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bstract

The kinetics of hematite (Fe2O3) to wüstite (FeO) reduction has been investigated. Kinetic parameters have been estimated based on the
hermogravimetric data. The Avrami–Erofe’ev equation of coupled nucleation and growth processes was successfully applied to describe the initial
tages of the process, while four diffusion equations were tested to model the final stages of the process. It was found that the initial stage can be

nterpreted theoretically as the crystals’ nucleation and 1D growth at the gas/iron oxide(s) interface, which gradually shifts to diffusion control.
inetic and diffusion regions for various temperatures (within the 700–900 ◦C range) were identified. The value of activation energy �Ea of the

eaction was estimated and compared with the literature data.
2007 Elsevier B.V. All rights reserved.
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. Introduction

The reduction of hematite (Fe2O3) to wüstite (FeO) during
he oxidation of CO, present in the syngas, to CO2 is an important
ndustrial reaction that may potentially lead to a pure hydrogen
as stream. This is a complex gas–solid, redox-type reaction in
hich the kinetics is closely related to the structural changes in

he intermediate iron oxide (magnetite) that is formed during the
eaction time. Additionally, in the advanced stages of the pro-
ess, the progress of reduction is strongly controlled by internal
iffusion of the reducing gas. The pore structure, determined
y hematite–magnetite and magnetite–wüstite lattice transfor-
ations, can considerably affect the overall process rate. In

ddition, the surface carbon deposition (Boudouard reaction)
an affect the diffusion resistances [1–48].

Many researchers have tried to develop a universal kinetic

quation for gaseous reduction of iron oxides. However, it was
nly possible to obtain a set of independent equations, useful
or the description of the reduction process within a certain
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ange of reaction conditions [1,15,16,21,22]. Some authors have
valuated the reduction mechanism in great depth, improving
he theoretical models on which the rate equations are applied
6,7,12,16,18–20]. It was generally concluded that the consec-
tive reduction of iron oxides by means of a mixture of gaseous
gents is an example of a complex heterogeneous gas–solid
eaction(s), which effective rate is significantly affected by both
ntrinsic topochemical kinetics on one hand and – equally impor-
ant – diffusional mass transfer effects on the other.

The mechanisms of these reactions have been reviewed in
etail by Turkdogan et al. [18–20]. They reported that although
here is a general agreement on the chemical nature of the indi-
idual rate-controlling reactions, the behavior of the overall
rocess kinetics, especially due to the complex transforma-
ions and synergistic interrelations between all the factors, is
till not well understood. Thus, there has been considerable
isagreement and diversity in the reaction rate constant val-
es that are reported in the literature. The disruptive stresses
et-up during the transformation of Fe2O3 to Fe3O4 result
n noticeable structural changes occurring during the reaction

12].

The TGA analysis of the reduction of hematite in a pure CO
tream within the 800–900 ◦C range was previously presented
y Avrami [49]. A kinetic model was proposed, approaching

mailto:tomek@siu.edu
dx.doi.org/10.1016/j.cej.2006.12.024
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Nomenclature

A constant in the Arrhenius equation, Eqs. (5) and
(6) (K)

�Ea activation energy (kJ/mol)
k kinetic constant (min−1)
k0 kinetic constant in the Arrhenius equation, Eqs.

(5) and (6) (min−1)
m sample mass (g)
n constant associated with the geometry of the sys-

tem
R statistical correlation coefficient
t process time (min)
T process temperature (◦C)

Greek symbols
α fraction reacted till time t (thus, conversion degree

for the time t)
β constant, partially depended both on nucleation

frequency and rate of grain growth
δ contribution of the nucleation process in the over-

all kinetics (Eq. (4))
λ dimensionality of crystal growth (Eq. (4))

Subscripts
AE Avrami–Erofe’ev model
d diffusion model
0 initial state
10% corresponded to 10%-decrease in the initial
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his complex system by pseudo-first-order irreversible rate
inetics, considering the consecutive reduction of iron oxides:
e2O3 → Fe3O4 → FeO → Fe, the Boudouard reaction and iron
arbide (Fe3C) formation. Since many industrial direct reduction
rocesses use gas feeds derived from reforming hydrocarbons,
ontaining both CO and H2, the reported experiments were per-
ormed using a reducing mixture composed of both CO and H2.
dditionally, considering the practical aspect of cyclic regen-

ration within the Fe2O3 ↔ FeO system, the reaction’s course
as limited only to the hematite–wüstite range. A topochemical

pproach was employed to evaluate the theoretical mechanisms
f reactions and their kinetics.

