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Metal production (Pyrometallurgy, Electrometallurgy, Hydrometallurgy)

Melt treatment

Energy supply and utilization

Recycling of metals

Environmental issues in metallurgical industry

Preparation and characterization of biomaterials

Raw Materials (ores, coals, …)

Refractory meterials (SiO2, C, SiC, Si3N4, ..)

Research area
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Sustainable production of alumina
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Sustainable production of alumina

Bayer process:

Al(OH)3(s) + NaOH  NaAl(OH)4 (aq)

AlO(OH) (s) + NaOH + H2O NaAl(OH)4 (aq)

Leaching:

NaAl(OH)4(aq)  Al(OH)3(s) + NaOH(aq)

Precipitation:

Al(OH)3(s)  Al2O3 (s) + H2O(q)

Calcination:

Karl Josef Bayer 

(1847-1904)
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Sustainable production of alumina

Red mud:  

Red mud formation causes direct loss of iron and aluminum oxides!

J. Safarian, L. Kolbeinsen: Sustainable Industrial Processing Summite & Exhibition, 06-10 

November 2016, Hainan, China, pp. 75-82.

.
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Sustainable production of alumina

• Red mud is transported to holding ponds, usually close to the aluimna plant

• The stockpiling requires special procedures to minimize the risk of red mud 

flooding. 

• Red mud has alkalinity and it requires neutralization to reduce its 

environmental impact; decreasing PH to lower acceptable levels is necessary. 

- Acid neutralization

- CO2 treatment,

- Seawater neutralization

- Bioleaching and sintering 

The Red Mud production indeed 

represents an environmental problem 

Typical image of a red mud pond, Stade, Germany.

(From Google.com/maps)

Red mud problem:  
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Red mud catastrophe, Henan, China, 2016.

Red mud catastrophe, Hungary, 2010.

Sustainable production of alumina
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Sustainable production of alumina

Red mud problem:  

Red mud:

• 120 million t/y

• Around 3 billion 

tons worldwide



10

Sustainable production of alumina

Can we prevent the red mud production? 

 A process was patented by Harald Pedersen in 1924. 

 It was commercialized and had production of 17000 ton per year until 1969 in 

Høyanger, Norway. The process works for all kinds of ores, in particular for 

laterite. 
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Sustainable production of alumina

CO2

Pedersen  process:

Pyrometallurgical

Hydrometallurgical

www.ntnu.edu/web/metpro/about

www.ensureal.com
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Sustainable production of alumina

Pyrometallurgical part:

+

+

Mixing

Bauxite

Lime

Coke

Calcium-aluminate slag 
can be leached for 
alumina extraction

Photograph: J. Safarian (unpublished work)
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Sustainable production of alumina

Hydrometallurgical part:

Leaching:
CaO•Al2O3 +    Na2CO3 2 NaAlO2 + CaCO3

12CaO•7Al2O3 + 12Na2CO3 7 NaAlO2 + 12CaCO3+10NaOH

3CaO•Al2O3 + 3  Na2CO3 6 NaAlO2 + 3CaCO3            (<50%)

(40°C)

Precipitation:
2NaAlO2 + 3H2O + CO2 2 Al(OH)3+ Na2CO3

(60 – 80°C)

Al(OH)3(s) Al2O3 (s) + H2O(q)

Calcination:

J. Safarian, L. Kolbeinsen: Sustainable Industrial Processing Summite

& Exhibition, 06-10 November 2016, Hainan, China.
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Sustainable production of alumina

0.38

Slag 

II

0.33

Slag 

I

Typical slag leaching trials

F. I. Azof et al.: Travaux 46, Proceedings of 35th International ICSOBA Conference, Hamburg, Germany, 2 – 5 October, 2017. 



Name
CaO

(wt.%)

Al2O3

(wt.%)

CA phase

(wt.%)

CA2 phase 

(wt.%)

C3A phase 

(wt.%)

Slag I 33 67 84 16 -

Slag II 38 62 91 - 9

Composition of Slags

Sustainable production of alumina

CA = CaO.Al2O3 ; CA2 = CaO.2Al2O3 C3A = 3CaO.Al2O3

Slag I Slag II

F. I. Azof et al.: Travaux 46, Proceedings of 35th International ICSOBA Conference, Hamburg, Germany, 2 – 5 October, 2017, pp. 243-254.
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*Calculated semi-quantitatively

 .%
100%

initial SQ residue

leach

initial

mass wt mass

mass


  
  
 
 

Sustainable production of alumina

F. I. Azof et al.: Travaux 46, Proceedings of 35th International ICSOBA Conference, Hamburg, Germany, 2 – 5 October, 2017. 
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Sustainable production of alumina

F. I. Azof et al.: Travaux 46, Proceedings of 35th International ICSOBA Conference, Hamburg, Germany, 2 – 5 October, 2017. 

