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Abstract

The kinetics of carbochlorination of TiO,, using TiO,(s)—carbon(s) powder mixtures and a flowing Ar(g)-Cl,(g) reaction
atmosphere, has been investigated as a function of two parameters: temperature (733-1223 K) and carbon content in the solid
mixture. Carbochlorination of TiO, exhibits two well-differentiated and successive reaction stages. The first reaction stage
occurs immediately and the second stage proceeds at a rate up to two orders of magnitude lower. For both reaction stages, the
rate increases with carbon content. The first stage occurs under external chlorine transport control for high carbon contents and
under internal mixed control for low carbon contents. The second reaction stage occurs nearly under chemical control at all

carbon contents. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Gas—solid reactions represent an important subject
of applied and theoretical investigations. These reac-
tions are usually associated with industrial processes
in which operation parameters need to be controlled.
The overall kinetics need to be known, but in some
cases it is necessary to know the reaction mechanism
which may provide physical chemical criteria to
enhance the industrial process.

The chlorination of metallic oxides in the presence
of carbon (carbochlorination) is an example of gas—
solid reactions of industrial importance. The mechan-
ism is not well understood even though carbochlor-
ination has been applied since 1940 as one step in the
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industrial extraction of Zr and Ti [1]. The carbochlor-
ination stoichiometry at high temperatures (1023-
1273 K) is represented by the following equation
[2-6].

MeO;(s) + 2Cly(g) + 2C(s)
= MeCly(g) +2CO(g) ey

where Me is Zr or Ti. The chlorination of ZrO, and
TiO, is performed in the presence of carbon to make
the formation of the respective chlorides thermody-
namically favourable at all temperatures, since direct
chlorination is not feasible. Carbon has a thermody-
namic effect on the chlorination of oxides. It reduces
the oxygen potential favouring chloride formation.
Another reducing agent widely used to convert refrac-
tory oxides into their chlorides is CO, but it is known
that chlorination of TiO, and other oxides under the
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same oxygen potential is faster in the presence of
carbon than in the presence of CO [2,7-9]. Hence,
carbon, in addition, has a kinetic effect and it has been
suggested that carbon may be involved in the forma-
tion of active species for chlorination [2].

The carbochlorination mechanisms are incomple-
tely understood. Most reports [2,6,8,10] have agreed
that the contact between carbon and oxide particles is
not necessary. Hence, it has been proposed that carbo-
chlorination occurs via gaseous intermediates formed
during reaction. Among them, phosgene (C1,CO) [3],
chlorine atoms (Cl) [2,4,6,8,11] and oxychlorides [7]
have been principally proposed, though these have not
been detected experimentally. It has been proposed
that formation of both phosgene [3] and chlorine
atoms [12] take place on the carbon surface. Phosgene
may be formed by an heterogeneous reaction of Cl,
with CO, since CO is always initially adsorbed on
carbon. Chlorine atoms may be formed by Cl, dis-
sociation in the C—Cl, interaction. Hence, either in
phosgene formation or in chlorine atom generation,
the carbon surface is involved. The overall reaction
rate may be proportional to carbon content in the
sample since the carbon area increases and the inter-
mediate concentration in the gaseous phase is
enhanced. Dunn [7] found that varying carbon con-
tents in TiO,—C mixtures, the TiO, chlorination rate
increases linearly up to about 25 wt% of carbon.

The kinetics of ZrO, carbochlorination using
ZrO,(s)-C(s) powder mixtures has been studied in
our laboratory [4,13—17]. It has been shown [13,14]
that this reaction involves two well-differentiated
reaction stages. The rate of the first reaction stage
is two or three orders of magnitude higher than that of
the second reaction stage. This kinetic instability [18],
has not been reported for other carbochlorination
systems. The initial and the final reaction stages have
been named “‘fast” and “‘slow’ stages, respectively
[13,14]. A detailed kinetic study [14,15] has shown
that the rate controlling regime of the fast stage is
mixed (chemical-internal diffusion) and the rate deter-
mining step of the slow stage is chemical in nature.
Earlier studies [13,17] have suggested that chlorine
atoms are the most probable reaction intermediate. In
addition, the reaction is faster for 70 wt% of carbon
than for 20 wt% of carbon. This suggests the partici-
pation of carbon in the formation of the reaction
intermediates. However, if under certain conditions,

a common mechanism could operate for different
oxides is not known.

