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Study on Kinetics of Iron Oxide Reduction by Hydrogen* 
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Abstract  Kinetics parameters of iron oxide reduction by hydrogen were evaluated by the isothermal method in a 
differential micro-packed bed. Influence of external diffusion, internal diffusion and heat transfer on the intrinsic 
reaction rate was investigated and the conditions free of internal and external diffusion resistance have been deter-
mined. In the experiments, in order to correctly evaluate the intrinsic kinetics parameters for reducing Fe2O3 to 
Fe3O4, the reaction temperatures were set between 440 °C and 490 °C. However, in order to distinguish the reduc-
tion of Fe3O4 to FeO from that of FeO to Fe, the reaction temperature in the experiment was set to be greater than 
570 °C. Intrinsic kinetics of iron oxide reduction by hydrogen was established and the newly established kinetic 
models were validated by the experimental data.  
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1  INTRODUCTION 

Although blast furnace is the main process equip-
ment for the production of iron, sponge iron produced 
by direct reduction process becomes more and more 
popular because of the shortage of high-quality coking 
coals. In the process of producing sponge iron, hy-
drogen often is employed as the reductive gas. Better 
and full understanding of reduction mechanism and 
kinetics is extremely important for the technological 
development and process control. Although kinetic 
parameters have been extensively studied and widely 
used for scaling up and optimizing various reactors 
[1-6], reliable reaction kinetics have not yet been ob-
tained up to date. Among the pending problems, the 
data of activation energy determined by difference 
authors [7, 8] for the reduction of iron oxide scattered 
over a wide range of at least one order of magnitude. 
The reasons are conceived as the following:  

(1) The influence of diffusion was not completely 
eliminated. In the case of thermal gravitation (TG) 
study, the balance requires a quiescent atmosphere to 
get accurate measurement of mass, and gas velocity 
should not be higher than 0.01 m·s−1 in most cases, 
which is too slow to eliminate the external diffusion 
resistance for fast reactions like iron oxide reduction.  

(2) The mechanism of reaction for reduction of 
iron oxide varies with temperature. In-situ X-ray dif-
fraction (XRD) [7, 8] investigations showed the de-
pendence of reduction route on reduction temperature 
are as following:   

2 3 3 4Fe O Fe O Fe→ →   for T<450 °C 

2 3 3 4Fe O Fe O Fe O Fe Fex→ → + →  
for 450 °C<T<570 °C 

2 3 3 4Fe O Fe O FeO Fe→ → →   for T>570 °C 

Obviously, it is difficult to distinguish each reaction 
separately using TPR (temperature program reduction) 
and TG techniques, especially when the heating-up 
speed is high [9-11] and the overlap of these reactions 
makes it difficult to obtain kinetic parameters.  

Often, empirical equations, based on the assump-
tion of different diffusion effects, were used to fit ex-
perimental data to determine the kinetic parameters. 
Over 20 semi-empirical equations [12] have been pro-
posed for the reaction. However, it is often found that 
one set of experimental data could be well fit by many 
empirical equations [13], and then Arrhenius parame-
ters obtained were of significant difference. It is 
therefore necessary to measure the kinetic parameter 
under conditions free of diffusion resistance. 

In this work, the isothermal differential micro- 
packed bed was employed to determine the intrinsic 
kinetics of iron oxide reduction by hydrogen. The inter-
nal and external diffusion resistances were eliminated 
through increasing the gas flow rate and decreasing 
the particle size to the critical levels. Reaction tem-
peratures over 570 °C were selected to ensure that the 
reduction proceeds according to reactions (1) to (3), 
i.e., iron oxide (hematite) is reduced successively to 
magnetite, then wustite, and finally to iron sponge: 

2 3 2 3 4 23Fe O H 2Fe O H O+ +      (1) 

3 4 2 22Fe O 2H 6FeO 2H O+ +        (2) 

