Advances and Innovations in the
Extraction of Aluminum,

Magnesium, Lithium, and Titanium
Donald R. Sadoway

Department of Materials Science & Engineering
Massachusetts Institute of Technology
Cambridge, Massachusetts




Outline of the lecture

== where do metals come from?

== needs of the current technology

= radical innovation
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Selected Properties of Structural Metals
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Selected Properties of Structural Metals

Fe Al Mg Ti L
mp.(°C) 1535 660 650 1675 181
b.p. (°C) 2860 2518 1093 3260 1342
p (glcm?3) 7.87 270 174 451  0.53
E (GPa) 211 71 45 116 4.9

Elp 27 26 26 26 9.2
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Selected Properties of Structural Metals

Fe Al Mg Ti Be

m.p.(°C) 1535 660 650 1675 1287
b.p. (°C) 2860 2518 1093 3260 2469
o (glcm?) 787 270 174 451 1.85
E (GPa) 211 74 45 116 287

Elp 27 26 26 26 155
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Selected Properties of Structural Metals

capacity (10° tpy )

price ($/kg)
sales (10° $)

abundance (%)

(rank)

-AG,o, (kJ/mol O,)

(kJ/g M)
III.I- Sadoway

Fe Al
800 25
0.40 1.85
320 46
4.1 8.2
4 3
503 1055
6.7 29
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0.60
3.40
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Selected Properties of Structural Metals

Fe Al Mg Ti Li

capacity (10° tpy ) 800 25 0.60 0.10 625%

price ($/kg) 040 185 3.40 10 80
sales (10° $) 320 46 20 1.0 0.05
abundance (%) 5.0 8.2 21 0.66 0.0017
(rank) 4 3 8 9 22
-AfG,\,,xoy (kd/mol O,) 503 1055 1138 889 1122
(kd/g M) 6.7 29 23 19 40
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Major Aluminum Producing Countries

nameplate capacity

(10° tpy)
U.S.A. 4200
China 3900
Russia 3400

Canada 2800
Australia 1900
Brazil 1300
Norway 1100
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Where do metals come from?

=> occur naturally as compounds
=> pbeneficiated = high-purity feed
=> reducing agents: H,C, M, e-

=> options for alumina reduction?
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Hall-Heroult electrolysis

electrolyte: NajAIlF, - AlF; - CaF,

feed: Al,O,

temperature: 970°C

anode: carbon

anodic reaction: 30% + 1.5C - 1.5CO, + 6 e
cathode: carbon

cathodic reaction: 2 AlI’* + 6 e - 2 Al

overall reaction: Al,O; + 1.5C = 2Al + 1.5CO,
standard potential: E° = 1.2V
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Where it all began

[He Model)

0. M. HALL.
PROCESE OF ELEOTEOLYEING CRUDE SALTS OF ALUMINIUM.
No. 400,666, Patented Apr. 2, 1880,
TR INVENTOR,
. Clatos W, Wad
G & Yuthoe oy Bt b WleR,
Sadoway The University of Tokyo
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Where it all began
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UNITED STATES

PateEnT OFFICE.

CILARLER M. 1TALT, OF DBERELN, 100,

PROCESS OF ELECTROLYZING CRUDE SALTS OF ALUMINIUM.

HPECIFI0ATION forming part of Letters Putrni Mo 400,600, dated Apml ¥, 1888,
Apptissthon, £iod dugwet I7, 1EBE. dkci) To. 503,330, (Ha gpesinams

To wit whow 78 magy senoer

i 0 kwown o T, CEAKLRs 3L I0ALL. &
wltizem of the Uvitel Btates, relding st Ober
Hi, A1 Tt oowenty of Lomin and State of Ohi
hewvm fnvented or disooyorsd sertain mow &
manful Improvoments in the Masminetnes of
Alnminivn by Floectrolysisof it Fused Salts,
of whiah heprovements the following is a
Apefication.

In lg [ioatioma fided July @, 1866, ood Feb
ruRry 3, 18AT, nnid serislly numberod 807,501
and EE"'IIE"I respietively, T have desoribed
and clajimed prooeses for the roductios of
almminivm by -dissalving aluming in & both
forpaed of & Faeod Moordde gt of alivminlhom
and thes sepmealing the aluminiom by an
alpatrie eurront, I the prooees doseribed
in applicathon, Stehd No, 0700, T e
Mayed & bl formod of o Roorides of
sodlam and alominiams, (roprosonted I:|:.I tha
formula KaghlF,.] with or without $ho addi-
tlom of the Aooe of Hildme, sod Io tha

ooess doscvileal o lipstion, Sorinl MNe.

36,206 | emplopoed n bath fermod of the oo
cilis of potsssim aml abeminlom, (e
semtud Ly the furmuls K ALF) with or with-
it the mddition of the fluoridoe of. Lithfumm
Thes salts fomning cliber of the above-men-
tiomed Lothe are placed in a suitable vessel, |
profermbby oo formed of meotal ami Lirenid |
with earfem, andd then gulijsetsd toan Mheent. |
hemal bt fuse them and Cornsa Lomniggenos |
bath. © Eloctrodes fovmed of oarksm o any
aniteble - mednl mmdl sennoctel e oppekis
palis of o dyenme-slialiio mathine s they
placod i the bakh, or tho catadalag-vossel
Wiy T |_l|nl~’]|'|}'1_¢1. Ty mogatlve alentido,
The aliming in noew abded o e Lath, and
being dissid red alimbndsm _!a redeesd pt iho
nogalive olentrele, and boing fosed by iho
laeat of the bath snks to the hetSen of (he
visswl, Weo eygen lielng Hberate] idthe posi-
tivn prle.

