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Abstract: Natural rutile and gaseous chlorine with carbon as reductant were used to prepare titanium tetrachloride. Thermodynamics
and kinetics of chlorination of Kenya natural rutile particles in a batch-type fluidized bed were studied at 1173—1273 K.
Thermodynamic analysis of this system revealed that the equation of producing CO was dominant at high temperatures. Based on the
gas—solid multi-phase reaction theory and a two-phase model for the fluidized bed, the mathematical description for the chlorination
reaction of rutile was proposed. The reaction parameters and the average concentration of gaseous chlorine in the emulsion phase
were estimated. The average concentration of emulsion phase in the range of fluidized bed was calculated as 0.3 mol/m’. The results
showed that the chlorination of natural rutile proceeded principally in the emulsion phase, and the reaction rate was mainly controlled

by the surface reaction.
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1 Introduction

Titanium tetrachloride (TiCly;) has been widely
utilized as intermediate materials for producing titanium
white (TiO,) and titanium sponge that are two major
products in titanium industry. In the production of TiO,
pigment by the chloride process, TiCl, is produced by the
high temperature fluidized bed chlorination of TiO,. In
China, at least 90.5% (by mass) of the titanium resources
are located in Panzhihua, belonging to magnetite with
high contents of CaO and MgO. Chlorination of TiO,
occurs at high temperatures in the temperature range
from 1073 to 1373 K, and it is a stable chloride. At these
temperatures impurities are also chlorinated, which
requires high-quality materials such as rutile, synthetic
rutile, or TiO,-rich slag [1].

BARIN and SCHULER [2] studied the chlorination
of pure titanium dioxide by putting TiO, and coke into a
reactor side by side. It was concluded that the
chlorination rate of TiO, with TiO,—C contact was faster

40-50 times that in the absence of carbon and, the
acceleration of chlorination decreased with TiO, and
carbon separating. YANG and HLAVACEK [3] studied
the chlorination kinetics of titanium dioxide (rutile and
anatase) with coke and carbon monoxide being reductant
in a fixed-bed reactor at 1073—1273 K. When C was used
as reductant, a solid—solid reaction was involved.
Reactivity was highly enhanced by solid carbon and it
was concluded that an activated C—TiO,—Cl complex
contributed to the enhanced reactivity. A reaction model
based on phase boundary control could be applied to the
experimental data.

BERGHOLM [4] chlorinated Australian rutile in the
presence of CO and carbon and suggested a rate-
controlling reduction step, followed by rapid chlorination
of the reduced rutile. The chlorination rate of C—Cl,
system was much higher than that on the CO—Cl, system.
In addition, the reaction rate with carbon being reductant
was dependent on Cl, concentration, but not CO. YOUN
and PARK [5], ZHOU and SOHN [6] developed a
mathematical model of fluidized-bed chlorination of
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rutile. However, kinetic data of carbochlorination of
Kenya nature rutile ores were not readily available in the
literature.

As a part of optimizing plant operation, a laboratory
study on the chlorination rates of Kenya natural rutile ore
was carried out for coke as reducing agents. In our study,
chlorination of rutile ore (powder, <150 pum, 93.29%)
was carried out. Temperatures of 1073—1273 K were
chosen as reaction temperatures. The total pressure of
102.1 kPa inside the reactor was kept. The combinations
of chlorine with solid carbon were used for chlorination.
The main objective of this study is to understand the
carbochlorination process of nature rutile by analyzing
the intrinsic kinetics and the effect of other factors on the
process, and to provide rate expression and other kinetic
data for design and scale-up purposes.

2 Thermodynamic analysis

The following two main reactions take place in the
boiling chlorination process of rutile:

TiOz+C+2C12:TiC14+COZ ( 1 )
TiO,+2C+2CL,=TiCl+2CO )

The corresponding Gibbs free energy of rutile
carbochlorination can be described by the following
equations.