. Experimental procedure and results

The kinetics of the hematite–magnetite–wüstite reduction
rocess was determined by monitoring the change of the
pecimen’s weight during its transformation under selected
sothermal conditions. The experiments were performed using
Perkin-Elmer TGA-7 thermogravimetric analyzer with a TAC

/DX control unit driven by Pyris software (sample’s weight
easurement performed every 0.25 s).
Fe2O3 powder (PEA Ridge Iron Ore Co., 91 �m average

ize determined by the particle size analyzer Microtrac S3500,

F

c
F

ering Journal 131 (2007) 73–82

verage density 2.18 g/cm3 and specific surface area 10.63 m2/g
etermined by liquid nitrogen BET analyzer measurements) was
nitially preheated (10 ◦C/min) under flowing nitrogen to the pre-
etermined temperature (selected from the 700–900 ◦C range)
nd then isothermally processed under a reducing atmosphere
gas mixture composition: 90% N2 + 5.7% CO + 4.3% H2). The
olumetric flow rate of the reducing mixture was 30 mL/min. Its
omposition was strictly controlled by blending the pure gases in
he required proportions. Before entering the thermogravimetric
eactor, gases were dried using the molecular sieve moisture trap
ydro-Purge II, Alltech. About 12 mg of a fresh Fe2O3 sample
as used in each experiment.
Considering the following iron oxide(s) reduction sequence:

e2O3 → Fe3O4 → FeO

nd taking into account that Fe3O4 can be considered as an inter-
ediate state between Fe2O3 and FeO (thus reported as solid
ixture Fe2O3·FeO), the theoretical weight change of iron oxide
as calculated according to the stoichiometry of the following
arallel reactions:

Fe2O3 + CO → 2FeO + CO2

Fe2O3 + H2 → 2FeO + H2O

t can be noted that, based on the above reactions’ stoichiom-
try, the complete reduction of Fe2O3 to FeO corresponds to a
0% decrease of the initial sample weight. On the other hand,
complete reduction of Fe2O3 to metallic Fe results in a 30%
ecrease in the initial weight of the sample.

The experimental data (decrease in sample’s weight, m)
ere then recalculated to obtain a conversion degree, α (of
e2O3 to FeO) as a function of time, t, using the following
ormula:

(t) = m0 − m(t)

m0 − m10%
(1)

o improve the clarity of graphical presentation, the raw exper-
mental data (actual sample’s weight) were recalculated and
resented in a more convenient, uniform coordinate system,
here “1” corresponds to initial mass of Fe2O3 sample, while

0” corresponds to a 30% mass decrease state (Fe).
The m10% (actually as a line corresponded to value of

.666 of a sample’s relative mass – thus FeO state) parame-
er was directly superimposed graphically onto the reduction
ata (Fig. 1a and b, various time ranges). A distinctly vis-
ble plateau is observed at 700 ◦C. This may indicate the
ecrease in the Fe2O3 → FeO reaction rate before the further
eduction to metallic iron will occur. However, at 810 and
00 ◦C that “m10% line” serves only as “marker” to identify
he theoretical moments of final transformation of Fe2O3 into

eO.

The α = f(t) experimental profiles, calculated with Eq. (1) and
orresponded to different process temperatures, are presented in
ig. 2.
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ig. 1. (a) TGA experimental data for the selected temperature values studied
10% value of 2/3 on the graph) and Fe (30% value of 0 on the graph). (b)
–30 min)—indication of the weight-loss limits corresponding to FeO (10% va

. Kinetic models of topochemical reactions

All α = f(t) isotherm plots (Fig. 2) are sigmoid-shaped and
xhibit three distinct regions: incubation, acceleration, and
ecay. It is observed, that, with an increase in process tempera-
ure, the transformed solids exhibit a shorter incubation period
in Fig. 2 it is clearly visible especially at temperatures above
50 ◦C) and reduce at a more rapid rate.
The α(t) data sets were then analyzed according to the Han-
ock and Sharp’s method of comparing the kinetics of isothermal
olid-state reactions [49–57]. This method is based on the gen-

ig. 2. Conversion degree vs. time for the selected process temperatures studied.
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range 0–150 min)—indication of the weight-loss limits corresponding to FeO
experimental data for the selected temperature values studied (limited range
2/3 on the graph) and Fe (30% value of 0 on the graph).

