Y 4

Process
Solutions

National Technical University Of Athens

Research Team: Raw Materials Exploitation
& Sustainable Energy Solutions



1600 m< of total laboratory space

> Section of Physicochemical Characterization of Materials

>Section of Hydro- Bio- & Electrometallurgical Processing

> Section of Pyrometallurgical Processing

>Section of Environmental Protection & Soil Remediation
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> Section for Pilot Scale Technology Demonstrations




Process solutions

= - — = = —— e —— —_

The development of Innovations in:

» Primary Metallurgy
o Aluminum

o FeNi

o Gold

o Copper

» Valorization of Metallurgical
& Industrial Residues
o Red Mud
o FeNi Slags
o Fly Ashes
o Perlitic Wastes
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Innovations in Primary Aluminum Production

of Bayer Process

) Bauxite NaOH THE CONCEPT Bauxite NaOH

" l l L

@) Digestion | Digestion

O

agl Supersaturated aluminate Supersaturated aluminate
0 aluminate solution solution aluminate solution solution
Lu Y

Wy - Precipitation Boehmite Precipitation

o o0 | 55-60°C II» Seed <100°C

= |

T Gibbsite Boehmite

Lu A|2033H20 A|203H20

O Calcination | 1,8 GJ/t Al,O, Calcination |
- >1000°C [ ALOs <10000C |~ A0
LIIJ 60%

- Simplified flow diagram Simplified flow diagram

of new boehmite Process



Comparison of Bayer and Boehmite Processes

p

N |

§Il Precipitation Stage Bayer Process Boehmite Process
O8N Efficiency 60 - 80g/L 60 -70g/L

ON Retention Time 24 - 72 h 24 - 72 h

29 Initial RP 1.1 1.1

O Initial Seed Ratio 1-2 7-8

SN Temperature 55 - 60°C 90°C

I: Calcination Stage

p Temperature 1100°C 700 - 900°C
am BET > 80 m?4/g 30 - 80m?/g
L SN < 1% 1.2 -1.8%
O

at)

Ml The process patented but unfortunately never exploited
E commercially




Innovations in Primary Aluminum Production

watteroutrocess D RAWBACKS OF MOLTEN SALTS
— ELECTROLYSIS
Td2kg
%T%EM’ sy | ooy (oma ) Q High Electrical Energy consumption
— / (an upgraded energy form with

SPLO.0Zkg

SPL

high cost and exergy content) for
production of chemical work and
heat

'Carbon Anodes 0.45 kg
(Energy Input 15.3 MJ)

U Increased Environmental Impact
due to mainly CO, emissions

0 Low volumetric efficiency due to 2
Dimensional Electrolytic Reactor.
That means, for a given production
capacity, a big number of cells and
therefore big industrial space are
necessary

CARBOTHERMIC AL PRODUCTION




The Innovative Concept

THE CONCEPT OF
CARBOTHERMIC PROCESS ADVANTAGES OF
CARBOTHERMIC PROCESS

O Substitution of a part of Electrical
Energy with the chemical and
thermal energy of carbon

Cathode: 4AIP* + 12e" = 4A| Q Decrease of waste heat
Anode: 602— + 3Cgraphite = 3C02(g) + 12e

O Potential for waste heat recovery

Al,O; + 3C = 2Al + 3CO,, Q Decrease of CO, emissions

4 Higher volumetric efficiency due to 3
Dimensional Reactor

Q For a given production capacity
- smaller reactor size and thus
industrial space
- less capital cost



Mode 1: High Temperature Carbothermic Process

Concept:
Hollow electrode EAF
Feeding Alumina-Carbon pellets directly in the arc zone
Controlled feeding rate
No liquid phase formation
Water cooled lid acts as condenser
Argon Overpressure

CHALLENGES

1. PROPER VERY FAST ALUMIN |
CONDENSER
2. PLASMA FURNACE INSTEAD (

CFD Simulation (Rectangular Channel with Fins)



