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Abstract 
Alkaline metals and hydrogen titanates are of great interest for possible applications. The quali- 
ties of soda ash and Rosetta ilmenite ore concentrate pellets were investigated. The kinetic forma- 
tion of sodium titanate via roasting of soda ash and ilmenite pellets and powder was studied in the 
temperature range of 800˚C to 900˚C. 
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1. Introduction 
Titanium dioxide is the most widely used white pigment because of its high brightness and refractive index. 
Anatase, brookite, and rutile are the natural forms of titanium dioxide minerals. Of many titanates, only a few 
are important industrially, particularly those of iron and calcium. Ilmenite (FeTiO3) is a heavy mineral of metal- 
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lic to sub metallic luster, which is formed in igneous rocks [1].  
Thavadkar and Jha [2] indicated that the worldwide TiO2 was extracted from natural ilmenite, rutile, and ana- 

tase minerals via the sulphate and chloride processes. The sulphate process generates large volumes of less toxic 
wastes, whereas the chloride process, including the ilmenite-chloride process of DuPont, yields much lower vo- 
lume of wastes, which are highly toxic and hazardous. The treatment and disposal of such hazardous chloride 
wastes are both expensive and difficult in terms of long-term monitoring. Besides the waste management and 
disposal, there is also a shortage of high-grade titanium dioxide minerals in nature, which consequently yields 
much larger tonnages of sulphate and chloride wastes. The results of an alternative titaniferous mineral benefici- 
ation process are based on soda ash roasting of minerals. Compared to the conventional processes for beneficia- 
tion of TiO2-ores, the alkali roasting of titaniferous offers has several advantages including the zero process 
wastes. In the soda ash roasting process, the formation of liquid phase is a common problem that results in 
product granulation, formation of rings on the kiln walls and lump formation. In this soda ash roasting process 
the mineral is mixed with sodium carbonate and heated above 1023 K in air. The oxidative roasting of ores 
yields several complex alkali compounds, some of which produce a liquid mixture above 1123 K. 

El-Tawil, et al. [3], carried out reductive roasting of ilmenite ore by carbon in the presence of sodium carbo- 
nate at 1000˚C - 1200˚C for periods of up to 180 min. They found that the additions of sodium carbonate of up 
to 30 wt% of the ore enhanced the reduction efficiency and the maximum metallization obtained at 1200˚C was 
about 85%, and the rest of the iron exists in the form of sodium-iron-titanates. The type of sodium compound 
formed in the final product depends on the roasting temperature. The reduction rate data under isothermal condi- 
tions were represented by a phase-boundary reaction model for conversions of up to 70 wt%. The apparent acti- 
vation energy obtained is about 67 kJ /mol. Magnetic separation of roasted products gave different magnetic 
fractions with different Fe/TiO2 ratios (ranging from 2 - 3) as well as a non-magnetic fraction that was low in 
iron and suitable for titanium dioxide production. 

Over the last 30 years, a number of titanium-based substances have been developed that serve as effective ion 
exchangers in chemical separations [4]. For example, monosodium titanate (is an inorganic sorbent material that 
exhibits high selectivity for strontium and actinide elements in the presence of strongly alkaline and high sodium 
containing salt solutions [5]), and second sodium nonatitanate (SNT) [6] are amorphous or poorly crystalline 
materials that are effective ion-exchange materials for the removal of strontium and actinides (e.g., Pu, Np, U) 
from highly alkaline nuclear waste solutions. A new family of peroxotitanate materials having the general for- 
mula of HvNawTi2O5∙(xH2O)[yHzO2], has been prepared recently that offers increased selectivity and faster 
removal kinetics [7] [8]. 

Both the sodium titanates and peroxotitanates have been shown to be effective for the removal of a wide 
range of metal ions from neutral and weakly acidic solutions [9]. These results suggest that these materials could 
prove useful in the treatment of industrial wastewaters and contaminated groundwaters [9] in nuclear fuel re- 
processing [10], and in a number of medical applications [11]-[15]. 

Alkaline titanates have attracted increasing attention [16], particularly for the applications based on their high 
photocatalytic activity, such as fuel cell electrolytes, cation exchangers for the treatment of radioactive liquid 
waste [17]-[19] and many other applications [20] [21]. 

