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Abstract

This study deals with the reduction of Fe3O4 by H2 in the temperature range of 210–950 ◦C. Two samples of Fe3O4 produced at 600 and 1200 ◦C,
designated as Fe3O4(600) and Fe3O4(1200), have been used as starting material.

Reduction of Fe3O4(600) by H2 is characterized by an apparent activation energy ‘Ea’ of 200, 71 and 44 kJ/mol at T < 250 ◦C, 250 ◦C < T < 390 ◦C
and T > 390 ◦C, respectively. The important change of Ea at 250 ◦C could be attributed to the removal of hydroxyl group and/or point defects of
magnetite. This is confirmed during the reduction of Fe3O4(1200). While transition at T ≈ 390 ◦C is probably due to sintering of the reaction products
as revealed by SEM.

In situ X-rays diffraction reduction experiments confirm the formation of stoichiometric FeO between 390 and 570 ◦C. At higher temperatures,
non-stoichiometric wüstite is the intermediate product of the reduction of Fe3O4 to Fe.

The physical and chemical modifications of the reduction products at about 400 ◦C, had been confirmed by the reduction of Fe3O4(600) by CO and
that of Fe3O4(1200) by H2. A minimum reaction rate had been observed during the reduction of Fe3O4(1200) at about 760 ◦C. Mathematical modeling
of experimental data suggests that the reaction rate is controlled by diffusion and SEM observations confirm the sintering of the reaction products.

Finally, one may underline that the rate of reduction of Fe3O4 with H2 is systematically higher than that obtained by CO in the explored
temperature range.
© 2007 Elsevier B.V. All rights reserved.
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. Introduction

As mentioned in part I [1], more than 2 t of carbon dioxide are
enerated for the production of 1 t of iron metal. Low temper-
ture study of the reduction of iron oxides with hydrogen may
ontribute to energy saving and low CO2 emission. However,
espite serious efforts [2–4], the cost of hydrogen production is
urrently high.

This paper is focused on the reduction of magnetite with
ydrogen in the temperature range of 210–950 ◦C using ther-
ogravimetric analysis (TGA) and a furnace allowing the ‘in

itu’ X-rays diffraction. The objectives of this study are to

. compare the reduction kinetic of Fe3O4, with hydrogen or
carbon monoxide, with those of the reduction of hematite
performed in part I;

. confirm the presence of stoichiometric wüstite, at tempera-
tures lower than 570 ◦C, as intermediate of the reduction of

magnetite to iron using H2;

. explore the probable relation between the reactivity of mag-
netite and its initial physical characteristics by using two
samples issued from pure hematite reduction by H2–H2O
at 600 and 1200 ◦C;

a
i
t
t
T

able 1a
ibliographic survey of the effect of magnetite material on the apparent activation e

5–16]

aterial Temperature
range (◦C)

Activation
energy

Material, e

atural and pure magnetite 200–280 60.6 Pure magn
234–450 77.7 Thin (89 �

water vapo
temperatur

400–500 65.6 Magnetite
decrease in

400–500 72.1 Natural m
controlling

390–580 86.0 Natural m
325–600 69.3 Pure magn
400–585 61.4 Disk and s
585–900 13.4 Disk samp

FeO forme
910–1000 ≈ or >62 Disk samp
550–650 62.7 Briquettes
800–1000 62.7 & 146.3 Briquettes

reaction),
1200–1300 68.6 Iron ore, F

ellets 350–500 56.4 Dense Fe3

reduction
H2, phase

430–600 46 Magnetite
(interfacia

900–1000 46 Magnetite
700–900 ≈167 or <167 Magnetite

diffusion o
Above 570 57.1 Step Fe3O
Above 570 54.1 Step Fe3O
1200–1300 68.6 Step Fe3O
1200–1300 61.5 Step Fe3O
a Acta 456 (2007) 75–88

. check the eventual reduction kinetic’s modifications during
the magnetite reduction and compare them with those of
hematite reduction.