By tha ahove-loseriisl rotssors T havo
Tz aibile do obifnin el resnBe, bl ieye
Fannal that darimgnoontinmows waof cither nf
tha abwrve bl [or o smeddermlde Sime o |
inck |'-|.r|n!nuwl In Morimees] which ebugs the |

Twths, 11 imo e ing Bl iveistnnee thuere-
of; kel To the extest of sioh ivrigeed e [
wistaned desreaslag the ampant of alamin-

inm produesd. The formation of the Dok |

onmquanEil, which coonm ssmne 1o tho bath
comanl of the Mucricdes of ssdiom ol
il wal I thnd poviee posail of then Hoe 55
il ani of st bnn il sl ng wm, neoomsiintes
[ NIIII-IIl.HIH'.'\.'} ey izt pencaral of Uhis Bach,

T vdijeetof ihie inveithin deeribed hersin
is to provide o bath wherein the ebjeotions
horatform pendion ol domol obimin, and whish 6o
e b gl amstinuously withoul elnnges or
remewnl, expapd to supply lees oovmering from
oviEpIrnkion.

In the ecampdnyd Imwings Taiming h
part of this spevifiowtion in showi ik entstim. fig
tim of apphries apldioalds for eareying ot
Y improved OO ES. v

In the practive of the prosent invontion I
firm an elietralyte or bath of tho Hnorides of
mleinm, mudiom, apd sdumininm, the Baoes 70
filen of endeimim ond mddinm being obisined
in thp Formn of Auorkpar wnd orpolibe, Tospoet-
ively, and tha Auoride of alomisiaom bedng
plibained I:_;.r sufnrsiing hivdmabel nbumins
[Alglidk) with hydrmofAuerio moid. The som-
o rasubiing from thomixt uroof the shave.
1natmTul z_}llnﬁllu_,h‘ﬂ!!ldl I[-:.II n‘;:|m“!_|!::lr-l.]
approximately by tho fermoln Na
CaAlF is 'pla-:L-iI i o il '.'l'-m"?.-l-. prflr-
erahily formed OF motad sna Dnsl with pare 3a
enrlon, for the .ll.mrpme of provemting the ad-
mixtureof ony toreige matorial with tee hath
ar with the almmlniiom ahen nelnesl, The
vessel 1 s plneal in w0 Duen s, 2, nend sk
Jeabaal b i fisiond bead fo Qs e waaiorinks #g
mes] Thersiin, Two ohalieles 3 aml &, aff
wiy Bl l.l.l,-r'upl.lLlrulﬂr!ll:l:.‘nnrthL.\l'hﬂ.l
wins i mdslumn B dsbil, and cenoected fo

pktlve sind negniive pelos of oy full-
abde gunerator of electrlaity, proferaldy & dy- g2
nema-ulestrio muchine, i placed in the fosml
lath; or, it dosved, tL earbem-li nedl vesmsl
may bw employel e the sendive deotods,
i et b dostded liees  Ademina e
tha foem of hamzits, aohydoms axkle of oF
plnmintnm, or aoy ollese sicydis Gem of
e i prefonldy e pume ankydvens ox-
il ALY, patificially proparal, o thon pleeed
i Ehe Tmeth, wowld, bebig llesaslyved Hisrlay,

=~
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mlmminivin B rduesl Dy Usn szllsn of lec soo

trit ourrent at o sogmiive slooteods ami b
fiag Mazed Ly Rho heai of dlio Latl sinks down
1o i Veptdaim oF Ehip vesmsl, i balls Teing of
i lera npadl‘q gravity thun - the sluminiam.
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Where it all began

400,880

This difference in specifie gravity 15 an im-
portmmt featnre of iny process, as the suparin
cnnilsent bath serves to protect L sluminium
Fromn nxidatbon. The exygen of the alnmina is
HBernded By the actlon of the eletrie current
al the il ve eloctrade, and, when Ehe Litter
i= furmed of sarbon, emnbines theeewith and
s i the form of enrlomic oxide (0]
or eavbonle acid {00,).

A the aluminivn is reduesd, more alomina
I4 auliled, g0 that the bath wiy by maintainer
oA entunited  somdition with the fused
alombig. e adeditben of moro aluming than
eme Lie albssolesd ot one timwe (8 wof deti-
mcininl, peavicded the bath is not chilled, us

sneh exerss will sink to the Yattom amd be |

Tnken up by dhe buth, as required.
_ The proportioms of the materials cnployed
in formimg tho btk o eleetealyte are ap-

proximmntely as fellows: Fluoride of cilelpn, |
Cwts Tonpadred. amd thity-fonr purts; oryolite, |