The standard method for the preparation of sodium titanate consists of the reaction of TiO2 with fused 
Na2CO3 at temperatures around 1000˚C [22]. 

Morsi et al. [23] indicated that sintering of ilmenite ore in the presence of certain mole ratio of sodium oxide 
(2.5) with respect to titanium dioxide followed by roasting at 1000˚C, 1100˚C or 1200˚C for 120, 60 or 30 mi- 
nutes respectively is feasible for complete titanium dioxide recovery. The formation of the higher titanates 
Na8Ti5O14 and Na6Ti2O7 during the sintering process favors the formation of the lower titanates such as Na2TiO4 
during subsequent roasting process, which is easily soluble in dilute sulfuric acid. The contaminated soluble iron 
compound in the leaching can be easily separated by simple technique.  

Lasheen [24] studied the process of soda ash roasting of titana slag product from Rosetta ilmenite, and re- 
ported that the optimum conditions used a Na2CO3/slag ratio of 0.55:1 and roasting temperature 850˚C for 0.5 
hour duration period. In the present investigation, the kinetic reaction roasting of soda ash and ilmenite ore con- 
centrate was evaluated. 

This work aimed to study the kinetics of sodium titanate formation from roasting of local ilmenite with dif- 
ferent amounts of soda ash in case of spherical pellets and powder. 
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2. Experimental Work 
2.1. Materials 
2.1.1. Ilmenite Ore 
A representative sample of Rosetta ilmenite concentrate was provided from the Nuclear Materials Authority 
(NMA) titanium project. The composition of Rosetta ilmenite ore concentrate contains about 43.6% TiO2, 27.5% 
FeO and 20.9% Fe2O3. X-ray diffraction analysis of Rosetta ilmenite ore concentrate is shown in Figure 1, 
which indicated that the phases composing Rosetta ore concentrate mainly consist of ilmenite Fe2TiO3, Pseudo- 
rutile Fe2Ti3O9, hematite Fe2O3 and a minor quantity of rutile according to the work which present in literatures 
[25] [26]. 

2.1.2. Soda Ash 
Sodium carbonate anhydrous (Soda ash, analar grade) was provided from ADWIC CO. 

2.2. Experimental Procedures 
2.2.1. Preparation and Physical Properties of the Pellets  
The ilmenite concentrate was ground in a vibrating mill to a size less than 75 micrometers. The ground ilmenite 
concentrate powder was mixed with different percentages of soda ash and then 200 g of mixture was fed to the 
disc pelletizer (diameter 400 mm, collar height 100 mm) under the following condition: angle of inclination 52˚, 
disc rotating speed 17 rpm and residence time 10 - 30 min. The predetermined amount of water (9%) was 
sprayed onto the rolling bed of material in the disc pelletizer. At the end of the tests, a pellet sample was col- 
lected and screened to collect the (5 - 7 mm diameter) fraction. The produced green pellets were dried in air for 
three days, to ensure the evaporation of water used during the pelletization process.  

The pellets were then subjected to drop number and crushing strength tests. The drop number indicates how 
often pellet can be dropped from a height of 46 cm before they show perceptible cracks or crumble. Ten pellets 
(5 - 7 mm) were individually dropped onto a steel plate. The number of drops is determined for each pellet. The 
arithmetical average values of the crumbing behavior of the ten pellets yield the drop number. [27] [28] Ten 
pellets were compressed between parallel steel plates up to failure to determine the average crushing strength 
[27] [28]. 

2.2.2. Roasting Process  
Roasting of the produced pellets was performed in a thermo balance apparatus shown in Figure 2 [28]. It con- 
sists of a vertical furnace, an electronic balance for monitoring the weight change of reacting sample and a tem- 
perature controller. The sample is placed in a nickel chrome crucible, which was suspended under the electronic 
balance by Ni-Cr wire. The furnace temperature was raised to the required temperature 700˚C to 900˚C and 
maintained constant to ±5˚C. Then the samples were placed in hot zone. 

Samples were continuously withdrawn from the furnace at specific times and put in a desiccator to determine 
the percentage of titanium oxide converted to sodium titanates. 

The percentage of titanium oxide converted to sodium titanates was calculated according to the following eq- 
uation: 
 

 
Figure 1. XRD analysis of Rosetta ilmenite ore concentrate.                   
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Figure 2. A schematic diagram of thermo balance apparatus.                

