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An attempt taethink the fundamental toolsthat we
have at our disposal to further our understanding o
the electrochemical processes for thmetal
electrolytic production.

The aim Is the design of experimental work to
generate the data required faptimizing the
electrowinning processes.

This will be done bysimulating as close as possible
to reality, the electrode processes in molten salts
From the simulation we will have to develop the
necessaryformalism to obtain amodel with the
minimum amount of oversimplifications and
unrealistic assumptions.
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State of the art

- Inadequate state of development of thikeory of
molten saltsin fundamental electrochemistry has
retarded the industrial progress in general,

- still incomplete understanding of the functioning
of the aluminum production cell; the theoretical
formulation is far from a common acceptance;

- Insufficient experimental work performed In
fundamental electrochemistry; thmmalisms still
used In the published literature is often devoia of
rational base and offnysical significance
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-conceived as two-dimensional quiescent
Interfacesat reversibleequilibrium conditions;

-we need practical understanding of the
physical meaning of the data which describe the
operative conditions

-the metallurgist that attempts to interpret the
phenomena occurring at aorking single
electrodegets entangled in matters of principles
about thermodynamics of electrically charged
species;
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-we remember how much the electrochemistry has
contributed to the development of
thermodynamics, but it has not received much,;

-In  published literature we can see that the
electrochemists still haviear to enter deep into
the matter, that is to abandon the reversible
equilibrium in which the metallurgist has no int&tre
and to abandon the two-dimensiongilterface
unrealistic model,

- large amount ofvork was done In the past In the
determination of values of physicochemical
parameters, in thabsence of live electrochemical
processes 5
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-published works oncathodic deposition are
concerned In studying how irregularities,
dendrites andvhiskers grow from a nucleation
point, but very few works attempt to explain how
thenucleation point is formedin the first place;

-many Insufficiently understood electrode
procesphenomena

- not enough studywas performed on the large
amount ofexperimental resultsproduced by the
non-diaphragm full scale electrolytic cells;
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most workers on high temperature electrochemistry

are complaining on thiack of reliable experimental

t

data, butvery few ventureto speculate on designing

ne experiments required to generate the new data;

F1g. 1 lists a collection adpecies carrying Alto the

cathode: most of them are indicatechasns.

Raman spectra are reporting the presence of JRbF
and (TipClg)3

NMR spectra reported (Taf-.

It Is difficult to simulate a cathodic mechanism
that begins with negatively charged species.
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Table 4.2: Various suggested structural entitles in molten cryolite-alumina mixtures.

Authors Method of investigation Species
Abramov, et al. ) Viscosity, density ARt
Rolin®) Cryoscopy AlIO*
Rolin and Bernard?®®°) Cryoscopy AlO~
Petit and Bourlange®*?®) Cryoscopy AlO™
Boner*®) Phase diagram, X-ray analysis AlO3
Rolin®) Cryoscopy AlO3
Foster and Frank**) Activities AlO;
Foster*?) X-ray AlO3
Abramov, et al.') Viscosity, density AlO3~
Belyaev, et al.*?) Viscosity, density AIO%"
Rolin and Bernard®®) Cryoscopy AlL,O**
Fréjacques®’) Postulate AlL,O3"
Boner*®) Phase diagram, X-ray analysis AIOF;
Griinert*®) : Electrolysis AIOFZ-
Brynestad, et al.*?) Cryoscopy AIOF3~
Brynestad, et al.*?) Cryoscopy AIOFZE
Grinent*®) Electrolysis AIOFE-
Forland, et al.>%) CO, dissolution AIOFE
Grjotheim, et al.5") Cryoscopy AlOL™(x = 3,5)
Forland, et al.°) Co, dissolution AIOF%-
Brynestad, et al.*®) Cryoscopy AlLOF™
Sterten®’) Activities AlLOF2-
Holm*") Calorimetry AlLOFZ
Kvande®®) Vapour pressures AlLOF&
Forland?) Theoretical cogsiderations- AlLOFL™
Holm*") Calorimetry AlLOFE2
Ratkje®?) Cryoscopy AlL,OF2™
Petit and Bourlange*?) Cryoscopy AlLO,F,
Treadwell®®) Phase diagram AlLOLF3~
Sterten®’) Activities Al,O,F5
Ratkje®?) Cryoscopy AlLO,FZ™
Forland, et al.®%) CO, dissolution Al;O.F%;
Holm*") Calorimetry AlgO,F &y %=

Brynestad, et al.*®)

Cryoscopy

Alxosz(’y + 2z — 3x) —
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Statements by most regarded scientists

Prigogine stressed the current limitations by which it
IS clear that thermodynamics alone is not sufficien
to give a theoretical interpretation of the present
experimental information. Anideal mixture of
thermodynamics and molecular physics Is
required for each specific case.