Mode 2: Solar Vacuum Carbothermic Process

Solarradiation

Concept: L l

O Reactor under

vacuum - {Sglgg?dary Concentrator

CO exhaust Egzlrlggction window " i

O Concentrated Solar cootat R s

Radlatlon prOVIdeS :Ttger \ J Feed preparation

process heat A t_w and hopper

ectrical heating

d Condenser before = p—oomaend_

vacuum pumpS Vacuum eeding port

collects the metal. pumping it 1) LA N g |

station g DNt ety & Temzature u:ontro‘e‘-lrmmpresscrr
X Al condenser s qu i
iquid Al
45‘1 collector Cooling fluid
@g Solarreactor

Energy of the process = pumping work (electricity) +
concentrated solar radiation.



Mode 2: Solar Vacuum Carbothermic Process
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A

Transparent windoer—

SR10 KW reactor =] k

/ Rgflecting

Hadiatii:ln attenuatar

figra fvars

WEIZMANN INSTITUTE OF SCIENCE ‘ i

56 m?2 Heliostat




Mode 2: Solar Vacuum Carbothermic Process

Almost Pure AU

Before test After test



Comparison of Processes

Estimated gains of the new Alumina Smelter in Comparison to the Hall-Heroult

Energy Source Energy Savings Reductionin GHG Exergy Efficiency
Emissions Increase

Coal based electricity 16% 35% 3%
Hydroelectricity 10% 65% 5%

Hydroelectricity for H-H 68% 65% 82%
and

Concentrated Solar for

New Smelter

A SUSTAINABLE PERSPECTIVE FOR THE EUROPEAN ALUMINUM INDUSTRY

ALUMINUM MILLS VERSUS HALL-HEROULT MEGAPLANTS



Innovations in Primary Aluminum Production
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Chemical %wt
MASS & ENERGY BALANCES Species (dry basis)
_ 47.74%
l B;T:;e h Bayer Process 16.22%
NaOH
| Digestion (300°C) 10.73%
Limestons
0.08 k * Red Mud
- Clarification 6 . 0 9 OA)
Energy Input \ . || 5930/0
2833 MY
rrainly fuel Precipitation (60°C) 251 0/0
* COo;

0
Calcination (1100°C) 1.62kg 0.21%

0.60%

1.63%

8.35%

RED MUD IS A VALUABLE BY-PRODUCT AND NOT A WASTE
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CO, off-
gases [ Red Mud ]

T- Exchausted l - Resou rCe fOr
Bag Filters 4—( gases )4- Red Munld drying |4 Pig-Iron
. ! Production
Coke Fines

Dust

Material Feed Mixing

| Fluxes l
DUST TREATING EAF —»@
[ Pig Iron

Viscous Slag
Mineral
Wool |-

Fiberization
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Innovations in Primary Aluminum Production

Z

o) PILOT SCALE TESTING

|_

< 1MVA dust

N treating AC

> EAF with 1

O ton Batch

N Capacity 25 tons of

< — RM has

> been
treated

a

D) Melt Spinning

S Fiberizing

A Line
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Innovations in Primary Aluminum Production

PRODUCTS EVALUATION - PIG IRON
B

Fe (%wt)

C (%wt) White Iron
S (%wt) . (ﬁ;rin*c*jinigf Bal!si

P (%wt) Used in
- |

Si (%wt) Secondary
Cr (%wt) Steel
Industry as
21% w/w
substitution
of Steel
scrap

