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Abstract: The thermodynamic data of iron oxides reduction reactions from the most 
recognized thermodynamic database (NIST-JANAF) show remarkable difference 
between stoichiometric and non-stoichiometric iron oxides. Iron oxides reduction 
equilibria in both CO-CO2 and H2-H2O atmospheres are calculated with Dieckmann’s 
and Weiss’ defect models. Relevant literatures are investigated and reduction 
experiments are carried out to complement and interpret the newly calculated 
equilibrium diagram. The results suggest a conjecture of two routes for hematite 
reduction reactions. With the ideal and widely accepted mechanism, hematite is reduced 
to magnetite and then to iron below 576◦C, while the reduction route follows the 
sequence of Fe2O3→Fe3-δO4→FexO→Fe above 576◦C. With the regular but always 
unrecognized mechanism, the reduction process of hematite experiences Fe3O4, FeO, 
and Fe step by step in all possible temperature above 156◦C. In the regular mechanism, 
sufficient scattered impurities occupy crystal interstices of magnetite and prevent the 
newly produced FeO unit cell from dissolving into the solid solution of magnetite, and 
then the FeO will accumulate above 156◦C. Actually the regular mechanism is hard to 
realize and usually confused with the ideal mechanism. The presence of the regular 
mechanism is proved by experimental phenomena of the drop of eutectoid temperature. 
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1 Introduction 
Due to the wide application in iron and steelmaking, iron oxide reduction reactions 

are the most extensively investigated chemical reactions [1–6]. Nevertheless, the iron 
oxide reduction mechanisms are increasingly doubted because of the unexpected 
experimental results from different researchers[7–12] since the Baur-Glaessner 
diagram [3] and Darken-Gurry diagram[4,13] were published. 

The mechanisms of iron oxide reduction reactions are usually recognized as 
follows[14,15]. When reduced below about 570◦C, hematite converts to magnetite and 
then directly to iron. When temperature is above 570◦C, the reduction route turns to 
Fe2O3→Fe3O4→FexO→Fe. These commonly accepted mechanisms can also be 
explained by the Gibbs free energy change of the decomposition of wustite in different 
temperature ranges. Wustite decomposes into iron and magnetite at temperatures lower 
than 570◦C because of the minus corresponding Gibbs free energy change of the 
decomposition reaction. The eutectoid temperature of 570◦C was first presented in 
Chaudron’s PhD thesis[16], and it is also called Chaudron’s point[17]. However, 
Chaudron misunderstood wustite as the stoichiometric ‘FeO’, until Vallet who is the 
first to announce the existence of ‘varieties of wüstite’ and dedicated most of his 
academic contributions to the non-stoichiometric ‘FexO’[18]. Vallet also gave a little 
revision of the Chaudron’s point[17]. 

However, a little revision of Chaudron’s point is far from enough. Suspicion to the 
traditional mechanisms has never stopped since 1970s according to Romanov and his 
partners’ experimental results[7,8]. Chen[19] presented the meatastable wustite was 
formed in 400-500◦C. What more confusing is that wustite was found by Khader et al[9] 
as the final reduction product of hematite at 300-400◦C. Stoichiometric wustite FeO 
was also detected with the technology of insitu XRD [10–12]. All in all, these 
experimental results cannot be explained with previous equilibrium diagram, and the 
mechanisms of iron oxide reduction reactions cannot come to a consistent interpretation. 
In this paper, the thermodynamic analyses of iron oxides reduction reactions are 
conducted based on most updated thermochemical data and are expected for new 
findings to understand the iron oxides reduction mechanisms. 
 
2 Theoretical and thermodynamic analyses 

The iron oxide reduction reactions and related Fe-O equilibrium systems have been 
extensively studied for more than a hundred years, investigators have continuously 
disputed about the thermodynamic data according to their different experimental 
results[20]. They not only implemented the equipment conditions for the 
thermodynamic equilibrium experiment, but also consider the effect of non-
stoichiometry of iron oxides on the results. In this paper, the calculation is based on the 
most recognized and updated thermodynamic data[21], which shows remarkable 
differences between stoichiometric and non-stoichiometric iron oxides. 