Ui doudee Boride (Na,A0,00,,] Towr inpdeed
sl Ewenty-ome paris, and Avoride of alumine
i, elght lnmdreed and fortyefive pars, Dy
welght, These propertions ean, however, b
witlely spried without materially changing
the efflclency of the bath.  Durini te redue-
tion of the alaniniim the positive elestiode,
when formed of srbon, is shly conswmed
Al must e renowel fran ting to time; but
the bath or electrulyte sanains unchanged
for & long thne.  In time, however, & partial
clogging acevrs, whicl, hewever, dess not
render the batl wholly ineffective, bt doss
necessitate nn inerezse In the slestranstive
force of the redueing-vorrent, the resistance
af the bath belng lneresed in proportion to

“the degree toowhich Ui Luth Beeomnes elogod,

theveby increasing the cost of rednstlon.  Tn

order to entively provent any eliering of the [

Lath, Tadd approxinately thees or fonr Ter
cent, (move o less) of enleium ehloride to the
bath or eleetrolyte lhevelnbefore deseribed,
As the adidition of 1he enleinm ehiorile pre

F vents, ax stated, any ¢logging or inercass of 45
| pestslonee in the bath, it can be used contin-

nously without rénewals or any additions, ex-
vapt sneh as ml:g]f b peeded fo veplase lope by
avaporation, and without ine ng the dee-
tro-mntive fores of thoe redueing-cnreant; and, 5o
further, rhie pddition of the ealeiom chiloride
enables ench gtom aof earbon of the positive
elettrmda to taloe up twonstoms of oxygon, form-
ingr enrbonie acid, (C0L) theroby reducing the
amonnt of enrbon congmned n proportion to 55
Lha amonatof alumininm produced, The eal-
cinn ehilovide Leing quite volatile is snbject
to loss fastor than the rest of the Lath, anid

| must b rinewed oceasionally on this seeonnt,

In redueing alomininm, as above dessrilad, 6o
I prafer to einploy an electric current of abont
wix volts electro-motive foren; bat the elostreo-
mofive foree ean be varbed within lnege
limmits,
I elnim hevein 05 my invention a5
1. As an improvement in the art of mann-
facturing slominivm, the metlod herein de-
seribed, which sonslsta in fusing o combina-
tion of the Auoride of aluminlom, the Auorde
of enteinm, and the Aneride of sodinm, adding 7o
alumina to the bath go formed, and then
rssing 8 currant of electrieity theough the
nspl mags, snbstantially as st forth.
2 As an lmpesvenent in the ek of manu-

-fnetnring aluminiom, the method lerein de- 53

sevilwed, which consiste in fusing a comblna-
tiom ol the Anoride of aluminiom, the Auorida
of enleinm, the Auoride of sodium, and the
cliloride of ealeivwm, adding alvmina to the
bath so formed, and then passing a enrrentof 8o
electricity through the fused mass, sulstin-
tially as set forth. .
In testimony whereof T hove hareonto sek
m¥ hamad,
CHARLES M, ITALL.
Wiliigsss:
W Ik CoRwik,
IPARWTN 3, WaLoorr,
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needs of current technology

drivers:
=> cost

= environmental compliance
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environmental drivers

THE SCIENTIFIC COMMUNMITY
IS DIVIDED.
SOME SAY THIS STUFF 1S
PANGEROUS, SOME SAY
ITISNT.
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Prospective changes: a wish list

== new electrode materials -
inert anodes & wettable cathodes

= new electrolyte chemistries —
“low-ratio” bath

= |ower energy consumption
= reduced emissions

= 1000 KA cell: economy of scale?
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Properties of an inert anode

* physically stable at service temperature
* resistant to attack by fluoride electrolyte
* resistant to attack by pure oxygen

* electrochemically stable

* electronically conductive

* resistant to thermal shock

* mechanically robust

* easy to deploy (electrical connection to bus,
startup, power interruptions, ...)

* affordable

b]
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The Materials Menu

* ceramics
* cermets
* metals

* coatings

®
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Ceramic Anodes

© advantages
* fully oxidized .. stable with hot O,

® concerns
* electronic conductivity
* solubility in cryolite
* thermal shock resistance
* mechanical stability
* operational challenges

© examples
* Sn0O,
* ferrites, spinels, perovskites
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The Materials Menu

* ceramics
* cermets
* metals

* coatings

®
H .
I II I Sadoway The University of Tokyo July 9, 2004
Q



Cermet Anodes
(ceramic/metallic composites)

© advantages
* combine features of ceramics and metals,
i.e., chemical inertness +
high electronic conductivity

® concerns
* phase boundaries
* solubility in cryolite
* thermal shock resistance
* mechanical stability
* manufacturing net shapes
* operational challenges

®
H .
I II I Sadoway The University of Tokyo July 9, 2004
Q



Cermet Anodes
(ceramic/metallic composites)

© examples

* metal dispersion in a ceramic matrix,
e.g., copper, nickel, silver in a
nickel ferrite matrix, NiFe,O,

¢+ ceramic provides bulk,
offers chemical stability

+ metal confers conductivity & toughness

®
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~Metal Anodes .
(ceramic/metallic composites)

© advantages

* combine features of ceramics and metals,
i.e., chemical inertness +
high electronic conductivity
* high electronic conductivity

(more uniform current distribution)
* thermal shock resistance
* mechanically robust
* easy to fabricate & deploy
* self-repairing in service

®
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~Metal Anodes .
(ceramic/metallic composites)

® concerns
* stability of surface film

© example

* thin oxide film on surface of metal alloy,
e.g., Al,O; on Cu - Al (90:10 by mass)
¢+ alloy provides bulk,
confers high electrical conductivity

