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Hydrogen itself is not a primary energy and needs an energy for its production, which means that CO2

will be exhausted during the production process, more or less. However, when a Green Hydrogen can be
produced, it is a best way to use the hydrogen instead of carbon.

In this study, two kinds of iron ore were reduced and melted both under hydrogen and carbon atmo-
sphere. The obtained iron metal under hydrogen atmosphere was quite pure one. The impurities in the
metal were chemically and thermodynamically analyzed. The characteristics and benefits of hydrogen
reduction were discussed in comparison with the carbon reduction.

The content of silicon in the metal under hydrogen atmosphere was one tenth to the iron obtained by
carbon reduction. Manganese was about one third to one tenth against the carbon reduction. However,
phosphorus in the hydrogen reduction was almost the same level to the carbon reduction. Sulfur content
became half in the hydrogen reduction. Moreover, the content of hydrogen in the metal was the same
level between the hydrogen reduction and the carbon reduction. It was found that the rate of hydrogen
evolution from a molten metal during solidification was fast significantly. The activities of elements in the
metal were calculated through the thermochemical data, and the relationships among those elements
were elucidated.

From the thermodynamic analysis, a high oxygen activity in the metal obtained under hydrogen atmo-
sphere caused to a low content of impurities and high activity of oxides related.

KEY WORDS: hydrogen reduction; clean steel; thermodynamic study of inclusion; activity; direct steelmaking.

1. Introduction

Hydrogen itself is not a primary energy and needs an
energy and cost to produce, which means that CO2 will be
exhausted during the production process, more or less.
However, the circumstance related to energy supply is going
to change, because the use of fossil fuels is limited which is
not eternal one. Moreover, the countries having large popu-
lation are arising economically and need an energy for
developing their countries. CO2 content in the atmosphere is
increasing and the environment of earth is changing quickly.
We should cease to use the fossil fuel sooner or later, how-
ever, the time for ceasing is not clear and affected by an eco-
nomic situation significantly. At the present time, Japan has
a Fukushima’s disaster of nuclear plants and Europe has a
financial crisis. The reduction of CO2 emission seems to be
tone down. Although such tide for CO2 reduction affected
to the research situation, we should prepare for the situations
with the best way or possible ways.

Hydrogen reduction of iron ore or iron oxide has been
studied widely from about 90 years ago. H. Kamura is a one
of the pioneer on the hydrogen reduction of iron ores.1,2) The
thermodynamic study and phase diagram work have been

performed in the early stage of the 20th century and system-
atic integration has been done.3–7) The reduction behaviors
were analyzed in details and the mathematical models such
as the shrinking core model8–13) were developed and applied
to an experimental and actual process data. On the basis of
these fundamental studies, the understanding of reduction
reaction of iron ore has been significantly promoted.

Although the hydrogen reduction has a high reaction rate
in comparison with the CO reduction, the production of the
hydrogen itself needs a cost and energy. The actual process
of hydrogen reduction did not developed except the direct
reduction process using the natural gas (CH4 mainly). How-
ever, recently, the hydrogen reduction is focused on, because
the problem of CO2 emission is the most important problem
for the people living on the earth.

When the Green Hydrogen, which does not accompany
with the CO2 emission, can be produced, the hydrogen
reduction process can be an alternative process of the pres-
ent ironmaking and steelmaking. In addition, when the
residual fossil fuels are decreasing and the cost of fossil base
energies are increasing drastically, the hydrogen process
could be comparative with the present system.

Furthermore, the metallic iron obtained by hydrogen
reduction is close to a pure iron without carbon. In addition,
the tramp elements (Si, Mn and P) cannot be reduced ther-
modynamically under hydrogen atmosphere (Eqs. (1), (2)
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and (3)).14) On the other hand, most of inclusions such as Si,
Mn, P are reduced by carbon and enter in the metallic iron in
the lower part of BF (blast furnace) (Eqs. (1), (3) and (5)).14)

(a) Hydrogen reduction

.............. (1)

MnO(s) + H2(g) =Mn(s) + H2O(g) ................. (2)

............ (3)

(b) Carbon reduction

................ (4)

.................. (5)

............... (6)

These features of hydrogen reduction should be especial-
ly focused on in this paper. This process leads to a ‘Direct
Steelmaking’ in which just the addition processes of carbon
and alloying elements are involved. If this direct steelmak-
ing process was established, many processes such as the
decarburization, desulfurization, dephosphorization and
desiliconization were omissible in the entire conventional
process.

