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Univ.-Prof. Dipl.-Ing. Dr. techn. Harald Raupenstrauch

Background: Chemical Engineering, Graz University of Technology

Main research area: Reactive Flow in Packed Beds,
especially at high temperatures
including safety related topics and
energy efficiency

Full Professor at Montanuniversitat Leoben since 2007

Visiting Professorships:

The Queen’s University of Belfast, Northern Ireland
Rutgers University of New Jersey, USA

Delft University of Technology, The Netherlands
The University of Zambia, Zambia

University Lucerne, Switzerland
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Silesian University
of Technology
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EUROPEAN UNIVERSITY ON =!= — m
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DE LORRAINE
EURECA-PRO is an alliance, consisting ﬁ _&Q i
of 9 partners from 8 different yniversidad y

European countries.

Objective: To study, teach and research in the area of
responsible consumption and responsible
production.

The long-term goal is a common virtual and
integrated European campus by 2040.

Co-funded by ¢
MONTAN the European Union
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AGENDA

= Montanuniversitat Leoben
= Chair of Thermal Processing Technology
= Selected topics on High Temperature Processing Technology

= MSc programme Safety and Disaster Management
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Main Building, Franz-Josef-Strale 18 B ________ Peter Tunner Building, Peter Tunner-StraRe 5
_ Rittinger Building Petroleum Engineering, ParkstraRe 27
Chemistry Building Technology Transfer Centre, Peter Tunner-Stralle 25
Environmental Protection Building Raw Materials and Materials Centre, Erzherzog Johann-Stralle 3
_ Metallurgy Building Materials Innovation Centre, Roseggerstrale 12
Workshops Polymer Engineering Centre, Otto Glockel-StralRe 2
Archduke Johann Buildng Academy Montanuniversitat Leoben, Peter Tunner-StraRe 15
Raw Materials Innovation Centre, RoseggerstraRe 11a
Parkstrasse 31, Parkstrasse 31
Study Centre, Peter Tunner-Stralle 23
Centre for Applied Technology, Peter Tunner-StraRe 19 2
Austrian Foundry Research Institute, Parkstrae 21 Photo : *“W\'Ifned Eichlsedet
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OUR HISTORY

1840 - 1849 1849 - 1861 1861 -1904 1904 - 1975 SINCE 01 October 1974
STEIERMARKISCH- K.K. MONTANLEHRANSTALT K. K. BERGAKADEMIE MONTANISTISCHE MONTANUNIVERSITAT
STANDISCHE HOCHSCHULE LEOBEN
MONTANLEHRANSTALT
MONTAN
UNIVERSITAT
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POSITION & PROFILE
MONTANUNIVERSITAT
_LEOBEN 2030

The major social challenges of our time in the areas
of resources, climate, energy and environment. At
MU Leoben, these challenges are mainly being
overcome with technical scientific methods.

Montanuniversitat Leoben considers it their
purpose to make significant contributions to change
the world for a better future through excellent
science and outstanding education.

MONTAN
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MONTANUNIVERSITAT
LEOBEN

DNA 2030

Montanuniversitat Leoben stands for excellent
science, outstanding education and top
performance in the three competence areas
Advanced Resources, Sustainable Processes and
Smart Materials. These are embedded in the
philosophy of Responsible Consumption and
Production.

Five core values —our "DNA" — determine all our
actions: Energy Efficiency, Circular Design,
Climate Neutrality, Zero Waste and
Sustainability.

MONTAN
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Energy Efficiency
Circular Design

Climate Neutrality
Zero \Waste
Sustainability




RESEARCH NETWORKS

Networking with partners from business and science throughout Austria

oGl
Austrian Foundry
Institute
COMET i M|CLc : | PCCL
Competence Centres S Polymer Competence
Leoben Center Leoben
Erich Schmid
Institute

MONTAN
UNIVERSITAT
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ZAT

Center of
Applied Technology
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COMPETENCE CENTRES

COMET Competence Centres conduct application-oriented cutting-edge research at the highest level

MONTAN

UNIVERSITAT

M LEOBENM WHERE RESEARCH MEETS THE FUTURE

47.5 % share m w Materials Center Leoben Forschung GmbH

Specializes in metallic and non-metallic materials, their manufacturing
and processing methods and innovative applications

Polymer Competence Center Leoben GmbH

35 % share ‘—
o The leading Austrian centre for cooperative research in the area of polymer
engineering and science

35 9% sh K1-MET
b Share -
@ One of the leading international metallurgical competence centres for ferrous

rg

and non-ferrous metallurgy

LEC EvOLET

5% share ° One of the leading research facilities in the world for large-motor
technologies. Development of innovative solutions for sustainable energy
and transport systems

11


https://www.mcl.at/
http://www.pccl.at/
http://www.k1-met.com/
https://www.lec.at/

Resources Innovation Center Leoben (RIC)

Bundles national and international resource innovation and sustainability activities of the university in research, education
and industrialization

Sustainable raw

_ Sustainable planet
materials supply

Raw materials, climate
protection and sustainability

IR =UIpply for a green : in research and teaching
Europe

Climate research I_ e O b e n Education

Strengthening of the raw

Innovation for carbon-free Development of innovative
economy and climate- education concepts for the
resistant society raw materials community

MONTAN

UNIVERSITAT
M LEOBENM® WHERE RESEARCH MEETS THE FUTURE 12



ZENTRUM AM BERG - ZAB

Underground research, development, training and education on 1:1 scale

ZENTRUMSBERG

MONTAN
UNIVERSITAT
M LEOBENM® WHERE RESEARCH MEETS THE FUTURE 13



YEAR OF STUDY TOGETHER
e Basics in natural sciences and engineering sciences
e The same applies to all beginning students

STUDY
PROGRAMME

BACHELOR'S PROGRAMMES
¢ Introduction to field of study
e Mandatory internship

¢ Bachelor's thesis

MASTER’S PROGRAMMIES

e Solid education and training

e Master's thesis

e Acad. degree: Dipl.-Ing. (MSc)

E_ e Acad. degree: BSc

MONTAN
UNIVERSITAT
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THE
15T YEAR

TOG E HTE R Introductory module (STEOP)

Key competences
for engineers

1t semester
WS

v' Completion of the 1st year
without delay

v’ Easy option for changing
field of study

Key competences
for engineers

2"d semester
SS

MONTAN
UNIVERSITAT
M LEOBEN® WHERE RESEARCH MEETS THE FUTURE

Introduction to
study
programme

Digital
competences &
statistics

Introduction to
study
programme

Digital
competences &
statistics

Let's start

together!

Introductory modules (at beginning of semester) 10 ECTS
Boot Camp and MINT introduction

Basics are
forever!

Key competences for engineers 32 ECTS
Mathematics, physics, chemistry, mechanics

Exciting

start

Introduction to study programme 6 ECTS
Bachelor's fundamentals
Do-it Lab for the respective programme

15



BACHELOR'’S
PROGRAMMES

MONTAN

UNIVERSITAT

ADVANCED
RESOURCES //pe

SUSTAINABLE
PROCESSES //be

Industrial Data Science

Industrial Logistics

Mechanical Engineering

Applied Geosciences

Recycling Technology

Energy Engineering

Metallurgy and Metal Recycling

Geoenergy Engineering

Mineral Resources Engineering

Environmental and Climate Protection
Technology

SMART
MATERIALS //oE

Materials Science and
Technology

RESPONSIBLE
CONSUMPTION

AND PRODUCTION
//EN

M LEOBENM WHERE RESEARCH MEETS THE FUTURE

Circular Engineering

Responsible Consumption and

Production (EURECA-PRO) "




MASTER’S

PROGRAMMES
Dipl.-Ing. (Msc)

MONTAN

UNIVERSITAT

ADVANCED
RESOURCES

SUSTAINABLE
PROCESSES

Metallurgy //DE+EN

Mechanical Engineering //DE

Applied Geosciences //EN

Industrial Logistics //DE

Geoenergy Engineering //EN

Industrial Data Science //EN

Mining and Tunnelling//EN

Environmental and Climate
Protection Technology//DE

Raw Materials Engineering //EN

Recycling //DE

International Study Program in
Petroleum Engineering //EN

Energy Engineering //DE

Industrial Management and Business
Administration //DE

SMART
MATERIALS

Materials Science //DE

M LEOBENM WHERE RESEARCH MEETS THE FUTURE

Polymer Engineering and
Science //DE
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MASTER’S

PROGRAMMES
MSc

MONTAN
UNIVERSITAT
M LEOBEN® WHERE RESEARCH MEETS THE FUTURE

ADVANCED
RESOURCES

International Master of Science in
Advanced Mineral Resources
Development //EN

SUSTAINABLE
PROCESSES

International Master of Science in
Building Materials and Ceramics

//EN

International Master in
Sustainable Materials //EN

International Master in Petroleum
Engineering //EN

Safety and Disaster
Management //EN

International Master of Science in
Applied and Exploration
Geophysics //EN

EM Joint Master in Sustainable
Mineral and Metal Processing
Engineering //EN

SMART
MATERIALS

RESPONSIBLE
CONSUMPTION
AND
PRODUCTION

Advanced Materials Science and
Engineering (AMASE) //EN

Circular Engineering //EN

Responsible Consumption and
Production (EURECA-PRO) //EN

18



INTERNATIONAL
MASTER’S
PROGRAMMES

MONTAN
UNIVERSITAT
M LEOBEN® WHERE RESEARCH MEETS THE FUTURE

ADVANCED
RESOURCES

International Master of Science
in Advanced Mineral Resources
Development (AMRD) //EN

SUSTAINABLE
PROCESSES

International Master of Science
in Building Materials and
Ceramics (BMC) //EN

Sustainable Mineral and Metal
Processing Engineering (PROMISE)
//EN

International Master of Science
in Applied and Exploration
Geophysics (IMAGE) //EN

International Master in Sustainable
Materials (SUMA) //EN

Joint International Master
Program in Petroleum
Engineering (JIMP) //EN

EM Joint Master in Sustainable
Mineral and Metal Processing
Engineering // EN

SMART
MATERIALS

RESPONSIBLE
CONSUMPTION
AND
PRODUCTION

Advanced Materials Science and
Engineering (AMASE) //EN

Responsible Consumption and
Production (EURECA-PRO) (RCP)

//EN

19



FACTS &
FIGURES

MONTAN

UNIVERSITAT

Montanuniversitat Leoben
has an above-average
rating of 7 out of 10

points by ist students

(Universum Survey)

(Universum survey)

BACHELOR" S
PROGRAMMES

26% of students are female

®)
75 Startups %

80% Success Rate

G
golden buttons

on the
miner's coat

i

154.6592 m? campus area

M LEOBENM WHERE RESEARCH MEETS THE FUTURE

About a tenth of
the students work
at Montan-
universitat Leoben

300

laboratories &
workshops
form an excellent

3.000

students from

89

different countries

&

research infrastructure
164 km

from Vienna

oo

25

MASTER S
PROGRAMMES

5 °-| ratio
® students : teacher

/]

Sport courses at the USI

20



DEPARTMENT FUR

Umwelt- & EnergieverfahrensTECHNIK

Department of Environmental and Energy Process Engineering

AbfallverwertungsTECHNIK
& AbfallwiRTSCHAFT

ThermoprozessTECHNIK

Chair of Waste Processing Technology
and Waste Management
Head: Professor Roland Pomberger

eVl

Chair of Thermal Processing Technology
Head: Professor Harald Raupenstrauch

ViU

VerfahrensTECHNIK

des industriellan Umweltschutzes

Chair of Process Technology and Energieverbundrechnik
Industrial Environmental Protection Chair of Energy Network Technology
Head: Professor Markus Lehner Head: Professor Thomas Kienberger

I luumsnsnin m
B LEOBENM® WHERE RESEARCH MEETS THE FUTURE
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Chair of Thermal Processing Technology

