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Abstract

The importance of making liquid cathodic produchmat be overstated since all the
industrial metals are produced liquid. All the adtages of the aluminum electrolysis
can be implemented in the titanium cell, in additito the specific beneficial

characteristics of the titanium system. The etattemistry of titanium is more

complex than that of the other industrial metald s is why titanium has not yet its
commercial electrowinning process. Therefore a fiemdamental approach in the
electrochemical development work was required. Adeh of three-dimensional

interphase is used for representing the mechanigheaelectrolyte-electrode reactions.
The ongoing progress of the development work of high temperature titanium

electrowinning process is presented.

Advantages of high temperature electrowinning

At above 1'700°C titanium forms a liquid cathodettwall the process advantages of

aluminum electrolysis, which are:

e complete physical separation between the metalysex and the electrolyte, with
no entrapped electrolyte as with solid cathodass tho need for product separation
steps as vacuum distillation or leaching;

e constant electrode surface area, that permits thmtaining of best steady-state
values for the electrochemical process parameters;

« shorter interelectrodic distances, thus lower dp®yavoltages, since there is no
need for allowing space for irregular crystal growt

» easier coalescence of microdrops, metal fog, tteatiquid, into the liquid cathode
surface with horizontal geometry, as compared witbpended solid metal particles
on solid cathode with vertical geometry.

Further, titanium electrolysis has the followingesffic advantages with respect to

aluminum electrolysis:

» raw material feeding is easier with liquid Tj@ith much faster rate of utilization as
vapor, as compared with solid alumina that needsiapequipment because of slow
rate of dissolution and hard crust formation;

* no cathode material problem for holding the liquietal produced, since titanium
has a higher melting point than the electrolytés(the contrary with aluminum);

» a solid metal skull that contains the liquid matathode is spontaneously formed
upon cooling;

» larger difference in density, at their operatinmperatures, between the metal and
the electrolyte;

» with TiCl, feed, insoluble dimensionally stable graphite asodre used (they have
been the dream of aluminum people for many decailesg there is no anode



consumption by chlorine evolution, thus no anodeurfecturing cost;
» the purity of the titanium produced is higher thhat of aluminum since Ti¢feed
is purer than alumina and there is no anode impadtlition.

Multilayer Cathodic Interphase model

The electrode/electrolyte system in molten salteefgesented on the basis of Ref. 1
depicted in Fig. 1 which more recently has beeonteg in Ref. 2 depicted in Fig. 2.
This is a dynamic model that is meant to represelite steady state electrochemical
reduction process in operation at current densitiesdustrial interest.
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Figure 1: One dimensional arrangement of the electrode/electrolyte interphase. [Ref. 1].

Therefore it is important to reason in terms ofethdimensional interphases with
significant thicknesses under conditions very maetay from the thermodynamic
equilibrium of a two-dimensional interface.

As a first characterization of the conditions undéich the electrochemical reduction

process is occurring we recall that:

« at a current density of 1 A/drthere is very intense movement of species withén t
interphase corresponding to the exchange of setreyasands of atomic layers each
second;

« with an externally applied DC voltage of 3 V on thlectrode/electrolyte system,
assuming an interphase thickness of 30°000 nm,ave lan electric field strength of
100’000V/m acting on charged species within therjplhase;



the interphase is home of the fascinating phenomerfothe exchange current
density;

all the values of the physico-chemical parametezgpaofoundly changing by going
from the electrolyte to the electrode, therefogmificant thickness is required for
having realistic gradients;

in molten salt electrolytes there is no solventthie sense of water being the base
structure of aqueous solutions; therefore the elteé must be entirely designed
and the simultaneous presence of different aniongsga more complex
electrochemical potential series, in which thetredapositions of the elements vary
in the wide temperature interval;

the working metal electrode surface is part of ititerphase, and we will see the
coincidence of the phase transition temperaturd@iahetal (alpha-beta) with the
maximum Ti subhalides (1§ Ti*") stability temperature.

