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Abstract: Studies have shown that the reduction of wustite is the limiting factor in the ironmak-
ing process, whether in hydrogen-based shaft furnaces, hydrogen-rich blast furnaces or smelting
reduction vessels. The study of the thermodynamic conditions for the reduction of molten wustite
by hydrogen is of great significance for the optimization of the ironmaking process, energy saving
and emission reduction. Previous studies have mostly focused on the thermodynamic study of the
reduction at a lower temperature, but the data at high temperatures are different, which makes the
calculation of thermodynamics difficult. Moreover, it is difficult to obtain experimental evidence
for the data at high temperature, so calculation is needed to verify its feasibility. In this paper, a
thermodynamic calculation model for the reduction of molten wustite by hydrogen based on the prin-
ciple of minimum Gibbs free energy is developed. The enthalpy changes of the reaction at different
temperatures and the partial pressure of hydrogen required for the reaction to occur are calculated,
and the energy change during the reaction is analyzed. The results show that the partial pressure of
hydrogen for the reduction of molten wustite by hydrogen at high temperatures decreases from 0.67
at 1650 K to about 0.65 at 2000 K. The enthalpy changes of reaction at 1873 K are only 1/4 to 1/3 of that
at 1173 K compared with that at the corresponding temperature between hydrogen for the reduction
of molten wustite (1873 K) and hydrogen-based shaft furnace reaction (1173 K). Interestingly, the
thermodynamic calculations show that the effect of energy absorption in the gas–liquid reaction of
hydrogen with wustite at high temperatures is much lower than in the gas–solid reaction zone at
low temperatures. These results indicate that the energy change of the reduction of molten wustite
by hydrogen at high temperatures is better than that of hydrogen reduction at low temperatures,
and the thermodynamic conditions are more favorable, with slightly different results from different
thermodynamic databases, but the general trend is the same. The results of this study will provide
fundamental data to support new hydrogen metallurgy technologies in the future. If its correctness
can be verified experimentally in the future, this result will be promoted to the development of a new
alternative ironmaking technology, hydrogen-based smelting reduction.

Keywords: hydrogen metallurgy; hydrogen reduction of iron oxides; alternative ironmaking; smelt-
ing reduction; thermodynamic

1. Introduction

The reduction of wustite by hydrogen is the most important part of the stepwise
reduction process of iron oxides, which is widely present in the cohesive zone reduction of
blast furnace ironmaking, direct reduction in hydrogen-based shaft furnaces and hydrogen-
rich smelting reduction processes [1]. The studies of the reduction of wustite contribute to
the understanding of different ironmaking processes and the development and optimization
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of new ironmaking processes. In a hydrogen-rich blast furnace, the blast furnaces are often
operated with full oxygen blast to achieve the hot air temperature required for the reduction
of wustite by hydrogen. The development of the reduction of wustite by hydrogen in gas-
based shaft furnaces was reviewed by scholars, such as Zhang et al. [2], who pointed out
that the commonly used reducing gases at this stage are generally H2 and CO obtained
from the cracking of natural gas, affirming the superior kinetic conditions of hydrogen in
the stepwise reduction of iron oxides. In the hydrogen-based shaft furnace, the hydrogen
content is higher than that of the hydrogen-rich blast furnace, and the heat load of the
reduction reaction is higher, which requires a higher reduction gas feed temperature.
Hayashi and Iguchi [3] determined the rate controlling step of smelting reduction by
hydrogen through experiments, which reduces in the form of the progressive formation of
the metallic iron spheres in the center of ferrous oxide droplets. The one-dimensional mass
balance equation combined with the rate analysis shows that the chemical reaction itself is
the rate controlling step in the early stages of reduction. In summary, the process of the
hydrogen reduction of wustite contains gas–solid, gas–liquid and mixed gas-solid–liquid
states, different reaction temperatures and states representing different smelting processes.
The analysis of the reduction of wustite in different states is of great significance for the
understanding and optimization of the ironmaking process.

