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Abstract: The thermochemical data of iron oxide redox reactions in various textbooks and
handbooks are not consistent. To clarify such confusions, the elementary thermodynamic data of
various iron oxides, carbon oxides, hydrogen and water vapor are used to calculate the changes
of thermodynamic quantities such as enthalpy, entropy and Gibbs free energy of the redox
reactions. The predominance area diagrams are then reconstructed according to the newly
calculated Gibbs free energy changes. In order to fit the precise Gibbs free energy data, the
constrained optimization method is adopted based on the mathematical modeling software Lingo
11. The reduction experiments are successfully carried out to verify the calculated eutectoid
temperature. It is concluded with sixteen empirical thermodynamic equilibrium formulas and
eight enthalpy values at 25°C for iron oxides reduced by CO and H», and the eutectoid
temperature of the three iron oxide phases is 576°C.

1 Introduction

Gas-solid reduction reactions of the iron oxides exist not only in the non-blast furnace process
but also in the shaft of blast furnace and even the reaction of some catalysis processes. Reduction
of iron oxides by CO and H: are the main and the most important chemical reactions during
these processes.

Thermodynamic data of the iron oxides reduction reactions, especially the enthalpy and Gibbs
free energy are indispensable for design and operational optimization of ironmaking processes.
However, it is found that the calculated thermodynamic equilibrium data of these reactions much
differ from each other according to different references 7). To undertake modern blast furnace
mathematical modeling %), more accurate thermodynamic data are required for the intrinsic and
macro kinetic mathematical simulation of the related chemical reaction processes.

In this paper, the thermodynamic data from different textbooks, manuals and journal papers
are reviewed and summarized. Then a mathematical model is established for calculation of the
thermodynamic data of iron oxides reduction reactions based on elementary data of iron oxides
from the most recognized thermochemical data base ['3l. The program-computed
thermodynamic equilibrium data are fitted by means of the generalized least squares method
under some thermodynamic constraints. The agreement between data from the empirical
formulas and different resources is discussed.
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2 Overview of Thermodynamic Analyses in Literatures

Reviews of published studies on the gas-solid equilibriums in the iron-oxygen-carbon and
iron-oxygen-hydrogen systems, and of the literature concerning the iron oxides reveal a
surprising degree of confusion. The results from different investigators are not satisfactory in
agreement and are often difficult of interpretation.

Referring to thermodynamic studies of the iron oxides reduction reactions, it can be dated back
to the work by Braithwaite [ in 1895. He showed that carbon monoxide is completely oxidized
to dioxide by ferric oxide at ‘low red heat’.

Baur and Glaessner ') are the first to publish quantitative results in this field. They
determined the equilibrium composition of gas in the related reactions of iron-carbon-oxygen
system. And soon it was widely applied as the Baur-Glaessner diagram and predominance area
diagram (Figure 1) in ferrous metallurgy, material science and catalysis technology U7\
Regardless of Boudouard reaction, the iron oxides reduction mechanisms are commonly
described like this: Fe2O3—Fe304—Fe below 570°C, Fe2O3—Fe304—FeO—Fe above 570°C.
The eutectoid temperature of iron oxides in the Baur-Glaessner diagram is 570°C, but is
experimentally and theoretically determined as 576°C recently 1),
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Figure 1 Predominance area diagram for iron oxides reduction reactions [!6]

Schenck, Semiller and Falcke ['”) have published data relating to the systems where, in addition
to iron and ferrous oxide, solid carbon is present. Schenck & Heller ['®! studied the system
consisting of iron, ferrous oxide, and various forms of carbon. The work reported by Eastman
and his partners 2% was undertaken in order to remove some of the more important
uncertainties concerning the iron oxides reduction by CO and Hz. The sources of error in the
measurements were investigated, the results were compared with those from other observers, and
best values tabulated at round temperatures. Emmett and Shultz *1?2 obtained experimental
results for the equilibrium constants of the FeO—Fe, Fe3s04—FeO, and Fe;Os—Fe systems by using
a dynamic rather than a static apparatus. On account of the importance of ferrous oxide in many
metallurgical reactions, the equilibria of iron and its oxides with steam and hydrogen has been
investigated in the range 1200-1515°C by Chipman and Marshall 3,

