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Influence of a Prior Oxidation on the Reduction
Behavior of Magnetite Iron Ore Ultra-Fines Using
Hydrogen

THOMAS WOLFINGER, DANIEL SPREITZER, HENG ZHENG,
and JOHANNES SCHENK

The reduction behavior of raw and prior-oxidized magnetite iron ore ultra-fines with hydrogen
was investigated. Reduction tests were conducted with a thermogravimetric analyzer in a
temperature range from 873 K to 1098 K at 1.1 bar absolute, using hydrogen as reducing gas.
The experimental results show that a prior oxidation of the magnetite has a positive effect on the
reduction behavior because of changing morphology. The apparent activation energies show a
turnaround to negative values, depending on the prior oxidation and degree of reduction. A
multi-step kinetic analysis based on the model developed by Johnson–Mehl–Avrami was used to
reveal the limiting mechanism during reduction. At 873 K and 948 K, the reduction at the initial
stage is controlled by nucleation and chemical reaction and in the final stage by nucleation only,
for both raw and pre-oxidized magnetites. At higher temperatures, 1023 K and 1098 K, the
reduction of raw magnetite is mainly controlled by diffusion. This changes for pre-oxidized
magnetite to a mixed controlled mechanism at the initial stage. Processing magnetite iron ore
ultra-fines with a hydrogen-based direct reduction technology, lower reduction temperatures
and a prior oxidation are recommended, whereby a high degree of oxidation is not necessary.
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I. INTRODUCTION

THE iron and steel industry is one of the biggest
single emitters of CO2 emissions, accounting for one
third of the global industrial CO2 emissions.[1–4] The
conventional ore-based iron- and steelmaking produc-
tion route, blast furnace and basic oxygen furnace, emits
in the range of 1700 to 1900 kg of CO2 per ton of liquid
steel.[4,5]

As pointed out by ecological evaluations of steel
production technologies, a promising and attractive
route is the hydrogen-based direct reduction in combi-
nation with an electric arc furnace.[1–4,6] Using natural
gas as a basis for the reducing gas, CO2 emissions can be

halved compared to those emitted from the blast furnace
and basic oxygen furnace.[5] A further reduction is
achievable using hydrogen generated from electrolysis
with renewable energies towards 100 to 250 kg of CO2

per ton of liquid steel.[4]

Besides the trend of lowering the CO2 emissions, new
innovative ore-based iron- and steel production tech-
nologies must be able to process any type of iron oxide
in the form of ultra-fines due to their steadily increasing
availability. This trend of an increasing production of
ultra-fine iron ore is due to mining and intensive
beneficiation of low-grade ore deposits, especially mag-
netite, because high-grade lumpy ore resources are
becoming depleted.[7] Using iron ore ultra-fines directly,
a further decrease in energy consumption and CO2

emissions is achievable because of the omission of the
agglomeration process (e.g. pelletizing).[1,2,8] A suit-
able technology for the direct usage of fine materials
without prior agglomeration is the fluidized bed tech-
nology.[9,10] Proven industrial-scale fluidized bed pro-
cesses for the direct usage of fine iron ore are the
Finmet�, Circored� and the pre-reduction sequence of
the Finex� process.[9–13] Therefore, a direct reduction
process based on the fluidized bed technology to process
all types of iron oxides in the form of ultra-fines using
only hydrogen as reducing gas seems to be a promising
solution for a low-carbon economy. The use of
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hydrogen as reducing agent requires a pre-heating of the
iron ore to balance the endothermic character of the
hydrogen-based reduction. In the case of magnetite, this
pre-heating can be done via a gas with a remaining
amount of oxygen to utilize the exothermic oxidation
reaction from Fe3O4 to Fe2O3. Though, the same
amount of the generated energy due to the oxidation is
needed for the reduction afterwards. Therefore, the
focus has to lay on a facilitation of the reduction kinetic.
As a result, a lower overall energy consumption of the
process is potentially achievable.

The main difficulty for a direct reduction process
based on the fluidized bed technology is to keep the
fluidization stable due to the changing surface morphol-
ogy of the iron ore particles, as reported by several
authors.[14–26] Moreover, the formation of a dense iron
layer around the particles leads to particularly long
reduction times.[15,23,27,28]

To avoid the fluidization issue and focus only on the
morphological changes during the reduction process, a
thermogravimetric analyzer (TGA) was chosen for this
study. The scope of this work was to investigate the
effect of a prior oxidation of magnetite ultra-fines on the
morphology and thus reduction kinetics using hydrogen
as reducing agent. Proper process conditions for a
possible novel industrial-scale direct reduction process
shall be deduced from the results. The reduction kinetics
was analyzed by means of a multi-step kinetic analysis,
based on the model developed by John-
son–Mehl–Avrami. The change in the controlling mech-
anisms with the reduction degree is discussed along with
the prevailing iron morphology.

