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Abstract 
Reduction kinetics of titanomagnetite concentrate briquettes produced from Rossetta-llmenite 
ore via 1.5 liter/min hydrogen flow rate were investigated at different temperatures ranging from 
600˚C to 950˚C. It was found that the best reduction properties were found at 950˚C, so the kinetic 
models shown by the briquettes at this temperature maybe: Diffusion control or Diffusion through 
ash layer (crank-cinslling-Broushten equation). And the apparent activation energy calculated for 
these models was 33.223 and 30.389 kJ/mole respectively. Also the main crystalline phases of re-
duced briquettes at 950˚C were metallic iron (syn. Fe), rutile (syn. TiO2) and some traces of mag-
netite (Fe3O4). 
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1. Introduction 
It is well known that there are many difficulties in utilizing the abundant and low-grade titanic minerals. As 
sources of high-grade titanic mineral decrease worldwide, more attention must be paid to processes involving 
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low-grade minerals such as ilmenite and titaniferous magnetite. Titaniferous magnetite is one of the most abun-
dant and widespread titanium-bearing minerals. It can be used for producing titanium metal and titanium dioxide. 
Due to the high content of impurities in these minerals, especially iron, it is necessary to upgrade them to obtain 
synthetic rutile and remove iron from it [1]. Titanium-containing magnetite ore (titanomagnetite ore or iron sand) 
is used as a source of iron in iron making. Reduction behaviour of titanomagnetite ore attracts attention from the 
viewpoint of its commercial processing and is extremely interesting from the viewpoint of the effect of the ore 
chemistry and morphology on reduction mechanisms and kinetics [2]. In the past decades, a number of studies 
have been conducted to improve the utilization of titaniferous ores, including smelting [3], direct acid leaching 
[4], selective chlorination [5] and reduction [6]. Among these, the direct reduced iron (DRI) process is supposed 
to be a more practical and effective way. In the industrial production, DRI-electric arc furnace (EAF) melting 
separation method has been proposed for refining both metallic iron and Ti slag from the titaniferous magnetite 
concentrate. In this method, the role of DRI process is to produce pre-reduction pellets (with the metallization 
degree 60% - 75%) for EAF melting and reduction equipment mainly adopts the rotary-kiln [7]. However, the 
solid state carbothermic reduction in rotary-kiln is relatively slow with high-energy consumption and narrow 
operating temperature range [8] [9], which stimulates researches into gaseous reduction of titaniferous ores.  

Vijay et al. [10] have investigated the reduction of Quilon ilmenite beach sand with hydrogen in a fluidized 
bed reactor and found that the reduction period could be divided into three distinct stages: initial slow induction 
stage, intermediate acceleratory stage and final slowing down stage. The results of Park and Ostrovski [11] have 
shown that the reduction of New Zealand TTM iron-sand in the fixed bed reactor by hydrogen gas was slower 
than that of hematite or magnetite iron ores. Wang et al. [12] have studied the hydrogen reduction kinetics of 
Bama ilmenite and considered that diffusion of hydrogen gas in the reduced layer was the rate controlling step. 

Dang et al. [13] have investigated the reduction of titanomagnetite powder containing 56.9 mass% of iron and 
9.01 mass% of TiO2 with H2-Ar gas mixtures in isothermal experiments using thermo-gravimetric analyzer 
(TGA). The reduction of titano-magnetite was proved to proceed via a dual reactions mechanism. The first reac-
tion is reduction of titano-magnetite to wüstite and ilmenite and the second one is reduction of wüstite and ilme-
nite to iron and titanium-containing phase. It was found that the dual reactions occurred simultaneously during 
the reduction. The reduction kinetics of titano-magnetite was analyzed according to a dual reactions kinetic 
model and the results indicated that the gaseous species diffusion in product layer was the rate controlling step 
for the first reaction, and interfacial chemical reaction was that for the second reaction. The apparent activation 
energies were extracted to be 98 kJ/mol and 115 kJ/mol for the first and second reaction respectively. 

The aim of this investigation is to obtain data on reduction behaviour of titanomagnetite briquettes that pro-
duced from the concentration process of Rossetta beach ilmenite ore which was provided by the black sands 
project of Nuclear Material Authority (NMA) via hydrogen gas at moderate temperature. 

