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Abstract 

The powder of the hematite sample was isothermally reduced with a hydrogen-water vapor gas mixture at 1023K-1273K. 
The results indicate that the overall reduction process of hematite can be divided into three stages (Fe2O3-Fe3O4-FeO-Fe) 
each of which should be investigated. At 1023K, the average reaction rate decreased by 53.6% in stage 1 when the water 
vapor content of the reaction gas increased from 0% to 50%, and it decreased by about 77.2% in stage 2. However, in stage 
3, when the water vapor content increased only from 0% to 20%, it decreased by about 78.1%. The results also show that 
the influence of water vapor on the reduction reaction increases with increasing reaction temperature in all stages of the 
reduction reaction. The microstructure of the reduction products showed that they still had some holes; that did not 
seriously block the channel for hydrogen diffusion. Various models were considered to further clarify the influence of water 
vapor in the reduction stage The range of apparent activation energy of the different stages obtained by the model fitting 
was about 20-70 kJ/mol, which also confirmed the absence of the solid-state diffusion phenomenon. 
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Introduction1.

The steel industry is an energy-intensive industry, 
it’s energy consumption accounts for 5% of the 
world’s total energy consumption [1-2], and the CO2 
emissions in the production process of steel are huge. 
According to relevant information and reports [3], on 
average, about 1.8t of carbon dioxide will be emitted 
for every ton of steel produced. Global steel 
production was 1.878 billion tons in 2020, the annual 
CO2 emissions of the world’s steel industry are about 
3.38 billion tons, so it is particularly important to 
reduce CO2 emissions in the steel industry. If shaft 
furnace used H2 direct ironmaking instead of blast 
furnace ironmaking in steel industry, CO2 emissions 
could be greatly reduced [4-6]. 

In the process of hydrogen reduction of iron ore 
(e.g. shaft furnace), the water content in hydrogen 
continues to rise, and the gas mixture with high water 
vapor content can only reduce iron ore with low 
reduction degree [7], which means that the influence 
of water vapor is not negligible. This is a consecutive 
reduction process, and many reduction kinetics 
problems need to be studied further. Guo et al. [8] 
claimed a stepwise reduction sequence of 
Fe2O3→FeO→Fe was observed during the reduction 
process with biomass-derived syngas at temperatures 

1123K-1323K. Kim et al. [9] studied the retardation 
kinetics of cylindrical compacts of magnetite 
reduction, and reported that the presence or absence of 
retardation is hugely related to the conditions of the 
reaction. Adam et al. [10] consider OH groups trap 
Fe2+ ions which make nucleation easier and more 
uniform and growth is slowed because active sites are 
blocked by water. Moreover, the reaction was 
considerably retarded by the water produced with 
hydrogen at 300℃-400℃. Moukassi et al. [11] 
determined that water vapor has a large retarding 
effect in the reduction of wustite by hydrogen at 
600℃-950℃. The research of Garg et al. [12] showed 
that the products formed by reduction with H2-H2O 
gas mixture containing higher mole fraction of H2O 
were sintered more seriously at high temperature. 
Steffen et al. [13] investigated the growth rate of iron 
nuclei on magnetite in a hydrogen-water vapor-argon 
gas mixture atmosphere, and the results showed that 
the growth rate of iron nuclei decreased rapidly with 
the slight increase of water vapor content in the gas 
mixture. In the previous research on the reduction of 
iron ore with hydrogen, there are relatively few 
studies on hydrogen containing water vapor as gas 
reactant, and these studies mainly focus on the effect 
of water vapor on the growth of iron nuclei or the 
effect of water vapor on the overall reduction 
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situation. In order to better understand the consecutive 
reduction process of iron ore by hydrogen, this study 
divides the whole reduction process into three stages 
and then investigates the effect of water vapor on each 
stage separately. Therefore, in this study, hematite 
powder was used to react with hydrogen-water vapor 
gas mixture in different proportions to achieve the 
research purpose. Once the effect of water vapor on 
the reduction of iron ore by hydrogen is known, the 
operating parameters of hydrogen reduction 
ironmaking can be improved to reduce the production 
cost and increase the production efficiency. 

 
Materials and methods 2.