After 1945, Darken and Gurry 1?42 established the iron-oxygen phase diagram and illustrated
that the stoichiometric FeO could not stably exist under the ordinary pressure. In the iron-oxygen

778



system, FeO will readily dissociate into the more stable configuration composed of Fe and Fe,O,
where x is smaller than unity. The wustite phase, which has the same crystal structure as NaCl,
remains deficient in iron even saturated with iron. The oxygen sites in the lattice are fully
occupied, but some iron sites remain vacant.

3 Fitting of the Newly Calculated Thermodynamic Data

The newly calculated data for the equilibria of iron oxides reduction reactions are based on the
most recognized thermodynamic data [!"13! and verified by experimental results ['%]. For the sake
of convenient utilization of the data, all the calculation results of the equilibrium constants are
fitted in forms of concise empirical formulas in the following.

For achieving empirical formulas of the iron oxides reduction reactions, an application
program is developed and used to calculate the accurate thermodynamic equilibrium data, and
the generalized least squares method is used to fit the calculated data. Especially, the fitting is
also restricted by the thermodynamic restraint conditions. Finally, the dependences of the
equilibrium constants on temperature are obtained.

3.1 Thermodynamic Calculation Model !
For the reduction of iron oxides by CO, five chemical reactions are considered as follows

3Fe,0, + CO =2Fe, 0, + CO, e8]
X 3
Fe,0,+CO = Fe 0+CO, 2)
4x-3 4x-3
Fe O+CO=xFe+CO, 3)
1 3
ZFe3O4+CO:ZFe+CO2 “

4x-3

1
Fe O= ZF6304 + Fe %)
Among these five equations, only three ones are free, and Eq. (5) is solid-solid reaction while
the others are gas-solid reactions. For Egs. (1)-(4),
100-CO% AG°(T)

CO% —K9=CXP(—7RT ) (6)

For pure substances, the relationship between Cp and T 'is,

C(T)=A+AT+AT>+ AT+ AT (7

P

Since the Gibbs free energies of substances are a state functions related to temperature, the
absolute value of G cannot be given. However, the relative Enthalpy, Entropy and Gibbs free
energy of a substance 7 at temperature 7" can be defined as follows according to the Kirchhoff's
Formula,
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where L1, Lo, ... are phase transition enthalpies at the corresponding temperature 71, 7%, .... Then
the Gibbs free energy change of a chemical reaction can be calculated with Eq. (11).
AG(T)=Y v,G;, =D v;H} ~T> v,S7, (11)

As the stoichiometric substance FeO is instable, it is substituted by Feo.9470 in this calculation
model.

3.2 Forms of the Fitting Formulas
According to Eq. (7), Gibbs-Helmholtz equation (12) and Kirchhoff equation (13), Eq. (14)
and Eq. (15), it can be obtained.

AG? ) AH?
d[Trj = AT (12)
dAH? = AC,dT (13)

AH :AAIT+%AA2><T2—AA3><T’1 +%AA4><T3 —%AASXT’Z +4, (14

AGy = —AAlTlnT—%AAZTZ —%AAJ" —%AA4T3 —éAAST’Z +AT+4, (15)

where 4¢ and 4¢’ are integration constants, and can be calculated according to Eq. (11) at 298K.

In a narrow temperature range, enthalpy change of a reaction can be regarded as constant as
value of 46 in Eq. (14), and the corresponding Gibbs free energy change can be expressed as a
+bT, where a equals the value of enthalpy change. Actually, the first part of the Gibbs free
energy change formula of a reaction a, is not equal to the enthalpy change in a considerable
temperature range.