It is encouraging that recently Jentoftsen etRef, 3 have started discussing in terms of
a laminar layers model.
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Fig. 2: The Multilayer cathodic Fig. 15: The Multilayer anodic
interphase. [Ref. 2]. interphase.

Medium temperature chloride based electrolyte

Let us summarize the knowledge that was generajyethd development work done
with electrowinning at temperatures lower than @ahat work has confirmed that the
chloride system is very complex under that tempeeat

The first main problem of the medium and low tenapere titanium electrolysis is the
multivalence of titanium ions, that is, the simokaus presence of divalent and
trivalent ions in the electrolyte: that is reprasenby the lines on the left side of the
diagram of Fig. 3.



Since in general the conditions for electrolysie better the greater the percentage of
divalent titanium in the electrolyte, it is necagsto have the lowest concentration of
trivalent titanium ions, that is to keep below thé average valence of titanium ions in
the electrolytes. This condition requires thatpasation between anolyte and catholyte
be inserted into the cell in order to avoid theeralating oxidation and reduction of
titanium ions which results in very low currentieiéncies. The main difficulty for
fulfilling that requirement is that, at the samméi, we have to permit to chlorine ions to
transfer between the catholyte, where they entdr WiCl, feed, to the anolyte, where
they are evolved as chlorine gas from the anoden Eonsidering the various titanium-
alkali-chlorine complexes, it has been impossibleévice a non-conductive physical
diaphragm which would work for periods of timeindustrial interest.

The operation of intermediate electrodes satisfies above requirements for a
separation selective for titanium ions, but recuitBe engineering of complicated
plants. This situation defies the original reastmt suggested the selection of low
temperature electrolytic systems: simpler matedald design problems with respect to
high temperature cells. In fact, Fig. 4 depict&aT intermediate electrode/anode
assembly (called TA in Ref. 4) which is composedhef central graphite anodes with,
at each side, an intermediate electrode (called inE&ef. 4).
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Fig. 3: The standard free energies of Fig. 4: The GTT intermediate electrode
formation of titanium chlorides. [Ref.12]. and anode assembly. [Ref. 4].

The TEB maintains the separation between anolytecatholyte, by using the "distal
panel” deposition-dissolution mechanism. Fig. picks a diagram of the voltage
gradient, from anodes to cathodes, through the ®&Téfmediate electrode; the family
of dotted lines from the distal side of the GTTa#lede to the front of the cathode
depicts the window of voltages for preventing titen ions from diffusing towards the
anodes, while the lower line indicate the maximuaoftage before sodium reduction
starts on the distal side.
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Fig. 5: Voltage gradient through the intermediate electrode for the “distal panel”
deposition-dissolution mechanism. [Ref.5].

Fig. 6 shows the TEB electrode wire net supportimg microporous distal titanium
panel (indicated by the arrow) which is magnifiedrig. 7 to show the fine titanium
structure, cathodically connected, that allowstthasit of chlorine ions while reducing
and depositing the titanium species. The late.Rvafa, of the Politecnico di Torino,
helped us in the interpretation of the bipolar gtee mechanism Ref. 6.

The second main problem of titanium electrolysiteas than 900°C, is that titanium is
produced in the solid state on the cathode, witfstalline morphologies of large
surface areas and low bulk densities, Fig. 8. vidieminous growth of titanium deposit
requires its frequent removal from the electrolyyemeans of handling apparatus of the
kind depicted in Fig. 9-10-11 of Ref. 7. The gted deposit entrains some electrolyte
among the titanium crystals requiring a subsequepgration for removing the
entrapped residual electrolyte. This operatiorvitably decreases the purity of the
titanium produced, which instead is very pure atrfoment of its electrolytic reduction
on the cathodes.

The electrochemical characteristics of titaniumaggion onto solid cathodes limit the
maximum current density at which the electrolysi; ®perate to low values, with
correspondingly low specific plant productivity,tivirespect to liquid cathodes.



40, em

Figure 6: Vertical cross section of a Figure 7: Microporous structure of the

working intermediate electrode, with the titanium distal panel that permits the
titanium panel and the supporting passage of chlorine ions while restraining
structure. [GTT]. titanium species movement. [GTT].

