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a b s t r a c t

The reduction of numerous metal oxides is being investigated by electro-deoxidation in molten salts due to
the low-oxygen content advantage these processes offer. One of these processes is the Fray–Farthing–Chen
(FFC) process that involves the direct reduction of titanium dioxide to titanium. A model for the multi-
stage reduction of titanium dioxide to titanium is reported herein. The modeling approach adopted is
based on the porous electrode theory used for studying lithium-ion batteries. [J.S. Newman, C.W. Tobias,
J. Electrochem. Soc. 109 (12) (1962) 1183; K.E. Thomas, J.S. Newman, T.M. Darling, in: B. Scrosati, W. van
Schalkwijk (Eds.), Advances in Lithium-Ion Batteries, Kluwer Academic Publishers, New York, 2002; J.S.
Newman, K.E. Thomas, Electrochemical Systems, 3rd ed., Wiley-Interscience, 2004; V. Srinivasan, J.S. New-
man, J. Electrochem. Soc. 151 (10) (2004) A1517; V. Srinivasan, J.S. Newman, J. Electrochem. Soc. 151 (10)
(2004) A1530; J. Christensen, V. Srinivasan, J.S. Newman, J. Electrochem. Soc. 153 (3) (2006) A560; J.S.
Newman, K.E. Thomas, H. Hafezi, D.R. Wheeler, J. Power Sources 119 (SI) (2003) 838; C.R. Pals, J.S. New-
man, J. Electrochem. Soc. 142 (10) (1995) A3274]. The reduction of an individual sintered pellet of TiO2 as
it undergoes electro-deoxidation in a molten salt bath of CaCl2 is modeled. This model has been applied
to study the effect of physical variables such as the porosity, radius of pellet, radius of grains (particle

 

 

size) in the pellet and the effect of starting with a partially reduced oxide. The effect of calcium titanate
formation on the reduction is also incorporated and it is shown that if the reduction is started with a
pellet of partially reduced titanium dioxide, one can avoid titanate formation. Though the FFC process
is not completely successful in complete reduction due to titanate formation and needs to be developed
further it has succeeded in the reduction of metals that are not as complex as the titanium oxygen system.
This model could also be used for studying the reduction of other metal and mixed oxides such as SiO2,
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NiO, Cr2O3, Nb2O5 and ZrO

. Introduction

One of the earliest explanations of the FFC process [9–23] is the
xygen ionization mechanism shown in reaction (1). The experi-
ental setup for the laboratory investigation of the FFC process is

hat shown in Fig. 1(a) and (b). In (a) the cell shows two pressed and
intered pellets of TiO2 that are placed at the bottom of a graphite
r titanium crucible which also functions as the cathodic current
eeder. The two pellets in (b) are threaded onto a Kanthal wire (the

urrent feeder) and suspended in the molten salt. The sintered pel-
ets of TiO2 are made the cathode in the electrolytic cell with a
raphite anode. The electrolyte in the cell is molten calcium chlo-
ide that is used for its stability in the voltage range applied in the
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t are simpler to reduce than TiO2.
© 2008 Elsevier Ltd. All rights reserved.

rocess and also offers a high-oxide ion solubility [24,25] necessary
or oxygen removal from the titanium oxides:

iO2 + 2xe− → xO2− + TiO2−x (1)

The process occurs by multiple steps as has been presented by
ray et al. [9–20] and Dring et al. [21–23] with the aid of voltamme-
ry analysis. The results of Dring et al. have been modeled [26–27] to
erive the physical parameters for each of the lower oxides. During
he reduction process these TiO2 pellets are reduced to Ti through
series of lower oxides after the Magneli phases (Ti4O7 and higher)

n the order Ti3O5, Ti2O3 and TiO. The Ti is removed from the cell
s solid pellet after the reaction is complete and is washed and
ried for further metallurgical processing. Recently, it has been

hown that there is formation of a number of titanates (CaTiO3,
aTi2O4) [28–30] because of the availability of titanium in differ-
nt oxidation states. These titantes impede the complete reduction
f titanium since their reduction is not kinetically favorable under
he experimental conditions. Theoretically, for the reduction of
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Fig. 1. Schematic diagram of two ((a) and (b)) diff

