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Kinetics of reduction of iron oxides by H2

Part I: Low temperature reduction of hematite
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Abstract

This study deals with the reduction of Fe2O3 by H2 in the temperature range of 220–680 ◦C. It aims to examine the rate controlling processes of
Fe2O3 reduction by H2 in the widest and lowest possible temperature range. This is to be related with efforts to decrease the emission of CO2 in
the atmosphere thus decreasing its green house effect.

Reduction of hematite to magnetite with H2 is characterized by an apparent activation energy ‘Ea’ of 76 kJ/mol. Ea of the reduction of magnetite
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o iron is 88 and 39 kJ/mol for temperatures lower and higher than 420 ◦C, respectively. Mathematical modeling of experimental data suggests that
he reaction rate is controlled by two- and three-dimensional growth of nuclei and by phase boundary reaction at temperatures lower and higher
han 420 ◦C, respectively.

Morphological study confirms the formation of compact iron layer generated during the reduction of Fe2O3 by H2 at temperatures higher than
20 ◦C. It also shows the absence of such layer in case of using CO. It seems that the annealing of magnetite’s defects around 420 ◦C is responsible
or the decrease of Ea.

The rate of reduction of iron oxide with hydrogen is systematically higher than that obtained by CO.
2005 Elsevier B.V. All rights reserved.

eywords: Reduction; Iron oxides; Hydrogen; Carbon monoxide; Temperature

. Introduction

Reduction of iron oxide is probably one of the most stud-
ed topics. This is due to the importance of iron and steel in
he current and future technologies. More than 2 tonnes of car-
on dioxide are generated for the production of 1 tonnes of iron
etal. It is well known that CO2 increases the green house effect.
or these reasons, this study explores the advantages and disad-
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vantages of using pure hydrogen for the reduction of iron oxides
at low temperature.

From the industrial point of view, direct reduction of iron ores
with H2 or natural gases could have several technical advantages,
such as:

1. replacement of the expensive metallurgical coke as reducing
agent;

2. low carbon content of the produced iron;
3. generated gases are essentially composed of H2O and H2,

thus avoiding the release of CO and CO2 and by the same
token avoid the projected Ecotax.

However, reduction of iron ores with hydrogen leads to com-
pact iron layers that could slow their reduction rate. Moreover,
in some cases the produced iron is pyrophoric. Finally, and in
spite of serious effort [1–3], the cost of hydrogen production is
currently high.

This paper is focused on the reduction of hematite with hydro-
gen in the temperature range of 220–680 ◦C.

040-6031/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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2. Literature review

Reduction of hematite by hydrogen proceeds in two or
three steps, under and above 570 ◦C, respectively, via magnetite
(Fe3O4) and wüstite (Fe(1−x)O) according to the Bell’s Diagram
(Fig. 1) and the following equations:

3Fe2O3 + H2 → 2Fe3O4 + H2O (i)

Fe3O4 + 4H2 → 3Fe + 4H2O (ii)

(1−x)Fe3O4 + (1−4x)H2 → 3Fe(1−x)O + (1−4x)H2O (iii)

Fe(1−x)O + H2 → (1−x)Fe + H2O (iv)

Generally, it is admitted that wüstite is unstable below 570 ◦C
under thermo-dynamic equilibrium. However, as shown by
Fig. 1, wüstite could be an intermediate product during the reduc-
tion of hematite by hydrogen at temperature lower than 570 ◦C
under irreversible thermodynamic conditions.

Fig. 1. Bell’s Diagram for the Fe–C–O and Fe–H–O equilibrium at 1 atm.

Table 1
Apparent activation energy of the hematite reduction by hydrogen (kJ/mol)

Parameter Temperature range (◦C) Activation energy Material and experimental conditions Ref.

