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Fraunhofer-Gesellschaft

Applied research with a focus on key future-relevant technologies and the

commercialization of findings in

business and industry. A trailblazer and trendsetter in innovative developments.

e]@) O € 3.6 billion
CCD A Major infrastructure
:€_3'_‘I capital expenditure and
32,000 employees ibillion defense research_________
A
! ! almost 30 % base funding
i i from Germany’s federal
! ! and state governments
o ; el
75 |nst|tutes_: an Lo over 70 %
research units 2 industrial contracts and
o oy publicly-funded
c. G h project
£ T research projects
g O
1 ]
g &
! 9 !

2023

Hauptstandorte ®
Nebenstandorte  ©

°
ALeol o by @ Minchvery

o:m& St ¥
w&m' Waischntess
° IOV

b
St.ingbert & L Krtho J
- Manbeim Narserg Suizbach Rosenbery

Fraunhofer Institute for Ceramic
Technologies and Systems

2 22 © Straubing
°

Deggendort
ke s
Garching
vntingo " hagheen
PO hrkirchen e

Page 2 6/2/2026 © Fraunhofer IKTS

= Fraunhofer

IKTS

Confidential



Fraunhofer Institute for Ceramic Technologies and Systems IKTS

Europe’s leading R&D institute for ceramics

Research and technology service provider in the
field of high-performance ceramics

High-
= From materials to systems performance
= |n complete production lines up to pilot-plant scale ceramic

= Incl. Materials diagnostics and testing materials
» |ncl. analyses of economic viability and sustainability

Industry

.‘; 833 emp|oyees* manufacturin
gtechnologies

i
HHE 13 sites

E 106.2 million euro overall budget®

* as of December 31, 2025
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Fraunhofer and Universities
Complementary synergies

= &,

Universities: Fraunhofer institutes:

Research and teaching Applied research
and technology transfer

Industry ties
Young scientists

\
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Saxony: where competences meet to power industry

Complementary synergies

‘ Technische
‘ Universitat

Dresden
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Founded: 1828 — one of Germany’s oldest TU
Students: 29,000 students

Staff: 5,600 academics & 2,900 administrative
Academic breadth: 17 faculties, 119 degree
programs

» A leading comprehensive technical research
university; member of elite German TU9 network

» International profile; students from > 128 countries

» Recognized Excellence University under Germany’s
Excellence Strategy
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Founded: 1992 - high-performance ceramic
Staff: 835 (84 % scientists & administrative, 16%
students)

Sites: 13

» Bridging materials science to industrial systems

» Tackling complex material and process challenges,
from advanced diagnostics and analytics to
complete system demonstrations, supporting
industry adoption

» Multi-site setup and extensive partnerships

Confidential
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Founded: 1765 — oldest mining university
Students: 4,400 students

Staff: 2,100 academics & administrative

Academic breadth: 6 faculties, 90 degree programs

» Historically specialized in resource technologies,
mining and circular economy

» Combines tradition with research on energy systems,
environmental tech and recycling

» Research-intensive community with close industry link
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Saxony: where competences meet to power industry
Complementary synergies

~ Fraunhofer

IKTS

ourcenuniversitat,
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Saxony: where competences meet to power industry
Complementary synergies

Z Fraunhofer

‘ Technische
‘ Universitat

Dresden

AK
‘e TUBAF
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S
v i fﬁ Die R nuniversitét.

Appipgel  Seit 1765.

EDITH COWAN
UNIVERSITY

—
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Research partner from the idea to the product
Innovation phases

= 7 C >

Idea, Research and Prototype in Full implementation
business case development pilot plant

Development alliance Industry tasks

= Realization of R&D projects = Partner in the market launch = [P licensing
= Guidance throughout the entire process chain = Techno-economic balancing = Transfer to full pilot scale

—
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Strategy
Make recycling strategies work

= True recycling
v

Primary product quality and specification conform materials

Primary
= Planetary boundaries sources
V' Zero-waste; Low carbon footprint
v" Energy and resource éfficiency and use of renewable energies Secondary SEEBilE
sources: sources:
- Electrified processes EoL products Production waste

Y

v Higher degree of automatization & Digitalization ;’

= Targeting the real needs of industry

Securing the raw material base for the provision of tomorrow's solutions

-—
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Sustainability
Cross-sector solutions for water, energy and food security

&
Close the loop, integrate recycling
across the full process to maximise

resource recovery and minimise losses
including waste management.

o3

Adapt existing processes before
starting from scratch, leverage what
already works to reduce costs and

Cost-efficient recycling

processes complexity.
:.:@ Implementation in
= industry

Implement Safe-by-Design (SSbD)
principles from the very beginning,
even at production scale, to ensure
sustainable, scalable recycling.