Many pieces of work have been completed by domestic and international experts
and scholars for the reduction of wustite by hydrogen. In terms of experimental research,
at this stage, research on the reduction of molten iron oxides by hydrogen has mainly
focused on the use of blast furnaces as experimental equipment in an attempt to simulate
the mechanism by which the reduction reaction occurs. Katayama et al. [4] have studied
the reduction of FeO in molten slag by hydrogen, based on the blast furnace process. The
reduction of molten FeO by hydrogen has been studied by Ban-Ya et al. [5] using a thermal
analysis balance, and the results show that the chemical reaction rate for the reduction
of molten FeO by hydrogen is about 20 times the rate for the reduction of solid FeO by
hydrogen. In terms of kinetic research, the reduction of wustite in molten slag by hydrogen
has been studied by Nagasaka et al. [6]. The results show that the reduction rate of liquid
wustite by hydrogen is much faster than that with solid carbon and CO gas. In terms
of thermodynamic research, Fan X. et al. [7,8] have used thermodynamic calculations to
simulate the effect of blowing different proportions of hydrogen in a hydrogen-rich blast
furnace on the rate controlling step of the reaction; Luo’s [9,10] study of the thermodynamics
of CO reduction in a hydrogen-based shaft furnace concluded that there is a peak in the
ability of CO to reduce FeO, with a decreasing trend after the peak is reached; Kashiwaya
et al. [11] compared the activity of each component in the reaction between H2 and CO
reduction of FeO and concluded that the metal obtained by H2 reduction had a high oxygen
activity. Whether or not thermodynamic conditions are met will directly affect whether
or not a chemical reaction can take place, and most current thermodynamic studies of
iron oxides are concerned with gas–solid phase reactions. A great deal of work has been
completed in the past on the experimental study and kinetic conditions for the hydrogen
reduction of wustite, but there is a lack of fundamental data on the thermodynamics of
wustite reduction, especially at high temperature, and the available data come from a wide
range of sources, with differences between different data, making the understanding and
calculation of thermodynamics difficult. At the same time, the thermodynamic calculation
at high temperatures is often difficult to be proved by experiments, so it is necessary to
verify whether it is meaningful to carry out by calculation. Finally, the research on hydrogen-
based smelting reduction in alternative ironmaking is not perfect. The thermodynamic
calculation results of hydrogen-based melting reduction of wustite at high temperatures
are given in this paper.

To address this, this paper is based on the minimum Gibbs free energy model to
research different wustite states at different temperatures. By collecting and comparing
thermodynamic data from different sources and simulating the Gibbs free energy, the
partial pressure of hydrogen required for reaction and enthalpy change of the reaction and
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the process of reducing wustite to obtain metallic iron was analyzed; the energy changes
of the three processes, hydrogen-rich blast furnace reduction of FeO, hydrogen-based
shaft furnace reduction of wustite and the reduction of molten wustite by hydrogen in the
smelting reduction vessel were obtained and compared. The results provide the necessary
theoretical basis for further research into the reduction reactions of molten iron oxides and
are of some reference significance.

2. Model of Hydrogen Reduction of wustite

The minimum Gibbs free energy model is the classical model for the study of equi-
librium in multiphase systems and was proposed by White in 1958. The basic principle is
that for a multiphase system, the total free energy is minimized when the system reaches
thermodynamic equilibrium. In a reaction system for reducing iron oxides by hydrogen,
assuming that H2 and Fe2O3 are present in the system at the beginning, there will be several
possible groups of Fe2O3, Fe, FexO, Fe3O4, H2 and H2O in the system at equilibrium. It
is generally accepted that the process of reducing iron oxides by hydrogen consists of the
following reactions:

3Fe2O3 + H2 = 2Fe3O4 + H2O, (1)

x
4x− 3

Fe3O4 + H2 =
3

4x− 3
FexO + H2O, (2)

FexO + H2 = xFe + H2O, (3)

1
4

Fe3O4 + H2 =
3
4

Fe + H2O, (4)

For the reaction of reducing molten wustite by hydrogen, four components of Fe, H2,
FeO and H2O should be present in the equilibrium system. By fully considering the above
four components, the result obtained from the calculation is the content of the system
at equilibrium. The positive and negative values of the standard Gibbs free energy for
the reduction of molten wustite by hydrogen allow a preliminary determination of the
likelihood of the reaction proceeding and further analysis of how the reaction occurs. It is
known empirically that reactions (1)–(4) can all occur within a certain temperature range.
A ∆Gθ versus T curve is made from the ∆Gθ of the above reaction as a function of T,
which is the iron oxide gas–solid reduction equilibrium diagram for this reaction. Due
to the different thermodynamic reference data in different metallurgical textbooks and
thermodynamic handbooks, the resulting gas–solid reduction equilibrium diagrams for
iron oxides are different. This paper focuses on the special case of Reaction (3).