Raw material 460–500 56.8 Pure Fe2O3 [4]
460–500 72.3 Pure Fe2O3 heated to 850 ◦C [4]
460–500 89.4 Hematite ore [4]
450–700 246.0 Fe2O3 → Fe3O4, precursor of Fe2O3was FeOOHa [8]

Fe3O4 → Fe, precursor of Fe2O3 was FeOOHa [8]
Fe2O3 → Fe3O4, precursor of Fe2O3 was ferrihydritea [8]
Fe3O4 → Fe, precursor of Fe2O3 was ferrihydritea [8]

P Iron ore: 80% Fe2O3, 18% FeO, globular pellets [12]
Iron ore: 80% Fe2O3, 18% FeO, globular pellets [12]
Ferric oxide pellets, degree of reduction (Fe2O3 → Fe3O4) < 0.01,
electrical conductivity

[13]

S Fe2O3 → Fe3O4, 67% H2 (H2–Ar), ≈3% H2Oa [6]
Fe2O3 → Fe3O4, hydrogen–argon mixture (10% H2)a [7]
Fe2O3 → Fe3O4, the precursor of Fe2O3was FeOOHa [8]
Fe2O3 → Fe3O4, the precursor of Fe2O3 was ferrihydritea [8]
Fe2O3 → Fe3O4, 5% H2 in Hea [9]
Fe2O3 → Fe3O4 5% H2 in N2

a [10]

S Fe3O4 → Fe0, 67% H2 (H2–Ar), ≈3% H2Oa [6]
Fe3O4 → Fe, the precursor of Fe2O3 was FeOOHa [8]
Fe3O4 → Fe, the precursor of Fe2O3 was Ferrihydritea [8]
Fe3O4 → Fe, 5% H2 in Hea [9]
Fe3O4 → Fe, 5% H2 in N2

a [10]

F Fe3O4 → FeO, hydrogen–argon mixture (10% H2)a [7]
a

P

I

C

450–700 93.0
450–700 162.0
450–700 104.0

ellets 700–925 109.9
1000–1150 18.0
<500 30.1 and 56.4

tep Fe2O3 → Fe3O4 290–480 124.0
250–450 139.2
450–700 246.0
450–700 162.0
250–610 106.0
300–900 89.1

tep Fe3O4 → Fe 290–480 172.0
450–700 93.0
450–700 104.0
250–610 54.0
300–900 70.4

e3O4 → Fe 250–450 77.3

250–450 85.7
580 and 720 72.0

resence of water vapor
in the reducing gas
mixture

465, 485 and 505 52.7

465, 485 and 505 55.2
465, 485 and 505 58.9
465, 485 and 505 53.1
290–480 124.0
290–480 172.0

mpurities 460–500 109.9
460–500 107.8
460–500 129.2

O 700–1150 72.3

a Temperature-programmed reduction.
FeO → Fe, hydrogen–argon mixture (10% H2) [7]
Wüstite → Fe [11]

Pure Fe2O3 with 4% water vapor (w.v.) [5]

Pure Fe2O3 with 7.5% w.v. [5]
Fe2O3ore with 2% w.v. [5]
Fe2O3 ore with 5% w.v. [5]
Fe2O3 → Fe3O4, 67% H2 (H2–Ar), ≈3% H20a [6]
Fe3O4 → Fe metal, 67% H2 (H2–Ar), ≈3% H2Oa [6]

Fe2O3 and MgO [4]
Fe2O3 and A12O3 or In2O3 or Li2O [4]
Fe2O3 and TiO2 [4]

Fe2O3 → Fe, iron pellets cont. 97.2% of iron oxides [12]
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Table 2
Controlling mechanisms of the iron oxides reduction

Gas Solid Temperature range (◦C) Kinetics controlling mechanism Ref.