>—

RED MUD VALORIZATION



Innovations in Primary Aluminum Production
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Wool of excellent guality
QA =0,034 W/m.K
0 Mean Fiber Diameter 7 um
d Bright white color (low Mn
content)
O High Mechanical resistance

due to high TiO, Industrial pipes
insulation

RED MUD VALORIZATION



Innovations in Primary Aluminum Production

PROCESS ECONOMIC EVALUATION

O Extrapolation for a 5.0 MVA EAF
treating 1300 tons of bauxite 1,800,000 € - — = Mineral wool Revenue

residues and producing 442 tons 1,600,000¢ - = = Piglron Revenue
-Operational Cost

of_pig iron and 931 tons of 1,400,000 € - Total Revenue -
mineral wool per month 1,200,000 € - -~
. 1,000,000 €
Q Pig Iron revenues (calculated at SDOOOM}
a market price of 415€/t) '
. 600,000 € - a2
amount to 25% of operational > =
400,000 €
costs
200,000 € o cmes oo o o - - - - - -
Q Mineral wool revenues depend 0€
on market price (depends on 500 700 900 1100 1300 1500
prOdUCt qua“ty and market Market price mineral wool product (EUR/ton)
demand)

RED MUD VALORIZATION




Innovations in Primary Aluminum Production

The new bayer process

Bauxite
Bayer Brocess Red Mud Processing

CO,
Digestion (300°C) 700.000 t RM/Year m—reTY
1 Red Mud 0.32 kg
2.11 kg

Clarification
Energy Input
29.91 MJ | Y
: o " Energy Input to
Precipitation (60°C) produce electricity AMRT - EAF at Pig Iron
from coal burning 0 0.73 kg
v 39.69 MJ 1500°C
F Y

Calcination (1100°C)
Indirect CO; Coke 0.40 kg
3.46 kg {Energy Input 13.57 MJ)
Al;0;
2.04 kg

ineral Woo
1.43 kg

475.000 t MW/Year

IS MORE RESOURCE EFFICIENT AND SUSTAINABLE PROCESS



Current NTUA research activities on Bauxite residue.

Developing a sustainable production of REE from
wsanave swioion|  EUFOPEAN primary and secondary resources

| European Training Network for Zero-Waste
Valorisation of Bauxite Residue (Red Mud)

Production of Scandium compounds and
Scandium Aluminum alloys from
European metallurgical by- products

SCHNDIUM ALUMIKIUM EUROPE

Red mud and Copper slag Valorisation in
RECOVER PR SR8

Engineered Products



EUMSCA-ETN REDMUD
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BAUXITE RESIDUE FROM BAYER
PROCESS
(Passed through|0.15 mm sieve)

Na>COs3
Metal Oxides ROASTING
NaOH MILD ALKALINE Leached
H20 LEACHING Residue
Al3* Pregnant Solution
Spent
SYNTHESIS liquor

Al-salts Dissolvable in lonic Liquid

BMPTFSF—

DISSOLUTION |«——— BMPTFSI

Solution of Al-salt in lonic Liquid v

ELECTROLYTIC
PRODUCTION

PURE ALUMINIUM (s)

==Recovery of aluminium from bauxite residue

Recovery of Aluminium Species from Bauxite
Residue (BR)

BAUXITE RESIDUE FROM BAYER
PROCESS
(Particle size of 90-125um)

CaoO .
Reductive coke SMELTING Pig iron
Al203 — 12Ca0.7A1,03/Ca0 .Al>O3
Na.COs ALKALINE Leached
H-0 LEACHING Residue

A3+ Pregnant Solution

Identification of the aIumini|Am minerals lost in fhe Bayer process in
BR |

n Simple minerals: Gibbsite, Boehmite, Diaspore,

" Complex minerals: Hydrogarnet and Cancrinite (via
desilication step of Bayer route)

Soda Sintering Process

= Sintering of soda and mild caustic leaching proposed to recover
aluminium from bauxite residue.