itanium oxides to succeed one would need to investigate different
lectrolytes that have similar or better properties as molten CaCl2 or
xplore the economic viability of using partially reduced titanium
ioxide pellets. Partially reduced titanium dioxide pellets can be
repared by subjecting the pellets to reduction in hydrogen or in a
lasma reactor. The FFC process has been successfully applied to the
eduction of numerous other metal oxides like zirconium dioxide
31–33], chromium sesquioxide [34,35], silicon dioxide [36], ter-
ium oxide [37], tantalum oxide [38], niobium oxide [39,40] and
ixed oxides like terbium–nickel oxides [41], titanium–tungsten

xides [42] and niobium–tungsten oxides [43].

. Model development

The mathematical model for the electro-deoxidation of the
itanium dioxide is an enhancement of the published models for
he intercalation/de-intercalation of lithium in porous electrodes
ithin lithium-ion batteries [2–8]. The porous solid electrode and

he electrolyte permeating it are treated as two overlapping con-
inua [1] that implies the solid and the electrolyte phase to be
resent everywhere in the pellet.

The geometry of the pellet constituting the two overlapping con-
inua is shown in Fig. 2. The interfacial area between these two
ontinua appears in the equations but the details of pore geometry
re omitted in order to have a mathematically tractable solution
o the governing equations. One significant difference between the

ithium-ion battery and the cell of the FFC process is that the there
s typically only one solid phase in the working electrode in the for-

er. In the latter there will be at least two phases in the electrode
t any instant (e.g. Ti and Ti3O5 or Ti and TiO). Consequently it has
een presumed that the pellet of titanium and/or oxide can be rep-

ig. 2. Setup of the model for the modeling of electro-deoxidation of TiO2. A
oughnut-shaped pellet is wound on a current feeder of titanium shown by black

ines. The pellet is the dark-shaded region of 0.026 m radius in the figure and is
urrounded by electrolyte on all sides shown by the lightly shaded region.
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arrangement of the FFC process experiment [16].

esented as an agglomerate of spherical grains and the shrinking
ore model has been invoked to describe the reaction in each grain.

Some of the assumptions taken into account in the modeling
ork are:

1. The porous solid electrode (TiO2) and the electrolyte (molten
CaCl2) permeating it are treated as two overlapping continua.

. Pellet is treated to be an assemblage of spherical grains.

. Diffusion within pellet and grains at quasi-steady state and con-
stant diffusion coefficients (since temperature is constant).

. Multiple chemical reactions within grains lumped into one, as
stated earlier.

. Micro-structural variations (mostly coarsening) not taken into
account.

. Uniform potential in electrolyte surrounding pellet (hence cylin-
drical symmetry).

The primary physical phenomena for modeling the FFC process
re:

1. Current in the electrolyte phase (molten CaCl2).
. Current in the solid phase (TiO2).
. Transport of the oxygen ion in the electrolyte.
. Reaction and transport in the solid phase.

The potential in the electrolyte continuum by Thomas et al. [2]
escribes the current as a result of the reaction in a lithium-ion
attery but for the reduction of TiO2 by the FFC process, it is the
xygen ionization reaction similar to reaction (1). The modification
esults in Eq. (2):

l = −�∇�l + 2�RT

F

[
t0+

�+z+

]
∇ ln c (2)

here il is the superficial current density in the electrolyte (A/m2),
is the effective ionic conductivity of the electrolyte (S/m), �+ is

he moles of ion produced when a mole of the salt dissociates, z+

s the charge on the calcium ion, t0+ = 1 − t0−, where t0− is the trans-
erence number oxygen ion relative to the solvent velocity, �l is
he potential in the electrolyte (V), c is the oxygen ion concentra-

ion in the electrolyte (mol/m3), R is the universal gas constant,
.3143 J/(mol K), T is the temperature (K), and F is the Faraday’s
onstant, 96,484 C/equiv.