. Literature review

Studies devoted to iron oxide reduction are abundant. Due to
he industrial importance of this topic, extensive work had been
one from the academic and applied point of view. However,
esults are contradictories as will be demonstrated below. This
s because most authors use:

. samples, either natural or pure, with different levels of impu-
rities;

. diverse experimental apparatus;

. various temperature ranges;

. distinctive gas mixtures with different levels of purity.

Consequently, the comparison of the reaction rate and the
pparent activation energy ‘Ea’ obtained by different authors is

mpractical. Fig. 1 illustrates these contradictions. For instant,
he reaction rate of the magnetite reduction, at the same tempera-
ure, can be different by several orders of magnitude. Moreover,
able 1a shows that Ea can vary from 13.4 to 167 kJ/mol.

nergy (kJ/mol) of its reduction by H2 and suggested rate controlling process

xperimental conditions and kinetics controlling mechanism Ref.

etite (0.5–3 �m), important interparticle diffusion phenomena [9]
m) magnetite, chemical reaction, film mass-transfer effects (H2,
r) above 450 ◦C, star-like pores in iron (smaller at higher
es)

[10]

crystals, abnormal low reduction rate above 500 ◦C: phenomenon of
microporosity of the reduced layer

[11]

agnetite (2% SiO2), the area of the inner unreacted sphere is the rate
factor with the resistance diffusion of H2, H2O in metal

[6]

agnetite, reaction order n = 1 [12]
etite (99.95%), parabolic law of the degree of reduction α = (kt)0.5 [5]
heet samples, reduction rate controlled at Fe3O4-Fe interface [13]
les, reduction rate controlled at FeO–Fe interface, dense and stable
d an protective layer

[13]

les, abnormal increase in reduction rate (� to � Fe transition) [13]
of magnetite, phase boundary reaction [8]
of magnetite, 25–55% of reduction: Ea = 62.7 (phase boundary

later stages of reduction Ea = 146.3 (diffusion of O2− ions in iron)
[8]

e3O4 → Fe [14]

O4, H2 pressure = 1–40 atm: as the H2 pressure increases, the
rate approaches a maximum rate: saturated surface with adsorbed
boundary-controlled reaction (contracting sphere)

[7a]

pellets, controlling process at the hydrogen wüstite interface
l gas-solid reaction)

[15]

pellets, controlling process at the hydrogen wüstite interface [15]
pellets, controlling process at the hydrogen wüstite interface and
f iron in wüstite (solid sate diffusion)

[15]

4 → Fe, pellets containing fine magnetite and coal [16]

4 → FeO, pellets containing fine magnetite and coal [16]

4 → Fe, iron ore [14]

4 → FeO, iron ore [14]
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Fig. 1. Arrhenius diagrams for the reduction of magnetite by hydrogen.

Table 1b compares the Ea of the magnetite reduction using
ifferent gas mixtures as well as the controlling rate step as sug-
ested by different authors. Again, using the same gas mixture
or the magnetite reduction gives different apparent activation
nergies that are more or less related to the explored temper-
ture range and the samples initial characteristics. As could
e expected, the use of different gas mixtures leads to differ-
nt values of Ea. However, the Ea values, for the reduction
f Fe3O4 by different reducing gas mixtures, are more or less

quivalents.

Several authors have found that the rate of magnetite
eduction decreases or increases as function of the reaction

a
W
s

able 1b
ibliographic survey of the effect of gas mixture on the apparent activation energ

5,7b,12,14–18]

as mixture Temperature range (◦C) Activation energy Material and

2–H2O–N2 400–500 56.8 Dense Fe3O4

phase bound
2 490–700 85.8 Synthetic ma

shifted towar
450–650 46.5 Commercial
325–600 88.3 Slightly prom
325–600 117.7 Heavily prom
430–1000 46.0 Magnetite pe

trivalent ions
O 600–900 78.2 Fe3O4 → Fe

600–900 64.4 Fe3O4 → Fe
Above 570 69.6 Fe3O4 → Fe

mixed contro
Above 570 76.9 FeO → Fe, p
1200–1300 65.7 Fe3O4 → Fe
1200–1300 69.7 FeO → Fe, ir
1200–1300 73.6 Fe3O4 → Fe

O + CO2 800–1050 121.2 50% CO2, st
a Acta 456 (2007) 75–88 77

emperature [6,8,11,13,15,19]. They attributed this increase or
ecrease of the reaction rate to different physical modifications
s summarized in Table 2.

