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Abstract 

With the aim of moving toward a sustainable future and building the circular economy, waste 

valorization is highly motivated. Bauxite residue is the by-product of the Bayer process for 

alumina production. It contains considerable amounts of rare earth elements (REEs) and 

refractory metals as well as aluminum and iron, some of which are considered critical materials 

and initiatives have begun to mine them from secondary sources, such as landfilled industrial 

process residues. In this study, a two-step process consisting of carbothermic smelting followed 

by acid baking-water leaching was developed. During carbothermic smelting, iron is separated in 

the metallic phase and other valuable metals are concentrated in the slag phase and they are 

leached in the acid baking-water leaching step. Design of experiments methodology was utilized 

to investigate the effect of the various operating parameters and optimize both processing steps. 

Furthermore, fundamental investigations were carried out to elucidate the physiochemical 

mechanisms governing both processing steps. The developed process proves to be a promising 

technique as the first step of a potential near-zero-waste integrated process for the sustainable 

valorization of bauxite residue to help build the circular economy. 

Keywords: Bauxite residue, carbothermic smelting, acid baking-water leaching, rare earth 

elements, near-zero-waste.  

1. Introduction

Bauxite residue (BR), the solid by-product of the Bayer process for alumina production, is 

increasingly viewed less as a problematic waste product, and more as a potential valuable 

resource for the sustainable recovery of critical materials such as scandium (Sc), rare earth 

elements (REEs), titanium (Ti), hafnium (Hf), aluminum (Al), iron (Fe), and others. Bauxite 

residue is an abundant, economical, and sustainable resource because it is produced globally (on 

all continents except Antarctica) at a rate of 150 million tonnes per year, with 3 billion tonnes 

stockpiled worldwide. [1–3] Several efforts have been made to develop a method to recover the 

valuable materials that become enriched in the residue during the Bayer process,[4–6] in 

particular Sc, which is extremely valuable (US $4600/kgSc2O3)[7] due to its low rates of 

worldwide production, and important applications for producing lightweight Al-Sc alloys and 

solid-oxide fuel cells. However, no valorization strategy has been adopted because the complex 

mineralogy of the residue makes efficient and economical extraction and purification of the target 

materials difficult. Furthermore, bauxite residues from different regions are different, depending 

on the characteristics of the starting bauxite ore, and the specific Bayer process parameters, 

meaning that no single solution is universally applicable. 

A common challenge for the separation and purification of valuable materials from bauxite 

residue leachates is the separation of scandium and iron, because of the close association between 

Sc and the Fe-bearing mineral phases. Generally, any direct leaching process that recovers Sc 

results in co-extraction of Fe.[8] As a result, Sc recovery processes generally require complex 

solvent extraction, selective precipitation, or ion-exchange approaches. One proposed alternative 
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route for the removal of iron from the system is a pyrometallurgical carbothermic smelting to 

reduce the Fe content (+3 oxidation number) in the BR to molten Fe (0 oxidation number), which 

is immiscible with the liquid slag phase formed by the remaining aluminum, calcium, silicon, and 

sodium oxides, and it can be recovered as a crude iron product. Most of the target valuable 

materials (scandium, REEs, titanium, hafnium) partition into the slag phase. 

 

A summary of previous studies examining the application of smelting to the valorization of 

bauxite residue is given in Table . In most cases, bauxite residue was mixed with carbon and a 

fluxing agent (calcium/silicon oxides, or other industrial waste products), similar to the blast 

furnace process for producing metallic iron from iron ore. The carbon is used to reduce the iron, 

and the flux is used to reduce the temperature and viscosity of the melt, allowing for efficient 

phase separation. Because the reduced iron and the slag are immiscible both in the molten state 

and after solidification, the two phases can be readily separated, allowing the production of an 

iron-depleted slag that can be used for the recovery of the valuable materials via leaching 

processes.[9] 

 

Table 1. Previous studies on carbothermic reduction smelting 

 for iron recovery from bauxite residue. 

Reference 
BR 

Source 

Smelting 

temperature 

(°C)  

Smelting 

duration 

Flux 

composition 

Flux 

amount 

(wt%) 

Carbon 

amount 

(wt%) 

Additional 

Notes 

Alkan 

(2017) 

[10]  

Greece 1500-1550 1 h CaO 10-50 1 

Controlled 

cooling 

used 

Alkan 

(2018) 

[11] 

Greece 1500-1550 1 h CaO 20 10 

Dry acid 

digestion 

of slag (75 

°C conc. 

H2SO4), 

then water 

leach 

Balomenos 

(2014) 

[12] 

Greece 1580  

 0.9-1.1 

(CaO + 

MgO): 1 

SiO2 

(wt ratio) 

33-35 13-20  

Borra 

(2016) 

[13] 

Greece 1500-1600 1 h CaSiO3 5-40 5 

Slag 

leached 

with HCl, 

HNO3 or 

H2SO4 at 

90 °C 

He (2017) 

[14] 

China 1600 35 min N/A 3-9 25 BR mixed 

with 

laterite 

nickel ore 

as 

feedstock 

Kaußen 

(2015) [9] 

Germany 1600-1700 100 min N/A 0 6.25  

Lucas 

(2018) 

Greece 1500 1 h CaO, MSWI 

bottom ash* 

20 10 MSWI 

bottom ash 
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Figure 5. EDS elemental mapping of the smelted BR slag (SBR) a) before and b) after acid 

baking (ABSBR: SBR + 1 mLH2SO4/gSBR + 200 °C (2 h)).  

 

The morphology and composition were characterized using SEM-EDS. 

 

4. Conclusions 

 

In this study, it was demonstrated that carbothermic reduction smelting process can be utilized to 

separate Fe from the bulk bauxite residue and to concentrate Sc and other valuable elements in the 

slag phase. Acid baking-water leaching can then be utilized to extract the valuable materials from 

the slag phase. This study consisted of a preliminary investigation of the “smelting-ABWL 

process”, which demonstrated its feasibility for valorizing bauxite residue. Work is currently 

underway to study the specific effects of different smelting and ABWL process parameters, such 

as smelting temperature, flux and carbon composition, acid-SBR ratio, baking temperature, and 

water-ABSBR ratio, to gain a fundamental understanding of the underlying physicochemical 

mechanisms, and to achieve an economically and operationally optimal set of process parameters. 

The ultimate goal of this research is to develop a near-zero-waste bauxite residue valorization 

process to meet modern society’s demand for several critical materials, while reducing 

dependence on environmentally damaging primary extraction processes, exploiting an abundant 

and readily available resource, and reducing the accumulation of bauxite residue in landfills. 
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