For the boundary conditions of Eq. (2), the current density in
he electrolyte is set to zero at the current feeder and a potential of 
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.3 V, approximating that used in typical experiments, is imposed
t the pellet exterior for the boundary condition in the electrolyte
ontinuum.

The potential in the electrode (solid) continuum follows from
hm’s law as shown in Eq. (3):

�∇�s = is (3)

here is is the superficial current density in the solid (A/m2), �s is
he potential in the solid (V), and � is the effective electronic con-
uctivity of the porous solid (S/m).For the boundary conditions of
q. (3) the potential of the electrode is set to zero at the current
eeder (making this the reference point for the potential differ-
nces) and the current density in the electrode is set to zero at the
xterior of the pellet for the boundary condition in the electrode
ontinuum.

The conductivities in the electrolyte (Eq. (4)) and the electrode
Eq. (5)) are calculated using the well-known Bruggeman relation-
hip [44,45] where ε is the porosity of the pellet, �, � and �bulk, �bulk
re the effective and bulk conductivities, respectively:

= (ε)1.5�bulk (4)

= (1 − ε)1.5�bulk (5)

The mass balance of oxygen ion in the electrolyte is described
y Eq. (6):

∂c

∂t
= −∇ · N− + aj− (6)

here c is the oxygen ion concentration in the electrolyte, N− is the
ux of oxygen ions, j− allows for the generation of oxygen ions at
he pore surface (moles per unit pore surface per unit time), and a
s the interfacial area per volume of electrode.

A steady-state assumption is made for Eq. (6) resulting in the
eft side being zero. The concentrated solution theory as described
y Thomas et al. is used for describing the flux of the oxygen ions.
n equation for the flux of oxygen ions is obtained by inverting the
tefan–Maxwell multi-component diffusion equations [3] resulting
n Eq. (7):

− = −�−D

�RT

cT

c0
εc∇	e + ilt

0−
z−F

+ c−v0 (7)

here il, t0−, R, T, F, and ε are same as explained in Eqs. (2),
4) and (5). D is the diffusion coefficient of the oxygen ions, v is
he number of moles of ions into which a mole of electrolyte dis-
ociates, n is the number of electrons involved in the reduction
eaction, �− is the moles of ion produced when a mole of the salt
issociates, c0 is theconcentration of the electrolyte (mol/m3), cT is
he total solution concentration (mol/m3), c− is the concentration
f the oxygen ions in the electrolyte (mol/m3), 	e is the chemical
otential of the electrolyte (J/mol), z− is the charge of the oxygen

on, v0 is the velocity of the ions in the electrolyte.
In Eq. (7), the first term on the right-hand side is due to the

radient in the chemical potential. The second term is due to the
igration and the third term is due to convection (zero in this case).

ubstituting the flux equation (Eq. (7)) in the mass balance equa-
ions (Eq. (6)) results in Eq. (8) for the movement of oxygen ions in
he electrolyte:

· (ε1.5D∇c) = − t0−∇ · il (8)

z−F

The current in the electrolyte due to the movement of the oxygen
ons is described by Eq. (9):

l = −2FN− (9)

i

ig. 3. A grain within the pellet showing the shrinking core and co-ordinates used.

The boundary conditions for Eq. (9) are a specified concentration
a very small value) on the exterior surface of the pellet and a zero
ux at the current feeder.

For modeling the transport of oxygen in the solid phase, the
uasi-steady-state shrinking core model is applied. The classical
hrinking core model describes a heterogeneous reaction of a solid
phere to produce a second solid. During the reaction the sphere
onsists of a core of un-reacted solid (e.g. TiO2) that is shrinking in
adius as reaction proceeds. That core is surrounded by a shell of
he second solid (e.g. TiO) that is thickening with time. Hence, it
s a moving interface problem with the interface between the two
olids moving inwards.

