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Abstract

To produce primary titanium at a lower cost a most innovativerelgiit cell has been
designed, based on over 30 years of development work on the electrolysiaiom, and it
is being tested.

The cell works at high temperature, has a fluoride electralytetitanium metal is reduced
in the liquid form with all the electrochemical benefits dicuid cathode, as for example
constant electrode area and constant anode-cathode distance.

Under the operational conditions there are no intermediate valéaoaut ions in the
electrolyte, therefore no need for diaphragms which limit the cell productivity.

The cell is fed with titanium tetrachloride and the dry chlogas produced is used in the
integrated carbochlorination of titanium oxide raw material p@tifon process, which in turn
produces pure titanium tetrachloride feed for the titanium cell.

The fluoride electrowinning cell has many of the industrial adggstaf the aluminium
cell, plus other favourable characteristics specific of thaitita system, as for example
larger difference in density between liquid titanium and the relgte, higher melting point
for the metal than for the electrolyte. The solidified cathodb sbtained with the fluoride
cell is suitable for direct rolling, with large savings imagcgeneration, manufacturing costs
and avoiding operations where LDI or HDI are introduced into the metal.

In synthesis, one electrolytic pot room replaces the severatehtf plants used for current
sponge production.

1 Introduction

Two years have elapsed since my previous presentation [1] on the work in progré$soat G
the high temperature electrowinning of titanium. The equipment ddpittphotographs of
Figs. 1 and 2 has been designed and built to be performing angmasted in order to
generate large amount of data under different experimental conditions.

The importance of making liquid cathodic product cannot be overstated aintee
industrial metals are produced liquid. All the advantages of timimlm electrolysis are
implemented in the titanium cell, in addition to the specific bersfcharacteristics of the
titanium system. The electrochemistry of titanium is maemex than that of the other
industrial metals and this is why titanium has not yet its commerciat@lohing process.

Therefore a new fundamental approach in the electrochemigalogenent work was
required and a model of three-dimensional interphase is used feseaping the mechanism
of the electrolyte-electrode reactions [2-3-4].



Figurel. GTT High temperature electrowinning equipment. Figure2. GTT High

temperature electrowinning cell.

2 Advantages of High Temperature Electrowinning

At above 1700°C titanium forms a liquid cathode with all the process adyemntof
aluminum electrolysis, which are:

Complete physical separation between the metal produced anteth®lgte, with no
entrapped electrolyte as with solid cathodes, thus no need for prodaciteepsteps as
vacuum distillation or leaching.

Constant electrode surface area, that permits the maintainingsbiteady-state values
for the electrochemical process parameters.

Shorter interelectrodic distances, thus lower operating voltages, thieie is no need for
allowing space for irregular crystal growth.

Easier coalescence of microdrops, metal fog, that are liquid,tivg liquid cathode
surface with horizontal geometry, as compared with suspended sobd paetiicles on
solid cathode with vertical geometry.

Further, titanium electrolysis has the following specific adwges with respect to aluminum
electrolysis:

Raw material feeding is easier with liquid TiGlith much faster rate of utilization as
vapor, as compared with solid alumina that needs special equipmenseesf slow rate
of dissolution and hard crust formation.

No cathode material problem for holding the liquid metal producede gitanium has a
higher melting point than the electrolyte (it is the contrahwluminum). A solid metal
skull that contains the liquid metal cathode is spontaneously formed upon cooling.
Larger difference in density, at their operating temperafuretween the metal and the
electrolyte.

With TiCl, feed, insoluble dimensionally stable graphite anodes are used (thehden
the dream of aluminum people for many decades) since therearsode consumption by
chlorine evolution, thus no anode manufacturing cost.

The purity of the titanium produced is higher than that of alumisunoe TiC} feed is
purer than alumina and there is no anode impurity addition.



3 Medium Temperature Chloride Based Electrolyte

Let us summarize the knowledge that was generated by the devetowork done with
electrowinning at temperatures lower than 900°C; that work hasrimaadfithat the chloride
system is very complex under that temperature.

The first main problem of the medium and low temperature titarlattrolysis is the
multivalence of titanium ions, that is, the simultaneous presemntigadént and trivalent ions
in the electrolyte: that is represented by the lines on the left side of thardiagFig. 3.

Since in general the conditions for electrolysis are bettergtbater the percentage of
divalent titanium in the electrolyte, it is necessary to have the lowestmoatton of trivalent
titanium ions, that is to keep below 2.1 the average valence of titammom in the
electrolytes. This condition requires that a separation betweelyte and catholyte be
inserted into the cell in order to avoid the alternating oxidation eshakction of titanium ions
which results in very low current efficiencies. The main difig for fulfilling that
requirement is that, at the same time, we have to permltiltoine ions to transfer between
the catholyte, where they enter with TjGéed, to the anolyte, where they are evolved as
chlorine gas from the anode.