FeO + H2 = Fe + H2O, (5)

This reaction is the rate controlling step in the reduction of iron oxides by hydrogen.
Common thermodynamic handbooks were consulted to obtain the Gibbs free energy G
of the reactants FeO, H2 and the products Fe and H2O at different temperatures, and the
G versus T curves of the participating substances were obtained by fitting the (G, T) data
points using MATLAB software (R2021b, MathWorks, Natick, MA, USA) [12–16]. It was
again fitted using MATLAB software to obtain its ∆Gθ versus T curve.

∆Gθ
T = Gθ

T,H2O + Gθ
T,Fe − Gθ

T,FeO − Gθ
T,H2 (6)

∆Gθ = −RTlnKθ = −RTln
(

ϕH2O

ϕH2

)
(7)

ϕH2 =
1[

1 + exp
(
−∆Gθ

RT

)] (8)

In addition, to examine Reaction (5) release or absorption of energy phenomena
visually, the Hθ versus T curves of the substances involved in the reaction were obtained
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by fitting the (H, T) data points using MATLAB software according to the enthalpies of
each substance involved in the reaction at different temperatures from the thermodynamic
handbook.

Definition of Gibbs free energy:

G = H − TS (9)

(H is the enthalpy of the substance and S is the entropy of the substance)
Isobaric thermal capacity Cp:

Cp = a + bT + cT2 + dT−1 (10)

Hθ
T =

∫
CpdT = H0 + aT +

b
2

T2 +
c
3

T3 + dT−1 (11)

∆Hθ
T = Hθ

T,H2O + Hθ
T,Fe − Hθ

T,FeO − Hθ
T,H2 (12)

Gibbs–Helmholtz equation:

[

∂

(
∆Gθ

T
T

)
∂T

]
p
= −

∆Hθ
T

T2 (13)

d

(
∆Gθ

T
T

)
= −

∆Hθ
T

T2 dT (14)

For the indefinite integral of the above equation:

Gθ
T = a1 + a2T + a3T2 + a4T4 + a5T−1 + a6TlnT (15)

The temperature range 1650–2000 K is defined and calculated every 1 K to obtain
ϕH2 versus T and ∆Hθ versus T , T ∈ (1650–2000 K). The image is fitted to obtain the
energy change regularity for Reaction (5).

3. Thermodynamic Calculations of Hydrogen Reduction of Wustite
3.1. Thermodynamic Data

For a more extensive and objective calculation of the reduction of molten wustite by
hydrogen, this paper has consulted Thermochemical Properties of Inorganic Substances
(1973) [17], Thermodynamic Data Manual of Practical Inorganic Matter (1981) [18], Thermo-
dynamic Data Manual of Practical Inorganic Matter (2002) [19] and Thermodynamic Data
Manual of Inorganic Matter (1993) [20], four common thermodynamic handbooks, referring
to data given by the National Institute of Standards and Technology NIST website [21]
and the thermodynamic calculation software FactSage [22,23] for metallurgical disciplines,
some of which are selected for presentation purposes in Tables 1–6 below.

FactSage is a common data calculation software for metallurgical disciplines. FactSage
holds thermodynamic data for thousands of pure substances and the data provided in
FactSage version 8.2 (GTT-Technologies and Thermfact/CRCT, Aachen and Montreal, GER
and CAN) are used in this paper. FactSage calculates the corresponding ϕH2 and ∆Hθ for
every 1 K at the temperature range 298–2000 K. It has a large amount of data with high
confidence and is used in common thermodynamic simulation studies. In the FactSage
database, Reaction (5) has ∆Hθ > 0 in the 298–1371 K range, which turns to ∆Hθ < 0
after 1644 K and turns again after 1810 K with less energy absorption than at 1644–1810 K.
The ϕH2 versus T and ∆Hθ versus T for Reaction (5) are obtained directly from the above
numerical calculations. the specific values are given in Table 1.
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Table 1. Results of ϕH2 and ∆Hθ calculations for Reaction (5) in the FactSage database.