 

Percentage of titanium oxide converted to sodium titanates = 
0

100tW
W
×

            (1) 

where: 
W0: The initial mass of titanium oxide in the sample before roasting; 
Wt: Mass of titanium oxide converted to sodium titanates after roasting time (t).  

3. Results and Discussion 
3.1. Effect of the Change of the Amount of Soda Ash Added on the Quality of the Pellets of 

Soda Ash and Ilmenite Mixture. 
In this experiment, ilmenite with different amount of soda ash were pelletized in disc pelletizer with 6% of water 
(inclination of disc pelletizer = 55˚ and the produced pellets remained in the disc pelletizer 30 min). 

Figure 3 & Figure 4 show the effect of the amount of soda ash added to the ilmenite on the drop number and 
crushing strength of the produced pellets. From these figures, it is clear that both drop number and crushing 
strength increased as the percentage of soda ash increased. From these figures, it is clear that as the percentage 
of soda ash increased both the drop damage resistance and crushing strength increased. This may be because in-
crease of soda ash increases the compaction of pellets increased due to the finest of soda ash and subsequently 
the Vander Waals forces increased [29] [30]. 

3.2. Effect of the Soda Ash Amount Added to Ilmenite on the Degree of Conversion of  
Titanium Oxide 

Figure 5 illustrates the effect of change in the percentage of soda ash added to ilmeniteore concentrate on the 
degree of conversion of titanium oxide to sodium titanates at 900˚C. From this figure, it is clear that the degree 
of conversion increased as the amount of soda ash increased. This may be attributed that the increase of soda ash 
leads to an increase the amount of sodium oxide than the amount of sodium oxide, which consumed in the side 
reaction such as the reaction with Fe2O3, Cr2O3, etc. 

3.3. Effect of Roasting Temperature on the Degree of Conversion of Titanium Oxide 
Experiments were performed in the temperature range 800˚C to 900˚C. Plot of the degree of conversion of tita- 
nium oxide as a function of time is shown in Figure 6. It is clear that the degree of titanium oxide conversion to 
sodium titanate increased with increasing temperature. In addition, the degree of conversion to sodium titanates 
rates was faster in the first period and then decreased at the end of the period. 

3.4. Kinetics of Pellet Samples Roasted in Air  
Three dimensional spherical diffusion models were applied [31] 

( )
21/31 1 R kt − − =                                (2) 
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Figure 3. Relationship between amount changes of soda ash, and 
drop number for pellet samples.                            

 

 
Figure 4. Relationship between the amount change of soda ash 
and crushing strength for pellet samples.                      

 

 
Figure 5. Relationship between the amount change of soda ash 
and degree of conversion of titanium oxide at 900˚C for pellet 
samples.                                               

 
where: (R) the fractional conversion, (t) the time of roasting min and (k) the rate constant. 

Figure 7 shows the relation between [1−(1−R)1/3]2 against time of conversion for different roasting temperatures, 
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Figure 6. Effect of the roasting temperature change on the degree 
of conversion of titanium oxide for pellet samples.              

 

 
Figure 7. Relationship between [1−(1−R)1/3]2 and time of roast- 
ing at different temperatures.                                 

 
from which, it is clear that the straight lines were observed. 

The values of slopes of [1−(1−R)1/3]2 against time represent the reaction rate constant k at each temperature. 
Their logarithms were plotted in an Arrhenius type plot in Figure 8 as lnk against 1/T. A straight line could be 
fairly fitted through the points and the obtained slope E/R = 35.350 K corresponding to an activation energy 
equal to 294 kJ/mole. 

3.5. X-Ray Analysis of Some Pellet Samples Roasted in Air 
Figure 9 & Figure 10 illustrate the X-ray analysis of the sample roasted at 800˚C and 900˚C. From which, it is 
clear that the main phases of the sample roasted at 800˚C in air are NaTiO2, NaTi2O4, NaFeTiO4 and Na2Ti3O7. 
The main phases of the sample roasted at 900˚C in air are NaTiO2, NaTi2O4, NaFeTiO4 and Na2Ti3O7. 

