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Abstract: Pilot scale chlorination of TiO2 was carried out with CO as reducing agent. The experimental analysis and modeling of 
chlorination process of TiO2 in the presence of CO and Cl2 in a semi-continuous fluidized bed reactor were aimed. Chlorination 
process was continuously monitored by measuring the amount of produced TiCl4 with time. The effects of different operating 
parameters including chlorination temperature, feedstock particle size and size distribution, amount of feedstock and Cl2 and CO 
flow rates on the conversion were systematically investigated. A gradual increase in chlorination temperature led to monotonous 
increase of conversion rate. Conversion decreased with increased particle size of feedstock. An increase in loaded feedstock led to a 
decrease in reaction conversion. A model was proposed to predict conversion, particle size distribution and mole fraction of 
components in gas phase as reaction proceeds. A good agreement between conversions predicted by the model and experimental data 
under various operating conditions was observed. 
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1 Introduction 
 

Titanium (Ti) is a metal with the properties of 
extreme stiffness, lightweight, high resistance against 
corrosion, low electrical and thermal conductivity,  
which make it a useful element for widespread 
applications [1−3]. Almost 95% of titanium is used for 
production of white TiO2 pigment [4]. Titanium 
tetrachloride (TiCl4) is an intermediate which is used for 
production of TiO2 pigment and titanium sponge [5−8]. 

Rutile (TiO2) and ilmenite (FeO·TiO2) are the two 
principal ores of titanium. Owing to its high titanium 
content and low levels of impurities, natural rutile has 
been used as preferred feedstock for the production of 
titanium dioxide pigment. The principle method in 
titanium ores treatment is concentration via conventional 
mineral beneficiation techniques. These methods  
include Kroll process, sulphate process and chloride 
process [9−13]. The chloride process is the prevalent 
process as it generates superior pigment with 
considerably fewer wastes. Commercial TiCl4 is 
produced via fluidized-bed chlorination of rutile or 
titanium feedstock at 1000−1050 °C in the presence of 
carbon as reducing agent. The chlorination of  

titaniferous ores/slags is performed by chlorine gas. 
Fluidized beds provide uniform temperature distributions, 
low pressure drops, and high heat/mass transfer rates in 
these processes [14−16]. 

BERGHOLM [17] studied the chlorination of 
titania feedstock with carbon and CO and found that the 
presence of carbon significantly improved the reaction 
rate. DUNN [18] investigated the chlorination of rutile 
with carbon and carbon monoxide and reported that 
small amounts of CO do not affect the reaction rate 
significantly. However, large additions tend to have a 
sharp negative effect on reaction kinetics [18]. The effect 
becomes more serious as carbon particle size decreases 
and the authors suspected that the CO absorbs onto the 
carbon surface which in turn prevents the other reagents 
from reaching the surface. BARIN and SCHULER [19] 
studied the solid carbon impact on the TiO2 chlorination 
in the presence of C12 and CO−CO2−C12 gas mixtures. 
These researchers used discs of rutile and graphite. The 
rate of chlorination of TiO2 was observed to be 40 to 50 
times faster with TiO2−C contact than that without 
carbon. The acceleration of the chlorination was 
attributed to the kinetic effect of solid carbon. In the case 
of impact of solid carbon, it is demonstrated that C12 is 
chemisorbed at active sites on the carbon surface and 
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forms C−C1 complexes which, subsequently dissociated 
and desorbed into the gas phase above 673 K [19]. 

