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ﬁigh purity Australia
lumina
Si \A\ Mo Se

EU
B PeM W LI N
Sb VTi REE Teln
He GaBe As GrafphlteGeNl Cr
Mo Cs
Al Nb
Phosphate BaSO Rb
ock 4 Mn Sn zp
CaF2 Cu
Source: Irena, The U.S. Sr Sm USA

Department of Energy, EC,

Australian

Au Fe Mo < China
EU i U
B A (\éVFLi Co - Sn
Sb ar, REE Zr
Ga He o Graphite Ni Cs
Phosphate [ As pgg Ge Hf Vv Cr
BasSO, .. n Rb
"4 Npb Mn V9 7n
Ti Te
Ta Sm

Source: Irena, The U.S.
Department of Energy, EC




o Periodic Table

of the Bl C

10.81 | 12.01 | 14,
1 ¢

.01

Elements B
6 7l 8 9 10 11 12 26.98
24 25 26 27 28 29 30 3

Cr(Mn|Fe|[Co| Ni |Cu|Zn|Ga

52.00 | 54.94 | 55.85 | 58.93 | 58.69 | 63.55 | 65.39 | 69.72

Mo|Tc [Ru|Rh|Pd|Ag|Cd|In

95.94 | (97.91) | 101.07 | 102.91 | 10642 | 107.87 | 11241 | 11482
74|75 |76 |77 mn7 879580 81

(223.02)| (226.03) | (227.03) |(261.11) |262.11)| (263.12)

58
c&

140.12 | 140%
90 _

Th|Pa Bk

232.04 | 231.04 .06)|(247.07)|(247.07) | 251.08

Separation of REE
Callow, 1967:

“Discussing lanthanon separation is
like discussing chess. There are a
limited number of opening moves,
which can be analysed in detail. As

the game develops, possibilities
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Sparingly soluble REE salts
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Solubility products, valid at 25°C and zero ionic strength.

Sparingly soluble REE salts

Basicity precipitation (e.g. using magnesia or caustic soda) is
widely used in industry. Ammonia has also been used in large

“scatetoprecipitate-hydroxides fromrmitrate-or chioride sotutions——
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Solubility products, valid at 25°C and zero ionic strength.




Sparingly soluble REE salts

Carbonates are almost insoluble in water but readily soluble in
dilute acids. Carbonates can be precipitated from aqueous
solutions e.qg. by addition of alkali carbonates, bicarbonates or
carbon dioxide-gas.

s > REEF3
& e w 5 2 sa X XK X X OREE(OH)3
;_20 =% é % > + REEPO4
- O o F: <R 04)3
28 R g qz@aa@cbas®+®o
A
< R
-30 < <
A < " < S o <O < - VANV NN
-35 7 o VANSAY AN A =

Solubility products, valid at 25°C and zero ionic strength.

Recycling of magnets — closing the loop

0 Reuse - Large PM can be dismantled and reused,
e.g. those in generators in wind turbines and potentially
those in vehicle electric motors.

0 Directrecycling — PM are harvested and used to make
new PM, like in-house recycling of materials from
production.

0 Indirect recycling — due to the complexity of the
products, oxidation or other contamination and varying
alloy composition the PM might need to undergo
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Hydrometallurgical recycling

Leaching (with or without roasting) followed by separation

solvent extraction, ion exchang r)ystall:zat:on/ prec pltatlon
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0 The REE (Nd, Pr, Dy, Gd, Tb)
Supernate are obtained as a mixture or as
individual salts

o 0 The final REE product is often
ot the oxides or fluorides

Suspension Precipitate

Principles of Crystallization
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Recycling of magnets

H,SO, (aq) Antisolvent
v v
Magnet —s| | caching | Crystallization —| Distillation
scrap
v \
REE sulphate H,SO, (aq)
hydrates (s) Fe(lll), Ni(ll), ...
0 The REE can be selectively separated from the leach liquor
[0 The REE sulfate hydrates have a high solubility in water
[0 The solvents can be recovered by distillation

Antisolvent crystallization

0 By adding an antisolvent the solubility of the salt
decreases

Anti-solvent added
Initial solvent

Water can attract and form layers

— surrounding both negatively and

C " C 1 positively charged ions and thus keep
e e

them apart (high dielectric constant/
Conc. (MoliL) | \arizability).

Alcohols have lower dielectric constants




Recycling of magnets

H,SO, (aq) Antisolvent
v v
Magnet —» Leaching ™| Crystallization ™| Distillation
scrap ! 4
REE sulphate H,SO, (aq),
hydrates (s) Fe(lll), Co(ll), ...