¢+ surface film protects alloy from chemical

destruction by reaction with Hall bath
and oxygen
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~Metal Anodes .
ceramic/metallic composites)
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~Metal Anodes .
(ceramic/metallic composites)

inconel

current lead

thermocouple [I1

inconel rod
(welded to can)

— cell cap
gas outlet gas inlet
can holder - can holder
tungsten rod
cument collector
bath sampling tube
gas melt bubbler
—=— alumina lid
anode A&l BN sleeve
crucible B--f+—— TiB. cathode
metal can — f/1  cathode table
alumina tube —
Sadoway The University of Tokyo July 9, 2004



~Metal Anodes .
ceramic/metallic compos_Ltes

<l
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attributes of dynamic surface film:
reaction layer

* reaction layer is self repairing,
I.e., self forming in service

* nca is dynamically stable in service:
chemistry, electrochemistry, adhesion, ...

* designed to thrive in Hall cell environment
* reduced contact resistance of connections
* superior conductivity ratio, i/«
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|
these reaction layers are not coatings

there are only two kinds of coatings:
* made imperfect
* become imperfect in service

. only a self repairing coating is acceptable
= reaction layer

®
H .
I II I Sadoway The University of Tokyo July 9, 2004
Q



status report: taking the pulse

* what are the prospects for
delivery of the inert anode?

=  “Prediction is very difficult,
especially about the future.”

- Niels Bohr

®
H .
I II I Sadoway The University of Tokyo July 9, 2004
Q



Radical innovation

= remember the menu of reducing agents

= assume that alumina is the feed

assessment options:
O laboratory curiosity (not scalable)
M technical success (economic failure)

® disruptive technology (new era é")

®
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Ellingham diagram: oxides
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Ellingham diagram: oxides
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Radical innovation

carbothermic
metallothermic
electrochemical
plasma

o NoF NP NP NS
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Government response

ALUMINUM

INDUSTRY TECHNOLOGY ROADMAP
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Government response

Exhibit 1-2. Top-Pnority R&D Needs for Major Aluminum Process Steps

ALUuMINUM PROOCESS ETERE

-
I I I I I Sadoway

C] Mear Tema [[] Mid Terma [{ Long Terma
(03 years] (3= 10years] (10 yoans)

Tar-PriaRiTY RED MEEDS JLIrK 0 Ol | ey i ‘sdfs

§ Technology Rosdmap for Bawdte Residue Trestment and Utlization
E Aluming Technology Rosdmap

[ Confinue development of watted, drained cathode technology.
MM Develop continuous or semi-confinuous sensors to cost-efleciively
measure aluming, superheat, temperature, and bath ratio.

[ Develop alemate call concepts (combination of inait
anddes and wetied, dramed cathddes).
[ Develop the carbothenmic reducion process on 8 commerncial acale.
[ Explore other nowvel, and a3 yet unkdentfied, concepis for producing
alum inum.
§ Inert Anade Roadmap

§ Applications for Advanced Cearamics in Aluminum Production

The University of Tokyo July 9, 2004



Government response

Exhibit 2-2. Technical Barriers: Primary Production (pricrities in bold)

ELECTROLWYTIC REDUCTION PROCESSES

s Lack of mathematical models to predict the performance of cell deslgn concepts

s Lack of robust bath chemlstry (constralned by envollte-based electroyte)

s Incomplete knowledge of how to ralse thermal efflclency of reduction without negatively Impacting the
process

n Lack of econambcal methad to retrofit older cells {nchuding buswork )

n Lack of econambcal schnbque to remove mpurities from aluminag in dry scrubbers

» High coat of reducion squigmeant

» Large gap batwesan feoretical and aciual enengy efficency, and high asscdated power costs

ALTERHATIVE REDUCTION PROCESEES

s Lack of feasible, economlcal ekectrolyte compositions that would requlre lower voltage without
compromlsing product guallty

n Lack of aystems approach to developing overall altemative procaess e

» Difficultiea maximizing use of chemical versus elecical enangy in aliematihe proceases

EHMABLING TECHHOLOGIES
s [|nsdeguate process tools, sensors, and controls for reduction eells
¢ Inabllity io measure cell variables (ofher than resistance) in real time
E lack of non-contact sensons
» Lack of coatefieciive metal-purification technologies
» Inadequate process opfm zathon models
» Lack of matedals {cathode, anode, and sensor wbes ) that can withatand exposurs 0 molten aluminum and
cryolite

INSTITUTIDHNAL BaAaRRIERS

n Govemiment role inresearch ks undear; collaboration between govemiment, academia, and induairy ks not
optimized; limitad cross-instiutional communication

m Low reseancher awarensss of e stale of the echnology and of previous and ongoing ressarnch

» Lack of regulatory cooperation (2.g., spent potiiner)

-
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Government response

Exhibit 2-3: R&D Meeded: Primary Production
N: Hear Term (< 3 years) Mo Mid Term (3-10 years) L Long Term {= 10 years)

ELEcTroOLYTIC REDUCTION PROCESEESES
Priaity Lavel RED Nead

Develop allemative cell concepts {Including matenials development). (L)
« combinason of iner ancdefvetied, drained cathode
« gystems approach for designing dimensionally stable cells