So AGP = a +bT is taken as the common fitting of Gibbs free energy change formula of a
reaction, and AG® = a +bT + ¢T? for a more precise approach. At the same time, enthalpy change
of a reaction at 298K is also given for heat balance calculation.

3.3 Constraint Conditions ['%!

The computer calculated thermodynamic equilibrium curves of these reactions differ

remarkably from each other according to various references. To settle this confusion, the most
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important object of this work is to attain the standard and authoritative dependence of the
thermodynamic equilibrium data on temperature. In view of this, the precise computed results
are used for fitting and two thermodynamic principles are set up as mathematical constraint
conditions.
3.3.1 Three-curve-intersection Principle

The ‘three-curve-intersection principle’ means when iron oxides are reduced by CO or Ha,

three balanced reduction potential curves of FexO—Fe, Fes0s—Fe and Fe;Os—Fe O, should
absolutely meet at a certain point.

Taking the reduction by CO as an example, when the temperature is given, the value of AG®
and the corresponding reduction potential CO% of a reaction should be both unique according to
Eq. (6). For the Gibbs free energy is a monotonous function of temperature, there must be a
temperature point 7o satisfying AG%(To) = 0.

And additionally,
AG®, = AG®, P AG", (16)
4x-3
- © 3 ©
AG®, = AG®, ————xAG"®, (16)
4x-3
Consequently,
AG®, |1 =AG® |, =AG”, |,y (17)
CO%, |7y, =CO%; |, =CO%, |y, (18)

So one can say that the three balanced reduction potential curves of FexO—Fe, Fe3;Os—Fe and
Fe304—Fe,O intersect together at the temperature point 7o (A in Figurel). Similar method can be
used to prove that the diagram of iron oxides reduction by H> also obeys this principle (see point
A’ in Figurel).

3.3.2 Three-line-parallel Principle

As shown in Figurel, the reduction curves of Fe3Oas, FexO with CO and H: intersect at B and

B’ respectively. Three lines in this principle are lines AA’, BB’ and the vertical axis line

respectively.

According to the three-curve-intersection principle, A’ must have the same temperature value
as A and equals 7o. As a result, line AA’ and the vertical axis parallel each other.

To demonstrate the liaison between lines AA’ and BB’, reductions of iron oxides by H> should
be considered.

3Fe,0, +H, = 2Fe,0, + H,0 (1)

X

3
3Fe304+H2 =2

Fe O+H.,O 2’
4x— x-3 ? @)
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Fe,0+H, = xFe+H,0 h)

iFe3O4 +H, :%F6+H20 @)

Point B is the intersection of reduction potential curves of Egs. (2) and (2’), and point B’
represents that of Egs. (3) and (3”). Take point B for instance,

100—CO% R 100—H, % .
o () =K, |T:T,, 5 H %2 - =K, |T:TB (19)
2

The value of CO% and H2% are equal to each other at point B, thus
Kzﬂ |T:TB = Kz'g | T=T, (20)
Furthermore, on the basis of Hess’law, subtracting Eq. (2°) from Eq. (2), one obtains,
CO+H,0=CO, +H, 21
Combination of Egs. (19)-(21) leads to,

o Ky 0 AGS(T) . _
" v, ~s o 1; = n(Ky g, ) =0 (22)

The left part of Eq. (22) is a monotonous function of temperature, hence there must be a
unique temperature point 70’, which equals accurately to 75 to satisfy the identical relation of Eq.
(22). In the same way, it can be deduced as well that 75’ is also equal to 7o’. Therefore, lines BB’,
AA’ and the vertical axis parallel naturally each other, and that’s what the three-line-parallel
principle tells.