 
2.1 Thermodynamic calculation model 

For the reduction of iron oxides by CO, five chemical reactions are considered as 
follows 
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Among these five equations, only three ones are independent. Eq. (5) is solid-solid 
reaction while the others are gas-solid reactions. Assuming the pressure of the system 
is 1 atm and constant, for Eqs. (1)-(4), 
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For pure substances, the relationship between Cp and T is, 
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Since the Gibbs free energies of substances are a state functions related to 
temperature, the absolute value of G cannot be specified. However, the relative enthalpy, 
entropy and Gibbs free energy of a substance i at temperature T can be defined 
according to Kirchhoff’s Formula as follows. 
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where L1, L2, … are phase transition enthalpies at the corresponding temperature T1, 
T2, …. Then the Gibbs free energy change of a chemical reaction can be calculated with 
Eq. (11).  
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As the stoichiometric substance FeO is instable[4,13–15], it is usually substituted by 
Fe0.947O in common models[14,15]. Because of the great differences in thermodynamic 
data between FeO and Fe0.947O in the thermodynamic tables of NIST-JANAF [21], both 
the two substances are considered separately in this paper. 

 
2.2 Non-stoichiometric iron oxides 

In magnetite (Fe3-δO4), there are possible iron deficiencies up to 3% and iron 
surpluses up to 1%[14,22]. The main mechanisms of non-stoichiometry of magnetite 



are iron ions in crystal lattice interstitial places at low oxygen partial pressures and the 
iron vacancies at high oxygen partial pressures. Although there are some limitations in 
Dieckmann’s iron cation diffusion model[23,24], experimental results showed a good 
agreement with the calculation results for -0.01<δ<0.1[25,26]. As shown by Eqs. (12)-
(14), the defect degree δ can be expressed as a function of oxygen activity according to 
Dieckmann’s magnetite defect model. Furthermore, as the oxygen activity is 
determined by the reducing gas composition in CO-CO2 or H2-H2O atmospheres, iso-
defect-degree curves can be calculated by these equations. 
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where KI and KV are the formation constants of crystal interstices and iron ion 
deficiencies respectively.  

Weiss et al[27] regarded the wustite phase consist of ideal solutions of hematite and 
stoichiometric FeO, and there are two equilibrium equations as 3Fe0.66O + CO (H2) = 
2FeO + CO2 (H2O) and 3yFe0.66O + (1-3y) FeO = Fe1-yO. Therefore, thermodynamic 
equilibrium data with respect to various Fe/O ratios in the wustite region can be 
calculated by means of the ideal solution method. 
 
3 Results and discussions 

 
3.1 The equilibrium diagrams 

 
Based on the most recognized elemental thermodynamic data of various oxides[21], 

the iron oxides reduction equilibrium diagram with different Fe/O ratios is calculated 
and plotted in Fig. 1 and Fig. 2 according to Dieckmann and Weiss’s non-stoichiometric 
model. The difference between the new plots and Baur-Glaessner diagram is that curve 
FeO→Fe and curve Fe3O4→FeO are drawn at an intersection of 156◦C. Equilibrium 
between magnetite and wustite with various Fe/O ratios at different oxygen activities is 
also plotted in the respective regions. 

 



 
Fig. 1 Iron oxides reduction equilibria with CO-CO2 

 

 
Fig. 2 Iron oxides reduction equilibria with H2-H2O 

As shown in Fig. 1 and Fig. 2, the eutectoid temperature of iron oxides is 576◦C in 
both CO-CO2 and H2-H2O atmospheres while it is recognized as 570◦C in Baur-
Glaessner diagram, Chaudron’s thesis and Darken-Gurry diagram. Of course, the 



magnetite and wustite regions can be regarded as solid solutions of FeO and Fe3O4. The 
defect degree δ of magnetite (Fe3-δO4) equals zero and this stoichiometric magnetite is 
in equilibrium with the oxygen activity on curve Fe3O4→FeO. Between the curves 
Fe3O4→FeO and Fe2O3→Fe3O4, δ is positive, while it is negative above curve 
Fe3O4→FeO and below curve Fe3O4→FexO. In other words, the proportion of Fe 
increases in the Fe-O systems when hematite is reduced to magnetite, (wustite) and iron. 

As a result, for hematite reduction reactions, two mechanisms are proposed on the 
basis of the newly calculated equilibrium plots in Fig. 1 and Fig. 2. First, with the ideal 
mechanism, hematite is reduced to magnetite and then to iron below 576◦C, while the 
reduction route follows Fe3O4→FexO→Fe above 576◦C. Secondly, with the regular 
mechanism, sufficient scattered impurities or other micro-structural deficiencies 
prevent the newly produced FeO from dissolving in the solid solution of magnetite. 
Then the reduction process experiences Fe3O4, FeO, and Fe step by step in all possible 
temperature above 156◦C (practical eutectoid temperature). 
3.2 Experimental 