2. Materials and Experiments 
2.1. Materials 
The titanomagnetite concentrate (TMC) used in this study was obtained from Rossetta-Ilmenite ore that deli-
vered from Nuclear Materials Authority (NMA). After drying and grinding, the particle size of concentrate was 
5.03 up to 64.79 μm. While the chemical composition of titanomagnetite concentrate is listed in Table 1.  

Phase characteristic of sample was investigated by XRD. X-ray diffraction (XRD, Bruker axs D8, Germany) 
with Cu-K (λ = 1.5406 Å) radiation and secondary monochromator in the range 2θ from 20˚ to 75˚ was used to 
identify the formed phases. A Nikon Eclipse TS100 Optical Microscope (OM) with a Kodak Megaplus Camera 
in conjunction with Clemex Vision Professional Edition software was used for observation of the microstructure 
and image analysis. 

The results of x-ray diffraction of the sample as shown in Figure 1, indicate that the main crystalline phases 
of concentrate are Ilmenite (Fe2+TiO3) Magnetite (Fe3O4), Hematite (Fe2O3) and traces of Anatase (TiO2). 

2.2. Experimental Work 
The titanomagnetite concentrate (TMC) was ground in a vibrating mill to a size less than 75 micrometers. The 
(TMC) powder (10 g) was mixed with 2% molasses, then the mixture was subjected to briquetting process under 
different pressing load (varied from 75 to 275 MPa) to produce briquettes having the diameter of 12 mm and a 
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Table 1. The chemical compositions of the titanomagnetite concentrate (TMC).                                       

Components Percentage, %. 

Fe 52.71 

FeO 23.22 

SiO2 4.3 

CaO 1.05 

MgO 1.17 

Al2O3 1.72 

MnO 0.56 

S 0.04 

P2O5 0.08 

TiO2 18.06 

 

 
Figure 1. XRD for original sample.                                                                          
 
height of 25 mm using MEGA.KSC-10 hydraulic press.  

2.3. Characterization 
The produced briquettes were characterized from its mechanical properties point of view. The most important 
mechanical properties of the produced briquette (green briquette or dry in atmospheric conditions for 7 days), 
are its drop damage resistance and compressive strength. The drop damage resistance was measured by dropping 
ten briquettes individually from a height of 30 cm onto a steel plate until its breakage. The mean value of the 
tested briquettes gives their average dropping damage resistance [14]-[16]. 

On the other hand the compressive strength of the produced briquettes was measured via subjecting at least 10 
briquettes for compression between parallel steel plates up to their breakage. This test is carried out on a plat-
form balance with weight indication by means of a pointer. The briquette to be tested is placed on the lower steel 
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plate of the balance and is gradually compressed with a steel plate while the pointer position is observed. The 
briquette breakage is indicated by the jumping back of the pointer. The maximum weight load observed corres-
ponds to the compressive strength of the briquette. The mean value for the tested briquettes gives their compres-
sive strength. The observed load corresponds to the compressive strength measured in MPa for briquette [14] 
[17]. 

The reduction of the produced briquette was done on a thermo gravimetric apparatus is done by hydrogen at 
different flow rate l/min, constant time of reduction and different temperatures. A schematic diagram of thermo 
gravimetric apparatus as shown in Figure 2 is similar to that used by El-Hussiny and Shalabi [18], which con-
sisted of a vertical furnace, electronic balance for monitoring the weight change of reacting sample and temper-
ature controller. The sample was placed in an alumina crucible which was suspended under the electronic bal-
ance by Ni-Cr wire. The furnace temperature was raised to the required temperature and maintained constant to 
±5˚C. Then samples were placed in hot zone. All reduction experiments were done in nitrogen atmosphere (0.5 
l/min). The weight of the sample was continuously recorded every 5 min. At the end of the run, the samples 
were withdrawn from the furnace and put in desiccators. 