2
® PcoPricl,
AGr = AGy +1n2—
pcp
or
® Pco, Prici,
AGy = AGp +ln—2 3)
Pci

Under normal operating conditions, for the above
two formulas, AG? <0, so the reactions (1) and (2) can
be spontaneous. Formulas may be seen as the compound
expression of the Boundouard reaction and TiO,—C—Cl,
reaction system. Suppose that the probability of
generating CO reaction is #, #=(pco/2)/(pco/2+pco,), the
actual production of # can be varied within a very wide
range of 0.01-0.99. The above two equations can be
jointly expressed as

TiO,+(1+1)C+2CL=TiCl;+24#CO+(1-#5)CO, “4)

The composition of furnace gas is complex in
carbochlorination process, containing CO, CO,, TiCly,
Cl,, and COCl,. Under normal boiling chlorinated
conditions, CO/CO, volume ratio is not only a reflection
of the reaction mechanism in the chlorination process,
but also an important index of chlorination process
stability [3,7-9].

When calculating the Gibbs free energies of the

nature rutile carbochlorination reactions, it is known
from reaction (4) that, under certain TiCl, partial
pressure pricy,, from (2+#)pric),<101.325 kPa, the 5 range
for thermodynamic calculation can be determined. The
results are shown in Figs. 1-3, where 5 values are 0.2,
0.4, 0.5 and 0.7; temperatures are 900, 1000, 1100, 1200,
1300 and 1400 K; partial pressures of TiCly (¢) are 0.1,
0.2, 0.3, 0.35, 0.4 and 0.45; the exhaust pressure is
101.325 kPa.

Results of thermodynamic calculations are given in
Figs. 1 under different TiCly partial pressures. Equation
(2) is dominant at high temperatures. This result is
consistent with YOUN’s analysis conclusion by
thermodynamic equilibrium theory [5]. The same trend
of calculating result for Fe,O;—C chloride system is
observed (see Figs. 2 and 4).

In the vent gas, the contents of Cl,, COCIl, and other
impurities are rarely, and the content of chlorine is less
than 1%. For the chlorination reaction of impurity oxides,
standard Gibbs free energy of oxides carbochlorination
reaction shows that chlorination reaction capacity of
Fe,0; is greater than that of TiO.,.

In the case of little content of oxide impurities, the
chlorinate gas partial pressure is less than that of the
titanium tetrachloride, and AG; of above oxide
chlorination reaction is more negative than AGy of TiO,
chlorination reaction under the same system. Thus the
reactions are more complete. The greater the ratio 7 to
generate the CO reaction is, the greater the reaction
affected by temperature is. The Gibbs free energy of
reaction is more negative at the high temperatures.
Meanwhile, with the ratio of # increasing, the impact of
product TiCl, partial pressure on the Gibbs free energy of
the reaction tends to decrease. When # is smaller, the
impact of partial pressure of product TiCl, on the Gibbs
free energy of the reaction is greater.

3 Experimental

A laboratory scale fluidized-bed reactor consisted of
a quartz tube (outer diameter 60 mm, wall thickness 2.5
mm, and length 1000 mm) that was placed in a self-made
tube furnace equipped with a temperature controller. A
porous disc divided the reactor into two sections,
supporting the bed and distributing the fluidizing gas
uniformly. The gases were metered through rotameters,
mixed, then entered the lower section of the reactor
where they were preheated. The product gases were
cooled in a condenser, then passed through two carbon
tetrachloride scrubbers, which removed the TiCl,; and
other metal chlorides. The unreacted chlorine was
absorbed in a caustic soda scrubber system.

The procedure usually followed was to preheat the
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Fig. 1 Gibbs free energy change curves of TiO,+2C+2C1,=TiCl;+2CO and TiO,+C+2CL=TiCl4;+CO;: (a) ¢r1ic;;=0.1; (b) @i, =0.2;

(©) ¢1ic1,=0.3; (d) ¢1ic1,=0.4
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Fig. 2 Gibbs free energy change curves of 1/3Fe,03+Cl,+C= 2/3FeCl;+CO and 1/3Fe,05+Cl,+1/2C=2/3FeCl;+1/2CO, (FeCl; at

partial pressure of 2 kPa): (a) @i, =0.2; (b) ¢1ic),=0.3

empty reactor to 1073 K, then continue heating while
fluidizing the bed material with nitrogen. When the
operating temperature measured by a thermocouple
immersed in the fluidized bed stabilized for 5 min at the
desired value, the nitrogen flow was discontinued and the
predetermined gas mixture (pure chlorine gas) passed
through the reactor for a specified period of time. At the

end of the run, the bed material was allowed to cool to
773 K while being purged with nitrogen. For samples of
oxide mixed with carbon, The conversion rate of TiO,, y,

is calculated by the following equation:

y= (1 _ mslangiOZ —slag J %100%

”nrutilen/lTiO2 —rutile
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Fig. 3 Gibbs free energy change curves of Eq. (4): (a) #=0.2; (b) #=0.4; (c) #=0.5; (d) n=0.7
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Fig. 4 Gibbs free energy change curves of 1/3Fe,0;+Cl,+(1+%)/2C=2/3FeCl;+7#CO+(1—1)/2CO,: (a) n=0.2; (b) #=0.4; (c) n=0.5; (d)

n=0.7

where myg,, is the chloride slag mass; mrio, siag is the TiO,
content in slag; my. is the natural rutile mass; mrio,giag
is the TiO, content in rutile.

The average particle size of Kenya natural rutile
was 187.234 pum. The particles can be fluidized by
smaller gas flow. The coke was a petroleum-derived
material with LOI of 94.94%. The total gas flow rate was
determined to be 4 times as much as the minimum
fluidizing velocity in order to make the materials mix
completely and temperature uniform within the bed, and
not cause excessive carryover of fine solids. The flow
rate was approximately 0.036 m*/h, and the initial mass
of ore was 200 g.

Particle size and morphologies were characterized
by scanning electron microscope (SEM, Model JSM—
6360LA, NEC), and micromeritics instrument (Norcross,
GA), respectively.

4 Mathematical model of gas—solid reaction
in fluidized bed

SEM micrographs of Kenya natural rutile particles

at different chlorination times are shown in Figs. 5(a)
and (b). The results, which have been confirmed in the
previous study, indicate that Kenya rutile is a nonporous
solid which does not undergo internal chlorination.
Therefore, the reaction occurs exclusively on the surface
of the particles.

In a batch-type fluidized bed, the fractional reaction
of each fluidized particle is presumed to be uniform
when the particles with the same size are fed to the
reactor at the same time. The following assumptions
were made on the chlorination of a single nature rutile
particle at 1073—1323 K.

Since the products are in gaseous state and no ash is
formed on the surface of the solid particles during
reaction, the reacting particle shrinks as the reaction is
going on, and finally disappears. The reaction can be
summarized as the following three steps: 1) Diffusion of
gaseous reactants, by which Cl, goes through the gas
film from the bulk of the gas stream to the surface of the
nature rutile solid particle; 2) Reaction of gaseous
reactants Cl, with the solid rutile particle on the
solid surface; 3) Diffusion of reaction products, by which
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Fig. 5 SEM images of chloride slag: (a) Particles chlorinated for 20 min; (b) Particles chlorinated for 50 min; (c) Single particle

chlorinated for 20 min; (d) Single particle chlorinated for 50 min

TiCly and CO, go through the gas film from the surface
of the solid into the bulk of the gas stream.

To determine the intrinsic kinetics, the reaction
conditions were chosen such that the mass transfer (steps
1 and 3) did not control the overall reaction rate. A small
amount of sample and high gaseous flow rate are
required for that. Flow amount is determined by
experiment. In this study, the resistance of mass transfer
is neglected, and chemical reaction becomes the sole
rate-limiting step (step 2). In this case, the chemical
reaction in the model of shrinking unreacted solid
particle was considered the rate-controlling step.

Assuming that the reaction is an irreversible
one-order reaction and the rutile particle is spherical.
Based on the above assumptions, the rate equation for
each sequential step is

dng
2 = 4nry’ky (C—C,) =
4nY D (C, - C) = 4m;k,C, (5)
To— 1

Then the overall rate equation is

n
‘;‘2 = 4 2kC (6)
where
2 2
l—i_f "o l_i +i I”_O (7)
k kg D\ 1) k.1

and by the chemical reaction equation (1), following
equation are obtained.

dnyicy, _
de

dn
—b—2 = dqr,*bkC
dr

After integration of the above equation, we have the
formula of the chlorination rate and time.
i+’"—°[1-(1-1%)2/3—313}+i[1—(1—1e)”3 _be,
3k, 2D, 3 k. ToPs

®)

Based on a two-phase model for the fluidized bed,
the fluidizing air stream blown into the bed from the
bottom is divided into two portions. One portion of
fluidizing gas flows through the emulsion phase at a
critical velocity uy,s and a uniform and continuous
emulsion phase (E) with particles forms. The remainder
rises through the bed in the form of gas bubbles whose
volume fraction in the bed is J. A mass balance with
regard to the fluidizing gas yields the following equation:
mass transfer between emulsion phase and gas bubbles
phase [10,11].