Studies made about the C12−Ni and Cl2−Ti 
reactions in the presence of solid carbon also showed that 
activated chlorine species are generated on the carbon 
surface [19]. These species which are in the form of C1 
atoms or C1-containing radicals or activated Cl2 
molecules accelerate the chlorination of the metals under 
investigation [19]. DEN HOED and NELL [20] pointed 
out that the degree of chlorination increased with 
increasing carbon content, but decreased at 15% carbon. 
YOUN and PARK [21] developed a model for fluidized 
bed chlorination of rutile with coke for production of 
titanium tetrachloride. SOHN et al [22] investigated the 
fluidized bed chlorination of natural rutile in CO−Cl2 
mixtures. A rate equation was determined in the 
temperature range of 950−1150 °C. RHEE and    
SOHN [23] studied the chlorination of ilmenite with CO 
and proposed that the iron in ilmenite reacted with Cl2 
first and the liberated O2 is removed by carbon monoxide. 
They claimed that the reaction proceeds rapidly at first 
but then slows down. SOHN and ZHOU [24,25] studied 
the chlorination kinetics of titania slag with chlorine gas 
and petroleum coke. A rate equation was established 
incorporating the effects of temperature, chlorination 
partial pressure and initial particle size. MOODLEY   
et al [26,27] chlorinated two titania slags, rutile and 
synthetic rutile with petroleum coke and CO in a small 
bubbling fluidized bed reactor. Chlorination rate was the 
highest at 1000 °C; rutile chlorination significantly 
increased as temperature was increased from 800 to 
1000 °C. At 1000 °C, synthetic rutile had the highest 
chlorination conversion. NIU et al [28] investigated the 
thermodynamics and kinetics of Kenya natural rutile 
carbo-chlorination in a fluidized-bed. The thermo- 
dynamic calculations of TiO2−C−Cl2 system showed the 
stable presence of titanium tetrachloride and carbon 
monoxide when C was excess in the solid phase. The 
appropriate reaction conditions were as follows: reaction 
temperature of 950 °C, reaction time of 40 min, carbon 
content of 30% in rutile, natural rutile particle size of  
96 μm, petroleum coke size of 150 μm, and chlorine flow 
of 0.036 m3/h [28]. XIONG et al [29] investigated the 
effects of carbon/slag molar ratio, chloride amount and 
temperature on equilibrium molar ratio of CO to CO2 for 
off-gas produced by carbochlorination of titanium slag 
by thermodynamic calculation of equilibrium 
components of off-gas. Recently, numerous research 
works have focused on the selective chlorination process 
to achieve high purity rutile feedstocks [30−36]. WANG 
and YUAN [37] studied the reductive degree and rate of 
Bama ilmenite concentrate at different temperatures 
ranging from 850 to 1400 °C. Due to the presence of 
some impurities the degree of ilmenite reduction was 

decreased. They reported that the rate-controlling steps 
became different at different temperatures. XIONG    
et al [38] investigated the purification of crude titanium 
tetrachloride (TiCl4) through removing vanadium 
impurities. VOCl3 was converted to insoluble VOCl2 by 
reducing TiCl4 to TiCl3 through the reaction of Al 
powder with TiCl4 in the presence of white mineral oil. 
YUAN et al [39] used a multistage series combined 
fluidized bed reactor assembly to prepare TiCl4 in a pilot 
scale. The combined fluidized bed reactor showed proper 
anti-agglomeration ability because of MgCl2 and CaCl2 
accumulation on the surface of unreacted slag which left 
the reactor [39]. 

A laboratory study on the chlorination of anatase 
was carried out with CO as reducing agent. This work is 
coupled with the modeling of chlorination process of 
TiO2 in the presence of CO and Cl2 in a semi-continuous 
fluidized bed reactor. The proposed model can predict 
the conversion, the particle size distribution of TiO2 
particles and mole fraction of gases in the reactor. The 
conversion rate predicted by the modeling results was 
compared with the experimental data obtained under 
various operating conditions. The effect of different 
operating parameters on the conversion was investigated. 
The conversion, and the amount of TiCl4 produced 
during the chlorination process was continuously 
monitored as a function of time which provides an 
accurate estimation of chlorination process and 
chlorination product. This continuous monitoring of the 
TiCl4 production adopted in this work has higher 
accuracy for determination of amount of TiCl4 produced 
and distinguishes the present work from other works in 
the literature. The novelty of present work is that the 
conversion of chlorination was continuously monitored 
with reaction time by measuring amount of TiCl4 in a 
graduated cylinder obtained during the reaction. 
 