II. EXPERIMENTAL

A. Materials

Three samples were used in this work; one raw and
two pre-oxidized magnetite iron ore ultra-fines with
different degrees of oxidation (ODs), 53 and 90 pct. For
the oxidizing pre-treatment of the magnetite iron ore
ultra-fines, a conventional heat treatment furnace using
a temperature of 1023 K for a defined oxidation time, ti,
was used. About 0.4 kg of the raw magnetite ultra-fines
were charged into a 250 9 350 mm vessel to maintain
only a small bed height of approx. 2.5 mm, avoiding any
inhomogeneous areas during oxidation. The furnace
chamber volume of 130 dm3 filled with air ensures
enough oxygen for the oxidation. The achieved degrees
of oxidation (ODs) of 53 and 90 pct were calculated
according to the mass balance before, m0, and after, mi;
the oxidation treatment was divided by the theoretically
possible oxygen up-take by the iron oxide according to
the chemical analysis, as given by the following
equation:

ODi ¼
mi �m0

m0 � wtpctFeO � MFe2O3
=2 �MFeO � 1ð Þ

� 100pct ½1�

where MFeO and MFe2O3
are the molar weight masses

of wüstite and hematite, respectively.

In Figure 1, optical microscope images of the raw and
oxidized ultra-fines are presented. Denser areas appears
brighter under the optical microscope, which indicates
oxidized magnetite.[29–35] The raw magnetite appears to
be dense iron ore, as given in Figure 1(a). The
conversion due to the oxidation of the magnetite
ultra-fines follows a plate-like growth from the outer
surface towards the core, as illustrated with the white
areas in Figures 1(b) and (c) for the 53 and 90 pct
oxidized magnetite. This structure characteristics of
oxidized magnetite is also reported form other
authors.[29,35,36]

The chemical analysis of the raw magnetite and the
bulk material data of the raw and oxidized ultra-fines
are given in Table I. The chemical analysis was
conducted by titration for the iron species and for the
gangue elements, by X-ray fluorescence analysis.
According to the laser diffraction measurement (CILAS
type 1064 L), no significant change in the particle size
distribution due to the oxidation treatment occurred, as
represented by the characteristic diameters D20, D50,
and D80 in Table I. A characteristic diameter D50 means
that 50 vol pct of the bulk material has a diameter less
than this value. Consequently, the oxidation at 1023 K
does not lead to any kind of particle agglomeration,
which can be also confirmed by the optical microscope
images displayed in Figure 1. The specific surface,
measured according to B.E.T. (TriStar II 3020
micromeritics using 30 pct N2 in He), decreases signif-
icantly and the apparent density, measured with a
helium pycnometer (Quantachrome Ultrapycnometer
1000), increases slightly with an increasing degree of
oxidation. Forsmo et al. explained this phenomenon as
a result of the sintering effect and of the contraction of
the magnetite during the oxidation.[37]

B. Apparatus and Procedure

The schematic concept of the thermogravimetric
analyzer used for the reduction experiments is shown
in Figure 2. The testing facility mainly consists of the
reactor chamber with an electrical heating system, the
weighing system, and the gas supply system including
gas pre-heating and a humidifier. The gas flow rates of
inert gas and reducing gas are controlled by mass flow
controllers (Bronkhorst MFC F-201CV). Pre-heating of
the gas takes place before entering the reactor from the
bottom. Inside the reaction chamber, the sample basket
filled with iron ore ultra-fines is positioned and kept at
the defined temperature by a PID controller driven by a
thermocouple (type N) placed directly beneath the
sample basket. The sample basket has a diameter of
1 cm, a height of 5 cm and is made of two overlapping
layers of a stainless-steel mesh with a mesh size of
64 lm. The reason for this is to allow the gas to flow
through the ore sample from all sides but prevent the ore
from falling through the mesh, thus avoiding the
limitation due to gas diffusion through the bulk mate-
rial. A similar sample basket was also used by Fruehan
et al.[14] The sample basket is positioned inside a silica
tube and fixed to the weighing system (Sartorius Micro
M 25 D-P), which is a micro beam scale with a
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measuring range of – 100 mg to + 1000 mg and an
accuracy of 0.1 mg. The weight of the ore sample, all gas
flow rates, temperatures, and the system pressure inside
the apparatus are recorded in situ during the experiment.
For each experiment, 2.5 g of iron ore were charged

into the sample basket which was connected to the
weighing system and positioned inside the reaction
chamber. After that, the gas supply system and the
reactor chamber—including the sample—were heated
up under inert atmosphere (nitrogen, Linde Germany,
purity 99.999 vol pct). At the defined temperature, the
inert atmosphere was changed to the reducing atmo-
sphere (hydrogen, Linde Germany, purity
99.999 vol pct) for a defined time and afterwards, a
cooling under inert atmosphere took place. After
cooling, polished microsections of the reduced samples
were further analyzed by an optical light microscope
(Polivar Reichert-Jung MEF2).

C. Experimental Conditions

The reduction of hematite Fe2O3 by hydrogen to
metallic iron Fe at temperatures above 843 K proceeds
via magnetite Fe3O4 to wüstite FeO. Below 843 K, only
magnetite is involved in the reduction sequence, as given
by the equations in Figure 3, the Baur–Glässner
diagram for the Fe–O–H2 system.[38] In this diagram,
the stability areas of different iron oxides as a function
of the temperature are illustrated on the ordinate and
the gas mixture on the abscissa. The thermodynamic
data for the calculation was taken from FactSageTM 7.3
(Database: FactPS, FToxide).
The testing conditions for the reduction test campaign

of the iron ore ultra-fines are exhibited in Table II. Due
to the high flow rate and small sample amount, the
reduction temperature remained constant for the whole
experiment despite the endothermic character of the
hydrogen reduction of iron oxides.