Synthetic solutions
*Nd(lll) (8 g/kg) and Dy(lll) (0.9 g/kg) in H,SO,
* lron (25 g/kg) in the form of either Fe(ll) or Fe(lll)

0 Cryst

Mechanisms of impurity incorporation

» Solution adhering to the surface
“Interfacial tension and viscosity”

Washing and centrifuge @
» Macroscopic inclusion
“‘Surface irregularity”
Crushing, reslurrying, and washing @
* Microscopic inclusion %
“Step behaviour”



Mechanisms of impurity incorporation

Kinetically controlled non-equilibrium lattice impurity incorporation
and incorporation by 3D inclusion or by adhesion to mother liquor
can all be influenced by modifying the crystallization conditions or
downstream processes.
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Slow growth rate enhances purity (- productivity)
Effective mixing enhances purity (> 10- 20um)
Avoid agglomeration

Suitable CSD and shape gives shorter washing and filtration
times which in turn leads to improved product quality, e.g. better

purity

Antisolvent crystallization

Which parameters are important?

0 Choice of antisolvent (solubility of
impurities, shape)

[0 Dosing of antisolvent (amount,
concentration and rate)

0 Operation and mixing e R N
techniques (micro/macro) s ﬁ*‘
0 Study aging and agglomeration NiSO,:6H,0 »

Thermodynamics and kinetics are important




Recycling of magnets

H,SO, (aq) Antisolvent
v J
Magnet —s | oaching | Crystallization —| Distillation
scrap ¥ ¥
REE sulphate H,SO, (aq)
hydrates (s) Metal ions
« 25°C

* Nd(lll) (8 g/kg) and Dy(lll) (0.9 g/kg) in H,SO,
* lron (25 g/kg) in the form of either Fe(ll) or Fe(lll)

Cryst

Recycling of magnets

Balance the generation and consumption of supersaturation
Promote growth and avoid secondary nucleation

0 Antisolvent addition rate (generation of supersaturation)

[1_Seed loadina (hiaher seed loading -> lower linear growth rate)
Addition rate | Seed loading Antisolvent crystallization
(mL/min)
06215 11(3;6 8 g/kg of Nd(lll)
0.1 557 25 g/kg Fe(ll)
0.1 5% Seeding with Nd,(SO,),*8H,0
0.1 o Antisolvent: Ethanol (100%)

25 C




Recycling of magnets
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Recycling of magnets

Addition rate Seed loading Fe () Purity’
(mL/min) (9/kg) (%)
0.1 1% 9+ 2 97.1+£0.6
0.1 2.5% 7+ 2 98.3+0.4
0.1 5% 4+3 98.9+0.5
0.1 10% 2+ 1 99.5+0.2
0.25 10% 17+ 4 95.6+0.8

[0 The systematic change in purity with seed loading and antisolvent addition rate

Optimal
10% seed loading

Optimal
10% seed loading
0.1 mL/min addition rate

indicate that the Fe(ll) is primarily introduced into the sample during the
crystallization process rather than during the washing stage.

0 Itis not possible to determine to which extent the iron is present as separate



Recycling of magnets

Antisolvent Crystallization Seed crystals

of REE sulphates | ~  Nd,(S0,),8H,0
Seeds 100 ym (all images)
Antisolvent H,SO, (aq) Ilild2(804)3 8tH|20
0.1 mL/min Nd(lll), Fe(ll arger crystals
' Nd purity >99%
Seeds

Nd,(SO,), 8H,0
Smaller crystals
Agglomerates

Nd purity >99%

Antisolvent ’ H. SO, (aq)
2 4
0.1 mL/min Nd(l11), Fe(lll
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Recycling of magnets
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REE sulphate H,SO, (aq)

The REE can be selectively separated from the leach liquor
The REE sulfate hydrates have a high solubility in water
The solvents can be recovered by distillation

Schematic of the HPLC setup used in this work. The solutions used at the different
channels in the water bath vary with the purpose. For column preparation: A — column

conditioner, B — acidic organophosphorus solution, C — ethanol, and D — Milli-Q water.
For REE separation: A — Milli-Q water, B—-2 M HNO3, C-5M HNO3 and E —
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funding from Formas
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Geetika Sanku M., Forsberg K. and Svard M. (2022). Preparation of Extraction
Chromatography Columns by Organophosphorus Acid Compounds. Journal of
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Antisolvent precipitation

0 By adding an antisolvent the solubility of the
salt decreases

Anti-solvent added
Initial solvent

T(°

0 Water polarizes and can keep
charged ions apart.

0 Alcohols have a lower ability to
keep charged ions apart

Antisolvent crystallization of (NH,),ScF

Choice of antisolvent
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Antisolvent crystallization

Which parameters are important?