H2 Pure Fe2O3 460–500 Topochemical reaction at the interface gas/solid l − (1 − X)1/3 [4]
Pure Fe2O3 with 2.5–7.5% water
vapor

460–500 Increased rate of reduction attributed to a hydrogen spill-over
effect: the chemisorbed hydrogen atoms activate the surface
migration

[4]

Pure Fe2O3 + foreign metal
oxides (A12O3 . . .) or hematite
ore

460–500 Retard of the reduction kinetics due to structural factor:
topochemical reaction and different mechanism involving the
mixed oxides (FeAl2O4 . . .) formed at the surface of Fe2O3

[4]

Pure Fe2O3 + fresh metal
powders

460–500 Increased rate of reduction [4]

Pure Fe2O3 with water vapor 465, 485 and 505 The rate increases with water vapor content between 2.5 and
7.5%: this is attributed to H spill-over. The rate determining
step is identified to be the desorption of H2O

[5]

67% H2/Ar �-Fe2O3 (Merck, pro analysis) 290–480 Three-dimensional nucleation model according to
Avrami–Erofeyev

[6]

�-Fe2O3 (Merck, pro analysis)
Addition of 3% H20 to the
reducing gas

290–480 Self-catalyzed nucleation (autocatalysis): nuclei catalyze
further nuclei formation, due to branching of nuclei or to the
catalytic role of the Fe metal in H2 dissociation. H2O might
assist during the acceleration by assuring fast hydrogen
spill-over

[6]

5% H2/He Fe2O3 (99.98%, Aldrich) 250–610 The prereduction step (Fe2O3 to Fe3O4) was described by an
“nth-order” expression

[9]

Fe2O3 (99.98%, Aldrich) or
Fe3O4 (99.997%, Alfa
Chemicals)

250–610 The reduction of Fe3O4 followed a nucleation or autocatalytic
mechanism. Metal nuclei formed are believed to dissociate
and activate dihydrogen molecules leading to autocatalysis

[9]

5% H2/N2 Iron oxide prepared by
precipitation of

300–900 Fe2O3 → Fe3O4 unimolecular model [a first order reaction:
r = A exp[−E/RT] (1 − α)]

[10]

Fe(NO3)3·9H2O 300–900 Fe3O4 → Fe two-dimensional nucleation according to
Avrami–Erofeyev model

[10]

H2 Ferric oxide pellets <500 For degree of reduction = x < 0.01: thin layer at the pellet
surface has been reduced: chemisorption of H2 on the oxygen
vacancies

[13]

CO, H2 Iron ore: 80% Fe2O3, 18%
FeO–globular pellets

700–1150 Chemical reaction: the advance of reaction front during
reduction in 1 − (1 − R)1/3

[12]

One of the most important parameters of the hematite reduc-
tion is the apparent activation energy as it defines the reactor
dimensions and the energy consumption. Literature survey indi-
cates that its value depends on the starting raw material, nature
of reducing gas, temperature range, reaction step, presence of
water vapor in the gas mixture, impurities, physical shape,
etc.

Table 1 confirms that the apparent activation energy (Ea)
depend on these factors. Ea varies from 18 to 246 kJ/mol. Such
range integrates the kinetic of different controlling steps and
indirectly the reactivity of solids. Moreover, Table 1 suggests
that Ea obtained by reducing iron oxides with CO is comparable
to that of H2 [4,12]. This is also confirmed by other studies [14].
Table 2 groups the controlling mechanism suggested by different

Table 3
Suggested mathematical modeling of reaction kinetics

Equation Shape factor, FP Mechanism Ref.

kt = 1 − (1 − X)1/FP (v) General equation [15]
kt = X (vi) 1 Phase-boundary-controlled reaction (infinite slabs)
kt = 1 − (1 − X)1/2 (vii) 2 Phase-boundary-controlled reaction (contracting cylinder)
kt = 1 − (1 − X)1/3 (viii) 3 Phase-boundary-controlled reaction (contracting sphere)
kt = X2 (ix) 1 One-dimensional diffusion
kt = X + (1 − X) ln(1 − X) (x) 2 Two-dimensional diffusion
kt = 1 − 3(1 − X)2/3 + 2(1 − X)(xi) 3 Three-dimensional diffusion
kt = [1 − (2/3)X] − (1 − X)2/3 (xii) 3 Three-dimensional diffusion (Ginstling–Brounshtein equation) [16]

kt = [1 − (1 − X)1/3]
2

(xiii) 3 Three-dimensional diffusion (Jander equation) [16]
kt = [− ln(1 − X)] (xiv) 1 Random nucleation; unimolecular decay law (first-order) [16]
kt = [− ln(1 − X)]1/2 (xv) 2 Two-dimensional growth of nuclei (Avrami–Erofeyev equation) [16]
kt = [− ln(1 − X)]1/3 (xvi) 3 Three-dimensional growth of nuclei (Avrami–Erofeyev equation) [16]