III. RESULTS AND DISCUSSION

A. Experimental Results

To compare the experimental results, the measured
weight loss curve against time due to the oxygen
removal during the reduction needs to be converted
into the degree of reduction (RD) according to the
following equation[9]:

RD ¼ 1� O

1:5Fetot

� �
½2�

bFig. 1—Images of polished microsections of the magnetite-based
iron ore ultra-fines used: (a) raw, (b) 53 pct oxidized, (c) 90 pct
oxidized.
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where O stands for the total amount of oxygen bonded
on iron in mol and Fetot for the total amount of iron
in the sample in mol. The starting value for RD is
given by the chemical analysis, whereby a RD of 0 pct
represents Fe2O3, 11.1 pct Fe3O4, 33.3 pct FeO, and
100 pct a complete transformation to Fe.

Figure 4 shows the degree of reduction against time
for the raw and oxidized magnetites at the four different
reduction temperatures used, where the light gray lines
represent the experimental curves and the black lines
demonstrate the fitted curves. The fitted curves are
obtained from the kinetic evaluation, which will be
explained in the next section. It can be seen that the
pre-oxidation significantly favors the reduction. Espe-
cially for the later stage of the reduction at the higher
temperatures 1023 K and 1098 K, an improvement in
the reduction can be observed in the case of a prior
oxidation. Without prior oxidation, the deceleration of
the reduction rate starts at a degree of reduction
between 35 and 50 pct, as given in Figure 4(a). This
flattening behavior is still given for the pre-oxidized
magnetites, but at a higher degree of reduction of 85 and
75 pct for 1023 K and 1098 K, respectively, displayed in
Figures 4(b) and (c). At 948 K, the effect of the
pre-oxidation shows a minimum, represented by the
close course of the degree of reduction for all three
materials. For the reduction temperature of 873 K, the
influence of the pre-oxidation is significant again by
means of a faster reduction. In contrast to high
reduction temperatures, an almost complete reduction
for all three materials was achieved at lower reduction
temperatures of 873 K and 948 K.

From a thermodynamic point of view, higher tem-
peratures increase the reduction rate due to the expand-
ing stability area of iron, as shown in Figure 3. This
correlation can only be seen for the experimental results
in Figure 4 at the initial stage of the reduction. For the
final stage of the reduction for experiments at higher
temperatures, the course of the degree of reduction
flattens at lower RDs compared to lower reduction
temperatures. This indicates a change in the kinetic
limitations and morphology.

Comparing the bulk material properties, the expected
reduction rate of the oxidized magnetites would be lower
compared to the raw magnetite because of the lower
porosity.

The reduction rate benefits from the high initial
porosity of the iron ore due to the facilitated perme-
ability of the reducing gas to the reaction
interface.[27,39,40]

Edström[27] demonstrated that the oxidation of mag-
netite could promote the reduction process under certain
reduction conditions. The correlation is explained by an
increasing number of imperfections due to the oxida-
tion, which accelerates the diffusion and therefore
facilitates the formation of pores during the reduction.
As a condition for the formation of pores, however, the
reduction parameters have to be set adequately for the
iron ore.

Pineau[6] and Kim[15] identified similar results to those
of this study; a lower reduction rate for the reduction of
magnetite fines at temperatures around 1023 K and
1098 K compared to 873 K and 948 K.
By means of the effect of a pre-oxidation on the

reduction behavior of magnetite iron ore ultra-fines with
hydrogen, a map can be drawn, based on the experi-
mental results in Figure 4, as illustrated in Figure 5. The
time needed to achieve a reduction degree of 65, 85, or
95 pct is plotted as a function of the degree of oxidation
and reduction temperature as a surface. For plotted data
above the experimental reduction time of 1200 seconds,
an interpolation based on the reduction rate at the final
reduction stage was applied.

B. Evaluation of the Apparent Activation Energy Using
the Model-Free Method

The reduction rate for isothermal gas-solid reactions
is obtained using the first deviation on the conversion X
plotted over time, as given in Eq. [3][39–41]:

dX

dt
¼ k Tð Þ � fðXÞ ½3�

where k(T) is the temperature-dependent reaction rate
constant and f(X) is the mathematical description of
the reaction model based on mechanistic assumptions,
as given in Table III. f(X) remains constant for a par-
ticular reduction condition.
The dependence of k(T) on the temperature is given

by the Arrhenius equation[41,42]:

k Tð Þ ¼ A�Ea=RT ½4�

where A is the pre-exponential factor, Ea is the appar-
ent activation energy, R is the gas constant and T is
the absolute temperature. The combination of Eqs. [3]
and [4] leads to Eq. [5], which enables the evaluation
of Ea via its logarithmic form given in Eq. [6]. The
evaluation is done by a linear regression of a ln(dX/dt)
plot over temperature, also known as the Arrhenius
plot, and by setting the reaction model f(X) to 1.

dX

dt
¼ A�Ea=RT � fðXÞ ½5�

ln
dX

dt

� �
¼ � Ea

RT
þ ln Að Þ þ ln f Xð Þ½ � ½6�

Figure 6 shows the reduction rates, representing dX/
dt, of the experimental results of the 90 pct oxidized
magnetite for different temperatures. It can be seen that
at higher temperatures, the reduction rate is higher at
the initial stage but decreases faster towards the final
stage of reduction. At a reduction degree around 70 pct,
the reduction rate for lower temperatures, 873 K and
948 K, is higher than for higher temperatures, 1023 K
and 1098 K, indicating different kinetic limitations for
lower and higher temperatures.
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The Arrhenius plot for different degrees of reduction
is presented in Figure 7, where the mathematical
function f(X) was set to 1, resulting in the model-free
fitting method.