The GTT work with RMI on the pilot plant MX4 (198891) solved many plant
engineering problems of cell construction materais ancillary equipment, however
the production of dendritic titanium requires dati process controls, precise operating
procedures and high capital costs per ton of titanproduction capacity, with the result
that the overall production cost was still too highth respect to the price thresholds
that we were given by the large new titanium agpian manufactures.

The experimental results produced by GTT pilot fHaX3 (1985-1992) photographed
in Fig. 12, confirmed the calculated thermodynadata summarized in Fig. 3.

In particular, the solidified anolyte that was remd from the anode/intermediate
electrode assembly (TEB) working at regime condgiovas always found to be
colorless, in the presence of titanium metal cigstaside the assembly, without the
slightest amount of ¥i or T#* which would have given a green or purple colothi
anolyte.

The reason is that, with the catholyte temperatoaéntained at 850°C, the operation
temperature of the anolyte inside the TEB was adwagre than 900°C because of the
resistance heat generated by the concentratioheofites of current within the TEB
assembly. Further, Na°® was present on the froitalaf the TEB.

The conclusions that interests us the most foiddwsgn of the titanium electrowinning
cell are that at higher temperatures we solve itis¢ ffroblem of titanium, that is no
more multivalence, no need for diaphragms and, aijpey at 1'700°C, we solve the
second problem of titanium, that is no more derdsiblid deposit, but titanium reduced
in the liquid state, as it is done for all othedustrial metals.
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Figure 8: Electrolytic titanium dendrites Figure 9: Longitudinal internal view of

deposited on a cathode. [GTT]. pilot plant with handling apparatus of
cathodes under controlled atmosphere
depicted in Fig. 12. [Ref. 7].
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Figure 10: Transverse internal view of Figure 11: Pre chamber of pilot plant.
pilot plant with handling apparatus of [Ref. 71.

cathodes under controlled atmosphere
depicted in Fig. 12. [Ref. 7].

Instead, in the last 30 years, with the only exolusof GTT development work, so
much work has been performed on the electrolystgarfium at temperatures that were
lower and lower, notwithstanding the increasingrdegof complexity of the system
chemistry with lowering the temperature (cathoditeiphase energy density remains



high), and the decreasing productivity of the @il of the quality of the material

produced.

Basically the reasons were:

< much more data and bibliography is available attemperature;

< easier material selection for the equipment;

* milder operation environment;

< no technical contribution nor financial supportlayge metallurgical companies or
titanium users, was offered towards more advangegpment.
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Figure 12: Side view of the GTT pilot plant located in Santena, Torino, Italy.

Further confirmation of the need to operate at éighmperature comes from analyzing
the operating conditions specified by Dr. Kroll the best yield of his thermochemical
process; which is electrochemical in the mechar(siny it does not form a heap of
powder sitting on the bottom of the reactor, bdbims a spongy ring layer attached to
the reactor steel walls?) as explained by Dr. Stitée during his lectures at CSM
during the 1970, Ref. 8.

In the liquid magnesium chloride, byproduct of thragnesium reduction reaction,
drained from the Kroll's reactor in operation, lawealence ions Ff and T#* are not
present: only titanium metal particles are found.

The reason being that the reactor is maintaineddsst 950 and 1'050°C, measured on
the outside of the bottom, by external coolingcsirthe TiCl reduction reaction is
highly exothermic, and by assuming a thermal gradie the reactor we may conclude
that the by produced Mgg&has a temperature of more than 1'000°C.

Why Dr. Kroll would not have operated a more inteosoling to just above 720°C, the
mp of MgCl, greatly extending therefore the life of the reastand limiting the pick up
of Ni and Fe, and also considering the Mg boiliminp of 1'100°C ?



Furthermore, analyzing the Hunter process two-stagéum reduction, we see that the
first stage is performed at low temperatures amtdtuces TiGl The second stage is

operated at higher temperature, also because mneae il produced than for Mg

reduction, and it produces Ti° needles, granulessponge, and white NaCl.

