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The kinetics of the ilmenite chlorination was studied between 600 and 950°C. The chlorination reaction rate was 
determined by monitoring the mass changes with a high-resolution thermogravimetric system. Non-isothermal 
and isothermal runs were performed. The mass loss was continuously monitored as a function of the reaction 
temperature, chlorine flow and sample mass. The solid residue and condensed phases were also analyzed by 
SEM, EDS and XRD. 
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INTRODUCTION 

The ores containing titanium minerais are widely distributed in many parts of the world. The two 

principal ores of titanium are rutile (Ti02) and ilmenite (FeTi03) . Rutile is the chief source of titanium. Some of 

the minor ores are Anatasa and Brokite, (Ti02), Ulvoespinele (Fe2Ti04), Perovskite (CaTi03), Pseudobrokite 

(Fe2Ti05) , etc. (DANA: 1997, 411). 

Ilmenite is the most abundant titanium-bearing mineral in nature. lt occurs as primary mineral in 

igneous and metamorphic rocks and accumulates in sedimentary or alluvial deposits. llmenite is currently used 

in the manufacture of titanium dioxide white pigment by means of the sulfate process. The increasing demand 

for rutile to make titanium tetrachloride for use in titaniun pigment and metal production has also led to 

considerable research to develop suitable methods for utilizing ilmenite in place of rutile for producing synthetic 

rutile from natural ilmenite. Among the methods proposed, the ilmenite chlorination has been subject of severa! 

publications (SOHN: 1999, 37), (BONSACK: 1992, 261). Chlorination process is based upon the iron selective 

chlorination, leaving the titanium oxide unreacted. The ilmenite chlorination process can be perforrned using 

different chlorinating agents and can involve severa! pretreatments. For instance, calcination followed by 

reduction and finally chlorination for remova! of iron as ferric chloride or oxidation roast followed by a 

reduction roast and then a final chlorination. 

The kinetics ofthe ilmenite chlorination was studied between 650 and 950 °C. The ilmenite chlorination 

rate was determined by monitoring the mass changes using a thermogravimetric system of high resolution. Non

isothemal and isothermal runs were performed. The mass loss was continuously monitored as a function of the 

reaction temperature, chlorine flow and sample mass. 

EXPERIMENTAL 

Materiais: Argon, 99,99% purity (AGA, Argentina), Cl2, 99,8 % purity (Indupa, Argentina) were used in this 

study. The raw material analyzed was a Venezuelan pre-concentrated Ilmenite (FeTi03). 

Thermogravimetric system: Mass changes occurring during the chlorination of the ilmenite were measured 

unsing a thermogravimetric analyser (TGA), which has been described elsewhere (Pasquevich: 1990). lt consists 

of an electrobalance (Model 2000, Cahn Instruments Inc.) suitable for working with corrosive atmospheres, a gas 

line, and a data acquisition system. This experimental set-up has a sensitivity of ± 5 11g while operating at li 00 

o c under a gas flow rate of 4-9 1/h, measured at normal temperature and pressure. 
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Figure 01 - schematic diagram ofthe bed flow reactor device 
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Bed llow reactor device: a ~l'ik'IHalic diagram oflhc bed llow reactor device is shown in Figure 01. The reactor 

was a quartz tube. The s:llllJ'k- was placed insidc a quartz crucible. The temperature of the hot zone was 

maintained by a fumace. lht· d1lorine gas was introduccd whcn the system was at the working temperature. At 

the end of a run, the reaclant ,c: ts was shut off and argon was introduced to purge thc reactor. 