The operation of intermediate electrodes satisfies the aboveeamauits for a separation
selective for titanium ions, but requires the engineering of congdigalants. This situation
defies the original reasons that suggested the selection of lopetature electrolytic
systems: simpler materials and design problems with respdugh temperature cells. In
fact, Fig. 4 depicts a GTT intermediate electrode/anode asgéoalied TA in [5]) which is
composed of the central graphite anodes with, at each side, an ohttaredectrode (called
TEB in [5]).
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Figure3. The standard free energies of Figure4. The GTT intermediate electrode
formation of titanium chlorides. [4]. and anode assembly. [5].

The TEB maintains the separation between anolyte and catholytesihy the "distal
panel" deposition-dissolution mechanism.



The second main problem of titanium electrolysis at less than 9@)t@at titanium is
produced in the solid state on the cathode, with crystalline morpholofjilesge surface
areas and low bulk densities. The voluminous growth of titanium depgsites its frequent
removal from the electrolyte by means of handling apparatus &frttle@epicted in Figs.9-11
of [6]. The stripped deposit entrains some electrolyte amongtdhesm crystals requiring a
subsequent operation for removing the entrapped residual electrolytes operation
inevitably decreases the purity of the titanium produced, which thsteaery pure at the
moment of its electrolytic reduction on the cathodes.

The electrochemical characteristics of titanium deposition entm cathodes limit the
maximum current density at which the electrolysis con operatdow values, with
correspondingly low specific plant productivity, with respect to liquid cathodes.

GTT solved many plant engineering problems of cell constructiderias and ancillary
equipment, however the production of dendritic titanium requires delicabegs controls,
precise operating procedures and high capital costs per tomrotitit production capacity,
with the result that the overall production cost was still too high vespect to the price
thresholds that we were given by the large new titanium application manufscture

The experimental results produced by GTT pilot plants MX3 (1985-1992jroelf the
calculated thermodynamic data summarized in Fig. 3.

In particular, the solidified anolyte that was removed from the ambelehediate electrode
assembly (TEB) working at regime conditions was always fountletaolorless, in the
presence of titanium metal crystals inside the assembly, withetglightest amount of &
or Ti** which would have given a green or purple color to the anolyte.

The reason is that, with the catholyte temperature maintain&b08C, the operation
temperature of the anolyte inside the TEB was always more 908°C because of the
resistance heat generated by the concentration of the linesinant within the TEB
assembly. Further, Na°® was present on the frontal side of the TEB.

The conclusions that interests us the most for the design ofahieitit electrowinning cell
are that at higher temperatures we solve the first probletitasiium, that is no more
multivalence, no need for diaphragms, and operating at 1700°C we solexdinel problem
of titanium, that is no more dendritic solid deposit, but titanium redunctdee liquid state, as
it is done for all other industrial metals.

Further confirmation of the need to work at higher temperaturessciora analyzing the
operating conditions specified by Dr. Kroll for the best yield sfthermochemical process;
which is electrochemical in the mechanism (why it does not #oimeap of powder sitting on
the bottom of the reactor, but it forms a spongy ring layerlratthto the reactor steel wall ?)
as explained by Dr. Schlechten during his lectures at CSM during the 1970’, [7].

In the liquid magnesium chloride, byproduct of the magnesium reduemtion, drained
from the Kroll's reactor in operation, lower valence ion& Bind Tf" are not present: only
titanium metal particles are found.

The reason being that the reactor is maintained between 950 and 19&@%Tyed on the
outside of the bottom, by external cooling, since the jTi@Huction reaction is highly
exothermic, and by assuming a thermal gradient in the reaetonay conclude that the by
produced MgGlis always at a temperature of more than 1000°C.

Why Dr. Kroll would not have operated a more intense cooling to hstea720°C, the
melting point of MgClJ, greatly extending therefore the life of the reactors andihignthe
titanium pick up of Ni and Fe, and also considering the Mg boiling point of 1100°C ?



4 Titanium Tetrachloride for High Temperature Electrolytes

In order to make use of the titanium-chlorine equilibrium over 1000°C, téelpin Fig. 3
where only one valence state titanium ion is present, high temapetatlides are selected for
the electrolyte to obtain liquid Ti. Tiglis safely injected at high temperature in the
electrolyte with high reaction rate and efficiency.