=  employees: ~45 including K1-MET (incl. 4 Senior Scientists, 9 PhD students)

= Publications: https://pure.unileoben.ac.at/en/organisations/chair-of-
thermal-processing-technology-580/publications/

|EE — Industrial Energy Engineering
= Energy Efficiency

MS — Modelling and Simulation

= Computational Fluid Dynamics, Industrial Furnaces and burners

SDS — Safety and Disaster Studies
= Safety Engineering

.I = Recovery and Recycling Processes PT
MONTAN
UNIVERSITAT

HTPT — High-Temperature Processing Technology

M LEOBEN® WHERE RESEARCH MEETS THE FUTURE ThermoprozessTECHNIK


https://pure.unileoben.ac.at/en/organisations/chair-of-thermal-processing-technology-580/publications/

HTPT — High Temperature Processing Technology

Dr. mont. Klaus Doschek-Held

Professor
Dr. Harald Raupenstrauch

Working Group Lead
Head of Chair

+43 3842 402 5800
harald.raupenstrauch@unileoben.ac.at

MONTAN

UNIVERSITAT

+43 3842 402 5831
klaus.doschek-held@unileoben.ac.at

Dr. mont. Zlatko Raonic

Senior Scientist
Valorisation of end-of-life lithium-
ion batteries and phosphorus-rich

waste streams

Simulation of multi-phase systems

+43 3842402 5821
zlatko.raonic@unileoben.ac.at

M LEOBENM WHERE RESEARCH MEETS THE FUTURE

DI Anna Krammer

PhD candidate

Valorisation of steelmaking slags
and mineral wool waste

+43 3842 402 5829
anna.krammer@unileoben.ac.at

DI Christoph Gatschlhofer

PhD candidate

Valorisation of steelmaking slags
and phosphorus-rich waste
streams

+43 3842 402 5806
christoph.gatschlhofer@unileoben.ac.at

DI Thomas Hochsteiner

PhD candidate

Valorisation of end-of-life lithium-
jon batteries

+43 3842 402 5826
thomas.hochsteiner@unileoben.ac.at

23
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Introduction

= The desired defossilisation and climate neutrality of energy-

HTPT

intensive industries requires the reduction of the CO, intensity

of products and the development of adequate technologies

The "High-Temperature Process Technology" working group
(HTPT) focuses on promoting a sustainable circular economy

Our research concentrates on the resource-efficient

valorisation of residues using high-temperature processes
above 1000 °C

24


https://link.springer.com/content/pdf/10.1007/s00501-020-00993-0.pdf
https://link.springer.com/content/pdf/10.1007/s00501-020-00993-0.pdf

HTPT

= Objectives
/7 = Defossilisation and climate neutrality of 20
@ energy-intensive industries . o~
= reducing the CO, intensity of products cm

= development of adequate technologies
= Promoting a sustainable circular economy

= resource-efficient valorization of residues !ﬂ'

using high-temperature processes
= Collaboration scientific and/or industrial partners
= Education for sustainable development

QUALITY
EDUCATION

MONTAN
UNIVERSITAT
M LEOBENM WHERE RESEARCH MEETS THE FUTURE 25



HTPT

= Scientific Competences

< = material characterization
= physical & chemical properties

= high-temperature processes

= process development & optimization
= modelling & simulation J—

= prediction model development o

7/ ,"
/ ~ modelling & @E
0 simulation

I
¥ y . lesson

scale-up learned

% - I

a : ;
MONTAN
UNIVERSITAT
M LEOBENM WHERE RESEARCH MEETS THE FUTURE 26
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avoring matals ard mineral
N slesliaking ssidues

Funded by Funded by
the European Union the European Union
n Europe Grant Agreement Horizon European Clean

N 101138228 Steel Partnership
Grant Agreemen t No. 101058362

Das Land
% Steiermark \r&
\\ . CyC
e und Farschung Slag
i | Binder |

s Mo gat ,,W-g?w BitKOIN -
HY teR @ @@'O s,

uliBatteR 3 i\ Prorcm S

PG

Promuoting Inni

MONTAN

UNIVERSITAT

HTPT

Current Projects — Excerpt

acronym

(link)

H2PlasmaRed

BitKOIN

Recover-Met-Binder

UpcycSlag-Binder

ReMFra

FulLlBatteR

Hydrogen Plasma Reduction for Steelmaking and Circular Economy

CO,-reduced Binding Agents through Thermochemical Conversion of
Mineral Wool Waste Combinations

Valuable Metal Recovery and Binder Provision from the Electric
Furnace Route as a Contribution to Cross-Sector Circular Economy
Upcycling of slag residues to new, sustainable binders in the
construction materials cycle

Recovering Metals and Mineral Fraction from Steelmaking Residues

Future Lithium lon Battery Recycling for Recovery of Critical Raw
Materials

M LEOBENM WHERE RESEARCH MEETS THE FUTURE 27


https://h2plasmared.eu/
https://projekte.ffg.at/projekt/4576184/pdf
https://www.zukunftsfonds.steiermark.at/cms/ziel/172001645/DE/
https://zenodo.org/records/8052802
https://remfra.com/
https://www.k1-met.com/en/modul_fulibatter

Carbothermal Treatment and Cooling of
Metallurgical Residues

Introduction
Cement Industry

Concrete inuse -89 5C- goantruc:ion

CO, capturei darobonation

buit e:urlg::em -51 = 11 6
2017 emissions

. . 5C - Concrete
Worldwide production of 4.3 Gt cement (2021) . “""
2.42 Gt of CO, emissions, mainly due to the ~ P "
clinker burning process at high temperatures: ~ ‘ -160
- 117 ~ k_]z §L§ent ‘ ke N
5C - Cement - - o Decarbonated rawmaterias-27
CaCo, - Ca0 + CO, e . — W=
Electricaleficiency and — 2050 emlssmns . m:;x\nﬁ z;n:;r:;
o ' ~ ’
At the moment: clinker substitution with " ~
granulated blast furnace slag and fly ash from 'l' “‘
coal combustion .l
MONTAN
UNIVERSITAT
M LEOBENM® WHERE RESEARCH MEETS THE FUTURE IEA-International Energy Agency (2018): Low-CarbonTransitionintheCementindustry.Hg. v. IEA - International Energy Agency. Paris. 28

Online verfiigbar unter https://www.iea.org/reports/technology-roadmap-low-carbon-transition-in-the-cement-industry



Carbothermal Treatment and Cooling of
Metallurgical Residues

Introduction

Iron and Steel Industry

STEPS = Stated Policies Scenario; SDS = Sustainable Development Scenario

100%
Worldwide production of 1.9 Gt crude soon
steel (2021)
60% o o
2.62 Gt of CO, emissions, mainly dueto
the energy demand pook =
= Shift from blast furnace/basic oxygen 0%
furnace route towards electric steelmaking 2019 2050 2050 | 2019 2050 2050 | 2019 2080 2050
and other green technologies World China European Union
. O Scrap-based EF © Scrap share of metallic input
Slags as by-product: m Commercial BF-BOF
- 390 _ 560 kg/tcrude steel (BF/BOF Route) ItEe/C\}figE)O),_l:gzdanr:: Sizzlaﬁ;z?ology Roadmap, IEA, Paris https://www.iea.org/reports/iron-and-steel-
= 185-265kg/t, e steel (EAF Route)
MONTAN
UNIVERSITAT - - . "
BLEOBENM W HERE RESEARCH MEETS THE FUTURE world steel association (2023): World Steel in Figures. Brussels. Online verfigbar unterhttps://worldsteel.org/wp- 29

content/uploads/World-Steel-in-Figures-2023-4.pdf


https://www.iea.org/reports/iron-and-steel-technology-roadmap

Carbothermal Treatment and Cooling of
Metallurgical Residues

The conversion of iron and steel production in New types of s.lag are emerging that are still
the course of defossilisation means that blast unexploreq, which means that. it has L i
furnace slag that is needed to make the cement been possible to present a suitable utilization

industry climate-neutral, is no longer available. strategy in the sense of sustainable circular
economy.

valuablemetals @

/.ﬂ, / Recovery of \ Researc h O bj ect iv es ’. \\
(Fe, Mn, Cr) as a -

N Characterisation
- and development

secondary raw

: Development of
material for scrap- |

alternative " of new slag types
based steel supplementary
roduction Avoidance of - Investigation of the
P 4 cementitious £ f .
terial landfilling o ~ possible energy /
. m; tezla!c S asfa metallurgical ~ recovery through >
gl SUbS : " 'g';l of residues and ~ dryslaggranulation o
\ gr?nu ate | ast promoting a -
\ urnace siag / circular economy 4
MONTAN . R 7 & >
UNIVERSITAT s \ > .
M LEOBENM® WHERE RESEARCH MEETS THE FUTURE - o 30



Carbothermal Treatment and Cooling of

Metallurgical Residues
= Materials & Methods

o

Chemical AR Metal Secondary Raw

Modification Metallurgical . . : Fraction Material (SRM)
Residues :

Correction
Materials

-

_______________________________

m e e e e e e e e e e e e e e e e e e e e

Carbothermal

Reduction Reducing
Agent

Supplementary
Cementitious
Material (SCM)

Fraction

MONTAN

UNIVERSITAT

SUSTAINABLE ™ &,
DEVELOPMENT %‘..SALS
INDUSTRY, INNOVATION RESPONSIBLE

9. 12

INFRASTRUCTURE CONSUMPTION
AND PRODUCTION

& | 0O

B LEOBENM W HERE RESEARCH MEETS THE FUTURE Doschek-Held, K, Krammer, A, Doschek-Held, K, Steindl, FR, Gatschlhofer, C, Wohlmuth, D & Sorger C, (in press.2024), Thermochemical 31
treatment of iron-, calcium- or silica-rich residues from the iron and steel industry: recovery of valuable metals and alternative binder
components. in Proceedings of the 6th EMCEI. Euro-Mediterranean Conference for Environmental Integration, Marrakesh, Marokko, 15/05/24.



Carbothermal Treatment and Cooling of
Metallurgical Residues

= Materials & Methods

Reference Material: Ground Granulated Blast Furnace Slag (GGBFS)

Integrated Steelmaking Slags Hco@vo | | @ro Wo
=  Hot Metal Desulphurization Slag (HMDS) R M sio, @ A1,0,| | Bl Moo @l TiO,
=  Continuous Casting Slag (CCS) i
Electric Steelmaking Slags Hl\égg ]
= Electric Arc Furnace Slag (EAFS) I
= Ladle Slag (LS) EAI}E |
Correction Materials BOFSI
= Basic Oxygen Furnace Slag (BOFS) SMS |
=  Siemens-Martin Slag (SMS) GW |
=  Glass Waste (GW) 0 20 40 60 80 100
chemical composition in wt.-%
MONTAN
UNIVERSITAT . ) .
B LEOBENM W HERE RESEARCH MEETS THE FUTURE Doschek-Held, K, Krammer, A, Doschek-Held, K, Steindl, FR, Gatschlhofer, C, WohImuth, D & Sorger C, (in press.2024), Thermochemical 32

treatment of iron-, calcium- or silica-rich residues from the iron and steel industry: recovery of valuable metals and alternative binder
components. in Proceedings of the 6th EMCEI. Euro-Mediterranean Conference for Environmental Integration, Marrakesh, Marokko, 15/05/24.