2 Experimental 
 
2.1 Materials 

The TiO2 (anatase) used in this work was an EC 
E171 grade provided by EINECS, India. The typical 
specifications of the TiO2 (anatase) as determined by 
X-ray florescence (XRF) analysis are listed in Table 1. 
The size distribution of anatase particles is given in Table 
2. The CO was used as reducing agent. The chlorine, 
carbon monoxide, and nitrogen gases were all supplied 
by Roham Gas Co., Ltd., Iran. 
 
Table 1 Typical specifications of TiO2 (anatase) used in this 

work (mass fraction, %) 

TiO2 K2O MgO Fe2O3 Al2O3 CaO Nb2O5

99.58 0.23 0.07 0.01 0.05 0.03 0.03 
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Table 2 Size distribution of anatase 

Anatase particle size/μm Mass fraction/% 

850 1.7 

420 30.7 

250 21.3 

180 10 

150 19.3 

75 14.7 

<75 0.6 

 

2.2 Apparatus and procedures 
The chlorination of anatase was carried out in a 

fluidized-bed reactor which consisted of a gas inlet 
system, a quartz reactor and a product gas cooling 
system. A schematic diagram of the experimental 
apparatus used in this work is shown in Fig. 1. The 
height of quartz reactor was 120 cm with internal 
diameters of 25 mm and 50 mm for lower and upper 
sections of the reactor, respectively. The internal 
diameter of upper section of reactor was adjusted to 
reduce the flow velocity and minimize the leaving 
particles from the reactor. 

An electric resistance furnace surrounds the quartz 
tube to ensure the required reaction temperature. In order 
to uniformly distribute the fluidizing gas, a porous disk 
was placed in the lower part of the quartz tube. The 
particulate feedstock containing titanium was poured on 
the distributer. The gas flow rate was measured using 
rotameters. Gas mixed, and entered fluidized-bed where 
they were heated. TiO2 feedstock was charged into the 

reactor at first, and then the N2 in the reactor was driven 
off by pumping nitrogen gas. After temperature reached 
the setting point, the nitrogen gas flew into the reactor 
was gradually decreased and replaced by the chlorine 
and CO gases. After the holding time elapsed, nitrogen 
was increased instead chlorine gas to drive residual 
chlorine gas. 

At the end of each test, the system was cooled at a 
controlled cooling rate so as to prevent any thermal stress 
and/or shock in the reactor system. The chlorinated slag 
was removed and weighed when its temperature fell 
down. The obtained TiCl4 was collected in a vessel and 
by probing its production with time, the reaction rate and 
the conversion were measured. Then, attempt was made 
to calibrate the product obtained by weighing the 
obtained TiCl4. 

The final degree of conversion (Xf) was calculated 
by the following equations: 
 

chlorinated
f

initial

100%
m

X
m

                          (1) 

 
mchlorinated=minitial−mbed                                        (2) 
 
where mchlorinated is the chlorinated mass (g), minitial is the 
mass of initial feedstock (g), and mbed is the mass of 
feedstock remaining in the bed (g). The ultimate 
conversion at the end of chlorination process was 
determined by above equations. Then, the conversion 
rate (X) at any time was determined from ultimate 
conversion (Xf) at the end of chlorination process and the 
amount of TiCl4 produced at that time (

4TiClm ) by 
continuous monitoring. 

 

 

Fig. 1 Schematic diagram of experimental apparatus used in this work: 1—Rotameters; 2—Furnace; 3—Thermocouple; 4—Gas 
distributor; 5—Solid reactant; 6, 7—Thermocouples; 8—Cyclone; 9, 10—Cooling tubes; 11—Trap; 12—Graduated cylinders;    
13—Trap; 14—NaOH quench tower (NaOH scrubber); 15—NaOH solution reservoir; 16—Pump 
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The conversion at any time was calculated by the 
following equation: 
 

4

4

TiCl
f f

TiCl

m
X X

m
                               (3) 

 
where 

4

f
TiClm  is the mass of TiCl4 produced at the end 

of chlorination process. 
The parameters of the experiment set are given in 

Tables 3−7. The effects of operational parameters such  
as chlorine gas flow rate (Table 3), amount of  
feedstock (Table 4), CO gas flow rate (Table 5), 
feedstock particle size distribution (Table 6) and  
reaction temperature (Table 7) on the efficiency and 
productivity of the TiCl4 product were studied in this 
work. Moreover, attempt was made to simulate the 
chlorination process of titanium containing feedstock by 
mathematical modeling, and the results were compared 
with the experimental data obtained from chlorination 
process. 
 