In this study, two kinds of iron ore were reduced com-
pletely and then melted under hydrogen atmosphere, contin-
uously. CO reduction was performed for the comparison
with the results of hydrogen reduction. To clarify the reac-
tions occurring in the systems, the thermodynamic study on
the reduction reaction of impurities such as Si, Mn, P and S
were performed.

2. Experimental

2.1. Apparatus and Procedure
Figure 1 shows the experimental apparatus for reduction

and melting of iron ore. The furnace is an induction furnace
and the reaction tube is a transparent quartz tube with
65 mmφ O.D., 60 mmφ I.D. and 500 mmL. The quartz reac-
tion tube was sealed with a water cooled aluminum cap at
the both end and the gas sealing was achieved by O-ring set

to the aluminum cap.
The iron ore samples were reduced and melted in a

porous alumina crucible. The sample crucible was set in a
graphite crucible which worked as a susceptor for heating.
Finally, the graphite susceptor was set in a larger and porous
alumina crucible for insulation. The reaction gas was blew
into the crucible by a dense alumna lance (6 mmφ O.D.,
4 mmφ I.D. and 600 mmL) and the end of lance was set
about 5 mm from the bottom of crucible in order to flow
the reaction gas throughout the sample bed (Fig. 1(a)). As
the total flow rate of reaction gas (Ar+24%H2, Ar+24%CO)
was 500 cm3/min (STP), the linear velocity of the gas was
66 cm/s which was high enough for eliminating the mass
transfer control.

After the samples were reduced completely in a lower
temperature (1 173 K–1 373 K), the alumina lance was
pulled up to the top of sample bed as shown in Fig. 1(b), and
the reduced samples were heated to a higher temperature
(1 873 K) for melting.

Figure 2 shows the heat pattern adopting in this experi-
ment. The heating pattern consists of two periods. One is a
reduction period and the other is a melting period. In this
study, it is important that the reduction and melting opera-
tion were performed continuously without a taking out the
sample from the crucible. This continuous reduction and
melting process will give the thermodynamic advantage of
hydrogen reduction as mentioned above.

In the reduction period, the sample was reduced at 1173 K
for 2 hours, and then, the sample was reduced completely at
1 373 K for 30 min. These procedures were important to pre-
vent the crucible erosion from the residual FeO in the melt-
ing period. The heating-up rate was 25 K/min in the all steps
and the cooling rate was about 50 K/min for high tempera-
ture range above 1 473 K and about 40 K/min to 20 K/min
in the lower temperature range. The completely reduced
sample was melted at 1 873 K and hold about 30 min. After
that, the power of induction furnace was turned off and
cooled down to the ambient temperature.

2.2. Samples Served
In this study, two kinds of sample were used. One was a

sinter which was used for the actual blast furnace operation.
The other was MBR (Minerações Brasileiras Reunidas) iron
ore. The chemical compositions of the sinter and MBR ore

Fig. 1. Schematics of experimental apparatus.
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Fig. 2. Temperature profile of the reduction and melting experi-
ment.
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are shown in Table 1. Total Fe (T.Fe) in the MBR ore is
higher than that of sinter. The contents of FeO for sinter and
MBR are 8.68% and 0.08%, which means the MBR used in
this experiment is a pure hematite iron ore.

The sinter was crushed and sieved into coarse particles
from 2 mmφ to 5 mmφ. As the MBR ore was a fine powder
originally, it was once sintered at 1 273 K under air atmo-
sphere. Then, the obtained block type MBR ore was crushed
and sieved to the same size of the sinter.

Table 2 shows the weights of samples used and the
weight of metal button obtained after experiments. The
notations ‘-H’ and ‘-C’ mean the hydrogen reduction and
the CO reduction, respectively. The yields of metal for
hydrogen reduction were 95% to 97.6% and those for CO
reduction were 97.7% to 99.9%. In the case of sinter, as the
content of FeO in slag will be high and remain until the
melting period, the molten FeO slag will react with alumina
crucible. It is the reason why the yield of metal for sinter

was slightly lower than that of MBR. The contents of carbon
for Sinter-C and MBR-C are 5.15% and 4.68%, respectively.
The contents of carbon are close to the saturation in the met-
al iron (5.4% at 1 873 K). In the case of CO reduction, a
graphite flake about 2 g was put in the bottom of crucible
in order to reach the carbon saturation. However, as the car-
bon contents were lower than the saturation point, the reac-
tion time (holding time of 30 min for melting at 1 873 K in
Fig. 2) might be short for reaching the complete saturation.
From the result that the surface of solidified metal had an
undissolved graphite pieces after experiment, it was consid-
ered that the effect of reaction time was relatively large.