Natural magnetite (from Chengde, China and with impurities of 8.5 wt% SiO2) and 
pure hematite powders with a purity of 99.0 wt% (from Sinopharm Chemical Reagent 
Co., Ltd, Shanghai) are used as starting materials, and the equipment is a differential 
thermal analyzer STA 409CD from NETZSCH. The X-ray diffraction instrument is “X’ 
PertPro MPD” from PANalytical B.V., Netherlands. The experimental apparatus is 
organized as Fig. 3. Before heating, the furnace atmosphere was cleaned from air with 
pure CO, and then introduced with CO2 to reach a prescribed reduction potential 
(CO/(CO+CO2)), and then the material was heated at a heating rate of 10 K/min to a 
prescribed temperature. After been reduced for 20~60 min, the material was cooled to 
room temperature in the corresponding CO-CO2 atmosphere. In the reduction 
experiments of chemical pure hematite, the respective reduction potentials are 60±0.5% 
and 65±0.5% for two groups of prescribed temperatures. In the reduction of natural 
magnetite, the reduction atmosphere is 100%CO. The crystal phases of the reduction 
products were analyzed with X-ray diffraction. 
 

 
Fig. 3 Experimental apparatus 

 
3.3 The ideal mechanism 



The ideal iron oxides reduction mechanisms are widely proved in literatures, but the 
eutectoid temperature of the three iron oxide phases differs from each other in different 
references, usually in the range of 560~580◦C[3,4,13–15]. As discussed above, when 
Gibbs free energy change of Eq. (5) (x=0.947) equals zero, the calculated temperature 
is exactly the ideal eutectoid temperature. It is 536◦C according to the ‘HSC Chemistry’ 
results (x=0.947) and 548◦C from ‘Factsage’ (x=1, no data for x=0.947) with deviation 
of -6.9% and -4.8% from the above determined value. To prove the ideal iron oxides 
reduction mechanism and verify the ‘true’ eutectoid temperature, pure hematite 
reduction experiments are conducted and the reduction products are analyzed with XRD.  

As a representation illustrated in Fig. 4, the final products are magnetite and iron 
when the initial powder is reduced for 20 minutes at a prescribed temperature of 575◦C. 
The same phases of reduction products are found for prescribed temperatures of 450, 
500, 550, and 570◦C, with the same reduction potential (CO/(CO+CO2)) of 60±0.5%. 
In this group of prescribed temperatures, the reduction potentials are all below the pink 
dotted line of FeO→Fe as shown in Fig. 1. Thus, if the stoichiometric FeO generated, 
it would not be successively reduced to Fe and would be detected in the remains. 

While the products are iron, magnetite and wustite for temperatures of 577, 580, 590, 
600 and 625◦C, with the reduction potential of about 65±0.5%. As a representation 
illustrated in Fig. 4, the X-ray diffraction pattern for the prescribed temperature of 
577◦C is given. 

Besides, in both cases, iron carbide is not observed in the reduced samples like other 
literature reported[12,28,29]. This is attributed to the quick rise of temperature and the 
appropriate CO2 content. To conclude, in the reduction of chemical pure hematite, the 
eutectoid temperature of the three phases, FexO, Fe and Fe3O4, is confined in the range 
of 575~577◦C. 

 
 



 
Fig. 4 X-ray diffraction patterns of the pure hematite and final substances after reduction 

 
Darken-Gurry diagram[4,13] shows that the regular Fe/O ratios of wustite are usually 

between 0.833~0.947. As absence of stoichiometric FeO, ideally, when temperature is 
below 576◦C, hematite is reduced into magnetite with different iron surpluses or 
deficiencies, and then to iron directly. When temperature is above 576◦C, hematite is 
firstly reduced into magnetite and wustite with various Fe/O ratios and then into iron. 
Vice versa, the similar mechanisms can be adopted for the oxidation of iron to hematite. 
Scilicet wustite decomposes to iron and magnetite below 576◦C and can be stable above 
this eutectoid temperature. This is the most recognized ideal mechanisms of iron oxides 
reduction reactions. 
 
3.4 The regular mechanism 

 
Although wustite with Fe/O ratios between 0.947 and 1.000 is not observed in 

Darken-Gurry diagram, they absolutely exist and are detected by other researchers 
[10,11,30]. Furthermore, characteristic peaks of wustite with Fe/O=0.947~1.000 are 
extensively observed in the Standard PDF Card database of “X’Pert Highscore Plus”. 
Considering the existence of stoichiometric FeO, the eutectoid temperature of FeO, Fe 
and Fe3O4 is 156◦C according to the newly calculated thermodynamic equilibrium 