Temperature/K ϕ(H2) ∆Hθ/J·mol−1

298 0.99995809 −20,001.1
300 0.99995346 −19,957.5
400 0.99815616 21,847.4
500 0.98510069 19,825.6
600 0.94573032 18,090.5
700 0.87919082 16,713.3
800 0.79792785 15,752.1
900 0.74496720 15,304.3

1000 0.70404393 15,584.0
1100 0.66642057 16,118.5
1200 0.63303482 16,620.8
1300 0.60399718 15,279.8
1400 0.58066874 13,927.7
1500 0.56207896 12,544.1
1600 0.54741453 11,111.6
1700 0.55429572 −20,636.4
1800 0.57477776 −21,767.6
1900 0.58325040 −8592.4
2000 0.59005277 −9137.9

NIST Chemical Database, a web-based database of physical properties from the
National Institute of Standards and Technology. The thermodynamic data given in the
database cover a wide range of temperatures and only the thermodynamic data for Fe, FeO,
H2 and H2O in the high temperature range (1650–2000 K) and adjacent temperatures are
listed here in Table 2 for subsequent calculations.

Table 2. NIST Standard Reference Database.

Temperature/K 1500 1600 1700 1800 1900 2000 2100

Fe (H298 = 0 KJ·mol−1)
HT-H298/KJ·mol−1 45.643 49.338 54.066 58.263 76.641 81.24 85.845

ST/J·mol−1·K 84.336 86.720 89.580 91.978 102.082 104.442 106.688

FeO
HT-H298/KJ·mol−1 69.502 75.873 106.549 113.369 120.189 127.009 133.829

H298/KJ·mol−1 −268.484 −267.642 −243.540 −242.774 −256.202 −255.866 −255.541
ST/J·mol−1·K 151.323 155.435 174.026 177.924 181.611 185.109 188.437

H2 (H298 = 0 KJ·mol−1)
HT-H298/KJ·mol−1 36.290 39.541 42.835 46.169 49.541 52.951 56.397

ST/J·mol−1·K 178.846 180.944 182.940 184.486 186.669 188.418 190.718

H2O
HT-H298/KJ·mol−1 48.151 52.908 57.758 62.693 67.706 72.790 77.941

H298/KJ·mol−1 −250.265 −250.592 −250.881 −251.138 −251.368 −251.575 −251.762
ST/J·mol−1·K 250.620 253.690 256.630 259.451 262.161 264.769 267.282

In addition to the two common databases mentioned above, the thermodynamic data
for Fe, FeO, H2 and H2O from the following four thermodynamic manuals are presented in
Tables 3–6.

Of the six sets of thermodynamic data, the data given by the FactSage database are
special in that the software can directly calculate the values of ϕH2 and ∆Hθ at a given
temperature. The remaining five sets of data give the enthalpy of the substances involved
in the reaction; the Gibbs free energy; and, in some cases, the enthalpy changes and entropy
values, but the units are not uniform. The normalization of the units resulted in the four
thermodynamic handbooks giving essentially similar values, which differed significantly
from the NIST website and FactSage, while the NIST website and FactSage database were
not identical. However, it is worth noting that the thermodynamic handbooks give values
at 100 K ranges, while FactSage is more precise, with each 1 K having its corresponding
thermodynamic value.
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Table 3. Thermochemical Properties of Inorganic Substances (1973).

Temperature/K 1500 1600 1700 1800 1900 2000 2100

Fe
H/kcal·mol−1 11.302 12.208 13.393 14.443 18.795 19.851 20.911
G/kcal·mol−1 −19.473 −21.554 −23.109 −23.696 −25.908 −26.110 −28.345

FeO
H/kcal·mol−1 −48.415 −46.885 −39.547 −37.917 −36.187 −34.657 −33.027
G/kcal·mol−1 −102.691 −106.359 −110.299 −114.508 −118.807 −123.192 −127.659

H2
H/kcal·mol−1 8.711 9.485 10.266 11.055 11.851 12.656 13.468
G/kcal·mol−1 −55.408 −59.708 −64.056 −68.451 −72.890 −77.370 −81.892

H2O H/kcal·mol−1 −46.545 −45.431 −44.291 −43.126 −41.935 −40.719 −39.477
G/kcal·mol−1 −136.260 −142.277 −148.365 −154.520 −160.741 −167.026 −173.371

Table 4. Thermodynamic Data Manual of Practical Inorganic Matter (1981).