The apparent activation energy against the degree of
reduction is obtained from the linear regressions and is
shown in Figure 8. As it can be seen, the course of Ea

changes with the degree of reduction. The highest values
of Ea are at the beginning of the reduction at 35 kJ/mol.
Although, it is necessary to consider the equilibrium gas
compositions, which varies with reduction temperature
and reduction progress.[24,43] This is illustrated in the
Baur–Glaessner diagram in Figure 3. A fast decrease in
Ea is exhibited until 12.5 pct RD, followed by a slow
decrease until 60 pct RD, when the slope starts to
decrease fast again. From the theoretical point of view
high values for Ea are expected at the beginning of the
reduction because of the equilibrium between Fe3O4 and
FeO. This is in line with the experimental results.
Negative values of Ea above 67.5 pct RD are a result of
the changing slope of the linear regression lines from the
Arrhenius plot in Figure 7. This is due to the differently
changing reduction rates at different temperatures,
indicated in Figure 6 and owing to the experimental
data of Figure 4(c). Negative values of Ea mean a faster
reduction at lower temperature. This phenomenon
occurs when a kinetic limitation appears at a higher
temperature.
By comparing the curve progression of Ea of the raw,

53 and 90 pct oxidized magnetite, the effect of a prior
oxidation can be pointed out, as given in Figure 9. Both
of the oxidized magnetites show a similar course,
whereby the 90 pct oxidized magnetite has significantly
lower values of Ea. Starting at 33 kJ/mol at 10 pct RD
for the 53 pct oxidized magnetite, the 90 pct oxidized
magnetite is at 30 kJ/mol. At higher degrees of reduc-
tion, the rapid decrease in Ea starts for the 53 pct

Table I. Bulk Material Properties of the Raw and Oxidized Magnetite Iron Ore Ultra-Fines

Chemical Analysis Bulk Material Properties

Raw Material Raw Material Oxidized 53 Pct OD Oxidized 90 Pct OD

Fetot (Pct Wt) 65.65 apparent density (g/cm3) 4.96 5.03 5.02
FeO (Pct Wt) 27.66 D20 (pct vol) 13.1 13.8 13.5
CaO (Pct Wt) 1.62 D50 (pct vol) 33.4 35.2 34.8
MgO (Pct Wt) 1.04 D80 (pct vol) 58.8 61.1 60.4
SiO2 (Pct Wt) 3.33 particle size distribution (lm) 0 to 125 0 to 125 0 to 125
Al2O3 (Pct Wt) 1.16 specific surface (m2/g) 0.927 0.421 0.363

Fig. 2—Layout of the thermogravimetric analyzer: 1-gas bottles;
2-mass flow controllers; 3-gas mixing unit; 4-humidifier;
5-thermocouple; 6-sample basket; 7-beam scale; 8-pressure regulator;
9-electrical heating shell; 10-process control; 11-off-gas to
atmosphere.

Fig. 3—Baur–Glässner diagram for the iron oxide reduction with
hydrogen including marks from of the testing conditions.

Table II. Testing Conditions for the Reduction Experiments

Testing Conditions

Temperature (K) 873/948/1023/1098 K
Reducing Gas (Pct Vol) 100 pct H2

Inert Gas (Pct Vol) 100 pct N2

Pressure (Bar Absolute) 1.1
Flow Rate Reducing Gas (l min�1)* 3.5
Flow Rate Inert Gas (l min�1)* 1.5
Input Mass Iron Ore (g) 2.5
Particle Size Distribution (lm) 0 to 125

*SATP: p = 1 atm, T = 298.15 K.
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oxidized magnetite about 10 pct of RD earlier, whereby
both show negative values of Ea above 67.5 pct RD. In
contrast to the oxidized magnetites, the raw magnetite
has negative values of Ea at 35 pct RD. The negative
values of Ea indicate that the assumption for the
mathematical function f(X) equal to 1 is not valid and
a change in the kinetic limitation occurs during reduc-
tion. A further study of the kinetics and morphology
should clarify negative values for Ea and the different
trends of the samples.

IV. KINETIC EVALUATION

A. Conventional Model-Fitting Method

A straightforward approach to getting access to the
predominant reaction kinetics of isothermal gas–solid
reactions is using the integration of Eq. [3] in the
following expression:

g Xð Þ ¼
Z X

0

dX

fðXÞ ¼ k Tð Þ � t ½7�

where t is the reduction time and g(X) is the integral
form of the reaction model, which is also given in
Table III. By inserting the experimental conversion, in
this case the RD, and the reduction time t into Eq. [7],
the reaction mechanism can be inferred when a straight
line is obtained. The higher the degree of linearity of the
straight line, the better the fit. This is characterized by
the coefficient of determination R2, where a value of 1
for R2 indicates a straight line. This procedure is known
as the conventional model-fitting method and enables
information about the kinetics of the reaction according
to the physical meaning behind the reaction models
identified in Table III.
Figure 10 shows the results of the conventional

model-fitting method from the reduction of the 90 pct
oxidized magnetite at 873 K. The fitting results for each
model are listed according to R2 in the legend. It can be

Fig. 4—Degree of reduction against time at different reduction
temperatures for: (a) raw magnetite; (b) 53 pct oxidized magnetite;
(c) 90 pct oxidized magnetite.