Carbothermal Treatment and Cooling of
Metallurgical Residues

Materials & Methods

=  Mixture Calculation

=  Microsoft Excel Spreadsheet Model using a Solver Add-In

= Transfer Coefficients: Mathematical Separation into the Mineral Fraction (SCM), Metallic Fraction (SRM)
and Gas Fraction

= European Standard for GBFS (EN 15167-1): Limitation of Chemical Properties for the Mineral Fraction

0,
Electric Steel Mill 0% 100% Correction Materials YA Beforc:w ?arbothermal Treatment “ 100%
i it A LS & ® GW o
Mixture (M) Composition A EAFS ® SMS SCM Limitation (EN 15167-1) = M i
I Integrated Steel Mill ® BOFS After Carbothermal Treatment Reference Material
= CCS Ref Material . - Solver Prediction 259% * GGBFS
B CCS ® HMDS 25% eference Maleria SiO, content > 25 wt.-% * M1 0
75% * GGBFS M2 75%
SMS o Ca0 + MgO +SiO, > 66 wt.-% @)
HMDS L ®. §°’
* 50% (@] Ca0+MgO

M BOFS £ S © 0,1 g

W EAFS

mLS Mixing, Carbothermal Treatment -

> 0
mEW and Cooling
M1 M2 100% o 100%
4 % A % 4 2 4 7 F 4 7 7 00/0
Ui 2ot 200 £h% 100% 0% 25% 50% 75% 100%

MONTAN R2G ¥l ALO, + FeO
UNIVERSITAT ' . _
B LEOBENM W HERE RESEARCH MEETS THE FUTURE Doschek-Held, K, Krammer, A, Doschek-Held, K, Steindl, FR, Gatschlhofer, C, WohImuth, D & Sorger C, (in press.2024), Thermochemical 33

treatment of iron-, calcium- or silica-rich residues from the iron and steel industry: recovery of valuable metals and alternative binder
components. in Proceedings of the 6th EMCEI. Euro-Mediterranean Conference for Environmental Integration, Marrakesh, Marokko, 15/05/24.



Carbothermal Treatment and Cooling of
Metallurgical Residues

Materials & Methods
m Carbothermal Treatment

u Melting and Reduction in a Graphite Crucible and Addition of Carbon Powder

n Resistance Elevator Furnace (EF)
= Sample Quantity: 200-250 g
n Heating: 500 K/h up to 1600°C
. Atmosphere: Argon, (CO, CO,)
. Cooling: Water Quenching

Exhaust Gas Outlet

Furnace Chamber

Elevating Furnace
Bottom with Argon Inlet

. Inductively Heated Crucible Furnace (ICF)
= Sample Quantity: 1300 - 1600 g
. Heating: 600 K/h to 1400 — 1600 °C
= Atmosphere: O,, CO, CO,
= Cooling: Water Quenching or Spinning Disk Atomization

Graphite Stopper

Gas Vent

__—e Ceramic Fibre
Blanket

—=@ Graphite Crucible
—=qo in a Ceramic Case

Induction
Coil

-]
Thermocouple

Type K
UNIVERSITAT
B LEOBENM W HERE RESEARCH MEETS THE FUTURE Doschek-Held, K, Krammer, A, Doschek-Held, K, Steindl, FR, Gatschlhofer, C, Wohlmuth, D & Sorger C, (in press.2024), Thermochemical 34

treatment of iron-, calcium- or silica-rich residues from the iron and steel industry: recovery of valuable metals and alternative binder
components. in Proceedings of the 6th EMCEI. Euro-Mediterranean Conference for Environmental Integration, Marrakesh, Marokko, 15/05/24.



Carbothermal Treatment and Cooling of
Metallurgical Residues

Materials & Methods

¢ Wet Quenching (WQ)
+ State-of-the-art
+ Process Stability: Slag Impact and Flow

Why granulation?

— Necessity of an amorphous structure
for a reactive binder component

— Glassy solidification achieved with

— Wastewater rapid cooling _
. . — Less effort is required for crushing
— Formation of Hydrogen Sulphide and Water . . .
Vapour — Easier separation of the metallic

fraction

e Spinning Disc Atomization (SDA)
+ Possibility of Heat Recovery

+ No Necessity of Fresh Water Consumption and
Drying

— Higher Efforts in Process Engineering needed
— More sensitive to Material Properties

UNIVERSITAT
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Heat recovery from slags

about 400 Mio. tons of blast furnace
slags per year worldwide

tapping temperature: around 1500 °C

best available technology: wet
granulation

cooling still done without heat recovery
(1,5 GJ/t unused)

growing interest in energy efficiency in
the iron and steel industry
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Wet slag granulation at Mopani, Mufurila (Zambia
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Dry Slag Granulation - DSG

DSG - Rotating Cup - Principle Steam/energy generator

Example model for 1 t/min slag

Steam 60 bar, ~450°C

—» Hot exhaust air(~650°C)

Slag flow

Engine ---

—»

>6 MW

Condensation

Granulated slag

MONTAN
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Pump


Phase01_Trial_Procedure01.mp4
Phase01_Trial_Procedure01.mp4

TPT pilot plant DSG

Exhaust air —

Quench water
Granulator

Air inlet

Fan

Tilting device Air preheating
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Carbothermal Treatment and Cooling of
Metallurgical Residues
Materials & Methods

= Qutput Characterisation
=  Granulation is followed by (Drying,) Crushing, Sieving and Magnetic Separation into:

Mineral Fraction (SCM)
- Chemical Composition (XRF)
i Glass Content and Phase Composition (XRD)
i Rapid Reliable Relevant (R3) testing procedure [Li et al., 2018]
: Hydration Heat Release after 7 days (Isothermal Calorimetry)

Metal Fraction (SRM)
i Chemical Composition (ICP)
: Reduction Rate
= Calculated by Mass Balance

MONTAN
UNIVERSITAT

B LEOBENM W HERE RESEARCH MEETS THE FUTURE Li X, Snellings R, Antoni M, et al. (2018) Reactivity tests for supplementary cementitious materials: RILEM TC 267-TRM phase 1. Materials and 40
Structures 51: 151.



Carbothermal Treatment and Cooling of
Metallurgical Residues

Limiting value acc. to EN 15167-1 R3 test method: mixture of
S _ _ SCM, Ca(OH),, KOH and K,SO,
Characteristic of a rapid cooling ||  ~ ~ %
S d% ””” I ”””””” hvdrauli cumulative released heat after 7
equiread for at(‘ec'nt- ydraulic days as indication of binder
properties .. . P Y [
reactivity (hydration reaction . :
y (hy ) compliance with EN 15167-1
100, — — 100, 2.0, _
— 2600 ] - -
P A (@) o . — — —
X, S, 500- °\-N ] 1 0159
g 66 §400__ — (- 8 66 (£ - -
S 50+ D 390. (-5 50 61.0
< < < Q < < < < < < < < <
> [G@ae@oic s o x e oc@oc@o || S ([cBccBac8s 2 |o&ocE oo @ o
AR M MEL & s EFHTENCEN |z ERTEETEH NN e
O e | || | T 1004 " N o ||t OO | N | @ ||| BN |
oJus B0 i @O O || - | 811O|Jin| |8 |O ||l © || S [l |8l |fi| I8 O| i @[S | | S, , il 181 S| il I8 S | | I8 |
GGBFS M1 M2 GGBFS M1 M2 GGBFS M1 M2 GGBFS M1 M2
EF — Resistance Elevator Furnace; ICF — Inductively Heated Crucible Furnace; WQ — Water Quenching; SDA — Spinning Disk Atomization
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Carbothermal Treatment and Cooling of
Metallurgical Residues

100 MnO (s) + C(s) > Mn(s) + CO(g) 100- FeO(s) + C(s) > Fe(s) + CO(g)

MetaIFractlon (SRM) selected results 98
2 80
Redution Rates Yo :
= 3
The metal reduction also influences the chemical g 2 o 0 _
" . : N = gl 5§ 09 85 v |gllelldllaglle B
composition of the mineral fraction, resulting in =S 2 0o = 2 0 =l2||a|l2]2] o
deviations from the calculated result. i . B FHT i, ] | L a e
oMl [2 1 O wi 2 O ol [© |19 |l [2 ] 9
M1 M2 M1 M2
A very high reduction of iron and chromium was 100, Cr,03(s) + 3 C(s) > 2 Cr(s) + 3 COe)
achieved regardless of the input material, furnace type 50
and cooling variants selected. The ICF-SDA test for EF — Resistance Elevator Furnace
mixture M2 showed poorer results, which can be manuctively eated Crucible o -
i i i WQ - Water Quenching =
attributed to a disturbance in the energy supply. o e e wization O s lollgllgllal &
=||S||o||l2||2| @
. . g ool |y ||
The reduction of manganese was significantly below o919 ||m||9]]9
the expected value. M1 M2
MONTAN
UNIVERSITAT
B LEOBENM W HERE RESEARCH MEETS THE FUTURE Doschek-Held, K, Krammer, A, Doschek-Held, K, Steindl, FR, Gatschlhofer, C, Wohlmuth, D & Sorger C, (in press.2024), Thermochemical 42

treatment of iron-, calcium- or silica-rich residues from the iron and steel industry: recovery of valuable metals and alternative binder
components. in Proceedings of the 6th EMCEI. Euro-Mediterranean Conference for Environmental Integration, Marrakesh, Marokko, 15/05/24.



Carbothermal Treatment and Cooling of
Metallurgical Residues

= Conclusions

on,

SCM — Supplementary
Cementitious Material

Mineral Fraction (SCM)

= Desired Chemical Composition
= Achievement of Rapid Cooling (Glass Content > 66%)
= R3® Hydration Heat Release = Suitability for Use as SCM

Metal Fraction (SRM) — Reduction Rates

= Separation from Mineral Fraction is Possible
= Efficient Recovery of Fe and Mn

SRM - Secondary Raw

= High Iron Content in Recovered Metal Alloy = Suitability for Use as \EICHE]
SRM
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Carbothermal Treatment and Cooling of
Metallurgical Residues
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Mineral Wool Waste Recycling

Introduction

Production

Waste l -

Demolition
Waste (95 %)

MONTAN
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Construction
Waste (5%)

~

Raw Materials

Stone Wool - Volcanic rock (e.g. Basalt) is melted together with limestone and/or

Glass Wool - The components quartz sand, soda and limestone and up to 80 m.-%

dolomite at temperatures of up to 1500 °C in coal-fired furnaces before being fed into a
defibring machine.

waste glass as a secondary raw material are melted at around 1200°C in natural gas-
fired glass furnaces and then defibred.

J

N\

Production of Mineral Wool (MW) in 2020

e EU total: 266 mio. m® = 10 mio. tons

Mineral Wool Waste (MWW) — Demolition Waste

e EU - MWW (2020): 2.5 mio. tons 2 127 — 12.7 mio. m?
e bulk density: 20 — 200 kg m-3

Recycling / Disposal

* construction waste: recycling is limited by chemical composition (EUCEB criteria)

» demolition waste: landfilling causes stability problems (2027 in AT - ban on
deposition)

MULLER, Anette ; LEYDOLPH, Barbara ; STANELLE, Katja: Recycling mineral wool waste - technologies for the conservation of

fiber structure. In: InterCeram: International Ceramic Review (2009), S. 378-381.; SCHULTZ-FALK, Vickie ; AGERSTED, Karsten 45
; JENSEN, Peter Arendt ; SOLVANG, Mette: Melting behaviour of raw materials and recycled stone wool waste. In: Journal of
Non-Crvs<talline Solids 485 (2018 S 4-41



Mineral Wool Waste Recycling

= Motivation & Objectives e

. . \/
briquetting thermal

= Recycling of Mineral moaeaton [RANCRE g ) i wemen
Wool Waste (MWW) a
as a Supplementary ——
Cementitious substances

Material (SCM)

V . » slag
comparable to Granulated energy
Blast Furnace Slag

b9 Avoidance of landfill disposal of mineral wool waste to

Increasing the recycling rate of construction and 4 ; : .
| promote a circular economy and to increase landfill

demolition waste

UNIVERSITAT o Doschek-Held, K., Krammer, A., Steindl, F. R., Sattler, T. M., & Juhart, J. (2023). Mineral Wool Waste as Supplementary
M LEOBENM WHERE RESZARCH MEETS THE FUTURE Cementitious Material - A Novel Thermochemical Treatment Approach. 196-198. Paper presented at 3rd EURECA-PRO 46