3. Results and Discussions

3.1. Analyses of Obtained Metals
Figure 3 shows the appearances of metallic iron obtained.

Sinter-H and MBR-H show a clear metallic color, although
the top view of sinter-H shows a thin rust film which might
come from an exposure to air before the complete cooling
down. Sinter-C and MBR-C show an appearance of cast
iron. As indicating by arrows, some of graphite flake undis-
solved are attached on the surface of button. These buttons
are cut and polished for the observation of microstructure.

Figure 4 shows the typical photos of the microstructures
for measuring the Index of Cleanliness of Steel (d, Eq. (7))
which is measured by counting the number of inclusions in
the 60 fields with 400 grids. The total area for measuring is
about 300 mm2. The largest inclusion was about 5 μm in
diameter both for sinter-H and MBR-H. The index of clean-
liness for sinter-H was 0.121% and 0.017% for MBR-H,
these values are quite small one.

Index of cleanliness:    d=n/(p×f)×100 ........................ (7)

   
Table 1. Chemical compositions of iron ore used (mass%).

T.Fe FeO Fe2O3 CaO SiO2 Al2O3 MgO MnO S P

Sinter 60.57 8.68 76.82 8.42 4.92 1.76 0.99 0.22 <0.01 0.06

MBR 67.66 0.08 96.66 0.28 1.36 0.62 0.06 0.13 0.004 0.03

Table 2. Weight of samples used and metal obtained.

Sample Name Weight of
sample (g)

Metal
obtained (g) [%C]Fe Yield of metal

Sinter-H 61.63 35.45 0.004 95.0%

MBR-H 42.93 28.39 0.002 97.7%

Sinter-C 61.16 38.10 5.15 97.6%

MBR-C 48.67 34.52 4.68 99.9%

    

Fig. 3. Outlooks of iron buttons obtained.

Fig. 4. Inclusions in the metals obtained under hydrogen atmosphere for Sinter-H and MBR-H (Sinter-H: d=n/
(400×60)×100=0.121%, MBR-H: d=0.017%).
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where n: number of inclusion, p: number of grid, f: num-
ber of field.

d=n/(400×60)×100
Sinter-H: d=0.121%
MBR-H: d=0.017%

In Fig. 5, the result of EDS analysis of inclusion of sinter-
H is shown. The inclusion is an oxide consisted of Si and
Al base. This aluminosilicate contains small content of Ca
and Mn. Figure 6 shows the result of EDS analysis of inclu-
sion in MBR-H. This inclusion separated into two phases.
The inside of inclusion is FeO and the outside is an oxide
of FeO–SiO2 system, which will be a fayalite(2FeO·SiO2).
From the FeO–SiO2 binary phase diagram, the melt sepa-
rates into two phases consisted of wustite and fayalite. In
addition, the fayalite includes some content of phosphorus,
but little aluminum oxide. Figure 7 shows the microstruc-
ture of sinter-C and MBR-C. Since both of samples are close
to the carbon saturated iron, the microstructure shows
almost the same structure of cast iron and many graphite
flakes precipitated in the sample.

Table 3 shows the chemical composition of metals
obtained in this experiment. These results are compared in
Figs. 8 and 9. Figure 8 shows the comparison of the contents
of C, Si, Mn P, Al and O. Each column corresponds to the
respective elements, the left hand side pair of bar in a col-
umn corresponds to the sinter-H and MBR-H, and the right
hand side pair corresponds to the sinter-C and MBR-C.

Carbon contents of sinter-H and MBR-H are 40 ppm and
20 ppm, respectively. These carbons might come from the
graphite susceptor. If other heating system without carbon
material was used in the reaction system, the carbon content
would be under the limit of analysis. Actually, since the pure
iron needs a carbon addition together with the alloying

elements for the production of steel, the small content of
carbon in iron obtained by hydrogen reduction is not so
important problem.

Silicon contents of sinter-H and MBR-H are significantly
lower than that of carbon reduction, that is excellent agree
with the thermodynamic consideration mentioned above.
Manganese contents of sinter-H and MBR-H are also low
and about one third to one tenth for the carbon reduction.
The manganese content also coincides with the thermody-
namic prediction.

On the other hand, phosphorus contents of sinter-H and
MBR-H are almost the same level with the carbon reduc-
tion. In this experiment, slag was not used and the equilib-
rium would establish in the contact between the alumina
crucible and metal reduced. It is considered that the most of
oxide impurities in the iron ore will react with the crucible.
In addition, some of FeO remained will also react with the
crucible. The detailed thermodynamic consideration were
performed in the later section.