Where k is the constant, t the reduction time (min), X the extent of reduction (X = 0 at the beginning of the reduction and X = 1 at the end of reduction) and FP the
particle shape factor (1 for infinite slabs, 2 for long cylinders and 3 for spheres).
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authors for the iron oxides at different temperature ranges. It is
clear that the controlling mechanism is related to the starting
raw material, gas composition, temperature range, etc. Table 3
presents the suggested equations used for the mathematical mod-
eling of the kinetic data of the reaction. Eqs. (v)–(xvi) cover most
of the probable mechanisms that control the gas–solid reactions.
These equations will be used for the mathematical modeling of
our kinetic data. The best fitting equation(s) will be chosen to
eventually determine the controlling mechanism.

3. Material and experimental procedure

Hematite used in this study had a Fe2O3 content higher than
99.8% supplied by Merck. Impurities are essentially traces of
Ca2+, Mg2+, Cl− and SO4

2−. The specific surface area of Fe2O3
was 0.51 m2/g. The porosity volume is 3.3 cm3/g. The SEM indi-
cates that the grain size of the hematite is about 1–2 �m.

Thermogravimetric (TG) tests were performed using 100 mg
of sample and a CAHN microbalance (Fig. 2). It has a sensibility
of 20 �g. The sample is reduced in gold boat having a surface
area of about 2.2 cm2. The sample was first heated in a nitrogen
flow to the desired temperature. N2 was then replaced by pre-
heated H2 at the initial reduction time. The average velocity of
H2 was about 3 cm/s and the flow rate was about 100 1/h. A data
acquisition system records the sample weight and temperature
a
u
e

Fig. 2. Thermogravimetric apparatus. (1) Quartz reactor, (2) thermocouple, (3)
sample boat, (4) furnace and (5) counterweight.
s a function of time. Hematite, as well as the reduction prod-
cts, were examined by X-rays diffraction (XRD) and scanning
lectron microscope (SEM).
Fig. 3. Evolution of reduction extent percentage vs. reaction time for the reduction of hematite with hydrogen.
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4. Results

Fig. 3 groups the isotherms of hematite reduction versus the
reaction time at different temperatures. As can be observed, most
of the isotherms have a plateau at about 11% of reduction extent
percentage ‘R%’ that corresponds to the reduction of hematite
to magnetite. One may underline that the time for full reduction
of hematite is about 1500, 40 and 5 min at temperatures 237, 349
and 472 ◦C, respectively. This suggests that the apparent activa-
tion energy ‘Ea’ is relatively important. Fig. 4 is the Arrhenius
diagram obtained by using the data of Fig. 3.

This figure shows that the value of Ea for the reduction of
hematite to magnetite is about 76 kJ/mol. The reduction of mag-
netite to iron is characterized by an apparent activation energy of
88 and 39 kJ/mol at temperatures lower and higher than 417 ◦C,
respectively.

Fig. 5 groups the mathematical modeling of the experimental
data during the reduction step of Fe3O4–Fe with H2 at 233, 330
and 472 ◦C. The models tested for the temperatures generates
correlation coefficient that varies from 0.9921 to 0.9993. It is
almost arbitrary to choice between these models. However, it
seems that the best fitting of data obtained at 233 and 330 ◦C
is that of Eqs. (xv) and (xvi). These equations suggest that the
reaction is controlled by the two- and three-dimensional growth
of nuclei. This mechanism is in agreement with the value of Ea
at temperatures < 417 ◦C. At 472 ◦C, the best fitting of experi-
m
t
p

Fig. 4. Arrhenius diagram for the reduction of hematite by hydrogen. (a) Reduc-
tion extent ≤ 11% and (b) reduction extent ≥ 11%.