2 26FeO 6H 6Fe 6H O+ +       (3) 
Under the condition that different reaction steps 

can be well distinguished, a process mass chromato-
graph was employed to measure the concentration of 
off-gas. The evaluation of the reaction order was not 
attempted in this paper since it has been fully under-
stood [4, 7, 8, 14]. 
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2  EXPERIMENTAL 

Iron oxide powder with a mean diameter of  
0.249 μm [purity>99.9% (by mass), BET surface area 
3.9 m2·g−1] were bought from Sinopharm Chemical 
Reagent Co., China; purity>99.9% (by mass), BET 
surface area 3.9 m2·g−1. To obtain iron oxide with dif-
ferent particle sizes, the iron oxide powder was 
granulated by mixing with a small amount of water, 
followed by heating 600 °C for 4 h. The heated 
granulation was then crushed and sieved to obtain iron 
oxide particles of desire size ranges. The iron oxide 
particles were diluted with γ-Al2O3 of 100 μm by 1︰1 
(mass ratio) to avoid the hot spot during the reduction 
process. 

The experimental setup was illustrated by Fig. 1, 
where the diameter of bed was 8 mm. Quartz wool of 
3 mm thickness was placed on the top of perorated 
plate to keep fine particulates of iron oxide from leak-
ing out. The mixture of 0.1 g iron oxide and 0.1 g of 
γ-Al2O3 was sandwiched between the top and bottom 
layers of 0.1 g of γ-Al2O3, which was place on the top 
of the quartz wool. A K-type thermal couple protected 
by quartz tube of 2 mm diameter was inserted into the 
iron oxide to measure the reaction temperature.  

 
Figure 1  Scheme of packed bed 

Gas flow rate was controlled by a mass flow me-
ter (Seven Star Co., China). The quartz reactor and 
γ-Al2O3 were treated by hydrogen at the 800 °C for 2 
h at first to eliminate any measurement error. At the 
beginning of each experiment, the sample was purged 
by argon for half an hour for oxygen desorption, fol-
lowed by heating the mixture of iron oxide and 
γ-Al2O3 to specified temperatures in argon by the ex-
ternal electric heating coil. After the temperature was 
stabilized, the gas stream was switched to the mixture 
of hydrogen and argon, and in the meantime, the 
off-gas composition was measured by a process mass 

spectrograph (Proline, Ametek Process Instrument, 
USA) with the frequency of about 3 Hz.  

3  KINETIC MODELS 

During the iron oxide reduction process by hy-
drogen, the reaction rates  were often expressed by 
the following equations [1, 2, 6, 15-17]: 

2
2

H O
Hhh h

h h 0
h

d
3 exp

d
n E cn S k c
t RT K

⎛ ⎞⎛ ⎞= − − −⎜ ⎟⎜ ⎟
⎝ ⎠⎝ ⎠

   (4) 

2
2

H O
Hmm m

m m 0
m

d exp
d
n E cn S k c
t RT K

⎛ ⎞⎛ ⎞= − − −⎜ ⎟⎜ ⎟
⎝ ⎠⎝ ⎠

   (5) 

2
2

H O
Hww w

w w 0
w

d
exp

d
n E cn S k c
t RT K

⎛ ⎞⎛ ⎞= − − −⎜ ⎟⎜ ⎟
⎝ ⎠⎝ ⎠

   (6) 

h
0k , m

0k  and w
0k  are the pre-exponential factors for 

hematite reduced to magnetite, magnetite reduced to 
wustite and wustite reduced to metal iron by hydrogen 
respectively; Eh, Em and Ew are the corresponding ac-
tivation energies. Sh, Sm and Sw are the specific surface 
areas per mol for hematite, magnetite and wustite re-
spectively; nh, nm and nw are the mole of hematite, 
magnetite and wustite. 2Hc  and 2H Oc  are the mole 
concentration of hydrogen and water vapor in the gas 
phase respectively; Kh, Km and Kw are the equilibrium 
constant for reactions (1) to (3) respectively. Because 
hematite is reduced to magnetite at first, then to 
wustite, it can be assumed that Sm and Sw can be ex-
pressed as the direct proportional function of Sh as 

m m hS Sβ=                 (7) 

w w hS Sβ=                 (8) 
It is very difficult to measure and predict βm and 

βw, but if the three reactions can be distinguished from 
each other, they can be evaluated together with m

0k  
and w

0k  from the experimental data.  
The following equations can be obtained by inte-

grating Eqs. (4), (5) and (6) when the composition of 
the gas phase remains constant:  
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They apply when Δt is small so that the gas composi-
tion can be regarded as constant. 