Lien et al. [8] related the variations of the reduction rate to
mperfections of the crystal lattices either as default or impuri-
ies. Colombo et al. [20] demonstrated that micro-deformation
nd defaults introduced by mechanical treatment of magnetite
re eliminated by a thermal treatment at 500 ◦C [21,22]. They
lso mentioned that H2O associated to magnetite is removed at
bout 600 ◦C. On the other hand, it is well known that the reac-
ion rate of the gas-solid interaction could increase or decrease
s solids are subjected to first or second-order transitions. This
henomenon is known as Hedvall effect [23–25].

Thus, the reactivity of iron oxides could be affected by the
evel of impurities, the extent of crystal defaults, the compo-
ition of the gas mixture and eventual phase transitions. In
rder to avoid the effect of impurities relatively pure sample
f hematite had been used for the synthesis of magnetite used
n this study. The reducing gas mixture is relatively pure and
ad a constant composition. On the other hand, two samples of
e3O4 produced at 600 and 1200 ◦C have been used as starting
aterial to verify the eventual effect of crystal defaults on their

eactivity.

. Material and experimental procedure

The magnetite used in this study is obtained by the reduction
f hematite supplied by Merck using a H2–H2O gas mixture
f adequate composition. Two samples are synthesized at 600
nd 1200 ◦C and designed as Fe3O4(600) and Fe3O4(1200). Their
bout 1–2 �m and its apparent specific surface area is 0.7 m2/gr.
hile the grain size of Fe3O4(1200) is 10–20 �m and its specific

urface area is about 0.1 m2/g.

y (kJ/mol) of the reduction of Fe3O4 and suggested rate controlling process

experimental conditions and kinetics controlling mechanism Ref.

, reduction rate approaches zero at magnetite/wüstite equilibrium,
ary-controlled reaction (contracting sphere)

[7b]

gnetite + catalysts (SiO2, Al2O3, CaO, MgO, K2O), the reduction is
ds higher temperatures relatively to pure magnetite

[12]

synthetic Fe3O4 + a few catalysts (SiO2, A12O3, CaO, MgO, K2O) [12]
oted magnetite: 2.2% of SiO2 + MgO + CaO + Al2O3 + · · · [5]
oted magnetite: 7.8% of CaO + Al2O3 + SiO2 + MgO + · · · [5]

llets and B2O3, solid sate diffusion of ferrous ions is increased by
(bore) soluble in wüstite

[15]

O in (porous) Fe2O3 reduction, shrinking occur during reduction [17]
O in Fe3O4 reduction, shrinking occur during reduction [17]
O, pellets containing fine magnetite and coal, chemical reaction and
l with Boudouard reactions

[16]

ellets containing fine magnetite and coal [16]
O, iron ore [14]
on ore [14]
, iron ore [14]

ep Fe3O4 → FeO, step-wise reduction of hematite pellets [18]
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Table 2
Variations of reaction rate in the range 600–700 ◦C during the reduction of Fe3O4 by H2

Raw material Temperature range (◦C) of decreasing reaction rate and
explanation

Temperature range (◦C) of increasing
reaction rate and explanation

Ref.