High temperature chloride based electrolyte

In order to make use of the titanium-chlorine @fuilm over 1’000°C, depicted in Fig.
3 where only one valence “Tiis present, high temperature chlorides electrelytee
selected for the electrolyte to obtain liquid Ti.

The operating pressure is a process controllingampeater. Components of the
electrolyte are acting as catalysts for the cathadid for the anodic reactions, that are
structure makers or structure breakers, of Ref. 1.

The mechanism as proposed for the multilayer cathioterphase in fluorides, can be

summarized for chlorides as follows; with referetm&ig. 2:

« layer Q includes the Ti electrode surface and tmumulated reducing alkali or
alkaline earth metal;

« after diffusion of the reducing metal towards thectrolyte the layer B is formed
upon reaction-absorption of the injected T,jCl

e after increasing the current density, layers R Snakre formed where the titanium
species carrying compounds complex are createdtlaunsl destabilized for the
charge transfer reactions;

e at regime current densities we can postulate tiletass transfer is limited to the
titanium species, every other component of the ifayétr interphase structure being
stationary and acting as a charge transfer cdmighe time scale involved.

Recently Brown, Ref. 9, presented experimental ciamitbn for a Na° steady state

concentration gradient in the catholyte of a Al.cel

Let us summarize the advantages of using ;la€lfeed:

« for the titanium electrochemical system, a sped@fectrolyte is not available, that is
equivalent to what cryolite is for aluminum, whicbuld allow the feed of titanium
oxides to the cell and obtaining titanium metalhaét oxygen content within the
current trade specification;

e since titanium ore concentrates, synthetic rutileslag are only 95-97% pure, a
purification process is needed in all cases forondng the 3-5% impurities; in Fig.
13 are summarized the possible methods for pugfgind producing titanium with
their results;

* we can use the carbochlorination process to ptitdgium raw materials, just as the
aluminum industry uses the Bayer alumina refiningcpss;

* since we have the TiChs the intermediate compound of the chloride jwatibn
process, which is currently well developed withwikarge volumes and high purity,
it is cheapest to directly use TiClI

« from the electrochemical point of view TiCls the most easily decomposed
halogenide and has a high rate of reaction (vegh Bpeed to completion) with the
reductant in the electrolyte.



Processes for producing primary Titanium from minerals

| Product | Defects |
Purification CI2 +C _|TiCl4 pure 99,9 % _|Thermochemical reduction with Mg, Kroll [Distillation Sponge | LDI, cost
Two stages Na reduction Leaching Sponge | LDI, cost
Chemical reduction in fused salts Leaching Powder Impure
Chemical reduction in liquid Zn Zn distillat. | Powder Cost
Vapour reduction Leaching Powder Impure
Plasma reduction Leaching Powder Impure

Electrowinning in chlorides with diafragm [Leaching Dendrites Cost
Electrowinning in chlorides inter. electrodeglLeaching |Dendrites Cost

Electrowinning at high temperature - Metal -
Chemical reduction Mg, Ca [Ti impure |Chlorination to TiClx |Thermal decomposit. Crystals Cost
lodization to Til4 Thermal decomposit. Crystals Cost
Bromination to TiBr4 | Thermal decomposit. Crystals Cost
Chemical reduction Al, Ca, C [Ti impure alloy oxy-nitro-carbide{Electrolytic refining | Powder Cost
Chemical reaction Na2SiF6 Na2TiF6 purificationChem. red. with Al in liquid Zn |Zn distillat. | Particles | Cost, byprod
Chemical reaction K2SiF6 K2TiF6 purification |Chem. Red. with Al in fluorides Powder | Cost, byprod
Purification H2S04 [TiO2 pure 99,9 % [Thermal reduction Al, Ca, H2, CO, CaH2 Particles| Impure
Electrowinning oxides Particles Impure
Reactions CS2, H2S, P to TiS, TiP Electrolys. Powder Impure
Electrolytic deoxidation of TiO2 in chlorides Powder | Suboxides

Figure 13: Table of processes for producing primary Titanium from minerals.