Based on the total reduction degree of iron oxide, 
Eqs. (9), (10) and (11) can be rewritten as 
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which are valid when the three reaction steps can be 
well distinguished and Δt is sufficiently small. 

In the above equations, the reduction degree α, or 
the conversion of iron oxide, is defined as: 
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where ug is the superficial gas velocity (m·s−1), A the 
cross area of section of reactor (m2), cin and cout are the 
inlet and outlet gas concentration respectively 
(mol·m−3), 

2 3Fe Om  is the mass of sample of Fe2O3 (g), 

and 
2 3Fe OM  the molar mass of Fe2O3 (g·mol−1). 

Kinetic parameters for reduction of iron oxide 
can be evaluated only if three sequential steps are 
successfully distinguished under suitable conditions. 
Since reaction speed of hematite to magnetite is sev-
eral orders of magnitude faster than the that of the two 
others, so it is easy to distinguish this step from the 
other two, which was clearly indicated by the TG ex-
periments [7, 8]. In our experiment, this also has been 
confirmed, and the results were shown in Fig. 2. In 
this experiment, the mixture of hydrogen and argon  
(1︰20, volume ratio) (because the reaction order of 
hydrogen was not discussed in this paper, in the fol-
lowing experiment, the concentration of hydrogen 
kept unchanged) at the flow rate of 200 ml·min−1 was 
employed to reduce iron oxide at the temperature  
600 °C. When the conversion α reaches 11%, there is 
a complete peak of hydrogen which means the end of 
process from hematite to magnetite. When the total 
conversion reaches to 33%, there is significant change 
of slope of hydrogen concentration, indicating that the 
reaction transition from magnetite-wustite to wustite-iron. 
In this way, when the conversion of iron oxide reaches 
a certain value, three steps can be distinguished from 

each other under the condition of isothermal temperature. 
Eqs. (12), (13) and (14) can be rewritten as follows: 
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As shown in Eqs. (16), (17) and (18), if the three 
steps of this reduction can be very well distinguished 
the left side of Eqs. (16), (17) and (18) will keep con-
stant during the iron oxide reduction process under the 
isothermal condition, which is going to be further re-
ferred to in the following section.  

4  RESULTS AND DISCUSSION 

4.1  Heat and mass transfer limitations 

The influence of gas flow rate on overall reaction 
rates was first studied at 763 K to check the external 

 
Figure 2  Concentration of hydrogen and degree of re-
duction with time during reduction of iron oxide by hy-
drogen (temperature 600 °C, hydrogen volume concentration 
5%, sample mass 0.1 g, particle size 249 nm, velocity of gas 
200 ml·min−1) 
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diffusion effect. Illustrated in Fig. 3 is the dependence 
of the hydrogen concentration difference, Δc, at inlet 
and outlet of the reactor on the reduction degree under 
constant residence time, which was realized by adding 
iron oxide particles into the reactor in proportion to 
the gas flow rate. It demonstrates that when the gas ve-
locity is greater than 0.3 m·s−1, the dependence of Δc 
on the gas velocity is marginal, indicating that the exter-
nal diffusion resistance can be ignored above 0.3 m·s−1. 

 
Figure 3  The influence of gas flow rate on the overall re-
action rates (temperature 763K, average particle size 249 nm) 
☆ 0.2 m·s−1; ○ 0.3 m·s−1; □ 0.4 m·s−1 

The influence of particle size on overall reaction 
rates was then investigated at the same temperature to 
check the internal diffusion effect at the gas velocity 
of 0.3 m·s−1. As shown in Fig. 4, Δc increases with 
decreasing particle size down to 0.045 mm, below 
which the dependence of Δc on the particle size is ne-
glectable, demonstrating that the internal diffusion 
resistance can be eliminated when the particle size is 
less than 0.045 mm. 