 
The hematite sample used in this investigation was 

provided by calcining reagent grade Fe2O3, which was 
detected by the laser particle size analyzer (CLF-2, 
Malvern) to determine the distribution particle size 
and the result shown 95% particle size was less than 
10μm and it stored in vacuum drying oven and 
dehydrated for 48 hours before the experiment, and 
the X-ray diffraction pattern of the hematite sample is 
shown in Figure 1. The experiment was conducted 
using a thermo-gravimetric analyzer (TGA, HCT-4, 
Henven); the mass loss was recorded at 1 Hz, and 
TGA had a precision of ±1μg. The hematite sample 
was put into the crucible and spread into a thin layer. 
The inner diameter of the alumina crucibles used in 
the experiment were 16mm; the crucibles were 
cleaned by an ultrasonic cleaner and then dried in 
vacuum drying oven before use. The mass flowmeter 
(Alicat) which has an accuracy of ±0.5%.was used to 
control the gas flow rate. The part about water of 
hydrogen-water vapor gas mixture was controlled by 
the appliance provided by Bronkhorst. A schematic 
diagram of the experimental apparatus is given in 
Figure 2.  

 The hematite sample was isothermally reduced 
with hydrogen and hydrogen-water vapor gas mixture 
at 1023K-1273K. In all the reduction experiments, 
0.1g of hematite sample was placed in the TGA heated 
to the desired temperature under argon atmosphere 
(purity of 99.999%), the gas mass flow rate was 
40sccm. When the temperature was reached, the 
argon was switched to hydrogen or hydrogen-water 
vapor gas mixture; the experimental condition of gas 
reactant composition is given in Table 1, and the gas 
mass flow rate continued to be 40sccm. Moisture in 
argon was removed by passing through a column of 
silica. After the reduction reaction, the hydrogen or 
hydrogen-water vapor gas mixture was switched to 
argon until the sample was cooled to room 
temperature. The weight of the hematite sample was 
continuously measured by the TGA. The X-ray 
diffraction (XRD, SmartLab, Rigaku) and the 
scanning electron microscope (SEM, MLA250, FEI) 
were used to characterize the different phases and the 
structure of reduction product. 

 
Results and discussion 3.

Experiment results 3.1.
 
In this experiment, the mass change of the 

hematite sample during the reduction process is 
considered to be caused by the “deprivation” of 
oxygen in the sample by hydrogen. Therefore, the 
reduction degree (conversion degree) X of hematite is 
defined as the ratio of the mass of oxygen in the 
hematite that has been reacted at time t to the mass of 
oxygen in the hematite in the original sample. 

                                                               
(1) 

 
where mi, mt, mꝏ are the mass of sample in the 

initial, the mass of sample at the time t, the mass of the 
complete reaction of hematite, respectively. The 
average reaction rate  can be obtained by the 
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Figure 1. X-ray diffraction pattern of the hematite sample Figure 2. The schematic diagram of the experimental setup
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following formula, 
                                                                   

(2) 
 
In general, hematite is not directly reduced to iron 

by gas reduction [14-17]. In the first instance, it forms 
lower-valence oxides, and then turns into metallic iron 
through lower-valence oxides according to the 
thermodynamic phase diagram (Figure 3) and the 
following equations [14, 18], and the Gibbs free 
energy change of each reaction is shown in Figure 4. 

                                             
 (3) 

 
 T<821K  
                                             

(4) 
 
 T>821K  
                        

  (5) 
 

                                           (6) 
 
Since a small number of sites (1-x) in the wustite 

lattice are not occupied by iron ions, the wustite in the 
above equation is written as FexO [19]. Wustite is 
unstable at low temperatures under thermodynamic 
equilibrium, but when the temperature is higher than 
821K, there is a stable area of wustite [20]. Since the 

temperature in this experiment is higher than the 
critical temperature of 821K, the reduction route of 
hematite is first to be reduced to magnetite by 
hydrogen or hydrogen-water vapor gas mixture and 
then reduced to wustite and finally reduced to iron. 
Meanwhile, the sample particles selected in the 
experiment were too small to be understood as layered 
reduction, but should be considered as a staged 
reduction.  