Table 3 Effect of chlorine gas flow rate on chlorination  

process 

No. 
mTiO2/ 

g 

Particle 
size 

range/μm 
T/°C 

v(CO)/ 
(L·min−1) 

v(Cl2)/ 
(g·h−1)

v(N2)/
(L·min−1)

1 25 180−420 1050 1 50 0.3 

2 25 180−420 1050 1 75 0.3 

3 25 180−420 1150 1 50 0.3 

4 25 180−420 1150 1 75 0.3 

 
Table 4 Results of amount of feedstock 

No. 
mTiO2/ 

g 

Particle 
size 

range/μm 
T/°C 

v(CO)/ 
(L·min−1) 

v(Cl2)/ 
(g·h−1)

v(N2)/ 

(L·min−1)

1 25 180−420 1150 1 75 0.15 

2 50 180−420 1150 1 75 0.15 

 

Table 5 Effects of CO flow rate on chlorination process 

No. 
mTiO2/ 

g 

Particle 
size 

range/μm 
T/°C 

v(CO)/ 
(L·min−1) 

v(Cl2)/ 
(g·h−1) 

v(N2)/ 
(L·min−1)

1 25 180−420 1150 0.5 75 0.15 

2 25 180−420 1150 1 75 0.15 

 

Table 6 Parameters of chlorination at 1150 °C for different size 

distributions 

No. 
mTiO2/ 

g 

Particle 
size 

range/μm 
T/°C 

v(CO)/ 
(L·min−1) 

v(Cl2)/ 
(g·/h−1)

v(N2)/
(L·min−1)

1 25 180−420 1150 1 75 0.15 

2 25 420−850 1150 1 75 0.15 

3 25 <180 μm 1150 1 75 0.15 

Table 7 Parameters of chlorination reaction at different 

temperatures 

No.
mTiO2/

g

Particle 
size 

range/μm
T/°C

v(CO)/ 
(L·min−1) 

v(Cl2)/ 
(g·h−1) 

v(N2)/ 
(L·min−1)

1 25 180−420 1050 1 75 0.15 

2 25 180−420 1150 1 75 0.15 

 
2.3 Mathematical modeling of reactor 

The mass balance for TiO2 consumption is given by 
the following equation: 
 

2

2

TiO
TiO r

d

d

m
R SM

t
                            (4) 

 
where 

2TiOR  is the rate of TiO2 consumption, S is the 

surface area of particles at any time and rM  is the 

relative molecular mass of TiO2. The 
2TiOR  and S 

parameters are defined as follows: 
 

2 2TiO Cl CO
n mR kp p                              (5) 

 
k=k0exp[−E/(RT)]                             (6) 
 

2

1

4
N

i i
i

S n r


  , 
.3

s
4

( )
3

io
i

io

m
n

r



                (7) 

 
where 

2Cl
np and CO

mp are the pressures of Cl2 and CO, 

respectively; ρs is the density of TiO2 particles; ri0 is the 

particle radius at the instant t=0; and mi0 is the mass of 

particles with radius ri0. 
The change of particles’ diameter in each population 

was determined by 
 

2TiO r

s

d

d
i

R Mr

t





 (i=1…N; 3

s
4

3i i im n r  )       (8) 

 
where ri is the particle radius at time t, and mi is the mass 
of particles with radius ri. 

The mass balance of components in gas phase by 
assuming the reactor as a CSTR reactor can be written as 
 

fd

d
j

j j g j

y
VC F Cy Q R S

t
    ( j=CO, Cl2, TiCl4, CO2) 

 (9) 

2 2CO Cl TiO2R R R                           (10) 

4 2TiCl TiOR R                               (11) 

2 2CO TiO2R R                               (12) 
 
where V is the volume of the reaction section in the 
reactor, C is the total concentration of gases, and yj is the 
mole fraction of matter j in the gas phase. 