 
Figure 4  The influence of the particle size on the overall 
reaction rates (temperature 763K, gas velocity 0.3 m·s−1, sample 
mass 0.1 g, hydrogen volume concentration 5%) 
□ averaged diameter 249 nm; ○ 0.025-0.045 mm; △ 0.045-0.100 
mm; ▽ 0.100-0.150 mm; ☆ 0.150-0.200 mm 

The influence of heat transfer limitation was 
checked by the Mears criterion [18]: 
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where ΔHr is the reaction heat, R is the ideal gas con-
stant, hg is the heat transfer coefficient between gas 
and solid which can be calculated based on the fol-
lowing expression [18]: 
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where cp is the heat capacity of gas, λg is the heat 
conductivity of gas. The calculated ΔhM,heat is lower 
than 0.05 in this experiment, suggesting that the heat 
transfer does not play an important role in the kinetic 
study.  

From the above investigations, the gas velocity 
of higher than 0.3 m·s−1 and the average diameter of 
iron oxide of 249 nm were employed in the subse-
quent experiments to ensure that the kinetic experi-
ments were performed under conditions free of inter-
nal and external diffusion resistance. 

4.2  Kinetic parameters 

In Fig. 5, the difference of hydrogen concentra-
tion between inlet and outlet are shown from 713 K to 
763 K. In these experiments, 0.1 g of average diameter 
249 nm iron oxide was used, the mixture of hydrogen 
and argon (1︰20, volume ratio) employed as the re-
ducing gas, and the velocity of gas was set as 0.3 
m·s−1. As shown in Fig. 5, the difference of hydrogen 
concentration between inlet and outlet first increases 
to a maximum value, and then decreases gradually. 
The main reason leading to this phenomenon may be 
the switch of gas stream from pure argon to the mix-
ture of argon and hydrogen at the beginning of reac-
tion, when the reactor was preheated to the specified 
temperature. Meanwhile, the mass spectrograph began 
to characterize the concentration of hydrogen of 
off-gas. Therefore, due to the gas axial diffusion and 
back mixing in the pipe and reactor, a certain time was 
need to reach the maximum difference of hydrogen 
concentration. In order to more accurately evaluate the 

 
Figure 5  The rate of reaction under various temperatures 
(gas velocity 0.3 m·s−1, sample mass 0.1 g, hydrogen volume 
concentration 5%, average particle size 249 nm) 
○ 713 K; □ 723 K; ● 733 K;  743 K; ☆ 753 K; + 763 K 
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intrinsic kinetic parameters, only those values after the 
blue dot line in Fig. 5 were employed to solve the re-
action kinetic parameters. 

To evaluate the kinetic parameters, 2H
hr,h3.0k S−  is 

plotted with the reduction degree in Fig. 6. When the 
reduction degree is lower than a certain value, the 
change of right side of Eq. (16) can be neglected at 
certain temperature and took as a constant. However, 
the values deviate significantly from a constant at 
higher reduction degree, which can be explained by 
that a little product of Fe3O4 further reduced to FeO 
by hydrogen, and this kind of phenomena becomes 
more and more serious at the higher temperature. 
Therefore, in order to avoid this kind of inaccuracy, 
those values of right side of Eq. (16) were used to 
solve the intrinsic kinetics parameters with the reduc-
tion degree below 6%. As shown in Fig. 7, the appar-
ent activation energy was calculated to be 105.4 
kJ·mol−1, and the pre-exponential parameter was cal-
culated to be 4.6×104 m·s−1.  