TOP Confnue development of wetied, drained cathode fnduding materials development). (M)
G Improve and decrease cost of alumina purification technologies . (ML)

G Develop technology o run producion cells for exiendad periods of time without an anode affect (minémize
ancde effects per pot day). (M)

Achieve more robust bath chemisiry. {L/ongoing)

Examine allemative carbon sources; leam o cope with new anade materiala (high sulfur, ash). {Ongoing)

Develop advanced refractories for the oall. {Ongolng)

Develop a cell capable of performing effectively with power modulations (e.qg,. off-peak power).
Continue development of inert anodes (induding materals development) {M-L)

Refine maethod to exract impurities from alumina used in dry scrubbers. (M)

Develop coatefleciive, lowresistance, exiemal conducions and conneciions for both the anode and
camode. (M-L)

Develop extendad-lide pot lining (> 5, 000-day lide). {L)
Improve waste heat recovery {from esdt gases and from the cathode). (L)
Perfect the coninuous, pre-bake anode. (M)

-
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Government response

ALTERMATIVE REDUCTION PROCESSES
Prianty Lavel RED Nesd

B Dowsiop the carbothenmic reducion proosss on a commercial acale. (L)

B Develop novel, and as yet undefined, concepts for producing primary aluminum. {L)
Develop solid-oxkde, fuel cell-type anode with sodium sullide electrolyte. {L)
Explore elecirolyic producion of solid aluminum. (L)

Explore chionide reducsion for liguid aluminum. (L)
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Develop solid-oxkde, fuel cell-type anode with sodium sullide electrolyte. {L)
Explore elecirolyic producion of solid aluminum. (L)

Explore chionide reducsion for liguid aluminum. (L)

H .
I I I I I Sadoway The University of Tokyo July 9, 2004



Government response
T T

e TECH HIDAL RIS K s -l-cﬂﬂl'lﬂ] ol ,'_Fg.mpr.m
(I bkeatron High

i i {I ArEmizsions {elimnate OO0,

PFCa, S0, NOx, polycyche
L Dificult to bring fogeder muliple new  aromatic hydrocarons
KEY TECHMICAL ELEMENTS technologies plus a non-conventonal  from process va malenals
slecolyle adecion)

RED PRIORITY

| e Annanas |

Long Term (> '|ﬂj.l'EH'H:I'J

crealed by elactric connecions.

¥ Address scale-up complexities (e.g., 10,000
amps).

# Develop models (magneiohydrodynamibe,

process, harmoslactnic, atc. ) applicable to

the new ceall {current madels are
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Government response

R&D PRIORITY

e TECH M DAL R 1S s *Eﬂﬂfg}- consumplon {large

Low  Modewts Wi aavimga, but on-site carbon
I T F emEaons will imirea:ss)
A apital and operaling costs
L.'th feschinical nsk # 3
KEY TECHMNICAL ELEMEMNT S A Emironmental footpeint
LR PR

i ¥ Long Term (> 10 years) =
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Government response

PayOFFs
A A T Eye—_—

s TECHHIODAL RIS ke ng wasll dedined, but must
Lew  Wodesis  Migh be zignifcant to be jusided

producing aluminum I f +‘|

L‘th lechnical nak asseaalad with
new concepls

2008 200

|-|-|—t—t—t—t—|—|—|-T-t—t—|-|-|-|-h|

Long Term (> 10 years) .l

KEY TECHHNICAL ELEMENTS
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carbothermic reduction of alumina

Al,O;, + 3C =< 3CO + 2Al, (T>2000°C)

®
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Ellingham diagram: oxides
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carbothermic reduction of alumina
Al,O;, + 3C =< 3CO + 2Al, (T>2000°C)

© attractiveness:
=> l[ower energy consumption
= improved economy of scale

® technical issues:
=> materials of construction
= temperature
=> back reaction (losses & impurities)

®
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electrolytic-calciothermic reduction
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electrolytic-calciothermic reduction

electrolyte: CaO - CaCl,

cathode: 3 Ca%* + 6 e -~ 3 Ca
3Ca + Al,O, == 3Ca0O + 2 Al

anode: 30> +15C == 15CO, + 6¢e
30% = 1.50, + 6 e (preferably)

®
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electrolytic-calciothermic reduction

© attractiveness:

= improved economy of scale
=> lower energy consumption

® technical issues:

= materials of construction
= CHCs = inert anode

®
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metallothermic reduction

conventional wisdom:
= strictly a chemicalreaction
= rate limited by mass transfer

our hypothesis:
=> notstrictly a chemicalreaction
=> electron transfer is involved

= metallothermic red" is an
electronically mediated reaction

(EMR)

J@
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metallothermic reduction

MR%ERIALS RESEARCH _I_I_I

J. Mater. Res_, Vol. 13, No. 12, Dec 1998 @ 1998 Matenals Research Society
KeTaF7 Na

Metallothermic reduction as an electronically mediated reaction
Toru H. Okabe? and Donald R. Sadoway

Department of Materials Science and Engineering, Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139-4307

(Received 9 December 1997; accepted 15 April 1998)

The commonly held view that metallothermic reduction is strictly a chemical reaction
and that the process is rate limited by mass transfer has been found to be incomplete. In

Wm

a study of the production of tantalum powder by the reaction of K,TaF-; with sodium, it 2 i

e A e BT
e o A S N
e e A

has been shown that there are two dominant kinetic pathways. both involving electron
transfer. Furthermore, the overall rate of 1e’1ct1011 15 lumted by electron transport betw een
rh-: leac‘rants Thls indicates that s "t an “el d
). Experiments found that th-: lcca‘rmn Di the tan‘ralum deposit and 1ts Ta powder
are governed by the reaction pathway.