The total volume flow rate is given by 
 

2g,in TiO r
g

g

m R SM
Q







                       (13) 
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where g,inm  is the mass flow rate of input gas mixture 
and ρg is the gas density. The ρg is given by 
 

av
g rCM                                  (14) 

where av
rM  stands for the average relative molecular 

mass of gas phase. The C and av
rM  parameters are 

defined as 
 
C=p/(RT)                                  (15) 

5
av
r ,

1
j r j

j

M y M


                             (16) 

2

4

N
1

1 j
j

y y


                               (17) 

 
The ordinary differential equations ((4), (8) and (9)) 

and other algebraic equations ((5)−(7), (10)−(17)) were 
solved using MATLAB Ode solver in a variable step 
mode with respect to time, simultaneously. 

Assuming the uniform particle size distribution of 
TiO2 particles, the following equation was used 
[22,24,25,40]: 
 

2

1
Cl CO1 (1 )1/3 n mX kd p p                      (18) 

 
The values of m, n and E were obtained by plotting 

1−(1−X) 1/3 versus time and calculation of the slope of 
plots at the low conversion rates under various operating 
conditions. The obtained values were as follows: n=1.18, 
m=0.65 and E=110.24 kJ/mol, where E is the activation 
energy. 
 
3 Results and discussion 
 
3.1 Effect of chlorine gas flow rate 

The effects of chlorine gas flow rate at two different 
temperatures on the chlorination process are given in 
Table 3. At 1050 and 1150 °C, the conversions obtained 
for chlorine gas flow rates were set at 50 and 75 g/h, 
respectively. 

The effects of flow rate of chlorine on the 
conversion and reaction rate of anatase feedstock at two  

different temperatures are shown in Fig. 2. The data in 
Fig. 2 further show that at a given chlorination 
temperature, the conversion in terms of initial slope of 
conversion vs time tends to increase as the chlorine gas 
flow rate is increased. Moreover, at a fixed chlorine gas 
flow rate the data reveal that the conversion enhanced as 
the chlorination temperature was increased from 1050 to 
1150 °C. The increased conversion with an increase in 
the chlorine gas flow rate can be due to the intensity 
during the chlorination reaction at higher flow rates. The 
results also show a good agreement between the 
experimental data and model results. 

The model predictions for variation of particle size 
distribution at different time for two concentrations of 
Cl2 (50 and 75 g/h) are shown in Figs. 3 and 4, 
respectively. According to Figs. 3 and 4, the smaller 
particles undergo a faster mass reduction owing to their 
higher surface area and this trend is more pronounced 
when the  flow rate of Cl2 is 75 g/h. This finding is 
consistent with the data reported in Refs. [21,25,28]. 

 
3.2 Effect of amount of feedstock 

The data obtained for chlorination process of TiO2 
feedstock at two levels of initial feedstock with the 
particle sizes in the range of 180−420 μm are displayed 
in Table 4. These data can provide insight into the effect 
of feedstock loading on the conversion of anatase ore. 

The conversion rate vs time plots for two levels of 
feedstock (25 and 50 g) obtained at 1150 °C are shown in 
Fig. 5(a). Figure 5(a) further displays that the conversion 
rate of 25 g feedstock is significantly higher than that of 
50 g feedstock. The large amount of initial feedstock 
may hinder the efficient mass and heat transfer during 
the chlorination process, which in turn is manifested by a 
decrease in the conversion. Moreover, an increase in the 
anatase feedstock would lead to a decrease in the (CO, 
Cl2)/TiO2 mole ratio which means that a lower amount of 
CO reluctant and Cl2 are available for chlorination 
process of anatase feedstock. As a result, the conversion 
is  decreased  as  the  (CO,  Cl2)/TiO2  mole  ratio  was  

 

