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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/m3. 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 (TiCl4) has been widely 
utilized as intermediate materials for producing titanium 
white (TiO2) and titanium sponge that are two major 
products in titanium industry. In the production of TiO2 
pigment by the chloride process, TiCl4 is produced by the 
high temperature fluidized bed chlorination of TiO2. 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 TiO2 
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 TiO2-rich slag [1]. 

BARIN and SCHULER [2] studied the chlorination 
of pure titanium dioxide by putting TiO2 and coke into a 
reactor side by side. It was concluded that the 
chlorination rate of TiO2 with TiO2−C contact was faster 

40−50 times that in the absence of carbon and, the 
acceleration of chlorination decreased with TiO2 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−TiO2−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−Cl2 
system was much higher than that on the CO−Cl2 system. 
In addition, the reaction rate with carbon being reductant 
was dependent on Cl2 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 μm, 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: 
 
TiO2+C+2Cl2=TiCl4+CO2                              (1) 
 
TiO2+2C+2Cl2=TiCl4+2CO                    (2) 
 

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

Θ
Θ +Δ=Δ
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Under normal operating conditions, for the above 

two formulas, ΘΔ TG <0, so the reactions (1) and (2) can 
be spontaneous. Formulas may be seen as the compound 
expression of the Boundouard reaction and TiO2−C−Cl2 
reaction system. Suppose that the probability of 
generating CO reaction is η, η=(pCO/2)/(pCO/2+pCO2

), the 
actual production of η can be varied within a very wide 
range of 0.01−0.99. The above two equations can be 
jointly expressed as 
 
TiO2+(1+η)C+2Cl2=TiCl4+2ηCO+(1−η)CO2           (4) 
 

The composition of furnace gas is complex in 
carbochlorination process, containing CO, CO2, TiCl4, 
Cl2, and COCl2. Under normal boiling chlorinated 
conditions, CO/CO2 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 TiCl4 partial 
pressure pTiCl4, from (2+η)pTiCl4

≤101.325 kPa, the η range 
for thermodynamic calculation can be determined. The 
results are shown in Figs. 1−3, where η values are 0.2, 
0.4, 0.5 and 0.7; temperatures are 900, 1000, 1100, 1200, 
1300 and 1400 K; partial pressures of TiCl4 (φ) 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 TiCl4 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 Fe2O3−C chloride system is 
observed (see Figs. 2 and 4). 

In the vent gas, the contents of Cl2, COCl2 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 
Fe2O3 is greater than that of TiO2. 

In the case of little content of oxide impurities, the 
chlorinate gas partial pressure is less than that of the 
titanium tetrachloride, and ΔGT of above oxide 
chlorination reaction is more negative than ΔGT of TiO2 
chlorination reaction under the same system. Thus the 
reactions are more complete. The greater the ratio η 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 η increasing, the impact of 
product TiCl4 partial pressure on the Gibbs free energy of 
the reaction tends to decrease. When η is smaller, the 
impact of partial pressure of product TiCl4 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 TiCl4 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 TiO2+2C+2Cl2=TiCl4+2CO and TiO2+C+2Cl2=TiCl4+CO2: (a) φTiCl4=0.1; (b) φTiCl4

=0.2;  
(c) φTiCl4=0.3; (d) φTiCl4

=0.4 
 

 
Fig. 2 Gibbs free energy change curves of 1/3Fe2O3+Cl2+C= 2/3FeCl3+CO and 1/3Fe2O3+Cl2+1/2C=2/3FeCl3+1/2CO2 (FeCl3 at 
partial pressure of 2 kPa): (a) φTiCl4

=0.2; (b) φTiCl4
=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 TiO2, χ, 
is calculated by the following equation: 
 

%100
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Fig. 3 Gibbs free energy change curves of Eq. (4): (a) η=0.2; (b) η=0.4; (c) η=0.5; (d) η=0.7 
 

 

Fig. 4 Gibbs free energy change curves of 1/3Fe2O3+Cl2+(1+η)/2C=2/3FeCl3+ηCO+(1−η)/2CO2: (a) η=0.2; (b) η=0.4; (c) η=0.5; (d) 
η=0.7 
 
where mslag is the chloride slag mass; mTiO2−slag is the TiO2 
content in slag; mrutile is the natural rutile mass; mTiO2−slag 
is the TiO2 content in rutile. 

The average particle size of Kenya natural rutile 
was 187.234 μm. 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 m3/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 Cl2 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 Cl2 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 
 
TiCl4 and CO2 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 
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Then the overall rate equation is 
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and by the chemical reaction equation (1)，following 
equation are obtained. 
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After integration of the above equation, we have the 
formula of the chlorination rate and time. 
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   (8) 
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 umf 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 δ. 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 Cl2 
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 Cl2 
gas mass balance equation for the gas bubbles [12]: 
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and for the emulsion phase 
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By applying the Laplace transformation technique, 

we have 
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where c0 is the concentration of Cl2 gas at the bottom of 
the fluidized bed, and α and β are the parameters of the 
solutions of the following equation: 
 

( ) ( )2 0y a b c d y ac ad bc+ + + + + + + =          (13) 
 

From Eqs. (11) and (12), the concentrations of Cl2 
gas in both gas bubbles and emulsion phase at any given 
time can be calculated. By substituting the obtained 
values of cB and cE in Eq. (13), the consumption of Cl2 

gas in a time interval Δt is calculated. In gas bubbles, it is 
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and in the emulsion phase, we have 
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The consumption of Cl2 gas in the whole fluidized 

bed is  
E

2
B

22 ))Cl(())Cl(()Cl( nnn +=                  (16) 
 

The average concentration of Cl2 gas in the height 
range of 0−Lf is calculated. In gas bubbles, it is 
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and in the emulsion phase, it is 
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It is necessary to estimate the parameters which 

appear in the above equations. They are estimated from 
the following empirical relationship and listed in Table1. 