9

Smart Processes
Leverage digital monitoring to optimize
process efficiency and material recovery

_—
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(/ Dresden
T

Hermsdorf

Fraunhofer IKTS

Recycling inorganic raw materials for the energy transition U
Application Centre at
—— THM:

(2

Critical raw material
recovery / closing lops

Recovery of critical
raw materials

Process chemicals Sustainability
recovery assessments
Recyclates Process water Getting insights in our working areas
evaluation treatment
photovoltaics and electronics
rials and purification of process media
YouTube — Link
—
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https://youtu.be/2L042HAQ_Ew?si=jiEGLlm9mB1A7wUQ
https://www.youtube.com/watch?v=2L042HAQ_Ew
https://www.youtube.com/watch?v=2L042HAQ_Ew
https://www.youtube.com/watch?v=2L042HAQ_Ew
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Technology portfolio
...ongoing development...

= Lithium recovery from primary & secondary sources
—  COOL-Process: Validation through 230 L autoclave & patented by TU Bergakademie Freiberg
—  FEEL-Process: patented IKTS & TU Bergakademie Freiberg
= Metal separation
—  Solvent extraction — continuous modus (Mixer settler) & membrane contactors
— lonic exchange
—  Precipitation/Complexation/Crystallization
= Purification & refining
—  Diffusiondialysis/electrodialysis and electrowinning
—  AOP (applying photocatalysis, plasma treatment, electrochemical oxidation) — removal of organic components (trace amounts)
= Waste valorization: Geopolymers

— Validation together with German company & patented by TU Bergakademie Freiberg

—
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Purification & Refining: water as a valuable resource
...Water reuse is the indisputable necessity for sustainable process chains...

Detailed analyses of process water resources/demands
including characterization of (physico-)chemical properties of process media as
basis for preliminary mass balances and selection of treatment strategies/processes

Development of concepts for process water treatment and
recycling

including aspects of sustainability (reduction of chemical consumption, heat
recovery strategies etc.)

Validation of application-focused process combinations/

treatment trains aiming (complete) process media recycling
based on data derived from process modelling or/and experimental studies (specific
laboratory scale tests)

Definition of adapted/enhanced concepts for closing process
water circuits

including up- and downstream process steps (e.q. separation/further treatment of
by products)
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Sustainability assessments
LCA, s-LCC, TEA

= Division
Into
process
sub-units

Identification of the process step
modules with the greatest effect on
the target value

__——
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& \ETALLICO

Demonstration of battery metals recovery from primary and gl -
secondary resources through a sustainable processing methodology

To boost the green transition, the availability of CRM needs to be ensured. The battery sector has been experiencing
increasing demand for raw materials for years and is vulnerable for supply risks. Various strategies are being pursued to
meet the growing demand for critical raw materials and to build up viable, sustainable and innovative value chains. Waste
valorization by recovery and recycling plays a central role.

Objectives

C’; Recover valuable materials from primary and secondary resources (tailings)
“!/ Demonstrate sustainable production and recovery of critical battery metals
Assess End-use of the recovered critical battery metals

! : : . L : :
'::*.v': ldentify and characterize the critical battery metals with innovative technologies

§M$ Enable social participation, stakeholder engagement and networking

https://metallico-project.eu/

\
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Development of high-tech applications g METALLICO

Safeguarding the raw material basis

Key technologies & sectors Critical Raw Materials for the EU (2023)

34 CRMs including Lithium, Manganese, Copper, Nickel, Cobalt, Graphite
IBatteries -+ I Robotics ? 9 9 pPp p
Fuel cells .]il [}mneg"f,?'