11101p11010gx
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metallothermic reduction

3Ca + Al,O; == 3Ca0O + 2Al

from an EMR perspective:

reaction medium or “melt”: CaO - CaCl,

which is a mixed conductor (e- & M)

oxidation: 3 Ca°meiy = 3 Ca?*(mely) + 6 € (mely)
reduction: 2 Al3*(xide) + 6 e (meiy == 3 Al°(liquid)
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metallothermic reduction

3Ca + Al,O; == 3Ca0O + 2Al

from an EMR perspective:

reaction medium or “melt”: CaO - CaCl,

which is a mixed conductor (e- & M)

oxidation: 3 Ca®meity <= 3 Ca2+(m
reduction: 2 Al3*(oxide) + 6 e (mey&= 3 Al°(liquid)

= very fast kinetics ©
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molten oxide electrolysis

electrolyte: MgO - CaO - BaO - La,0,
feed: Al,O,

temperature: 1800°C

anode: ???

anodic reaction: 30> - 1560, + 6¢e
cathode: ?7??

cathodic reaction: 2 AI’* + 6 e - 2 Al
overall reaction: Al,O, - 2Al + 1.50,
standard potential: E° = 1.74V

®
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schematic of prototype cell

current
feed

point feeders break
crust and introduce
metal oxide here

I
e |
'x.+
— | frozen
electrolyte
|
anode | oxygen gas
frozen F bubbles
electrolyte /
|
molten oxide electrolyte | liquid
cell | cathode
sidewall __| \ metal pool f/
cell floor
—

collector bar :_x—/'
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molten oxide electrolysis

© attractiveness:

= improved economy of scale
= environmentally sound

® technical issues:

= materials, materials, materials

®
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molten oxide electrolysis

Sadoway
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UNITED STATES

PATENT OFFICE.

ROBERT IL AIKEN, OF WINTHROF HARBOR, ILLINOIS.

‘PROCESS OF MAKING IRON FROM THE ORE.

“No. 816,142

f’a all whom, i TROY COMCETR:

Be it known thet I, Roserr H. AIKEN; a | supply of oxid be such that there is a defi-

Specification of Letters Patent.
Applicntlon 8led Tums 1,1008, Serial s, 165,609,

Patented March 27, 1906,

If during the continkance of Lhe current the

citizen of the United States, residing at Win- | eiency in the bath, the electrieally-low oxid

throp. Harbor, in the couniy of Lake and
State of Illinols, Linve invented certain. new
and useful Tmprovements in Procésses of
Making Iron from the Ore; of which the fol-
lowing is & speeification, =~

This invention ralates to producing iren
from the ordinary oxid ores by [irst dissoly-
ing the oxid in a molten hath or slag and then
decomposing the dissclved oxid und deposit-
ing the metal as iron by the action of anelecs
tric carrent. .
- I'have found that under proper conditious
iron oxid iy rendily dissolved in molten sili-
cate of one or more of the metals not less
electropositive than iron snd that when so
dissolved it is readily deposited by a mod-
erate cureent of electricity. Fxcellent re-

. sulis are ohtained by gradually feeding pref-

s

r

35

45

operation—t

erably pnlverized Fe,O, or Fe, 0, into & mo}-
ten bath of FeOSi0, 2nd mamtaining o di-

rect electrie current through the mass. The.

addition of Ca@Q,MgO or other oxid acting
similarly lowers the fusing-point of the bath,
aids solution, insures an advantageous hasie
character for the bath, and is therefore de-
sirable though siot indispensable.  As mush
88 bwenty per cent. of Fe,0, can be dissolved
in basic siheate of proper constitution. The
aﬁpamtua employed may bewithout novelty,
the ancde being preferably carbon or the like,
the deposited metal serving as the cathode,
and the comminuted material being siirred

inte the hath as the operation proceeds. The,

voltage is kept at the proper point during the
};mt is, 1t Ys made high enough to
evercome the resistanee of the bath and de-
compose the iron oxid held in solution—huf
not high enough to separate to any material
extent the silicon or other more electropesi-
tive metals entering intu the combination of
the silicate, The temperature of the hath is
maintained by supplying a current of the
proper number of amperes, per unit area for
this purposs,
Itis to ba observed that this processis con-
tinuous and thet the furnace mey bo very

o largs, the lattor point being Important in that

it permalts economy in the matter of current.

of the silicate will be decomposed, provided,
of course, that the voltage of the current he
sufficiently high to deconipose such exid ; bui
on the introduction of & pleniilul suppfy' of
iron oxid Lhe silicate will seize upon enough

to make good- the former logs, ~ It is then &

quite possible to modify the proeess by sup-
plying oxid at snch a rate that the’deposited
metal: will be taken from the silicate of iron.
already in the furnace in parl, if not entirely,
und perhaps with an acid silicate it may be
practically posgible to.so far modify the proe-
ess that there shall be absolutely no solution
of the iren oxid in the silicate bath. In other
wotds, it is possible to carry the process to
the point where praciically no Iron reisios
in’ the ‘silicate-bath provided that the bath
contains other suitable bases, -as before sug-
gested. Such a course of proeedure would
not give o continuous .process obviously.
Howevér, when the bath always contamns
a considerable amount of dissolved fron oxid
and the electrolysis is praciically w continu-