In order to derive the mass balance equation for Cl,
gas in the fluidized bed, the following two assumptions
are made: 1) The fluidized particles are completely
mixed within the bed, and the upward gas flow through
each phase is in plug flow; 2) The flow rate of fluidizing
gas is constant along the height of bed; (3) Due to the
small amount of reactant, we can ignore the volume
changes of gas caused by gas—solid reaction along the
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bed height; 4) We ignore the effect of the temperature
and concentration change in the fluidized bed radially
and the effect of fluidized bed wall.

Using the fluidized bed cross section S for the
bottom, taking sectional micro-element along the height
of bed dz, we can get a differential equation dV=Sdz.
Based on these assumptions, we have the following Cl,
gas mass balance equation for the gas bubbles [12]:

S0y OB = 501y 2B N g2 o S5K L (0n — )
at az Lf
)
and for the emulsion phase
1= 0)epg S0 = (1~ Sty
at az
Ng , >
L—47tr0 kgeg +SOK g (cg —cg) (10)

A

By applying the Laplace transformation technique,
we have

o

cg = [(a+b+c+d)explaz)—

(B+b+c+d)exp(fz)] (11)

Co

Cp= [(@a+b+a+d)exp(az)—

(a+b+ p+d)exp(fz)] (12)

where

Ak Ny 5Ky

CTS(1=0)uLy " T (1-6)upy

where ¢ is the concentration of Cl, gas at the bottom of
the fluidized bed, and o and f are the parameters of the
solutions of the following equation:

y2+(a+b+c+d)y+(ac+ad+bc)20 (13)

From Egs. (11) and (12), the concentrations of Cl,
gas in both gas bubbles and emulsion phase at any given
time can be calculated. By substituting the obtained
values of cg and cg in Eq. (13), the consumption of Cl,
gas in a time interval At is calculated. In gas bubbles, it is

L ((dn(Cl,) NB
CL)E =" /22| (A—dz 14
(n(CL,)) jo[ " jB( T (14)
and in the emulsion phase, we have
L (dn(Cl,) NE
CL)E =[] —=2| (A)—dz 15
n(Cly) Io(d[ jE()Lf (15)

The consumption of Cl, gas in the whole fluidized

bed is
n(Cl,) = (n(C1,))" +(n(Cl,))" (16)

The average concentration of Cl, gas in the height
range of 0—Ly is calculated. In gas bubbles, it is

_ CO

c. a+b+c+d

_ aly 1y _

“Lap o« )

ﬂ+b+c+d(eﬁLf 1
s

and in the emulsion phase, it is

Co=t

)] (17)

_ [a+b+c+d(eaLf_1)_
Le(a—p) a

ﬁ+b;C+d(eﬂL“—l)] (18)

It is necessary to estimate the parameters which
appear in the above equations. They are estimated from
the following empirical relationship and listed in Tablel.

It is shown from the shrinking core model that the
overall rate is determined by the inward diffusion of Cl,
gas through the outer oxide shell at 1173—1273 K. The
rate constant of interfacial reaction can be obtained from
the experimental data based on Eq. (18). The calculated
results of the kinetic parameters are listed in Table 2.

According to the Arrhenius equation, the apparent
activation energy (E,) can be calculated in the
chlorination process. At 1173—1273 K, the apparent
activation energy is 9.17 kJ/mol, showing that the
reaction rate is mainly controlled by the diffusion
control.

The chlorination of natural rutile particles in the gas
bubbles is virtually negligible and the rising gas bubbles
merely act as suppliers of chlorine gas to the emulsion
phase under the experimental conditions employed in
this work. Assuming the bubble phase has no solid
particles, according to the above parameters, the a is
approximately equal to zero. Bringing the parameters
into the expression of b,c and d, the results are obtained
as follows: 5b=538.3, c=11873.7, d = 9947 .2.

