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1. INTRODUCTION
Titanium metal has become known as a space-age metal because of its high strength-to-densityratio and inertness to many corrosiveenvironments. Titanium is mainly utilized in theform of titanium dioxide (TiO2) as paint filler,paper, rubber and plastic industries [1], and thedemand for titanium pigment is growing steadily[2]. Titanium minerals are also processed toproduce metallic titanium and titaniumcompounds, particularly titanium carbide (TiC)and nitride (TiN), which are used in themanufacture of composite materials and ceramicsor as catalyst.Production of Titania white pigments andmetal titanium include processing of titaniumminerals to titanium tetrachloride. Chlorinationof titanium dioxide is carried out almostexclusively by fluidised-bed process, whichrequires high temperature of 800-1100 °C, andinvolves the use of petroleum coke (250-400 kg/tTiO2) as the reducing agent. Existing technologyfor titanium tetrachloride production requiresminerals of high quality, with low impuritieslevel, which are processed prior to chlorination to

synthetic rutile or TiO2-rich slag [3].Titanium oxycarbide can be chlorinated at lowtemperatures. Mostert et al.[4-5] reported thatcarbonitride produced by reduction/nitridation oftitanium oxide from ilmenite and titanium slagwas chlorinated at 200-500 °C. In the lowtemperature chlorination, impurity-oxides do notchlorinate or chlorinate very slowly [6]. Thispermits selective chlorination of titaniumoxycarbide, decreases the chlorine consumptionand waste generation, and makes the wholetechnology of ilmenite processing more efficientand environmentally friendly.Kinetic study of the Titanium dioxidereduction by methane was not reported inliterature. The purpose of this work is to obtainkinetic parameters of reduction of Titaniumdioxide, TiO2, with methane, toward assessingthe feasibility of using methane to producemetallic titanium and titanium compounds.
2.THERMODYNAMIC CONSIDERATIONS 

The reduction of titanium dioxide with carboncarries out in the temperature range 1200 K to1500 K. The Free enthalpy change and the overallreaction are as follows [7]:
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(1)
Methane also has a strong reducing capability,and can react at lower temperature simply:

(2)
Consider a general equation, as follows:

(3) 
where R and P represent reactants andproducts, and and are the stoichimetriccoefficients of reactants and products,respectively. The equilibrium constant of thisreaction can be calculated from the followingequation [7]:

(4)
where K is the equilibrium constant of thereaction and Kf,R and Kf,P are equilibriumconstants for the formation of reactants andproducts, respectively. From equation (4), theequilibrium constants of Reactions (1)(carbothermal reduction) and (2)(methanothermal reduction) are computed andtabulated in Table 1 in which Kc and are theequilibrium constants for the Reactions (1) and(2) respectively. Table 1 shows that methanereagent has greater reducing capability thancarbon, which creates a potential to decrease theoperating temperature of reduction of Titaniumdioxide. Table 1 also shows the equilibrium constantfor hydrogen reduction ( ) of titaniumdioxide. From this we can discover that hydrogenreaction with TiO2 is thermodynamicallyimpossible. Hydrogen reduction of titaniumdioxide can be represented as follows:

(5)

3. EXPERIMENTAL SETUP
The evolved gas analyzing method was usedfor determination of the extent of reduction rate.

The experimental setup is shown in Figure 1. Thevertical type electric high temperature furnace(Model HT 08/17, Ceramic Engineering,Australia) has been used for heating the reactor tothe reduction temperatures. The pellets weremade using titanium dioxide powder. The systemwas heated to the desired temperature under aninert gas stream such as argon. Then theisothermal period begins and after temperaturestabilization, the reducing gas (a mixture ofCH4/H2/Ar) is introduced from the top of thereaction tube. The gas streams passed through theHydropurge gas purifiers filled with 4Amolecular sieve to remove moisture. Thecomposition of reducing gas was achieved byprecisely controlling the flow rate of each gaswith Brooks mass flow controllers. Directmeasurement of temperature in the vicinity of thesolid pellet was difficult to implement. Athermocouple was shielded by a sheath and thetemperature of gas mixture at the inlet of reactionchamber was measured. The reducing gas was themixture of methane with high purity (99.95%),hydrogen with super high purity (99.999) andargon with high purity. The use of argon as aninert gas facilitated adjusting of gas compositionand provided a reference for calculation of off-gas flow rate. The gases were provided by BOCGases, Australia, in gas cylinders.The scheme of the reactor used in theexperiments is depicted in Figure 2. Arecrystallised alumina tube of 8.6 mm innerdiameter was used as a sample holder. A porousmagnesia plug was fixed at the tube bottom by analumina pin. The temperature at the inlet of thetube was measured by a type B thermocouple andis referred as the reduction temperature. Theinner tube was inserted into an outsiderecrystallised alumina sheath of 19.0 mm inner
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Table 1. Equilibrium constants for carbothermal (1) andmethanothermal reduction of (2).
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diameter. The inner tube, outside sheath andthermocouple sheath were fixed by special metalfittings and sealed with O-rings.The outlet gas stream also leaves the systemfrom the top of reaction tube, firstly passedthrough a dew point sensor for evaluating watercontent of the outlet stream then passed from theonline infrared CO/CO2/CH4 gas analyzer. The mole fraction of methane in the input gasmixture was fixed at 5 %. The titanium dioxide(TiO2) powder employed in the study is rutilewith a TiO2 content of 99.9+ % and with a meanparticle of about 2 microns that was supplied byAldrich Chemical Company, Inc. (MilwaukeeWI, USA, Catalog number 22422-7). The sizes of