Sanfeld states that technological results in
electrochemistry arebeyond comparison with
theoretical progression, because of the lack of
coherentheoretical formulation.

We arevery far from equilibrium , thus we must
use statistical methods.

9
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It Is very difficult to explainnanoscopic regions
In terms of macroscopic variables such as
pressure, temperature.

The majorassumptionof thermodynamic is that
all systems areontinuum is the clearest proof
of the failure in the treatment of the electrode

Processes.

The peculiarity of theeal electrode processes is
the non-uniform distribution of charges and
matter in the region between the body of the
metal and the bulk of the electrolyte.

10
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Van Rysselberghestated.:
Thelntegrity of the Electrochemical Potential

The arbitrary separation of electric and chemical
contributions In the electrochemical reacting
species, followed by the separated treatment of
these contributions cannot be allowed.

Eastman, on entropy of individual ions stated:
The mechanism afonduction of heatis identical
with and inseparable from that of transfer of
matter between regions.

Therefore, the electrochemical reaction must be
treated ason-isothermal process another major
assumptionthat has hindered the understandinlg.
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Piontelli stated: the usual treatment of electrodic

Kinetics consists Iin  anntuitive combination of
orinciples and methods ofthemical kinetics with
empirical factors introduced to take into account the
Influence of the electric potential difference betm
electrode and solutioQualitative considerations have
been developed on the basis afbitrary traced
potential energy curves while thermodynamic
guantities have been Introduced without adequate
bases. Thetransfer coefficient has never had a
definition free fromambiguity; while for thereverse
processit has almost always been assumed to be the
complementary of the coefficient of thedirect
process. 12
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Movement of lon towards electrode
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Fig. 2 Fig. 8.17. Construction of a potentiyal-energy—dis-'
tance profile by consideration of the potential-energy

changes produced by varying xy and x3.
' [Bockris, 1970]
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The curve for the activation energy for electrode
processes as lllustrated in most textbooks.

The numerical values of theenergiesas a function
of distance is seldom mentioned, nor is tdngance
scale itself given.

The contribution to this free energy change, tisat |
thechangesn entropy and enthalpy, this information
IS also not given.

No data on the origin and the source of the energy
andhow some species aeztivated.

How does tha&le-activation occur?

Since theenergy balancemust be observed, where
does the de-activation energy go?

14
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From the shape of the curve one is lead to believe
that thedeactivation starts beforethe species is
physically at the electrode surface: would this mea
that theelectron transfer takes placeaway from

the metal surface ? At what distance from the
surface ?

In short, the curve as shown has little meaning unt
the above questions are answered.

On this subjectDogonadze attacked Markus’
theory for not being able to calculate #vechange
current density, but the expression they proposed
IS based omassumptions that over simplify the
real electrodic system.

15
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Laidler stated that there aréwo classesof
activated complexes those that were reactants
and those that were products.

The flow of complexesin one direction Is
Independentfrom the flow of theother class of
complexes in theppositedirection.

The peak of the classical energy-distance diagram
IS considered the point of no return for the
transient specieswhich passthe maximum of

the curvestraight in one direction during a time

of the order of 168 second.

16
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These authors are among the very few who give
numerical values for energies and distances,
accounting of the variousenergies stored
transferred andusedfor crossing the barrier and
remains stored in the product.

Finally, how the energy stored in the activated
complex isdisposed ofduring thede-activation
of the complex.

Kushner offered the following explanation for
electrode process.

17
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A metal ion In the solution musgturmount an
energy barrier to be transformed from an
hydrated ion to ametal atom firmly attached to
the lattice. Once the metal ion is over the hyrdle
however, iItpossessonsiderablexcess energya
group of such ions will have a higher temperature
than their surroundings. As the hot metal atoms
deposit on the surface (they will have an average
temperature several hundred degrees centigrade
higher than their surroundings), the thermal
gradient developed Is very steep, both into the
liguid and into the solid substrate. The very thin
layer of hotter atomsforms.

18
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The above fundamental reasoning leads us to arrive
to an understanding of the physical meaning of the
characteristics of a cathodic interphasehosting

the processes leading to the net deposition oflImeta
atoms at a rate df.0 A/cir?, current density.