It is considered that the aluminum contents of sinter-H
and MBR-H are to be a same level with the carbon reduc-
tion. However, Al in MBR-H is relatively high and Al in
Sinter-H is under the limit of analysis. Although the mean-
ing of these results is not known in this stage, the content
of Al is not decided by the results of hydrogen and carbon
reduction.

The oxygen level is high in the hydrogen reduction,
which is characteristics in the hydrogen system, and the con-
tent of oxygen is from 140 ppm to 245 ppm, while the one
in carbon reduction is from 29 ppm to 75 ppm.

Figure 9 shows the comparison of the contents of S, Ca,
Mg and H in the metal obtained. The contents of S of sinter-
H and MBR-H are less than half of the ones of sinter-C and
MBR-C. The contents of Ca and Mg are difficult to under-

    

Fig. 5. EDS mapping of inclusion in Sinter-H.
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stand, so that the level of these elements are very low. On
the other hand, it is interesting to know the hydrogen content
of sinter-H and MBR-H. Even in a melting and solidifying
the iron under hydrogen atmosphere, the hydrogen content

   

Fig. 6. EDS mapping of inclusion in MBR-H.

Fig. 7. Microstructure of iron with high carbon content (Sinter-C: 5.15%, MBR-C: 4.68%).

Table 3. Chemical composition in metal obtained.

mass% ppm

Sample
Name C Si Mn P Al O Ca S Mg H

Sinter-H 0.004 0.02 0.05 0.071 < 0.001 0.0139 < 3 20 < 3 1.0

MBR-H 0.002 < 0.01 < 0.01 0.044 0.028 0.0245 5 < 10 < 3 1.4

Sinter-C 5.15 0.09 0.17 0.089 0.005 0.0075 17 40 < 3 1.2

MBR-C 4.68 0.21 0.09 0.047 0.009 0.0029 5 40 < 3 1.4

Fig. 8. Comparison of contents of impurities between hydrogen
reduction and carbon reduction (C, Si, Mn, P, Al and O).
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was very low and the same level with carbon reduction
without hydrogen in the atmosphere. It could be concluded
that the hydrogen absorbed in the iron melt was quickly
evolved to the atmosphere during solidification. Since the
hydrogen brittleness occurs in the welding, heating and plat-
ing process mainly, hydrogen reduction process is not
necessary to take into account the hydrogen content in the
solidified iron.

4. Thermodynamics of Impurities in the Metal Obtained

4.1. Reduction of Impurities by C and H
The activity coefficients for the respective elements were

calculated using the interaction parameters published by
JSPS15) and the values used were summarized in Table 4.
The calculated activity coefficients and the estimated activ-
ities are shown in Table 5.

4.1.1. SiO2

The change of Gibb’s energy for the reduction of SiO2 by
dissolved hydrogen (H) in the molten iron (Eq. (11)) is esti-
mated using Eqs. (8)–(10). The thermodynamic data of the
related elements are mainly adopted from the data book.15)

Also, the SiO2 reduction by dissolved carbon (C) in molten
iron (Eq. (13)) can be estimated using Eqs. (8) and (12).

JSPS:

.......................................(8)15)

....................................... (9)15)

..................................... (10)15)

.........................................(11)

..................................... (12)15)

........................................ (13)

Using Eqs. (11) and (13), the variations of activities of sil-
icon (aSi) were calculated and plotted in the Fig. 10. In the
case of hydrogen reduction (Eq. (11)), the activity of H was
assumed to be 1×10–4, because the logaH obtained by the
experiment was –3.997 and –3.851 (Table 5). The activity
of SiO2 (aSiO2) was assumed to be 1.0. The logaSi was –1.692
for sinter-H (■) and –1.996 for MBR-H (□). In order to fit
these values, the partial pressure of H2O (PH2O) was 1.9×10–4

for sinter-H and 2.7×10–4 for MBR-H.
On the other hand, the silicon activities of carbon reduc-

tion (aSi, Eq. (13)) were estimated using aC=38 and
PCO=0.24 both for sinter-C and MBR-C. The Henrian activ-
ity of carbon (aC=38) was estimated from Eqs. (14) and (15)
at 1 873 K.

SiO G T2 2 576 430 218 4( ) , / .s Si O J= + ° = − ⋅Δ

1

2
36 460 30 462H H Jg( ) , / .= ° = + ⋅ΔG T

H H O JOg g2 2 134 800 61 71( ) ( ) , / .+ = ° = − + ⋅ΔG T

SiO G T2 24 2 160990 216 8( ) ( ) , / .s gSi H O J+ = + ° = − ⋅H Δ

C CO Jg+ = ° = − − ⋅O G T ( ) , / .Δ 22 200 38 33

SiO C G T2 2 2 532030 295 1( ) ( ) , / .s gSi CO J+ = + ° = − ⋅Δ

Fig. 9. Comparison of contents of impurities between hydrogen
reduction and carbon reduction (S, Ca, Mg, H).