ral equation describing nucleation and growth processes:

= 1 − exp(−βtn) (2)

n(−ln(1 − α)) = ln β + n ln t (3)

here α is the Fe2O3 fraction reacted till certain time, t (thus,
e2O3 to FeO conversion degree corresponding to the time t, as
entioned in Eq. (1)); β the constant, partially depended both on

ucleation frequency and the grain growth rate (thus indirectly
n process temperature); n is the exponent associated with the
ystem geometry.

This sigmoid shape of α(t) (see Fig. 2) is commonly observed
or some certain kind of topochemical solid-state reactions and
s typically analyzed by applying the kinetic model proposed by
vrami and Erofe’ev [49–52]. This model assumes that “germ
uclei” of the new phase are distributed randomly within the
olid. Following a nucleation event, the grains grow throughout
he old phase until the transformation is completed. The sig-

oid shape of kinetic plots may be analyzed by dividing each
urve into three regions corresponding theoretically to: induc-
ion period (0 < α < 0.15), acceleratory region (0.15 < α < 0.50)
nd a deceleratory region (0.50 < α < 1) [53]. The induction
eriod is dominated mainly by nucleation while the acceler-
tory one tends to be dominated by growth phenomena. The
eceleratory region corresponds to the termination of growth
pon impingement of different growth regions or at the grain
oundaries [53]. Values of the slope (n) of recalculated plots
see Eq. (3)) within the 0.15 < α < 0.50 range indicates multiple

eaction pathways and the most probable mechanisms [53]. The
lots of the experimental data, recalculated by applying Eq. (3),
re presented in Fig. 3 and their statistical analysis is presented
n Table 1.
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ig. 3. Plots of the Eq. (3)—illustration of Hancock and Sharp’s procedure (for
he selected T values).

An average value of n = 1.63 was obtained. This value, as
ell as the sigmoidal shape of the α = f(t) plots, suggest that

he Avrami–Erofe’ev universal kinetic model, Eq. (4), may be
pplicable for the Fe2O3 → FeO reduction reaction (thus phase
ransition) modeling:

−ln(1 − α)]1/n = kt (4)

q. (4) is recognized as the generalized kinetic equation of solid-
tate chemical reactions. It has been derived independently by
ohnson and Mehl [55], Avrami [49–51] and Erofe’ev [52]. Its
pecial case for n = 1 represents (pseudo) first-order kinetics. The
arameter n, appearing in the exponent of Eq. (4), is equivalent
o the slope (n) resulting from the Sharp–Hancock’s plot (see Eq.
3), Fig. 3). In this equation, describing nucleation and crystal
rowth on a phase-boundary surface, the slope n is interpreted
s the sum of λ + δ, where λ is the dimensionality of growth (an
nteger value: 1, 2 or 3); δ is the contribution of the nucleation
rocess to the overall kinetics (it varies between 0 and 1, where
corresponds to instantaneous nucleation, and 1 to a very slow

ucleation rate) [53].

The values of n = 1–2 are observed for 1D growth, n = 2–3 for
D growth, and n = 3–4 for 3D growth [53]. Thus, the experimen-
al data can be fitted to the Avrami–Erofe’ev equation assuming

able 1
arameters of Eq. (3) for the temperatures studied—Hancock and Sharp’s
ethod applied

xp. no. T (◦C) n ln β No. of data R

700 1.51 −0.83178 52 0.996
750 1.65 −1.32264 67 0.998
775 1.66 −1.45234 68 0.999
810 1.74 −1.21435 56 0.999
850 1.78 −0.27657 32 0.997
900 1.43 0.34746 24 0.999

o
7
a
t
s
s
b
a
w

e
t
A
s
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ig. 4. Graphical presentation of Eq. (4) courses for the selected process tem-
erature values studied.

n average value of n = 1.6 (Table 1) to evaluate the kinetic
onstant (k) values for each process temperature used. From
theoretical point of view, it indicates that this phase transi-

ion proceeds through 1D growth process (since λ = 1) with a
oderate contribution of nucleation (as δ = 0.6). Additionally,

onsidering the intermediate (non-integer) value of the n param-
ter, it can be concluded that these topochemical changes may be
ontrolled, at least partially, by heat transfer phenomena within
he reaction microenvironment [55]. Plots of Eq. (4) for selected
emperatures are presented in Fig. 4 (the plot for T = 775 ◦C was
mitted here only for the effect of the clarity of presentation).