particles were calculated by using the averagespecific surface area of pellet that measured byBET analysis. Titanium dioxide pellets were made bymechanical pressing of the powder in a pressingmould (1500 kg/cm2 ). The pellets were assumedsemi-spherical in kinetic modeling.The reduction experiments were carried out inthe temperature range of 1150-1450°C underatmospheric pressure. Experiments wereconducted with excessive reducing gas.Preliminary experiments showed that the reactionrate was not affected by the gas flow rate if theflow rate is greater than 1 L/min, therefore a totalgas flow rate was maintained at 1 L/min whichmeans that external mass transfer resistance wasnegligible during the reaction.Phase composition of products was measuredby powder X-ray diffraction (XRD, SimensD5000). A sample was ground to fine powder andclosely packed in the cave of a plastic sampleholder. The diameter of the cave was 10mm. TheX-ray Diffractometer has a monochromator and acopper K X-ray source. The voltage and currentexerted on to the X-ray emission tube were set at30 kV and 30 mA, respectively. The scanningwas performed from 20 to 80°. The scanning rateof samples of reduced titanium dioxide was set at0.75° /min with a step of 0.05 °.
4. FORMULATION OF KINETIC MODEL

The methanothermal reduction of titaniumdioxide is expressed by Equation (2). The“conversion” is defined as the oxygen loss of asample at a given time divided by the sampletotal oxygen when it is unreacted, i.e., totalconversion is defined when all oxygen atoms areliberated from reactant sample. Thus, theconversion-time curves can be obtained from thegas analyzer data using the following relation:
(6)

where , and are molar rate of CO, CO2 and H2O production respectively and W0 isthe initial pellet weight, is the molecularweight of titanium dioxide.The grain model introduced by Szekely et al.
2TiOM
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Fig. 1. Flow diagram of experimental system for kineticstudy of reduction of titanium dioxide.

Fig. 2. Schematic of experimental reactor.
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was used to analyze experimental data. Thismodel is well described in the literature [8] andonly a brief development is offered here.The titanium dioxide-methane reaction may berepresented by the following equation:
(7)

where b and d are stoichiometric coefficientsof the solid reactant B and solid product D,respectively and c is the stoichiometriccoefficient of the product gas. The modeling isbased upon the following assumptions:
1. The pellet retains its initial size throughoutthe reaction2. The reaction system is isothermal 3. The external mass transfer resistance isnegligible 4. The reaction is irreversible and first orderwith respect to methane concentration5. The pseudo-steady approximation is valid.

The solid reactant is visualized as beingcomposed of a large number of highly dense,spherical grains. Each of these grains reactsindividually according to unreacted shrinkingcore model. In the overall pellet, however, thereaction occurs in a zone rather than at a sharplydefined boundary. Reactant gas undergoes masstransfer from the bulk gas stream to the pelletsurface. From the surface the gas must diffuse toarrive at a sharp interface between the grainparticle and the product layer for reaction to takeplace.
4. 1. Calculation of Rate Constant

In the starting of reaction, for calculating ofrate constant we use simple grain model and weneglect the ash layer resistance in the vicinity ofzero time for first step. The dimensionlessgoverning equations of the simple grain modelfor spherical pellet with spherical grains are asfollows [9]:
(8) 

(9)
With the initial and boundary conditions:

(10)

(11)

(12)
where is dimensionless gasconcentration, CA and CAb are the concentrations ofreactant A in position with in a pellet and in bulkgas, is the dimensionless radius of the pellet,is dimensionless unreacted radius in thegrain, rg0 and rgc are initial and unreacted coreradius of grains, respectively, is dimensionlesstime for grain model defined as follows:

(13)
where k is reaction rate constant; b is the timeand is the true molar density of solid reactantB; is the gas-solid reaction modulus. Byignoring structural changes of the pellet, for flatpellet consisting of spherical grains this modulusis defined as:

(14)
where is the pellet porosity which wasestimated from the volume and weight of a pellet,and DeA is effective diffusion coefficient ofgaseous reactant A in the pellet. DeA wasestimated using the random pore model [10]:

(15)
where DA was determined by combiningmolecular and Knudsen diffusion coefficients asfollows:
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DAM and DAK are molecular and Knudsendiffusivity of gaseous reactant A in the pellet,respectively. DAM was evaluated using theChapman-Enskog formula [11] and the DAK wascalculated from the following equation [8]:

(17)
where Rg is the gas constant, T is the absolutetemperature, MA is the molecular weight ofgaseous reactant and K0 was calculated from the‘dusty gas model’ of Mason et al. [12] as follows:

(18)
nd , the number of solid grains per unit volumeof porous solid, was calculated as follows:

(19)
By using above equation, the governingequations can be solved and was found in thetime near zero as follows:

(20)
Extent of reaction or conversion for non-porous grains is defined as local conversion andis the ratio of mass of solid product produced ateach time to mass of solid product if the grainconverts to solid product completely; so forgrains we have:

(21)
where x is the local conversion of the grainsand Fg is the grain shape factor, which equals as1, 2 and 3 for slablike, cylindrical and sphericalgrains, respectively. However, conversion ofpellet (X) is defined as overall conversion and iscalculated from local conversion integration overthe pellet as follows:

(22)
If the Eq. (20) was combined with Eq. (22) andthen integrated, the conversion of pellet could befound at the time near zero. Then the slope ofconversion time curve in the vicinity of the zerocan be shown to be as follows:

(23)
All of the above nonlinear equation parametersare known except k, which is unknown. Bysolving the above equation, rate constant for thereduction of titanium dioxide by methane wascalculated and listed in Table 2.

5. RESULTS AND DISCUSSION
Reduction of Titanium Dioxide by methanewas examined at different temperatures using amethane-hydrogen-argon gas mixture containingonly 5 vol% methane. Figure 3 presents the
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Fig. 3. Isothermal reduction curves of titanium dioxide (5 vol% CH4,75 vol% H2 and 20 vol% Ar) at different temperatures.
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conversion-time curve of Titanium Dioxidereduction at different temperature. The XRD patterns of solid product fordifferent temperatures are presented in figure 4.Their analysis clearly indicates that the majoritythe solid phase is TiC.In the metal oxide reduction reactions withmethane, the reduction process starts withadsorption of methane on the active sites of theoxide surface and its decomposition described bythe following reactions [13]:
(24)

(25)

(26)

(27)

(28)

(29)
The overall reaction of methane adsorptionand cracking may be presented as:

(30)
In which Cad represents active carbon speciesadsorbed on solid surface, and is substantiallydifferent from deposited solid carbon. Thereaction rate constant calculated using equation(23) is presented in Table 2.The effect of temperature on the reaction ratecan be evaluated by Arrhenius equation:

(31)

where k’ is the frequency factor and Ea is theapparent activation energy. Arrehenius plot forthis reaction is shown in Figure 5. From theresulting straight line, the temperaturedependency of the reaction rate constant is asfollows:
(32)

From equation (32) the activation energy ofthe Titanium Dioxide reduction is found to be51.4 kcal/gmole.One of the most important parameters of thereduction reaction is the apparent activationenergy as it defines the reactor dimensions andthe energy consumption. Making comparison foractivation energy of methanothermal reductionreaction is more interesting. The activation
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T (°C) 1150 1200 1250 1300 1350 1400 1450

3( / ) 10k cm s � 0.8 2.0 3.7 6.3 13.8 15.2 18.3

Table 2. Rate constants for the reduction of Titanium Dioxide by methane at different temperatures

Fig. 4. XRD patterns of TiC formed at differenttemperatures.
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energy of studied methanothermal reactions aresummarized in Table 3. As seen from Table 3, theactivation energy values reported for reductionreactions by methane are within the same order ofmagnitude. Additionally the value reported in thisarticle for reduction of Titanium Dioxide withmethane is within the same order of magnitudefor reduction of other metal oxide with methane.
6. CONCLUSION

In the present work, titanium dioxide wassuccessfully reduced and carburized into solidTiC by methane. The outlet gas analyzing methodwas used for determining the extent of thereaction. The reduction temperature range is of1150 to 1450°C and the reaction was carried outunder atmospheric pressure. The kineticparameters of this reaction were calculated byapplying the grain model to the experimentalresults. The activation energy of reduction ofTitanium Dioxide by methane was found to be

51.4 kcal/gmole, which is within the same orderof magnitude of other metal oxidemethanothermal reduction.
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