High temperature fluoride based electrolyte

The characteristics of the electrolyte and its cositipn are chosen for the high
reaction rate with the titanium raw material fetdit are conducive to the formation of
titanium complex compounds that are promotive torduction reaction.

The multilayer cathodic interphase structure isatd and maintained to be
instrumental to the charge transfer in the titaniamreduction.

The titanium complex definition satisfy the requient that the valence of the titanium
present in the electrolyte must be only one, ineord avoid the disproportionation
reaction and the simultaneous oxidation-reductlterr@ate reactions at the electrodes.
The structural stability of the titanium speciesrrgimg compound allows the
configuration conducive to cathodic reduction.

The compounds we are experimenting with are produspecies analogous to those
suggested for the Al system Fig. 14. The strikiact is that the majority of the Al
carrying species going toward the cathode are aeit as anions; this observation
confirms that the cathodic interphase has a higjnegeof complexity.

Following is an example of an electrolyte compasitivith reaction with titanium raw
material feed which is conducive to the formatidnaotitanium compound with a
structural stability adequate to the metal cathoéltiction.

The difference of Ti system with respect to theiAthat Al does not have a valence
higher than Al"; thus the electrolyte prepared for Ti has the atiristic specific for
Ti** as it has been done for other systems as for dear@p”’, P, U**, Nb*™, Hf*
which also have higher valence states.

The combined presence of a monovalent alkali metti a divalent alkaline earth
metal has beneficial effects on maintaining Tiha trivalent state only:

3 Cak + KCI + TiCl, = TiKCak + 2 CaC} + ¥z C}.
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Table 4.2: Various suggested structural entities in molten cryolite-alumina mixtures.

Authors Method of investigation Species
Abramov, et al. '°) Viscosity, density AP+
Rolin®) Cryoscopy AlO*
Rolin and Bernard®®) Cryoscopy AlIO™
Petit and Bouriange®?) Cryoscopy AlIO™
Boner®®) Phase diagram, X-ray analysis AlO3
Rolin®) Cryoscopy AlO3;
Foster and Frank?®%) Activities AlO3
Foster*®) X-ray AlO3
Abramov, et al.'®) Viscosity, density A0S
Belyaev, et al.*®) Viscosity, density AlO%
Rolin and Bernard?®) Cryoscopy AlLO*
Fréjacques®’) Postulate AlLOF
Boner*®) Phase diagram, X-ray analysis AIOF;
Griinert*®) Electrolysis AIOF%
Brynestad, et al.*?) Cryoscopy AIOF%~
Brynestad, et al.*°) Cryoscopy AIOF2~
Grinert*®) Electrolysis AIOFE
Forland, et al.%%) CO, dissolution AIOFE~
Grjothéim, et al.®") Cryoscopy AIO™(x = 3,5)
Forland, et al.®) Co, dissolution AlOFE
Brynestad, et al.*®) Cryoscopy Al,OF™
Sterten®’) Activities Al,OF2~
Holm*') Calorimetry AlLOFZ
Kvande®®) Vapour pressures Al,OF#
Forland?) Theoretical cogsiderations AlL,LOF}™
Holm*') Calorimetry AlLOF%.2
Ratkje®?) Cryoscopy AlL,OF2™
Petit and Bourlange*?) Cryoscopy Al,O,F,
Treadwell®?) Phase diagram AlLOLF5
Sterten’”) Activities AlLO,F5~
Ratkje®?) Cryoscopy Al,O,F2
Forland, et al.*°) CO, dissolution Al,O,F%;
Holm*") Calorimetry Al O,F 2=~

Brynestad, et al.*®)

Cryoscopy

2z -3x) -
ALO,FY *+2-30

Figure 14: Table of various suggested structural entities in molten cryolite-
alumina mixtures. [Ref.10].

Referring to Fig. 2 for the mechanism occurringtle cathodic interphase we can
describe the structure of the multilayer on nanlesdemension.

Under the appropriate voltage gradient and at éisaillting current density, within the
layer B the structural configuration of the Ti gamg complex is distorted, thereby
allowing it to move to layer S, where the complearranges into a dimer ;F; that
then loses a'Fand becomes the cationfi".