Motors 'a 3DP Copper- as current collector foil at _ _ Cobalt: in cathode materials in
LCO, NCA and NMC batteries

anode side, in wires and other u .
Wind .zi--.. ICT % conductive parts
PV $ Graphite: natural or synthetic — — G Lithium: as lithium-cobalt qxide |
high-grade purity in anode electrode (cathode) and as salt (electrolyte) in
—

in all Li-ion battery types Li-ion battery

| Silicon: in (Future) anodes t _ — Manganese: in cathode materials
yicon: in {future anodes 1o for NMC and LMO batteries
enhance energy density Aluminium: for battery
Renewables
N o packaging or as current collector
E-mobility . ) . )
foil (cathode), in NCA batteries [ Nickel: as hydroxide or intermetallic
‘ e = Titanium: in future anode materials o - compounds in NMC, NCA batteries
=T and coatings, in LTO, for batte
@ ackaain d ‘ v Niobium: in future anode and
packaging cathode material (coatings) to
Defence . . .
& improve stability and energy density @ Critical Raw Material
Space

S. Bobba, S. Carrara, J. Huisman, F. Mathieux, C. Pavel. Critical Raw Materials for Strategic Technologies and Sectors in the EU: A Foresight Study (2020)
|
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Five different processes for metal
secondary raw materials

-« COOL+

Li recovery and waste valorization

 TAILCO
Co recovery from tailings in Cu hydrometallurgical plants
 PURGES
Co recovery from purges generated in pyrometallurgical
refining processes
- CONI

Co, Ni and Co recovery from waste alloys (Fe-As)
generated in Pb hydrometallurgical processes

- COMAN
Co, Cu and Mn recovery from tailings generated in ore
concentration plants.

CiC

energiGune  NIKKELVERK @idener ¥ G.EO.S.| !
1

2 Lukasiewicz DATVaRes  WTT SEIQuA

Instytut Metall Niezelaznych
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(L) Increase the supply risk — Critical Raw Material

Lithium

( U Need for action to secure the raw material base for

Raw material situation e, domestic industry.

= Lithium is considered one of the essential metals for future technologies
=  (Continuous increase in lithium demand in the coming years

=  Production (290,000 t/year) and Reserves (37 mill. t) placed mainly in Australia, Chile, Argentina, China.

p Problem

« Low Li-concentration from primary sources ( Reason

* Most diverse types, both primary and : .
YPEs, P y * Previous recycling processes are Consequence
secondary batteries . ; .
1IN 2050 max. 25% of lithium aimed at recovering Co and Ni
« Flammability or explosiveness of the L - . . i i
electrol tlel y or explosiv demand will be covered by « Lithium cannot be economically Reiybclmgk])loftsecondari/hsources alf[)ng \le”l
y Y, secondary lithium recovered pyrometallurgically MOt be able to secure the faw material base

- / * Necessity for a supply and recycling of
ScenariO \/ L primary raw materials )

U.S. Geological Survey, Mineral Commodity 2026, 2026; Trading Economics, Resilience: Charting a Path towards greater Security and Sustainability, Belgium, 2020
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Lithium recovery: COOL+ Process A\
Validation in TRL 5...

N X

$4x: TUBAF

Die Ressourcenuniversitdt.

K‘,PE,BEQ\O Seit 1765.

Zinnwaldite Lepidolite Petalite Li cont. waste Li-Batteries
¥ SiF H,SiF
o > 4
Na.CO. —p| Thermal Activation | " I Discharge |
A ¢ ¢
.—— H,0 —
C‘?z O, Leaching < | Comminution |
: ¢ Solid Magnetic separation Housing materials,
| Filtration . N Eddy current sorting 3 electrode foils,
¢ Density sorting separator
| Si-removal |-—T ¢
¢ | Black mass |
| Reverse osmosis | H,0 T

.......... { Li,CO.-Precipitation

Lirich
| Na,CO,-Precipitation |'— solution

_____________________ @ Co-, N|- Mn-
@ @ ‘ ‘ Recovery

[ Recycling in primary product quality ] [ Recycling of the residual materials ]