As illustrated on Figurel, the whole plot is divided into four predominant phase areas by the
equilibrium reduction potential curves of reactions (1)-(4) or (1”)-(4’). Below the eutectoid
temperature point 576°C, hematite can be reduced into magnetite and then iron in order; and
when above 576°C, magnetite will undergo the wustite phase before being reduced into iron. As a
result, perfect thermodynamic consistency principle was revealed during the logical deduction of
the three-curve-intersection rule and three-line-parallel rule. However, the two rules could not be
satisfied with the empirical equilibrium data from most textbooks -7,

3.4 Mathematical Model and Fitting Results

According to the thermodynamic principle, to satisfy the ‘three-curve-intersection’ means to
satisfy the equilibrium of reaction (5); to satisfy the ‘three-line-parallel principle’ implies to
make the reaction (21) reach balance. Therefore, the mathematical model for the fitting process
is determined as Egs. (23)-(25).

min=Y[6,, ~(4+ 87, +cr2 )} (23)
I=
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Griy, sa0 = Hipo,, —849%.85 (24)

- _ e - e - _
GR(ZI), 1092 — GR(Z), 1092 GR(Z‘), 1092 — GR(}), 1092 GR(}'), 1092 — O (25)

where Gi; denotes precise Gibbs free energy change of reaction i (i=1-4, 1°-4) for a certain
temperature with a group number j=1, 2,..N. Ti; denotes the corresponding temperature, and
G°r).rrepresents approximate Gibbs free energy change of a reaction i at a temperature value of
T after fitting. When AG® = a +bT is used as the fitting formula, constant C in Eq. (23) equals 0.

According to the thermodynamic calculation model, equilibrium equations of reactions (1)-(4)
and (1°)-(4’) (x=0.947) can be calculated on the basis of Egs. (6)-(11). Moreover, the
characteristic data were drawn in Figurel and the results agree fairly with the
three-curve-intersection principle and the three-line-parallel principle.

For attaining empirical formulas of the iron oxides reduction reactions, an application program
is used to compute the accurate thermodynamic equilibrium data, and the generalized least
squares method is used to fit the calculated data. Especially, the fitting has been restricted by the
thermodynamic restraint condition as Egs. (24)-(25). Finally, the dependences of Gibbs free
energies with concise forms and equilibrium constants on temperature are obtained and listed in
Table I. It can be concluded that the standard deviations with restraints are greater than those
without constraint conditions. After all, all the standard deviations are small enough and the
linear correlation coefficients are good enough. To examine the fitting extent, an approximate
Baur-Glaessner plot is given under a background of the precisely calculated data in Figure 2(a).

Table I. Fitting results for reactions (1)-(4) and (1°)-(4")

AGP=a+bT,J-mol"'  KP=exp(c+d/T) Standard Deviation Correlation

Reaction-range/"C

a b c d S*|free S*|restraint Coefficient
R(1)-(25~1462) -42639 -47.39 5.700 5128.6 0.083 - -0.9997/58
R(2)-(576~1377) 26044 -30.44 3.661 -3132.5  1.02E-04 0.32 -
R(3)-(576~1377) -18628 22.17 -2.667  2240.6 1.27E-04 1.33E-03 0.9998/33
R(4)-(300~576) -8287 9.993 -1.202  996.75 3.1E-05 1.1E-04 0.9964/12
R(17)-(300~1462)  -11917 -75.52 9.083 1433.37 - - -
R(2°)-(576~1377) 61473 -62.88 7.563  -7393.9 3.14E-04 3.67E-03 1.0000/33
R(3°)-(576~1377) 16826 -10.30 1.239  -2023.8  3.94E-04 0.36 -
R(4°)-(300~576) 29369 -25.07 3.015  -3532.5 2.4E-04  8.3E-04 -0.9987/12

S*|free: Standard deviation with no restraint;
S*|restrain: Standard deviation with restraint of ‘three-curve-intersection’ or ‘three-line-parallel” or both.

