are directly reduced into magnetite and then due to the high temperature into metallic iron. 

At the same time, under these conditions, small part of sodium aluminum silicate (NaAlSiO4) existing 

initially in MBR is transformed to anorthite (CaAl2SiO3) as well as gehlenite (Ca2Al(AlSiO7)) but the 

major amount of aluminum in cinder remains in the form of sodium aluminum silicate (NaAlSiO4) 

(Figure 54). In the 2-theta range of 22 to 28°, the mineralogical characterization revealed the 

formation of a glassy region indicated by the hump and consisting of calcium silicate (CaSiO3) and 

anorthite. Titanium phases are converted into perovskite already from the soda roasting process and 

remain unchanged during the MW reductive roasting process having been beneficiated in the 

resulted cinder.  
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Since the cinder fraction with a particle size lower than 0.2 mm contained good microwave receptors 

(mineralogical phases such as (Fe3O4 and C), the sample was subjected for a second time to a 

microwave roasting process at the same optimum condition (0.6 kW, 1 l/min N2 flow constant and 

300 seconds), following the already described procedure. 

During irradiation with microwaves, an immediate absorption from the sample was detected and the 

temperature exponentially rose within some seconds to 1230 °C (Figure 55).  

 

Figure 55. Heating rates of 2nd MW roasting process at 0.6 kW, 1 l/min N2 flow constant and 180 
seconds 

At this temperature it was possible to note the reduction of iron oxide into metallic iron and the 

formation of a melt phase. Macroscopically, the 2nd cinder appeared similar to the one from the first 

microwave treatment, but the iron nuggets were smaller in size.  
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Figure 56. Back electron scattering (BEC) mode SEM-EDS analysis of the 2nd cinder after the 
microwave roasting reduction 

In Figure 56 a back-electron scattering (BEC) picture of the 2nd cinder is shown together with EDS 

chemical analysis on specific components. The light gray spherical particles are metallic iron particles 

which are entrapped in the matrix that is mainly composed from all the other elements (Ca, Al, Si, 

Na, Ti and Fe) (Figure 56 b). On the top of the metallic spheres are present also some dark gray 

particles with the same composition of the matrix (Figure 56 c). 

The 2nd cinder was grinded to release the metallic iron spheres. In this case, for the physical 

separation, a sieve with openings size of 0.1 mm was used. The chemical analysis of the two fractions 

formed are presented in Table 8. 

Table 8. Chemical analysis of the metallic iron spheres fraction with a particle size > 0.1 mm and 

2nd  cinder fraction with a particle size lower than 0.1 mm 

Sample Fe Al Si Ti Na Ca C 

> 0.1 mm wt.% 93.30 0.01 0.42 0.51 0.08 1.70 - 

2nd cinder fraction (< 0.1 mm) wt. % 37.91 4.77 4.00 4.49 3.56 10.49 1.00 

 

Table 8 shows that the main component of the fraction with particle size ≥	0.1 mm, which is 1 wt. % 

of the total sinter weight, is metallic iron.  

(b)

(a)

(c)

(b) 

(a) 
(c) 
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The other fraction is the 99 wt. % of the total sinter weight and still contains a considerable amount 

of iron. Analyzing the Fe mass balance, from 29.59 g of Fe present in the 1st MW cinder, 28.87 g of Fe 

are present in the 2nd MW cinder while 0.71 g in the >0.1 mm fraction. 

The XRD analysis (Figure 57) revealed a mineralogical conformation similar to the one presented in, 

where magnetite (Fe3O4) and metallic iron (Fe0) were the main iron mineralogical phases after the 

second microwave roasting reduction. The other elements are present in form of anorthite 

(CaAl2SiO3) gehlenite (Ca2Al(AlSiO7)) sodium aluminum silicate (NaAlSiO4), calcium silicate (CaSiO3) 

and perovskite CaTiO3 as it is shown in Figure 57.
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Figure 57. XRD Comparison between BR, leaching residue, cinder after 1st microwave roasting reduction and cinder after 2nd microwave roasting reduction 
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The experimental results from MW reductive roasting showed that although 5 minutes are enough 

for the full transformation of hematite to a mixture of magnetite and metallic iron, the full 

transformation to metallic iron necessitates more time. Even 10 minutes were not enough for this 

transformation. The sample was again treated at optimum conditions (0.6 kW, 1 l/min N2 flow 

constant and 300 seconds) in the microwave furnace to allow the complete formation of metallic 

iron in the system.   