= Optimisation results for 900°C sintering up to 70% Al recovery
(14% Si) at 50% excess reagent or more with leachable solid
solution in Na-Al-Si phases formed (Confirmed by Bruckard et al
2010)



Iron oxide removal from Bauxite Residue through
=#= microwave roasting and magnetic separation

B

EU MSCA-ETN REDMUD

—— —_—

v' 0.6 KW are used to roast 10 g of BR mixed with a carbon

BAUXITE CARBON source by microwave radiation;
RESIDUE SOURCE
v hematite (Fe,0;) and goethite (FeOOH) are totally reduced
l l after 3 minutes to iron magnetic phases, allowing a magnetic
separation of the Fe content through wet high intensity
[ MICROWAVE ] magnetic separator (WHIMS);
l v’ the residue from microwave carbothermic reduction is

SINTER enriched in Ti and REEs.

MAGNETIC || NON
l MAGNETIC

Fe ‘ Ti, Al, REEs ‘




lonic Liquid leaching for reactive metals (Ti, Sc, REEs)

e /A

recovery

L | ler
» Development of a Leaching
leaching process to
dissolve metals from BR Non
by using the hydrophilic viscous/ Cooling at
ionic liquid Emim[HSO,] ; volatile — 120°C
» High recovery vyields of solvent
Sc, Ti and Fe (75, 90 and (DMSO) Solid
100%wt. respectively), Filtration —> )
almost 100%wt. of Si and residue
Ca and 70% of Al and Na l
Leaching

remain in the residue
after leaching.

media, DMSO




. Sca

EU MSCA-ETN REDMUD

ndium/RE
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Laser ablation ICP-MS in-situ
measurements demonstrate
the close correlation of iron
oxide phases with scandium
in Greek bauxites

E occurrence modes in bauxite

e AIO(OH) — ~15 mg/kg Sc
 Hematite — ~200 mg/kg Sc
Bauxite matrix — ~50 mg/kg Sc



=¢= Scandium/REE occurrence mo

EU MSCA-ETN REDMUD —

e Surprisingly large mineral
grains
e Various occurrence modes
e Primary, inherited
from bauxite
e Secondary, created
during the Bayer
process
e Light and heavy rare earth
phases

des in bauxite




Selectlve Ieachlng of Sc/REE W|th Ionlc Ilqmds

SCAMDIUM ALLUMIHILM EUROPE

O Selective recovery of
REEs against Fe, Si, Ti

O The structure of the IL
remains intact from the
whole process of
leaching and
regeneration

O Aqueous Strip
solution produced is
suitable for Sc
extraction (Sc up-
concentrates 8-12
times from the IL-PLS)

O Pilot Scale tests under
way for multiple cycles
of IL regeneration

Bawmite
residue

output
IL/Water | Leaching20°C. 10%
Solution pulp, 2h-4h

P Solid residue mainly
/ S"h‘i'hg‘”d /Lu Fe, AL Ti, Si— 85% wt

SBPﬂF on of the initial residue

IL-PLS
i

Scrubbing-Stripping of Aqueous Acid Solution

IL-PL3 for REE punfication

IL regenerated |
Aqueous Acid Solution
for 8¢ purification

= |

(Pt
Strip:

sﬂ(

e

Rege-
nerated

IL-PLS contains 60-80%
BR’'s REE, 30% of Al
and 4% of Fe, almost
100% Ca and Na

# Solid Leach residue BR?

contains 56% Iron
oxides, 12% alumina,
7% titania and 6% silica



Iron & Steel
Industry

REE and Th
Removal and

REE Separation

industry
Safe
disposal
Composite
Materials

Building and Construction industry



The Future Greek Aluminum Industry

Bauxite Ore

Alumina Refinery

Bauxite Residue

Aluminium Industry | |
| |' Mud2Metal [
b

Selective o e
ITIDRM Leaching/ REE umdes bl Al-Sc Alloy
disposal i production

Separation

EAF Carbothermic

Fe (Cr,V,Ni)



The Mud2Metal Target

%wt of European annual demand
P s11:ce02 [P

e

N 139tlaz03 3

\ 4,450 t Al-Sc
| \\ master allo

|
f \\ CERA T rleE TN 11%

I'I

f |

986t REE

95tv203 [}

Sy 209,318t Iron
(Ni,Cr,V)

g 60,000t Mineral Wool

/

'3

A

H'"\.