In order to attain more precise equations, polynomial fitting with thermodynamic restraint
conditions is undertaken on the basis of Eq. (23)-(25). The fitting results are listed in Table II and
plotted in Figure 2(b). It is clear that the quadratic polynomial fitting is better than linear fitting.
Meanwhile, the enthalpies for reactions (1)-(4) and (1°)-(4’) at 298K are also given in Table II. In
addition, the linear formulas of the Gibbs free energy changes are accurate enough to meet
requirement for most cases. So the linear expressions are highly recommended for simple
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process calculations and the quadratic polynomial equations are suggested in computer
programming processes.
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Figure 2 Fitted plot of equilibrium data of the iron oxides reduction reactions

Table II. Quadratic polynomial regression results for Gibbs free energy changes

AGP=a + bT +cT?, J-mol” AH? (298K),
Reaction-range/"C
b c kJ-mol!
R(1)-(25~1462) -41223.1 -50.811 1.687X1073 -43.22
R(2)-(576~1377) 26195.9 -29.814 -9.437X10* 47.36
R(3)-(576~1377) -21339.5 27.225 -2.190 X 1073 -16.69
R(4)-(300~576) -2641.0 -5.588 1.052X 102 -3.37
R(1°)-(300~1462) -667.676 -93.338 6.622X1073 -2.07
R(2°)-(576~1377) 65584.7 -70.528 3.309X 103 88.51
R(3)-(576~1377) 18049.1 -13.488 2.062X 1073 24.46
R(4°)-(300~576) 39118.8 -52.017 1.821X 102 37.78

4 Discussion
The most important object of this work is to determine the ideal thermodynamic data of the
iron-carbon-oxygen and iron-hydrogen-oxygen systems for ironmaking designs and calculations.
As the fitted data are shown above, the fitness of the regression formulas will be discussed in the
following four aspects.

4.1 Agreement with Constraint Conditions
Taking advantage of these approximate formulas, the final Baur-Glaessner diagram is drawn in

Figure 2 and it strictly obeys the three-curve-intersection principle and three-line-parallel
principle, while data from the cited textbooks 7 and journals %!} cannot meet these rules.
Comparisons of the calculation results with different thermodynamic equilibrium formulas from
different references are plotted in Figure 3 where the doted curves are the accurate calculation
results.

The constraint satisfaction of results from various studies is examined with the
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computer-calculated results as base case. The results, including the deviation error, are listed in
Table III. As the table shown, it is concluded that, except for the results from HSC Chemistry and
the present work, all the others cannot simultaneously meet the two rules mentioned above.
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Figure 3 Comparisons of calculation results according to different data from different references [°]

Table ITI. Comparison of constraint satisfaction of results from various studies

Intersection principle

Parallel principle

No. Reference Authors
Yes / No Error/% Yes / No Error/%
0 [13] BARIN L. Yes 0 Yes 0
1 [2] LIANG L. K. No -3.8~12.8 No 0.73~6.8
2 [3] KIRKALDY J. S. Yes -1.7 No 0.85~3.8
3 [4] RAOY. K. Yes 1.4 Unknown* 7.9
4 [5] KAWALTY. No -6.8~10.2 No 3.8
5 [6] JOHNF. E. Yes -2.8 Unknown* 0.73
6 - HSC Chemistry Yes -6.9 Yes -1.1
7 - Present work Yes 0.0 Yes 0.0

* Lack of Ha reduction data or not explicit results.

4.2 Agreement with Standard Data

As we all know, Barin’s datal
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fitness of some representative data [* ! is just examined with standard results from the
established thermodynamic calculation program.

Figure 3 shows the comparisons of different thermodynamic calculation results of iron oxide
reduction reactions from various sources. It is clear that data from the present work and HSC
Chemistry are much better than that from other sources on agreement with the standard one
(dotted curves).

The errors of the balanced reduction potential of Fe2O3-Fe3O4 from all references are nearly
0.0%, so they are not presented and compared.

4.3 Eutectoid Temperature
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Figure 4 X-ray diffraction patterns of the starting material and final products after reduction [16]

Eutectoid temperature of the three iron oxide phases in CO-CO2 or H2-H20 atmosphere differs
from each other in the references ['” 29 ysually in the range of 560~580°C. It’s 536°C
according to the HSC Chemistry, which is -4.5% deviated from the computer-calculated data in
the present work. To determine the real eutectoid temperature, a hematite reduction experiment is
conducted and the reduction products are analyzed.