In order to begin a first stage synthesis, | prepos
an improvement on thgraphical representation

of the activation curves with reference to the
electrolytic refining of metalsin Fig. 3.

19
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= Activation energy level.
= Ground state energy level of anode surface.

= Ground state energy level of the ions in éhectrolyte .at large
distance from the electrodes.

= Ground state energy level of the cathode sarfatectrons in the
Fermi level of the metal.

= Ground state energy level of the transientyenti

= Galvani potential at the anode interphase, plasotrerpotential,
as a function of the distance from the electrodasa.

= Galvani potential at the cathode interphase, pi@spotential, as
a function of the distance from the electrode s#fa

= Reversible potential curve as a function ofdistance from the
electrode.

= Activation energy curve as a function of tthstance from the
cathode surface.

= Dissolution energy curve as a function of th&tance from the

anode surface. -
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Besides the cathodic deposition on the left side, |

analogy, | represented thanodic dissolutionon

the right side, where th#e-electronationstate for

the atoms of the metal surface have the lowest
energy of the system while loosing their valence
electrons.

At the cathode, theewly formed atom just after

it has received the electron, is still at thggh
energy level of the activation; we compare the
entering of the new atom Iin the metal structura as
solidification process that idynamic process with
the atoms continuing leaving and joining the solid.

22
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The newly formed atoms must be able to
transfer to the solid the excesgnergy of
activation and theatent heat of fusionand be
accommodated by the solid; the solidification
rate Is a function of the metallurgical
characteristics of the solid metal electrode.

TAS occurring at thecathodic interphase and
the TAS occurring at the anodic interphase, are
Independent from each otherand are much
larger numbers then the NS of overall
electrowinning reaction which is the algebraic
sum of the two.

23
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Multilayer Cathodic Interphase Model

In order toestablish a formalismfor the calculations
we must further detail the structure of the
electrode/electrolyte multilayanterphase, to better
design the electrolyte characteristics which will
destabilize the 1on complexat the appropriate
current density, and to determine tlsequential
charge transfer which is conducive to the most
effective metal ion cathodic reduction.

A multilayer interphase composed bYe regions
describes theelectrode/electrolyte transition as
sketched In Fig. 4 where thmetal electrodeis on
theleft while theelectrolyteis on theright.

24

Electrochemical Society, San Antonio Meeting 2004



GTT

Electron
surface
4
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oo
Electrode Electronation Electrolytic
metal bulk Selvedge Interphase Diffuse solution bulk
|
|
|
(MB) (S) || M (D) (sB)
|
|
(ES) (HP)
(M/S) (S/E) (D/B)

Fig. 4: One dimensional arrangement of the electrodefelgtt interphase.
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The idealized planar interfaces between regionthefinterphase are
labeled as follows:

(M/S) - interface between metal body and selvedge;

(S/E) - interface between selvedge and electronatigion;

(E/D) - interface between electronation region affitise
region, Wien plane;

(D/B) - interface between diffuse region and elegti®@bulk;

(ES) - cathodic electron surface;

(HP) - anodic hydration point;

(MB) - electrode metal bulk;

(S) - selvedge region;

(EN) - electronation region,;
(D) - diffuse region ;

(SB) - electrolyte bulk

(EP) - electronation point ; ?
(IC) - Incoming ion position ; ?

26
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Selvedge region where metallic atoms have
energiesand spatial arrangements different from
those of themetal body. Its thickness depends on
the current density anthermal conductivity of
the metal.

Electron surface since the velocity of electronic
motion 1smuch faster then theions motion, we
consider the electrons available at all times at th
plane for the transfer on the incoming activated
IoNS.

Wien plane: point in which the metal ion Is
completelyfree of its complexing anions, under the
local electric field strength, starts mCeIerate

towards the electron SWACE . veeing 2000
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Diffuse region: is the place where all thmass
transport phenomenahaveorigin.

We have very many excellent treatments from the
Interphase into the bulk of the electrolyte, bus th
diffuse layer, within the Interphase, Is
characterized by a metal ions concentration-
uniform and with the symmetry of the
complexed ion present a differemlegree of
distortion.

28
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Beneath the apparentack of macroscopic
motion, charged species pass constantly to and
from across the interphase between electrode and
electrolyte, at a rate o$everal thousands of
atomic layers per secondwhich increases with
temperature.

The two contraryflows are independentfrom
each other, and since the floswoss sectionis
fixed, constant 1 cm the only way we can
envisage thisnormous rate of exchangaes by
Increasing the thickness of the interphaseso
to allow this heavy two-way dodging traffic.