A feature of virtually all variants of the shrinking core model is
hat they have used a quasi-steady-state approximation in treat-
ng the diffusion within the shell. This is equivalent to assuming
hat there is negligible accumulation within the shell. This renders
ractable the mathematics describing the reaction and analytical
olutions (giving the radius of the core as a function of time) can
sually arrived at. The shrinking core model [46–50] is used in mod-
ling of the reaction of individual grains inside the pellets of the
olid matrix. This models the reaction and transport in the solid
rains making up the electrode. When applying the shrinking core
odel to the FFC process, the shell will be a lower oxide or tita-

ium metal containing diffusing oxygen and the amount of oxygen
n the shell might not be small compared to the amount in the
ore. A rigorous modeling of the reaction of a grain in a TiO2 pellet
ould therefore involve a solution of the unsteady-state diffusion

quation within the shell of a grain at each mesh point in the pellet.
his would be a burdensome computational task compared to using
he shrinking core model to describe the reaction in each grain.
owever, it can be shown that the quasi-steady-state solution is

ufficient to describe the reaction in the FFC process [51,52].
Each grain has an outer shell (of Ti say), that surrounds a core of

n-reacted material that is shrinking as reaction proceeds as shown
n Fig. 3. A relationship is sought between the concentration of oxy-
en at the grain surface and the flux at the surface to relate this to
he overall reaction in the pellet. The activity of oxygen (or con-
entration if an activity coefficient of 1 is assumed) at the Ti2O3/Ti
nterface or the TiO/Ti interface (when TiO was the starting mate-
ial) is derived from the TiO2-Ti phase diagram. All the reactions in
he process are lumped into this reaction at the grain level.

Fig. 3 shows one grain (assumed to be spherical) and the co-
rdinates used to describe the reacting grain. The shrinking core
odel exploits the relationship between the oxygen concentra-

ion at the grain surface, at the interface between the shrinking
ore–shell interface and the flux at the surface.

The equation describing the concentration of oxygen in the shell
s

∂cs

∂t
= 1

r2

∂

∂r

(
r2Ds

∂cs

∂r

)
(10)
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Table 1
Physical parameters used for the solution of the model equations

�CaCl2 [53,54] S/m 101.05
N 2
R J/(mol K) 8.3145
T K 1173
F C/mol 96,484

TiO2

[55] kg/m3 4260
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here cs is the oxygen concentration in the shell in mol/m3, Ds is the
iffusion coefficient of oxygen in the shell (assumed independent
f concentration) in m2/s,and r is the radial co-ordinate within the
rain in m.

It will facilitate the mathematics if a quasi-steady-state assump-
ion is made in Eq. (10), resulting in making the left-hand side zero.
t has been shown [52] that a quasi-steady-state assumption could
e used for the reduction of titanium oxides.

A quasi-steady-state assumption is justified for a shrinking core
odel when the value of the dimensionless current density, Id is

ess that 1. The dimensionless current density can be described by
q. (11) [51]:

d = ire

FDsci
= I
r2

e
3FDsci

(11)

here I is the applied current per gram of particle, i is the applied
urrent density (A/m2), and 
 is the density of TiO2 (kg/m3).

For the value of the current similar to experimental values
16,28] (about 1 A in the entire pellet and for a grain it is calculated
sing a volumetric ratio of the grain and the pellet), Id was calcu-

ated to be 0.000005 and hence the quasi-steady-state assumption
s justified for the shrinking core model.

This pseudo-steady-state assumption reduces Eq. (10) to the
ollowing equation:

1
r2

d
dr

(
r2Ds

dcs

dr

)
= 0 (12)

The quasi-steady-state Eq. (12) is applied to each individ-
al grain with the following boundary conditions:At r = ri, cs =
i and at r = re, cs = cewhere ri is the radius of the shell–core
nterface within the grain (m), ci is the oxygen concentration at the
hell side of that interface (mol/m3), re is the external radius of
he grain (m), ce is the oxygen concentration at the grain exterior
mol/m3) and is a function of the potential difference between the
lectrode and electrolyte, respectively, resulting in ce = f(U) where
= (�s − �l).

After integrating Eq. (12) twice and applying the boundary con-
itions, we get the flux at the external surface of the grains as

s
dcs

dr
= K1

r2
e

= D(ci − ce)
re(ri − re)

ri (13)

here K1 is the integration constant, ci and ce are as explained
arlier.