The aim of this work is to investigate the behaviour
of the TiO, chlorination in the presence of carbon and
the effect of carbon content on the chlorination rate.

2. Experimental
2.1. Procedure

The samples were prepared by mechanical mixing
of TiO, and carbon powders. Both powders have been
used in previous studies and they have been well
characterized [4,13—17,19]. In particular, the carbon
used in this work is the same used in ZrO, carbo-
chlorination studies [4,13-17].

TiO, carbochlorination was studied using a thermo-
gravimetric system adapted to work with corrosive
atmospheres, which has been described elsewhere
[13]. Samples ranging from 1 to 20 mg were placed
in the thermogravimetric system in a quartz crucibles
and maintained at working temperature for 1h in
flowing argon. Chlorine was injected in the argon
flow (total flow 2.1 1/h NTP) at a maintaining the
chlorine partial pressure of 0.35 atm (35 kPa). Mass
changes and time were continuously measured with a
data acquisition system. When a given mass change
was obtained, the chlorine flow was cut off, the
reaction stopped and the sample was cooled to room
temperature within the equipment under flowing Ar.
Experimental data were corrected taking into account
apparent mass changes as previously reported [13].
The reproducibility in thermogravimetric curves is
related to a deviation no greater than 5% [17].

The thermogravimetric runs were carried out at
temperatures between 733 and 1223 K using the
TiO,—C powder mixtures with 2.5, 10, 30 and
70 wt% of carbon. Some reaction residues were also
examined by scanning electron microscopy (SEM).

2.2. Expression of results

The reaction degree is given by a = Am(TiO,)/
mo(TiO,), where Am(TiO,) is the TiO, mass loss and
mo(TiO,) is the initial TiO, mass. From stoichiometry
of reaction (1) Am(TiO,) = 0.769AM, where AM is
the observed mass change (carbon plus oxide). There-
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fore, reaction degree is
o = —[0.769AM /my(Ti0,)]. 2)

The reaction rate is calculated as

R = da/dt = —[0.769/mo(TiO2)] (dM/dt) (s7').

3)
From Eq. (3) the reaction rate expressed as moles of
Cl, reacted is

r = dn(Cly) /dt = [2mo(TiO5)/u(TiO5)|R
x (moles Cl,/s),

where n(Cl,) are moles of Cl, and p(TiO,) is the
formula weight of TiO,. Initial reaction rates (at = 0)
are denoted with subscript O.

3. Results
3.1. Thermogravimetry

Fig. 1 shows the relative mass changes as a function
of time obtained at 1223 K during chlorination of pure
carbon (a) pure TiO, (b) and TiO,—30 wt% C mixture
(c). Curve (a) shows that when chlorine was intro-
duced, carbon underwent a mass gain of approxi-
mately 8% initially. Subsequently, a slow and
continuous mass loss occurred. After 2 h, the net mass
gain was about 2%. Curve (b) shows that the chlor-
ination of TiO, involves a slow and linear mass loss
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Fig. 1. Relative mass changes as a function of time corresponding
to experiments of chlorination at 950°C of (a) carbon, (b) TiO, and

(c) TiO,-30 wt% C mixture. In case (c), mass changes are relative
to my(TiOy).

which became about 25% of the initial mass after
100 min of reaction. Curve (c) clearly shows that
TiO,—C mixture rapidly reacted with chlorine achiev-
ing a reaction degree (o) of 0.28 and nearly 0.90 after
first 5 and 100 min of reaction, respectively. In the last
curve, two zones of reaction were observed: a linear
zone in the first 5 min and a decreasing mass loss
thereafter.