Potassium atoms diffusing from the layer R, appneadhe cation Js" and uses F
to transfer electrons to *iwhich thereby expands to*Tithus releasing Fons that go
back towards the bulk of the electrolyte?*Tdoes not maintain a stable compound with
F.

Ti?" is driven towards the cathode by the electrochahfield, as any cation; entering
layer R encounters potassium atoms coming fronr I@yevhich having high chemical
potential reduce Ti to Ti".

Ti* is a single charged ion with dimensions comparableK®, and driven by the
electrochemical field, enters the layer Q and @deeduced together with 2Krequired
for the previous reduction steps) to Ti° and 2K°.

Ti° coalesces in the liquid pool while K° having solubility in Ti diffuses back
towards layers R and S.

Under higher voltage gradients and at higher regutturrent densities we can envisage
the setting up of a bipolar charge transfer meamank°>é>K, with electron transfer
without mass transfer; this can explain the veny lcathodic overvoltage of these
systems.

11



We can deduce that, under the described steadyiatitions, there is no more need
for further K" reduction, since the electrochemical potentiatignat from layer Q to
layer S is being maintained for the electron transfnd the countercurrent Ti ions
migration.

Within the cathodic interphase we are recreatiegvitry reducing environment existing
in the Kroll reactor with 15% excess of magnesiugtat) where the MgGlbyproduct
drained out does not contain any lower titaniumdapecies while TiGlis being fed.
Referring to Fig. 15 for the mechanism occurringtted anodic interphase with the
graphite electrode we can describe the structurghef multilayer on nanoscale
dimension. On the carbon atoms of the graphiteasarf layer of CFx is tightly bound
forming layer H.

Under the appropriate voltage gradient and atebalting current density the layer |

is formed and maintained that is constituted obmpound of the type CFyClz ; this
layer works as the electrodic support of the anoghietion Cl1> CI° + é .

The type of ions and complexes that are presetfteirelectrolyte have different effects
upon the electrochemical characteristics of thedan@action.

Upon layer I, a layer T is formed, its thicknessnigea function of the current density,
where molecular Glis formed. The solubility of the gas in the elebtte at the
operation temperature is very low.

The multilayer structure of the anodic interphasesdnot permit the formation of
titanium carbide, since because of the presendbeofayers as described in dynamic
operating conditions, there is no possibility ofypical approach between titanium and
carbon species. Further, in analogy with the meisiha of carbochlorination, an
electron donor is needed (Ti©hlorinates only in the presence of carbon). Widhid

Ti, chlorides, fluorides and graphite, but withaxiygen in the system, there is no TiC
formation. Finally, if for any reason TiC is preselissolved in the electrolyte, it
undergoes the electrolytic separation.

When bubbles of Glare evolving, the effective liquid electrolyte ssosection is
reduced, thereby counterbalancing the high valuero€ conductivity of the electrolyte
in order to generate enough heat to counteractatioelic cooling effect. Also the
exothermic reaction of €bubble formation is helping towards the thermaabee.

In the anodic interphase we are building and maintg a steady state structure similar
to that occurring in the aluminum cells at the carlanodes, but more stable since there
is no consumption of carbon. This dimensional iftgtof the graphite permits the
shaping of anodes with non-consumable geometricafigurations that favor the
smooth evolution of small spherical bubbles, asudised by the group of Prof. Chemla
of the Université de Paris Ref. 11.

From the multilayer anodic interphase mechanisntrilesd above, it becomes clear
why in the aluminum cells, contrary to the thermoamwic calculations, at the
equilibrium at the temperature of 950°C, mostly,G©evolved and not much CO as it
could be expected. In fact the layer | can be ghtas being formed by CO molecules
upon which O are being oxidized forming GOmolecules. CO molecules are being
formed through the ‘Fcharge transfer. The discrepancy with the thesmarhic
equilibrium data is caused by the process beiny ¥ar away from equilibrium
conditions; these are the data that we need torgtene

Regarding the temperature of operation of elediimbells, the temperature of the bulk
of the electrolyte is generally used in the caltola However, as discussed in Ref. 12,
Fig. 16, the temperature of the cathodic interphasdetter stated, its energy density,
is, under operating conditions, higher than thatthef electrolyte, while the anodic
interphase is at lower temperature. Some recerasarements for the aluminum
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system made by Kjelstrup et al., Ref. 13, are conifig my work, however the theory
offered is to be discussed on the basis of the axésm proposed in Ref. 1 and Ref. 12.
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Figure 16: Curve of change in energy for titanium electrolytic refining. [Ref.12].