The sample was transformed into tablets and placed inside the microwave furnace. As the 

previous microwave roasting process, an immediate absorption was detected with a consequent 

temperature increasing (reaching about 1250 °C). Furthermore, through the window of the 

pyrometer, light arcing phenomena that took place in some areas of the sample were observed. Due 

to these phenomena the recorded temperature locally reached around 1400 °C (Figure 58). The 

presence of these hot spots in the tablet depends on the interaction of metal iron, already present 

in the sample, with the microwave which creates a micro-arcing process [30,34,36,128,132]. 

 After 180 seconds, a drastically reduction of T was detected from the pyrometer (Figure 58) [31,34] 

and the experiments were stopped as the tablet reflected the microwave energy due to the increased 

concentration of conductive material (such as metallic iron). 

 

Figure 58. Heating rates of 3rd MW roasting process at 0.6 kW, 1 l/min N2 flow constant and 180 
seconds
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Figure 59. Comparison of the XRD spectra of MBR, cinder after 1st microwave roasting reduction, cinder after 2nd microwave roasting reduction and cinder after 
3rd microwave roasting reduction 
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From the comparison of the XRD profile of the cinder after the 1st microwave roasting reduction (1st 

MW cinder < 0.2 mm), the cinder after the 2nd microwave roasting reduction (2nd MW  cinder < 0.1 

mm) and the cinder after the 3rd microwave roasting reduction (3rd MW cinder), it is possible to 

observe that metallic iron (Fe0) is the main iron mineralogical phases in the last MW stage. In the 2-

theta range of 22 to 28°, the mineralogical characterization revealed that the hump related to the 

formation of a glassy region consisting of calcium silicate (CaSiO3) and anorthite (CaAl2SiO3), is more 

evident, due to the high temperature reached during the 3rd MW roasting reduction. The other 

elements are present in the mixed forms of gehlenite (Ca2Al(AlSiO7)), sodium aluminum silicate 

(NaAlSiO4), and perovskite CaTiO3 as it is shown in

 

Figure 59 [180].  

To confirm the increasing of the metallic iron content in each sample of the whole microwave 

roasting reduction (1st, 2nd and 3rd MW process), the above mentioned Zhiyong Xu method was used 

[186].  
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Table 9. Percentage of metallic iron / total iron content of leaching residue and three microwave 

sinters determined with Zhiyong Xu method 

Sample % Fe0/ Fetot 

Leaching residue 0.2 

1st MW sinter 69 

2nd MW sinter 85 

3rd MW sinter 98 

As it can be seen from the results shown in Table 9, after each microwave roasting reduction the 

percentage of the metallic iron present in the sample increased, comparing with the total amount of 

Fe.  

The 3rd MW cinder was collected due to its strong magnetic properties and was treated through a 

CarpcoTM Wet High Intensity Magnetic Separator (WHIMS). 

8.4 Magnetic separation process 
The purposes of the magnetic separation are to liberate from the cinder the iron based components 

from the matrix and to concentrate them in the magnetic product.  

To achieve these aims, the cinder was dispersed in water and was treated through the WHIMS two 

times following the procedure described in paragraph 6.3. 

Three different products (MAG I, MAG II and NM) were collected and representative samples were 

analyzed. MAG I represented the 62 wt. % of the 3rd MW cinder whereas MAG II was the 17 wt. % 

and NM the 21 wt. %  

The three fractions were treated with Zhiyong Xu method to investigate the percentage of metallic 

iron in the sample comparing with the total amount of Fe. The results showed that in all the magnetic 

fractions, the iron analyzed was almost completely in form of metallic iron (about 98 %). 

As it can be seen from the chemical analysis shown in Figure 60, the MAG I is mainly concentrated in 

iron, while calcium, silicon, titanium are present in minor amount. Aluminum is around 2 wt. % and 

Na content is negligible. On the other hand, in the NM fraction, metallic iron is still present (4 wt. %), 

whereas the concentration of the other elements that composed the matrix is higher. 
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Figure 60. Chemical analysis of the sinter (3rd MW) and the three fractions (MAG I, MAG II and 

NM) after the magnetic separation 

The XRD comparison of 3rd MW cinder, MAG I, MAG II and NM is presented in Figure 61. In MAG I the 

main peak is related to metallic iron, while the other mineralogical phases (gehlenite, calcium 

titanate, and anorthite) are detected with low intensity. Moreover, between 22 to 28°, the 

characteristic hump associated to calcium silicate and anorthite is not visible and the peaks attributed 

to sodium aluminum silicate disappear.  