It is shown from the shrinking core model that the 
overall rate is determined by the inward diffusion of Cl2 
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 (Ea) 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: b=538.3, c=11873.7, d = 9947.2. 

Bringing the above parameters into formula (13), α 
and β can be obtained, and the initial concentration of C0 
can be calculated approximately according to the 
following equation: 
 
PV=nRT                                   (19) 
C0=n/V=P/(RT)=11.7 mol/m3 

 
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 
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Table 2 Kinetic parameters of boiling chlorination reaction 

Temperature/K [(krbc)/(r0ρs)]/min σ2 

1173 3.13×102 0.9955 

1223 3.27×102 0.9931 

1273 3.39×102 0.9957 

 
phase is obtained. 

When the reaction conditions are as follows:  
gaseous chlorine flow 0.036 m3/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/m3. 

The average concentration of emulsion phase in the 
range of fluidized bed is calculated as 0.3 mol/m3. 

Based on the mathematical model, under the 
condition of vigorous bubbling, the decrease of Cl2 
concentration in gas bubbles is minor, which results in a 
significant difference in Cl2 concentration between both 
phases. This is caused by the much higher upward flow 
rate of Cl2 in the form of gas bubbles than gas mass 
transfer [18]. 
 
5 Conclusions 
 

1) When using C as reductant, the thermodynamics 
analysis of different TiCl4 partial pressure systems show 
that: TiO2+2C+2Cl2=TiCl4+2CO dominates at high 
temperatures; Fe2O3−C chlorination system follows the 
same law. 

2) With the increase of the generating CO ratio, η, 
the effect of temperature increases, while the Gibbs free 
energy at high reaction temperature is more negative; 
meanwhile, with the η increasing, the effect of the partial 
pressure of product TiCl4 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/m3. 
 
Nomenclature 
C: Cl2 concentration; 
C0: Initial concentration of Cl2; 
Ci: Cl2 concentration at the reaction interface; 
Cs: Cl2 concentration at particle surface ; 
ds: Particle diameter; 
dB: Bubble diameter in fluidized bed; 
D: Diffusivity of Cl2; 
De: Effective diffusivity of Cl2 in rutile particle shell; 
k: Overall rate constant; 
R: Reaction rate; 
kg: Gas film mass transfer coefficient; 
kr: Rate constant of interfacial reaction; 
KBE: Gas exchange coefficient between gas bubbles and

emulsion phase; 
KBC: Gas exchange coefficient between bubble halo and

bubble phase; 



Li-ping NIU, et al/Trans. Nonferrous Met. Soc. China 23(2013) 3448−3455 

 

3455

KCE: Gas exchange coefficient between bubble halo and
emulsion phase; 

Lf: Height of fluidized bed; 
Lmf: Height of fluidized bed at incipient fluidization; 
M: Mole mass; 
n: Mole number; 
NB: Number of rutile particles in bubbles phase; 
ri:  Radius of reaction interface; 
r0:  Radius of particles; 
S:  Cross sectional area of fluid bed; 
t:  Time; 
T:  Thermodynamic temperature; 
uB:  Rising velocity of gas bubbles; 
u0:  Superficial velocity of fluidizing gas; 
umf: Incipient fluidization velocity; 
Re: Reynolds number; 
γ: Volume fraction of fluidized particles in gas bubbles;
δ:  Volume fraction of gas bubbles in fluidized bed; 
εmf: Void fraction at incipient fluidization; 
ρs:  Density of fluidized particles. 
B:  Gas bubbles; 
E: Emulsion phase. 
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摘  要：以焦炭作还原剂，利用天然金红石和氯气制备四氯化钛。在 1173 到 1273 K 的温度范围内，对肯尼亚天

然金红石颗粒在间歇式流化床中的氯化反应热力学和动力学进行研究。体系的热力学分析显示：生成 CO 的反应

在高温下占主导地位；若生成 CO 反应的比率 η越大，且随着体系反应受温度的影响加剧，高温下反应的吉布斯

自由能越负；同时，η增大，产物中 TiCl4分压对反应的吉布斯自由能的影响趋于减小。应用气−固多相反应理论

和流化床两相模型建立反应的数学模型，计算了气泡相和乳相中模型的各种参数，床层高度范围内氯气的平均浓

度为 0.3 mol/m3。结果表明：天然金红石氯化反应主要在乳相中进行，反应速率主要由界面反应控制。 
关键词：天然金红石；热力学；动力学；气−固反应；流化床；两相模型 
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