 
Fig. 2 Effect of flow rate of chlorine on ultimate conversion (X) of anatase at different temperatures: (a) 1050 °C; (b) 1150 °C 
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Fig. 3 Particle size distribution evolution with time at 1050 °C and Cl2 flow rate of 50 g/h: (a) t=0 min; (b) t=10 min; (c) t=20 min;  

(d) t=40 min; (e) t=60 min; (f) t=100 min 

 

 

Fig. 4 Particle size distribution evolution with time at 1050 °C and Cl2 flow rate of 75 g/h: (a) t=0 min; (b) t=10 min; (c) t=20 min;  

(d) t=40 min; (e) t=60 min; (f) t=80 min 
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Fig. 5 Conversion vs time for different feedstock masses 

2TiOm  at 1150 °C (a), mole fraction of reactor outlet gases vs 

time for 
2TiOm = 50 g (b) and 

2TiOm = 25 g (c) 
 
reduced. This decrease in reaction rate and conversion 
rate is due to a decrease in the Cl2 and CO gas in reactor 
as shown in Figs. 5(b) and (c). 

Figures 5(b) and (c) show that the concentrations of 
Cl2 and CO in the reactor are not constant during the 
reaction time. Upon consumption of TiO2 with time, the 
concentrations of Cl2 and CO in the reactor approach to 
those of inlet values and after complete conversion in 
Figs. 5(b) and (c), the mole fractions of TiCl4 and CO2 at 
the reactor outlet become zero and the mole fractions of 
Cl2 and CO turn into the inlet values. 

3.3 Effect of CO flow rate 
The effects of CO flow rate on the conversion of a 

given anatase sample during the chlorination process for 
certain operational conditions are given in Table 5. 

The effects of CO flow rate on the conversion of 
TiO2 feedstock at 1150 °C are shown in Fig. 6. 
Regarding the data presented in Fig. 6 the effect of CO 
flow rate on the conversion of chlorination reaction can 
be investigated. As seen in Fig. 6, the conversion and 
reaction rate increase as the CO flow rate increases. 
Considering the fact that CO serves as reducing agent in 
the chlorination process, the increase in the CO flow rate 
promotes the chlorination reaction and is favorable to the 
kinetics of chlorination process [28]. 
 

 

Fig. 6 Effect of flow rate of CO on conversion of anatase 

feedstock at 1050 °C 

 
3.4 Effect of size distribution at 1150 °C 

The results of chlorination process for feedstocks of 
different particle size distributions at the temperature of 
1150 °C are summarized in Table 6. 

The conversion vs time plots for different 
feedstocks obtained at 1150 °C are shown in Fig. 7(a). 
Figure 7(a) also demonstrates the effect of particle size 
of anatase on the conversion. As seen, the feedstock with 
particle sizes less than 180 μm reveals the highest 
conversion and reaction rate as compared with the other 
feedstocks. This may be due to the fact that the larger 
particles have smaller specific surface area (Fig. 7(b)), 
which adversely affects the kinetic conditions of 
chlorination reaction [28]. The smaller feedstock 
particles with greater specific surface area are more 
favorable for chlorination reaction. 

Figures 7(b) and 8 demonstrate that the reduction in 
contact surface area of particle becomes more intense as 
the particle size decreased. The data reveal that the 
smallest particles show the highest drop in surfaces area 
as a function of reaction time. As mentioned, the surface 
area of the particles gradually increases as the particle 
size decreases. The increase in contact surface area is 
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Fig. 7 Conversion vs time (a) and reaction area vs time (b) for feedstocks of different particle sizes at 1150 °C 
 

 
Fig. 8 Particle size distribution evolution with time at 1050 °C and Cl2 flow rate of 75 g/h for feedstocks with different particle sizes: 
(a) 420−850 µm; (b) 180−420 µm 
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favorable to greater reaction rate and conversion rate. 
Consequently, the decrease in contact surface area with 
time is more significant for smaller particles than that of 
the larger ones. The above mentioned results are in a 
good agreement with research works by YOUN and 
PARK [21], SOHN and ZHOU [25] and NIU et al [28]. 
 
3.5 Effect of reaction temperature 

The results of chlorination process at two operating 
temperatures (1050 °C and 1150 °C) for feedstock with 
the particle sizes in the range of 180−420 µm are listed in 
Table 7. 