XRD analysis of NM fraction showed a different profile comparing with the one of MAG I. As it can be 

seen, the peak related to metallic iron (about 45°) is drastically reduced in intensity, while the hump 

associated to calcium silicate and anorthite is noticeable. Gehlenite and sodium aluminum silicate 

are detected with high intensity peaks.  

Regarding MAG II, it is possible to notice that its mineralogical characterization is comparable to the 

initial cinder (3rd MW cinder). 
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Figure 61. Comparison of the XRD profile of cinder after 3rd MW roasting process, magnetic 

fraction (MAG I), weak magnetic fraction (MAG II) and non-magnetic fraction (NM) 

SEM-EDS analysis of the three magnetic fractions confirmed the results of chemical and XRD analyses. 

The back electron scattering (BEC) macrograph of MAG I fraction (Figure 62) showed that the sample 

is composed by a melted metallic iron (Figure 62, a) which has entrapped due to imperfect separation 

a solid matrix containing all the cinder constituents (Figure 62, c). In addition, small particles with 

calcium titanate were detected, also entrapped inside the metallic iron phase (Figure 62, b). 
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Figure 62. Back electron scattering (BEC) mode SEM-EDS analysis of MAG I fraction  

To understand the stratification of the different constituents of the sample, the area of sample shown 

in Figure 63 was studied through second electron imaging (SEI) mode. As it is possible to observe the 

particles containing the elements of the matrix are embedded on the melted metallic iron (dark 

substrate, Figure 63, a) forming aggregates. Some particles were identified as calcium aluminum 

silicon oxide (Figure 63, b), while some others were composed of Si, Ca and Ti oxide mixture (Figure 

63, c). 

The presence of Fe in the spectrum 1 (Figure 63, c) is attributed to interferences from the metallic 

substrate, due the high magnification. 

(b)

(a)

(c)
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Figure 63. Secondary electron imaging (SEI) mode SEM-EDS analysis of MAG I fraction 

In Figure 64 the SEM analysis of the NM fraction with back electron scattering mode is shown. The 

image shows the presence of small metallic iron (Figure 64, a) particles surrounded by light gray 

particles (calcium aluminum silicon oxide) (Figure 64, b) and entrapped into dark gray area which was 

mainly composed by all the cinder constituents (Na, Al, Ca, Si, Ti and Fe) (Figure 64, c). Also, in this 

case, the presence of Fe in the spectra 3 and 4 (Figure 64, b and c) is due to the interference from 

the metallic particles close to the detected area. 

(b)

(a)

(c)
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Figure 64. Back electron scattering (BEC) mode SEM-EDS analysis of NM fraction 

Furthermore, the NM fraction was analyzed by employing a secondary electron imaging mode to 

comprehend the existing different mineralogical phases (Figure 65).Errore. L'origine riferimento 

(b)

(a)

(c)
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non è stata trovata. 

 

Figure 65. Secondary electron imaging (SEI) mode SEM-EDS analysis of NM fraction 

Big particles composed with sodium aluminum silicate were identified (Figure 65, d), in this grain also 

a calcium titanium phase (Figure 65, c) and iron (Figure 65, b) were detected. The presence of the 

other elements in the EDS-spectra depends on the proximity interference of the other mineralogical 

phases. Calcium aluminum silicate were found in a specific area of the sample (Figure 65, a).  

In conclusion, in terms of Fe partition within the different phases formed during the complex 

treatment of BR; after the 1st and 2nd microwave roasting reduction, nuggets were produced with 

high purity in Fe (Table 7 and Table 8), overall extracting about 16 %  in the metallic Fe spheres 

fraction with particle size > 0.2 mm and 2 % in the spheres with a particle size > 0.1 mm of the total 

Fe content of BR. Moreover, Fe was recovered through a magnetic separation process. Three 

fractions (MAG I, MAG II and NM) were produced and analyzed. The Fe recovery from BR attested to 

69 % in MAG I, while it was 6 % in MAG II and 1 % in NM. The losses in the soda sintering stage and 

in the mild alkaline stage are attributed to within experimental error margin of 5-10 %. 