Hematite powders with a purity of 99.0% are used as the starting material. The equipment is a
differential thermal analyzer STA 409CD. In the experiment, the furnace atmosphere is first
cleansed from air by pure CO and then the material is heated to a pointed temperature in the
atmosphere with a heating rate of 40K/min. After reduction by pure CO for 20 minutes, the
material was cooled to room temperature under CO atmosphere. Finally, the crystal phases of the
reduction products are examined with X-ray diffraction.

As displayed in Figure 4, the final products are magnetite and iron when the powders are
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reduced by CO for 20 minutes at 575°C. After reduction at 577°C, there are magnetite, wustite
and iron in the final product. Besides, iron carbide is not observed in both cases, and this agrees
with literatures report >33, The absence of carbide may be attributed to the sharp temperature
rising, and it is hard to detect a tiny quantity of carbide. To conclude, the eutectoid temperature
of the three phases of FexO, Fe and Fe3Os4, is limited in the range of 575~577°C.

4.4 Enthalpy Changes of Reactions
Table I'V. Comparisons of enthalpy between different authors

AH® (298K), kJ-mol!

Resources
R() R(Q2) R@) R#) R(1”) R(2) R@3’) R#)
Present work -43.22 47.36 -16.69 -3.37 -2.07 88.51 24.46 37.78
Kawai P! -27.61 35.11 -17.50 0 5.69 68.50 15.82 33.35
Zhu 28 -53.60 40.60 -18.83 -3.97* -12.10 82.00 22.60 37.45%
Wang [20] -67.24 22.40 -13.19 -25.29 -21.81 63.60 28.01 20.52
HSC -44.96 44.06 -16.66 -4.09 -3.83 85.20 24.47 37.05

* Data of R(4) and R(4’) from Zhu’s textbook are calculated according to Hess’law.

Enthalpy data from different resources are gathered and compared in Table IV. It should be
noted differences of stoichiometric numbers between FeO and Feo.0470 are neglected in ordinary
textbooks. So according to Hess’ law, the equation ‘AH4=0.25xAH>+0.75xAH3’ is suitable for
Zhu’s, Wang’s and Kawai’s data, while equation ‘AHs=0.208xAH>+0.792xAH3’ can be applied to
present authors’ and HSC Chemistry’s. However, Zhu’s, Wang’s and Kawai’s data are not
consistent because they neither obey the former nor the later equation. It can be seen HSC
Chemistry’s results completely accord with the present work and Zhu’s data agree well with the
authors’. Nevertheless, Kawai’s are more or less deviated from the authors’, HSC’s and Zhu’s,
while Wang’s data have obviously deviations from the others’.

5 Conclusions and Perspectives

(1) Three-curve-intersection principle and three-line-parallel principle and their logical
justification are proposed to examine the accuracy of thermodynamic data of iron oxides
reduction reactions.

(2) Sixteen empirical formulas and eight enthalpy values for iron oxide reduction reactions are
obtained, which can well represent the standard data and satisfy the thermodynamic constraints.
They are greatly different from those in the conventional textbooks and journals.

(3) The eutectoid temperature of the three phases of FexO, Fe and Fe3Os, is 576°C.

As being widely told, the stoichiometric FeO is instable in the process of iron oxides reduction.
So the iron oxides reduction mechanism is commonly described as, Fe2O3—Fe3Os—Fe below
576°C and Fe:03—Fe3sOs—Fe:O—Fe above 576°C. Nevertheless, more thermodynamic and
kinetic researches ['® 3! implemented recently have shown that the iron oxides reduction
mechanism is not as so simple. Fe(Il) has been observed during the reduction process below
576°CB37-3%-411 and this cannot be interpreted by the troditional Baur-Glaessner diagram. Hence
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more fundamental study focused on mechanisms of iron oxides reduction by CO and H> should
be carried out, particularly when the sample is annealed and with impurities.
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