3.6. Results of Ilmenite and Soda Ash Powder Samples Roasted in Air 
3.6.1. Effect of Roasting Temperature on the Degree of Conversation of Titanium Oxide 
In this experiment powder mixture of ilmenite and soda ash (35%) were roasted in air at temperature range 
750˚C to 900˚C. Figure 11 shows the results of this experiment from which, it is clear that as the temperature 
increased the degree of conversion increased this due to the same reasons explained before. 
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Figure 8. Relationship between 1/T and lnk (Arrhenius plot for 
roasting reaction).                                        

 

 
Figure 9. X-ray analysis of the pellet sample roasted at 800˚C in 
air.                                                    

 

 
Figure 10. X-ray analysis of the pellet sample roasted at 900˚C 
in air.                                                 

3.6.2. Kinetics of Powder Samples Roasted in Air 
Three dimensional spherical diffusion models were applied [31] 
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( )
21/31 1 R kt − − =                                      (2) 

where: (R) the fractional conversion, (t) the time of roasting min. and (k) the rate constant. Figure 12 shows the 
relation between [1−(1−R)1/3]2 against time of conversion for different roasting temperatures. From which it is 
clear that the straight line observed. 

Because of the fact that conversions at only three temperatures were obtained, it was thought more convenient 
not to perform an Arrhenius plot to calculate activation energy as the result would not be necessarily reliable. 

3.6.3. X-Ray Analysis of Some Powder Samples Roasted in Air 
Figure 13 & Figure 14 illustrated the X-ray analysis of the sample roasted at 750˚C and 900˚C. From which, it 
is clear that the main phases of the sample roasting at 750˚C in air are NaFeTiO4, NaTi2O4, Na2Ti3O7, NaFeO, 
NaTiO2 and Na8Ti5O14. The main phases of the sample roasted at 900˚C in air are NaFeTiO4, NaTi2O4, Na2Ti3O7, 
NaFeO2 and Na8Ti5O14. 

4. Conclusions  
 Both drop number and crushing strength of the mixed pellets of ilmenite and (35%) soda ash increased as the 

amount of soda ash increased, where the inclination of disc pelletizer and time of pelletization are kept con- 
stant. 

 The degree of conversion increased as the amount of soda ash increased when roasting the mixed pellets of 
ilmenite and (35%) soda ash in air at different time at constant temperature. 

 

 
Figure 11. Effect of roasting temperature change on the degree 
of conversion of titanium oxide for powder samples.            

 

 
Figure 12. Relationship between [1−(1−R)1/3]2 and time of roast- 
ing at different temperatures.                               
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Figure 13. X-ray analysis of powder sample roasted at 750˚C in 
air.                                                    

 

 
Figure 14. X-ray analysis of powder sample roasted at 900˚C in 
air.                                                    

 
The degree of conversion of titanium oxide to sodium titanate increased with increasing the temperature of 

roasted pellets. In addition, it is clear that the recovery of sodium titanates rates was faster in the first period then 
decreased at the end of the period. 
 Kinetics of roasted pellets ilmenite ore with (35%) soda ash in air using three dimensional spherical diffusion 

model was described by Jander-Anorg equation 

( )
21/31 1 R kt − − =   

The results indicated that the activation energy was equal to 294 kJ/mole. 
 X-ray analysis of pellet samples showed that the main phases of samples roasted at 800˚C in air were NaTiO2, 

NaTi2O4, NaFeTiO4 and Na2Ti3O7, while the main phases of samples roasted at 900˚C in air were NaTiO2, 
NaTi2O4, NaFeTiO4 and Na2Ti3O7. 

 The degree of conversion of titanium oxide to sodium titanates increases with increasing roasting tempera- 
ture in mixed powder samples of ilmenite with (35%) soda ash. 

 Kinetics of the roasted powder samples using three dimensional spherical diffusion model was described by 
Jander-Anorg equation 

( )
21/31 1 R kt − − =   
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 X-ray analysis of powder samples showed that the main phases of samples roasted at 750˚C in air were 
NaFeTiO4, NaTi2O4, Na2Ti3O7, NaFeO, NaTiO2 and Na8Ti5O14, while the main phases of samples roasted at 
900˚C in air were NaFeTiO4, NaTi2O4, Na2Ti3O7, NaFeO2, Fe2O3 and Na8Ti5O14. 

 It is evident that the roasting of pellets leads to more conversion than the roasting of the powder due to better 
contact between soda ash and ilmenite particles. 
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