The flux of oxygen ions at the grain surface is then given by Eq.
14):

− = Ds
ci − ce

ri − (r2
i /re)

(14)

This flux can be used in the mass balance equation in the elec-
rolyte described in Eq. (8). From stoichiometry the shrinkage of
he core within a grain is given by

dri

dt
= −Ds

(�cinterface)
(ri − (r2

i /re))
o
(15)

here 
o is the oxygen concentration on the core side of the
hell–core interface. An initial condition on this last equation would
e ri = re but this condition results in an infinite initial reaction rate
diffusion in the shell cannot be rate controlling if the shell does
ot exist) so that ri was set to a little less than re (ri = 0.9re) initially

n the program script. The implementation of Eq. (15) is updated at

ach step using a forward difference approach at each time step to
ield the current value of ri.

Another phenomenon occurring during the FFC process for tita-
ium is the formation of perovskite phase of calcium titanate
CaTiO3) [28–30]. The perovskite formation is a parasitic reaction

i
t
t
t
z

0.5
�m 5

solid [56] cm2 s 4 × 10−17

CaCl2 [57,58] cm2 s 2.5 × 10−9

or the reduction and can impede the reaction while simultane-
usly reducing the current density. For this purpose, we need to
ook at the potential-pO2− (also called the Littlewood/Delarue) dia-
ram for the titanium oxygen system constructed and described by
ring et al. [21]. This diagram shows the range of stability for the
arious oxides at different oxygen activities as well the possibility
f calcium titanate (CaTiO3) formation. From this diagram it can
e shown that the potentials required to deoxygenate titanium to
elow 100 ppm O are more negative than that required for unit
ctivity Ca formation. Hence, large negative voltages or a highly
educing electrolyte are required for lowering oxygen in titanium
o very low levels.

At a pO2− value of about 5, CaTiO3 would form above a potential
f about −1750 mV as has been observed in experiments [21–23].
or modeling the formation of CaTiO3, the location of a particular
egion in the pellet was examined based on the oxygen concentra-
ion in the pores and the electrode potential. It was then determined
hether calcium titanate would occur depending on the location of

he point in the potential-pO2− diagram. The model is incapable of
redicting the morphology of titanate formation, for example, the
xtent to which the titanate blocks the pores or the area available for
ny subsequent dissolution of the titanate. Consequently for those
egions of the pellet where titanate formation had occurred it was
ssumed that no further reaction took place and the source terms
n Eqs. (2), (3) and (8) were set to zero (Table 1).

A Boolean expression relating the conductivity to x in TiOx was
sed in the model with the values being used from the data by
alsh et al. [59].
The above equations were implemented in a Matlab® script file

ithin the finite element software FEMLABTM version 3.0a (now
OMSOLTM) and simulations were carried out in two dimensions
the radial (x) and axial (y) co-ordinates of the cylindrical pellets).

The mesh used for the computation is shown in Fig. 4 and had
0,368 elements. Mesh refinement was carried out at the expense
f computational efficiency for mesh sensitivity study until no vari-
tion in the results were obtained. The convergence criterion used
as 1E−06. One of the rate limiting steps in the computational

fficiency of Matlab®-based FemlabTM code was the set of post-
nterpolation steps. These are required to get the values of the
ariables involved for graphical analysis. Execution times on an
MD Athlon Dual-Process (2 GHz, 1 GB RAM) were of the order of

ens of hours.

. Results and discussion

The potential distribution on the electrolyte phase is shown in
ig. 5(a) and (b). The right-hand sides and the top of all the sub-
gures in Fig. 5 are the exterior of the pellet where the pellet is
n contact with the bulk electrolyte. As described earlier, a poten-
ial value of 1.3 V was set in these boundaries. The lower side of
he figure and the left-hand sides of the figures are regions where
he pellet is in contact with the current feeder. The current is set as
ero on these boundaries since all the current is carried by the elec- 
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Fig. 4. The finite element mesh used for modeling the FFC process.