Fig. 6 exhibits the morphological aspects of the reduction
products at different temperatures using the SEM. Pictures A–C
indicate that the average grain size is almost constant. At tem-
peratures higher than 425 ◦C, pictures D and E show gradual
sintering of grains. This could explain the modification of Ea
and the change in the mechanism controlling the reaction rate.
However, Eq. (vi) could be explained by gas starvation. For this
ental data is obtained using Eq. (vi). This equation suggests
hat reduction of magnetite at this temperature is controlled by
hase boundary reaction (infinite slabs).
Fig. 5. Mathematical modeling of experimental data of Fig. 3. (—) Corre
lation coefficients > 0.995 and (- - -) correlation coefficients < 0.995
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Fig. 6. Effect of reduction temperature on the morphological aspects of reduction products using hydrogen (X = 6000 ± 600).

reason, reduction of hematite is studied using a gas mixture com-
posed of 10% H2 and 90% N2.

Fig. 7 traces the evolution of R% as function of time at dif-
ferent temperatures for the reduction of hematite with the above
mentioned gas mixture. At 586 ◦C, the curve shows two plateaus
at R% of about 11 and 33. These values correspond to the reduc-
tion of Fe2O3 into Fe3O4 and Fe3O4 into Fe(1−x)O, respectively.

At lower temperatures, only the plateau at 11% reduction
extent is observed that corresponds to the reduction of hematite
to magnetite. Fig. 8 shows the Arrhenius plot of Fig. 7 data.
Again, a change of Ea occurs at about 415 ◦C confirming results
of the hydrogen reduction of hematite (Fig. 4). On the other hand,
the value of Ea decreases from about 103 to 36 kJ/mol as the
reduction temperature exceeds that of the transition temperature
(Tt) 415 ◦C. Mathematical analysis of Fig. 7 data confirms that
the reaction rate, at temperature lower than Tt, is controlled by
the two- and three-dimensional growth of nuclei and by phase
boundary reaction at higher temperature.

Fig. 9 reflects the morphological aspects of hematite reduc-
tion with the gas mixture H2–N2 at temperature lower and higher

than Tt. Again, it is clear that sintering of particles is performed
at temperature higher than 415 ◦C.

It is well known that the hydrogen reduction of iron oxides
produces a compact iron layer [6,8,10,12]. Consequently, the
decrease of the apparent activation energy could be attributed
to the formation of this compact layer of iron that slow down
the reaction rate leading to lower Ea. To check this hypothesis,
experimentation of the hematite reduction with carbon monox-
ide is performed.

Fig. 10 shows the evolution of the reaction extent ver-
sus time for the reduction of hematite by CO at different
temperatures. One may underline that the weight increase cor-
responds to the formation of iron carbide. Only data of the
initial reaction rate are used to calculate the evolution of
the reaction rate as function of 1/T (K). Results are grouped
in Fig. 11. This figure shows that Ea for the reduction of
Fe2O3 to Fe3O4 is about 114 kJ/mol. While the reduction
of magnetite to iron is characterized by an Ea of 114 and
40 kJ/mol at temperatures lower and higher than 439 ◦C, respec-
tively.
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Fig. 7. Evolution of reduction extent percentage vs. reaction time for the reduction of hematite with hydrogen–nitrogen.

Fig. 12 shows the evolution of the morphological aspects of
the reaction products of the reduction of Fe2O3 by CO. It seems
that sintering of the particles is avoided in this case. One may
come to the conclusion that the compact iron layer could be
responsible for the modification of the reaction rate expressed
by the decrease of Ea. However, Fig. 11 also shows a transi-
tion temperature of about 439 ◦C. Consequently, the hypothesis
about the influence of the compact layer of Fe0 on decrease of
Ea can be abandoned. Thus, it is probable that other physico-
chemical phenomenon is responsible of this evolution.