Leaching oven



18

In ENSUREAL project:

• The pyrometallurgical part of the Pedersen process

• The leachability of more binary and ternary slags is studied

• The leachability of slags produced through smelting-reduction of the bauxite

ores is studied.

• The preicipitation of Al(OH)3 from sodium-aluminate solutions is studied.

• Calcination of Al(OH)3 to metallurgical grade alumina is studied.

• The whole process in pilot scale will be run through cooperation with SINTEF 

and other partners

Sustainable production of alumina
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Solar grade silicon feedstock production overview

Submerged Arc 

Furnace

SiO2 C

Off gas
(CO,SiO,…)

MG-Si (99.0% Si)

Solar Grade Silicon (SoG-Si)

(+5N)

Metallurgical

processes
Chemical process

Polysilicon

(6N-8N)

Highy purity polysilicon

(9N, +9N)

Electronic Grade Silicon (EG-Si) / SoG-Si

Sustainable production of solar silicon
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ELKEM Solar process

Example: Acid leaching of silicon in ELKEM Soalr Process

Hydrometallurgical process

Ca, Mg,…

In Acid leaching step: The impurities are

removed by acid leaching and the remained

solid is silicon

Ref: www.elkem.com

Sustainable production of solar silicon
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Solifification

Ca

Acid leaching

Solution containing impurities, 

undesolved particles

Silicon particles

Molten 
silicon

Si-Ca melt

• When lumps of the alloy are treated with dilute HCl acid:

• The CaSi2 swells and the lumps disintegrate to silicon grains around 1-2 mm

• The fine grained material containing impurities is easily separated from the 

silicon grains by washing. 

+ + = + +
2 2 6 6 3( ) 2 2

3 6 3 3 3
s

CaSi HCl H O Si H O CaCl H

 Silicon doping by Ca:

Sustainable production of solar silicon
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Microstructure of a Si-4wt%Ca alloy containing metallic impurities

Primary Si

CaSi2

Scanning electron micrograph: J. Safarian (unpublished work)

Metallic impurities

Sustainable production of solar silicon
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Sustainable production of solar silicon

 Silicon doping by Mg:

J. Safarian et al. 32nd European Photovoltaic Solar Energy Conference and Exhibition, 2016, Munic, Germany, 

pp.1011-1014.

.
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Sustainable production of solar silicon

S. Espelien, J. Safarian: AIMS Energy, 5(4): pp. 636-651. 
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Sustainable production of solar silicon

Secondary Electron (SE) and BSE images of silicon sample containing 2.1wt% Mg at different leaching durations. 

SEBSEBSE

30 min 180 min 180 min

What happens when Mg2Si phase is leached?

J. Safarian et al. 32nd European Photovoltaic Solar Energy Conference and Exhibition, 2016, Munic, Germany, pp. 1011-1014.

Mg use as the refiner metal:

 Low silicon loss

 Low energy consumption process

 Sustainable approach
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Sustainable production of solar silicon

J. Safarian et al. 33nd European 

Photovoltaic Solar Energy 

Conference and Exhibition, 2017, 

Amsterdam, Nederland, pp. 476-470.
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Leaching by 15%HCl at 80°C for 3 hours, and then by 2.5%HCl at 80°C for 3 hours.

Sustainable production of solar silicon

J. Safarian et al. 32nd European Photovoltaic Solar Energy Conference and Exhibition, 2016, Munic, Germany, 

pp.1011-1014.
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Summary:

• Sustainable alumina production

• Sustainable production of Alumina through pyrometallurgical-Hydrometallurgical 

approach is possible and can solve the red mud problem

• Reviving the Pedersen process is a proper approach; ENSUREAL project goal is 

demonstration of a modernized Pedersen process in TRL 7.

• Knowledge-building about the hydrometallurgical Pedersen process is necessary

• Sustainable Solar silicon production

• Acid leaching process for solar silicon production is very effective 

• Application of Mg as a refiner metal is a sustainable approach

• The acid leaching of Mg-doped silicon is effective to remove many impurities, in 

particular phosphorus
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Thank you for your attention!