Table 4. Interaction parameters used in the present study. (ei 
j: most

values are from JSPS15)).

ij Al C H Mn O P S Si

Al 0.043 0.091 0.24 0 –1.98 0.033 0.035 0.056

C 0.043 0.243 0.67 –0.0084 –0.32 0.051 0.044 0.078

H 0.013 0.06 0 –0.002 0.05 0.015 0.017 0.027

Mn –0.012 –0.04 –0.34 0 –0.083 –0.06 –0.048 –0.0173

O –1.17 –0.158* 0.73 –0.021 –0.174 0.07 –0.133 –0.066

P 0.037 0.126 0.33 –0.032 0.13 0.054 0.034 0.099

S 0.041 0.111 0.41 –0.026 –0.27 0.035 –0.046 0.075

Si 0.058 0.18 0.64 –0.0146 –0.119 0.09 0.066 0.103

*Y. Kashiwaya, et al.; Steel research International, vol. 81, 2010, No. 4.

Table 5. Henrian activity and activity coefficient of elements in metal obtained.

Sinter-H MBR-H Sinter-C MBR-C

[%i] log fi ai log ai [%i] log fi ai log ai [%i] log fi ai log ai [%i] log fi ai log ai

Al 0.001 –0.02356 9.47E-04 –3.024 0.028 –0.04504 2.52E-02 –1.598 0.005 0.462161 1.45E-02 –1.839 0.009 0.43401 2.44E-02 –1.612

C 0.004 0.00148 4.01E-03 –2.396 0.002 –0.00307 1.99E-03 –2.702 5.15 1.259652 93.6 1.971 4.68 1.15499 66.9 1.852

H 0.0001 0.00249 1.01E-04 –3.998 0.00014 0.00264 1.41E-04 –3.851 0.00012 0.31293 2.47E-04 –3.608 0.00014 0.287325 2.71E-04 –3.567

Mn 0.05 –0.00606 4.93E-02 –1.307 0.01 –0.00536 9.88E-03 –2.005 0.17 0.21381 1.04E-01 –0.983 0.09 –0.19424 5.57E-02 –1.240

O 0.0139 –0.00181 1.38E-02 –1.859 0.0245 –0.03516 2.26E-02 –1.646 0.0075 –0.824579 1.12E-03 –2.950 0.0029 –0.76336 5.00E-04 –3.301

P 0.071 0.00666 7.21E-02 –1.142 0.044 0.00760 4.48E-02 –1.349 0.089 0.658512 4.05E-01 –0.392 0.047 0.61102 1.92E-01 –0.717

S 0.002 –0.00063 2.00E-03 –2.700 0.001 –0.00320 9.93E-04 –3.003 0.004 0.575140 1.50E-02 –1.823 0.004 0.533994 1.37E-02 –1.864

Si 0.02 0.00704 2.03E-02 –1.692 0.01 0.00407 1.01E-02 –1.996 0.09 0.941536 7.87E-01 –0.104 0.21 0.867477 1.55E+00 0.190
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C(gr) = C,          ΔG°/J= ......(14)14,15)

aC(Henry)= .................... (15)

While the experimental carbon activities (aC) for sinter-C
and MBR-C are 93.6 and 66.9 (Table 5), respectively, which
are agree with the value obtained by Eqs. (14) and (15).

The activities of silicon (logaSi) for Sinter-C and MBR-C
were –0.104 (●) and +0.19(○), respectively, when the activ-
ities of SiO2 (aSiO2) were assumed to be 8×10–6 and 1.6×10–5

(Fig. 10), respectively. The temperature dependence of aSi of
carbon reduction is larger than that of hydrogen reduction.
In addition, the activity of SiO2, aSiO2 of carbon reduction is
significantly lower than that of hydrogen reduction.

4.1.2. MnO
The activity of MnO was estimated by Eq. (16) using the

activities of oxygen (O) and manganese (Mn) obtained by
the experiment.