(b)

(a)

(c)

(d)
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Figure 66. Mass distribution of Fe (g) based on chemical analysis data 
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9. Conclusions 
Bauxite residue is the hydrometallurgical by-product generated from the digestion of bauxite ore in 

NaOH solution. The aluminum hydroxide is the precursor to alumina and the production of 1 metric 

ton of alumina normally creates between 0.8 and 1.5 metric tons of residue, although the range can 

be somewhat broader, depending on the composition of initial bauxite ore and the processing 

conditions [7,63]. The massive volume of BR produced, which exceeds 160 million metric tons per 

year worldwide [2], is causing drastic scarcity of available storage areas [2,6]. However, the main 

waste product of alumina production, is a potential secondary resource, since it contains valuable 

metals (i.e. REEs, Sc, Fe, Ti). Iron oxide, in the form of hematite and goethite, is the largest constituent 

of BR with concentrations range between 14-45 wt. %. Although iron content in bauxite residue is 

not as high as in average iron ores (60 wt. %) used in the iron industry [6], the gradual depletion of 

available ores and the demand for sustainable industrial processing have encouraged technology 

development based on secondary raw materials with almost zero-waste production [98]. In this 

perspective, processes for recovering iron from BR have been studied within the framework of this 

PhD thesis. In particular, the aim of this research work was to develop an optimal process for 

reduction of hematite (Fe2O3) and goethite (Fe2O3·H2O) into magnetite (Fe3O4) in BR using a carbon 

source (metallurgical coke) as a reducing agent. This research study was focused on the recovery of 

Fe from bauxite residue through reductive roasting processes following by wet high intensity 

magnetic separation. 
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The bauxite residue was provided by Aluminum of Greece (Mytilineos S.A.) and fully characterized. 

The main iron minerals were hematite (Fe2O3), goethite (Fe2O3·H2O), calcium aluminum iron silicate 

hydroxide (Ca3AlFe(SiO4)(OH)8) and chamosite (Fe2+,Mg)5Al(AlSi3O10)(OH)8. In addition, 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. %. All the reductive roasting experiments were carried out in presence of 

metallurgical coke its Cfix amount attested around 80 wt. %. 

Firstly, an electrical tube furnace was employed in the BR roasting process to investigate the 

transformation of the nonmagnetic iron phases found in BR (namely hematite and goethite), to 

magnetic ones such as magnetite, wüstite, and metallic iron. Based on the performed 

thermodynamic analysis, the temperature regime between 400 and 1100 °C and an inert atmosphere 

were chosen as experimental parameters for the study of BR reductive roasting process. Iron oxides 

contained in bauxite residue have been transformed into magnetite and maghemite after roasting 

process with a C/BR ratio = 0.180 at 800 °C. The result was the production of sinter with high- 

intensity magnetic properties. Following wet magnetic separation, SEM and XRD analyses of the 

magnetic fraction revealed the existence of calcium aluminum silica oxides on the surface of iron 

grains that reduced Fe enrichment in the magnetic concentrate. 

Successively, other experiments were performed with high temperature (1100 °C) and C/BR ratio 

(0.225) to intensify reducing conditions and produce metallic iron. Results of magnetic separation 

again have shown the same problems with calcium aluminum silica phases attached to metallic iron. 

The presence of nonmagnetic BR oxides reduced the purity of the magnetic fraction. 

As possible scenario a microwave furnace instead of a conventional furnace was employed to 

increase the iron recovery from BR.  

In this study, it was demonstrated that microwave-assisted heating is a suitable method to transform 

Fe3+ oxide contained in bauxite residue into Fe2+ oxide and metallic iron, within a short processing 

time. Experiments have been carried out in a 2-kW microwave furnace with 3-stub tuner present in 

the waveguide that allowed modification of the microwave energy to accomplish the highest sample 

absorption for the entire experimental period. The quantification of the absorbed power by the 

sample as a possible approach to determine the microwaves influence on the given material, the 

effect of irradiation time together with addition of carbon source to BR (C/BR mass ratio) were the 

parameters investigated to optimize the carbothermic roasting process. At 0.6 kW and 0.225 C/BR 

with 1 l/min N2 flow constant for 300 seconds, Fe3+ oxides reduction into Fe2+ oxides and metallic iron 
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was facilitated by the high temperature reached during the experiment (1100 °C). In particular, the 

result was the production of sinter with 79 % of metallic iron, while the rest of iron mineralogical 

phases were attributed to Fe3O4, FeO, and FeAl2O4.  