Presentation of the data recalculated as [−ln(1 − α)]1/n versus
eaction time, t (for assumed value of n = 1.6) for each tempera-
ure shows directly the corresponded “time ranges” in which the
rocess follows the theoretically proposed mechanism (thus pro-
ucing linear segments). The data within those time ranges (thus
resenting linear trends) were used to evaluate the corresponded
eaction rate constant k values (see Table 2).

The Avrami–Erofe’ev model’s (Eq. (4)) predictions begin
o deviate essentially from the experimental data within the
eceleratory region (0.50 < α < 1), with the largest deviations
bserved for the lowest temperature values tested (700 and
50 ◦C). The process becomes diffusion-controlled then and the
ctual mechanism of this following reaction’s stage differs from
he one that controlled it initially. The diffusion layer on the
urface prevents α from reaching unity relatively quickly. Con-
equently, the α = f(t) data within the 0.50 < α < 1 range must thus
e modeled theoretically with the use of several diffusion mech-
nisms. Each of these mechanism have to be valid individually
ithin the defined, shifted reaction time (see Table 2).
Graphical comparison between the experimental and mod-

led values of α = f(t) using a combined approach that integrates

wo physical–chemical phenomena of different natures: the
vrami–Erofe’ev topochemical kinetic model (n = 1.6) with the

implest, 1D diffusion kinetic model (parabolic diffusion model)
n their validity ranges is presented in Fig. 5a and b.
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Fig. 5. (a) Comparison of experimental TGA data (♦) (T = 775 ◦C) with the two kinetic models applied in this study: Avrami–Erofe’ev phase change model (n = 1.6,
k , R = 0
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the specified temperature range, only the data corresponding to
T = 775–900 ◦C range were taken under further consideration
for the above described calculation.
AE = 0.3920, R = 0.998) and 1D diffusion model (parabolic law) (kd = 0.0549
ith the two kinetic models applied in this study: Avrami–Erofe’ev phase chan

kd = 0.1280, R = 0.999) (Table 2).

It is clearly visible, that the first stage of the process is
overned by topochemical reaction as its course is strictly
ompatible with the appropriate Avrami–Erofe’ev model.
heoretical predictions of topochemical model are highly over-
stimated as it is seen in Fig. 5a and b because focusing only on
urface processes of iron oxide(s) this model does not take into
ccount real physical phenomena—mass transfer resistances
hrough more or less (additionally gradually increasing) layers
f a reaction product. In case of (theoretical) no mass trans-
er resistances the overall process kinetics could be approached
sing an Avrami–Erofe’ev model solely. However, in real pro-
esses – even in laboratory TGA scale experiments – some
esistances appear, causing more and more visible deviating of
eal data from the model predictions, till the process from the
inetic point of view becomes totally diffusion-controlled, what
s practically confirmed by strict compatibility with, e.g. the 1D
iffusion model (parabolic law).

The data from Table 2 (concerning intrinsic Avrami–Erofe’ev
inetics) were then applied to obtain the activation energy values
rom the Arrhenius equation. The ln(k) = f(1/T) plot (Eqs. (5) and
6)) is a straight-line with a negative slope (see Fig. 6):

= k0 exp

(
−A

T

)
= k0 exp

(
− �Ea

8.314T

)
(5)

n k = ln k0 − A
1

T
(6)

rom the regression calculations, the following were obtained:

= 6992 K and ln k0 = 5.737. Thus, �Ea = 58.131 kJ/mol

13.9 kcal/mol) and k0 = 310 min−1 (R = 0.914).
It should be noted, however, that only the (8.4–9.5) × 10−4

ange of the 1/T parameter was taken into consideration (Fig. 6)
F
c

.999) (Table 2). (b) Comparison of experimental TGA data (♦) (T = 850 ◦C)
odel (n = 1.6, kAE = 0.7094, R = 0.990) and 1D diffusion model (parabolic law)

or the regression calculations because of (discussed further
n the next section) physical peculiarities associated with the
eaction rate perturbations at lower values of temperature
vicinities of 750 ◦C [1,18,21,22]). Taking into account the
ccurrence of this extreme in the ln(k) parameter values within
ig. 6. Arrhenius plot ln k = f(1/T)—evaluation of activation energy of the pro-
ess.
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. Discussion

TGA curves of Fe2O3 → FeO reduction within the investi-
ated T = 700–900 ◦C range and presented as α = f(t), sigmoidal
n nature, grow steeper with increasing temperature (Fig. 2).
his suggests that the required process time for the total con-
ersion of Fe2O3 to FeO shortens considerably with increasing
emperature.

Nucleation and growth mechanisms developed by the
vrami–Erofe’ev model can be successfully applied to describe

his heterogeneous reaction, which is closely coupled with
he phase transformations. In such reactions, a new phase is
ucleated by germ nuclei contained in the old phase followed
y growth. The Avrami–Erofe’ev equation is applicable to a
ide range of mechanisms except the final step that is usually
iffusion-controlled [53]. Therefore, this equation was used for
odeling the overall reaction pathways occurring in the initial

rocess stage.
The average value of n = 1.63 can also be interpreted theoret-

cally using the Hancock and Sharp’s tabulation [54]. From this
oint of view it can be treated as an intermediate model among
everal other “pure” topochemical cases, such as the phase-
oundary-controlled reaction for cylinder (n = 1.11) or sphere
n = 1.07), zero-order reaction (n = 1.24) and the strictly 2D
vrami–Erofe’ev reaction (phase transformations, nucleation
nd crystals growth) (n = 2). This interpretation is in agreement
ith the published data of other researchers (e.g. [23,44,58–61]).
himokawabe [58] proposed a random nucleation model for

he hematite reduction while Sastri et al. [59] applied the
hase-boundary mechanism. Tiernan et al. [23] observed
he occurrence of both mechanisms: Fe2O3 → Fe3O4 reac-
ion obeyed the phase-boundary model while the Fe3O4 → Fe
beyed the random nucleation model. El-Geassy [60], on the
asis of high-temperature (900–1200 ◦C) Fe2O3 reduction data,
oncluded that the Fe2O3 → FeO reaction was governed by
mixed reaction mechanism in the early stages followed by

nterfacial chemical reaction, while the FeO → Fe was gov-
rned by a mixed chemical reaction. Similar observations were
eported by Moon et al. [45] and Moon and Rhee [61]. How-
ver, it cannot be excluded that the mixed mechanism frequently
bserved may result from simultaneous recrystallization in one
r more of the iron oxide phases present within the system under
tudy. On the other hand, in such complex systems more than
ne of the possible theoretical chemical and physical phenom-
na may be governing simultaneously. Any particular dominant
henomenon may change as the reaction proceeds. It can be con-
luded, that for practical reasons the mass transfer should also be
onsidered in a detailed kinetic analysis of the entire process. For
xample, the reaction rate constant values, presented in Table 2
representing the intrinsic rates of reaction), do not necessarily
ndicate the maximum rates that can be achieved in practice,
ince they will be strongly depended on the limitations imposed
y mass transfer (e.g. subsequent diffusion effects). However,

hese kinetic parameters have been evaluated on the basis of the
ata representing the initial stage of the process thus not consid-
rably affected by diffusional resistances. For this reason they
ay indicate the theoretical upper limit of any reduction rate



ngine

a
F
a
e
t
i
t

t
t
p
d
s
t
d
t
m

r
d
b
s
g
s
n
f

c
a
m
i
e

c
p
m
s
[
u
i
c

l
c
b
t

i
w
t
6
a
i
t
t
i
d
o
t
a
p

T
S

S

C
S
S
T
T

T

E

N

M

K. Piotrowski et al. / Chemical E

chievable in these systems (for the given process conditions).
undamentally, such kinetic data are very useful, for example as
base for accurate and reliable determination of the activation

nergy values. However, in the light of presented observations
he heat transfer effects in the reaction microenvironment result-
ng from the enthalpy of reaction should also be incorporated in
he detailed physical models.