Holistic processing of primary and secondary raw materials

M. Bertau, G. Martin, C. Patzold, DE 1020152217590; M. Bertau, G. Martin, DE102016204360.9; H.-G. Jackel,, U.A. Peuker, L. Wuschke, Chem. Ing. Tech. 2014, 86, 806-813; G. Martin, C. Patzold, M. Bertau, Int. J. Min. Process. 2017, 160, 8-15; G. Martin, A. Schneider, W. Voigt, M. Bertau, Min. Eng. 2017, 110, 75-81; D. Kaiser, S. Pavon, M. Bertau, Chem. Ing. Tech. 2021, 93, 1833-1839; S. Pavon, D. Kaiser, M. Bertau, Chem. Ing.
Tech. 2021, 93, 1840-1850; 30.'S. Pavon, D. Kaiser, R Mende, M. Bertau. Metals 2021, 71, 259.

Page 22 6/2/2026 © Fraunhofer IKTS Confidential % Fra un hOfer

IKTS

\|



Thermal activation

Lithium recovery: COOL+ Process .
...Validation in TRL 5...

Addition of Na,CO4

= Spodumene from Nigeria = Thermal activation
. Li content. 2.8 wt. % Mineral phase transformation (B-spodumene)

Organic 0.6%

$Ca01%
— € 0.1%
Ko1% 750 °C
| 3h
AlLO, 25.9%
Li 2.8%
Spodumene +
Na 0.3% 30 wt.% Na,CO;
-—
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Lithium recovery: COOL+ Process
...Validation in TRL 5...

& ¢

Activated Spodumene
sample

4

@Fraunhofer IKTS SR : o &
230 L pressure reactor @Fraunhofer IKTS
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Leaching with sc-CO,

230 °C; 100 bar; s/L ratio = 80; 3 h

Li recovery: 75%

= Fraunhofer

IKTS



Downstream

Lithium recovery: COOL+ Process 3
...Validation in TRL 5...

I —>

Li-rich solution

Chemical composition [g/L]
I Na Si »

659.22 2172.3 205.47

x ED membrane scaling
x  Non selectivity monovalent/monovalent

Replacement of technology:

Permeate 93.88 32.69 108.02 3.29
= Reverse Osmosis Retentate 290.2 864.88 27321 131.8

= Si removal by adding MgO

_—
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Filtration

Lithium recovery: COOL+ Process s
...Validation in TRL 5... v
—_— 0

Filtration | - Chamber filter press Filtration II: fine-filtration

Separation of Li-free spodumene and
aqgueous solution rich in Li

Membrane filter 0.2 pm to avoid
blocking the membrane in the RO

@Fraunhofer IKTS

@Fraunhofer IKTS

-—
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Filtration (95°C)

Lithium recovery: COOL+ Process
...Validation in TRL 5...

= Crystallization & Filtration at 95 °C and washing
° SOlUb'l'ty L|2CO3 (95°C) = 75 g/l_
¢ Solubility Na,COs (g5 oc)= 436 g/L

= Product:

« Li,COj5 in battery grade quality (= 99.5%)

@Fraunhofer IKTS
@Fraunhofer IKTS

-—
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Waste valorisation

Waste valorization .
...Geopolymers production... '.-'_\\

Inorganic and calcium-free polymers based on silicon and aluminum oxide

GEOPOLYMER CONCRETE /

Properties g 3., PREFABRICATED PARTS NOISE BARRIERS
L & oo
. Rapid hardening, shrink-proof, high compressive strengths, stable Po.g Vo . ‘ CANAL / TUNNEL

PAVING STONES,

o
. . 49 '/Q‘. o 0, PAVING SLABS . . CONSTRUCTION
agaInSt |eaCh|ng :Q'o ‘\f.,: ? @ = oxygen .Ilcatlo
. . . ." < “‘
= Non-flammable, temperature-resistant, dimensionally stable and 0k’?' © - somvan MOBILZATION OF ” MINE REMEDIATION /
resistant to all inorganic and organic acids (except HF). ° o s HAZARDOUS SUBSTANCES STABILIZATION
Advantages
v' Building materials made from 100 % secondary raw materials P_',
v" Economic competitiveness with conventional building materials =2eo Geopolymer - Secondary raw material
v" Recycling of residues and overburden materials Reduction of Global Warming
Portland cement Potential by 80 %
v" Saving landfill space and costs and natural resources
CEM | ....
v" Savings of up to 80 % of climate-damaging CO, emissions 350 CO-eq/m? [ ] )
Geopolymer - Metakaolin
v" Achievement of the climate protection goals .