Synthetic magnetite 585–592: dense and stable wüstite forms a protective layer
over Fe3O4 surface

600–900: porous wüstite formed is
non-protective

[13]

Magnetite crystals Above 500: decrease in microporosity of the reduced layer 600–900, for 20–40% of reduction; decrease
of reduction rate after 40% of reduction due
to the drop of ultra- and microporosity of the
reduction products

[11]

Briquettes of Fe3O4 sintered at 1200 ◦C 650–800: presence of a secondary reaction zone:
individual wüstite crystals into the iron band (solid-state
diffusion through the recrystallized iron surrounding the
individual wüstite crystals - crystal imperfections of iron
are removed). Certain impurities in the lattice of iron
oxides cause an increase in the number of imperfections
and eliminate the rate minimum

800–1000: during the earlier stages of
reduction (25–55%), phase boundary
reaction (rapid diffusion of ions through the
large number of crystals defects and
imperfections in the newly formed wüstite
and iron phases). In the later stages (85% of
reduction): solid-state diffusion

[8]

Magnetite concentrate 600–700: sintering and consolidation of a shell of
metallization advances from the outside of grain toward
the interior with increasing time, the metal jacket resists to
penetration by H2 and especially by water vapor. Sintering
is greatly enhanced by the presence of sulfides and silica

700–1000: restoration of diffusion [6]

Magnetite, 4% SiO2, 4% Al2O3 600–700 and 700–800 for later stages of reduction:
lagging phenomenon due to entrapped H2O, the factor
responsible for lagging has the nature of a protective
envelope, either the metallic Fe itself or a nonmetallic film

700–800 for previous stages of reduction:
the trapped gaseous phase at high internal
pressures is able to burst the enclosing film,
disruption of the metallic shell destroys the
metastable equilibrium conditions and the
reduction proceed again

[19]

Pure magnetite pellets About 700–900: control of reduction is increasingly
interfered by diffusion of iron in wüstite and solid-state
reaction, a substantial retention (50%) of wüstite in the
iron occurs at 700 ◦C, the retained wüstite becomes
progressively coarser and its amount less from 700 to
900 ◦C

At 900 ◦C, islands of wüstite diminish in size
towards the outside of the specimen

[15]

Pure magnetite pellets with controlled
amount of B2O3

Increasing rate of reduction at all temperatures: the rate of solid-state diffusion of ferrous ions in wüstite is
increased by the presence of the soluble trivalent bore ions that is soluble in wüstite, the reduction proceeds
with the formation of discrete layers of reaction products. Contrarily, the rate of reduction is decreased when

üstit

[15]

1
m
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r
f
t
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4

4
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p
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4

trivalent (Al, Cr) ions insoluble in w

Thermogravimetric analysis tests were performed using
00 mg of the sample and a Cahn microbalance. The experi-
ental protocol and the details of this apparatus are described

n part I of this paper.
‘In situ’ reduction of magnetite was carried out using an X-

ays furnace. This furnace allows automatic data collection of
ormed solids for θ = 0–60◦. The goniometer speed was adapted
o the reaction kinetics at different temperatures and varied from
= 0.25◦ to 1◦/min.

Raw samples and reaction products are systematically exam-
ned by X-rays diffraction (XRD), scanning electron microscope
SEM) and eventually by chemical analysis.

. Results and discussion

.1. Reduction of Fe3O4(600) by hydrogen
Fig. 2 groups the isotherms of this magnetite reduction
ersus the reaction time at different temperatures. These
sotherms have the sigmoid form. For a reduction extent
%R = weight loss × 100/27.64) of 50%, the reaction duration

[
2

e are present in wüstite

s about 500, 140, 11 and 3 min at 239, 258, 352 and 426 ◦C,
espectively.

The Arrhenius diagram traces the evolution of ln V versus 1/T
◦K) as shown by Fig. 3. At temperatures lower than 250 ◦C, Ea
s about 200 kJ/mol. It decreases to about 71 kJ/mol for the tem-
erature range 250–390 ◦C. At temperatures higher than 390 ◦C,
a is equal to 44 kJ/mol.