Procedure 

Non-isothcnnal :111.! l"llht'llllal runs wcrc carncd llllt. ln hoth cases, the samplcs v.·crc placed within thc 

crucible and heatcd ai I 00'"( · tmtkr tlowing Ar to climinatc walcr. ln non-isothermal experiments, chlorine gas 

was injected at that tempcralurc and samplcs wcrc then heated in lhe resulting Ar-CI~ mixture (pCI2 = 33 kPa) up 

to 950°C The mass changcs wcrc continuously monitored during thc heating stagc. The heating linear rate used 

was of 2,7 K.min- 1
• ln the case of isothermal runs. lhe samples were heated in llowing Ar from 100°C to the 

selected reaction temperature. After temperaturc stabilization, chlorine gas was admittcd inlo lhe hang-down 

tube while the mass changes were continuously monitored. The apparent mass changcs wcre takcn into account 

to correct the experimental data (PASQUEVICH : 1990). ln particular, the data wcrc carcfully anal yzcd to 

determine the reaction "zero time". ln fact, it is well known that when a reacting gas is injccted into thc reaction 

zone, some time elapses before the inert gas is purged out of the system and the reactive atmosphere surrounding 

the sample is established. The suitable procedure to determine exactly the reaction zero time in the chlorination 

of solids with the thermogravimetric system used in this study has been described elsewhere (PASQUEVICH: 

1990). 

The ilmenite mass, as it was chlorinated, was thermogravimetrically monitored at regular time intervals 

of I second. The mass loss, !1M, was determined from these measurements as follows: L'1.M =Mi- Mt, where Mi 

and Mt are the initial ilmenite mass and the ilmenite mass at time t, respectively. 

ln some thermogravimetric runs, the chlorination reaction was stopped at selected conversion ratios, 

and a small fraction of the sample was examined by scanning electron microscopy (SEM 515, Philips Electronic 

Instruments), Electron Dispersive Spectroscopy, (EDS) and X-Ray Diffraction (XRD). 

RESULTS 

Thermodynamic considerations 

The standard free-energy change of the direct chlorination of ilmenite producing different iron 

chlorides, are shown as an Ellingham diagram in Figure 02. The plot allows to define whicb cblorides are the 

most favored to be produced (HSC: 1994). 

As shown, the formation of FeCI2 and FeCI3 is positive practically throughout the temperature range 

analyzed. On the other hand, the l'1G 0 for the formation of FeCI2- FeCI3 and FeOCI are negative, but FeOCI is 

known to be unstable above 200°C, while FeCI3 is gaseous at temperatures higher than 316°C and FeCI2 melts 

at 677°C Therefore, the chlorination of ilmenite through the formation of iron oxide, titanum oxide and iron 

trichloride is the most feasible . This result is indicating that the direct chlorination would not let to upgrade the 

sample in titanium oxide. 
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Figure 02- Ellingbam diagram (standard free-energy change). 

Effect oftemperature on tbe cblorination kinetics 

A. Non-isothermal runs 

The overall cornposition of the mineral indicates that ca 52,7 % corresponds to Ti02 witb a high 

therrnodynamic stability in chlorine atmosphere. ln fact, the chlorination reaction of Ti02 has a very positive 

.1G0 {6G0 950oc = 12,77 kcal/mol of Cl2). 

On tbe other hand, lhe direct chlorination ofMnO and Feü (.1G0 60ooc = - lO and - 3 kcal/mol ofCI2, 

respectively) are also therrnodynamically feasible. Mn is always prcsent in the ilncm1te particles occupying 

positions of the iron-manganese titanatc. Conscquently. the chlorination of Fc ano Mn causes the cbemical 

disruption ofthe ihmenite particles to occur. 
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Figure 03 - a) Stnrting sample. b) Non-isothemal chlorination 
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The non-isothemal chlorination of the mineral is represented by the TG curve in Figure 03b between 

room temperature and 950°C. The mass loss indicates that the chlorination reaction starts at ca. 185°C and it is 

mainly attributed to the volatilization of Fe as FeCI3, which is gaseous at temperatures higher than 315°C and 

Mn as MnClz with a vapor pressure of 3x I o-7 atm at 450 oc. 