MnO=Mn+O      ΔG°/J=288 200–129.3T....(16)15)

The activities of Mn (logaMn) for Sinter-H and MBR-H
are –1.307 and –2.005, respectively. Since the oxygen activ-
ity (aO) of hydrogen reduction is higher than that of carbon
reduction, it is considered that the activity of MnO (aMnO)
will be higher than that of carbon reaction. Using Eq. (16),
the relationship between log aO and logaMn was calculated
and plotted in Fig. 11 with the assumption of the activity of
MnO (aMnO). As a result, the activity of MnO (aMnO) for the
hydrogen reduction was about 0.01 (0.01 for sinter-H and
0.005 for MBR-H), and the one for the carbon reduction was
about 0.0005 (0.002 for sinter-C and 0.0005 for MBR-C).

4.1.3. S in Molten Iron
The activities of sulfur in molten iron (aS) was considered

through two reactions. One is the equilibrium among
H2S(g), H and S. The ΔG° of Eq. (19) can be calculated by
Eqs. (17) and (18).

Elliot: H2S(g)=H2(g)+S, ΔG°/J= –41 756 –27.03·T
.....................................(17)16)

JSPS: H2(g) = 2H, ΔG°/J=+72 902+60.92·T
.....................................(18)15)

H2S(g)=2H+S ΔG°/J= +31 146+33.89·T
.................................... (19)

The other is a desulfurization reaction by CaO together
with the deoxidation reaction by Aluminum (Eq. (25)),
which is estimated by Eqs. (20)–(24).

Al(l) = Al, ΔG°/J=–43 095.2–32.26·T
..................................... (20)16)

S2(g) =S, ΔG°/J=–131 880+22.05·T

..................................... (21)16)

2Al(l)+ O2(g) =Al2O3, ΔG°/J=–1 679 880+321.8·T

..................................... (22)16)

Ca(l)+ S2(g)=CaS(s), ΔG°/J=–552 706+108.4·T

..................................... (23)16)

Ca(l)+ O2(g)=CaO(s), ΔG°/J=–639 524.4+107.9·T

..................................... (24)16)

CaO+ Al+S=CaS+ Al2O3,    ΔG°/J=–312 528+107.28·T

........................................ (25)

Figure 12 shows the relationship between log aS and log
aH, which is obtained using Eq. (19). In Fig. 12, the values
obtained by the experiments are plotted with respective
marks (■: sinter-H, □: MBR-H, ●: sinter-C, ○: MBR-C).
When the equilibrium PH2S for hydrogen reduction and car-
bon reduction were assumed to be 2×10–8 and 2×10–5,
respectively, it was found that the relationship between log
aS and log aH by the calculation can agree with the observa-
tions as shown in Fig. 12. The both values of aH and aS for
sinter-H and MBR-H are lower than that of sinter-C and
MBR-C. Although the reason of this result is not clear at this
stage, it might be related to the high oxygen activity (aO) in
the hydrogen reduction.

Figure 13 shows the relationship between log aAl and log
aS, which are calculated using Eq. (39). When the ratios of
activity of CaO to CaS (aCaO/aCaS) are assumed to be 20 and
1 for hydrogen reduction and carbon reduction, respectively,
and the activity of Al2O3 is assumed to be unity, the calcu-
lation results are agree with the observations. From this
result, it is considered that the lower sulfur activity in the
hydrogen reduction is caused by the higher CaO activity

23 484 8 43 51. .− ⋅T

exp
−Δ °⎛

⎝
⎜

⎞
⎠
⎟

G

RT

Fig. 11. Relationship of activity between Mn and O in the molten
iron (Hydrogen reduction: aMnO=0.01, Carbon reduction:
aMnO=0.0005).
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Fig. 10. Variations of silicon activity for SiO2 reductions by
hydrogen and carbon.



© 2012 ISIJ 1520

ISIJ International, Vol. 52 (2012), No. 8

owing to the higher oxygen potential.

4.1.4. P2O5

The P2O5 reduction reaction by hydrogen (Eq. (26)) is
basically the same reaction as Eq. (3), but the state of phos-
phorus in the product is different between two reactions.
The linear temperature dependence of ΔG° of Eq. (26) was
obtained by author using thermochemical database.14) The
P2O5 reduction by dissolved hydrogen (H) (Eq. (29)) is esti-
mated by Eqs. (26)–(28). Using Eq. (29), the relationship
between log aH and log aP is plotted in Fig. 14. The partial
pressure of H2O, PH2O was assumed to be 2.5×10–4, which
was the same value with SiO2 reduction as shown in Fig. 10.
When the activities of P2O5, aP2O5 is 5×10–19 and 1×10–20 for
sinter-H and MBR-H, respectively, the calculation results of
the relationship between log aH and log aP is good agree-
ment with the experiment results.