F
e

To check this hypothesis, a X-rays furnace is used for the in
situ reduction of hematite with hydrogen. This furnace allows
data collection of formed solids for θ = 0–60◦. The goniometer
speed was adapted to the reaction kinetics at different temper-
atures and varied from θ equal 0.25–1◦/min. Details of this
furnace are grouped in Ref. [17].

Eq. (xvii) summarizes the obtained results, from X-ray
diffraction, using gas mixtures containing H2 and N2. While
results at temperatures lower than 450 ◦C and higher than
570 ◦C are expected, that obtained in the temperature range
of 450–570 ◦C revels the presence of wüstite. Moreover,
wüstite’s crystal parameter, in this temperature range, was
about 4.33 Å corresponding to almost stoechiometric FeO.
One may underline that the presence of wüstite at tempera-
tures lower than 570 ◦C have been detected by other authors
[18,19].

(xvii)

e
A
d
F
t

ig. 8. Arrhenius diagram for the reduction of hematite by H2–N2. (a) Reduction
xtent ≤ 11% and (b) reduction extent ≥ 11%.
Consequently, the decrease of Ea around Tt could be
xplained by the different paths during the magnetite reduction.
t temperatures lower than Tt reduction of magnetite produces
irectly metallic iron. Between Tt and 570 ◦C, reduction of
e3O4 leads to the formation of wüstite and metallic iron. At

emperatures higher than 570 ◦C, reduction of magnetite to Fe0
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Fig. 9. Effect of reduction temperature on the morphological aspects of reduction products using a gas mixture H2–N2.

proceeds through the intermediate formation of wüstite. One
may correlate Tt to the formation of wüstite. This imposes the
question why Fe(1−x)O appears in this temperature range? Ten-
tative response will be discussed in Section 5.

Fig. 13 groups the data of the reduction of Fe3O4 by H2
and H2 + N2. This figure confirms that the values of Ea and Tt
are comparables. Consequently, the hypothesis of gas starvation
can be neglected. However, Tt for the reduction of Fe3O4 by
CO is equal to 439 ◦C. One may underline that this is probably
due to the cementation of Fe0. Consequently, the data used for
the calculation of Ea as well as the transition temperature are
limited to 20% of the reaction extent generated by the reduction
of magnetite to iron using CO. As a result, the real reaction
rate of the reduction of Fe3O4 by CO could be higher than the
obtained values. Consequently, the value of Ea should be higher
than the reported one and Tt should be lower than the calculated
one. Fig. 14 compares data obtained by the reduction of Fe3O4
by H2 and CO. This figure emphasizes that the rate of reduction
of magnetite with hydrogen is higher than that obtained using
CO.

5. Discussion

As indicated in Table 1, Ea depend on the raw material and
its purity and the physical state of this raw material. Moreover,
for the same solid, different experimental conditions leads to
different values of Ea. Several authors confirm these conclusions
as indicated in Table 4. Results obtained in this work agreed
with those of Refs. [9,10,20,23,24]. The suggested mechanisms
of reduction of hematite match with those of Refs. [6,9,10].
On the other hand, the evolution of Ea versus the temperature
shows, in some cases, an important decrease of the apparent
activation energy around a transition temperature as shown in
Table 5. Several authors suggested that such evolution is due to
change of the gas–solid reaction from the chemical regime at low
temperature to mixed or diffusion regime at high temperatures
[20,21,26–29,39,40].

However, this evolution can also be attributed to Hedvall
effect [33–35] that relates the change of reactivity of solids
to first and second order transitions. In some cases Tt corre-
sponds to a magnetic transformation such as Curie temperature
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Fig. 10. Evolution of reaction extent percentage vs. reaction time for the reduction of hematite with CO.

(575 ◦C for Fe3O4 [36]) or phase transition such as that of �-
Fe to �-Fe (906 ◦C) [37,38]. However, most of Tt of Table 5
does not correspond to any physical transitions of the concerned
solids.