Reduction of Global Warming Potential
by 40 %

2 o1 Bergakademie Freiberg

“4x: TUBAF

s . ie Ressourcenuniversitét.
Ppipgr®  Sei 1765

M.. Bertau, P. Fréhlich, M. Kraft, K. Dombrowski-Daube, J. Sachl, H. Lange, R. Huber (2020) Reststoffbasierte Zusammensetzung zur Herstellung eines Geopolymer-Leichtsteins, sowie ein Verfahren zu dessen Herstellung und deren Verwendung. Deutsche Patentanmeldung DE102020134133.4; M. Bertau, M. Kraft (2020) Verfahren zur Herstellung eines Geopolymerbetons oder -martels. Deutsche Patentanmeldung DE102020107138.8

-—
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Waste valorization
...Characterization...

Metallico (Coupled TwoTheta/Theta)

Waste valorisation

74

9.000

| COD 9005629 Ca0.15Mg1.8506Si2 Pigeonite
| COD 9012248 AIHO2 Boehmite
| COD 9004744 AILIO6Si2 Spodumene
COD 4002835 Al4Na3.49016Si4
I Nepheline
| COD 95004995 Al4Ca0.285K0.1Na3.33016Si4 Nepheline

Results Table E
z Formula Concentration -
14 Si02 46,728 % 7000
13 AI203 20,126 % som ]
26 Fe203 0,743 % ;
20 CaO 2183 %

12 MgO 0,187 %
16 S03 0,167 %
11 Na20 4927 %
19 K20 0170 %
22 Tio2 0,033 %
15 P205 0,049 %
30 ZnO 0,010 %
25 Mn203 0230 %
24 Cr203 0,060 %
38 SrO ™. 0011 %

@Fraunhofer IKTS

© Fraunhofer IKTS

)

Interesting components for

2Theta (Coupled TwoTheta/Theta) WL=1,54060

amorphous phase

geopolymers: Si, Al, Na

High content of

Confidential
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Waste valorization
...Geopolymers production...

Results

Waste valorisation

i

= Mineral residues from lithium extraction could not be

efficiently activated for Al-Si monomerization

Mineral residues

Crushing / Alkaline activation
Sievin (80°C)

Al-NaOH-etching

Mineral functional
materials

Mineral fillers

energetically viable conditions.

through alkaline treatment under economically and

= Despite this limitation, the residues are suitable for
use just as fillers in geopolymer building materials.

Homogenization Shaping

Polymerization

Molded body /
final product

Compression
testing

hﬁ LAUTECH

Lausitzer Technologiezentrum
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Waste valorisation
Waste valorization

-
..Construction materials industry... '.-_\
L1 ]
= Reactive activity index
Compressive strengh (Mpa) Clinker 75% + 25% residue
2 days 29.2 215 98% 2 High reactivity
7 days 42.5 36.7 118% Inigfe
28 days 47.2 48.8 138%
» Potential reactivity (ASTM C618, R3 protocol)
Heat release (J/gSCM)
SCM*
Residue from COOL+ 205.2 303.1 Z High reactivity (>300 J/g SCM 7 days)
Fly ashes 210.2 323.6
GGBFS 116.4 150.9
*Supplementary Cementitious Materials ® CEMENTOS
\\LACRUZ
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...Closing material loops...

Growing demand for secure and sustainable metals supply chains creates strong
opportunities for innovative processing technologies.

Process development of technologies capable of meeting market requirements regardless
of input material - Holistic approaches
Process intensification and selective recovery strategies offer potential for:

. Integration into existing flowsheets

. Modular implementation

. Scalable industrial deployment

Collaboration between industry, technology providers, and research institutions will be
essential to accelerate commercialization and market readiness.

The transition toward sustainable critical raw material production is not only an environmental

necessity, but also a strategic industrial opportunity.
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------

Dr.-Ing. Sandra Pavon
Group Manager: Hydrometallurgical
recycling and raw materials chemistry

Phone +49 3731 2033-169

sandra.pavon.regana@ikts.fraunhofer.de
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