50,000t Aluminate
Cement

300,000t BR // 80,000 t Geopolymer
|
l!il‘.hiﬂg EE II"... P rﬂd ucts

residues 110,000t Slag

35,000t Cement




—— Geopolymer products

M inemannI—_ —= Aluminate Cement

Optimistic

¥ Operational Cost €438,430,000

M Slag cement €2,200,000
B Geopolymer products €16,000,000
€£30,000,000
€£43,000,000
€£209,318,000
€8,756,457

€347,134,788

B Aluminate Cement
Mineral Wool

M Iron product

B Sc product

€329,000,000
€3,300,000
£€-

€15,000,000
€36,000,000
€62,795,400

£6,373,154
€122,343,381



EESEEE N EXAL BAUXBIE RESIDUE
ENTREATNIEN T PROCESS | s sps
EN

Efhitymios Ealomnenos , Dimitiles Kastritis . Dimitries Panlas,
loannls Paspallarls . Dimitrios Balfolnos Eng gy

—

MTUA (Mational Technical Univeraity of Athea),
Labaratoly of Metallury, Athens, 157 80, Gresce

st (Alumininm of Greece ), Agios Nikolaos Plant , Viotia

. “Novel Technologies
for enhanced energy and exergy efficiencies
in primary aluminium production Industry

Laboratory of Metallurgy

Heroon Polytechniou 9,

157 80 Zografos - Athens, Greece
Phone: +30210 772 2177

Email; thymis@metal.ntua.gr

The ENEXAL research project Is co-fi-
nanced by the European Commission in
the Seventh Framework Programme (FPT7),
under the cooperation theme:
[FPT-ENERGY-2009-2] / Energy efficiency
Inene gy Intensive industry




The Bayer process for the production of metallurgical alumina
requires on average globally 2.7 kg of bauxite ore to produce
1 kg of alumina, while the remaining amount of the ore is
removed from the process as a red slurry. This by-product, called
Bauxute Residue (BR consists of various metal oxides like

' and others. On a global scale BRamasstoa
tchtal of 151} million tonnes annually.Due the lack of an economi-
cally viable processing method all BR are currently disposed in
artificial ponds or landfills, resulting both in brownfield land
creation and mineral resource squander.

Through EAF carbothermic smelting the BR are fully converted
into two marketable products: pig iron and mineral wool. The
pig iron is used in the secondary steel industry as a steel scrap
substitute, while the mineral wool can be used for the produc-
tion of variety of thermo-acoustic insulating products used in
the construction and manufacturing industry.

Nao solid or liguid by-products are produced in the process, and
thus in conjunction with the alumina refinery plant, complete
exploitation of the bauxite ore can be achieved.

This novel pracess has been applied for more than a

year in AoG’s industrial scale pilot plant housing a

1MVA EAF and a melt fiberizing line.

Dy Bavxite Residues (BR)
are treated with carbon
L and fluxesin Electric Arc
™ Furnace (EAF]
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Mining
Companies

Cevelog | Optimize

Beneficiation of i g e 1
— EURARE Deposlta E'ﬂ-rqrg.;
Gaiiles Study LHilization/Safe Develop novel P R
Disposal of Tallings REEE RUL SLU.
and Rasldwes Kol MEAB
technologies
[P i ELJ
direslives and EUVRARE: Research HTLA
iblecsitis Madicnal for a sustainable Devalop REE i
BUrEys ;"EgEl ::'i:]im”‘a‘:; European REE Baprocueys NEOREM
Etalnil:l?nrl expleitation industry It
PR,
Geotogical Aeses Europaan Furapean REF E_::dJ.In:s

market Survey

Surveys

o

REE Reraursan

Integrated knowledge 1
management system for Pt et e B

Eurcpean REE exploitation SR ———

The rare-garth meta’s er elements (REEs) are a unigue croup of chemical eements that exhibit a rarge
af special electranic, magretic, aptical and catalytic proparties. They kave burndreds of applications.
Theiruse in components manufactured from a wide range of alloys and compounds,. can have a
profound effect on the performance of complex engineared systeme