diagram, showing that FeO can stably exist above 156◦C. Since the lack of the 
thermodynamic data of wustite with Fe/O>0.947, it could be extrapolated that the more 
stoichiometric the more stable for wustite. The stability of FeO between 300~400◦C is 
also certified by experimental results from Khader et al[9]. Focused on the 
disproportionation of wustite, Broussard[30] found that wustite is not as instable as 
people thought below ‘eutectoid temperature’. Their results indicated it took about 40 
min to make wustite start decomposing into iron and magnetite at 400◦C. Zhao[12] 
placed the reduced wustite at air atmosphere and room temperature for 60 days, and 
find the mineral phase didn’t change at all. Previous studies also revealed wustite 
observation at 225◦C[31], and up to 275◦C[32]. Stoichiometric FeO was also found by 
Pineau[10] and Jozwiak[11] with in-situ XRD. In the cases of annealing[9], special 
impurities[12], it will prevent the newly-produced FeO from dissolving into magnetite 
and change the metastablility of wustite, and make wustite more stoichiometric and 
more stable at low temperatures. In such particular cases, as shown by the dotted pink 
curve of FeO→Fe, and the dotted blue curve of Fe3O4→FeO in Fig. 1 and Fig. 2, the 
reduction process experiences the Fe3O4→FeO step in large quantity and leads to the 
accumulated product of Fe(II). So the regular reduction mechanism is in the sequence 
of Fe2O3→Fe3O4→FeO→Fe for all possible temperature above 156◦C.  

Because the temperature lower than 156◦C deteriorates the kinetic condition of iron 
oxide reduction, the true eutectoid temperature of FeO, Fe, and Fe3O4 is hard to prove. 
However, the existence of the regular mechanism can be indirectly certified by the drop 
of eutectoid temperature of natural iron ores as Fig. 5 shown. After been reduced by 
100% CO for 30 min at 550◦C, hematite is disappeared and the iron carbide, magnetite, 
and wustite are left. Iron carbide is produced as other literature reported[12,28,29], but 
the wustite should not be appeared according to Baur-Glaessner diagram, Darken-Gurry 
diagram and the ideal reduction mechanism. The most probable explanation is that the 
presence of the regular mechanism which leads to this phenomenon. 

 
Fig. 5 X-ray diffraction patterns of Chengde iron ore and the products after reduction 

 
According to the regular reduction mechanism, it is not surprising that wustite was 



found by Khader et al.[9] as the final reduction product of pure hematite pellet 
(diameter of 1.3 cm, thicknesses of 0.05-0.12 cm) at 300-400◦C. That why the wustite 
wouldn’t be reduced to iron might be attributed to low temperature and compact pellet 
which deteriorate the kinetic condition. However, the regular mechanism is seldom 
realized because stoichiometric FeO dissolves into the near Fe3O4 and produces iron 
surpluses in magnetite during the reduction processes. Proofs for the existence of the 
regular mechanism are increasingly found by researchers. Zhao et al.[12] proved 
wustite remained in the reduction products of hematite, magnetite and natural 
Australian hematite at temperatures 450◦C, 500◦C, and 550◦C. As mentioned in previous 
researches[7,10,11], different authors suggested different eutectoid temperatures. By 
means of the Mossbauer spectrum, Romanov and Checherskaya[7] regarded 425◦C as 
the critical temperature below which the reduction of ferric oxide took place without 
the wustite step. Pineau et al.[10] reported the critical temperature was 450◦C, and 
Coombs and Nunir[33] reported an effective eutectoid temperature of 530◦C.  

Significantly, the specific mechanism usually depends on the initial materials. This 
is why Graham and his partners[34] ‘repeated’ Romanov’s experiment and achieved 
completely different results. They declared no wustite existed by the Mössbauer study 
of the reduction of hematite in hydrogen at 535◦C. 

All the above discussions suggest that, when the reduction material is pure hematite 
powders, the ideal reduction mechanism usually occurs and the exact eutectoid 
temperature is 576◦C; when the original material is natural iron ores/annealed pure 
hematite/pure hematite pellets, the regular mechanism is predominant over the ideal 
mechanism, which is usually indicated as the drop of eutectoid temperature.  

 
4 Conclusions 

(1) We present a conjecture of two routes for hematite reduction mechanisms: 
Fe2O3→Fe3O4→Fe below 576◦C, Fe2O3→Fe3O4→FexO→Fe above 576◦C in ideal 
mechanisms (initiated with chemical pure hematite); Fe2O3→Fe3O4→FeO→Fe for all 
possible temperature above 156◦C in regular mechanisms (initiated with natural, impure 
or annealed hematite). 

(2) The eutectoid temperature of stoichiometric FeO, Fe and Fe3O4 is 156◦C 
according to the newly calculated thermodynamic equilibrium diagram, showing that 
FeO can stably exist below 570◦C. 

(3) As wustite with different extents of iron deficiencies present in the reduction 
process, the eutectoid temperature changes in the range of 156~576◦C depending on 
different initial materials. 
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