In synthesis, we are working on thé3 of the overall electrowinning reaction, and
even if its numerical value may be thought as beimall, we have to consider that it is
the result of a algebraic sum of thAS occurring at the cathodic interphase with the
TAS occurring at the anodic interphase, which aremtarger numbers.

These individual interphase data are useful forewstdnding electrode process
phenomena and thus for designing electrowinninggsses.

Regarding the material of construction for liquithnium producing electrowinning
cells, the engineering solution still valid is thee of solid electrolyte skin maintained
by external cooling. Fig. 17 is a photograph of tiigh temperature electrowinning
pilot plant presently in use, and Fig. 18 is thdl essembly, and Fig. 19 is a
representation of the cell thermal gradient.

Adhering to the copper cell wall, the external sidehe electrolyte solid skin, forms a
solid Cu/salt irregular interspace physical contaith high heat transfer resistance but
having good electrical conductivity. The intersale of the solid electrolyte skin, that
has high electronic conductivity, constitutes thectode side of a cathodic interphase
with the liquid electrolyte that has high ionic ductivity.

However, the electrochemical discussion of the @gees occurring at the transition
interphase between the liquid electrolyte and tbédsskin that is cathodically
connected, will be the subject of a further pulilara

The injection of TiCJ into the fluoride electrolyte at around 1'800°Ccors at very
high rate and goes to completion; the metering prgant can inject liquid TiGl at
different rates following the applied current déypsnamely for 0.1 sec every 2. sec,
with the injected quantity being a function of thack pressure. With a differential
manometer we observe the increase in pressurenvtfiki TiCl, feed pipe immersed in

13



the electrolyte during the injection time and tb#dwing decrease in pressure during
the absorption time.
T —— — A ]

Figure 17: GTT High temperature electrowinning Figure 18: GTT High
equipment. temperature
electrowinning cell.

The selection of the electrolyte composition taikeaccount the need that the value of
the ionic resistivity of the molten salt at the mg@®n temperature, permits the
generation of sufficient Joule heat, with the elecitemical set of operation parameters,
in order to supply th&AH for the overall reaction TigE Ti° + 2Ch, while
maintaining the electrolyte
temperature at 1'650-1'800 °C.
The cooling system is designed and
operated in order to maintain the
solid electrolyte skin at the cell wall,
of a thickness of 1-3 mm.
The work in progress includes the
lig Tt finite element calculations to further
= detail the structure of the
electrode/electrolyte multilayer
interphase, to better design the
electrolyte characteristics which will
destabilize the titanium complex at
the appropriate current density, and
to determine the sequential charge
. transfer which is conducive to the
Figure 19: Thermal regime. most effective titanium ion cathodic
reduction.
The complete simulation of the cathodic interph&setill beyond the capability of
modern computers; however, even the above descphdal insight is useful to the
microscopic treatment of quantum chemical modelsprder to generate data needed
for designing electrowinning processes, beyondtieeent methodical empiricism.

45°
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The chemical analytical methods are under improvente reach the routine high
temperature analysis of the electrolytes and tHam ih-situ analysis with live
electrolysis.

Conclusion

In synthesis we are continuing the development wafrkitanium electrowinning in
order to bring the primary titanium metallurgy upthe quality and cost requirements
of the present day industrial potential applicadiomtitanium.

One of the urgencies that thrust us the most &&®000 human beings that are dying
every day because of scarcity of fresh water; t@enllion people a year the UN
agencies are reporting. Titanium is the high pnizgerial in water desalination plants.
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