To elucidate the decrease of Ea around the transition tempera-
ture, the following experimental parameters have been modified:

F
e

1. sample weight from 10 to 100 mg;
2. concentration of H2 in the reducing gas mixture from 10 to

100%;
3. nature of the reducing gas: H2 or CO;
4. gas velocity from about 2 to 4 cm/s;
5. boat’s material (Cu or Au);
6. experimental method TGA and in situ XRD.

Performing the above mentioned modifications of experimental
parameters leads to almost the same results. In situ XRD between
300 and 700 ◦C revels the presence of stoechiometric wüstite
at about 450 ◦C. In this case, one may suggest that Tt is more
or less independent of all the above-mentioned experimental
parameters and could be related to the presence of wüstite or
other physico-chemical phenomenon.

Naeser and Scholz [41] examined the effect of grinding on
the reduction of hematite by hydrogen. They observed that the
reduction of the ungrounded sample starts at 420 ◦C. While
that of the ground one starts at 340 ◦C. This is probably due
to increase of the solids’ defects through mechanical treat-
ment. Papanastassiou and Bitsianes [27] studied the oxidation
of magnetite to hematite and found that Ea decreases sharply
at temperature higher than 400 ◦C. Schrader and Vogelsberger
[42] indicate the presence of two exothermic peaks around 250
and 400 ◦C during the oxidation of magnetite to hematite. They
attributed these peaks to the oxidation of Fe O to �-Fe O
a
a
d

ig. 11. Arrhenius diagram for the reduction of hematite by CO. (a) Reaction
xtent ≤ 11% and (b) reaction extent ≥ 11%.
3 4 2 3
nd transformation of �-Fe2O3 to �-Fe2O3, respectively. They
lso indicate that the second peak’s temperature is variable. It
epends on the initial hematite sample’s state of deformation.
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Fig. 12. Effect of reduction temperature on the morphological aspects of reduction products using CO (X = 7000 ± 700).

Table 4
Ea in relation with the starting material, temperature range and the reducing gas mixture

Ref. Step Temperature range (◦C) Gas Ea1 (kJ/mol) Tt (◦C) Ea2 (kJ/mol)

[20] Fe2O3 → Fe 400–1000 H2 51.0 575 38.0
[20]a Fe2O3 → Fe 400–1000 H2 96.1 575 48.9
[21] Fe2O3 → Fe 400–1050 H2–N2 62.3 550 64.0
[22] Fe3O4 → Fe 400–900 H2 61.4 550–600 13.4
[23] Fe2O3 → Fe2O3 + Fe3O4 + Fe 250–400 H2 62.7
[23] Fe2O3 → Fe3O4 250–400 H2 or CO 108.7
[23] Fe2O3 → Fe3O4 250–400 H2 108.7
[24] Fe2O3 → Fe3O4 254–298 H2 125.4
[24] Fe2O3 → Fe3O4 210–254 CO 125.4
[25] Fe2O3 → Fe3O4 290–360 H2 137.9
This work Fe2O3 → Fe3O4 220–683 H2 75.9
This work Fe2O3 → Fe3O4 337–604 H2–N2 94.8
This work Fe2O3 → Fe3O4 265–482 CO 114.1
This work Fe3O4 → Fe 220–683 H2 88.0 417 39
This work Fe3O4 → Fe 337–604 H2–N2 103.0 415 36
This work Fe3O4 → Fe 265–482 CO 114.0 439 40

a Natural single crystals (Sweden).
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Table 5
Evolution of Ea around Tt for different solid–gas reactions

Ref. Starting solid Process Method Product Eal
a Tt (◦C)b Ea2

c

[26] WO2.9 Reduction TGA W 94.0 625 37.6

[20] Fe2O3 Reduction TGA Fe 96.1 575 48.9
Fe2O3 Reduction TGA Fe 50.2 575 37.6

[22] Fe3O4 Reduction TGA Fe 61.4 550 13.4

[27] Fe3O4
d Oxidation TGA Fe2O3 164.7 390 10.0

Fe3O4
e Oxidation TGA Fe2O3 143.4 420 10.5

[28] Fe2O3 Reduction TGA Fe3O4 61.2 441 7.3
[29] Fe Chlorination TGA FeCl2 96.1 ∼400 ∼21.0
[30] Nb Oxidation TGA NbO2 ∼96.0 400 ∼21.0
[31] Cu2O Oxidation TGA CuO ∼54.3 ∼765 <54.3
[32] Cu Sulfidation TGA Cu2S 71.1 ∼400 34.3

a Ea1: apparent activation energy (Ea) for T < Tt.
b Tt: transition temperature.
c Ea2: Ea for T > Tt.
d Missouri–magnetite concentrate.
e Taconite concentrate.