Fig. 5—Reduction performance of magnetite ultra-fine iron ore as a
function of degree of oxidation and reduction temperature with
interpolated data points above 1200 s.
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seen that five of the models fit with R2> 0.97 and two of
them even with R2> 0.99, whereby both with> 0.99 are
nucleation models. Table IV displays all fitting results of
the conventional fitting model of the conducted exper-
iments listed. It can be observed that at low reduction
temperatures, the nucleation models show a good fit. In
contrast, at higher reduction temperatures, a shift away
from the nucleation models towards geometrical con-
traction and diffusion models is given.

Because of several good fits of the experimental data
with the conventional models, it is difficult to determine
the reaction mechanism.[39] Several authors have
reported a high number of well-fitting models using
the conventional model-fitting method.[6,24,44–49]

B. Multi-Step Kinetic Analysis

A multi-step kinetic analysis, based on the model
developed by Johnson–Mehl–Avrami (JMA), was used
to identify the mechanism that controls the kinetics
during the reduction, given by Eq. [8][50–53]:

X ¼ 1� e�atn ½8�

where X is the conversion, a is the nucleation rate con-
stant, t the reduction time and n the kinetic exponent.
For the identification of the occurring rate-limiting
mechanism, the value for the kinetic exponent n is sig-
nificant. The mechanism is controlled by diffusion for
values of n less than 1, by chemical reaction kinetics

Table III. Conventional Models for Gas–Solid Reactions.[39]

Model fðXÞ ¼ 1=k � dX=dt g Xð Þ ¼ k � t

Phase-Boundary Controlled/Geometrical Contraction Models
Mass Transport (PB1) 1 X
Contracting Area (PB2) 2 � ð1� XÞ1=2 1� ð1� XÞ1=2
Contracting Volume (PB3) 3 � ð1� XÞ2=3 1� ð1� XÞ1=3

Diffusion Models
1-D Diffusion (D1) 1=ð2 � XÞ X2

2-D Diffusion (D2) 1=½�ln 1� Xð Þ� 1� Xð Þ � ln 1� Xð Þ þ X
3-D Diffusion – Jander (D3) 3=2 � 1� Xð Þ2=3 � ½1� 1� Xð Þ1=3� ½1� ð1� XÞ1=3�

2

3-D Diffusion – Ginstling (D4) 3=2 � ½ 1� Xð Þ�1=3 � 1� 1� 2=3 � X� 1� Xð Þ2=3
Reaction Order Models
First Order (R1) 1� X �lnð1� XÞ
3/2 Order (R1.5) ð1� XÞ3=2 2 � ½ 1� Xð Þ�1=2 � 1�
Second Order (R2) ð1� XÞ2 ð1� XÞ�1 � 1
Third Order (R3) ð1� XÞ3 1=2 � ½ð1� XÞ�2 � 1�

Nucleation Models
Avrami–Erofeyev 1.5 (A1.5) 3=2 � 1� Xð Þ � ½�lnð1� XÞ�1=3 ½�lnð1� XÞ�2=3
Avrami–Erofeyev 2 (A2) 2 � 1� Xð Þ � ½�lnð1� XÞ�1=2 ½�lnð1� XÞ�1=2
Avrami–Erofeyev 3 (A3) 3 � 1� Xð Þ � ½�lnð1� XÞ�2=3 ½�lnð1� XÞ�1=3
Avrami–Erofeyev 4 (A4) 4 � 1� Xð Þ � ½�lnð1� XÞ�3=4 ½�lnð1� XÞ�1=4

Fig. 6—Comparison of the reduction rate against degree of
reduction of the experimental results of the 90 pct oxidized
magnetite iron ore ultra-fines.

Fig. 7—Arrhenius plot at defined degrees of reduction of the
experimental results of the 90 pct oxidized magnetite iron ore
ultra-fines.
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for values of n close to 1, and by nucleation for values
greater than 1.5; n = 1.5 represents a zero-nucleation
rate, between 1.5 and 2.5 represents a decreasing
nucleation rate, n = 2.5 represents a constant nucle-
ation rate and above 2.5 an increasing nucleation
rate.[24,54,55] According to Eq. [9], rate constant k
depends on a and n and can be determined as follows:

k ¼ a
1
n ½9�

For the evaluation of more than one controlling
mechanism acting in parallel, a combination of three
mechanisms, based on Eq. [8], is used[24,56]:

Xt ¼ X0 þ w1 1� e�a1t
n1

� �
þ w2 1� e�a2t

n2
� �

þ w3 1� e�a3t
n3

� �
½10�

where Xt is the total conversion, X0 is the initial con-
version depending on the input material, and w1;2;3,
a1;2;3 and n1;2;3 are the weight factors, nucleation rate
constants and kinetic exponents of the three reaction
mechanisms, respectively. The sum of the weight fac-
tors w1;2;3 has to be 1, where 1 represents a complete
conversion. For this study, the boundaries for the
kinetic exponent are from 1 to 1.15 for n1, 0.55 to 0.66
for n2 and 1.5 to 4 for n3 in order to clearly differenti-
ate between the reaction mechanisms. The boundaries
chosen were checked by applying the conventional
model-fitting method to the JMA model from Eq. [8].

Fig. 8—Apparent activation energy against degree of reduction
starting at 5 pct RD of the experimental results of the 90 pct
oxidized magnetite iron ore ultra-fines.