The reduction of hematite to iron required three 
stages during experimental temperature. In general, 
for hematite reduction reaction, the reduction from 
wustite to metallic iron is the control stage among 
three reduction stages, hence it can be considered that 
the rate of reduction from hematite to magnetite and 
magnetite to wustite are relatively fast [21-22]. Figure 
5 shows the results of reduction reaction of hematite 
powder at 1023K-1273K. For pure hydrogen, 
achieving about 100% the reduction degree would 
take at least 2000s at 1023K. However, it would have 
taken only 800s to reach about 100% the degree of 
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No. Temperature, K
Gas reactant, atm

H2 H2O

1 1023 0.5 0.5

2 1023 0.8 0.2

3 1023 0.9 0.1

4 1023 1 0

5 1073 0.5 0.5

6 1073 0.8 0.2

7 1073 0.9 0.1

8 1073 1 0

9 1173 0.5 0.5

10 1173 0.8 0.2

11 1173 0.9 0.1

12 1173 1 0

13 1273 0.5 0.5

14 1273 0.8 0.2

15 1273 0.9 0.1

16 1273 1 0

Table 1. Experimental conditions of isothermally reduction 
reaction

v
X

t




Fe O H Fe O H O  3 22 3 2 3 4 2

Fe O H Fe H O  4 3 43 4 2 2

xFee O x H Fe O x H Ox3 4 2 24 3 3 4 3      

Fe O H xFe H Ox 2 2  

Figure 4. The Gibbs free energy change of each reaction 
(calculated with FactSage7.0)

Figure 3. The thermodynamic phase diagram of Fe-O-H 
system equilibrium at 1 atm (calculated with 
FactSage7.0)



reduction by increasing the temperature to 1073K, 
which would have cut the time at least by half. As the 
experimental temperature continued to increase, the 
time required for the reaction was further reduced. On 
the other hand, the reaction time increased as the 
content of water vapor in the gas reactant increased. 
When the water vapor content was further increased 
to 50%, the hematite powder could only be reduced to 
wustite, but its reduction curve of the stage 1 was also 
roughly consistent with the overall reduction trend. 
This phenomenon indicates that the stage 1 of 
hematite sample powder reduction is less affected by 
water vapor, which is also consistent with the study of 
Lorente [23].  

 
Effect of water on the reduction degree 3.2.

 
Water vapor, as the product of hydrogen and iron 

oxide reduction reaction, is mixed with hydrogen gas 
in a certain proportion as the gas reactant that is 
introduced into the reactor for reduction reaction with 
hematite sample, and there is no doubt that water 
vapor will affect the reaction process. As shown in 
Figure 6, the gas reactant containing only pure 
hydrogen reacted with the hematite samples, allowing 
the sample to reach 100% reduction degree within 
2000s at 1023K-1273K. If 10% water vapor was 
mixed into hydrogen as gas reactant for reduction 
reaction, the maximum reduction degree would be 

reduced from 100% to 96.6% at 1023K, but had no 
effect at the other experimental temperatures. 
Continuing to increase the water vapor content to 
20%, the maximum reduction degree would continue 
to decrease to 83.3% at 1023K and from 100% to 
95.6% at 1073K. However, when the water vapor 
content of the hydrogen-water vapor gas mixture 
increased to 50%, the maximum reduction degree was 
only 25.1% at 1023K, but as the experimental 
temperature increased, the maximum reduction 
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Figure 5. Reduction degree curves for hematite at (a) 1023K (b) 1073K (c) 1173K (d) 1273K

Figure 6. Maximum reduction degree under different 
reaction conditions



degree of the sample also increased. The maximum 
reduction degree at 1173K was 29.5% and remained 
basically unchanged if the temperature was continued 
to increase. 

 
Effect of water on the reaction rate 3.3.

 
As mentioned above, the entire reduction reaction 

process was artificially divided into three stages, each 
of which corresponds to a main reaction. In the stage 
1 (0≤X≤0.11) of reduction reaction, hematite was 
reduced to magnetite. From the thermodynamic 
conditions of the reaction, it can be seen that this 
reaction can easily occur with low hydrogen partial 
pressure under the premise of the experimental 
temperature. Since the minimum hydrogen partial 
pressure in the experimental conditions was also 
much higher than the theoretical critical hydrogen 
partial pressure, water vapor had relatively small 
effect on the reaction rate at this stage. The average 
reaction rate of the stage 1 of the reduction reaction is 
shown in Figure 7. The average reaction rate dropped 
by 53.6% when the water vapor content of gas 
reactant rose from 0% to 50% at 1023K, but the 
average reaction rate only dropped by 25.5% when 
the water vapor content rose to only 20%. When the 
reaction temperature increased to 1273K, the average 
reaction rate dropped by only 17.3% and the water 
vapor content was also 20% at this point, but this time 
the average reaction rate decreased to the highest 
degree at 0.00181. 