Temperature/K 1500 1600 1700 1800 1900 2000 2100

Fe(H298 = 0 kcal·mol−1)
HT-H298/cal·mol−1 11,304 12,211 13,395 14,445 18,797 19,853 20,913

ST/cal·mol−1·K 20.53 21.12 21.79 22.39 24.79 25.33 25.85

FeO(H298 = −65.02
kcal·mol−1)

HT-H298/cal·mol−1 16,607 18,137 25,474 27,104 28,734 30,364 31,994
ST/cal·mol−1·K 36.21 37.19 41.63 42.56 43.44 44.28 45.07

H2(H298 = 0kcal·mol−1)
HT-H298/cal·mol−1 8713 9487 10,268 11,057 11,854 12,658 13,470

ST/cal·mol−1·K 42.75 43.25 43.73 44.18 44.61 45.02 45.42

H2O(H298 = −57.98
kcal·mol−1)

HT-H298/cal·mol−1 11,407 12,521 13,660 14,326 16,017 17,233 18,475
ST/cal·mol−1·K 59.81 60.53 61.22 61.88 62.53 63.15 63.76

Table 5. Thermodynamic Data Manual of Practical Inorganic Matter (2002).

Temperature/K 1500 1600 1700 1800 1900 2000 2100

Fe(H298 = 0 J·mol−1)
HT-H298/J·mol−1 46,131 49,826 54,555 58,751 77,129 81,731 86,334

ST/J·mol−1·K 84.779 87.164 90.024 92.423 102.526 104.887 107.132

FeO(H298 = −272,044
J·mol−1)

HT-H298/J·mol−1 69,479 75,881 106,583 113,402 120,222 127,042 133,862
ST/J·mol−1·K 151.414 155.545 174.152 178.050 181.738 185.236 188.563

H2(H298 = 0 J·mol−1)
HT-H298/J·mol−1 36,453 39,689 42,957 46,258 49,591 52,957 56,355

ST/J·mol−1·K 178.66 180.954 182.935 184.822 186.624 188.351 190.009

H2O(H298 = −241,814
J·mol−1)

HT-H298/J·mol−1 47,723 52,385 57,153 62,029 67,011 72,100 77,297
ST/J·mol−1·K 250.262 253.270 256.161 258.947 261.641 264.251 266.786

Table 6. Thermodynamic Data Manual of Inorganic Matter.

Temperature/K 1600 1800 2000 2200

Fe
H/kJ·mol−1 49.81 58.73 81.72 90.92
G/kJ·mol−1 −89.61 −107.58 −128.01 −149.43

FeO
H/kJ·mol−1 −196.17 −158.64 −145.00 −131.36
G/kJ·mol−1 −445.01 −479.10 −515.44 −553.14

H2
H/kJ·mol−1 39.68 46.25 52.95 59.78
G/kJ·mol−1 180.94 184.87 188.33 191.59

H2O H/kJ·mol−1 −189.43 −179.79 −169.72 −159.22
G/kJ·mol−1 −594.64 −645.86 −698.19 −751.54

3.2. Thermodynamic Equilibrium Diagram

The thermodynamic calculation of Gθ
i versus T for each component in Reaction

(5) gives the ϕH2 versus T function for the reaction, as shown in Table 7. The above
∆Gθ versus T function was fitted using MATLAB software to obtain the ∆Gθ versus T
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function for Reaction (5) at the temperature range 1650–2000 K in the above table reference.
The image of ϕH2 versus T function is shown in Figure 1.

Table 7. ∆Gθ versus T calculations from the NIST website and four thermodynamic handbooks.