The behaviour shown in curve (c) of Fig. 1 is a
characteristic of TiO, carbochlorination under certain
experimental conditions. This is better illustrated in
Fig. 2, which shows the relative mass changes (AM/
my(TiO,)) corresponding to the chlorination of a
TiO,—10 wt% C mixture at 1073 K. The thermogravi-
metric curve exhibits two well-differentiated reaction
stages: the first one, with a fast mass change during a
short time, and the second one with a slower mass
change. From the slope of the first stage and using
Eq. (3), the initial reaction rate, Ry ¢, was calculated.
The extension of the first reaction stage, (the reaction
degree, o), was computed using Eq. (2) from curves
AM/my(TiO,) vs. time as the ordinate of intersection
of linear extrapolations of the two stages, as shown in
Fig. 2.

Fig. 3 shows the effect of temperature on the chlor-
ination of TiO,—70 wt% C mixture. Similar behaviour,
as shown in Fig. 2, was observed between 923 and
1073 K. When temperature was decreased from 1073
to 923 K, the mass fraction chlorinated during the first

first reaction stage
0 /

1073 K

8” 0.1 - 10 wt% carbon

= p(CI2) =0.35 atm
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£
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Fig. 2. Total mass change relative to starting oxide mass (AM/
mo(TiO,)) during a typical experiment of carbochlorination. The
ordinate of the intersection of the extrapolations of two portions of
the curve allows to calculate by Eq. (2), the extention of first stage.
In this case oy = 0.15.
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Fig. 3. Total mass change relative to starting oxide mass (AM/
mo(TiO,)) during the first minutes of carbochlorination of TiOy—
70 wt% C mixtures at several temperatures.

reaction stage was decreased (af = 0.7 for 1073 K,
or=0.5 for 923 K). The reaction rate, Ryy, also
diminished when the temperature was decreased.
Below 873 K, a mass gain was observed initially
and increases when the reaction temperature
decreased. At 733 K the chlorination of the TiO,—C
mixture reveals mass gain only. Hence, at lower
temperatures a net mass gain was the primary effect.
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Fig. 4. Effect of temperature on the first reaction stage for several
carbon contents.

At 1073 K during the second reaction stage, a slight
mass increase is observed.

Fig. 4 shows the effect of carbon content on the rate
of carbochlorination during the first stage at several
temperatures. The time zero of thermogravimetric
curves illustrated in Fig. 4 differs from that of
Fig. 3 and corresponds to the time from which mass
loss commenced. Table 1 summarizes the Ry ¢ and oy

Table 1
Initial reaction rate (R ) for the first stage of TiO, carbochlorination at several carbon contents and temperatures
Carbon content mgy(TiO,) Temperature Ros X 10°6s™hH Tof X 107 (moles Cl,/s) oy
(Wt%) (mg) (K) (Eq- (3)) (Eq- )
2.5 20.1 1073 0.8 4.0 0.028
2.5 20.0 1123 1.0 5.0 0.022
2.5 24.6 1173 1.1 6.8 0.042
2.5 20.1 1223 1.2 6.0 0.027
10 9.2 973 1.9 44 0.101
10 9.0 1023 2.6 5.9 0.146
10 9.2 1073 2.5 5.7 0.153
10 10.2 1173 3.1 7.9 0.102
10 10.0 1223 3.5 8.7 0.103
30 7.2 923 4.5 8.1 0.377
30 7.1 1123 53 94 0.654
30 7.3 1173 54 9.8 0.615
30 9.0 1223 54 12.0 0.646
70 3.0 873 6.9 5.2 0.323
70 34 923 7.7 6.6 0.461
70 3.1 1073 9.2 7.2 0.661
70 34 1223 7.5 6.4 0.673
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Fig. 5. Effect of temperature on the second reaction stage for
several carbon contents.

values. Fig. 4 and Table 1 indicate that, at constant
temperature, both Ry ¢ and oy increased with increas-
ing carbon fraction.