At higher conversions, the experimental α values are lower
han those predicted by Eq. (4). Although this may be affected by
he uncertainty in the experimental conditions or by the sample’s
article size distribution and/or other geometrical factors, these
eviations are mainly attributed to the formation of a layer of
olid product encapsulating the reactant. As the thickness of
his porous layer of the lower iron oxides grows, the subsequent
iffusional process begins to play an essential role and becomes
he rate-controlling mechanism. Thus, the diffusional kinetic

odels should then be applied (Table 2).
The termination of growth upon impingement of different

egions or at grain boundaries results in the formation of the
eceleratory region [53]. In this region, considerable deviation
etween Avrami’s single crystal model and the data from powder
amples is often observed, due to variations in crystallite and/or
rain size [53]. Similarly, the induction period contributes to the
mall deviations from linearity, visible especially at the begin-
ing of the process (within the lowest α range in Figs. 4, 5a and b)
or the lowest values of temperature.

The surface area of the sample changes during the pro-
ess course because of external and internal cracking, indirectly

ffecting the local heat transfer conditions in the microenviron-
ent of the reaction, where small deviations from homogeneity

n the assumed isothermal conditions may also occur consid-
ring the endothermic nature of the Fe2O3 → FeO reaction that

i
a
t

able 3
ummary of activation energy values reported in literature and comparison with the o

ource Reduction step Reduct

urrent investigation Fe2O3 → FeO Phase
himokawabe [58] Fe2O3 → Fe3O4 Rando
astri et al. [59] Fe2O3 → Fe Phase
iernan et al. [23] Fe2O3 → Fe3O4 Not de
iernan et al. [23] Fe2O3 → Fe3O4 Phase

rushenski et al. [24] Fe2O3 → Fe3O4 Non-to
comple

Fe3O4 → FeO
FeO → Fe

l-Geassy et al. [21,22] Fe2O3 → Fe Phase
diffusi

(Fe3O4, FeO, Fe3C, C present)

asr et al. [12] Fe2O3 → Fe (FeO, Fe3C, Fe2C, C present) Initial
diffusi
reactio
Final s
diffusi
Final s
diffusi

oon et al. [45] Fe2O3 → FeO (H2); Fe2O3 → FeO (CO) Chemi
intrapa
reduce
ering Journal 131 (2007) 73–82 79

auses some local, unwanted effects, e.g. self-cooling of the sam-
le. Shrinkage that occured during the reduction of hematite to
agnetite and magnetite to wüstite (different crystallographic

tructures) can cause some local tension in solid structures
24]. However, the Avrami–Erofe’ev type of “contracting vol-
me equation” theoretically incorporates all these effects, taking
nto consideration overlapping volumes during the reaction
ourse.

All the graphs (Figs. 4, 5a and b) indicate qualitatively (e.g.
inear sections for appropriate time ranges as it is in Fig. 4, or
oincidence with experimental data presented in Fig. 5a and
) the accuracy of the assumed kinetic models of complex
opochemical reactions in their validity regions (Table 2).

Analyzing the data in Table 2 and presented in Figs. 2, 4 and 6
t can be seen that the reduction rate is remarkably delayed
ithin the vicinity of 750 ◦C. This peculiarity in the tempera-

ure dependency was often observed in the temperature range of
50–750 ◦C and in the vicinity of 920 ◦C, as well. It was reported
nd explained in literature [1,19] in terms of the obstruction of
ntraparticle diffusion on account of blockage of pores due to
he fusion the Fe3O4 particles. In these “rate minima tempera-
ure ranges” sintering of fresh, spontaneously formed metallic
ron (or iron carbide) around wüstite grains can isolate them from
irect contact with the reducing gas, considerably decreasing the
bserved reduction rate [21,22]. In the complex topochemical
ransformations described above, these side-reactions (appear-
nce of Fe and Fe3C) are unavoidable, even under precise
rocess control.
Table 3 provides the results of other experiments reported
n the accessible literature, especially the mechanism and the
ctivation energies of the Fe2O3 reduction process and compares
he published results with those reported in this study. It should