‘s process, the proportion of oxid contained

ub any given time may vary from a much
smaller amount to about twenty per cent. of
the silicate. :

What 1 claim is—

1. The method of making iron from iron
oxids which congists in dissolving the oxid in
o molten silicale of oue or more metals not

less. electropositive than iron, and pessing’

throngh the -solution & continuous current
adapted to deeorapose sald oxid.
2, The method of making iren from iron

-oxids which consists i forming a hath of mot-
‘ten silicate of one or more metals not less

electropositive than iron; gradually leeding
into said mditen bath the oxid to be opemteﬁ
upon, and maintaining a divect eleetrie cur-
rent through the mass.

In testimony whereof T have signed wy
narme fo this specification. in presence of two

Witnesses.
: ’ ROBERT H. ATKEN.
Witnesses: ’
J. JERoME LIeBTrOOT,
Warrace GREENE,

The University of Tokyo
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molten oxide electrolysis

Sadoway
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database is incomplete

1 physical chemistry of electrolytes

1 materials science of electrodes

®
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feasibility assessment:

¥ electrical conductivity measurements
¥ transference number measurements
¥ modeling electrical properties

& applicability to iron production

®
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conductivity measurements

J Inventing two new techniques for
aggressive melts at high temperatures:

©@ moveable coaxial cylinders

® 4-point crucible

®
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moveable coaxial cylinders

b A AEAs L wA L vr 4 oa A

United States Patent o (1] Patent Number: 5,489,849
Sadoway et al. 451 Date of Patent: Feb. 6, 1996
[54] HIGH ACCURACY CALIBRATION-FREE Jones, Grinnell, et al., “The Measurement of the Conduc-
ELECTRICAL PARAMETER tance of Electrolytes. III. The Design of Cells,” Journal of
MEASUREMENTS USING DIFFERENTIAL the American Chemical Society, pp. 411-419, (Feb. 1931),
MEASUREMENT WITH RESPECT TO Bard, A. J,, et al., Electrochemical Methods: Fundamentals
IMMERSION DEPTH and Applications, John Wiley & Sons, pp. 316-369. Date
unavailable,
[75] Inventors: Donald R. Sadoway, Belmont; Kevin Macdonald, J. R, et al., Impedance Spectroscopy—Empha-
G. Rhoads, Andover; Naomi A. Fried, sizing Solid Materials and Systems, John Wiley & Sons, pp.
Cambridge; Susan L. Schiefelbein, 1-29. Date unavailable.
Boston, all of Mass. Thomas, J. L., “Precision Resistors and Their Measure-
ments,” National Bureau of Standards Circular 470, Issued
[73] Assignee: Massachusetts Institute of Oct. 8, 1948,

Technology, Cambridge, Mass. )
(List continued on next page.)

[21] Appl. No.: 212,478 Primary Examiner—-Kenneth A. Wieder
. Assistant Examiner—Christopher M. Tobin
: Mar.
[22] Filed ar. 14, 1994 Attorney, Agent, or Firm—Hamilton, Brook, Smith & Rey-
[51]1 Int. CL® o GO1N 27/02 nolds
(52} US.Cl e 324/447; 324/449; 20245';1?861; 157] ABSTRACT
[58] Field of Search ....ccooeovvvvevccrrvrcrronnnes 3247444, 446, An apparatus and method for measuring electrical param-

324/447, 448, 449, 720, 691; 204/406;  eters of a medium such as electrical conductivity and
205/81-83  dielectric constant between a pair of electrodes are dis-

losed. i igui ; .
] References Cited i?sizl_lcj m ec}mrn cgn b.e 1a hq.uffl-' gas, piowdei e}c af.d ®
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solvent compositions

.r%- . 51 composition
. M3 composition
s 1400 C liquidus

1500 C liquidus
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effect of FeO addition: o = o(T, c)

T(°C)
1727 1650 1579 1513 1451 1394 1340
0 1.000
— Ducret
-0.5 \ , 0.606
g 1.0 \'\\\\ = 20%) 0.367 HE
~ A
n ! 15% O
% N \j\\\\\ ? 0993 N
- 2.0 \ ~ 0.135
T '|5%
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105/T (K)
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electrowinning experiments

[ galvanostatic electrolysis at 1450°C

(-) Cu, | FeO — MgO - CaO - SIO, | Pt (+)
(£) 2

[ electrolytic generation of iron metal
and oxygen gas confirmed

®
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laboratory-scale electrolysis cell

p

to oxygen analyzer

thermocouple

alumina
reaction tube

alumina
collection shroud

oxygen
bubbles

copper heel
de host"
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observations

o electrolysis products
v/ anode : oxygen
v/ cathode : iron

e Faradaic efficiency (anodic)
1 measured value 39%
4 theoretical limit 85% (t,)

O]
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observations
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applicability to lunar oxygen generation

daily oxygen requirement = 2.75 kg
Faradaic efficiency = 85% (based on t_.)
current = 452 A

cell voltage = 2V (2.5 x AH )
power supply = 904 W

current density = 5 A cm??
electrode area = 90 cm?