 
Figure 6  Plot of 2H

r,h h3.0k S−  against degree of reduction of 
iron oxide 
△ 713 K; ○ 723 K; ▽ 733 K; □ 743 K; ☆ 753 K;  763 K 

 
Figure 7  Kinetic parameters of reducing Fe2O3 to Fe3O4 
by hydrogen 

In Fig. 8, the difference of hydrogen concentration 
between inlet and outlet are shown at the temperatures 

from 863 K to 903 K. In these experiments, the condi-
tions are the same as in Fig. 5. Due to the same rea-
sons with Fig. 5, at the beginning of reaction, the dif-
ference of hydrogen concentration increased to reach 
the maximum value in a short time. When the tem-
perature is higher than 863 K, the reaction of Fe2O3 
reduced to Fe3O4 was very fast and seriously influ-
enced by external mass transfer, so as shown in Fig. 8 
the increase of the overall reaction rate is not signifi-
cant with increasing the reaction temperature. How-
ever, when the reaction of Fe3O4 to FeO started, the 
influence of temperature on the overall reaction rate 
became significant. With the sample further reduced, 
FeO was reduced to Fe. However, because the product 
of Fe tends to sinter, the reaction is controlled by the 
internal diffusion of reducing gas, the influence of 
temperature on the reaction rate becomes marginal at 
the final stage of reduction, and this also can be vali-
dated by the scanning electron microscope (SEM) 
picture of products. As shown in Fig. 9, the metalliza-
tion ratio of all products is higher than 90%, the reac-
tion times were 3 h. 

 
Figure 8  The rate of reaction under the various tempera-
tures (gas velocity 0.3 m·s−1, sample mass 0.1 g, hydrogen 
volume concentration 5%, average particle size 249 nm) 
● 863 K; + 873 K; □ 883 K; ☆ 893 K; ■ 903 K 

In Fig. 10, the change of right side of Eq. (17) 
with reduction degree is shown. Based on the same 
reason, the values of right side of Eq. (17) were em-
ployed but only the data with the reduction degree less 
than 24% were used. The activation energy of the re-
duction of Fe3O4 to FeO by hydrogen can be evaluated 
with Fig. 11. The activation energy is 131.5 kJ·mol−1 
and the pre-exponential parameter is 1.3×105 m·s−1.  

Due to the sintering of newly formed metallic 
iron, the values of right side of Eq. (18) are shown 
only for the reduction degree is from 35% to 60% in 
Fig. 12, and these values are employed to solve the 
intrinsic kinetic parameters for the reaction of reduc-
ing FeO to Fe by hydrogen. As shown in Fig. 13, the 
activation energy for reduction of FeO to Fe by hy-
drogen is 76.0 kJ·mol−1, and the pre-exponential pa-
rameter is 9.5 m·s−1. 

Thus, the reaction kinetics can be summarized as 
follows; 
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Figure 9  SEM image of iron oxide and as-reduced iron at various temperatures (a: iron oxide; b: iron from reduction at 590 °C; 
c: iron from reduction at 600 °C; d: iron from reduction at 610 °C; e: iron from reduction at 620 °C; f: iron from reduction at 630 °C)

  
Figure 10  Plot of 2H

r,m mk S−  against degree of reduction 
of iron oxide 
●  863 K; ○ 873 K; ■ 883 K; □ 893 K;  903 K 

Figure 11  Activation energy plot for reducing Fe3O4 to 
FeO by hydrogen 

  
Figure 12  Plot of 2H

r,m mk S−  against degree of reduction 
of iron oxide 
× 863 K; ● 873 K; ○ 883 K; □ 893 K; ■ 903 K 

 

Figure 13  Kinetics parameters of reducing FeO to Fe 
by hydrogen 
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It should be noted that the influence of sintering 
of product iron on the reduction rate was not consid-
ered during evaluating the kinetic parameters. They 
are therefore not applicable when the newly-formed 
iron product has high tendency to sinter during the 
reduction process.  