The percentage of reduction was calculated according to the following equations:  

( )
( )

0 1 100 16
Percent of reduction

Oxygen mass 28
W W− × ×

=
×

                            (1) 

where:  
W0: is the initial mass of sample after removal of moisture; 
W1: is the mass of sample after each time t. 
Oxygen (mass) indicates the mass of oxygen percent in the titanomagnetite concentrate (TMC) in form FeO 

& Fe2O3 and oxygen loss due to convert them into iron (Fe). 

3. Results and Discussions  
3.1. Effect of Pressing Load on the Quality of the Produced Briquettes  
The drop damage resistance and compressive strength of the produced briquettes with respect to different press-
ing load and at constant amount of molasses (2%) are shown in Figures 3-6. From these figures, it was found 
that as the pressing load increased from 87 to 261 MPa. The drop damage resistance and the compressive 
strength for both green and dried briquettes increased and reached to its maximum values at 260.0849 MPa. This 
could be attributed to the fact that increasing pressing load leads to increase the number of contact points be-
tween particles and subsequently the Vander Waals force increased [19]-[21]. 
 

 
Figure 2. Schematic diagram of the apparatus.                             
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Figure 3. Effect of pressing pressure on the drop damage resistance of green 
briquettes pressed at constant binding materials percent 2% molasses.               

 

 
Figure 4. Effect of pressing pressure on the compressive strength of green bri-
quettes pressed at constant binding materials percent 2% molasses.              

 

 
Figure 5. Effect of pressing pressure on the drop damage resistance of dry bri-
quettes pressed at constant binding materials percent 2% molasses.              

3.2. Effect of Hydrogen Flow Rate on the Reducibility of Iron Oxides Content of  
Titanomagnetite Concentrate Briquettes at 900˚C 

Figure 7 illustrates the relation between the reduction degree and time of reduction at different hydrogen flow 
rate when the reduction were done at constant temperature (900˚C), the weight of the sample was constant and 
this sample was pressed at 260.0849 MPa. It is clear that as the flow rate of hydrogen increased the reduction 
percentage increased. This may be due to the fact that increase of flow rate leads to increasing the number of 
hydrogen moles in the bulk phase, which in turn leads to the raise of hydrogen adsorption. In this way, the rate 
of reaction increased [22] or the increase of flow rate increased and the gas diffusion across the boundary layer  
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Figure 6. Effect of pressing pressure on the compressive strength of dry bri-
quettes pressed at constant binding materials percent 2% molasses.             

 

 
Figure 7. Effect of reduction time on the percent of reduction by hydrogen of 
briquettes (titanomagnetite concentrate + 2% molasses) pressed at 260.09 MPa 
at different hydrogen flow rates and 900˚C.                                

 
subsequently the ion reduction increased [23] [24]. Also may be the higher flow rate prevailing in the reaction 
zone which enhances the rate of hydrogen absorption and subsequently the rate of chemical reaction steps in-
creased [25] [26]. 

3.3. Effect of Reduction Temperatures on the Reducibility of Iron Oxides Content of  
Titanomagnetite Concentrate Briquettes  

The reduction was carried out at different temperatures ranging from 600˚C to 950˚C, where the briquette 
pressed at 260.09 MPa and the hydrogen flow rate was 1.5 liter/min. The results of the investigation are shown 
on Figure 8, where it is clear that the increase of temperature favors the reduction rate. At high reduction tem-
perature, with increasing temperature, the oxygen removal increased. The analyze of the curves relating the re-
duction percentage and time of reduction show that each curve has 3 different slopes indicating 3 different val-
ues of reduction rates. The first value is high, while the second is somewhat slower and the third is the slowest 
one. The increase of reduction percentage with temperature could be due to increase number of reacting moles 
having excess energy which leads to the increase of adsorption rate. Also increasing temperature leads to in-
crease the rate of mass transfer of the diffusion and rate of chemical reaction [23] [25].  