The important change of the Ea value around 250 ◦C could
e attributed to

. a modification of the physical characteristic of the generated
iron in this temperature range;

. the suppression or the modification of configuration of point
defects of Fe3O4(600) [26];

. change of status of H2O associated to the magnetite [27–30];

. low flow rate of the reducing gas mixture leading to starvation
and decrease of the reaction rate.
The first hypothesis can be considered as several authors
31–33] have observed a peak of internal friction of iron at about
50 ◦C. The second hypothesis is confirmed by several authors
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time

[
d
p
c
B
p

g
O

Fig. 2. Evolution of reduction extent vs. reaction

34–36] during the oxidation of magnetite. These authors used
ifferential thermal analysis ‘DTA’ and found an exothermic
eak at 250 ± 20 ◦C during the oxidation of magnetite. They

ontributed this peak to the formation of �-Fe2O3. However,
ehar and Collongues [37] found that disordered �-Fe2O3, pre-
ared at low temperatures, is well ordered at 250 ◦C.

Fig. 3. Arrhenius diagram for the reduction of Fe3O4(600) by hydrogen.

[
t
e
4
g
a
a
e
T

t
r

a
o
i
c
a
a

i
T
t
4
p
h

for the reduction of Fe3O4(600) with hydrogen.

The third hypothesis based on the consideration that the oxy-
en of magnetite, prepared at T ≤ 600 ◦C, could be replaced by
H− ions [27–29]. This had been confirmed by Colombo et al.

20] as they found that magnetite losses its associated water at
emperatures higher than 600 ◦C. This could be related to our
xperimentation for the unsuccessful preparation of magnetite at
00 ◦C. This is because the prepared magnetite using H2–H2O
as mixture, at this temperature, is pyrophoric in contact with
ir. Thus one should expect that reduction of magnetite, prepared
t 1200 ◦C, should not exhibit any anomaly at 250 ◦C due to the
limination of protons and/or hydroxyl groups at T > 600 ◦C.
his will be examined in the next paragraph.

The fourth hypothesis cannot be considered as the increase of
he flow rate from 100 to 300 l/h does not augment the reaction
ate.

One may conclude that the first hypothesis can be excluded
s the anomaly at 250 ◦C is experienced for the reduction and
xidation of magnetite. Thus this anomaly is probably due to
ntrinsic property of magnetite. The second and third hypothesis
an be validated by considering that the association of protons
nd/or the hydroxyl group to point defects that are modified at
bout 250 ◦C.

The mathematical modeling of the experimental data of Fig. 2
s presented in Fig. 4. The models used are summarized in
able 3. Eqs. (1)–(12) covers most of the probable mechanisms
hat controls the gas–solid reactions. At temperatures lower than
00 ◦C, Fig. 4 suggests that the reaction rate is controlled by
hase boundary according to Eq. (3) or Eq. (4). At temperatures
igher than 390 ◦C, Eq. (11) seems to fit the experimental data.
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Fig. 4. Mathematical modeli

his equation suggests that the reaction rate is controlled by
wo-dimensional growth of nuclei.

The morphological aspects of Fe3O4(600) and the evolution
f the reduced magnetite versus the temperature are grouped in
ig. 5. It seems that there are no morphological modifications of
he reaction products reduced at temperatures lower than 390 ◦C
pictures A–C). However, at temperatures higher than 390 ◦C,
he grain size of the reaction product increased demonstrating
heir sintering. This suggests that there is a physical modifica-

s

d
n

able 3
uggested mathematical modeling of reaction kinetics

quation Shape factor

kt = 1 − (1 − X)1/Fp (1)
kt = X (2) 1
kt = 1 − (1 − X)1/2 (3) 2
kt = 1 − (1 − X)1/3 (4) 3
kt = X2 (5) 1

kt = X + (1 − X)ln(1 − X) (6) 2

kt = 1 − 3(1 − X)2/3 + 2(1 − X) (7) 3

kt =
[

1 −
(

2

3
X

)]
− (1 − X)2/3 (8) 3

kt = [1 − (1 − X)1/3]
2

(9) 3
kt = [−ln(1 − X)] (10) 1

kt = [−ln(1 − X)]1/2 (11) 2

kt = [−ln(1 − X)]1/3 (12) 3

here, k = constant, t = reduction time, X = extent of reduction (X = 0 at the beginning
or infinite slabs, 2 for long cylinders, and 3 for spheres).
experimental data of Fig. 2.

ion of the reduction products occurs around 390 ◦C designed as
ransition temperature ‘Tt’.