Fig. 5. Potential distribution in the electrolyte (a), solid (c) phase after 601 s (b) and after 89,701 s (d). Concentration of oxygen ions in the electrolyte phase after 601 s (e),
89,701 s (f), x in TiOx (oxygen in the grains of titanium oxides) after 601 s (g) and 89,701 s (h).
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rode in this part of the pellet. The boundary conditions are clearly
atisfied since there is a potential of 1.3 V on the exterior and the
radient is zero towards the interior of the pellet.

After 10 min of reaction, there is a potential difference of 0.16 V
cross the electrolyte phase that has dropped to 0.08 V after
495 min of reaction. As the pellet gets reduced the potential dif-
erence across the electrolyte drops as a consequence of a drop
n current as reaction proceeds and the electrolyte gets depleted
f oxygen ions. This is a direct result of increasing diffusion path
engths in the grains because of which there are lesser oxygen ions
n the electrolyte phase.

Fig. 5(c) and (d) show the variation of the potential in the solid
hase of the pellet at various times. The regions of the pellet in con-
act with the current feeder had a boundary condition of 0 V. The
olid phase is not very conductive initially and hence the poten-
ial difference across the pellet is quite large. Initially this poor
onductivity confines reaction to regions of the pellet with both
lose proximity to the current feeder and ready access to the pellet
xterior that facilitates oxygen ion transport out of the pores. The
otential in the solid is directly related to the amount of reduction
nd can be explained by taking into account the profiles of oxygen
n the solid phase with progression of the reduction. The potential
ifferences becomes negligible with increasing reduction as shown
y Fig. 5(d) indicating reaction less non-uniform throughout the
ellet as will be explained later on.

The concentration of oxygen in the electrolyte within the pores
s initially high because the overall rate of reaction is initially high.
herefore a higher gradient of oxygen ion concentration is needed
o drive the diffusion of oxygen ions out of the pores as seen in
ig. 5(e) and (f). However the rate diminishes with time and there-
ore so does the oxygen ion concentration (and hence the gradient)
s shown in Fig. 5(e) and (f) at various reaction times. The zero
ux boundary condition near the current feeder and a fixed low-
xygen ion content boundary condition at the pellet in contact with
he bulk electrolyte is satisfied.

As the pellet gets reduced, TiO2 is converted, first into lower
xides and then into Ti. In other words x in TiOx diminishes from 2
o 0. The experimental current versus time plots for the reduction
f TiO2 is shown in Fig. 6. There is an initially increased current
t the start of the reaction implying that reduction is occurring by
lectrochemical reaction occurring during this stage of reduction.

This reason for the very fast initial reduction along with experi-
ental data has been given by Schwandt et al. in [28]. A summary of

he reasoning provided by Schwandt et al. [28] is provided below.
he similarity or the differences in the crystal structures shown
elow could account for the rate of the reduction reactions.

Schwandt et al. [28] show that the similarity in the crystal struc-
ures from TiO2 to Ti3O5 as shown in Table 2 reduces the free energy
arrier for the transformation (less reconstructive) and hence the
hange is fast. The formation of the Magneli phases could occur very
ast kinetically because of the similarity of the crystal structures of

he phases to the rutile structure and they also have similar free
nergies of formation [60]. On the other hand, from Table 2, TiO
as a NaCl type face-centered cubic structure with high number
f vacancy sites that imposes a kinetic limitation, apart from the

able 2
rystal structures of different titanium oxides [28]

xide Crystal structure

iO2 Hexagonal close packed
inO2n−1, 4 ≤ n ≤ 10 Shear from hexagonal close packed
i3O5, Ti2O3 Hexagonal corundum
iO NaCl type face-centered cubic (with a number

of vacancy sites)

a

s
a
a
t
t
i

o
s
e
s
c

iO2 from Fray et al.’s work [16]. In both (a) and (b), the initial high current is due to
he fast reduction that subsequently becomes slow [16].

ransport limitation created by the shell of Ti. As shown in Fig. 5(g)
nd (h), the reduction is initially fastest in the regions of the pel-
et with good access to both the current feeder and the exterior
hat facilitates the supply of electrons and the faster removal of
xygen ions, respectively. Later, when the electrode has become
ignificantly more conductive, the proximity to the current feeder
ecomes inconsequential and reduction takes place preferentially
ear the whole external surface.

