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Critical Raw Materials

“CRMs are considered to be those that have high economic importance for the EU (based on the
value added of corresponding EU manufacturing sectors, corrected by a substitution index) and a
high supply risk (based on supply concentration at global and EU levels weighted by a governance

performance index, corrected by recycling and substitution parameters).“

European Commission, Study on the
Critical Raw Materials for the EU 2023

— Final Report
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Critical Raw Materials

“CRMs are considered to be those that have high economic importance for the EU...”

Figure 7 — Technologies and sectors competingfor accessto CRMs

Technologies
Materials

Batteries
Supply Risk

(sorted largest to smallest

High Germanum
Borates.
Scandium
Strontium
Cobalt
Moderate S
Natural graphite

Defence &

Space s

Yanadium
Lithium
Tungsten
Titanium
Galjum, Hafnium
Silicon metal

Source: CRMs for Strategic Technologies and Sectors — A Foresight Study, Joint Research Centre, 2020.
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Critical Raw Materials

“CRMs are considered to be those that have high supply risk...”

France

Hafnium 49% “ China
Aluminium 56%
" , Antimony 56%
s, ST Arsenic 44%

Strontium 31% Boron  48% 5
Feldspar 32% Baryte 44%
Bismuth 70%
; Cobalt 60%
Sy Coking Coal  53%
7 Copper 38%
Fluorspar 56%
Gallium 94%
Germanium 83%
Lithium 56%
DRC ;

Magnesium 91%
Tanctgﬁfrg gg:ﬁ Manganese 58%
o Natural graphite 67%

Nickel 33%
Phosphate rock  44%
Phosphorus 79%
Scandium 67%
Silicon metal 76%
Titanium metal 43%

South Africa Australia
Iridium 93% Aluminium 28%
Chile

Palladium 36% Lithium 53%

Copper 28% Platinum  71% Tungsten 86%
Rhodium 81% Vanadium 62%

; Ruthenium 94% ¥ LREEs 85%

L Manganese 29% HREES 100%

italic = extraction stage
regular = processing stage
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Critical Raw Materials
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Strategic Raw Materials

“...the Act identifies a list of strategic raw materials, which are crucial to
technologies important to Europe's green and digital ambitions and for defence and
space applications, while being subject to potential supply risks in the future.”

European Critical Raw Materials Act,
2023
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Table 1. Strategic and critical raw rmatertals used In the technologles In scope.

e Rawmatenal 55 T o 4 @ @I BB RIS

48 Galllum .
4.1 Magneslurn . . . . . B .
4.0 REE (magnets) . . . . . . . . . . .
38 Boron . . o o N N . o . . . .
b A g PGM . o . . . . . N
Critical Raw Materials - S
19 Bismuth . . . .
18 Genmankim . . . . .
18 Natural graphite . . . N . . . .
1.7 Cobalt . N . . . . . . .
16 Titanlum metal . . . . N
14 Silicon rmetal . . . . B . . . . . . o . .
» . 1.2 Tungsten * © i . *
Strategic Raw Materials B el - - < .
0.5 Nickel . . . . . . N . N . . . . .
0.1 Copper . . . . . 0 . 0 . . . . . .
53 HREE (rest) . . . o . . o . .
44 Nioblurn . . . . . .
35 LREE (rest) . . . . . . N
33 Phosphorus . N . o . N
2.6 Strontiurm . N . .
24 Scandium . . . .
2.3 Vanadium . . . . . . . .
18 Antimony . . . . . . .
18 Beryllium . . .
16 Arsenic . . . . .
15 Feldspar . .
1S Hafrnium * . . .
13 Baryte . . . . . .
1.3 Tantalum . . . . N
1.2 Alurminium . . . . . . . . . . . . . . N
12 Helium . :
1.1 Fluorspar . . . . . . . .
1.0 Phosphate rock .
Source: JRC analysis. Although it is a critical material, coking coal does not appear in the table as it is not usec in ary technology.
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Urban Mining

Urban Mining is the concept of using the materials present within
the anthroposphere as a source for our raw material supply.