Fig. 5 shows the effect of temperature upon the
second stage for various carbon contents. In Fig. 5 the

Table 2

first stage is also observed in all cases. The second
stage was characterized by the initial reaction rate Ry g
which was computed using Eq. (3) from initial slopes
of AM/my(TiO,) vs. time curves in Fig. 5, being
mo(TiO,) the TiO, mass when the second stage com-
menced. The Ry values as a function of carbon
content and temperature are summarized in Table 2.

One meaningful observation for both reaction
stages is that the initial reaction rates (Ro¢ and Ry )
increase with carbon content.

3.2. SEM observations

The features of solid powders have been reported in
previous works. Carbon is composed of particles with
sharp edges and size ranging from less than 1 to
200 um [16]. TiO, powder is composed of hemisphe-
rical particles with a size distribution from about 1 up
to 60 um [19].

Fig. 6 shows the features of the particles of initial
carbon and TiO, powders.

The morphological changes of solids observed dur-
ing the first reaction stage are well illustrated in Fig. 7.
The carbon particle is embedded in the TiO, particle.
Hence, the TiO, particle is strongly attacked in the
region closest to the carbon surface, but the carbon
particle did not undergo significant attack. The other
regions of the TiO, particle is unaltered with respect to
the particles of the initial powder, indicating that this

Initial reaction rate (R ) for the second stage of TiO, carbochlorination at several carbon contents and temperatures

Carbon content® my(TiO,)* Temperature Ry % 10° (sfl) ros X 10° (moles Cly/s)
(Wt%) (mg) (K) (Eq. (3)) (Eq. (4)
1.7 19.28 1073 33 1.6
1.8 19.49 1123 5.0 24
0.8 18.93 1173 6.7 3.2
1.7 19.50 1223 12 5.8
7.0 7.7 1023 6.7 1.3
7.7 8.28 1073 12 2.5
7.9 7.99 1123 25 5.0
8.4 9.00 1223 40 9.0
8.0 2.02 1223 130 6.6
8.6 6.57 1223 128 2.1
333 0.48 1023 77 0.9
324 0.50 1073 147 1.8
32.9 0.57 1123 250 3.6
32.6 0.93 1223 333 7.7

* At the beginning of the second stage.
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Fig. 6. Particles of the initial (a) carbon and (b) TiO, powders.

interaction with carbon is markedly localized. Most of
the TiO, particles examined after the first reaction
stage were penetrated by carbon particles. It is well
known that reduction of TiO, by C does not occur [20]
and no carbon particles were found penetrating the

Fig. 7. Effect of localized corrosion on TiO, particle during the
first reaction stage.

Fig. 8. Effect of localized corrosion on surface carbon particles
during the second reaction stage.

titanium oxide after being heated in an argon flow
[21]. Although the carbon and TiO, surfaces are very
close, they do not touch. Therefore the chemical attack
suffered by TiO, particle is not due to reaction directly
with carbon. Pasquevich et al. [16] explained this
localized effect in ZrO, carbochlorination by the
formation of very reactive chlorine atoms that reached
the oxide surface whenever the distance between these
particles was not greater than their mean free path
which under equivalent experimental conditions to
this work was about 1 pm.

Fig. 8 reveals during the second reaction stage a
vigorous chemical attack on carbon particles. TiO,
particles do not show any differences from the original
powder. The carbon particle has undergone a localized
corrosion with channellings and cavities. It has been
proposed that the C-O, reaction in the presence of
ZrCl, and Cl, in the gas phase might be the reason for
channelling and cracks [16]. The cavities may be
created by the effect of the direct contact between
particles of TiO, resting on the carbon particle.
Besides, TiO, particles disaggregate during the second
reaction stage as shown in Fig. 9. This could facilitate
the interaction that produces the carbon corrosion.