There are relatively weak horizontal potential gradients in the
olid phase indicating currents that are mostly downward, rather
han radially inward. There is a slight radially outward flow of cur-
ent, near the pellet exterior as shown by the potential distribution
n Fig. 5(c) and (d). As the pellet loses oxygen it becomes more
onductive and the potential differences becomes negligible and
hown by Fig. 5(c) and (d) in succeeding order of increasing time
f reaction. With increasing reduction, the conductivity situation
hanges and the reduction scenario reverses with more reduction
n the exterior that has more access to the electrolyte than the
nterior. This is exacerbated at the lower outer surfaces of the pel-
et or the upper surface near the current feeder which have access
o current as well as electrolyte compared to the rest of the pellet
s shown in Fig. 5(h).

An experimental plot of the reduction of the pellet with time is
hown in Fig. 6 [16]. As observed initially, the curve starts out at
high current initially due to the initial electrochemical reaction

nd flattens out after a few hours. The curve flattens out a little
owards the end of the reduction because the remaining oxygen has
o diffuse through a much larger distance and the driving forces for
ts diffusion have diminished.

The experimental times observed [16,28] are similar to those
bserved with the simulations as shown in Fig. 7. A similar rea-

oning of large diffusion distance of oxygen ions for describing the
xperimental data can be used for explaining the slowly declining
imulated curve. Though the axes in the two cases (current in the
ase of the experimental data and rate of change of x in TiOx or rate 
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ig. 7. Rate of reduction of TiOx vs. time of reduction that shows that it takes about
8 h for complete reduction of the solid.

f change of oxygen in the lower oxides of titanium) are different,
hey describe the same physical phenomena of the rate of removal
f oxygen from the oxides.

Some interesting parameters for experimental studies and opti-
ization are the pellet thickness (or the height of the pellet), the

verage particle size within the sintered pellets, the porosity of the
ellets, effect of partially reduced starting material and the effect of
alcium titanate formation as has been observed in certain experi-
ents by Fray et al. [16].

.1. Effect of pellet thickness

The time for complete reaction with different pellet thickness is
hown in Fig. 8. The time for complete reaction increases from 27
o 39 h with an increase in the pellet thickness from 1 to 15 mm.
he larger diffusion distance for the oxygen ions within the thicker

ellet results in a longer time of reduction. However the time for
eaction shows a moderate dependence on pellet thickness reflect-
ng the fact that the diffusion of oxygen within the grains is the
ominating factor resisting to the progress of reaction. In exper-

ig. 8. The time for complete reduction (h) vs. pellet thickness (cm) shows an almost
inear increase in reduction time with thickness.
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ig. 9. The average x in TiOx (oxygen in the grains of titanium oxides) vs. time of
eduction (h) with the reaction starting with.

mental studies of Nb2O5 reduction [60] by the FFC process, it
as been found that thicker pellets reduced for similar amounts
f time contain higher oxygen than their thinner counterparts.
n an industrial scale application, one has to reach a compromise
etween thinner pellets and tonnage limitations to make it a fea-
ible process and needs to be calculated with respect to specific
osts and comparison to the Kroll process to make it a profitable
rocess.

.2. Effect of porosity

The porosity of the pellets could be very important parame-
er for the reduction experiments. It is related to the compaction
oad and the temperature of the sintering process. A combination
f these can cause different porosity and impact the completion
imes for reduction and the current consumed. However, the effect
f the porosity of the pellet on the time for complete reduction
hown in Fig. 9 is quite small. The completion time decreases
rom 28.55 to 27.7 h with the increasing porosity from 10 to 50%.
his again reflects the dominance of diffusion within the grains
s determining the rate of reaction. Increased porosity facilitates
iffusion within the electrolyte permeating the pores but this is a

esser resistance to the progress of reaction than one within the
rain.