To check this hypothesis, in situ X-rays diffraction exper-
mentation of the reduction of Fe3O4(600) by H2 in the
emperature range of 250–700 ◦C had been performed. Eq. (13)

ummarizes the obtained results.

At temperature lower than 390 ◦C, magnetite is reduced
irectly to iron. Between 390 and 570 ◦C, reduction of mag-
etite passes by an intermediate that is the wüstite before the

Mechanism

General equation [38]
Phase-boundary-controlled reaction (infinite slabs)
Phase-boundary-controlled reaction (contracting cylinder)
Phase-boundary-controlled reaction (contracting sphere)
One-dimensional diffusion

Two-dimensional diffusion

Three-dimensional diffusion

Three-dimensional diffusion (Ginstling–Brounshtein equation) [39]

Three-dimensional diffusion (Jander equation) [39]
Random nucleation; unimolecular decay law (first-order)

Two-dimensional growth of nuclei (Avrami–Erofeyev equation)

Three-dimensional growth of nuclei (Avrami–Erofeyev equation)

of the reduction and X = 1 at the end of reduction), Fp = particle shape factor (1
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produ

f
a
A
n
w

Fig. 5. Evolution of morphological aspects of the reduction

ormation of iron. The crystal parameter of this wüstite is

bout 4.33 Å confirming the formation of stoichiometric FeO.
t temperatures higher than 570 ◦C, the reduction of mag-
etite proceeds through the formation of non-stoichiometric
üstite.

t
t
t
T

cts of Fe3O4(600) vs. the temperature (X = 10 000 ± 1000).

It seems that the decrease of Ea around 390 ◦C is related

o the formation of stoichiometric wüstite during the reduc-
ion of Fe3O4(600) with H2. This behavior is similar to that of
he reduction of hematite with hydrogen around 420 ◦C [1].
o check wither this behavior is related to the nature of the
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Fig. 6. Evolution of reduction extent vs. reaction time for the reduction of
F

r
r
5

4

e3O4(600) with CO.

educing gas or to the intrinsic physical properties of magnetite,
eduction of Fe3O4(600) with CO was studied between 300 and
00 ◦C.
(13) c
p

Fig. 8. Mathematical modeling of
Fig. 7. Arrhenius diagram for the reduction of Fe3O4(600) by CO.

.2. Reduction of Fe3O4(600) by CO
Fig. 6 shows the isotherms of the magnetite reduction with
arbon monoxide. The decrease and the increase of the sam-
le weight is due to the reduction of magnetite in iron followed

experimental data of Fig. 6.
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Fig. 9. Morphological aspects of reduced Fe3O4(600) by CO at different temperatures (X = 7000 ± 700).

Fig. 10. Evolution of reaction extent vs. reaction time for the reduction of Fe3O4(1200) with H2.
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y the formation of iron carbide resulted from the decomposi-
ion of carbon monoxide. Only the beginning of the isotherm
%R = 10–35) is employed for the construction of the Arrhenius
iagram as shown by Fig. 7. This figure indicates a decrease of
a from 150 to 64 kJ/mol at temperatures lower and higher than
28 ◦C, respectively.

Mathematical modeling of experimental data of Fig. 6 is
rouped in Fig. 8. At temperatures lower than 430 ◦C, the reac-
ion rate is controlled by two and/or three-dimensional nuclei
rowth. At higher temperature, diffusion controls the reaction
ate. Fig. 9 exhibits some of the morphological aspects of the
eduction products. This figure suggests that sintering occurs at
emperatures higher than 430 ◦C.

One may underline that the transition temperatures for the
eduction of magnetite by H2 and CO are comparables. It seems

hat the kinetic modification is related to the intrinsic physical
roperties of magnetite.

To confirm this hypothesis, reduction of Fe3O4(1200) by
ydrogen is performed between 210 and 950 ◦C.

