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Indium & Gallium as critical metal

* |Indium (In) and gallium (Ga) are critical metal — key for

sustainable & economic development

= Critical to the overall functionality of the end product —

irrespective of the metal’s quantity or total value

= Critical in tech & clean energy economy — electronic

devices, semiconductors, solar panels, batteries
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= Have strategic and geopolitical importance

T
_
T
.

e ] - s N
Schc m ;'a ‘ -.: . i n UNIVERSITY OF THE g
¥ WITWATERSRAND, &7




Indium & Gallium resources & extraction

In & Ga are scares natural resources and in high demand

Thus new ways of recovering them are being explored

Waste materials (such as e-waste, waste from electrical and electronic equipment widely

known as WEEE or e-waste) can be one source of supply

lonic liquids (part of the molten salt family) as emerging solvents are explored as alternatives

to acidic solutions for extracting In & Ga
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Using Density Functional Theory (DFT) for selecting ionic liquids

= DFT used to theoretically evaluate 3 ionic liquids: [Bmim*HSO,] & [Bmim*ClF] & [Bmim*NO;7]

» DFT used to calculate Gibbs Free energy (AG), & HOMO and LUMO gaps to determine which
ligands [SO,%7], [NO47] or [CI7] provided by each ionic liquid produces the most possible and stable

complex with In and Ga

which has the same anionic parts
(Cl, HSO,~, and NO;) as commonly

I
O 0 : Chemical structure of the 3 ionic liquids,
I
I
| used acids used for In & Ga extraction

= All calculations were performed using Gaussian 16, B3LYP functional in gas phase, PBEPBE

Def2TZVP basis set.
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HOMO & LUMO of different complexes of In with SO,%-

[In2(S04)3] Dimer complex
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. Alpha MO 94 - LUMO Alpha MO 93 - HOMO
The sulfate ligand (SO,-), from i i

[In(SO4);7] Tetrahedral complex
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octahedral complexes with In. Alpha MO 60 - LUMO Alpha MO 59 — HOMO

lonic liquid [Bmim*HSO,] can

_®
make dimer, tetrahedral and

[In(SO4)373] Octahedral complex

Alpha MO 85 - LUMO Alpha MO 85 - HOMO

UNIVERSITY OF THE g
WITWATERSRAND. &7




HOMO & LUMO of different complexes of In with NO;=, and C

[In,Clg] Dimer complex

The ligands NO5~ and CI- from ionic liquids * o o '
m d‘%%‘:

[BmIm*NO5] and [Bmim*Cl-] can make different

Alpha MO 73 - LUMO Alpha MO 72 - HOMO

[InCl3] Trigonal planar complex
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Alpha MO 37 -LUMO Alpha MO 36 - HOMO

complexes with In.

[In(NOs),*] Tetrahedral complex

[InCl;] Square planar complex

3-e

Alpha MO 46 - LUMO Alpha MO 45 - HOMO

Alpha MO 42 - LUMO Alpha MO 41 -HOMO

[In(NOs);] Octahedral complex

[InClg>-] Octahedral complex

Alpha MO 58 - LUMO Alpha MO 57 - HOMO Alpha MO 64 — LUMO. Alpha MO 63 — HOMO
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HOMO & LUMO of different complexes of Ga with SO,%-

[Gay(S04)3] Dimer complex

The sulfate ligand (SO,7), from .\W W

lonic liquid [Bmim*HSO,] can

Alpha MO 104 - LUMO Alpha MO 103 — HOMO:
make dimer, tetrahedral and [Ga(SO4);] Tetrahedral complex
octahedral complexes with Ga. W {
Alpha MO 65 - LUMO Alpha MO 64 - HOMO

[Ga(S04)s7®] Octahedral complex
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Alpha MO 90 - LUMO Alpha MO 89 —HOMO
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HOMO & LUMO of different complexes of Ga with NO4~, and CI-

[Ga,Clg] Dimer complex

The ligands NO5~ and CI-from ionic liquids 0,\@’ ‘ /&
[Bmim*NO;] and [Bmim*Cl-] can make '(\

dlﬂ:erent COIT] p|€X€S Wlth Ga [GaCl;] Trigonal planar complex

[Ga(NOs),"] Tetrahedral complex j

Alpha MO 42 - LUMO Alpha MO 41 -HOMO

[GaCl,] Square planar complex

Alpha MO 47 - LUMO Alpha MO 46 — HOMO- S
“» 318
[Ga(NOs)s] Octahedral complex ‘

Alpha MO 51 - LUMO Alpha MO 50 —HOMO

[GaClg*"] Octahedral complex
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Alpha MO 63 = LUMO Alpha MO 62 = HOMO AIpha MO 69 — LUMO Alpha MO 68 — HOMO
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The calculated AG and HOMO-LUMO gap for In complexes

Complex Complex shape @ Complex charge AG (eV) HOMO-LUMO gap (eV)
[IN,(SO,)4] Dimer 0 7.47 4.14
[IN(SO,),7] Tetrahedral -1 33.74 3.05
[IN(SO,)5*] Octahedral -3 109.24 3.81
[IN(NOy),"] Tetrahedral +1 28.30 3.47
[IN(NOy)4] Octahedral 0 13.45 3.89

[In,Clg] Dimer 0 10.73 4.06
[INnCl,] Trigonal 0 11.23 3.99
[InCl, ] Square -1 43.09 3.14
[INCl 3] Octahedral 127.44 3.42
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The calculated AG and HOMO-LUMO gap for Ga complexes

Complex Complex shape = Complex charge AG (eV) HOMO-LUMO gap (eV)
[Ga,(SO,),] Dimer 0 7.79 5.07
[Ga(SO,), ] Tetrahedral -1 33.52 4.59
[Ga(SO,);%] Octahedral -3 110.04 2.95
[Ga(NO;),*] Tetrahedral +1 28.60 4.49
[Ga(NO,),] Octahedral 0 13.38 4.04

[Ga,Cl] Dimer 0 11.33 4.95

[GaCl,] Trigonal 0 11.64 4.93

[GaCl, ] Square -1 44.57 3.38

[GaCI 5] Octahedral 130.73 3.50
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The optimised geometry of [In,(SO,),] & [Ga,(SO,);]-dimer complex —

the most stable and possible complex to form with In & Ga

v Therefore, [Bmim*HSO,-] was the most effective ionic liquid  [IN,(SOy)4]- dimer complex =
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