wn result

ion mechanism �Ea (kJ/mol) Experimental method

boundary 58.13 Isothermal TGA
m nucleation 33.27–74 Linear heating rate
boundary 57–73 Isothermal TGA
termined 106 Linear heating rate
boundary 96 CRTA “rate-jump”

pochemical approach,
x model

69–100 Isothermal TGA

64.46–78.27 Isothermal TGA
115.94 Isothermal TGA

boundary limited by gaseous
on

31.6–53.57 Isothermal, 200 �m size

9.54–21.51 Isothermal, 100 �m size

stage, combination of gaseous
on and interfacial chemical
n

28.92 Isothermal TGA

tage, T < 900 ◦C, gaseous
on

23.81 Isothermal TGA

tage, T > 1000 ◦C, gaseous
on

14.98 Isothermal TGA

cal surface reaction,
rticle diffusion through the
d layer

19.84–42.15 Isothermal TGA
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e noted that the values of the activation energy reported here
re comparable with those cited in the literature.

The variations in the activation energy values reported by
ifferent authors (Table 3) are probably due to the differences
n the experimental conditions, such as average particle size
nd partial pressure of the reducing gases, which are known
o exert considerable effect on the overall process and its kinet-
cs. For example, El-Geassy et al. [21,22] studied the effect of
article size on the iron oxide reduction. In their studies, the
ctivation energies were found to increase with particle size.
or 100 �m Fe2O3 particles, activation energies in the range
f 9.5–21.5 kJ mol−1 were obtained for various experimental
onditions. It should be noted here, that their chemical mod-
ls involved the complete reduction of iron oxide to a metallic
ron in a single step. Sastri et al. [59] reported that freshly
ormed Fe particles in the presence of low levels of water
apor (2–7.5% in the reducing mixture) have an autocatalytic
ffect on the reduction process. They reported activation ener-
ies (Fe2O3 reduction to Fe) in the range of 57–73 kJ mol−1.
tudies conducted by Shimokawabe [58] showed, that for tem-
eratures below 700 ◦C the reduction of Fe2O3 proceeded via
distinct two step mechanism (Fe2O3 to Fe3O4 and Fe3O4 to
e) while in reduction experiments conducted at temperatures
eyond 900 ◦C both steps occurred simultaneously. Activa-
ion energy values reported by these authors ranged from
3.27 to 74 kJ mol−1. The differences in the activation ener-
ies reported in literature can also be attributed to the method
f Fe2O3 synthesis. For example, Shimokawabe [58] prepared
-Fe2O3 by decomposing iron salts in air (in 500–1200 ◦C).
e found that the samples prepared at higher decomposition

emperatures showed higher activation energies compared to
hose prepared at lower temperatures, presumably due to the
ower reactivity of the relatively larger particles formed dur-
ng the high-temperature decomposition process. Sastri et al.
59] observed that the pretreatment of the iron oxide at 850 ◦C
esulted in increase of activation energy to 73 kJ mol−1 in com-
arison to the activation energy value of 57 kJ mol−1 for the
ntreated sample.

Analyzing the kinetic data within the diffusion-controlled
egion (Table 2) it can be concluded that the simplest, one-
imensional model (1D, parabolic diffusion model) can be
uccessfully applied to describe time-profiles of all the data-sets
isotherms) without any significant loss in statistical accuracy
R = 0.994–0.999) in contrast to alternate, more complex models
f diffusion.

For T = 700 ◦C, two diffusion models 1D and 2D diffusion,
roducing linear segments of appropriate modified equations
an be applied. It has to be pointed out, that both the
vrami–Erofe’ev model and these two diffusion models are
alid within the same initial time period (0–2.5 min) indicating
xistence of the mixed control mechanism at this temperature
both surface reaction/phase change and diffusion).

When reaction temperature is increased to 750 ◦C, the devi-

tion between those mechanisms begins to be more distinct.
amely, the Avrami–Erofe’ev equation is valid within the
–2 min time period, since diffusion plays an important role
ithin the following 2–11 min time period. An interesting obser-

c
d

ering Journal 131 (2007) 73–82

ation can be made, however, within the limits of experimental
nd statistical error. With the increase of reaction time, there is a
low “shift” between the “strict” diffusion mechanisms—from
he 3D model (corresponding to 2–8 min), via 2D model
3–9 min) to 1D model (corresponding to 4–11 min). This can
e attributed to the transient conditions during the formation
f a more and more thicker layer of product(s) on the initial
urface of substrate, gradually developing more stable condi-
ions for a diffusion process directed to the largest concentration
radient (driving force oriented), namely vertically oriented
o the phase-boundary surface. Both 3D models, developed
or spherical particles, are valid within the same time period
2–8 min). Statistically, the fourth model developed by Ginstling
nd Brounshtein, and Seth and Ross [62,63] was found to fit the
ata best with an R value of 0.999.