Therefore the morphological changes in each reac-
tion stage may be associated with different types of
interaction occurring between particles and two dis-
tinct reaction mechanisms may operate.

4. Discussion

The carbochlorination is a complex reaction system
that can be viewed as a result of some chemical
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Fig. 9. TiO, particle disaggregated over a carbon particle during
the second reaction stage.

interaction between the binary gas—solid reactions:
C(s)—Cl,(g) and TiO,(s)—Cl,(g). One or both of these
could be involved in the formation of active gaseous
species that might interact with TiO,(s) and/or C(s) to
form the reaction products.

4.1. C(s)-Cly(g) interaction

It is well known that the chlorination of carbon to
produce chlorine—carbon gaseous products takes place
only above 2273 K [20]. However, at temperatures
lower than 1273 K the C-Cl, interaction is complex
and may involve various phenomena [22]. Physical
and chemical adsorption, reaction of chlorine with
chemisorbed hydrogen, diffusion and adsorption of
chlorine in micropores and dissociation of the chlorine
molecule at the carbon surface to form chlorine atoms
in the gas phase, have been reported [13]. The mass
gain observed when chlorine interacts with carbon
(curve (a), Fig. 1) is explained by the following reac-
tion [4,21,22]

Cly(g) + C*—H(s) — HCl(g) + C*—Cl(s),
)

where C* denotes a surface carbon atom.
4.2. TiO,(s)—Cly(g) interaction

Despite the reaction TiO,(s) 4+ Cly(g) —TiCly(g)+
0,(g) being thermodynamically unfavourable at the
temperature of the experiments, the slow mass loss
that takes place during the TiO, chlorination (curve

(b), Fig. 1) is due to the continuous removal of gas-
eous products in the Ar—Cl, flow.

4.3. TiO,(s)—C(s)-Clx(g) interaction

When the chlorination of TiO, is performed in the
presence of carbon (curve (c), Fig. 1) a significant
mass loss is observed because the carbochlorination
(Eq. (1)) is thermodynamically favourable at all tem-
peratures. The mass loss observed above 773 K
(Fig. 3) is interpreted from the carbochlorination pro-
cess (Eq. (1)), whereas at 733 K the net mass gain
results from the mass loss of carbochlorination over-
lapped with the mass gain of C(s)-Cly(g) reaction.
Therefore, the net mass change observed depends on
the relative importance of two phenomena, carbo-
chlorination being the most important at high tem-
peratures. The final mass gain observed in the
experiment at 1073 K (Fig. 3) means that after TiO,
is consumed, interaction of remaining carbon with
chlorine occurs. From the results of previous work
about ZrO,—C-Cl, system [15] a correction by C(s)—
Cl,(g) reaction was not made.

4.4. Analysis of TiO, carbochlorination on the basis
of two reaction stages

An important feature to discuss is the transition
from the first reaction stage to the second one (Fig. 2).
This involved a sudden change in reaction rate similar
to the observed instability in ZrO, carbochlorination
[13,14]. As in the case of ZrO, [15], the change is not
associated with a consumption of the smallest parti-
cles, because the extension of the first step ()
depends on the temperature (Fig. 3) and the mass
fraction of carbon (Fig. 4) that affect the partial
pressure of the reaction intermediates. Hence, each
stage of TiO, carbochlorination is associated with
different mechanisms.

4.5. Controlling regimes

When starvation effects are absent, mass transfer
through the boundary layer around the reacting solid
can be rate-controlling. In previous work [23] it was
determined that in our experimental set-up at 1223 K
the mass transfer rate should be between 2 x 10~% and
2 x 1077 moles Cl,/s. When the rate determining step
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Fig. 10. Computation of activation energies for the first reaction
stage.

is the diffusion in the gas phase, the reaction rate value
r (Eq. (4)) at 1223 K would be within this range.