Fig. 9—Comparison of apparent activation energy against degree of
reduction of the raw, 53 and 90 pct oxidized magnetite iron ore
ultra-fines.

Fig. 10—Conventional model-fitting of the reduction experiment of
90 pct oxidized magnetite with hydrogen at 873 K including R2 as
an indicator for the degree of linearity. (a) PB and D models. (b) R
and A models.
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This approach is in the style of the method developed
by Hancock and Sharp, which identifies the kinetic
exponent by fitting the JMA model to conventional
models.[46,48,57]

The curve-fitting procedure of the experimental
results was conducted using MATLAB� R2020b by
varying w1;2;3, a1;2;3 and n1;2;3 as the fitting parameters.
This was in order to minimize the root mean square
deviation (RMSD) of the values from the experimental
curve xexp and the calculated model xcalc, as shown in
Eq. [11], where m is the number of data set points[46]:

RMSD ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
xcalc:� xexp
� �2

m� 1

s
½11�

Various authors have used a similar approach to
analyze the limiting mechanisms of the reduction of iron
oxides.[24,44–46,48,55,56,58–60]

Due to the boundaries chosen for the kinetic expo-
nents n1;2;3, the fitting proceeds mainly by varying the
weight factors w1;2;3 between 0 and 1, where the sum of
all three is 1, and by varying the nucleation rate
constants a1;2;3 between 10E�08 and 1. The starting
values were varied within the boundaries of the fitting
procedure, where the resulting fitting parameters did not
vary significantly with different initial choices.

In contrast to the assumptions made for the kinetic
expressions, the particles used for the experiments are
not monodisperse spheres without impurities. Instead, a
particle size distribution with irregularly shaped parti-
cles is given with gangue material. In addition, the
smaller particles reduce faster compared to bigger
particles.[14,39,48] Consequently, the suggested rate-limit-
ing mechanism for the reduction of iron ores varies
among different authors.[6,49]

Figure 11 shows representative examples of the results
from the fitting procedure, using the multi-step kinetic
analysis based on the JMA model plotted as degree of
reduction, representing the conversion. A similar model

constellation is obtained for raw and both oxidized
magnetites for reduction temperatures of 873 K and
948 K, which is illustrated with the raw and 90 pct
oxidized magnetite at 873 K in Figures 11(a) and (b),
respectively. At low temperatures, the kinetic analysis
reveals that the reduction is controlled by chemical
reaction at the initial stage. This is indicated by an
initially strong increase of the chemical reaction mech-
anism curve with an n-value of n1 close to 1. The later
stage of the reduction is controlled by nucleation,
represented by an increasing course of the nucleation
mechanism curve with an n-value of n2 in the range of 2.
The diffusion mechanism, expressed by the dashed line
curve with an n-value of n3 in the range of 0.6, does not
contribute to the fit at all. At higher temperatures, the
controlling mechanism for the initial and later stages of
the reduction of raw magnetite is mainly diffusion. This
is illustrated in Figure 11(c) with the dominant course of
the diffusion mechanism curve compared to the curves
of chemical reaction and nucleation mechanisms. The
kinetic limitation changes by a prior oxidation towards
a mixture of all three mechanisms at the initial stage, for
both 53 and 90 pct OD. This is indicated by a strong
increase in all three mechanism curves at the beginning,
which is represented by the 90 pct oxidized magnetite in
Figure 11(d). For the later stage, the controlling
mechanism is diffusion, represented by an increasing
course in the diffusion mechanism curve. These findings
show a good agreement with those obtained from the
conventional model-fitting method. The results from the
fitting procedure of the multi-step kinetic analysis for
the raw and oxidized magnetites as a function of the
temperatures are listed in Table V.
Kuila[61] reported similar results for the kinetic

analysis of the reduction of magnetite ore fines with
hydrogen at temperatures of 973 K to 1273 K. The
reduction of raw magnetite at higher temperatures
follows a limitation by diffusion at the initial and later
stages.

Table IV. Coefficient of Determination for the Model-Free Fitting Analysis of the Experimental Data

Model

90.1 Pct OD 53.3 Pct OD 1.8 Pct OD (Raw Magnetite)

600 675 750 825 600 675 750 825 600 675 750 825

PB1 0.718 0.670 0.659 0.598 0.861 0.747 0.637 0.697 0.972 0.812 0.834 0.814
PB2 0.888 0.856 0.866 0.836 0.978 0.911 0.842 0.898 0.996 0.951 0.969 0.958
PB3 0.953 0.923 0.936 0.912 0.997 0.962 0.910 0.948 0.976 0.985 0.988 0.975
D1 0.794 0.762 0.765 0.723 0.931 0.834 0.751 0.825 0.984 0.897 0.941 0.941
D2 0.863 0.855 0.871 0.856 0.972 0.910 0.865 0.930 0.959 0.957 0.992 0.993