®
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plasma processing

2 approaches:

= thermochemical
=> electrolytic

© attractiveness:

=> gavoids certain materials problems
= environmentally sound

® technical issues:
=> poor energy efficiency
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S0, what have we learned today?

“I’ve learned a lot In sixty-three years. But, unfortunately,
almost all of it is about aluminum.”

© 1977 The New Yorker Magazine, Inc. ®
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magnesium chloride electrolysis

electrolyte: NaCl - KCI| - CaCl,

feed: MgCl,

temperature: 740°C

anode: carbon

anodic reaction: 2CI- = Cl, + 2 e
cathode: mild steel

cathodic reaction: Mg?* + 2e- - Mg

overall reaction: MgCl, - Mg, + Cl,

standard potential: E° = 2.5V
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challenges and opportunities

* new electrode materials (inert):
=> reduce C loss in Dow cell
=> enable longer-lived bipolar cell

* new route to anhydrous MgCl,
* new electrolyte chemistries

* lower energy consumption
*reduced emissions

* higher space/time yield

®
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paradigm shifts

* electrolysis of MgO from a melt of NdCl,
* carbothermic reduction to metal
* electrolytic-calciothermic redn

* electrolysis of MgO from an oxide melt

®
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electrolysis of MgO from a melt of NdCl,

2 MgO + 2 NdCl; = 2 NdOCI + 2 MgCl,

electrolyte: 65% MgCl, - 10% NdCl; - 25% NdOCI
cathode reaction: 2 Mg?* + 4e- = 2 Mg
anode reaction: C + 20CI3- = 2CI- + CO, + 4 ¢

-R.A. Sharma, General Motors

®
H .
I II I Sadoway The University of Tokyo July 9, 2004
Q



carbothermic reduction

MgO + C = Mg, + CO (T>1854°C)

® separation of Mg and CO, both gases ¢

® alloy Mg into solvent melt ?

®
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electrolytic-calciothermic reduction

electrolyte: CaO - CaCl,

cathode: 3 Ca%* + 6 e -~ 3 Ca
3Ca + 3MgO = 3Ca0O + 3 Mg

anode: 30> +15C == 15CO, + 6¢e
30% = 1.50, + 6 e (preferably)
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molten oxide electrolysis

electrolyte: CaO - La,0,

feed: MgO

temperature: 1900°C

anode: ???

anodic reaction: 20> - O, + 2 ¢
cathode: ?7??

cathodic reaction: Mg?* + 2e - Mg,
overall reaction: MgO -» Mg, + 2 0O,
standard potential: E° = 147V
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lithium chloride electrolysis

electrolyte: LiCl - KCIl eutectic
feed: LiCl

temperature: 400 -460°C
anode: carbon

anode reaction: ClI- = 2 Cl, + e’

cathode: mild steel
cathode reaction: Li* + e = Li,

overall cell reaction: LiCl - Li, + 2Cl,

standard potential: E° = 3.6 V at 427°C
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carbothermic reduction

(lithia feed, carbon reductant)
Li,O + C - 2Li, + CO

(LIOH feed, carbon reductant)
6LIOH + 2C > 2Li, + 2Li,CO; + 3 H,

(LIOH feed, iron carbide reductant)

3 LIOH + FeC,— 3 Li, + Fe + 32H, + CO + CO,
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electrolytic-calciothermic reduction

electrolyte: CaO - CaCl,

cathode: Ca?* + 2e- =~ Ca
Ca + Li,O == CaO + 2Li

anode: 0% +%C = % CO, + 2 ¢
O% = %0, + 2 e (preferably)
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metallothermic reduction

oxide feed:
2Li,0 + 2Ca0 + Si = 4Lli, + Ca,Si0O, (pidgeon)
3Li,O + 2Al - 6 Li(g) + AlLO,

hydroxide feed:
2LIOH + 2Mg - 2Lig, + 2MgO +H,
2 LiOH + Al - Lig + LIiAIO,
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molten oxide electrolysis

electrolyte: CaO - MgO - SiO, - Al,O,
feed: Li,O

temperature: 1400°C

anode: ???

anodic reaction: 20+ - O, + 2 ¢
cathode: ?7??

cathodic reaction: 2Li* + 2e- - 2Li,
overall reaction: 2Li,0 - 2Li, + 20,
standard potential: E° = 1.9V
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molten oxide electrolysis

electrolyte: CaO - MgO - BaO - Al,O,
feed: TiO,

temperature: 1700°C

anode: ??7?

anodic reaction: 20> - O, + 4 ¢
cathode: ?7??

cathodic reaction: Ti** + 4e > Ti
overall reaction: TiO, = Ti, + O,

standard potential: E° = 1.53V
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... In summary

= |lithium and titanium prices out of line
= situation ripe for innovation:
- new chemistry
- fewer unit operations
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... In summary
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... In summary

= lithium and titanium prices out of line
= situation ripe for innovation:
- new chemistry
- fewer unit operations

= shift away from C + ClI,
.. thermochemistry ® =
electrochemistry ©

=> sustainable metallurgy requires
paradigm shifts é

= major role for research in molten salts!
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