.3. Effect of particle (grain) radius

The particle radius is a critical parameter that can greatly influ-
nce the experimental reduction process. The effect of the particle
ize on the time for complete reduction is shown in Fig. 10. The time
or complete reduction increases from 28 to 38.5 h with increase in
he average particle radius from 5 to 15 �m. Again the importance
f diffusion within the grains making up the pellet is revealed. It
as been experimentally shown [40] that there is a complex rela-
ionship among the particle size and size distribution of the starting
b2O5 powders, the microstructure of the sintered pellets of Nb2O5

nd the morphology and oxygen contents of the reduced pellets.
he completion time is nearly same for an increase in particle radius
rom 5 to 7.5 �m while there is steep increase with an increase in
he radius to 15 �m. From sintering theory, it has been observed
hat the lower the sizes of the particles the lower the porosity since 
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ig. 10. The time for complete reduction (h) vs. particle radius (�m) shows an
ncrease in reduction time with increase particle radius.

he particles tend to become very close packed. From the simulated
esults, a particle size of about 8 �m is the best from the point of
iew of a lower reduction time.

.4. Effect of perovskite (CaTiO3) formation

As described in Section 2, it is incapable of predicting the mor-
hology of titanate formation, for example, the extent to which the
itanate blocks the pores or the area available for any subsequent
issolution of the titanate. Consequently for those regions of the
ellet where titanate formation had occurred it was assumed that
o further reaction took place and the source terms in Eqs. (2), (3)
nd (8) were set to zero. The effect of titanate formation on the
eduction profile with time is shown in Fig. 11. An average x in
iOx of about 0.19 is obtained for a reduction time of about 28 h

hen there is titanate formation in the pellet and is a significant

mpediment for the complete reduction of the pellets. It has been
ypothesized that titanate formation occurs from Ti3O5 and Ti2O3
hat can be avoided by pellets that have been reduced partially with
ydrogen prior to subjecting to electro-deoxidation.

ig. 11. The average x in TiOx (oxygen in the grains of titanium oxides) vs. time of
eduction (h).
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ig. 12. The average x in TiOx (oxygen in the grains of titanium oxides) vs. of reduc-
ion (h) with the reaction starting with TiO.

.5. Oxygen effect on reduction

One way of avoiding CaTiO3 formation and reducing the reduc-
ion time is to start with TiO as the starting material instead of TiO2.
he effect of a starting material of TiO instead of TiO2 is shown in
ig. 12. Apart from the difference in times taken for the reduction
f the pellet, the profile of the average x in TiOx with reduction time
s almost linear. This reduction occurs considerably faster since it
s started with a highly conductive pellet. Some earlier studies on
eduction of titanium dioxide explored the idea of hydrogen reduc-
ion but it proved unsuccessful because of incomplete reduction
eyond TiO or the difficulty in subsequent deoxidation. This would
e a good experimental approach to prevent titanate formation

n an industrial process with the pellets from hydrogen reduction
eing dropped into a molten salt bath of CaCl2 for deoxidation.

. Conclusions

A model has been developed and implemented for the reduction
f titanium dioxide in molten CaCl2 in the FFC process. The model
akes some significant approximations, the major being that the

hange of microstructure with reduction can been neglected. The
arametric studies carried out upon validation of the model yields
arameters that would result in optimum reduction time and high
roductivity on the industrial application of this model. The model
ields other interesting results and shows that the formation of per-
vskite phases (which has been hypothesized to be impeding the
eaction based on experimental data) occurs under certain condi-
ions in the pellet, which might be unavoidable using the present
lectrolyte and pellet compositions. One way of avoiding titanate
ormation is by starting with a partially reduced pellet of TiO, rather
han with pellet of TiO2.

The model can also be further refined and additional phenom-
na like the change in the microstructure due to the reduction could
e incorporated. As developed, this model can be used in a reactor
cale model to help in the industrial application and scale-up of on
n FFC process based reactor for production of various metals and
lloys.
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