29
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We have adynamic accumulation of various
species In particularegions of the interphase,
under theeffect of the externally appliedelectron
potential difference.

Some Ions act as structure makers, or order
formers, while otherions act as structure
breakers, for the metal ion species to be reduced.

The total thickness of the interphasemust be
significant in order to have reasonable electric
potential gradients within the various regions of
the Interphase. A 3.0 V potential applied
corresponds to an average electric field strength o
1’000 kV/m on a interphase 3’000 nm thick.

30
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For low electrical field strength€Ohm’ law
applies; that is therelocity of migration of the
charge carrier i;mdependentof the strength of the
externally applied field increasing the voltageeTh
result Is an increase in number of charge carriers,
the current, not the velocity, which remains
constantat 10° m/sec.

For field strength of above 10 V/m, the
conductivity of strong electrolytes increases with
Increasing field strength: th&ien effect

Very high ion velocities of the order of 1 m/sec,
and complete dissociationof all species exist
within the Interphase.

31
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We can venture to talk in terms local temperature: it
Is difficult to use this macroscopic parameter e t
nanoscopic treatment

The effects on theresults of the electrochemical
processes are those of high temperature.

Peltier heat isdirectly proportional to the current;

not as the Joule heat that is proportional to thease of
the current.

In the electrochemical systems there awe types of
Peltier effects one between thenic conductors, that Is
the bulk of the electrolyte and the Interphase; dtieer
between theslectronic conductors,that is the body of
the electrode and the Interphase.

32
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Another effect generated by thesuperimposition of
theelectric field: thepressurewithin the Interphase.

Macdonald calculated pressure values of 6’000 atm.

The external electric field can be seen asifting
the electrons cloudnto the interphase region.

Trasatti, determined thé'electrochemical” work
function, were themetals with high work functions
have alarge electron densityin the surface layer
and this would favor strongnteractions with
cations Instead, metals with low work functions
possess electrons with low kinetic energy Iin the
Fermi level, and this would favor a large interaati
with anions. >
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This approach allows the dissociation of the
entropy exchangefrom theentropy production.

In the cathodic interphase for a medabosition
we have anegative AS within the Diffuse region,
with the correspondingeat beingreleasedat the
Selvedgeegion.

The contrary occurs in the anodic interphase for a
metaldissolution, where we have the positives

In the Diffuse region with the corresponding heat
being absorbed from the Selvedge region.

34
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The electrode systems needva@lume between

the metal electrode and the electrolyte, where the
various electrode processes can occur, that Iis a
three-dimensionalinterphase.

We deal withreactions between electrolyte and
Interphase and reactions between the
Interphase and the metal electrode

The Interphase Is composed byeriesof non-
homogeneous regionswith changing chemical

identity and energy of the species, along the
thickness dimension.

35
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Fig. 5. Multilayer Cathodic Interphase.
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Simulation to Model

We imagine the electrode process occurring at
the Interphaseas accurately as possiblethe
experts of Models will set up the formalisms.

The mechanism Is proposedor the molten
salt titanium reduction depicted in Fig. 5.

- Layer Q includes the Ti electrode surface and
the accumulated alkali or alkaline earth metal

- Layer B Is formed upon injection of Ti{l

- Under the electric field in layer S the
synproportionation of Ti complex occurs.

37
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- At the operation current density, layer R Is

formed where the complex carrying the Ti

species are distorted and destabilized for the
charge transfer reaction.

Now we have arrived to describe the most
beautiful concept of electrochemistry: the
phenomenon of thexchange current density

Consequently a clearer physical meaning as to
why the electrochemical reactions are not
restricted by the Carnot limitation.

In the electrodic Interphase there are at all
times high energy species reacting at high
rates. 38
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The mechanism occurring within the cathodic
Interphase In molten saltmay be this:

Coming from the electrolyte the Ti containing
complex enters layer B where under the influence
of the electric field Iits configuration becomes
distorted, rearranging into aimer Ti,F; and
moving Iinto layer S, where the local
electrochemical potential makes it loose a F- and
becomes acation (Ti,F)*, which is accelerated
towards the electron transfer to become first, (Ti
F-)* loosing other F and then becomindree
Ti**moving into layer R where it becomes® T

layer Q. 39
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CONCLUSION

We would like very much to set up a team to
develop the formalism for the mechanism of
thefive-region Interphase modelas illustrated.

A dynamic model that iIs meant tepresent a
live steady-state electrochemical reduction

process in operation atcurrent densities of
Industrial interest.

41
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