3.4. Kinetics of the Reduction Process 
Kinetic studies for estimation of apparent activation energies were carried out for titanomagnetite concentrate 
produced from Rosetta illmenite ore briquettes at five different temperatures of 600˚C, 700˚C, 800˚C, 900˚C and 
950˚C for different time intervals in the range of 0 - 60 minutes. 
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1) By using diffusion process controls Equation [27]  

( )( )2 31 2 3 1f f kt− − − =                                  (2) 

where f is fractional reduction, t is time of reduction, k is the rate constant. 
Figure 9 illustrates the relation between ( )( )2 31 2 3 1f f kt− − − =  against time of reduction for different 

reduction temperature. From which it is clear that the relationship is represented by straight line. The natural lo-
garithms were used according to the Arrhenius equation to calculate the activation energies of reduction reaction. 
The results were illustrated on Figures 12 from which it is clear that briquette has activation energy = 33.223 
kJ/mole. 

Or  
2) When using Diffusion through ash layer (crank-cinslling-Broushten equation) [28] 

( ) ( )( )2 31 3 1 2 1f f kt− − + − =                                (3) 

Figure 10 illustrates the relation between ( ) ( )( )2 31 3 1 2 1f f kt− − + − =  against time of reduction for dif-
ferent reduction temperature. From which it is clear that the relationship is represented by straight line.  
 

 
Figure 8. Effect of reduction time on the percent of reduction by hydrogen of 
briquettes (titanomagnetite concentrate + 2% molasses) pressed at 260.09 MPa 
at different temperatures.                                               

 

 

Figure 9. The relationship between time of reduction and ( )( )2 31 2 3 1f f− − −  
at different temperature.                                                     
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The natural logarithms were used according to the Arrhenius equation to calculate the activation energies of 
reduction reaction by using the calculated rate constant k. 

0 exp Ek k
RT

 = − 
 

                                    (4) 

0ln ln Ek k
RT

= −                                      (5) 

where k₀ is the coefficient; E is the apparent reduction activation energy; R is the universal gas constant [8.314 × 
10−3 kJ/(mol·K)]; T is the absolute temperature. The relationships between the natural logarithm of reduction 
rate constant and the reciprocal of absolute temperature for titanomagnetite concentrate produced from Rosetta 
illmenite ore briquettes are shown in Figure 11 and Figure 12, from which it is clear that briquette has activation  
energy = 33.223 kJ/mole for model ( )( )2 31 2 3 1f f kt− − − =  while the activation energy = 30.389 kJ/mole for  

model ( ) ( )( )2 31 3 1 2 1f f− − + −  respectively. 

3.5. X-Ray Analyses of the Reduced Briquette 
X-ray analyses of the sample reduced at 950˚C shows that the present phases are metallic iron (syn. Fe), rutile 
(syn. TiO2) and some traces of magnetite (Fe3O4) as shown in Figure 13. 
 

 

Figure 10. The relationship between time of reduction and ( ) ( )( )2 31 3 1 2 1f f− − + −  

at different temperature.                                                      
 

 
Figure 11. The relation between the reciprocal of absolute temperature 1/T and lnK 
(Arrhenius plot for reduction reaction) for model ( )( )2 31 2 3 1f f− − − .               
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Figure 12. The relation between the reciprocal of absolute temperature 1/T and lnK 
(Arrhenius plot for reduction reaction) for model ( ) ( )( )2 31 3 1 2 1f f− − + − .          

 

 

Figure 13. XRD analysis of reduced titanomagnetite concentrate briquettes at 950˚C.                                  

3.6. Microscopic Analyses of the Reduced Titano Magnetite  
Figure 14 illustrated the microstructure of reduced titanomagnetite at 950˚C by hydrogen from which it is clear 
that the main phase (white color) is metallic iron. 

4. Conclusions  
1) The compressive strength and the drop damage resistances of titanomagnetite concentrate briquettes in-

creased with increasing the pressing pressure up to 260.09 MPa. at 2% molasses.  
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Figure 14. Microstructure of reduced titanomagnitite at 950˚C by hydrogen.                 

 
2) The reduction rates increased with increasing temperature of the reduction from 600˚C up to 950˚C. 
3) The reduction rate increased with the increase of hydrogen flow rate at constant temperature. 
4) The diffusion processes through the produced briquettes is the reduction control step and the briquettes 

have activation energy = 33.223 kJ/mole for model ( )( )2 31 2 3 1f f kt− − − = , while the activation energy = 
30.389 kJ/mole for model ( ) ( )( )2 31 3 1 2 1f f− − + −  respectively.  
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