App 300 kg of REES are neaded fora 3.5 MW wind Lurbine, 1 kg are nesded for 1 hylbrid car, and 2.4 9
af REEs are needed for one laptop camputer.

The REE are found in a wide range of minerals, including silicates, carhonates, oxides, and phosphates,
Arcurd 2700 minesals are knows B cantain Lhe BEC o an esential part of their erpstal strucbuse, bul
arily a small number aresver likely to have commercial significance. The magority of production bas
come tram a small number of minerals, most importantly bastnésite, monazite, and dEnotime with
China in Bayan (kg belng the warld's maln produesr of REE: :

With nurmerous Eurepean industries heavily depended an impoited REE raw malerials, there i 4 need
for EU ta secure a viab'e supply of REE minerals as well a5 develos from the ground up the curmently
non-existent

Europaan RES extraction and pracessing indust iy The goals of the CPRARE project an;
* T charac terize the potential REE resources in Europe.

* To research, develop, aptimize and demnnstrmtechwlnges fior the efficient and econamically
wiallo exploitation of currently available Eurapean REE l_'lfapmm.ml.h MMM Conseuonies 1o the
enviranment.

20%

awraloes, HLY Deves,
Telberophomes and Speakers, MEL Deleroe
applicaions, Mugnetc refrigermion

Nd, Pr, 5m [ Th, Dy)
Iagnets
5% La, Ce, Pr, Nd, ¥
Fortil mer s i
Fig meenils m"):_‘rjlmu?lﬂ
Wiiskeas e Metal T Mg alloys
Medical Tracers = Allerys II G
18%
Palishing medu RE E Eu, Y, 1LE
LI rosistan phos: Ce, La, 4 2 ..In‘«I‘:l 174
Thermal ghas: Pr, Nd, k. .3 Th. Nd, 1 Pansi Display
Laﬂu;;[};;i Gdera c;';:':;? - Phadphors {E: Gd} xltm'csccﬂ Iningis
Colorirlz L B e
Relractonres Catalysts i-:l| LZ-?EPT:;LH
Fuel Cell:  30% B 7%
Sperconduator, Chemical
Process

La, Ce, (Pr, Nd}
Fetroleum Betining, Automotive Catalvsls,
1ese] Additrve, Waber treafment

20%

Irthe EURARE praject, the mireral processing technalogies cuﬂ'EﬁH}r uged for the REEs minerals will be
imvestigated for representative European REE ores, with M;-_'n improvement by adopting new
aparoaches for the complete ore utilzatian and wmd@;nﬁgﬁgﬁﬁqﬂh’fﬂprﬁemmms estabiishing
irtegratedd rineral processing systems, with .rmﬁr ﬁ@lﬁjﬂﬁﬂlngﬁ.

The current state-of-the-art processes for REE extraction fnllmsmmpikatad. energy and resource
intenzive technalagies. The ERARE project aims in developing novel cost-effective and resow roe-affi-
cient AEE extraction process, tallored saecifically for Eusoocan REE ofe deposits as well a5 for European
healthysafety and epvirsnmental protection standards,

The main goal of the EURARE project is ta set the basis forthe development of a Suropsan REE industry
that will safequard the urinternspted supply of REE raw materials and produets crucial for the EU
ecanamy indusirial sectors, such as avtomotive, electranies, machinery and chericals, in a sustainable,
economically viable ard envirormentally friendy way.

For more information about our work please visit us at www.eurare.ey
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