D3 0.972 0.984 0.993 0.981 0.950 0.987 0.977 0.970 0.818 0.972 0.939 0.918
D4 0.909 0.913 0.931 0.925 0.984 0.951 0.926 0.972 0.929 0.982 0.998 0.994
R1 0.948 0.957 0.953 0.916 0.910 0.961 0.918 0.896 0.811 0.934 0.883 0.854
R1.5 0.396 0.076 0.076 0.047 0.070 0.080 0.041 0.032 0.018 0.052 0.030 0.026
R2 0.160 0.004 0.004 0.003 0.004 0.004 0.003 0.003 0.003 0.003 0.003 0.003
R3 0.054 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.002 0.003 0.003 0.003
A1 0.992 0.965 0.969 0.934 0.977 0.984 0.932 0.937 0.931 0.982 0.952 0.928
A2 0.999 0.947 0.953 0.916 0.991 0.976 0.911 0.929 0.969 0.981 0.960 0.936
A3 0.988 0.910 0.914 0.874 0.983 0.948 0.866 0.897 0.980 0.955 0.941 0.915
A4 0.972 0.882 0.883 0.841 0.967 0.924 0.832 0.868 0.971 0.929 0.918 0.889
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Using a similar kinetic analyzing method, but a
fluidized bed reactor as the testing facility and a
hematite-based iron ore with a particle size distribution
between 250 and 500 lm, Spreitzer and Schenk identi-
fied comparable results for the initial stage of the
reduction with hydrogen. At low reduction tempera-
tures, the initial stage of the reduction proceeds corre-
spondingly to chemical reaction, which changes towards
diffusion for higher temperatures. For the final stage,
different limiting mechanisms were reported, a possible
reason for this being the limitation of the gas flow in the
fluidized bed and the thermodynamic aspects according
the Baur–Glässner diagram in Figure 3.[24]

Kim[15] analyzed the formation of iron morphologies
in regard to the limiting kinetic steps for the hydro-
gen-based reduction of magnetite compacts made of a
magnetite powder with particles< 100 lm in size in a
temperature range of 773 K to 1273 K. They observed
that for high reduction temperatures, a change in the
kinetic limitation from a mixture of gaseous mass

transport and interfacial chemical reaction to solid-state
diffusion of oxygen occurs. For low reduction temper-
atures, no change occurs and therefore no retardation of
the reduction progress, either. This was confirmed by a
porous iron morphology for low and a dense iron
morphology for high reduction temperatures. These
findings are in line with the results of this study as well
as with the work of Fruehan.[14] He found that the
retardation of the hydrogen-based reduction progress is
due to the formation of a dense iron shell around the
wüstite grains, which results in a limitation by oxygen
diffusion through iron.

V. MORPHOLOGICAL ANALYSIS

To confirm the results of a kinetic study, a straight-
forward approach in the field of iron ore reduction is to
analyze the morphology of the reduced sam-
ples.[6,14,15,24] Figures 12 and 13 show the polished

Fig. 11—Fitting results of the multi-step kinetic analysis based on the JMA model at a reduction temperature of 873 K for (a) raw and (b)
90 pct oxidized magnetite and at 1098 K for (c) raw and (d) 90 pct oxidized magnetite.
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microsections after reduction and at a degree of reduc-
tion of approximately 50 pct, respectively, obtained
from the reduction at 873 K and 1098 K. The iron
appears white and the remaining wüstite gray. In the
case of a low reduction temperature, the type of iron
morphology formed is highly porous for both raw and
oxidized magnetites, as given in Figures 12(a) through
(c). Thus, pre-oxidation of the magnetite has no
significant influence at low reduction temperatures.
The nucleation points for the formation of the first iron
are mainly at the surface of the dense wüstite particles
for both raw and oxidized magnetites, as shown in
Figures 13(a) through (c). In the case of higher reduction
temperatures, a prior oxidation of the magnetite changes
the iron morphology obtained from a dense iron layer
around a dense wüstite core to many small coarsely
porous wüstite cores with a dense iron layer, as
exhibited in Figures 12(d) through (f). For the raw
magnetite, the first iron is only formed at the surface of
the dense wüstite particles, which can be observed in
Figure 13(d). In comparison to both oxidized mag-
netites, illustrated in Figures 13(e) and (f), the nucle-
ation points of the first iron are evenly distributed in the
coarsely porous wüstite particles.
According to literature, for the reduction of iron

oxides, three different types of iron morphologies,
porous, dense and fibrous (whisker), as well as a
mixture, have been observed.[17,62,63] The type of iron
morphology depends not only on the process conditions
such as temperature and gas composition, but also on
the characteristics of the iron oxide.[17,27,28,63]

Focusing on the hydrogen-based reduction, several
authors have reported that gases containing high
amounts of hydrogen lead to a porous iron
growth.[64–68] By increasing the amount of H2O in the
reducing gas, some authors[14,15,63–68] have identified
porous and dense iron as a layer around the remaining
wüstite, but no whisker at all. In contrast, Moujahid and
Rist[28] and Gransden and Sheasby[69] reported the
formation of iron whisker for hydrogen/water vapor
gas mixtures, whereas Gransden and Sheasby also found
iron whisker for the reduction with pure hydrogen.[28,69]