JSPS:

.....................................(26)14)

.....................................(27)15)

.....................................(28)15)

........................................ (29)

On the other hand, P2O5 reduction by the dissolved car-
bon is expressed by Eq. (33), which is estimated by Eqs.
(30)–(32). The temperature dependence of activities of
phosphorus, aP was plotted in Fig. 15, when aC was equal
to 38 and PCO was 0.24, and aP2O5 are 1.3×10–24 and 3×10–24

for sinter-C and MBR-C, respectively.

JSPS:

..................................... (30)14)

..................................... (31)15)

..................................(32)14,15)

........................................ (33)

It was found that the activity of P2O5 in the carbon reduc-
tion is lower than that in the hydrogen reduction. This result
would also be related to the higher oxygen activity in the

P H P H O Js g g g2 5 2 2 25 5 371400 62 9O G T( ) ( ) ( ) ( ) , / .+ = + ° = − ⋅Δ

P P Jg2 2 315 700 10 79( ) , / .= ° = − + ⋅G TΔ
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Fig. 12. Relationship of activity between S and H in the molten
iron (Hydrogen reduction: PH2S=2×10–8, Carbon reduc-
tion: PH2S=2×10–5).

Fig. 13. Relationship of activity between Al and S in the molten
iron (Hydrogen reduction: aCaO/aCaS=20, Carbon reduc-
tion: aCaO/aCaS=1).

     

Fig. 14. Relationship of activity between H and P in the case of
hydrogen reduction: aP2O5=1×10–20 or 5×10–15, PH2O=
2.5×10–4.

Fig. 15. Temperature dependence of activity of P in the case of
carbon reduction: aP2O5=1.3×10–34 or 3×10–35, PCO=0.24,
aC=38.
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case of hydrogen reduction.

4.2. Thermochemical Analyses of the Reduction Reac-
tions of SiO2, MnO and P2O5

In this section, the ΔG (= ΔG° + RTlnK) for respective
reduction reactions of SiO2, MnO and P2O5 using the
obtained activities and partial pressures of gases were eval-
uated and compared with the ΔG°. From Figs. 16 to 18, ΔG
and ΔG° for the hydrogen reaction and carbon reduction are
plotted, where the distance between ΔG and ΔG° means the
amount of RTlnK. ΔG=0 means an equilibrium state of reac-
tion. When ΔG is negative (ΔG<0), the reaction will proceed
toward the right hand side. Inversely, when ΔG is positive
(ΔG>0), the reaction will proceed to the opposite direction.

SiO2 reduction by hydrogen dissolved in the molten metal
is expressed by Eq. (11’) and the ΔG° is expressed by Eq.
(11). Then, ΔG can be calculated by Eq. (34) where aSi is
0.019, PH2O is 2.5×10–4, aSiO2 is 1.0 and aH is 1×10–4. ΔG of
Eq. (34) is shown in Fig. 16 in comparison with the ΔG° of

Eqs. (1) and (11) with solid lines. ΔG° of Eq. (1) is always
positive and the reaction never occurs, thermodynamically.
On the other hand, the SiO2 reduction by hydrogen dis-
solved in the molten metal (Eq. (11)) is always minus and
the reaction is easy to proceed toward right hand side. These
results of ΔG° are not adequate to explain the experimental
result. ΔG from Eq. (34) becomes minus at 1 970 K. Since
the experimental temperature was 1 873 K, the SiO2 reduc-
tion by hydrogen would not occur. However, this result pre-
dicts that the reduction reaction will proceed in the higher
temperature above 1 973 K, although the driving force is not
so large.

................ (11’)

ΔG = ΔG° + RTln .............. (34)

Similarly, The ΔG and ΔG° of carbon reductions of SiO2

are compared in Fig. 16 with broken lines. The dashed line
means the ΔG° of Eq. (4) which already mentioned above
and becomes minus from 1 943 K. In the case of Eq. (13’)
which is the reduction by dissolved carbon (dotted and
dashed line), the ΔG° becomes minus from 1 796 K which
is the lower temperature than that of Eq. (4). When the
activities obtained in this study was used for the calculation
of ΔG of Eq. (35)(dotted line), the result become minus
from 1 867 K, which means the reaction proceeds forward
at the experimental temperature of 1 873 K.

.................. (13’)

ΔG = ΔG° + RTln .............. (35)

The reduction reaction of MnO by dissolved hydrogen in
molten iron is expressed by Eq. (36). ΔG° and ΔG are plot-
ted with solid lines in Fig. 17. The ΔG° of Eq. (2) is also
plotted with solid line in Fig. 17 for the sake of comparison.
ΔG of Eq. (37) was calculated using the values :aMn=0.06,
PH2O=2.5×10–4, aH=1.6×10–4, aMnO=0.01, which were
obtained using experimental data.