The formation of hercynite (FeAl2O4) was unavoidable during the microwave roasting process [158] 

and the presence of this iron aluminum oxide mineralogical phase is considered a drawback for the 

magnetic separation process, due to its paramagnetic properties. 

An integrated process to transform Fe3+ oxides contained in bauxite residue (hematite and goethite) 

into Fe2+ oxides (magnetite and wüstite) and metallic iron it was presented, avoiding the formation 

of hercynite.  

In soda roasting process bauxite residue was mixed with 50 % excess of sodium carbonate as flux and 

heated at 900 °C for 2 hours, to transform all the alumina phases of BR into soluble sodium 

aluminates followed by alkaline leaching to recover alumina. 

Subsequently, the leached residue was mixed with carbon and treated in the microwave furnace at 

optimum conditions (0.6 kW and 0.225 C/MBR with 1 l/min N2 flow constant for 300 seconds). 

At these conditions, the temperature reached was 1250 °C within some seconds. The cinder resulted 

to be rich of spherical metallic particles entrapped in the matrix; magnetite (Fe3O4) and metallic iron 

(Fe0) were the main iron mineralogical phases after the microwave roasting reduction, hercynite was 

not detected.  

The cinder after MW reductive roasting was firstly milled and then separated by employing a manual 

sieve to release the spheres. Two fractions received and fully characterized: the first one with a 

particle size > 0.2 mm, was mostly composed by Fe nuggets (around 7 wt. % of the total solid sample) 

and the other one with a particle size < 0.2 mm (around 93 wt. % of the total solid sample).  

Since the fraction with a particle size < than 0.2 mm still contained a considerable amount of iron, 

accounting for 51 wt. %, in form of magnetite and metallic iron and due to the presence of an 

unreacted C source (8 wt. %), the cinder was transformed into a tablet and treated again in the 

microwave furnace. During this experiment, temperature immediately reached 1230 °C and metallic 

iron particles with a particle size > 0.1 mm were formed. Milling and sieving separation was used 

again to separate metallic iron. Analyzing the results, the main component of the fraction with 

particle size < 0.1 mm was metallic iron (1 wt. % of the total solid sample), while the other fraction 

still contained a considerable amount of iron oxide, accounting for 55 wt. % (99 wt. % of the total 

solid sample).  
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Thanks to the presence of a considerable amount of microwave absorbing material (magnetite and 

metallic iron) as well as of still unreacted small amount of carbon the sample was treated at the 

optimum conditions to push the system towards the complete reduction into metallic iron and 

promote the magnetic separation. In contrast with the previous experiments, the roasting process 

was stopped after 180 seconds. This was attributed to the increased concentration of conductive 

material (metallic iron) that reflected the microwave energy. The result of the 3rd MW roasting 

reduction was the production of a cinder with high magnetic properties.  

After the wet high intensity magnetic separation, three different products (MAG I, MAG II and NM) 

were collected. MAG I represented the 62 wt.% of the 3rd MW roasting cinder, MAG II was the 17 

wt.% and NM the 21 wt.%.  

Results of magnetic separation have shown that the higher concentration of metallic iron was 

detected in MAG I (56 wt.%), even though calcium, silicon and titanium were still present in minor 

amount. SEM and XRD analysis of the non-magnetic fraction (NM) revealed the existence of metallic 

iron particles (about 4 wt. %) embedded on the ceramic matrix. 

It can be concluded that the combined process presented is a favorable approach to recover iron 

comparing with a previous works [18,19]. In addition, an added value of this process is also the 

recovery of aluminum (70 % of aluminum recovered) after the alkali leaching in the first step.  

 In terms of Fe recovery, after the 1st and 2nd MW roasting reduction, nuggets were produced with 

high purity in Fe, overall extracting about 16 % in the fraction with a particle size > 0.2 mm and 2 % 

in the fraction with a particle size > 0.1 mm of the total Fe content of BR. Moreover, an advantage of 

this procedure is that Fe nuggets are easily recoverable through physical separation. Thereafter the 

3rd MW roasting reduction, Fe was recovered through the magnetic separation process and attested 

to 69 % in MAG I, while it was 6 % in MAG II and 1 % in NM.  