Urban Mining

Mining
GEOLOGICAL DEPOSITS ANTHROPOGENIC STOCKS

The potential of the Urban Mine — the anthropogenic stock — is the sum of all
materials contained in products used or stored by society over a
comparatively long time. This includes — among many others — buildings,
electronic goods, waste and mine tailings.
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Urban Mining

A more Circular Economy aims to keep the value of products and the materials
they contain for as long as possible in the economy and to minimize waste
generation

Circular Economy

MINING =

METALLURGY

Recycling of
manufacturing
scrap

TAILINGS
RECYCLING MANUFACTURING

o Reuse, Repair &
= Remanufacturing
=
p=
=
©
o
P
= LANDFILLS STOCK IN USE




Andrea Zaffora Slide 9

Urban Mining

WEEE
(RAEE: Rifiuti di Apparecchiature Elettriche e Elettroniche)

: North g 7
America Asia

123 m¢ 2018 &
% 18.2 Mt @ " !I""“* 0™
"% dl«nl 4 -
{J“ = - - 'S -:‘-n&'
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¢ 11.3 Mt

2020
25-50 hllllorl Two folds
increase in
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Timeline
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Urban Mining

WEEE
(RAEE: Rifiuti di Apparecchiature Elettriche e Elettroniche)

Materie prime
nello smartphone

56 %

plastica

15% rame

3% ferro
3% alluminio

2% nickel
1% stagno

1% altro
Metalli rari
¢ terre rare

16%

vetro e ceramica

Scocea
o ® Materie plastic
® Nickel (N
(o] Altopariante ® Vetro e ceramica

. imio (Nd) o Alluminio (A1)
altro e

25%

metallo
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Urban Mining

WEEE
(RAEE: Rifiuti di Apparecchiature Elettriche e Elettroniche)

Pyrometallurgical Hydrometallurgical
processes processes
O Large energy input U Aqueous environment
O Environmental hazard U Low temperature
O Low selectivity O Cost effective

O High capital cost O Lower environmental impact
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Urban Mining
Metal recovery from WEEE

Hydrometallurgical Leaching Metal Recovery

A

g ( \
o) .g.
E Reicacteall. : Nitric acid : Electrochemical Non-Electrochemical
g \{  Sulfuric acid recovery recovery
38 | Hydrochloric acid | 1
Thiourea : Aqua regia E s %
leaching | T
6.g. Electrodeposition Electrocoagulation
Thiosulfate g?;:
secting 1 Oxalate | - Electrodialysis Electrosorption
/| Citrate | r
R ) o
Leaching | .-~ gacmmsecsoscesconcenncy i A
w/ ligands eg. . CDlbased -- - ey )
. FeCl, | | T Pl :
i CuCl, ! ’ !
Etching [------._ : |-l:c;|2 E N Ee— e
" Organic | ' Intercalaion | !  Redox-active
' Solvents | | electrode ;| functional electrode |
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Urban Mining

Metal recovery from WEEE - Electrochemical processes

Hydrometallurgical Leaching Metal Recovery

A

g ( \
) .g.
E R lsachmgl] . | Nitric acid : Electrochemical Non-Electrochemical
g \{  Sulfuric acid recoveny rRaseny
38 | Hydrochloric acid | m
Thiourea ; Aqua regia ! ( \
leaching | T
6.g. Electrodeposition Electrocoagulation
Thiosulfate g?;:
eaoing ,>"7 Oxalate - Electrodialysis Electrosorption
/| Citrate | T
I' """""""""" ! - f,]
Leaching | .-~ gaccacosocazocazanazany ] A
w/ ligands eg. . CDlbased -- -t ey ;
. FeCl, | | T Pl :
Etching [------._ E |:i|(;|2 E == NE— —
" Organic | : Intercalation (]!  Redox-active
' Solvents | | electrode i functional electrode
[ Bioleaching | S |
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Urban Mining