Conference 2023, Chania, Greece. https://doi.org/10.5281/zenodo.10468154



Mineral Wool Waste Recycling

= Materials & Methods

Mineral Wool
* Glass Wool (GW)

*  Stone Wool (STW)
—  Landfilled Material (LM)
—  Product (P)

Correction Materials

*  Paper Waste Incineration Ash (PWIA)

e Ladle Furnace Slag (LFS)

*  Coverter Lime (CL) - Sieving from LFS

MONTAN

UNIVERSITAT

85.0%

Target Area
Binder Suitability

* 42.5%

Mineral Wool

® GW(LM)

® STW (LM)
85.0% Y GW (P)

® STW(P)
Correction Materials
B PWIA

W LFS

m CL

0.0%

.
@)
42.5% *

. > 0.0%

0.0%

42.5% 85.0%

AlL,O, + Fe,O,4
On Average 15% Other Compounds

M LEOBENM WHERE RESEARCH MEETS THE FUTURE
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Mineral Wool Waste Recycling

"= Results
* Production of a similar material like granulated blast furnace slag

* Suitability as a supplemetary cementitious material could be confirmed in
several test procedures

= Conclusions and Outlook

* Possibility to conserve natural and landfill resources and to increase the
recycling rate of construction and demolition waste

* Further lab scale experiments to identify influencing parameters and
examine other correction materials — like cement kiln dusts

* Pilot scale experiments (100 kg/batch) to investigate the suitability as
construction material

MONTAN

UNIVERSITAT Doschek-Held, K., Krammer, A., Steindl, F. R., Sattler, T. M., & Juhart, J. (2023). Mineral Wool Waste as Supplementary
M LEOBENM WHERE RESEARCH MEETS THE FUTURE Cementitious Material - A Novel Thermochemical Treatment Approach. 196-198. Paper presented at 3rd EURECA-PRO 48
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Basic Oxygen Furnace Slag Recycling

2021 — Crude steel production in EU27: 152.6 Mio. t

= Blast furnace/Basic oxygen furnace route: 85.6 Mio. t
= Electric arc furnace route: 67.0 Mio. t

»

Basic oxygen furnace slag:

=  Accumulation of 100 — 150 kg/t
crude steel resulting in a annual
amount of = 10 Mio. t/year

= Representative transition metal

crude steel production 2021
EU27: 152.6 Mio. t

4(‘

I Oxygen i .

" Electric

content:
m Fe: 20— 25 wt-% 43,9%
" Mn:3-6wt-% 85.6 Mio. t

= Cr:0.2-0.4wt-% 56,1%

“world steel association”
MONTAN
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Basic Oxygen Furnace Slag Recycling

composition [wt-%]

100
80 -
60 - Mw%
40 - W / MgO
/// 7sio,
Cao
20 40%
0

Composition of basic oxygen furnace slag (BOFS)

T
BOFS
"European Commission. Removal of Phosphorus from BOF-slag (PSP-BOF). Luxembourg; 2018."

Potential as a result of pyrometallurgical treatment (100 % vyield):

4 )

Metallic alloy composing of:
" Jron (2 —3 Mio. t/year)
= Manganese (0.3 — 0.6 Mio. t/year)
" Chromium (20 000 — 40 000 t/year)/
5.0 - 5.5 Mio. t/year of rock

\[ Phosphorus: ] }
= P,O: (100 000 t/year
205 ( /year) phosphate (10 - 25 % P,0Ox)

“Tulsidas, Harikrishnan; Gabriel, Sophie; Kiegiel, Katarzyna; Haneklaus,
Nils (2019): Uranium resources in EU phosphate rock imports. In:
Resources Policy 61, S. 151-156. DOI: 10.1016/j.resourpol.2019.02.012.”

Import EU:

Mineral product:
= Slag (6 Mio. t/year)

MONTAN
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Basic Oxygen Furnace Slag Recycling

Possible separation technologies at a glance:

Mechanical processing

O = (Classical processing methods: comminution, classification, magnetic separation and flotation
= Problem with BOFS: intergrowth of iron and phosphorus in the slag phases

Hydrometallurgy

All metal recovery processes that utilise the material-specific solubility and different wettability
of the elements and their compounds at lower temperatures - relative to pyrometallurgy — wet

chemical processes
= Bijo-leaching: Biological wet-chemical processes (fungi, microorganism...)
e
Pyrometallurgy
= Refers to the entirety of metal extraction and metal refining processes that require high
temperatures and take place in the absence of oxygen
N

MONTAN
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Basic Oxygen Furnace Slag Recycling

Thermodynamics of pyrometallurgy — carbothermal reduction of basic oxygen furnace slag:

Measure of the driving force of a change of state in a system
- maximum work performed by or on the system:
= V=const. : Free energy F

\ - p=const. : free enthalpy G (Gibbs energy)

) ApG < 0 the process (chem. reaction) takes
place spontaneously

ARpG > 0 the process (chem. reaction) only
... a system is in chemical equilibrium=> dG =0 takes place when e”er§y s supplied

dG=-S-dT+V-dp

A+B ««C+D

&RG = ZGPrndukte o ZGREEIK tan den

AG=G.+G, — (G, +Gg)=H, +H, —(H, +Hg)-T-(S. +S, — (S, +S; ) =AH-TAS

MONTAN
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Basic Oxygen Furnace Slag Recycling

Thermodynamics of pyrometallurgy — carbothermal reduction of basic oxygen furnace slag:

A =Yi- X

/Activity a;: Measure of the chemical potency of a solute i \
(i.e. its ability or willingness to react chemically with other

Sulpsilences) y; ... Activity coefficient
v; < 1 -2 Tendency to segregate
¥; > 1 = Tendency to connect

Factors influencing activity: p, T and the nature of the
v; = 1 2 Ideal state

\solution (type, structure and composition of the solution) /

... in the chem. equilibrium:  AGY = =R - T - In(K) ... further applies: AG® = AHn — T - ASp

Essential reactions in the carbothermal treatment of slags are oxidation or reduction
K — ar"'"lEon

reactions:
x+Me(s,1) + 0, & Me,0,(s,1) « Po,
ahh * 0
MONTAN P
UNIVERSITAT
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Basic Oxygen Furnace Slag Recycling

Thermodynamics of pyrometallurgy — carbothermal reduction of basic oxygen furnace slag:

Essential reactions in the carbothermal treatment of slags are oxidation or reduction reactions:

d
x-Me (s, 1)+ 0, & Me,0,(s,1) K=_—".0
ax +p02
Me "0

P
At a standard pressure of p® = 1 bar, or at an activity of metal and metal oxide = 1 (pure substances):

AG°=—R-T-In(K)=—R-T:In (L) =R-T-In(po,) # Oxygen potential

Po,
( . . . \
2Fe + 0, < 2Fe0 AHg < 0: exothermic reaction, ASg < 0: Solid forms
L from one mole of gas )
R-T-In(pp,) =AHg —T-ASp /- <
AH, < 0: exothermic reaction, AS; > 0: 2 moles of gas
2C + 0, < 2C0 R R =
are formed from one mole of gas
MONTAN & )
UNIVERSITAT
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BOFS Recycling

Conclusion from theoretical consideration of the pyrometallurgical treatment of BOFS:
= At process temperature (approximately 1873 K) FeO, MnO, Cr,05 and P,Oc can be reduced with
pyrometallurgical treatment by carbothermal reduction of BOFS due to thermodynamics:
" FeO, MnO, and Cr,0; forming a metal alloy:

2Fe0 + 2C & 2Fe + 2CO
2 4

§Cr203+2C <—>§Cr+2C0
2MnO + 2C & 2Mn + 2C0O

= P,O. reduction form highly reactive phosphorus gas P, according to the high vapor pressure:

2 2
=P20s+2C © 2Py +2C0

" Remaining metal oxides e.g., Ca0, SiO,, MgO, Al,O; can only be reduced at higher temperatures,
forming a slag

MONTAN
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Basic Oxygen Furnace Slag Recycling

Objective: Production of high-quality secondary raw materials as a result of an efficient pyrometallurgical

recycling process
Metal fraction

Basic oxygen
furnace slag ChaIIenge:

Phosphorus recovery

Metal fraction (Fe, Mn, Cr, C
[Phosphorus] as a secondary raw
material in the steel industry

Pyrometallurgical

treatment
Mineral fraction (CaO, SiO,, MgO,

Al,O3) as a product similar to
granulated blast furnace slag for
use in the cement industry

+ correction substances

\e. .'_‘::,.' :
Gas fraction
(CO, P,) Mineral fraction
MONTAN
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Basic Oxygen Furnace Slag Recycling

Objective: Production of high-quality secondary raw materials as a result of an efficient pyrometallurgical recycling
process

Challenge for phosphorus recovery from basic oxygen furnace slag:
= High affinity of gaseous phosphorus to the metal alloy = dissolution of phosphorus in a metal bath
resulting in the formation of metal phosphides
= Accumulation of phosphorus in the metal impairs its quality for reuse in the steel industry
= The phosphorus is ‘lost” in the metal and therefore cannot be recycled

Solidified phosphide
droplet within the
surrounding slag matrix

MONTAN
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Phosphide formation Phosphorus gasification Phosphorus recovery
 |nvestigation of the affinity between  Influencing the reduction of e Planning, conceptual design, and
phosphorus and iron, manganese, phosphorus through the chemical construction of an exhaust gas line for
chromium manipulation of BOFS the recovery of gaseous phosphorus
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Basic Oxygen Furnace Slag Recycling

Current research — phosphide formation:

Preparation of the

specimen

Totally 3 specimen:
BOFS-industry
BOFS-synth.
APR-synth.

used chemicals (purity
>97%):

CaCO0,, SiO,, MgO,
Al,O,, Cas(PO,),, Fe;0,,
Cr,05, MnO,

MONTAN

UNIVERSITAT

Production of

the specimen

APR — Alternative Process Route

iron, scrap,
lime

initial BOF BOFS > EAF

EAF-slag

M LEOBENM WHERE RESEARCH MEETS THE FUTURE

Obtaining the

specimen

Carbothermal
reduction

Separation into

ME and Ml

Idea of a slag, which is:

Depleted in Fe
Enriched with P, Mn, and Cr

P-rich alloy >

lime,

additives

BOF

Fe-Mn-alloy

P-rich gas

InduRed
Reactor

Cr-, Mn- and P-
rich novel BOFS

InduRed
slag

Cr-rich alloy

Analysis of

ME and Ml
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Basic Oxygen Furnace Slag Recycling

Current research — phosphide formation:

3[Fe] + 0.5{P,} S [Fe3P]
2[Fe] + 0.5{P,} S [Fe,P]
[Fe,P] + 0.5{(P,} S 2[FeP]
[FeP] + 0.5{P,} S [FeP,]

Theoretical consideration of transition metal phosphide species formation:

AMe, P,y 3[Cr] + 0.5(P,} S [Cr5P]
X’[Me]‘l‘y'{Pz}(:)[Mexsz] — 5 >
o . PP ) [CrsP] + (P2} S 5 [CriPy]
Me —\ p© 24
[Cri2P7] +{P,} S T [CTP]
4 ) 3{Mn} + 0.5{P,} S [Mn3P]
AMe, P,y 4{Mn} + (P} S 2[Mn,P]
AGr =—R-T -1n Do\ =—R-T-In(K) AGr = AHp — T - ASp SO T (50 S [MniP)]
P
af\ﬁle . <p—02) {Mn} + 0.5{P,} S [MnP]

. [MnP] + 0.5{P,} S [MnPs]

\_

As for oxygen, a “Richardson Elingham” diagram can also be constructed for phosphorus using thermodynamic
data of the phosphide formation reactions

MONTAN
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Basic Oxygen Furnace Slag Recycling

Current research — phosphide formation:

From thermodynamic data from
literature:

= |ron, Manganese, and chromium
show all a high affinity to phosphorus
= Favored metal phosphides:
= Jron: Fe,P, Fe,;P
= Manganese: Mn4P,
=  Chromium: CrgP
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Christoph Gatschlhofer; Zlatko Raonic; Irmtraud Marschall; Anna Christine Krammer; Klaus Doschek-Held; Harald Raupenstrauch (2024): Investigation of the
phosphide formation for transition metals during carbothermal reduction of industrial and synthetic slags. Manuscript submitted for publication. In: Circular
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Basic Oxygen Furnace Slag Recycling

100 -

10
Current research — phosphide formation:

90 -

DI < 8 %ons
0] . = I 0,

_ B MnO
60 - 16 E—FeO
' (2 ALO,

80

Preparation of the slag samples:
= BOFS: Industrial basic oxygen
furnace slag modified with pure
guarts sand

chemical composition [wt.%]

=  SBOFS: Synthetic replica of the 50__ | M0
modified industrial basic oxygen 40 -4 04 Si0,
furnace slag 30 4 _ [ Jcao
= SAPRS: Synthetic replica of the ] E—
slag from the alternative 20 1 1.52 12 2
' 0.95 oo 1 "
process route 10 - — |
iIBOFS, sBOFS, and sAPRS are prepared by 0 ] ' ' ' ' 0
. . . 1IBOFSm sBOFS sAPRS
a melting step in an Al,O5-crucible at
1550 °C (using high purity chemicals) slag samples
Christoph Gatschlhofer; Zlatko Raonic; Irmtraud Marschall; Anna Christine Krammer; Klaus Doschek-Held; Harald Raupenstrauch (2024): Investigation of the
phosphide formation for transition metals during carbothermal reduction of industrial and synthetic slags. Manuscript submitted for publication. In: Circular
MONTAN Economy and Sustainability.
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Basic Oxygen Furnace Slag Recycling

Current research — phosphide formation: 100 -

Carbothermal treatment in a graphite = .
crucible at 1600 °C of: S 0555 [_JFe
= iBOFS: Industrial basic oxygen g 60 - gh\
o , = r
;uur;rizisLa(jg modified with pure g ‘ 0000 ga
=  sBOFS: Synthetic replica of the ;3 40 - B si
modified industrial basic oxygen - IV
furnace slag £

=  SAPRS: Synthetic replica of the 20
slag from the alternative
process route

1 2 1 ” 1
iBOFSm sBOFS sAPRS
Rapid cooling with inert gas 2
Separation of metal- and mineral fraction

metal fraction

Christoph Gatschlhofer; Zlatko Raonic; Irmtraud Marschall; Anna Christine Krammer; Klaus Doschek-Held; Harald Raupenstrauch (2024): Investigation of the
phosphide formation for transition metals during carbothermal reduction of industrial and synthetic slags. Manuscript submitted for publication. In: Circular
Economy and Sustainability.
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Basic Oxygen Furnace Slag Recycling

Current research — phosphide formation:

SEM-analysis results from carbothermally
treated iBOFS:
= >95 % of phosphorus dissolves o
in the metal phase T
. . -3- n
= Ferromagnetic properties PR
= Partial solidification of Z 15}
. =S
phosphide compounds between P S 10}
metallic phases =
. . . £ 88F
= Phosphide phases are rich in
. 77+
manganese and slightly y
amounts of chromium are ol
detectable 0 5 10 15 20 25 30 35
distance [pum]
Christoph Gatschlhofer; Zlatko Raonic; Irmtraud Marschall; Anna Christine Krammer; Klaus Doschek-Held; Harald Raupenstrauch (2024): Investigation of the
phosphide formation for transition metals during carbothermal reduction of industrial and synthetic slags. Manuscript submitted for publication. In: Circular
Economy and Sustainability.
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Basic Oxygen Furnace Slag Recycling

Current research — phosphide formation:

]
P
\
’

SEM-analysis results from carbothermally

treated sAPRS: £ i

= Pure non-magnetic phosphide \ ol :
species is formed S

= No ferromagnetic properties : g 6

* Phosphorus content in the ‘ R
phosphide phase up to 20 wt-% T g f

= Phosphide phases are a mixed _g 1
iron-, manganese- and 5 zz Fe
chromium-phosphide 35

=  Phosphorus show a high affinity 12
to all reduceable transition 00 F0 30 d s e 7o 80 %

distance [um]

metal species present in BOFS

Christoph Gatschlhofer; Zlatko Raonic; Irmtraud Marschall; Anna Christine Krammer; Klaus Doschek-Held; Harald Raupenstrauch (2024): Investigation of the
phosphide formation for transition metals during carbothermal reduction of industrial and synthetic slags. Manuscript submitted for publication. In: Circular
Economy and Sustainability.
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Phosphorus recovery from sewage sludge ash

Background:
= Sewage sludge and animal waste contain significant amounts of phosphorus - continuous source

= Sewage sludge accumulates in the sewage treatment plant 2 after biogas is produced, the sludge is
dewatered and dried

= Utilization options for dried sewage sludge:

» Direct spreading on the field } Unwanted components such as hormones, drug residues and

= Composting heavy metals remain in the material
= Landfilling

= Thermal utilisation
= Mono-incineration
= Co-incineration (Phosphorus in the ash is diluted to uneconomical levels for its recovery)
= Pyrolysis (Carbon remains in the material)
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Phosphorus recovery from sewage sludge ash

Background:
= Mono-incineration of sewage sludge in Stationary fluidised bed:

= Fluidisation of a bed material (sand)
= High heat transfer rate at 850 - 950°C

= No NOx formation

= A=1.25-1.50

= Start-up: Support burner insert (gas or oil burner)
* |ndependent combustion from 4.5 MJ/kg

Calorific value of dried sewage sludge:
= Raw sludge: approx. 19 MJ/kg
» Digested sludge: approx. 11 MJ/kg

= Ash discharge = exhaust gas flow and sand extraction

= Pyrolysis of sewage sludge:
= thermal decomposition under oxygen exclusion or low-oxygen conditions
= Wide temperature range (300 — 1000 °C)
» Product streams from pyrolysis process:
= Bio-oil
= Biochar (predominant proportion of phosphorus bound)
=  Pyrolysis gas
MONTAN
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Phosphorus recovery from sewage sludge ash

Characterization of sewage sludge ash:

* Elemental composition:
* 96,7% (Ca0, SiO,, P,Os, Fe,0;, MgO und Al,0,)
* High proportion of impurities

*  Phase analysis by XRD: complicated mixture of
*  Whitlockite + apatite as phosphate carrier
*  MgO, CaO, haematite, quartz, Ca-sulphate
* Feldspars, Ca-silicates, perhaps tridymite

Briquetted sewage sludge ash

— 16.69%
-PZOS
i 4 Phosphorus is bound in the sewage A
- /50 W sludge by microorganism or
. e,0 3.32% predominantly by aluminum- or iron-
r » o o o . .
- precipitation salts = Incineration leads
- 21.63% Kto phosphorus concentration in the ash/
Pb
[ Ba
Zr
MONTAN
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Phosphorus Recovery - RecoPhos

Recovery of Phosphorus from Sewage Sludge and Sewage
Sludge Ashes with the Thermo-Reductive RecoPhos Process

Rec=Phos

Duration: 36 months (March 2012 — February o Iput:Sovage Slucge Ash
' 2015) ﬁuzo
Instrument: Eco-Innovation/FP7 ﬁ R
. _ FP7-Environment; Project Number: wo; 7 Nl
Project Reference: 82856-2 Crz e\ ‘
Budget: 4.5 Mio. €
EC Contribution: 3.2 Mio. €
Collaborative Project/Eco-
CO ntra Ct Type: . J / Molten Slag, Metal Melt, Iron Phpsphorous Alloy
Innovation
Project Coordinator: Montanuniversitat Leoben
MONTAN
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RecoPhos — Chemical Reactions

min. 1500 °C

energy

> C Reducing atmosphere

CO, +C <> 2CO

metals @ slag

Ca,(PO,), + 3Si0, + 5C — 3CaSiO, + 5CO + P,
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Production of Phosphorus
State of the art: Wohler Process

Kohle- oder Soderbergelektroden (Kathode)

Beschickung Gasaustritt
, CO
Betondecke '

Schamotte-
steine

Stahlmantel

Schlacken-

abstich < &
Elektrodenmasse Eisen-
(Formbrandsteine abstich
aus Hartbrandkohle)

Ca,(PO,), + 3Si0, + 5C — 3CaSiO, + 5CO + P,

I luumsnsnin m
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MONTAN

eeeeeeeeeeeeeeeeeeee UNIVERSITAT

WV UNILEOBEN.AC.AT



InduRed Reactor

Input-mixture
ThermoprozessTECHNIK

Suction fan

Output: Gas

(CO, P,, volatiles)
InduRed
reactor

; ; Input-
emperature :
Cl mixture
1492.0
| t-mixt
nput-mixture (s) l f4c55
! -3,5 kW
14856  (melfing)
1482 4
14792
14760 -]’75 kW
14728 (reactions)
) 14696
Molten bath (I) 14664 =175 kW _
(reactions)
14632
1460.0

output (liquid)

Flue gas scrubber

[1] Raupenstrauch et al.: Apparatus and process for thermal treatment of raw material containing lithium compounds
and phsophorous compounds, method of recovering lithium and/or phsophorous from residual material of lithium-ion

batteries’. WO 2021/175703 Al

https://patents.google.com/patent/W02021175406A1/en
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Output: molten bath
Mineral fraction (Ca0, SiO,, MgO, Al,O;...) (Cement industry)
Metal fraction (Fe, C, P) if FeO enters the reactor (Steel industry)
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Phosphorus recovery from sewage sludge ash

Methodological approach:

= Thermochemical digestion of sewage
sludge ash using the RecoPhos process

= The following fractions can be recovered
from chemically modified sewage sludge
ash:
= Phosphorus as phosphoric acid
= Mineral fraction
=  Metal fraction

MONTAN
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Sewage sludge ash
Suction fan

Output: Gas

(CO, P,, volatiles)
InduRed

reactor

Flue gas scrubber

Output: molten bath
Mineral fraction (Cement industry)

Metal fraction (Steel industry)
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Thermochemical treatment of chemically
modified Moroccan rock phosphate

Status quo:

Primary production of rock phosphate
leads to very large quantities of

material going to landfill > ecological
problems

Rock phosphate is either processed
locally into phosphoric acid or
exported as a raw material for mineral
fertiliser production

MONTAN
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Waste stripping &
Phosphate extraction

Phosphate
extraction

[ | Phosphatic areas

_'\hrl'i

| Ph hatic marls

- £ Limestones
Phosphatic limestones
'wommmm\ silex bed

0 - 1 Slcrlle body of a blend
of limestone bloks, marls
marls and clays

(Rock phosphate)

Concentrated
phosphate

Overburden and extraction

waste rock dumps

Crushing and dry
sieving (+60mm)
- 60 mm
v
Dry sieving
(+10 mm)

A4
Wet sieving
(+2 mm)

v
Washing
(hydro-sizers and
hydro-cyclones,
40um)

v
Flotation
(40 - 200 pm)

(H,50,)

Phosphate sludge

. Chemical transformation

Destoning waste rock piles
(+60mm)

Ny,

T 2t —

Screening waste rock piles
(+10mm — 60mm)

Ny,

. Beneficiation waste rock piles
(+2 mm)

X

Beneficiation tailings ponds
(=200 pm)

Froth tailings

Phosphogypsum

(- 100 pm)

Source: Y. Taha, A. Elghali, R. Hakkou, and M. Benzaazoua, "Towards Zero Solid Waste in the Sedimentary Phosphate
Industry: Challenges and Opportunities," Minerals, vol. 11, no. 11, p. 1250, 2021, doi: 10.3390/min11111250.
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Thermochemical treatment of chemically
modified Moroccan rock phosphate

Path from phosphate ore to rock phosphate (The
example of Morocco):

= Extraction of phosphate rich mineral layers
(removal of overburden und waste rock)

= Crushing and dry sieving (+60 mm)

" Dry sieving (+10 mm)

= Wet sieving (+2 mm)

= Washing (hydro-sizers and hydro-cyclones,
40 um)

" Flotation (40 — 200 pm)

= Concentrated phosphate (rock phosphate)

= Production of phosphoric acid wet
chemically with H,SO,

MONTAN
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Overburden and extraction

waste rock dumps Destoning waste rock piles
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Waste stripping &
Phosphate extraction
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Source: Y. Taha, A. Elghali, R. Hakkou, and M. Benzaazoua, "Towards Zero Solid Waste in the Sedimentary Phosphate
Industry: Challenges and Opportunities," Minerals, vol. 11, no. 11, p. 1250, 2021, doi: 10.3390/min11111250.
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Thermochemical treatment of chemically
modified Moroccan rock phosphate

Rock phosphate from Morocco:

Mechanical treatment

Increased phosphorus content in certain grain sizes in sedimentary
phosphate rock.