MAG I contains almost 55 % metallic iron and have as impurities calcium aluminosilicates as well as 

perovskite. It is an upgraded material in comparison with BR and can be added in the electric arc 

furnaces of secondary steel production as a raw material together with scrap. The impurities can play 

the role of fluxes for formation of the CaO-SiO2-Al2O3 type slag. In addition to MAG I, the Fe nuggets 

separated from the first two MW treatments can be also added in EAF for iron recovery. The nuggets 

have a purity in metallic iron higher than 93 % and the impurities are also aluminosilicates. Therefore, 

with the combine soda roasting and MW carbothermic roasting process almost 87 % of iron 

contained in BR is recovered as impure metallic iron and 70 % of contained aluminum is recovered in 
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the form of a sodium aluminate solution which can be recycled in the Bayer process for alumina 

production. 

As a final conclusion the combined soda roasting and MW carbothermic roasting process could be 

potentially developed into a high throughput continuous process to valorize BR and make it a 

secondary raw material resource. 

9.1 Future work 
In this PhD thesis a conceptual flowsheet for recovering metals from bauxite residue was 

proposed. Bauxite residue was mixed with metallurgical coke and treated through a reductive 

roasting process to reduce Fe+3 oxides into Fe+2 oxides and Fe0 and allow the magnetic separation 

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.  

Bauxite residue mixed with carbon was treated in a single mode microwave cavity which do not have 

a uniform, and predictable, electromagnetic field distribution. This cavity is used for laboratory-scale 

experiments to study the interaction between material and microwave. However, single mode 

applicators could not scale-up to industrial application due to geometric limitation and a non-uniform 

field. The transformation process can potentially take place continuously at a high throughput, 

turning the suggested modification into a realistic valorization scenario. To scale up the process a 

multi-mode applicator is suggested since it is more versatile comparing to single mode. 

The utilization of a carbon source is fundamental during the experiment to transform hematite 

(Fe2O3) and goethite (Fe2O3·H2O) present in BR into magnetite (Fe3O4), wüstite (FeO) and metallic iron 

(Fe0) according to the iron reduction pathway Fe2O3àFe3O4àFeOàFe. However, the production of 

carbon oxides emissions are an intrinsic part of the extraction processes and cannot realistically be 

avoided or abated [195] and could be a drawback related to the European “zero waste” policy. A 

possible solution is to use alternative reducing agents as biomass pyrolysis biochar [195,196] or 

carbon capture and storage (CCS) could represent a future option for managing emissions from 

chemical processes [195]. 

Moreover, the magnetic iron phases in the roasting residue can be fractionated through wet high 

intensity magnetic separation, forming an iron concentrate and leaving a nonmagnetic residue 

containing other constituents. However, further work required on magnetic separation process is to 

study in detail the magnetic properties of the sinter to find the suitable method to efficiently separate 

the magnetic iron phases from the nonmagnetic matrix. 
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In the last two decades the microwave techniques have been developed in mineral processing and 

extractive metallurgy [32,34,197–199], thanks to several advantages to conventional heat treatment 

methods as: non-contact heating; energy transfer; rapid heating rate; material selective heating; 

volumetric heating; clean energy and instantaneous control[34].  

On the other hand, the microwave metal extraction remains essentially a laboratory technique due 

to some disadvantages as the complexity of the interaction between the electromagnetic field and 

the material, the not-uniform temperature and the higher capital cost installation [198]. However, a 

scale-up reactor for microwave process is presented in Figure 67 to illustrate a possible scenario.  

The scale up is based on the industrial continuous-type reactor. In industrial applications the 

frequency utilized is 912 MHz with the maximum power capacity of 100 kW [198].  

Multimode applicator is the common processing system employed in the industrial applications 

thanks to its large location range in the cavity. However, the presence of different modes results in 

multiple hot spots and the consequence is the not uniform heating of the sample. To reduce the 

effect of hot spots and uniform the material heating, it is necessary to move the sample in the field 

and/or use a multiple magnetron [128]. Besides to a conveyor belt, presented in Figure 67, it is 

possible to employ a rotate tube which is the set up chosen for the microwave furnace in the 

RemovAL project [200]. 

The most used devices in pyrometallurgical processes for measuring temperature (thermocouple and 

optical pyrometer) have some issues. In particular, in the case of the thermocouple, the main 

drawbacks are related to the direct contact with the sample and the interaction with the field. On 

the other hand, the optical pyrometer could detect only the surface temperature, while the highest 

temperature is generated within the sample. In addition, both the devices can detect temperature 

only in one point. To compensate all these drawbacks, modelling techniques can be utilized to predict 

the temperature distribution in the material [198]. 

 

Figure 67. A possible scale-up of the microwave reactor 
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