Similar observations were made when the reaction was con-
ucted at 775 ◦C. Under these conditions, the “shift” from
he 4–7 min range (corresponded to 3D diffusion model) to
he 5–11 min range (corresponded to 1D diffusion model) is
isible. The last two diffusion models are valid within the
–8 min period with the same correlation accuracy, R = 0.999.
he surface-controlled kinetic model (Avrami–Erofe’ev model)

s valid within the 0–3 min, and is distinctly separated from the
ater pronounced diffusion effects.

For entire temperature range being studied, a general obser-
ation can be made. The time range corresponding to the
vrami–Erofe’ev model’s validity gradually shrinks—from
–3 min (775 ◦C) to 0–1.3 min (900 ◦C). This is closely cou-
led with the increase in the reaction rate with the temperature
ncrement (considering the endothermic nature of the reducing
rocess), resulting in the faster formation of intermediate and
nal product layer covering the initial surface of hematite.

When the temperature increases to 810 ◦C, it is observed that
he “intermediate” region disappears. Thus, diffusion equations
2.5–5.5 min) are valid immediately after the Avrami–Erofe’ev
odel’s validity ends (0–2.5 min). The differences between the

iffusion models quality can be practically neglected since the all
he R values are within the 0.994–0.999 limits and possible small
eviations between their accuracies can be primarily attributed
o the experimental error and/or regression procedure accuracy.

In the highest temperature range (850–900 ◦C) only the
D diffusion model is valid, with high statistical accuracy
R = 0.999), while other diffusion models show highly non-
inear courses which can be interpreted as a proof of their
on-validity. This observation can be explained theoretically
y the relatively quick formation of the diffusional layer, thus
irecting the diffusion stream according to the concentration
radient without any initial transient perturbations associated
ith relatively slow structural changes within the intermedi-

te iron oxides as it is observed within the lower temperature
ange.

. Conclusions
Iron oxide is an ideal candidate as an oxygen transfer
ompound for the oxidation of carbon monoxide to carbon
ioxide in the processes used in the production of high purity
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ydrogen from syngas for two reasons. First, it provides high
xidation rates for CO. The produced CO2 can be, in turn, rel-
tively easily removed from the gaseous stream by a number
f commercially available absorption/adsorption/chemisorption
echnologies. This results in the production of a high purity
ydrogen stream. The second advantage is that the enthalpy of
he Fe2O3–FeO transition is ideal for the water-gas shift reaction
o occur. In addition, Fe2O3 is known to behave as a catalyst for
he water-gas shift reaction. However, the reduction of iron oxide
s not a simple process and depends on both surface reaction and
hase transformation. Obtaining a complete understanding of
he individual reactions will considerably help in the design of a
etter process for pure hydrogen production and in predicting the
esults obtained from such a process. A topochemical approach
rovides deeper insights into the mechanisms of such gas–solid
eactions. The following are the major findings obtained in this
tudy:

The sigmoidal nature of α = f(t) suggests the initial occurrence
of a phase-change-controlled reaction mechanism, commonly
described by the general (thus flexible) Avrami–Erofe’ev
topochemical kinetic model with the acceptable statistical
accuracy (R = 0.990–0.999).
The Avrami–Erofe’ev equation (1D crystal growth with
moderate-rate nucleation, assumed exponent n = 1.6) inte-
grated with the selected diffusion mechanism (e.g. the
simplest in mathematical form, parabolic 1D diffusion equa-
tion) adequately models the time-course of the Fe2O3 → FeO
reduction process over the entire (0–1) conversion range for
all isotherms within the investigated T = 700–900 ◦C range.
The activation energy value evaluated (58.13 kJ/mol) is
within the range of results presented in the literature
(9.54–115.94 kJ/mol) and acquired for considerably diversi-
fied experimental conditions.
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