Fig. 11. (A–D) Arrhenius diagrams for t
a Acta 456 (2007) 75–88

.3. Reduction of Fe3O4(1200) by H2

Fig. 10 groups the isotherms of reduction of magnetite at
ifferent temperatures. This figure shows that at temperatures
ower than 600 ◦C, the isotherms have the traditional sigmoid
orm. While at temperatures higher than 600 ◦C, the sigmoid
orm of isotherms is replaced gradually by the parabolic one.

Fig. 11 groups the Arrhenius diagrams for different reduc-
ion extent of Fe3O4(1200) by H2. This figure suggests that for a
eduction extent of

. 5–20%, Ea decreases from 77 to 27 kJ/mol for temperatures
lower and higher than 450 ± 10 ◦C (Fig. 11A);

. 20–60%, Ea decreases at temperatures higher than 390 ◦C and
the reduction rate passes by a maximum at about 577 ± 5 ◦C.

Starting at about 600 ◦C, the reaction rate decreases to attaint
a minimum at 766 ± 5 ◦C. Between 770 and 950 ◦C, the
reduction rate increases with a discontinuity at around 900 ◦C
(Fig. 11B);

he reduction of Fe3O4(1200) by H2.
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. 60–85%, the evolution of the reaction extent is identical to
that described in 2 (Fig. 11C).

Fig. 11D compare the Arrhenius diagrams for the reduction
f Fe3O4(600) and Fe3O4(1200) for a reaction extent of 20–60%.
ne may underline:

. the modification of the reaction rate at 250 ◦C observed dur-
ing the reduction of Fe3O4(600) does not exist during the
reduction of Fe3O4(1200);

. between 250 and 500 ◦C, the reaction rates of the two mag-
netite are comparables;

. at temperatures higher than 600 ◦C, the reaction rate of
Fe3O4(1200) decreases while that of Fe3O4(600) increases.

Fig. 12 groups the mathematical modeling of experimental
ata shown in Fig. 10 at 357, 478 and 878 ◦C. This figure sug-
ests that the reduction rate for 357 and 478 ◦C is controlled
y phase boundary according to Eqs. (3) and (4). At 878 ◦C, it
eems that Eq. (6) is the best fit for the experimental data. It
ndicates that the reaction rate is controlled by diffusion.

Fig. 13 exhibits the evolution of the morphological aspects
f the reaction product of the Fe3O4(1200) reduction versus the
eaction temperature. The photos A–C of this figure show a

tart like bursts. The size of these stars decreases as temperature
ncreases while their number increases. Photos D and E, obtained
t temperatures higher than 700 ◦C, confirm the sintering of the
eaction products as compared to the initial sample.

1

2

Fig. 12. Mathematical modeling of
a Acta 456 (2007) 75–88 85

One may underline that the comparison between Figs. 5
nd 13 indicates that the grain size of Fe3O4(1200) is bigger than
hat of Fe3O4(600). For both samples, the reaction products of the
agnetite reduction are agglomerated and begin at temperatures

igher than 400 ◦C.
Finally Fig. 14 compares the Arrhenius diagrams of the

eduction of hematite and Fe3O4(1200). At temperatures lower
han 400 ◦C, the rates of reaction of the two solids are almost
dentical. However, at temperatures higher than 600 ◦C, the
ehavior of the two solids is different.

One may underline that the kinetic modifications observed at
bout 250 ◦C during the reduction of Fe3O4(600) does not exist
or both solids. This is probably due to absence of point defects
hat are eliminated during the synthesis or the purification of
hese solids at high temperature.

.4. Analysis of experimental results

The results of different series of experiments and the above
iscussion confirm that the kinetic modification of the reduction
ate could be affected by point defects and/or crystal defaults
epending on the temperature range of the reduction of iron
xides. This is because:
. The kinetic modification of the reduction rate, around 400 ◦C,
occurs for both Fe3O4(600) and Fe3O4(1200).