O

Choice of antisolvent (solubility
of impurities, shape)

Dosing of antisolvent (amount,
concentration and rate)

Operation and mixing
techniques (micro/macro)

r' - . . .. < . e
Study aging and agglomeration 'NisQ,:6H,0

Thermodynamics and kinetics are important

Antisolvent crystallization of (NH,),ScF,

Dosing of antisolvent (concentration)
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Number frequency

Operation and mixing techniques
2001

Antisolvent crystallization of (NH,),ScF,
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Magnetic Stirring
Top feed




Antisolvent crystallization of (NH,),ScF,
Hopper crystals -

Peters E., Svard M., Forsberg K. (2022). Impact of process parameters on product size and morphology in hydrometallurgical
antisolvent crystallization, CrystEngComm,. 24, 2851- 2866.

Principles of Crystallization
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Antisolvent crystallization of (NH,),ScF,

Seeding (internal)

300 80
—C0.01 60% E1 Fb So
[ —CO0.01 60% E2 Fb So 70
250 —co0.0160% E4 Fb So
- —CO0.01 60% E Fb So - 160 _
2 —> o
D) -50 [}
o> =
D 40 2
D @
) =
: 0 &
= | )
= >0 =
-10
¥ Soto A e _0
0 50 100 150 200

Mean crystal size (um)

Research Activities

Hydrometallurgy, separation processes
Magnet recycling Mining waste

0 REE. Co
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Critical Raw Materials

Critical and strategic Raw Materials for the EU
2023 CRMs (5% list)

Aluminium/Bauxite Coking Coal Lithium Phosphorous
Antimony Feldspar
Arsenic Fluorspar Magnesium Silicon metal
Baryte Gallium Manganese Strontium
Beryllium Germanium Natural Graphite Tantalum
Bismuth Hafnium Niobium Titanium metal
Boron/Borate eliLm Platinum group metals Tungsten
Cobalt Phosphate Rock Vanadium
Copper* Nickel*

New materials added to the list in 2023 in bold

Critical and Strategic Raw Materials

Critical Raw Materials (CRMs):

Economic importance - importance for the EU economy regarding
end-use applications and value added of corresponding EU
manufacturing. Corrected by the substitution index related to technical
and cost performance of the substitutes for individual applications.

Supply risk - reflects risk of a disruption in the EU supply. Based on
primary supply from countries, considering governance performance
and trade aspects. Measured at the ‘bottleneck’ stage of the material
(extraction or processing), presenting the highest supply risk.

Ref: http://ec.europa.eu/growth/sectors/raw-materials/specific-interest/critical_en
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1794 Yttrium SHTEHGAIG Johan Gadolin Finnish
B Sweden

* FHIEHAEH TR

1839 Lanthanum R Greeklativamor= Carl Gustav Mosander Swedish

TR BT FHETHEIT

1878 Terbium Derlved ﬁ Om Ytterby Carl Gustav Mosander Swedish

-MHfIIHIﬁllfltmiﬂlllllltﬂliﬂflIIIII*II’rIIII

1879 Samarium After the mineral PaulE Lecoq de Swedish
samarskite

o WAHETEHHITRHTRR

1879 Holmium AHETFIRELEHR fF Per Teodor Cleve Swedish

TR

J. Gadolin

C.G. Mosander




Permanent magnets

[0 Green and smart technologies need magnets for use in
e.g. sensors, motors and generators

[0 Permanent magnets (PM) are very strong allowing the
magnets to be smaller and the items lighter

[0 PM are crucial for wind turbines, computer hard disc drives,
motors in cordless tools, hybrid and electric vehicles etc.

[0 The strongest type (NdFeB) contain boron and the rare earth
elements (REE) Nd, Pr and Dy, (Gd, Tb), (Co)

Recycling of magnets — closing the loop

0 In the short term recycling of PM can only satisfy a small part
of the total REE demand globally

0 Inthe long term, by 2100, recycling is estimated to be able to
satisfy almost 50% of the Nd and Dy demand

How can the magnets from EOL products be recycled and how
do they age?

The magnets vary in size in different applications and small

Yang et al. J. Sustain. Metall. (2017); Habib and Wenzel J. Clean Prod. (2014)



Bauxite residues and  Apatite concentrate HEV NiMH batteries
acid waste from TiO, Ca,,(PO,),(OH,F,Cl),
pigment production

0 Recovery of Sc 0 Recoveryof Pand [0 Recovery of Ni, Co,
Scale-U Ce, Nd, Y, La, Pr, La, Ce, Nd, Prand Y

REE separation integrated with the NP process
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Recycling of magnets
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