Gillot et al. [43] confirmed the existence of the two peaks and
show that their temperature is function of the grains’ size. They
indicate that the temperature of the transition �-Fe2O3 to �-
Fe2O3 decreases from 470 ◦C, for solids of average grain size
of 600 Å, to 380 ◦C for solids having an average grain size of
1400 Å.

All these authors suggest that the reactivity of solids is influ-
enced by their imperfections. Fagherazzi and Lanzavecchia [44]
have confirmed this hypothesis as they indicated that magnetite
annealed at 500 ◦C gets rid of its defects and part of its microde-
formation.

Fox and Soria-Ruiz [45] studied the effect of dislocations
movement on the kinetics of thermal decomposition of freshly
cleaved calcite crystal. They found two patterns of behavior at
temperatures lower and higher than 427 ◦C. They attributed this
change to the fast annealing of crystal’s defects at temperatures
higher than 427 ◦C.

F
a

Fig. 14. Arrhenius diagrams for the reduction of hematite by H2 and CO for a
reduction extent ≥ 11% corresponding to the reduction of Fe3O4 → Fe0.

Dabosi [46], Venturello et al. [47], Hu [48] and Leslie [49]
observed a reduction of the dislocation density of metallic iron
in the temperature range of 400–450 ◦C. They attributed this
phenomenon to the recovery and/or re-crystallization of iron.

In absence of studies on behavior of dislocations in iron
oxides in function of temperature and with respect to results
of several authors [41–49], one may speculate that Tt could be
related to the annealing of the magnetite defects around 420 ◦C.
Consequently, the formation of stoechiometric wüstite, as inter-
mediate in the reduction of Fe3O4 to Fe0, is probably due to
upgrading of the crystal structure.

6. Conclusions

Results of the reduction of iron oxides with hydrogen in the
temperature range of 200–680 ◦C leads to the following conclu-
sions:
ig. 13. Arrhenius diagrams for the reduction of hematite by H2 and H2–N2 for
reduction extent ≥ 11% corresponding to the reduction of Fe3O4 → Fe0.
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1. The reduction of hematite in magnetite by H2 is characterized
by an apparent activation energy of about 76 kJ/mol.

2. The reduction path of magnetite to iron is function of the reac-
tion temperature. At temperatures lower than 420 ◦C, Fe3O4
is reduced directly to iron. At 450 < T < 570 ◦C, magnetite
and wüstite are present with iron. At T > 570 ◦C, magnetite
is fully reduced to wüstite before its reduction to Fe.

3. The apparent activation energy for the reduction of Fe3O4 by
H2 decreases from 88 to 39 kJ/mol for temperatures lower
and higher than 420 ◦C.

4. Mathematical modeling of experimental data suggest that
the controlling mechanism is the two- and three-dimensional
growth of nuclei and by phase boundary reaction at higher
temperature.

5. The decrease of Ea around 420 ◦C could be attributed to the
annealing of defects of the crystalline structure of magnetite.

6. The reduction rate of magnetite with hydrogen is higher than
that obtained with CO.

7. The morphological study of the reduced samples of iron
oxides by H2 shows agglomeration of the reaction product at
temperatures higher than 420 ◦C. Reduction of these oxides
with CO does not generate compact iron layer.

In spite of results obtained in this work, low temperature reduc-
tion of iron oxides with hydrogen is handicapped by lack of data
about the behavior of point and linear defects of iron oxides
a
e
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d
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t
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