References ∆Gθ versus T

NIST Standard Reference Database 121467.46− 2942.761T − 0.42514T2 + 5.144× 10−5T4 + 1293.0311T−1 + 462.88303TlnT
Thermochemical Properties of Inorganic

Substances (1973) 38148.142− 308.0349T − 0.045298T2 + 8.13× 10−6T4 + 442.08621T−1 + 46.348489TlnT

Thermodynamic Data Manual of Practical
Inorganic Matter (1981) 25155.3608+ 32.5768065T + 0.01043708T2− 4.424× 10−7T4 + 286.502223T−1− 7.797753TlnT

Thermodynamic Data Manual of Practical
Inorganic Matter (2002) 41071.779− 235.4074T − 0.034435T2 + 7.255× 10−6T4 + 447.86741T−1 + 34.312306TlnT

Thermodynamic Data Manual of Inorganic Matter 35359.172− 181.6009T − 0.019334T2 + 3.876× 10−6T4 + 356.47473T−1 + 25.435745TlnT
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Figure 1. Relationship between ϕH2 and temperature.

Figure 1 shows the calculated and fitted ϕH2 versus T function image for Reaction
(5) obtained from six sets of thermodynamic data. ϕH2 versus T function images are
commonly known as fork curves in the ironmaking industry. ϕH2 is the partial pressure
of hydrogen required for the reaction to occur. In all four thermodynamic handbooks, the
ϕH2versus T function images show a decreasing trend and similar magnitude, all in the
range of 0.6–0.7. The NIST database gives values that also show a decreasing trend but
to a slightly greater extent than the four thermodynamic handbooks mentioned above.
In addition, FactSage is more unusual, giving a slight upward trend and a folding point
at 1809 K. The analysis of the ϕH2 versus T function image shows that the trend of the
equilibrium curve is related to the ∆Hθ of the reaction. If the reaction is endothermic
(∆Hθ > 0), the equilibrium curve shows a decreasing trend with increasing temperature.
Therefore, the results obtained from the four thermodynamic handbooks and the NIST
database all show that Reaction (5) is absorbing energy in the high temperature range
(1650–2000 K) and the FactSage database shows a weakly releasing energy reaction.

In addition, ϕH2 characterises the partial pressure of hydrogen required for the reaction
to occur, and the data given in References 14–17 all show a decreasing trend when fitted to
data from the NIST database. Although the FactSage database gives the opposite result
in this dimension, it does not show a significant upward trend until 1809 K and a much
slower upward trend after 1809 K. It is considered that this fit does not affect subsequent
conclusions. This suggests that the amount of hydrogen required for the reaction to occur
is essentially constant or even less as the temperature increases.
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3.3. Thermodynamic Enthalpy Change

The Hθ
i versus T of each group in Reaction (5) was calculated thermodynamically to

obtain the ∆Hθ versus T function for the reaction, as shown in Table 8.

Table 8. ∆Hθ versus T calculations from the NIST website and four thermodynamic handbooks.

References ∆Hθ versus T

NIST Standard Reference Database 59.261072 + 98.954207T − 0.121208T2 + 3.213× 10−5T3 + 10439.744T−1

Thermochemical Properties of Inorganic Substances (1973) 19920.093 + 29.385873T − 0.035393T2 + 8.207× 10−6T3 + 162.2773T−1

Thermodynamic Data Manual of Practical Inorganic Matter (1981) 24749.9641 + 15.4796745T− 0.0238181T2 + 5.2918× 10−6T3 + 242.831376T−1

Thermodynamic Data Manual of Practical Inorganic Matter (2002) 21380.396 + 22.271131T − 0.028354T2 + 6.24× 10−6T3 + 10418.891T−1

Thermodynamic Data Manual of Inorganic Matter 20930.1194 + 14.8469727T− 0.0171551T2 + 2.6461× 10−6T3 + 10383.6518T−1

The above ∆Hθ versus T function was fitted using MATLAB software to obtain the
∆Hθ versus T function in the above table reference for doing Reaction (5) at the 298–2000 K
temperature range. The image of the ∆Hθ versus T function is shown in Figure 2.
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The image of the ∆Hθ versus T function provides a visual representation of the release
or absorb energy of a reaction. If ∆Hθ > 0, the reaction is endothermic, and if ∆Hθ < 0, the
reaction is exothermic. All six sets of thermodynamic data above show that Reaction (5)
absorbs energy until 1184 K. Thereafter, the NIST database shows that the reaction gradually
releases energy, and the energy released increases with increasing temperature until an
inflection point at around 2000 K. For the FactSage database, there are abrupt changes
around two temperature points, 1644 K and 1811 K. This is due to the fact that these points
are the melting points of FeO and Fe, respectively. The remaining four thermodynamic
handbooks all show a decreasing trend, i.e., the energy absorption becomes less as the
temperature increases. The difference is that the calculations of the four thermodynamic
manuals show a weakly absorption of energy at the high temperature range, while FactSage
shows an energy released one. The fitting results show that Reaction (5) absorbs energy
up to the temperature of 1642 K. Between the melting point of FeO (around 1642 K) and
the melting point of Fe (around 1811 K), Reaction (5) absorbs energy strongly, while the
release energy remains weak in the temperature range of the reduction of molten wustite
by hydrogen after 1811 K, and the release of energy increases gradually with the increase
in temperature. Furthermore, the data given on the NIST website show that Reaction (5)
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exhibits a release energy reaction after 1184 K. This data set differs considerably from the
others, and the regularity it shows is questionable.