4.3  Validation experiments 

Reduction experiments were performed to vali-
date the intrinsic kinetics, where 1.5 g iron oxide 
powder having the average diameters of 249 nm with 
a surface area of 239 m2·mol−1 was employed. To keep 
the hydrogen concentration nearly constant in the 
whole reduction process, the mixture of hydrogen and 
argon (1︰1, volume ratio) was used, and the velocity 
of gas was set to 2 m·s−1. The maximum difference of 
hydrogen concentration between inlet and outlet was 
characterized to be lower than 0.5% during the ex-
periment by the on-line mass spectrograph. When the 
reaction was completed, the temperature of reactor 
was cooled to room temperature in argon to avoid the 
re- oxidation of the reduced sample. The reduction 
degree of sample was measured by the chemical titra-
tion method. The reduction process can be simulated 
based on the equations (24), (25) and (26), simplified 
from equations (4), (5) and (6) due to the reasons that 
the variation of hydrogen concentration was marginal 
(less than 0.5%) during the reduction process. The 
equations can be solved by the fourth order of 
Runge-Kutta method with suitable mesh grid, together 
with initial conditions expressed by Eq. (27).  

The experimental results are shown in Fig. 14, 
together with the calculated results. It is clear that the 
prediction from the newly established kinetic model 
shows a good agreement with the experimental data. 

2Hhh h
h h 0

d 3 exp
d
n En S k c
t RT

⎛ ⎞= − −⎜ ⎟
⎝ ⎠

     (24) 

2

2

Hhm h
h h 0

Hm m
m h 0

d
2.0 exp

d

exp

n E
n S k c

t RT
En S K c
RT

⎛ ⎞= − −⎜ ⎟
⎝ ⎠

⎛ ⎞−⎜ ⎟
⎝ ⎠

    (25) 

2

2

Hmw m
m h 0

Hw w
w h 0

d
3.0 exp

d

exp

n En S K c
t RT

E
n S k c

RT

⎛ ⎞= − −⎜ ⎟
⎝ ⎠

⎛ ⎞−⎜ ⎟
⎝ ⎠

   (26) 

Initial condition: 

2 3

3
h Fe O

m

w

1.5g / 9.3 10  mol

0 0.0
0.0

n M

t n
n

−⎧ = = ×
⎪
⎨= =
⎪ =⎩

   (27) 

 
Figure 14  The comparison between simulation results and 
experimental data for reducing iron oxide (sample mass 1.5 
g, hydrogen volume concentration 50%, gas velocity 2 m·s−1) 
■ 500 °C exp.; ● 550 °C exp.;  500 °C simulation; 

 550 °C simulation 

5  CONCLUSIONS 

Isothermal method for evaluated kinetic parame-
ters of iron oxide reduction by hydrogen is reasonable. 
Three steps of reaction above can be successfully dis-
tinguished from each other. The reaction kinetics pa-
rameters were measured under conditions free of the 
internal and external diffusion resistance. The activa-
tion energy was thus evaluated together with the 
pre-exponential parameter for reactions of Fe2O3 to 
Fe3O4, Fe3O4 to FeO, and FeO to Fe. The kinetic 
equations have been validated by a group of specially 
designed reduction experiments. 

NOMENCLATURE 

2Hc , 2H Oc  concentration, mol·m−3 
cp heat capacity of gas, J·kg−1·K−1 
dp diameter of solid particle, m 
Eh, Em, Ew activation energy, kJ·mol−1 
ΔHr reaction heat, J·mol−1 
Ki equilibrium constant for chemical reaction 

2H
r,hk , 2H

r,mk , 2H
r,wk  reaction rate, m·s−1 

h
0k , m

0k , w
0k  pre-exponential factors, m·s−1 

nh, nm, nw amount of substance, mol 
R ideal gas constant, J·mol−1·K−1 

2CO / Hr , rh, rm, rw observed instantaneous reaction rate per solid vol-

ume, mol·s−1 
Sh, Sm, Sw superficial area of solid, m2·mol−1 
T temperature, K 
t time, s 
ug the velocity of gas, m·s−1 
μg gas viscosity, Pa·s 
ρg gas density, kg·m−3 

Subscripts 
g gas 
h Fe2O3 
m Fe3O4 
w FeO 
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