As the reaction progressed to the stage 2 
(0.11≤X≤0.33 when water vapor content ≤ 20%, 
0.11≤X≤0.2 when water vapor content = 50%), the 
main reaction in this stage was transformed into a 
reaction from magnetite to wustite. The main reaction 

in this stage was thermodynamically relatively 
difficult to proceed compared to the reaction in the 
stage 1. Therefore, the water vapor content in 
hydrogen-water vapor gas mixture had a greater 
impact on the reaction rate, and the specific results are 
shown in Figure 8. When the reduction temperature 
was 1023K, the average reaction rate decreased with 
increasing water vapor content in gas reactant. 
However, with the increase of reaction temperature, 
the decrease rate of average reaction rate would be 
faster, as shown by the slope of the linear fit becoming 
smaller as the temperature increased. Besides, as the 
reaction temperature increased, the average reaction 
rate also increased. If the experimental temperature 
was increased to 1273K, the average reaction rate at 
50% water vapor content would be higher than that of 
pure hydrogen at 1023K. 

Figure 9 shows the effect of water vapor content 
on average reaction rate of stage 3 prophase 
(0.33≤X≤0.8) of reduction reaction. For 50% water 
vapor content the reduction reaction could not react in 
stage 3, while for the pure hydrogen the reduction 
degree rapidly reached 0.9 without obvious 
deceleration. Under the same experimental 
temperature, the average reaction rate decreased 
approximately linearly with the increase of water 
vapor content. When the water vapor content 
increased from 0% to 20% at 1023K, the average 
reaction rate dropped the most, which was about 
78.1%. However, if it was in stage 2 of the reduction 
reaction, the average rate dropped at most only by 
about 30.7% at 1023K. Those results show the content 
of water vapor in the gas reactant has a great influence 
on the final stage of reduction reaction consistent with 
previous studies [24-26]. Furthermore, the average 
reaction rate increased almost linearly with the 
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Figure 7. The relationship between water vapor content 
and average reduction rate in stage 1

Figure 8. The relationship between water vapor and 
average reduction rate in stage 2



increase of the reaction temperature at the same water 
vapor content. 

All in all, water vapor has different effects at 
different stages of reduction reaction, which is 
reflected in reaction thermodynamics and kinetics. On 
the basis of thermodynamics, since water vapor is the 
substance produced by the reduction reaction, the 
large amount of water vapor will cause Delta G of the 
reaction to increase, and the tendency of the forward 
reaction to decrease. In terms of kinetics, since the 
viscosity of water vapor at the same temperature is 
greater than that of hydrogen, this will cause the gas 
diffusion coefficient of the gas reactant to decrease, 
making gas mass transfer difficult [27-28]. 

 
Effect of water on the apparent activation 3.4.

energy 
 
The isothermal reaction rate (dX/dt) is also 

obtained by the differentiation of the degree of 
reaction to the reaction time, which is a function of 
rate constant of reaction (k) and the reaction 
mechanism model function (f(X)) that has a certain 
transformation relationship with time t. 

                                                   
 (7) 

 
                                                    

(8) 
 
where F(X) is the integral reaction model. 

Separating variables and integrating Eq 7 and Eq 8 
gives the integral forms of the isothermal rate law. 

                                                              
 (9) 

 

Table 2 [29-32] presents the suggested 
mathematical functions used for the reaction kinetic 
model, which covers most of possible mechanisms 
that control the reduction reaction. Therefore, these 
functions will be used for mathematical modeling of 
reaction kinetic data, where the best fitting functions 
will be chosen to ultimately decide the reaction 
controlling mechanism.  

According to the above mention, the  of the 
reaction was also divided into three stages for 
analysis. Figure 10 exhibits the mathematical 
modeling of contracting volume (R3) of the 
experimental data during the stage 3 with 80%H2-
20%H2O gas mixture at 1023K to 1273K. The model 
generate correlation coefficient were greater than 
0.99, which the slope of the model was the . 

The rest experiment data deduced by analogy, 
which were fitted using the model of Three-
dimensional diffusion (Jander) and Contracting 
volume (R3) in Table 2. According to Strangway 
study [33], as shown in Table 3, the probable rate 
controlling step of reaction can be speculated by 
obtaining the apparent activation energy (Ea). 
Therefore, in order to preliminarily determine the 
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Figure 9. The relationship between water vapor and 
average reduction rate in stage 3
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Table 2. Reaction kinetic model functions applied for the 
solid-state reaction



probable rate controlling mechanism of the three 
stages of the reduction reaction, the Ea of reduction 
should be obtained, which was calculated from 
following methods. 