Bringing the above parameters into formula (13), «
and f can be obtained, and the initial concentration of C,
can be calculated approximately according to the
following equation:

PV=nRT (19)
Co=n/V=P/RT)=11.7 mol/m’

As the solid particles in the bubble phase are little,
we can approximately ignore the impact of the
concentration of chlorine gas along the bed height
distribution. Gas—solid reaction mainly occurs in the
emulsion phase. Bringing the above parameters into
formula (18) the average concentration of emulsion
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Table 1 Empirical relationship for calculating parameters and numerical values of parameters

Parameter Correlation equation Reference Numerical value
Uy u0=5uB(1—5)umf 0.0647
5 5=1~(Lni/Ly) 0.433
& & = A" (18Re +0.36Re?) [13] 0.65
Ly L= L 1=emd/(1=¢¢) [13] 0.0645

2
dy dy = L Y S ™ [13] 0.00064
g\Li—L 0711
ug up=ttg—tim+0.711(gdp)"? [13] 0.1364
1x107°)7"" | 1 1
D p 0T 1 1 [14] 0.000113
Py +rg )\ Ma My
v
KBE KBC KCE
1/2 _1/4
_ 44| Ut D g
Ko Kye = 4.5[ 0 j+5.85[ P 80.23
ngfuB 1/2
Kep =6.78 —2 [15] 892.9
dy
k,Ed, 179
kE gD =0.374Re" [16,17] 0.03

Table 2 Kinetic parameters of boiling chlorination reaction

Temperature/K [(kbc)/(rops)]/min s
1173 3.13%10? 0.9955
1223 3.27x107 0.9931
1273 3.39x10? 0.9957

phase is obtained.

When the reaction conditions are as follows:
gaseous chlorine flow 0.036 m*/h, inlet gas pressure 0.14
MPa, the addition amount of carbon 30% of the rutile
addition amount and the temperature 1173—1273 K, the
average concentration of chlorine in the milk phase is 0.3
mol/m’.

The average concentration of emulsion phase in the
range of fluidized bed is calculated as 0.3 mol/m’.

Based on the mathematical model, under the
condition of vigorous bubbling, the decrease of Cl,
concentration in gas bubbles is minor, which results in a
significant difference in Cl, concentration between both
phases. This is caused by the much higher upward flow
rate of Cl, in the form of gas bubbles than gas mass
transfer [18].

5 Conclusions

1) When using C as reductant, the thermodynamics
analysis of different TiCl, partial pressure systems show
that: TiO,+2C+2CL=TiCl;#2CO dominates at high
temperatures; Fe,O;—C chlorination system follows the
same law.

2) With the increase of the generating CO ratio, 7,
the effect of temperature increases, while the Gibbs free
energy at high reaction temperature is more negative;
meanwhile, with the # increasing, the effect of the partial
pressure of product TiCl, on Gibbs free energy decreases
in this reaction.

3) Using the two-phase model for the fluidized bed,
the interfacial reaction rate constant is determined by the
experiment. At 1173-1273 K, the apparent activation
energy is 9.17 kJ/mol, and the reaction rate is mainly
controlled by the diffusion control.

4) The average concentration of emulsion phase in
the range of fluidized bed is calculated as.0.3 mol/m’.

Nomenclature

C: Cl, concentration;

Cy: Initial concentration of Cl;

C;: Cl, concentration at the reaction interface;
Cs: Cl, concentration at particle surface ;

d,: Particle diameter;

dg: Bubble diameter in fluidized bed;

D: Diftusivity of Cly;

D.: Effective diffusivity of Cl, in rutile particle shell;
k:  Overall rate constant;

R: Reaction rate;

ky:  Gas film mass transfer coefficient;

o

. Rate constant of interfacial reaction;

Kpg:Gas exchange coefficient between gas bubbles and
emulsion phase;

Kpc.Gas exchange coefficient between bubble halo and

bubble phase;
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Kcg:Gas exchange coefficient between bubble halo and

emulsion phase;

Lg: Height of fluidized bed;

L. Height of fluidized bed at incipient fluidization;

M: Mole mass;

n:  Mole number;

Ng: Number of rutile particles in bubbles phase;

7i:  Radius of reaction interface;

ro:  Radius of particles;

S:  Cross sectional area of fluid bed;

t:  Time;

T: Thermodynamic temperature;

ug: Rising velocity of gas bubbles;

uo: Superficial velocity of fluidizing gas;

une: Incipient fluidization velocity;

Re: Reynolds number;

y:  Volume fraction of fluidized particles in gas bubbles;

0:  Volume fraction of gas bubbles in fluidized bed;

eme: Void fraction at incipient fluidization;

ps: Density of fluidized particles.

B: Gas bubbles;

E: Emulsion phase.
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