Let us summarize the advantages of usinglaSifeed:

« For the titanium electrochemical system, a specific @bté is not available, that is
equivalent to what cryolite is for aluminum, which could allow thel feftitanium oxides
to the cell and obtaining titanium metal with an oxygen content nwitie current trade
specification.

e Since titanium ore concentrates, synthetic rutile or slag arg 88497% pure, a
purification process is needed in all cases for removing the 3-5% impuritieshle T are
summarized the possible methods for purifying and producing titanium with théisres

« We can use the carbochlorination process to purify titanium rawriaat just as the
aluminum industry uses the Bayer alumina refining process.

« Since we have the Tiglas the intermediate compound of the chloride purification
process, which is currently well developed with very large voluameshigh purity, it is
cheapest to directly use TiCl

e From the electrochemical point of view TiG$ the most easily decomposed halogenide
and has a high rate of reaction (very high speed to completion)heitretiuctant in the
electrolyte.

Tablel. List of processes for producing primary Titaniumnfr minerals.

Processes for producing primary Titanmftom minerals

Product Defects

Purification Ct +C  TiClk pure 99,9 %  Thermochemical reduction with Mg, Kroll DistillatiopfSponge | LDI, cost
Two stages Na reduction Leachingl Sponge LDI, cost
Chemical reduction in fused salts Leaching Powgler tmpu
Chemical reduction in liquid Zn Zn distillaj. Powdgr o<t
Vapour reduction Leaching | Powdgr Impure
Plasma reduction Leaching| Powdé¢r Impure
Electrowinning in chlorides with diafragm Leaching| rideteg Cost
Electrowinning in chlorides inter. electrode Leachin | Dendrites Cost
Electrowinning at high temperature - Metal -
Chemical reduction Mg, Ca Tiimpure Chlorination i€  Thermal decomposit. Crystals Cost
lodization to Tik Thermal decomposit. Crystals Cost
Bromination to TiBs ~ Thermal decomposit. Crystals Cost
Chemical reduction Al, Ca, C  Ti impure alloy oxyroicarbides  Electrolytic refining Powdef Cost
Chemical reaction N8iFs NaTiFs purification  Chem. red. with Al in liquid Zn Zn distillat} Partes | Cost, byprod
Chemical reaction ¥SiFs K2TiFe purification ~ Chem. Red. with Al in fluorides Powdef Cost, byprod
Purification HSO:  TiO2 pure 99,9 % Thermal reduction Al, Ca, I€0, CaH Particles| Impure
Electrowinning oxides Particlgs Impure
Reactions C$ HzS, P to TiS, TiP Electrolys. | Powder| Impure
Electrolytic deoxidation of Ti®in chlorides Powder | Suboxides




5 High Temperature Fluoride Based Electrolyte

The characteristics of the electrolyte and its compositioclaysen for the high reaction rate
with the titanium raw material feed, that are conducive todhadtion of titanium complex
compounds that are promotive to the reduction reaction.

The multilayer cathodic interphase structure is created anttaimaed to be instrumental to
the charge transfer in the titanium ion reduction.

The titanium complex definition satisfy the requirement thatvddence of the titanium
present in the electrolyte must be only one, in order to avoid theopg@pionation reaction
and the simultaneous oxidation-reduction alternate reactions at the electrodes.

The structural stability of the titanium species-carryingipound allows the configuration
conducive to cathodic reduction.

The compounds we are experimenting with are producing speciesgansito those
suggested for the Al system [8]. The striking fact is tihat majority of the Al carrying
species going toward the cathode are indicated as anions; this tibseceafirms that the
cathodic interphase has a high degree of complexity.

Following is an example of an electrolyte composition with reacwith titanium raw
material feed which is conducive to the formation of a titaniumpomamd with a structural
stability adequate to the metal cathodic reduction.

The difference of Ti system with respect to the Al i thadoes not have a valence higher
than AP*; thus the electrolyte prepared for Ti has the charactesisécific for T¢" as it has
been done for other systems as for examplé!, &f*, U**, Nb*, Hf** which also have
higher valence states.

The combined presence of a monovalent alkali metal with a divallkealine earth metal
has beneficial effects on maintaining Ti in the trivalent state only:

3 Cak + KCI + TiCly = TiKCak + 2 CaC} + %2 Cb
that in the cathodic interphase will rearrange into a dimgt; Thich will become the cation
Ti,F°* carrying titanium to the cathode.

Within the cathodic interphase we are recreating the very raglecivironment existing in
the Kroll reactor with 15% excess of magnesium metal, winerévigCl byproduct drained
out does not contain any lower titanium ionic species while,Tg3eing fed.