Similarly to the SiO2 reduction by hydrogen, ΔG° of Eq.
(2) is always positive and the one for Eq. (36) is negative
from low temperature region. Actually, as the content of Mn
in the metal was decreased in the hydrogen reduction, the
negative ΔG° for the reaction cannot explain the experimen-
tal result. While the ΔG of Eq. (37) become negative from
2 057 K. As the temperature of experiment was 1 873 K, it
could explain the result of experiment that the reduction of
MnO by hydrogen did not occur.

On the other hand, the MnO reduction by carbon between
Eqs. (5) and (38) did not show the large difference. The ΔG°
of Eq. (38) decreased and became minus from 1 586 K,
while the one of Eq. (5) become minus from 1 673 K. When
the activities of components were taken in account, ΔG of
Eq. (39) (aMn=0.06, PCO=0.24, aC =38, aMnO=5×10–4) was not
changed largely. Then, MnO reduction by dissolved carbon
proceeded at 1 873 K, dominantly.

................. (36)
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Fig. 16. Comparison of ΔG° and ΔG of reduction reactions of SiO2

by hydrogen and carbon.

Fig. 17. Comparison of ΔG° and ΔG of reduction reactions of
MnO by hydrogen and carbon.

Fig. 18. Comparison of ΔG° and ΔG of reduction reactions of P2O5

by hydrogen and carbon.
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ΔG = ΔG° + RTln .............. (37)

................... (38)

ΔG = ΔG° + RTln ............... (39)

Figure 18 shows the ΔG° and ΔG of the reduction reac-
tion of P2O5 with hydrogen and carbon. Although the ΔG°
of Eq. (6) become minus from 1 563 K, the one of Eq. (29)
is always minus which cannot explain the result of experi-
ment. When the activities of components are taking into
account in Eq. (40), ΔG shows the positive slope and
becomes positive from 1 823 K, which means that the
hydrogen reduction does not occur in higher temperature.
These results indicate that the P2O5 reduction by hydrogen
might easily change to the opposite direction with the con-
dition of experiment.

.............. (29’)

ΔG = ΔG° + RTln .............. (40)

................. (33’)

ΔG = ΔG° + RTln .............. (41)

The P2O5 reduction by carbon occurs from lower temper-
ature. In the case of the reduction by solid carbon, ΔG° of
Eq. (3) becomes minus from 1 043 K, while the reduction
by dissolved carbon (Eq. (33)) becomes minus from 808 K.
When the activities of components (aP=0.398, PCO=0.24,
aC =38, aP2O5n=1.3×10–24) are taken into account to Eq. (41),
ΔG becomes minus from 1 173 K which moves toward high
temperature region.

ΔG of the reductions by hydrogen and carbon are crossing
at 1 363 K. From these consideration, the reduction of P2O5

by dissolved carbon is dominant in the higher temperature
region more than 1 363 K, and the one by dissolved hydro-
gen is dominant in the lower temperature region.

However, the observation results between the hydrogen
and carbon reduction did not show the clear difference,
because the hydrogen reduction would be changed the direc-
tion in accordance with the experimental condition.

5. Conclusions

Two kinds of iron ore were reduced and melted both
under hydrogen and carbon atmosphere. The obtained iron

metal under hydrogen atmosphere was quite pure one. The
impurities in the metal were chemically analyzed and ther-
modynamically examined. The characteristics and benefits
of hydrogen reduction were discussed in comparison with
the carbon reduction. The obtained results are summarized
as follows:

(1) The iron metal obtained by the hydrogen reduction
had high purity. The content of silicon was one tenth to the
iron obtained by carbon reduction. Manganese was about
one third to one tenth for the carbon reduction. However,
phosphorus in the hydrogen reduction was almost the same
level to the carbon reduction.

(2) Sulfur content also became half in the hydrogen
reduction.

(3) However, the content of hydrogen was the same lev-
el between the hydrogen reduction and the carbon reduction.
It was found that the rate of hydrogen evolution from a mol-
ten metal during solidification was fast significantly.

(4) The activities of elements (C, Si, Mn, P, S, Al, O,
Ca, Mg, H) in iron metal were calculated based on the ther-
mochemical data, and the relationships among those ele-
ments were elucidated.

(5) From the thermodynamic analysis, a high oxygen
activity in the metal obtained under hydrogen atmosphere
caused to a low content of impurities and high activity of
oxides related.
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