St. John et al.[62,64,66] claimed that the breakdown of the
dense iron layer, due to the bursting of the gaseous
reaction product H2O, is a prerequisite for the porous
iron morphology for the hydrogen-based reduction of
wüstite. However, this theory is not supported by
Moujahid and Rist.[28] Moujahid and Rist[28] as well as
Nicolle and Rist[63] found that in order to obtain a
porous iron morphology, the relationship between the
process conditions and nuclei sites of the iron oxide is
critical, which is supported by the findings in this study.
The reduction mechanism for the reduction of Fe2O3 to
Fe with hydrogen proceeds at temperatures above
843 K of via Fe3O4 and FeO, according to thermody-
namic calculations. For a porous iron morphology, a
low reduction rate at the initial stage of the reduction is
required to avoid an iron ion built-up in the wuestite,
which is given for a limitation due to chemical reaction.
Thus, the generated amount of iron ions fits to the
number of nuclei sites. At increased temperatures the
reduction rate increases and an iron ion built-up in the
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wuestite occurs, which is given for a limitation due to
diffusion. In combination with less preferred nuclei sites,
too many iron ions are generated compared to the nuclei
sites, which leads to a dense iron shell. The oxidized
samples showing magnetite particles covered with
hematite and hematite needles inside the particle. As

mentioned, the reduction of the hematite proceeds at
first, which has to affect the number of nuclei sites for
the iron ions, as illustrated in Figure 13(e) and (f).
The findings in this study show that a porous iron

morphology is achieved when the reduction proceeds
mainly corresponding to the chemical reaction mecha-
nism at the initial stage, given at low reduction
temperatures of 873 K and 948 K for both raw and

Fig. 12—Polished microsections after the reduction with hydrogen at a reduction temperature of 873 K for (a) raw; (b) 53 pct; (c) 90 pct and at
1098 K for (d) raw; (e) 53 pct; (f) 90 pct.
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oxidized magnetite ultra-fine iron ores. The work of
Kim et al.[15] confirms the results presented in this study
for the reduction of magnetite with hydrogen at given
temperatures. Matthew and Hayes[66,67] found porous
iron for the reduction of magnetite with hydrogen at
similar low reduction temperatures. At increased reduc-
tion temperatures of 1023 K and 1098 K, the effect of a
prior oxidation leads to a change in the kinetic

limitation. The change is given at the initial reduction
stage from mainly diffusion controlled for raw magnetite
to mixed controlled for oxidized magnetite, thus chang-
ing the iron morphology. According to Edström,[27] this
kinetic transformation is because of the coarsely porous
wüstite obtained during the reduction of oxidized
magnetites. The iron morphology is dense for both
raw and oxidized magnetites, but instead of a dense

Fig. 13—Polished microsections at appr. 50 pct RD reduced with hydrogen at a reduction temperature of 873 K for (a) raw; (b) 53 pct; (c)
90 pct and at 1098 K for (d) raw; (e) 53 pct; (f) 90 pct.
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wüstite, a coarsely porous wüstite is given for the
oxidized magnetites, as seen in Figures 13(e) and (f). As
a result, the kinetic limitation is different for the initial
reduction stage and similar for the final reduction stage.
According to Nicolle and Rist,[63] the controlling mech-
anism for dense iron is at the initial stage of the
reduction diffusion. This means that due to the reduc-
tion process on the outer surface, the inward transport
of iron ions from the surface is negligible compared to
the generation of iron ions. Therefore, the iron ion
build-up at the surface leads to a dense iron layer,
resulting in the retardation of the reduction due to the
limitation of diffusion through the dense iron layer.

VI. CONCLUSIONS

The influence of pre-oxidation on the reduction
behavior of magnetite ultra-fine iron ores by means of
kinetics and iron morphology was investigated using
hydrogen as reducing agent at temperatures from 873 to
1098 K in a thermogravimetric analyzer. The apparent
activation energy was studied according to the model-
free method as a function of the degree of reduction.
The kinetic analysis was performed by two methods: the
conventional model-fitting method and the multi-step
method, based on the Johnson–Mehl–Avrami model, to
determine the limiting mechanism during reduction. The
results of the kinetic analysis were checked by the
morphology of the iron formed using polished micro-
sections. The following conclusions can be drawn:

1. The reducibility of magnetite ultra-fines is signifi-
cantly favored by a prior oxidation, especially at
higher reduction temperatures. The higher the oxi-
dation degree, the higher the reduction rate.

2. At a moderate reduction temperature of 948 K, a
minimum effect for both the influence of the oxida-
tion and the required time to reach a degree of
reduction of 95 pct were found.

3. The apparent activation energies show negative val-
ues for both raw and oxidized magnetite ultra-fines
due to the faster reduction at lower temperatures,
depending on the degree of reduction. The pre-oxi-
dation delays the point of RD at which the apparent
activation energy turns negative.

4. The controlling mechanisms are observed to vary
with a prior oxidation and with temperature. At low
reduction temperatures of 873 K and 948 K, the
reduction is limited mainly by chemical reaction for
the initial stage and by nucleation for the final stage,
for both raw and oxidized magnetite iron ore ul-
tra-fines. The reduction of raw magnetite at higher
temperatures, 1023 K and 1098 K, is mainly con-
trolled by diffusion, for both the initial and later
stages. Oxidized magnetite reduced at these temper-
atures is mixed-controlled at the initial stage, but still
diffusion-controlled for the later stage.

5. Morphological analysis confirms the kinetic evalua-
tion. Porous iron morphology is formed at low
reduction temperatures of 873 K and 948 K for both
raw and oxidized magnetite iron ore ultra-fines. A

dense iron layer around a remaining dense wüstite
core is formed for the reduction of raw magnetite at
higher temperatures, 1023 K and 1098 K. Many
small coarsely porous wüstite cores with a dense iron
layer are also formed for the reduction of oxidized
magnetite at these temperatures.

6. For a hydrogen-based direct reduction technology to
process magnetite iron ore ultra-fines, lower reduc-
tion temperatures and a prior oxidation are recom-
mended, whereby a high degree of oxidation is not
necessary.
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