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Redox Reactions: A Primer

● Refining metals = bringing them to +0 oxidation state
○ Metals in ores exist as oxidized species

● Changing oxidation state is definitionally redox
○ Refining ores to metals requires a reducing agent

● Electrolysis is just redox where half-reactions are 
separated and electrons are your reducing agent
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Anode: electrode where oxidation takes place
⤷ Oxidation: an increase in charge state (more positive; loss of electrons)

Cathode: electrode where reduction takes place
⤷ Reduction: a decrease in charge state (more negative; gain of electrons)

Electrolyte: conductive solvent mediating 
electron/ion transfer between cathode and anode

Decomposition potential: minimum applied EMF 
needed to induce electrolysis; 

Electrolysis and You: A Primer

electro + lysis: “to break apart with electricity”



Electrolyte: aqueous NaCl (~26% w/w solution)

Anode: titanium mixed-metal oxide
⤷ Oxidation half-reaction: 2 Cl− → Cl2 + 2 e− (E° = 1.23 V)

Cathode: graphite 
⤷ Reduction half-reaction: 2 H2O + 2 e- → H2 + 2 OH− (E° = -0.99 V)

Net Rxn: 
2 NaCl + 2 H2O → 2 NaOH + Cl2 + H2  (E° = -2.23 V)

Chloralkali 
process

Electrolysis and You: A Primer

Appl. Sci. 2019, 9, 284.

-1 0

+1 0

oxidized by 1 e- / atom

reduced by 1 e- / atom
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http://www.youtube.com/watch?v=jtaLz9XpoXY


The Hall–Héroult 
Process

The Archetype for Industrial 
Molten-Salt Electrolysis
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Charles Martin Hall and 
Paul L. T. Héroult 

independently discover 
the electrolytic process 

for aluminum production

Approx. Al price 
(2021 US$/oz):

$0.07
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● Bauxite: primary ore of aluminum
○ 30–60% Al2O3 • x H2O
○ Remainder: SiO2, TiO2, FexOy

● Bayer process makes Al2O3
○ Invented 1888 by Carl Bayer

■ Al2O3 + 2 NaOH → 2 NaAlO2 + H2O
■ 2 H2O + NaAlO2 → Al(OH)3 + NaOH
■ 2 Al(OH)3 → Al2O3 + 3 H2O

Okay but first I need to tell you about The Bayer Process

Enserink, M. Science 2010, 330 (6003), 432–433.
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Finally, the Hall–Héroult Process

Al2O3 + 3 C → 2 Al + 3 CO
0 +2

+3 0

oxidized by 2 e- / atom

reduced by 3 e- / atom

Temperature: 940–980 °C
Voltage: ~4.9 V
Current: ~5 A/cm2



Alumina (Al2O3) melting point: 2072 °C

Hall–Héroult Electrolyte
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Alumina (Al2O3) melting point: 2072 °C
Cryolite (Na3AlF6) melting point: 1009 °C

10% Al2O3 : Na3AlF6 
eutectic MP: 960 °C

Hall–Héroult Electrolyte

Wendt, H.; Vogt, H.; Kreysa, G.; M. Kolb, D.; E. Engelmann, G.; Ziegler, J. C.; Goldacker, H.; Jüttner, K.; Galla, U.; Schmieder, H.; Steckhan, E. Electrochemistry. In Ullmann’s 
Encyclopedia of Industrial Chemistry; John Wiley & Sons, Ltd, 2008. https://doi.org/10.1002/14356007.a09_183.pub2.



Hall–Héroult Reactor Layout

Wendt, H.; Vogt, H.; Kreysa, G.; M. Kolb, D.; E. Engelmann, G.; Ziegler, J. C.; Goldacker, H.; Jüttner, K.; Galla, U.; Schmieder, H.; Steckhan, E. Electrochemistry. In Ullmann’s 
Encyclopedia of Industrial Chemistry; John Wiley & Sons, Ltd, 2008. https://doi.org/10.1002/14356007.a09_183.pub2.



Hall–Héroult Reactor Layout

“The cell is composed of an outer carbon or 
graphite lining and a row of adjustable prebaked 
carbon anodes. At the bottom of the pot there is the 
cathode, a pool of liquid aluminum, which is 
emptied periodically by suction and which is 
covered by the molten electrolyte into which are 
immersed the gas-evolving anodes. The melt is 
covered by a crust of solid electrolyte and a supply 
of fresh, loose Al2O3. Periodically crushing this crust 
serves to replenish the Al2O3 content of the bath.”

Wendt, H.; Vogt, H.; Kreysa, G.; M. Kolb, D.; E. Engelmann, G.; Ziegler, J. C.; Goldacker, H.; Jüttner, K.; Galla, U.; Schmieder, H.; Steckhan, E. Electrochemistry. In Ullmann’s 
Encyclopedia of Industrial Chemistry; John Wiley & Sons, Ltd, 2008. https://doi.org/10.1002/14356007.a09_183.pub2.