In the anodic interphase we are building and maintaining a stéstdystsructure similar to
that occurring in the aluminum cells at the carbon anodes, butstalie since there is no
consumption of carbon. This dimensional stability of the graphite petme shaping of
anodes with non-consumable geometrical configurations that favombetts evolution of
spherical bubbles.

The process rate of the Ti cell is inherently higher than th#@l dfecause at the higher
temperature of operations all the electrochemical paramatersnore favorable, and also
because of the need to generate enough heat to maintain the cell temperature.

6 Operations

Regarding the material of construction for liquid titanium produelegtrowinning cells, the
engineering solution is the solid electrolyte skin maintainedeXigrnal cooling over the
container wall. The high temperature electrowinning pilot plaegemtly in use, (Fig. 1), has



a 250 mm diameter cell assembly,(Fig.2). Fig.5 is a repregentdtthe cell thermal gradient
of the electrolyte cake and cathode depicted solid as withdrawn from the caith otfig. 6.
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Figure5. Thermal regime. Figure6. Solidified electrolyte and cathode.

Adhering to the copper cell wall, the external side of the electrolyte swhidfsrms a solid
Cul/salt irregular interspace physical contact with high heat traresfistance but having good
electrical conductivity. The internal side of the solid etdgte skin, that has high electronic
conductivity, constitutes the electrode side of a cathodic interphigséhe liquid electrolyte
that has high ionic conductivity. The study of the electrochempicadesses occurring at the
transition interphase between the liquid electrolyte and the solidtskt is cathodically
connected, is part of the work in progress.

For cold start-up operation an AC, 40 Volt 9 kA, power supply is used, while a DC, 30 Volt
6 kA permits ample selection of operating conditions.

The cell chamber is entirely enclosed gastight with controlgdme pressure. The solid
electrolyte addition is through gastight screw feeder. Therelg® is prepared by melting
the salt mixture in an induction furnace.

The cooling system is designed and operated in order to maintasnlithelectrolyte skin
at the cell wall of a thickness of 1-3 mm, independent from the cathode cooling rate.

The injection of TiCJ into the fluoride electrolyte at around 1800°C occurs at very high
rate and goes to completion; the metering equipment can inject TiqCiigd at different rates
following the applied current density, namely for 0.1 sec every 2.vgiét,the injected
volume, 0-2 criYsec, being a function of the back pressure. With a differentiabmeter we
observe the increase in pressure within the4li€x#d pipe immersed in the electrolyte during
the injection time and the following decrease in pressure duringbg@ ption time. A TiGl
cold trap on the Glline checks for correct operations.

The selection of the electrolyte composition takes in account tliethaethe value of the
ionic resistivity of the molten salt at the operation temperafpeemits the generation of
sufficient Joule heat, with the electrochemical set of operaticanyeders, in order to supply
the energy for the overall reaction TiCk Ti° + 2Ch while maintaining the electrolyte
temperature at 1650-1800 °C. For low Volt and low current density esgixC is applied to
generate the complementary heat, while the electromagnetements of the electrolyte and
liquid cathode are studied.

With bubbles of Gl evolving, the effective liquid electrolyte cross section duoed,
thereby counterbalancing the high value of ionic conductivity of d@leetrolyte, and it
generates enough heat to counteract the anodic cooling effect.



The raw data acquisition system continuously monitors, collectslabodrates the 12 most
important process parameters, as temperature inside the anodeglettra@yte, of the gas in
the chamber, rate of Tigfeed, pressure differential, anode-cathode distance, kAh and the
electrochemical data. Those primary data drive the automatic controls.

The results include the calculations to further detail the steictuthe electrode/electrolyte
multilayer interphase, to better design the electrolyte clarsiits which destabilizes the
titanium complex at the appropriate current density, and to detethrensequential charge
transfer which is conducive to the most effective titanium ion cathodic reduction.

The complete simulation of the cathodic interphase is still beyonchtheility of modern
computers; however, even the above described partial insight is tseahg microscopic
treatment of quantum chemical models, and molecular dynamicsdén to generate data
needed to better understand the electrowinning processes.

The chemical analytical methods are under development to reachodtiee high
temperature analysis of the electrolytes and then the in-situ analysisv@itlectrolysis.

7 Conclusion

Presently we are elaborating the amount of data generatet, 9o felect the best set of
operating conditions and process controls.

We are continuing the development work of high temperature titanectr@inning as it is
the only way to bring the primary titanium metallurgy up to thdityuand cost requirements
of the industrial potential applications of titanium.
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