From the values of reaction rates, rof and rgg
(Tables 1 and 2), it is observed that external gaseous
mass transport influences during the first reaction
stage, while the second reaction stage occurs out of
the external control. In the case of the first stage the
dependence of the reaction rate with the carbon con-
tent suggests additional contribution of other control-
ling regimes. In order to obtain additional criteria, the
activation energies associated with both reaction
stages were calculated.

Fig. 10 shows In Ry ¢ vs. 1/T curves for each carbon
content constructed from data of Table 1. The corre-
sponding E, values (E,; = 4-29 kJ mol "), which are
inserted in Fig. 10, are very lower than values asso-
ciated with a chemically controlled process. Since E,¢
approaches zero as the carbon content increases, this
corroborates that for high carbon percentages the first
stage is under external gaseous control [24]. The
increase of E,; with the decrease in carbon content
indicates that for lower carbon percentages the first
stage occurs under internal mixed control.

Fig. 11 shows In Ry vs. 1/T curves for each carbon
content constructed from data of Table 2. The calcu-
lated E, values, inserted in Fig. 11 are higher than
those observed for the first stage. Although, these
values are lower than those typical of a process
chemically controlled, second stage is mainly chemi-
cally controlled. In Table 2, and for 8 wt% of carbon,
two experiments performed at 1223 K with lower

32.8 wit% C, EaS =113 £ 12 kJ/mol

: -
w» 10 7.8 W% C, Ea_= 134 & 8 kJ/mol
&2 | s

«

o
o -117
= i

-121

1.5wt% C, Ea_= 83 £ 8 kJ/mol
-131

— T T T T T T T T T T 7
8 82 84 86 88 9 92 94
1T x 104 (K1)

Fig. 11. Computation of activation energies for the second reaction
stage. Carbon percentages are average of values of Table 2.

sample mass were added. The increase in the R
with mass decrease up to a constant value below 7 mg
means there are some internal diffusional influence.
The increase in Ry at 1223 K with the increase in
carbon mass fraction is greater than that expected from
the mass decrease. Hence, this is due to a carbon
effect. Thus carbochlorination changes from a gas
diffusion or internal mixed control during the first
stage to a mainly chemical control during the second
stage. This kinetic instability, as in the case of ZrO,
carbochlorination [14,15], contrasts with that
observed in many gas—solid reactions in which gas
diffusion plays a dominant role in controlling the rate
at the end of the reaction.

Finally it is well known that the activation energy of
a process controlled chemically is twice those of the
same process under internal mixed control [24]. In the
present case E,; > 2E,¢; hence the mechanisms of both
stages are different.

4.6. Effect of carbon content on carbochlorination
rate: kinetic effect

The interaction between carbon and chlorine could
involve, as mentioned, other processes than reaction
(5), not necessarily thermogravimetrically detected,
with decisive importance for carbochlorination. Tak-
ing into account that the increase of carbon content
also increases the reaction rate, the kinetic effect based
upon the formation of active species at carbon surface
is highly probable. Then, the limiting chemical step
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occurs on the carbon surface. Hence, the kinetic effect
of carbon is better observed during the second stage
because a chemical control operates.

5. Conclusion

There is a close analogy between ZrO, carbochlor-
ination and TiO, carbochlorination. The kinetic fea-
tures of both reactions and the morphological changes
undergone by solids are similar. Hence, the fast and
slow reaction stages in the ZrO, carbochlorination are
equivalent to the first and second stages in the TiO,
carbochlorination, respectively. The same mechan-
isms operates during the carbochlorination of both
oxides. The kinetic instability in both cases involves a
transition from a mechanism controlled by mass
transfer to a mechanism mainly chemically controlled.
Since formation of reaction intermediates (likely
chlorine atoms) at the carbon surface is the main
chemical process, each reaction stage (fast/first,
slow/second) involves a kinetically different inter-
mediates formation. The chemical process does not
need a contact of carbon particles with TiO, particles
during the first reaction stage, but during the second
reaction stage such contact could be important.
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