● Anode/Cathode: carbon 
○ “Prebaked” or “self-baking” (Söderberg)
○ Up to 150 cm diameter
○ Interelectrode distance: 8 cm

● Melt container also made of carbon
● “Sacrificial anode” must be continuously 

replaced to account for oxidation
○ Prebaked: 0.47 kg/kg Al
○ Söderberg: 0.55 kg/kg Al
○ Theoretical limit: 0.33 kg/kg Al)

● Current inhomogeneities (“anode 
effect”) may create CFx species 

Electrode Properties and Geometry

Vohler, O.; Nutsch, G.; Collin, G.; von Sturm, F.; Wege, E.; Frohs, W.; Henning, K.-D.; von Kienle, H.; Voll, M.; Kleinschmit, P.; Vostrowsky, O.; Hirsch, A. Carbon. In Ullmann’s 
Encyclopedia of Industrial Chemistry; John Wiley & Sons, Ltd, 2010. https://doi.org/10.1002/14356007.a05_095.





Greenwood, N. N.; Earnshaw, A. Chemistry of the Elements; Elsevier, 2012, among many other sources.
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Industrial Synthesis of Pure Elements

1. Molten-salt 
electrolysis

2. Thermochemical 
reduction 
(Mg/Ca/Al)

3. Thermochemical 
reduction 
(Si/H2/C)

4. Electrowinning

reactivity series

nonmetals

(lame, boring)

transactinides (overrated, arguably not chemistry)

transuranics (complicated, scary)







What’s the Temperature, Kenneth?



<600 °C: 
electrowinning, some 
eutectic electrolyses

600-800 °C: 
most salt electrolyses

800-1000 °C: 
most Mg/Ca/Al reduction

>1000 °C: 
most C/H2/Si reduction

What’s the Temperature, Kenneth?

nonmetals
(passé, overdone)

transactinides (ephemeral, useless, a collective fever dream)

transuranics (terrifying, a monument to man’s hubris)



Case Study: Titanium Refining
● Past: reduction with Na (Hunter Process, 1950-1993)

● Present: reduction by Mg (Kroll Process):
1. TiO2 + 2 Cl2 + C → TiCl4 + CO2 (T = 900 °C)
2. TiCl4 is distilled off from AlCl3, VOCl3, SnCl4, etc.
3. TiCl4 + 2 Mg → Ti + 2 MgCl2 (T = 1100 °C)
4. MgCl2 electrolysis to Mg metal

● Future?: electrolysis of TiO2 (FFC Cambridge Process)
Electrolyte: CaCl2 melt (T > 800 °C)
Metalysis, Inc. (UK) developing pilot cell

Takeda, O.; Ouchi, T.; Okabe, T. H. Metall. Mater. Trans. B 2020, 51, 1315.



Case Study: Titanium refining

“The direct reduction of titanium oxide seems reasonable 
as a reduction process; however, an inexpensive method 
for the production of high-purity titanium oxide by removing 
iron, aluminum, silicon, etc., from titanium ores has not 
been developed to date. At this stage, the purity of TiO2 
obtained by upgrading is at most 96%, and a more 
advanced process is required, like the Bayer process in 
aluminum smelting (achieving 99.5% pure Al2O3).”

I. Mellor, G. Doughty, M. Piper, T. Ellis, K. Rao, J. Dean. Proc. 13th World Conf. Titanium, 2016, pp. 145–50.



Broader Outlook for Melt Electrolysis
● Mn (E° = -1.05 V) is the most reactive metal that can be 

electrodeposited from aqueous solution

○ Less active metals (e.g. Sn, Pb) can be produced by electrowinning

○ More active metals (e.g. Al, Ti) can only be electrolyzed from a melt

● Electrolysis requires highly purified oxide starting material

○ The Bayer process is inextricable from the Hall process because it 
produces very pure Al2O3 from crude bauxite ore

■ The Bayer process is responsible for 40-50% of the production cost of Al!

○ No equivalent to the Bayer process yet exists for most other light metals
Wendt, H.; Vogt, H.; Kreysa, G.; M. Kolb, D.; E. Engelmann, G.; Ziegler, J. C.; Goldacker, H.; Jüttner, K.; Galla, U.; Schmieder, H.; Steckhan, E. Electrochemistry. In Ullmann’s 
Encyclopedia of Industrial Chemistry; John Wiley & Sons, Ltd, 2008.
Haupin, W. E.; Frank, W. B. Compr. Treatise Electrochem. 1981, 2, 301.
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+ May reduce rxn temp to 
range accessible by 
Gen3 CSP

+ Emissions reductions 
likely vs. incumbent 
processes

+ Potential for retrofitting 
(high electricity use 
already there)

Outlook for CSP Integration
− Temp demand may be 

800-1000 °C or greater 
(perhaps beyond Gen3)

− Demands novel 
preprocessing steps for 
ore purification

− Inert anode R&D 
needed to reach true 
zero emissions



Suggested CSP Integration Foci

● Titanium refining

● Lanthanide separation

● Magnesium electrolysis



How are pure elements made today?

How are pure elements made today?
1. Molten-salt 

electrolysis
2. Thermochemical 

reduction 
(Mg/Ca/Al)

3. Thermochemical 
reduction 
(Si/H2/C)

4. Electrowinning

reactivity series

nonmetals

(lame, boring)

transactinides (overrated, arguably not chemistry)

transuranics (complicated, scary)



Other metals

● Al:
○ 1 Mt, $1.98bn (US, 2020)
○ 65.2 Mt, $190bn (world, 2020)

Mg: “”
Na: “”
Ca: “”
Ln: “” 240 kt/yr $3.8bn
U.S. Geological Survey. Mineral Commodity Summaries 2021; U.S. Geological Survey, 2021; p 200.