4. Discussion

It was shown that the rate of the reduction of the molten wustite by hydrogen at
1673 K is very fast and that the rate controlling step in this reaction is not the phase transfer
but the chemical reaction itself. A synthesis of results from several papers found that the
rate of the reduction of molten wustite by hydrogen was much faster than using other
reducing agents, such as solid carbon, carbon dissolved in liquid iron and CO gas [24]. The
rate controlling step, whether hydrogen-rich blast furnace, hydrogen-based shaft furnace
or the reduction of molten wustite by hydrogen in the smelting reduction vessel is Reaction
(5). The simulations of common thermodynamic handbooks’ data reveal that Reaction (5)
has different energy changes in different temperature ranges.

At low temperatures (1123–1323 K), i.e., the temperature range applicable to hydrogen-
based shaft furnaces, the fits given by the four thermodynamic handbooks and the FactSage
database all showed a strong absorption of energy. At 1320 K, the enthalpy changes
for Reaction (5) were 15,918.1411 J/mol (Reference 14), 15,854.2651 J/mol (Reference 15),
15,733.8543 J/mol (Reference 16), 16,730.8318 J/mol (Reference 17) and 15,011 J/mol (Fact-
Sage database), which is thought to absorb more energy. The NIST database differs signifi-
cantly from the above five data sets in this range and the regularity is questionable.

At the mid-temperatures (1323–1650 K), i.e., the temperature range applicable to
hydrogen-rich blast furnace, the fits given in the four thermodynamic handbooks, the
FactSage database and the NIST database also show the absorbed energy, but the amount
of energy decreases to varying degrees with increasing temperature. The enthalpy changes
for Reaction (5) at 1650 K were 8919.1 J/mol (Reference 14), 9219.39377 J/mol (Reference
15), 8971.07641 J/mol (Reference 16) and 10,615.5912 J/mol (Reference 17), respectively. It
is worth noting that at 1644 K (which can be considered to be around 1642 K) the enthalpy
changes in the FactSage database change abruptly to a negative value (−22,451.538 J/mol);
it is thought that this is due to the phase change of FeO.

At the high temperatures (1650–2000 K), i.e., the temperature range for the reduction
of molten wustite by hydrogen in the smelting reduction vessel, the enthalpy changes given
in the four thermodynamic handbooks already show a weak absorption of energy, and at
2000K the enthalpy changes for Reaction (5) are 2780.72054 J/mol (Reference 14), 2773.43342
J/mol (Reference 15), 2431.86755 J/mol (Reference 16), 3177.25483 J/mol (Reference 17),
2431.86755J/mol (Reference 16) and 3177.25483J/mol (Reference 17). As the temperature
increases, the amount of energy absorbed by the reaction decreases, gradually approaching
thermal equilibrium. The thermodynamic data given in the FactSage database even show a
release energy (−30,059.105 J/mol), which becomes more pronounced as the temperature
increases. Furthermore, at 2000K, the partial pressure of hydrogen for Reaction (5) drops to
65.29% (Reference 14), 64.57% (Reference 15), 67.51% (Reference 16) and 67.92% (Reference
17), respectively. Although the FactSage database gives an increasing trend in the partial
pressure of hydrogen, it is still only about 59.01% at 2000 K.