Electrodeposition

Cathode

Cu2+

S

. _4

- The reduction and deposition of an electronically conductive species at the
cathode of an electrochemical cell

- It's the shorten form of “electrolytic deposition”

- It's used for depositing metals on surfaces
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Urban Mining

Electrodeposition

Cathode ‘

\

Cu2+

S

/

- Electroplating (electrochemical deposition of metals)

- Electrowinning (production of metals from ores by electrodeposition from a

melt or a solution, e.g. Al production)

- Electrorefining (purify rather than recover a metal, e.g. Cu, Ni, Co, Sn)
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Urban Mining

Electrodeposition

Cathode

C) M** + xe- > M Metal ions reduction

A) H,O =2 1/20, + 2H* + 2e- Water oxidation (OER)
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Urban Mining

Electrodeposition

| Standard Electrode Potential i
&

| STANDARD Reduction potentiol —M, as std |
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Oxidizing Ageni Oidized sp +~ Reduced sp EYV | Reducing Agent
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T Cu® + 2e- «s Cu #0134
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C) M* +xe > M Metal ions reduction

A) H,O =2 1/20, + 2H* + 2e- Water oxidation (OER)
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Urban Mining

Electrodeposition

Non Standard Conditions — Equilibrium Potential

Cathode

vM 2 PpM? + ze- Standard potential
E° vs SHE

E.q = E° + RT/zF In ([Ox]¥/[Red]") [ Nernst Equation

C) M* +xe > M Metal ions reduction

A) H,O =2 1/20, + 2H* + 2e- Water oxidation (OER)
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Urban Mining

Electrodeposition

equilibrium M < M* + ze-

Cathode V SHE A
| | ! n= E(i £0) - Eeq Overpotential
(Eeq > 1=0)
T Eeq N M/MZ+
SO,
\ 4
C) M* +xe > M Metal ions reduction

A) H,O =2 1/20, + 2H* + 2e- Water oxidation (OER)
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Urban Mining

Electrodeposition

equilibrium M < M* + ze-

athode V SHE],
o | ! n= E(i £0) - Eeq Overpotential
(Eoq > i=0)
E..—T M/M#
*7 soz ©q / Anodic polarization
A 4 . L
n<o n<o0 Cathodic polarization
C) M* +xe > M Metal ions reduction

A) H,O =2 1/20, + 2H* + 2e- Water oxidation (OER)
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Urban Mining

Electrodeposition

| Standard Electrode Potential i
&

STANDARD Reduction potentiol —M, as std |
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Ca' 4 Je- -2.87
MNa* + e- 271
Cathode TOP eft = e s R
S durieraisdids | Ta* +3e PR reanction| 166  High | tendency losee
+E'U=-3.04V —14 Mn® + Ze- 3 Mn potentia] 119 L | *UL: +e
e - < ELi=+3.04V
* WEA K ewidizing Agent thD: ¥ie €3 HAOH 0.83 s
- ] « Red N OT fovournable Znt* + 2e- & In 40.76 STRONG reducing Agent
: (% =-ve) Fe? + Ze- & Fe 045 *0xd favourabiz (E* ssve]
] NiE* o+ e & Ni 026
1= Sntt + Ze- ©5n Comparedto | 0.14
2| L Ph2 4 2e- < Pb ﬂ”“-lk““ 013 ,
H +e > 1/, = 0,00
e o + e- 3 Q' = H1.15 =
S0 +4H' + 2e- €3 H,50, + H,0 +0.17
T Cu® + 2e- «s Cu #0134
1/20, +H D +2e- < 20H +0.40
BOTTOM feft ' o+ e s Cu .52 -
* High | tendency goine 121, +e- s | +0.54 i ?;TJSMM:;};;
F, +2e - 2F Eab i d - R 0.7 L ¥
= wa | b | vF b 1/2F, 40
“E'F=+2.87V Hh"'“-—-.._ Agt 4 e- s Ag reduction| +0.80 T
\ PSS et S . ] | 1, e - Br potential | +1.07 . WE;xm»wm»t
e Iar;fl:';f : :::: * Ol NOT fenoumble | £ =-ve)
+1.36
MnQ; + BH' + Se- +1.51 /
¥ pE e —F L +2.87 =
Strong WEAK
Oxidizing Agent Reducing Agent