                                                          
 (10) 

                                        
  

(11) 
 
where k, A, R, are the rate constant of reaction, the 

preexponential (frequency) factor, the gas constant, 
respectively. The Arrhenius plots for the experiments 
are shown in the Figure 11. 

For the three stages of hematite reduction, the 
apparent activation energy of the reaction in each 
stage increased as the proportion of water vapor in the 
gas reactant increased. As shown in the Figure 12, in 
the stage 1 of hematite reduction, the apparent 
activation energy of the reaction slightly decreased as 
the water vapor content decreased. The activation 
energy obtained through the above analysis was 
basically in the range of 20kJ/mol to 40kJ/mol when   
the reaction was in the stage 1, which indicated that 
the probable rate controlling steps of reaction were 
gas diffusion or combined gas diffusion and 
interfacial chemical reaction. It was mainly reason 
that the delta G for the reduction of hematite to 
magnetite at this experimental condition was 
relatively small, but the mass transfer capacity of the 
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Figure 10. Application of the model of contracting volume 
(R3) at the stage of wustite reduction to metallic 
iron with 80%H2-20%H2O gas mixture
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NO.
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activation energy 
Ea(kJ/mol)

Probable rate 
controlling step

1 8~16 Gas diffusion

2 29~42

Combined gas 
diffusion and 

interfacial chemical 
reaction

3 60~67 Interfacial chemical 
reaction

4 >90 Solid-state diffusion

Table 3. Relationship between apparent activation energy 
and probable rate controlling step

Figure 11. Arrhenius plots of the rate constant for the experiments



gas phase was relatively weak. In the stage 2 of 
reduction reaction, the apparent activation energy of 
the reaction was greater than in the stage 1. In the 
stage 3 of hematite reduction, the driving force of the 
reduction reaction continued to become smaller, and 
the kinetic condition of this early stage of reaction 
became better because the oxygen element in the 
sample was taken away by hydrogen in the stage 1 
and 2 of reaction. Therefore, the apparent activation 
energy of the third stage of the reduction reaction 
would be significantly higher than the first two stages. 
When the proportion of water vapor in the gas reached 
20%, the apparent activation energy of the reaction 
was about 64kJ/mol and the possible rate controlling 
step in the stage 3 of hematite reduction was 
interfacial chemical reaction. Moreover, when the 

proportion of water vapor in the gas continued to 
increase to 50%, the hematite reduction can only 
proceed to the stage 2. At this stage can also be 
considered as the probable rate controlling step was 
interfacial chemical reaction. Moreover, during the 
reaction, water vapor would be adsorbed on the 
surface of the reactant, occupying active reaction sites 
[24, 34]. Once the active site on the sample was 
occupied, hydrogen cannot react at the active site, and 
sample “poisoning” occurs.  

                                
(12) 

                          
 (13) 

                              
(14) 

 
where      and       are the active reaction site and 

poisoning site. Besides, the mechanism of adsorption 
depends on temperature and a lower temperature is 
better for adsorption. With increasing temperature, the 
effect of water vapor adsorption decreases [20]. This 
is one of the reasons why the value of the apparent 
activation energy of the reaction is relatively large 
when the content of water vapor in the gas reactant is 
high. 

The microstructure of reduction products with 
different gas reactant conditions at 1273K are shown 
in Figure 13. It seems that the high temperature did 
not cause serious sintering of the reduction products, 
and the reduction product still had some holes and 
cracks, where the channel for hydrogen diffusion was 
not seriously blocked, and the situation of relying 
only on solid-state mass transfer had not yet appeared. 
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Figure 12. The apparent activation energy of three reaction 
stage

Figure 13. The microstructure of reduction products at 1273K with: 
(a) 50%H2-50%H2O (b) 80%H2-20%H2O (c) 90%H2-10%H2O (d) 100%H2
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The reduction product presented a relatively initial 
shape at 50% water vapor content in gas reactant, 
which it could only react to the stage 2. However, as 
the content of water vapor in gas reactant decreased, 
the reduction reaction reacted into the stage 3, and the 
morphology of the product also underwent further 
changes, which was formation of network structure 
with increased porosity and fully developed iron 
phase bonded with each other. 