The energy absorption and release at around 1173 K (900 ◦C) is compared with that at
around 1873 K (1600 ◦C) and the results are shown in Table 9. According to the FactSage
database and the NIST database results, Reaction (5) is already release energy at a high
temperature of 1873 K. The data given in four other thermodynamic handbooks show that
the energy absorbed by Reaction (5) at 1873K is only 1/4–1/3 of that at 1173 K, which can
be considered as weak absorption or release of energy.
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Table 9. The 1173 K versus 1873 K energy absorption and release.

References 1173 K/J 1873K/J Ratios

FactSage database 13,294.2 −9880.6 -
NIST Standard Reference Database 1176.1 −28,886.9 -

Thermochemical Properties of Inorganic
Substances (1973) 18,938.5 4726.6 4.01

Thermodynamic Data Manual of Practical
Inorganic Matter (1981) 18,677.1 4959.2 3.77

Thermodynamic Data Manual of Practical
Inorganic Matter (2002) 18,571.3 4631.6 4.01

Thermodynamic Data Manual of
Inorganic Matter 19,021.0 5948.2 3.20

In practice, comparing the energy absorption values at the two temperatures, the
results are obvious. This means that at higher temperatures, the reduction of wustite to iron
by hydrogen absorbs less energy. Although it costs more to provide heat with oxygen and
hydrogen than to provide heat with oxygen and carbon, this result shows that a reaction
with less energy absorption is obviously more energy efficient when it comes to heating
with oxygen and hydrogen. That is, the reduction of smelting wustite by hydrogen at high
temperature is more energy saving.

In another similar paper, a reduction method based on a hydrogen-based shaft furnace
is proposed for solid-state direct reduction combined with hydrogen plasma reduction, a
method that can also have the effect of saving hydrogen resources and which is set at an
experimental temperature of 700 ◦C [25]. If the equipment allows, the reduction of molten
wustite by hydrogen should also be experimented frequently. The Technical Research
Laboratories in Korea Pohang, which attaches great importance to hydrogen metallurgy,
points out that the problem facing the reduction of wustite by hydrogen at this stage is the
heat absorption of the reaction and states that the application of this technology must be
accompanied by a variety of processes and equipment changes [26].

5. Conclusions

Based on the above six sets of data, the variation in Gibbs free energy in the range
of 298–2000 K was obtained using the principle of minimum Gibbs free energy, and the
relationship between ϕH2versus T and ∆Hθversus T was further deduced. The different
data were found to be consistent in the calculation of enthalpy changes below 1665 K and
similar at the temperature range 1809–2000 K; the four thermodynamic handbooks were
similarly consistent in the calculation of ϕH2 . In the temperature range of 1665–1809 K, the
calculation results of enthalpy changes of different data are different. The calculation results
of ϕH2 in the four thermodynamic handbooks and the FactSage database are different, and
further verification by experiment is required subsequently.

At low temperatures of 1123 K to 1323 K, i.e., in the hydrogen-based shaft furnace, the
energy absorption is all around 15,000 J/mol, and the reaction energy absorption is violent.

At medium temperatures of 1323 K to 1650 K, i.e., in the hydrogen-rich blast furnace,
the energy absorption drops to around 9000 J/mol, and the reaction is still in an energy-
absorbing state, but the energy absorption is significantly reduced.

At high temperatures of 1650 K to 2000 K, i.e., in the reduction of molten wustite by
hydrogen, the energy absorption drops to around 2500 J/mol and can be considered as
weak absorption or release of energy. Comparing this result with the energy variation
of the hydrogen-based shaft furnace, the difference is obvious. The energy absorption
of the hydrogen-based shaft furnace is about three to four times greater than the energy
absorption of the reduction of molten wustite by hydrogen at high temperatures. The
partial pressure of hydrogen required for the reaction to occur at this time is similarly at a
low level of about 60–65%.
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In summary, it can be concluded that the reduction of molten wustite by hydrogen has
better thermodynamic conditions, absorbs less energy and requires a lower partial pressure
of hydrogen for the reaction to occur compared to the other two processes. Alternative
ironmaking is gradually developing and Corex, Finex and HIsmelt processes are emerging;
at this stage, it is still the direct reduction process that is more dominant, but with the rise
in coke prices, smelting reduction will be the direction of future development of alternative
ironmaking [27]. This paper provides support for the thermodynamic calculation of the
reduction of molten wustite by hydrogen at high temperatures, which will be beneficial
for the development of the molten reduction process when supplemented by experimental
verification in the future.
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