








 

                                                        

  

 
Fig. 4. SEM-EDX macrographs of microwave treated samples at 750 °C for 50 s. 

 
Kinetic model 
Un-reacted core model has been largely applied in previous investigations [13–16] to study 
the kinetics of chemical reactions which progress topochemically. In this model, four 
mechanisms can contribute to reaction progress: gas diffusion in micro pores of solid 
product, gas-solid interfacial chemical reaction, mass transfer, and a mix of these 
mechanisms. To evaluate kinetic parameters in dominant rate-controlling mechanism, 
mathematical kinetic equations have been derived [17] based on the characteristics of 
reactants and products in gas-solid reactions. The derived kinetic equations corresponding 
to the reaction rate-controlling mechanisms for spherical shape particles are summarized as 
follows: 
Gas diffusion in micro pores (GD): 

    (6) 

Interfacial chemical reaction (ICR): 

       (7) 

Mass transfer (MT): 

       (8) 

Mixed GD, ICR, and MT: 

   (9) 

 

Where X (dimensionless), K (dimensionless), De (cm2.s-1), and kf (cm.s-1) are the reduction 
degree, the equilibrium constant for reduction reaction, the effective diffusion coefficient 
of gas in micro pores, and the mass transfer coefficient in the gas film, respectively. CAb 
and CAe (mol.cm-3) are the concentration of reducing gas in bulk and at the equilibrium 
state, respectively. k (cm.s-1) is the rate constant of chemical reaction, t (s) is the treatment 
duration, ri (cm) is the radius of sample, and f is equal to (1-(1-X)1/3). CR (mol.cm-3) is the 
concentration of reducible oxygen in the sample, that is 0.0177 mol.cm-3. 
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Kinetic analysis 
With regards to the microscopic observations that confirm the topochemical progress of 
reaction in the present study, un-reacted core model was employed to clarify the dominant 
rate-controlling mechanism in reduction reaction (Eq. 2) during treatment under H2 
atmosphere. To simplify calculations, the radius of the assumed spherical sample (ri, cm) 
was calculated based on the radius (rb, cm) and height (hb, cm) of the cylindrical shape 
briquette sample according to Eq. 10 [18]. The equilibrium constant (K) of 0.409, 0.272, and 
0.192 were attained using Eq. 11 at 750, 570, and 460 °C, respectively. The mass transfer 
coefficient (kf) of 14.9, 10.9, and 8.69 were attained using the Sherwood (Sh), Reynolds 
(Re), and Schmidt (Sc) dimensionless numbers at 750, 570, and 460 °C, respectively. 
 

        (10) 
 

       (11) 
 
The kinetic study was conducted up to 600 s treatment duration owing to no significant 
weight change after treatment for duration > 600 s. 
Considering the kinetic equations (6-9), Chemical reaction, mass transfer, gas diffusion, 
and mixed rate-controlling mechanisms at 750, 570, and 460 °C were plotted to attain the 
linearity (R2) of each plot, as presented in Table 1. 
 
Table 1: Coefficient determination (R2) of kinetic mechanisms 
 

 Gas diffusion Interfacial chemical reaction Mass transfer Mixed 

R2 at 750 °C 0.9732 0.8968 0.699 0.9654 

R2 at 570 °C 0.9859 0.8295 0.7116 0.9835 
R2 at 460 °C 0.9524 0.7545 0.7021 0.068 

 
The coefficient determination (linearity) of gas diffusion in micro pores mechanism is 
larger than that of other mechanisms at all temperatures. This indicates that the dominant 
mechanism for controlling of the reduction rate during microwave irradiation in H2 is gas 
diffusion in micro pores. 
Microwave irradiation enhances the rate of interfacial chemical reaction where the gas 
diffusion acts as dominant resistance for the reduction reaction from the onset of 
microwave irradiation. This is likely attributed to the non-thermal (catalytic) effect of the 
microwaves on speeding up the chemical reactions, as reported previously [8–10,19]. On the 
other hand, such behavior is likely related to the different interaction between particles and 
microwaves. In the microwave irradiation, heat can be generated from within the particle 
(volumetric heating) owing to the penetrative power of microwaves [20] resulting in larger 
progress of the chemical reaction during microwave heating owing to the volumetric 
heating characteristic of microwaves which improves the interfacial chemical reaction 
through the sample. 
 
Activation energy 
The effective diffusion coefficients (De) were attained at 750, 570, and 460 °C by 
calculating the slope of linear trend lines in the gas diffusion plot, as illustrated in Fig. 6. 
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Fig. 6. Diffusion coefficient at 750, 570, and 460 °C. 

 
To calculate activation energy for gas diffusion (ED, kJ) during microwave processing, the 
Arrhenius equation was applied wherein the lnDe (Arrhenius equation) was plotted versus 
104/T. The slope of lines gives the activation energy of 22.3 kJ.mol-1. 
In the present study, the chemical reaction is likely progressed rapidly during microwave 
irradiation owing to the extraordinary effects of microwave irradiation (thermal and non-
thermal) on speeding up the chemical reactions [8–10,19] and the overall reaction is 
controlled by gas diffusion after the onset of microwave irradiation. 
 
Conclusions 
Kinetics of iron production during hydrogen reduction of FeS-CaO mixture was 
investigated under microwave irradiation to clarify the dominant rate-controlling 
mechanisms. The results are summarized as follows: 

1. Reduction of FeS-CaO mixture in H2 can be considered as a two-step reaction: An 
ion exchange reaction between FeS and CaO that forms iron oxide on the surface of 
FeS particles. Then, H2 reduces the iron oxide (product of the ion exchange reaction) 
to form a layer of metallic iron which surrounds the un-reacted part of FeS particles. 

2. Hydrogen-reduction of FeS-CaO mixture during microwave irradiation is a 
topochemical reaction and un-reacted core model can be applied for kinetic analysis. 

3. After the onset of microwave irradiation, the dominant rate-controlling mechanism is 
gas diffusion in micro pores with activation energy of 22.3 kJ.mol-1. This is likely 
attributed to the volumetric heating characteristic of microwaves and the 
extraordinary effect of microwave irradiation on speeding up the chemical reactions, 
particularly at lower temperatures. 
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