The raw materials of a reaction and its physical 
state and purity determine the value of the apparent 
activation energy of the reaction. In addition, for the 
same solid, different experimental conditions lead to 
different values of apparent activation energy. All 
these parameters have an influence on the rate-
limiting step, and therefore, different rate-limiting 
steps lead to different apparent activation energies. By 
summarizing the results of previous studies, as given 
in Table 4 [33, 35-42], it can be found that the 
apparent activation energy obtained when the reaction 
experimental conditions are similar to the reaction 
conditions in this study are also relatively consistent. 

Conclusion 4.
 
The reaction of the hematite sample with 

hydrogen and hydrogen-water vapor gas mixture was 

studied with an accurate TGA at 1023K-1273K. The 
reduction results obtained by a series of 
comprehensive analyses and compared with previous 
researches can lead to the following conclusions: 

1. The whole reduction process of hematite is 
divided into three stages. The content of water vapor 
in the gas reactant has the least influence on the first 
stage. The average reaction rate decreases only by 
25.5% when the water vapor content decreases at 
1023K from 0% to 20%, and with the increase of the 
reaction temperature, the degree of the decrease of the 
average reaction rate decreases further. As the 
reduction reaction of hematite progresses, the 
influence of water vapor in the reaction gas increases. 
In stage 3, when the water vapor content increases 
from 0% to 20% at 1023K, the average reaction rate 
decreases the most, by 78.1%. In addition, the 
influence of water vapor on the reduction reaction 
increases with increasing reaction temperature at all 
stages of the reduction reaction. 

2. Under unfavorable reducing conditions,i.e., 
when that the reduction temperature is lower than 
1173K and the water vapor content in the reducing 
atmosphere is higher than 20%, it is difficult to 
achieve a high degree of metallization within 2000s 
Under the experimental conditions of this study, the 
reduction products of hematite can be taken from the 
SEM image that the sintering situation is not very 
serious, and a large number of cracks and holes can be 
seen. Combining the apparent activation energy of the 
reaction with the SEM image, it can be assumed that 
there is no rate controlling step dominated by solid-
state diffusion. 

3. By fitting the experimental results to the model 
and mutually confirming the apparent activation 
energy obtained from the experiment, it can be 
assumed that the probable rate controlling steps of the 
reaction at low water vapor content are gas diffusion 
or combined gas diffusion and interfacial chemical 
reaction. However, at high water vapor content the 
probable rate controlling steps of reaction are 
chemical reactions at the interface. Moreover, under 
the same experimental conditions, the apparent 
activation energy of the reaction increases as the 
reaction enters the next stage. 

4. Water vapor will adversely affect the reduction 
reaction in both kinetics and thermodynamics. In 
thermodynamics, water vapor is a product, and affects 
the progress of the reaction. In terms of kinetics, water 
vapor impairs the diffusion of hydrogen and adsorbs 
on the active site to making it toxic. However, 
increasing the reaction temperature reduces the 
disadvantages caused by water vapor. 
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to iron with hydrogen
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UTICAJ VODENE PARE NA KINETIKU REDUKCIJE HEMATITNOG PRAHA 
UZ POMOĆ VODONIKA-VODENE PARE U RAZLIČITIM FAZAMA 
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NR Kina 
Apstrakt 
 
Prah uzorka hematita je izotermno redukovan mešavinom gasa vodonik/vodena para na 1023K-1273K. Rezultati ukazuju 
da se ukupan proces redukcije hematita može podeliti u tri faze (Fe2O3-Fe3O4-FeO-Fe), od kojih svaku treba istražiti. Na 
1023K, prosečna brzina reakcije je smanjena za 53,6% u fazi 1 kada se sadržaj vodene pare u reakcionom gasu povećao 
sa 0% na 50%, i za oko 77,2% u fazi 2. Međutim, u fazi 3, kada se sadržaj vodene pare povećao sa 0% samo na 20%, 
sadržaj se smanjio za oko 78,1%. Rezultati takođe pokazuju da se uticaj vodene pare na reakciju redukcije povećava sa 
povećanjem temperature reakcije u svim fazama reakcije redukcije. Mikrostruktura proizvoda redukcije pokazala je da su 
još uvek postojale neke šupljine, što nije ozbiljno blokiralo put za difuziju vodonika. Razmatrani su različiti modeli kako bi 
se dodatno razjasnio uticaj vodene pare u fazi redukcije. Opseg prividne energije aktivacije različitih faza dobijenih 
prilagođavanjem modela bio je oko 20-70 kJ/mol, što je takođe potvrdilo odsustvo fenomena difuzije u čvrstom stanju. 
 
Ključne reči: Redukcija; Voda; Vodonik; Kinetički mehanizam
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