B. lsothermal runs 

Mass loss measurements during isothermal experiments were performed at 7 different temperatures 

between 650 and 950°C, at intervals of 50°C. Figure 04 a) illustrates the isothermal termogravimetric runs, while 

Figure 04 b) shows a typical thermogravimetric curve, which corresponds to the ilmenite chlorination at 750°C. 
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Figura 04 - a) Isothermal termogravimetric runs, b) Typical thermogravimetric curve. 

As shown, three distinct zones with their own characteristics are clearly observed: the Zone I is a mass 

gain during a period of 50 seconds, which represents the initial stage of the ilmenite chlorination, and probably 

corresponds to the liquid FeCI2 and MnCh formation, as discussed in detail below. The mass gain is highly 

sensitive to temperature, decreasing from 650 to 850 °C, and it was not observed at higher temperatures. The 

Zone II is a mass loss period with a reaction rate approximately constant, as inferred from the linear mass loss. 

The mass change rate is practically constant at ali temperatures up to 850 oc. Finally, the Zone lll is the slowest 

mass loss stage, where the reaction rate continuously decreases and no discontinuities are observed in the curve. 

From Figure 04a where the effects of temperature on the three reaction stages are evident, the 

calculation of the apparent activation energy (Ea) were performed by applying the Flynn method. Ea was 

evaluated to be about 5 kcal/mol for the second stage, indicating a mass transfer control process, and 25 kcal/mol 

for the third period, probably due to a mixed or chemical control on the reaction. 

Effect of the chlorine gas flow rate 

As it is usual in solid-gas reactions, the effect ofthe total gas flow rate on the reaction rate was analyzed 

(Pasquevich: 1990) and results are summarized in Figure 05 a), where the TG curves at different chlorine flow 

rates are shown. lt is seen that the reaction rates are practically independent of the gas flow rate during the three 

stages, but the extension of the second stage is significantly different. This result is indicating that starvation 
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does not affect the reaction in the working temperature range. Nevertheless, when the total gas flow is increased, 

the vaporization of volatile chlorides is enhanced. 

Effect of the sample mass 

A further point to be analyzed was the mass transfer into the pores of the sample. lt was carried out by 

changing the depth and maintaining a constant shape of the solid bed. The relative mass loss against time at 

800°C, of two different initial mas ses of ilmenite, are plotted in Figure 05 b ). As sample mass was reduced, it is 

observed no effect on the reaction rate of the three stages, but, at smaller sample depth, the mass gain during the 

first stage is decreased because the vaporization of chlorides are faster than the formation of condensed phases. 
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Figure 05- a) Effect ofthe total gas flow rate, b) Effect ofthe sample mass 

Morphology changes during the ilmenite chlorination 

T= soo ·c 
pCI

2 
= 33 kPa 

Flow rate: 2 Vh 

M, = 11 ,07 mg 

2000 2500 

ln order to understand the type of chemical attack produced on the ilmenite particles, the reacted 

samples at different relative mass changes were analyzed. As can be seen in Figure 6a, the reacted particles up to 

~MIM = 0.06 at 650 °C, presenta smooth surface simi lar to the starting sample. When the particles reacted at 

750°C and after reaching a relative mass loss of 0.1, the surfaces showed a high levei of porosity with an average 

diameter of 0.2 J.lm (Figure 6b). At temperatures above 800°C, two types of morphologies of uncompleted 

reacted particles were observed: particles with well-faceted crystals grown on their surfaces, as shown in 

Figure 06c, and highly porous surfaces with pores that increases with temperature, as presented in Figure 06d. 

The faceted crystals present an average composition of Fe: 54 and Ti: 43 atm % and the porous surface is Ti: 

lOOatm%. The Mn concentration was noticeably lower than in the starting sample, below the limit of EDS 

detection. 