Obtain the so-called ‘sweet-size fraction’, which can have a P,O.
content > 30 wt.%, using even the simplest classification processes.
Magmatic phosphate ore has a significantly lower phosphate content
than sedimentary phosphate ore. In the only European deposit in
Finland, the phosphate ore has a phosphorus content of around 5
wt.%, while in Russia it is around 15 wt.%.

Magmatic phosphate ore: It is not possible to increase the P,O.
content using simple sieving processes. As a result, the processing of
rock phosphate with a high phosphorus content is much more
complex than with sedimentary phosphate ores. Typical treatment
processes are mechanical crushing, screen classification and flotation,
whereby in this case, unlike with sedimentary phosphate ore, several
treatment processes must be used.

MONTAN
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hosphate shudge

Concentrated
phosphate

Fabian Kraus, Malte Zamzow, Lea Conzelmann, Christian Remy,
Anne, Okobilanzieller Vergleich der P-Riickgewinnung aus
dem Abwasserstrom mit der Dingemittelproduktion aus
Rohphosphaten unter Einbeziehung von
Umweltfolgeschaden und deren Vermeidung. Dessau-Rofslau.
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Thermochemical treatment of chemically
modified Moroccan rock phosphate

Rock phosphate from Morocco:

=  Wet-chemical treatment

Some of the mechanically processed rock phosphate from Morocco is
then dried and transported to Europe. This product can be used directly
as a fertiliser. However, the greater proportion of the rock phosphate
produced is processed directly on site into phosphoric acid (H;PO,).
Sulphuric acid (H,SO,) is usually used for the production of phosphoric
acid. Around 50 % of the global demand for sulphuric acid is used for the
production of phosphoric acid and phosphate fertilisers.
The following processes are mainly used:

= Dihydrate process

= Hemihydrate process
Around 96 % of the phosphoric acid produced worldwide is
manufactured using either the dihydrate process or the hemihydrate
process.
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Fabian Kraus, Malte Zamzow, Lea Conzelmann, Christian Remy,
Anne, Okobilanzieller Vergleich der P-Riickgewinnung aus
dem Abwasserstrom mit der Diingemittelproduktion aus
Rohphosphaten unter Einbeziehung von
Umweltfolgeschaden und deren Vermeidung. Dessau-Rofslau.
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Thermochemical treatment of chemically
modified Moroccan rock phosphate

Rock phosphate from Morocco:

=  Wet-chemical treatment

= Dihydrate process: Around 80 % of the phosphoric acid produced using wet
chemical processes is produced using the dihydrate process. This process involves
three reaction steps:

Ca,oF,(PO,)¢ + 10 H,SO, + 20 H,0 - 6 HsPO, + 10 [CaSO, - 2 H,0] + 2 HF

Exothermic reaction of rock phosphate with sulphuric acid.

Separation of phosphoric acid and gypsum at constant temperatures of
70 to 80 °C by means of filtration. This produces a phosphoric acid with
an H;PO, content of around 40 %.

Concentration of the weak phosphoric acid using a vacuum evaporator.

= The dihydrate process is characterised above all by high operational stability
and a high recovery rate of approx. 94 - 96 % P,O.. An additional feature of

this process is that both dry and wet rock phosphate of varying quality can be

— AH

processed.
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Fabian Kraus, Malte Zamzow, Lea Conzelmann, Christian Remy,
Anne, Okobilanzieller Vergleich der P-Riickgewinnung aus
dem Abwasserstrom mit der Diingemittelproduktion aus
Rohphosphaten unter Einbeziehung von
Umweltfolgeschaden und deren Vermeidung. Dessau-RofSlau.
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Thermochemical treatment of chemically

modified Moroccan rock phosphate

Originating residues from phosphate ore to rock
phosphate (The example of Morocco):

= Waste rock (overburden and intermediate
layers)

= Residues from crushing and subsequent dry
sieving (> 60 mm)

= Residues from dry sieving (> 10 mm)

= Residues from wet sieving

= Phosphate sludge from flotation and the
hydro-cyclone

= Foam residues from flotation

= Phosphogypsum from phosphoric acid
production of rock phosphate
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Y. Taha, A. Elghali, R. Hakkou, and M. Benzaazoua, "Towards Zero Solid Waste in the Sedimentary Phosphate
Industry: Challenges and Opportunities," Minerals, vol. 11, no. 11, p. 1250, 2021, doi: 10.3390/min11111250.
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Thermochemical treatment of chemically
modified Moroccan rock phosphate

Overburden and extraction

Beneficiation of phosphate ore to rock
phosphate leads to high amounts of

unutilised, mostly landfilled by-products

By-products can be divided into:
= (1) Waste rock (dry and wet sieving)
= (2) Tailings (hydro sizers and flotation)
= (3) Phosphogypsum (phosphoric acid production)
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Source: Y. Taha, A. Elghali, R. Hakkou, and M. Benzaazoua, "Towards Zero Solid Waste in the Sedimentary Phosphate
Industry: Challenges and Opportunities," Minerals, vol. 11, no. 11, p. 1250, 2021, doi: 10.3390/min11111250.
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Thermochemical treatment of chemically
modified Moroccan rock phosphate

. . : (1) Waste rock (dry and wet sieving)
Some deposited material flows show high (2) Tailings (hydro sizers and flotation)

potential in terms of phosphorus content (3) Phosphogypsum (phosphoric acid production)

Component (3) Phosphogypsum
[kg / kg H3PO,]

Main Rock phosphate | (1) Waste rock (2) Tailings
component [wt.%] [wt.%] [wt.%]

PO 33,2 16,9 14,0 Water

Ca0o 53,4 43,0 34,2 Sulfate as SO,* 1,75

Sio, 3,6 11,6 22,8 Calcium as Ca?* 0,88

MgO 0,3 41 3,3 Phosphate as PO,*> 0,04
Al, O, 0,2 2,5 0,9 F asF 0.009

0,77

F 2,3 1,7 -
Own representation, data from:

, R. Hakkou, M. Benzaazoua, and B. Bussiére, “Valorization of Phosphate Waste Rocks and Sludge from the Moroccan Phosphate Mines: Challenges and Perspectives,” Procedia Engineering, vol. 138, pp. 110-118, 2016, doi: 10.1016/j.proeng.2016.02.068.“
“Althaus H.-J., Chudacoff M., Hischier R., Jungbluth N., Osses M. and Primas A., Life Cycle Inventories of Chemicals: Final report ecoinvent data v2.0 No8.”
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Thermochemical treatment of chemically
modified Moroccan rock phosphate

Scheme of the thermochemical treatment trials:

rock
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/
I
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Thermal treatment of rock phosphate: P-recovery and production of an
alternative binder component; Gatschlhofer, C., Krammer, A., Doschek-
Held, K., Steindl, F. R., Grengg, C. & Raupenstrauch, H., 30 Juni 2024,
(Accepted/In print) Proceedings of the 6th EMCEI.

mineral
fraction
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_________

____________________

Thermochemical treatment of chemically T — G
modified Moroccan rock phosphate o N — ‘

_____________________

carbothermic reducing
reduction agent

phase
modification

Characterization of pure rock phosphate:

* Chemical composition by XRF: N N
e Approx. 90 % (CaO, P,O; and SiO,)

*  XRD-results: . . . .
*  Mostly carbonate fluorapatite (88.5 %) CEA
*  Amorphous structures (5.84 %)
* Traces of quartz (1.72 %), calcite (3.3 %), and dolomite (0.63 %) g 0z
5 Cal
Cr c
. Y
v A—JA\M
- n L 1 L 1 L 1 L 1
- Sr 20 40 °29 60 80
B .0 LOI and trace elements:
Bl /.0,
B Fe,0,
I Vg0 o] Ba Cr Sr Vv Y Zn
B 2,0 [%] [ppm] [ppm] [ppm] [ppm] [ppm] [ppm]
Sio,
Ty 6.6 83 315 1141 372 283 304
[ cao
UNIVERSITAT CompOSition in [%] based on total mass LOI = Loss of igl’]iti(mermal treatment of rock phosphate: P-recovery and production of an
I ' I B LEOBEN B alternative binder component; Gatschlhofer, C., Krammer, A., Doschek- 85
WHERE RESEARCH MEETS THE FUTURE Held, K., Steindl, F. R., Grengg, C. & Raupenstrauch, H., 30 Juni 2024,

(Accepted/In print) Proceedings of the 6th EMCEI.



Thermochemical treatment of chemically

modified Moroccan rock phosphate

Used input-materials:

Input
material

composition [wt.%)]
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; . v
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RP (Rock phosphate)
GW (Glass waste — consists of no iron oxide)
BW (Brick waste — consists of iron oxide)
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melting and
reduction

correction
materials

_____________________

carbothermic reducing \
reduction agent

\

phase
modification

—— e e = _———— -

mineral
fraction

0 20 40 60 80 100

27 wt. % (Si0y)
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Thermochemical treatment of chemically
modified Moroccan rock phosphate

Chemical modification:

100 - 16
14.65
90-_ 114
80
Input 112
mixture _ 701
D\O .
g 60 710
c 1 —
S 504 18
G ] )
g 4
30
] 44
20
o 145 |2
0 ' . . . 0
RP M1 M2
RP (Rock phosphate)
M1 (Mixture rock phosphate + glass waste — without iron)
M2 (Mixture rock phosphate + brick waste — with iron)
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chemical rock =7 melting and
modification phosphate reduction :

correction
materials

e pepepepem—

N

carbothermic reducing \
reduction agent

o ———————

—— e e =

100 \a /
/ 7 7 7 7 >0
0 20 40 60 80 100
AlLO,+Fe,0,+P,0;
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Thermochemical treatment of chemically
modified Moroccan rock phosphate

. . . . . 1600 I I T
Investigation of the melting behavior (thermo-optical):
| 1545 1544
Temperature [°C] Heating rate [°C/min] Holding time [min] 1529 -
O _ 1350 80 _ 1500 _ 1513.5 1514 |
1350-1450 50 - _ 1482
1450 - 1700 10 ; &,
©
1700 - 5 =
2 1400 4 | Pure rock phosphate (RP)
o | S
i 1660°—> 8_
1600 -1 GEJ
1550 * 30° =
E —
1500 : 1300 - 7
1400 o —— Median Line
T = Mean
1300 N > 1600 °C .
| J 1200 ] . : Mixture without iron (M1)
e, 1210 % 5° £ |5 RP M1 M2
1100 | :8 § ]
b - After addition of carbon:
. o
000 , B , , 1 , ) ) . RP: 1541 - 1567 °C
) 10 20 30 4 50 60 70 80 90 100 M1: 1373 — 1446 °C
CaF, Gewichtsprozent Cu)(l’o,l)2 Mz 1382 _ 1446 OC
Mixture with iron (M2)
E-D. Franz (1983): Fluorapatite - A Model for the Synthesis of Dental Enamel in
he S CaF2-Ca3(P04)2. In: Zeitschrift fir N hung, S. 1037-1040.
MgENH!#ANI' the System CaF2-Ca3(P0A)2.In: Zeftschrift fur Naturforschung Thermal treatment of rock phosphate: P-recovery and production of an
alternative binder component; Gatschlhofer, C., Krammer, A., Doschek-
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Thermochemical treatment of chemically corecton

modified Moroccan rock phosphate _____ /

—————————————————————

carbothermic
reduction

Thermochemical treatment:

= 200 g input material of N
» Pure rock phosphate without any correction material
= Mixture M1: Rock phosphate + glass waste — without iron
= Mixture M2: Rock phosphate + brick waste — with iron

= Treatment temperature: 1500 °C and 1600 °C

= Treatment time: 30 min

= Treatment container: Graphite crucible

= Reductant: Carbon powder

= Resistance furnace: Thermconcept ELHT 16/18

m  Post treatment of the melt: Wet-granulation in a dynamic water bath

Research focus:
= Removal rate of phosphorus via the gas phase
» Quality of the produced mineral fraction
= Quality of the produced metal fraction
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metal
_________ N fraction

melting and
reduction

>

phase

modification MEE
_________ fraction
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Thermochemical treatment of chemically

- — ————————

chemical rock : melting and
modification phosphate reduction :

correction
materials

P ——

modified Moroccan rock phosphate .. A

Thermochemical treatment - results:
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carbothermic reducing
reduction agent

phase
modification

[ L - -

metal
fraction

Mass [g]

mineral
fraction

RP1500 RP1600 M11500 M11600 M21500 M2 1600

Thermal treatment of rock phosphate: P-recovery and production of an
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Held, K., Steindl, F. R., Grengg, C. & Raupenstrauch, H., 30 Juni 2024,
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Thermochemical treatment of chemically
modified Moroccan rock phosphate

Thermochemical treatment - results:

100
mineral 8
fraction
. 6l
4
2
1701 .24(11.
0 [ |
[ RIP RP-1I500 RP-1I600 Mll wl-IISU(iMl-;GO

RP (Rock phosphate)

40

o

30

o

composition [wt.%]
o

1 10

o

1.56

| | O
2-150(*12-1500

J

o ————— = —

e —————

______________________________

rock
phosphate

chemical
modification

melting and
reduction

correction
materials

_____________________
____________________

carbothermic
reduction

reducing

[ L

_ wt.% (Ca0)

B RP
= RP-1500°C
= RP-1600°C
@ M1
= M1-1500°C
e M1-1600°C
A& M2
A  M2-1500°C
A M2-1600°C
20
\\ 0

60 80

M1 (Mixture without iron)

M2 (Mixture with iron)
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27 Wt.% (Si0,)
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I chemical rock : melting and

Thermochemical treatment of chemically | ' ;
modified Moroccan rock phosphate |

gas phase

carbothermic
reduction

Thermochemical treatment - results:

phase
modification

metal Soommmmo oo SEEEEE Tt e

M2: Metal fraction (2.3 g) at 1500 °C M2: Metal fraction (4.1 g) at 1600 °C
0.624

fraction

6

55.4

Metal fraction from M2:
= Metallic fraction was non-magnetic
= Poor magnetic separation (Ca, Si, Mg and Al content originate from mineral impurities or non-metallic inclusions)
= Not actually a metal but a iron phosphide

" Fe,PorFe,P-Fe/P=22%o0r16%
MONTAN
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Thermochemical treatment of chemically
modified Moroccan rock phosphate

Phosphorus balance — results:

Phosphorus balance at 1500 °C:

Phosphorus input
(100 %):

M2:17.5gP

M1:17.1gP

RP:29.0g P

“ | Gas| | Me | | Mi
M2 28.9 2.9 68.2
M1|94 90.6
RP 81.9 18.1
o 20 40 6 8 100

Phosphorus content [%]

MONTAN
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Phosphorus balance at 1600 °C:

“ | Gas| | Me | | Mi
M2 2.1 4.7 93.2
-+
M1 0.7 99.3
RP 47 53
——— T ——
0 20 40 60 80 100

Phosphorus content [%]
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Thermochemical treatment of chemically
modified Moroccan rock phosphate

Reactivity of upcycled phosphate materials — results:

Mineralogical composition

= Amorphous content = depending on input materials

= RPat 1500 and 1600 °C:
incomplete reduction, Ca-phosphate, CaO, Ca-silicates,...
- low amorphous content, low reactivity

= M1and M2 and 1500 and 1600 °C:
amorphous > 98 %, slag-like substances = high reactivity

Usage as supplementary cementitious material

= good substitute for Portland cement

= high strength in alkali-activated materials
(higher than high-performance cement!)

- similar to granulated blast-furnace slag!

MONTAN
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Thermochemical treatment of chemically
modified Moroccan rock phosphate

Conclusions:

» By chemical modification of rock phosphate: Shift of the melting interval towards lower temperatures:
= Ty:> 1600 °C of pure rock phosphate

= Ty 1541 -1567 °C of pure rock phosphate and carbon
= Ty:1370-1450 °C by the addition of a silica source and carbon

* The removal rate of phosphorus via the gas phase depends on the following parameters:

= Temperature: Higher temperatures favour the reduction of oxidic phosphorus compounds
Chemical composition: SiO,, Al,O;, and MgO contents strongly influence the thermodynamic and kinetic
properties with regard to the reducibility of fluorapatite in the order mentioned above

Transition metal content: FeO content form an alloy before oxidic phosphorus compounds are reduced, resulting
in a saturation of phosphorus in the metal bath (phosphide formation)

By thermochemical treatment of chemically modified rock phosphate: mineral fraction similar to granulated
blast furnace slag according to EN 15167

MgENH!#ANI' Thermal treatment of rock phosphate: P-recovery and production of an
B LEOBENM W HERE RESEARCH MEETS THE FUTURE alternative binder component; Gatschlhofer, C., Krammer, A., Doschek-

Held, K., Steindl, F. R., Grengg, C. & Raupenstrauch, H., 30 Juni 2024, 95

(Accepted/In print) Proceedings of the 6th EMCEI.



Thermochemical treatment of chemically
modified Moroccan rock phosphate

Conclusion:

= Thermochemical treatment of rock
phosphate: Transfer of over 99 % of the
phosphorus into the gas phase conceivable
—> Production of phosphoric acid

= Avoidance of the problematic
phosphorgypsum accumulation by means
of thermochemical treatment

Outlook:
= Thermochemical treatment of
phosphorus-rich waste streams (1) and (2)

MONTAN
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Overburden and extraction
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Source: Y. Taha, A. Elghali, R. Hakkou, and M. Benzaazoua, "Towards Zero Solid Waste in the Sedimentary Phosphate
Industry: Challenges and Opportunities," Minerals, vol. 11, no. 11, p. 1250, 2021, doi: 10.3390/min11111250.
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LIB Recycling




Motivation — Markt situation — Demand

Motivation: Global warming & reduction of CO, emissions

Electrification of energy-intensive sectors
Li-ion battery market forecast From 160 GWh in 2018 to > 4.7 TWh in 2030 (Global)

Lifecycle emissions 1 Global lithium cell demand, GWh
Europe B Use phase By sector
100 B Production ~4,700
emission? A

e 80

o
5 B Consumer
b= electronics

e 60 ~Bx .

M Stationary

Q .

~ storage
O A
O 0 B Mobility

gy ~1,700
, 1 I = 700
BEV? BEV3# ICE®
Clean grid mix* gasoline
BEV Battery electric vehicles 2029 20925 2030
ICE Internal comb. engines
MONTAN McKinsey: Battery 2030: Resilient, sustainable, and circular, accessible via : https://www.mckinsey.com/industries/automotive-and-assembly/our-insights/battery-2030-resilient-sustainable-and-circular
UNIVERSITAT
98

M LEOBENE® WHERE RESEARCH MEETS THE FUTURE AUTHOR | ORGANISATIONAL UNIT


https://www.mckinsey.com/industries/automotive-and-assembly/our-insights/battery-2030-resilient-sustainable-and-circular

Recycling prognosis

Available battery material for recycling B End of life
by source, kt B Production

EV battery recycling economics 2030,’
$ per ton of battery

scrap
7,300
A
Material
value
+20%
e2r annum
P 3,400 |
Extraction 3.600-4.000
cost : |
1,400
op0 NN - Margin
— T
2020 2025 2030 2035 2040
MONTAN McKinsey: Battery 2030: Resilient, sustainable, and circular, accessible via: https://www.mckinsey.com/industries/automotive-and-assembly/our-insights/battery-2030-resilient-sustainable-and-circular

UNIVERSITAT
B LEOBENM® WHERE RESEARCH MEETS THE FUTURE

99


https://www.mckinsey.com/industries/automotive-and-assembly/our-insights/battery-2030-resilient-sustainable-and-circular

Recycling: Refinement

mass
fraction [%]

What isin the LIB? 100 -

Not exclusively rare and valuable raw materials 90 7
* Individual cells as a stack with electronics in a housing (battery 80 -
system) 20 A
* In each cell: arrester foils, cathode, anode, electrolyte, separator o -
— .oal., I@zd < o | 0 -
+| _— S . 40 -
lithium-ion © 5 30
\ g 20 - 20
=| - by I I
graphene layer é ] 81 g 0 o2
el pouche 51 406 155 154 1 16 M casing [ electrolyte [l active material cathode
aluminum current  microporous copper current 0- - collector cathode M active material anode
collectory separator s collector C Ni Li Al Co Cu Mn Fe Zn others collector anode separator
jveustoe gl stine species

composition of the active material

m MONTAN goal of refinement: separation of the individual components

B LEOBEN M W HERE RESEARCH MEETS THE FUTURE 100 Lehrstuhl fur Thermoprozesstechnik T 1

composition of a LIB



Recycling: Refinement

NMGC 111 NMC 622 NMC 811

N Cobalt [ Manganese BB Nicke| B [jthjum B ron [ 1 Phosphorus L1 Aluminum

The figure shows metal contents (in % by weight) without oxygen content. Depending on the
cathode active material, the oxygen content varies between 33 and 41% by weight

MONTAN Source: https://www.deutsche-rohstoffagentur.de/DE/Gemeinsames/Produkte/Downloads/Commodity_Top_News/Rohstoffwirtschaft/67_Lithium-lonen-Batterierecycling.pdf?__blob=publicationFile&v=5

UNIVERSITAT _
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LIB recycling routes

= Pyrometallurgy

P e

EoL LIB EQD * X o o

N e e . chassis residues

= Hydrometallurgy e A blackmafs

metal recovery ’

= Recovery of Ni, Co

o

= Lithium —slagging

I

'battery production
i (closed loop)

. ngh recycllng rates pyrometallurgy hydrometallurgy biometallurgy

&

= High use of chemicals and process stages

= Susceptible to variable input flow construction '“dus"rf ﬂ alloy '
sia8 f'._!!_! _____ ® ﬁ_ u* 'ﬁ'
" refinement

= Biometallurgy

hydrometallurgy selected metals

= Use of ecological leaching materials 0

S ===

«¥% for open or closed loop
recycling
= Bacterial cultures susceptible to Cu contamination me(tal influst)ry
open loop

= Low throughput quantities
MONTAN
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Recycling Challenges

= Process steps

transportation and collection
pre-treatment
material recovery

material processing

MONTAN
UNIVERSITAT
m M LEOBENM WHERE RESEARCH MEETS THE FUTURE
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= Challenges / Disadvantages

safety — damaged products
LIB standardization problems — design
variable chemical composition

fulfilment of purity levels
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Pyrometallurgy

=  What is Pyrometallurgy?