E*_fCellPatential = ENF involt
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C) M* + xe- > M

A) H,0 > 1/20, + 2H* + 2e-
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Standard
Electrode
Potentials
series

Metal ions reduction

Water oxidation (OER)
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Urban Mining

Electrodeposition
(sosrmins| Standard
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C) M* +xe > M Metal ions reduction

A) H,O =2 1/20, + 2H* + 2e- Water oxidation (OER)
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Urban Mining

Intercalation electrode

Bernal stacking Rhombohedral stacking
(ABA) (ABC)

ion
. \- . - \ntef Ca\a“o - ) -
'! - -

AN \.\. —

Intercalated graphite

solvent . \ F 4 Cii
O-j
guest ion - @ free anion —
e
Electrolyte

Co-intercalated graphite
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Urban Mining

Intercalation electrode — Li recovery
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Urban Mining

Intercalation electrode — Li recovery

discharge

xLi* + AB,(s) + xe = LiA,B,(s)
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Urban Mining

Intercalation electrode — Li recovery

xLi* + AB,(s) + xe = Li,A,B,(s)

TABLE 1

Characteristics of representative intercalation cathode compounds; crystal structure, theoretical/experimental/commercial gravimetric
and volumetric capacities, average potentials, and level of development.

Crystal Compound Specific capacity (mAhg ') Volumetric capacity Average Level of
structure (theoretical/experimental/typical (mAh cm ) (theoretical/ voltage development
in commercial cells) typical in commercial cells) (V) [34]

Layered LiTiS; 225/210 [35] 697 1.9 Commercialized
LiCoO, 274/148 [36)/145 1363/550 38 Commercialized
LiNiO, 275/150 [37] 1280 3.8 Research
LiMnO, 285/140 [38] 1148 33 Research
LiNig 33Mng 33C05 330, 280/160 [32)/170 1333/600 3.7 Commercialized
LiNig gCog.15Alg 050, 279/199 [33]/200 1284/700 3.7 Commercialized
Li;MnO; 458/180 [39] 1708 38 Research

Spinel LiMn;0, 148/120 [40] 596 4.1 Commercialized
LiCo,0, 142/84 [41] 704 4.0 Research

Olivine LiFePO, 170/165 [42] 589 3.4 Commercialized
LiMnPO,4 171/168 [43] 567 38 Research
LiCoPO, 167/125 [44] 510 42 Research

Tavorite LiFeSO4F 151/120 [30] 487 37 Research

LiVPOF 156/129 [45] 484 4.2 Research
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Urban Mining

Intercalation electrode — Li recovery

F cycle ﬁ

/ Step 1 M Step 2 M Step 3 \
Li* capturing Washing Li* releasing

-
2
7]
2
°
o
-]
5!
5
Qo

Current collector
~—

-
7]
2
Il
3]
€
]
B
Q

xLi* + xe +2 4 —MnO, Li,Mn,0,

- Li,Mn;0, Washing the impurities —xLi* + xe +22—MnO,
(Na*, Mg?, K*, Ca®)
Ag+ xCl - AgCl, + xe AgCl, + xe — Ag+xCl~
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Summary

[ Critical Raw Materials

] Strategic Raw Materials

1 Urban Mining: what and how in a circular economy system
1 Metals recovery from WEEE

J Electrodeposition

] Intercalation electrodes
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