The crystal formation is certainly a complex process which may involves both solid recrystallization 

and gaseous-solid interactions. Solids may react through a multi-step process accompanied by recombination of 

gaseous products and formation of intermediate compounds. Actually, this effect has been observed in Ti02 

chlorination, when the gaseous products underwent the reverse reaction forming huge faceted Ti02 crystals with 

the typical crystalline habit rutile. The partia! pressure of TiCI4 at 950°C in those experiments was 0 .35k.Pa. 
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Hence, it is possible that during the ilmenite chlorination, chlorides of Ti and Fe may react with 0 2, depositing 

on unreacted particles and growing from the gaseous face. 

The surfaces highly porous may be generated by the flowing out of the volatile chlorides, which comes 

from tbe particles bulk. 

Figure 06- Morphology changes during the ilmenite chlorination. a) 650°C 1 J..LIDicm, b) 800°C 6 J.lm/Cm, c) 

900°C 4~Lmlcm, d) 950°C SJ.lm/cm. 

Condensed products formed during the ilmenite chlorina tion 

With the purpose to identify the solid residue ricb in Ti and Ti-Fe, XRD analyses were performed. 

Table 01 shows lhe phases identified in the solid residue ~fter chlorination using tbe reactor of Figure 01. At 

600°C, lhe MnCh with Ti02 and the unreacted ore, remained in the sample holder, in Zone m, the volatile FeC13 

has condensed as the main gaseous product. At temperatures above 750°C, the solid residue after complete 

chlorination was rutile and lhe condensed products were lhe volatile MnC12 and FeCI3. Tbese results are 

demonstrating that the direct chlorination of ilmenite let to upgrade Ti and to produce tbe completed elimination 

ofFe and Mn. 

Temperature Zone l Zone 2 Zone 3 
Rutile 

600 oc Ilmenite 
FeCh 

MnCh2H20 
---

Fe2Ti309 
750 oc Rutile MnCl2 FeCl3 
800°C Rutile MnCI2 FeCI3 

T able 01 - XRD of residues and condensed gaseous products obtained after cblorination 

in the reactor presented in figure O 1 
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The XRD pattem of samples chlorinated in the TG setup were compared at different rela tive mass loss 

and temperature. As can be seen in Table 02, below 850°C it is possible to detect rutile as the most abundant 

oxide formed, along with the generation of hematite and the formation of a new titanate (FezTi309). The last 

product may be formed by the solid-gas interactions, being favored by the slow remova! rate of gaseous products 

into the argon-chlorine flow in the thermogravimetric runs . At temperatures above 900°C, another titanate was 

identified (Fe3Ti30 10) , which involves iron in two oxidation states. ln fact, the gas-solid interaction between 

gaseous and solid products cannot be disregarded. Consequently, as chlorination of the ore progresses, the 

residue formed by the detected titanate are less reactive than ilmenite and it is an agreement with the slower 

reaction rate of the third stage. 

Temperature ·•· · < .. ·. . •·.·.·•· XRD ..... ·.·.·.· · .. 

650 oc Rutile, Fez Ti30 9, Hematite. 
700 oc Rutile, F e2 Ti 30 9, Hematite. 
750 oc Rutile, Fe2Ti30 9, Hematite. 
800 oc Rutile, Fe2Ti30 9, Hematite. 
850 oc Rutile, Fez Ti30 9, Hematite. 
900 oc Rutile, Fez Ti30 9, llmenite, Fez Ti05 

950 oc Rutile, FezTi30 10, llmenite. 
950 oc Rutile 100% 

Table 02 - XRD of the residues obtained by isothermal TG chlorination 

CONCLUSIONS 

The direct chlorination of ilmenite is an appropriate process for the elimination of iron and manganese 

by volatilization at temperatures above 600°C. 

The reaction occurs through the formation of intermediate titanates that diminish the reactivity of the 

ore with chlorine. 

The mass gain during the first stage of the chlorination process indicates that the formation of FeCI3 is 

through an intermediate step where the generation of a condensed phase take place. 

The interaction between solid and gaseous products are important at high temperatures. 

The reaction involves the breakdown ofthe structure ofthe ilmenite particles. 
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