. Use of H2 or CO as reducing gas, does not affect the kinetic
modification at ≈400 ◦C.

experimental data of Fig. 10.
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ts of F

3

4

5

Fig. 13. Evolution of morphological aspects of the reduction produc

. Increasing the flow rate of the reducing gas does not change
this modification.
. The kinetic modification at 250 ◦C occurs only during the
reduction of Fe3O4(600). This is probably due to the presence
of point defects or water in the magnetite structure prepared
at relatively low temperature.

6

e3O4(1200) by hydrogen at different temperatures (X = 1500 ± 150).

. The agglomeration of the reduction products starts at tem-
peratures > 400 ◦C.
. The formation of stoichiometric wüstite, during the reduc-
tion of Fe2O3 and Fe3O4 is proved only in the temperatures
range 450–570 ◦C. This could be attributed to better crystal
structure due to the annealing of defaults.
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Fig. 14. Comparison of the Arrhenius diagra

. The phenomenon of the minimum of the reaction rate, at
T ≈ 750 ◦C, occurs only during the reduction of Fe3O4(1200).
This tends to confirm that the severe sintering of the reduction
product is responsible of this behavior.

. Conclusions

Results of the reduction of two samples of Fe3O4 prepared
t 600 and 1200 ◦C [Fe3O4(600) and Fe3O4(1200)] with hydrogen
n the temperature range of 210–950 ◦C leads to the following
onclusions:

. The Arrhenius diagram presents two modifications of Ea
at 250 and at 390 ◦C. The apparent activation energy Ea
decreases from 200 kJ/mol to about 71 kJ/mol between 250
and 390 ◦C. At higher temperatures Ea falls to 44 kJ/mol.

. These kinetic modifications could be related to the intrinsic
physical properties of Fe3O4 and/or reduction products.

. The kinetic modification at 250 ◦C is not observed during the
reduction of Fe3O4(1200). This is probably due to the anneal-
ing of point defects during the synthesis of this magnetite.

. It seems probable that the kinetic modifications of the
reduction rate at about 380–420 ◦C, during the reduction
of Fe3O4(600), Fe3O4(1200) and Fe2O3, to the formation of
stoichiometric FeO between 390 and 570 ◦C and to the
agglomeration of the reduction products.

. The observed minimum reduction rate of Fe3O4(1200) at about
760 ◦C seems to be related to severe sintering of the reduction
product.

. At temperatures higher than 570 ◦C, the reduction of mag-
netite proceeds through the formation of non-stoichiometric

wüstite.

. Mathematical modeling of experimental data, at temper-
atures lower than 430 ◦C, suggests that the controlling
mechanism of the reaction rate is nucleation and/or phase

I
a
a
k

r the reduction of Fe2O3 and Fe3O4 by H2.

boundary reaction. At temperature higher than 430 ◦C for
Fe3O4(600) reduced with CO and higher than 650 ◦C for
Fe3O4(1200) reduced by H2, the controlling mechanism is
diffusion.

. The reduction rate of Fe3O4 with H2 is systematically higher
than that obtained with CO in the explored temperature range.

. SEM’s observations of the reduction products show their
gradual agglomeration and sintering as the temperature
increases. This leads to a decrease of Ea thus lowering the
thermal efficiency of the reduction process.

From the practical point of view, one should emphasis that
ow temperature reduction of iron oxides with H2 is handicapped
y the cost of hydrogen production. On the other hand, the
mportant decrease of Ea at temperatures higher than 400 ◦C sug-
ests that the best energy efficiency is around this temperature.
owever, it is also in this temperature range that the pyrophoric

haracter of the reduction products is manifested.
While results of this work outline the important role of point

nd linear defects on the reduction rate of iron oxides, one should
nderline the lack of data about the behavior of point and linear
efects of iron oxides as function of temperature. The role exact
f the protons and hydroxyl groups in the magnetite structure
nd their eventual association with the crystal defects is almost
nknown. Research in this area could boost the large-scale low
emperature reduction of iron oxides with hydrogen.
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