The conversion vs time plots for feedstock with 
particle sizes in the range of 180−420 µm obtained at 
different temperatures are shown in Fig. 9. From Fig. 9, 
one can see the effect of temperature on the conversion 
and reaction rate. As seen, the slope of initial stage of 
conversion vs time curves gradually increases as the 
chlorination temperature was increased, indicating that 
the conversion tends to increase with the chlorination 
temperature. The difference between the experimental 
conversion data for chlorination at 1050 and 1150 °C 
(Fig. 9) is insignificant up to 40 min of reaction time; 
afterwards the difference between the conversions 
appears. These findings are again confirmed by the 
results of other researchers [21,22,25−28]. 
 

 

Fig. 9 Conversion vs time for feedstock with particle size in 

range of 180−420 µm at two different temperatures 

 
As seen in Fig. 9, the reaction rate and conversion 

undergo a considerable increase as the temperature was 
increased. This is because the reaction rate of particles 
with Cl2 and thereby the generation of TiCl4 is enhanced 
at higher temperature. As a result, the rate of contact 
surface area reduction becomes more intense with 
increasing temperature. Figure 9 shows that there is a 
good agreement between the experimental data and 

theoretical results. 
 
4 Conclusions 
 

1) Chlorination of TiO2 was carried out in the 
presence of CO as reducing agent. The effects of 
chlorination temperature (1050 and 1150 °C), feedstock 
particle size and size distribution, amount of feedstock 
and Cl2 and CO flow rates on the conversion and the 
reaction rate were studied experimentally and 
theoretically. 

2) A new model was developed to predict changes 
in particle size distribution with time, conversion rate 
and molar fraction of components in the gas phase as 
reaction proceeds inside the reactor. The predictions of 
the proposed model for the conversion rate at different 
temperatures, various concentrations of CO and Cl2, 
different amounts of TiO2 fed into the reactor and 
different sizes of feedstock particles were in good 
agreement with the experimental data. 

3) The effects of operating conditions including 
feedstock particle size and size distribution, amount of 
feedstock, chlorination temperature, and Cl2 and CO 
flow rates on the conversion were also studied. In case of 
TiO2 (anatase) feedstock with the particles in the range 
of 180−420 µm, it was found that with gradual increase 
in chlorination temperature from 1050 to 1150 °C, the 
conversion rate and reaction rate were monotonically 
increased. 

4) In the case of size and size distribution, the 
highest reaction rate was obtained for anatase feedstock 
containing particles smaller than 180 µm. It was 
observed that an increase in loading of feedstock led to a 
decrease in conversion rate and reaction rate. Increase in 
the chlorine gas flow rate at both 1050 and 1150 °C 
increased the conversion and reaction rate as the chlorine 
gas flow rate was increased. The conversion rate of 
anatase was increased as the CO flow rate of chlorination 
process was increased from 0.5 to 1 L/min. 
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影响流化床反应器中 TiO2氯化反应速率和 
转化率的参数：实验和模拟方法 

 

Hossein BORDBAR, Hossein ABEDINI, Ali Akbar YOUSEFI 

 

Iran Polymer and Petrochemical Institute, P. O. Box 14965-115, Tehran, Iran 

 

摘  要：以 CO 为还原剂，进行中试规模的 TiO2氯化。在 CO 和 Cl2存在的条件下，对半连续流化床反应器中的

TiO2 氯化过程进行实验分析和模拟。通过测量 TiCl4 生成量随时间的变化，连续监测氯化过程。系统研究氯化温

度、原料粒径和粒度分布、原料量、Cl2和 CO 流速等操作参数对转化率的影响。逐渐升高氯化温度导致转化率单

调上升。随着原料粒度的增大，转化率降低，负载量的增加导致反应转化率下降。提出一个预测反应过程中转化

率、粒径分布和气相组分摩尔分数的模型。在不同的操作条件下，模型预测的转化率与实验数据吻合良好。 

关键词：氯化；TiCl4；模拟；粒度分布；转化 
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