High-temperature process to extract metals from ores or recycled materials.
Involves smelting and refining at temperatures above 1000 °C.

= Steps in Pyrometallurgical Battery Recycling:

=  Pre-Treatment:
Shredding of battery components.
Removal of casings and separators.

=  Smelting:
Batteries are fed into a high-temperature furnace.
Metals are melted and separated as an alloy.

=  Refining:
Removal of impurities to produce high-purity metal products.

MONTAN
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Pyrometallurgy

= Advantages:
=  Efficient recovery of valuable metals like cobalt, nickel, and copper.
= Can handle a variety of battery chemistries and designs.
=  Well-established industrial process with existing infrastructure.

= Disadvantages:
= High energy consumption and associated costs.
= Emission of greenhouse gases and other pollutants.
=  Generation of Li rich slag and other waste products.

= [nnovative reactor concept:
= Inductively heated (electric energy) system
=  Zero emission approach
= Reuse of mineral fraction and alloy, total Li (and P) recovery

MONTAN
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Pyrometallurgy — Thermokinetics LiFePO4

Mol of products

Investigation of thermokinetic properties in carbothermal and aluminothermic reduction of

synthesised LiFePO, black mass
Lo Co CO,
08 F \ Feg
06
0.4 | Corundum ’

FesP, LisPO,
o2 | UiFePO,o
0.0 — L L .

0 200 400 600 800 1000
Temperature (°C)

Equilibrium calculation results on carbothermic reduction of LiFePO,

MONTAN
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Early stage kinetics Holt-Cutler-Windsworth
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= linear fit
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Timein[s]
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Later stage kinetics Ginstling-Brounstein
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’
’
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900
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m— |inear fit
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Early (left )and later stage kinetic (right) data fitted with a diffusion and nucleation-controlled model

6000

Lukas Wisniewzski; Zlatko Raonic; Bintang A. Nuraeni; Irmtraud Marschall; Bima Satritama; M. Akbar Rhamdhani; Stefan Riesel (2024):Investigation of
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thermokinetics in carbo- and aluminothermic reduction of synthezised LiFePO, black mass
Manuscript submitted for publication. In: Journal of Cleaner Production
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Pyrometallurgy — thermokinetic LiFePO4

= |Investigation of thermokinetic properties in carbothermal and aluminothermic reduction of
synthesised LiFePO, black mass

T T T T T T T T T T

—— 900°C_35min 1050°C_35min
00°C_80min 1050°C_60min
9800°C_90min | )

‘ 1050°C_90min
‘ l | ( |
% | i b
90 min | I Mid 1l | | 2 M A MM oW A ]
Rowesiz B0 0N 150 W N SSO) (3 B0 1 1 I R D R l,“\_/ w“- M ,l b A

20 (deg.) 20 (deg.)
Backscatter electron image of the LiFePO, mixture after carbothermal reduction at 1050°C and 90 XRD analysis of the LiFePO, samples after carbothermal reduction for 35 minutes, 60
minutes. a.) transition area between metal droplet and remaining carbon and LiFePO, crystals. b.) minutes and 90 minutes. a.) 900 °C (phases: 1: LiFePO,, 2: C: 3: Al, 4: Cu, 5: Al,O), b.)
sintered structure of Li;PO, with AIPO, between large elongated LiFePO, crystals 1050°C (phases: 1: LiFePO,, 2: AIPO,, 3: Li;PO,, 4: C, 5: Fe;P / Fe,P, 6: LiFey ggAl; 760,, 7:
LiCug 15Feq goPO,)
MONTAN Lukas Wisniewzski; Zlatko Raonic; Bintang A. Nuraeni; Irmtraud Marschall; Bima Satritama; M. Akbar Rhamdhani; Stefan Riesel (2024):Investigation of
UNIVERSITAT thermokinetics in carbo- and aluminothermic reduction of synthezised LiFePO, black mass
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Magnetohydrodynamics in reactive multiphase flow

Conservation Equations Multiphase System:

oo
Mass: a_‘ + V- (uoy) =Sy,
Momentum: aa‘u‘ + V- (qquu) =V (— ;) + o;fP + (v X B) + S;

da;p; (€i+5ui )
Jot

2 47 (pur) =~V -J; +R; + 5,

Energy:

+ V- [aipiui (ei + %uiz)] = o;u; - [\7 * T + pl'fb] + V- q + O(lilz + Se
Species:

Maxwell equations A-(D model (B=V xA):
oA 1
ouoa——AA =ouy(vxVxA)— ( ur) XB— V.,
AD=V-(vXB)

0A
MONTAN ]=0(—ACD—E+V><B)
UNIVERSITAT
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InduRed reactor

Input-
mixture

Input-mixture

TECHNIK

Temperature
[°C]

1492.0
e
-3,5 kW

14856  (melfing)

1482 4

Suction fan

Input-mixture (s)
Output: Gas

(CO, P,, volatiles)
InduRed
reactor

14792

1476.0 1,75 kW
14728 (reactions)

Y 1469.6 Flue gas scrubber
Molten bath (1) 14664 -175kW _
(reactions)
14632
1460.0

[1] Raupenstrauch et al.: Apparatus and process for thermal treatment of raw material containing lithium compounds
and phsophorous compounds, method of recovering lithium and/or phsophorous from residual material of lithium-ion

batteries’. WO 2021/175703 Al Output: molten bath
Mineral fraction (Ca0O, SiO,, MgO, Al,O;...)
Metal fraction (Fe, C, P) if FeO enters the reactor

https://patents.google.com/patent/W02021175406A1/en

MONTAN
UNIVERSITAT
M LEOBEN® WHERE RESEARCH MEETS THE FUTURE 109


https://patents.google.com/patent/WO2021175406A1/en

InduRed reactor in a new LIB recycling approach

P: < 0.002 wt.-%
Mn: < 0.05 wt.-%
Binder removal

<100 pm

!

!
I
I
|
I (— Pre-Treatment )
I

‘ | 1 InduMelt products
I refractory input : . Closed Loop
Pre-treatment I material MgO) Li Purity
I L — . = » Open Loop
=\ I _ _ g8 oraphite pieces Market demand for LiBtreP project

o | nsuation || Li,CO;, Li,0, LiOH oo J

vy P W) I | f induction coll —

< v 4 1 \
I refractory . exhaust pipe
I concrete ]
I

C: <17 wt.-% : Requirements for
Cu:<0.5wt-% I Biohydrometallurgy

I
I
I
I
I
I
I
I
I

Industry requirements
for metall alloy

PhD thesis: Lukas Wiszniewski (2024): Multidisciplinary development of a novel pyrometallurgical recycling concept for lithium-ion batteries (in progress)

European Patent 4 114 997 (Number: 21 708 619.8)

MONTAN ,Apparatus and process for thermal treatment of raw material containing lithium
UNIVERSITAT compounds and phosphorus compounds, method of recovering lithium and/or
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phosphorus from residue material of lithium-ion batteries”
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Input Material T Additives
(&jl
|

It is necessary to consider
the complete procesg chain

|

Mechanical pre-treatment
and mixing

Carbothermal treatment

Output material

ij
T

%N

heavy metals

InduRed
reactor

—

metal
powder
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S
T — heavy metals |

Phosphoric acid
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Challenge Hydrogen enriched gases: Burner technology

= Low NOXx burner with H2 enriched natural gas

= Increase Hydrogen Content = Increase in observed maximum

Ter
T(K) T(K) T(K)
1900' 1900' 1900'
1800' 1800' 1800'
1700' 1700I 1700'
1600' 1600' 1600'
Natural Gas 30 % H, 50 % H,
Spijker Ch. et al., Lehrstuhl flir Thermoprozesstechnik, Arbeitsgruppe Math.
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Challenge Hydrogen enriched gases: Burner technology

Natural Gas = 1896 K Natural Gas + 50 % H, = 1986 K
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Challenge Hydrogen enriched gases: Burner technology

Change in Emissions (%)
Change in Emissions (%)

i i i i

0 10 20 30 40 50 0 10 20 30 40 50
Amount of Hydrogen in the Fuel Mixture (%) Amount of Hydrogen in the Fuel Mixture (%)

Spijker Ch. et al., Lehrstuhl fiir Thermoprozesstechnik, Arbeitsgruppe Math.
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Challenge Hydrogen enriched gases: Burner technology

6 T(K)
2.4e+03~

2.46+03- Ezzso
2250

E 2000
2000

=750

—1750 E
= =150

—1500

750
500
300~

1250

=100
750
500
300-

T

Natural Gas Natural Gas + 40 % H,

U T(K)
2.4e+03- 2.4e+03-
2250 2250
EZOOO Em
—1750 =175
—%1500 —ésoo
—51250 _51250
51000 _:](m
750 750
500 500
- Natural Gas + 40 % H

. o3

Natural Gas (Air - 813 K) Air — 813 K

Spijker Ch. et al., Lehrstuhl fiir Thermoprozesstechnik, Arbeitsgruppe Math.
Modellierung und Simulation, Montanuniversitdt Leoben

MONTAN

UNIVERSITAT
M LEOBENM® WHERE RESEARCH MEETS THE FUTURE 115



TPT Burner Test Facility

Gas supply system: Cooling system:

* 5to0 120 Nm?*h natural gas * 14 water cooled elements

* 410100 m¥%hH, or CO, * Upto 851 kW cooling power
e 60 Nm3hto 1200 Nm3h air
* 10to 190 Nm%h O,

1 HE

Measurement ports:
* 23 ports

* air cooled for optical measurements
* Spring-loaded flange

1888

23,60

—

Spijker Ch. et al., Lehrstuhl fiir Thermoprozesstechnik, Arbeitsgruppe Math.
Modellierung und Simulation, Montanuniversitdt Leoben
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Safety related parameters Hydrogen vs. Methane

Kennerolle Wasserstoff Methan
Untere Explosionserenze 4.0 Vol .-% (Mol-%) 4.4 Vol -% (Mol-%)
Obere Explosionserenze 77.0 Vol.-% (Mol-%) 17.0 Vol.-% (Mol-%)

Normspaltweite

Mindestziindenergie

V. Schroder et al., Sicherheitstechnische Eigenschaften von Erdgas-Wasserstoff-Gemischen, BAM, 2016

MONTAN

“.Nll_‘éﬁgg“m.'r W ERE REcEARcH MirTe THe FutuR: Raupenstrguch H., ,Sicherheitstechnische Fragestellungen in Zusammenhang mit derWT
Energiewende”, Energieforschungsgesprdche Disentis/CH, 2023



Process- and Plant Safety Research Group

Process and Plant Safety

Fire & Explosion Combustion and
Prevention Safety Lab
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Interdisciplinary Master Degree

NAME: Safety and Disaster Management
ACADEMIC DEGREE: Master of Science
DURATION: 4 Semester Technology
LANGUAGE: English

ADMISSION: Open to all disciplines (Bachelor level)
ORDINARY STUDY: Conceivable as part-time study

Developing Interdisciplinary Competence:
" Linking TECHNOLOGY, ECONOMY, NATURE, HUMAN

" Targeted seminars and trainings focused on intersections
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Thanks to ...

= My colleagues at TUC for the warm
welcome and great hospitality, esp.
Professor Evan Diamadopoulos
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Thanks to ...

= Dr. Susanne Feiel for helping me
organizing this stay at TUC

= Rector Peter Moser for supporting me
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Credit: Foto Freisinger

Credit: MUL/Martina Stébbauer
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Thanks to ...

= To my HTPT group for their
great work and for preparing
so many slides ...
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Thanks to ...

=" To my wife Brigitte
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Appologize for not supporting my team these days ...

= FC Caterpillarshrub fighting for
winning the university championship
again
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... keep on running!

. www.instagram.com/montanunileoben/

MONTAN
UNIVERSITAT
WLEOREN

n www.facebook . com/MULeocben

@ office@unilecben.ac.at

Harald.Raupenstrauch@unileoben.ac. 4



