
 
 

Delft University of Technology

Review and data evaluation for high-temperature reduction of iron oxide particles in
suspension

Chen, Zhiyuan; Zeilstra, Christiaan; van der Stel, Jan; Sietsma, Jilt; Yang, Yongxiang

DOI
10.1080/03019233.2019.1589755
Publication date
2020
Document Version
Final published version
Published in
Ironmaking and Steelmaking

Citation (APA)
Chen, Z., Zeilstra, C., van der Stel, J., Sietsma, J., & Yang, Y. (2020). Review and data evaluation for high-
temperature reduction of iron oxide particles in suspension. Ironmaking and Steelmaking, 47(7), 741-747.
https://doi.org/10.1080/03019233.2019.1589755

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1080/03019233.2019.1589755
https://doi.org/10.1080/03019233.2019.1589755


Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=yirs20

Ironmaking & Steelmaking
Processes, Products and Applications

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/yirs20

Review and data evaluation for high-temperature
reduction of iron oxide particles in suspension

Zhiyuan Chen , Christiaan Zeilstra , Jan van der Stel , Jilt Sietsma & Yongxiang
Yang

To cite this article: Zhiyuan Chen , Christiaan Zeilstra , Jan van der Stel , Jilt Sietsma & Yongxiang
Yang (2020) Review and data evaluation for high-temperature reduction of iron oxide particles in
suspension, Ironmaking & Steelmaking, 47:7, 741-747, DOI: 10.1080/03019233.2019.1589755

To link to this article:  https://doi.org/10.1080/03019233.2019.1589755

© 2019 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group

Published online: 21 Mar 2019.

Submit your article to this journal Article views: 1481

View related articles View Crossmark data

Citing articles: 1 View citing articles 

https://www.tandfonline.com/action/journalInformation?journalCode=yirs20
https://www.tandfonline.com/loi/yirs20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/03019233.2019.1589755
https://doi.org/10.1080/03019233.2019.1589755
https://www.tandfonline.com/action/authorSubmission?journalCode=yirs20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=yirs20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/03019233.2019.1589755
https://www.tandfonline.com/doi/mlt/10.1080/03019233.2019.1589755
http://crossmark.crossref.org/dialog/?doi=10.1080/03019233.2019.1589755&domain=pdf&date_stamp=2019-03-21
http://crossmark.crossref.org/dialog/?doi=10.1080/03019233.2019.1589755&domain=pdf&date_stamp=2019-03-21
https://www.tandfonline.com/doi/citedby/10.1080/03019233.2019.1589755#tabModule
https://www.tandfonline.com/doi/citedby/10.1080/03019233.2019.1589755#tabModule


REVIEW

Review and data evaluation for high-temperature reduction of iron oxide particles
in suspension
Zhiyuan Chen a, Christiaan Zeilstrab, Jan van der Stelb, Jilt Sietsmaa and Yongxiang Yang a

aDepartment of Materials Science and Engineering, Delft University of Technology, Delft, Netherlands; bR&D Ironmaking, Tata Steel, IJmuiden,
Netherlands

ABSTRACT
High-temperature reduction processes of iron oxide particles suspension are promising in carbon
emission abatement. Recently, researchers have contributed abundant knowledge of the reaction
mechanism and kinetics of iron oxide particles above 1473 K, while there was very limited
information 10 years ago. Although the understanding of the high-temperature reduction of iron
oxide particles is still not comprehensive, a brief review of the academic reports is helpful for the
future work on this topic. The high-temperature reduction of iron oxide suspension is characterized
by having: rapid reaction, obvious thermal decomposition and melting process. Evaluation of the
kinetic data shows that the reduction process of single particles is not rate-determined by the
diffusion process at the studied temperatures. The reaction rate constant is within 10−2–10 s−1 in
these studies. Furthermore, comparing previous studies in iron oxide reduction field, the phase
transformation and effect of gangue minerals to the reduction of iron oxide particles above 1473 K
requires more input and research.
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Introduction

Nowadays, reducing CO2 emission is one of the most impor-
tant tasks of the ironmaking industry. To cut down CO2 emis-
sion, technological innovation of the production process is
critical for the industry. The European Union supports the
development of HIsarna as an emerging alternative ironmak-
ing process. As a part of ULCOS (Ultra-Low CO2 Steelmaking)
programme [1], a reduction up to 80% CO2 by HIsarna is inves-
tigated by Tata Steel, IJmuiden. HIsarna uses a smelt cyclone
for iron ore pre-reduction and a smelting reduction vessel
for final reduction. Fine iron oxide particles are injected into
the smelt cyclone, pre-reduced and molten in suspension.
After hitting the wall of the reactor, the melt falls into the
smelting reduction vessel underneath. The temperature of
the reacting gas in the cyclone can be up to about 1673–
2273 K. Recently, in the USA, an alternative suspension
reduction process of magnetite ore particles has been pro-
posed by Sohn [2] with the support of AISI steel industry par-
ticipants and US Department of Energy. In that reactor, iron
oxide concentrates were directly reduced by gaseous redu-
cing agents. The reaction temperature reached 1673 K [3]
and even higher. A considerable CO2 emission reduction
and energy saving are expected for this process [4]. Both pro-
cesses are based on the (partial) reduction in suspension of
fine iron oxides at high temperature. The suspension
reduction is defined as ‘the direct gaseous reduction of fine
ore concentrates which are transported by gases’, which is
modified from the definition by Park and Jung [5]. Moreover,
researchers are developing other sustainable metallurgical
processes based on high-temperature suspension reduction
technologies as well. Xu et al. [6,7] studied the reduction
behaviour of blast furnace dust during the suspension

reduction process to explore the possibility of this technology
in treating solid wastes.

To optimize all of these high-temperature processes,
fundamental data of reduction kinetics, as critical information,
is essential and necessary. Phase transformation processes
and the effect of other minerals to the reduction are also
important. However, the reduction of iron oxide particles at
such high temperature is rarely discussed and summarized
in the previous reports. The purpose of this paper is to
provide a brief review and overall evaluation of recent
works on the reduction in suspension of iron oxides, with
the comparison of previous studies at lower temperatures.

Phase transformation

It is well known that the reduction of pure haematite follows
three steps: Fe2O3→ Fe3O4→ FeO→ Fe. The corresponding
reduction degrees are 0%→11%→33%→100%, respect-
ively. Here, the reduction degree is defined as the ratio of
the loss of oxygen in the reduction to the total content of
oxygen in haematite. At a specified temperature, the termin-
ation of the reaction is expected to be the equilibrium state to
achieve the highest utilization of reducing gas. Therefore,
reduction analysis is always based on the equilibrium
diagram of the Fe–O system [8,9]. Temperature and gas com-
position are the two important factors to the equilibrium state
of iron oxides. For complex gas mixtures, PCR (post combus-
tion ratio, which is defined as (CO2%+H2O%)/(CO%+H2%+
CO2%+H2O%) in volume) is particularly used to characterize
gas composition in industry. The equilibrium reduction
degree of iron oxides is inversely proportional to the PCR
value. A decrease of PCR value from 85% to 36% could
promote the reduction degree of iron oxides from 23.3% to
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29.7% at 1650 K [10]. The reduction from haematite to magne-
tite only needs a very low concentration of reducing gas
according to the equilibrium diagram of Fe–O system.
Especially, haematite thermally decomposes to magnetite in
an inert gas or even in an oxidizing gas at high temperature.
The decomposition becomes obvious from around 1500 K
[11]. Therefore, it comes to the first characteristic of the
reduction of haematite particles at high temperature, which
contains two parts: thermal decomposition and chemical
reduction above 1500 K.

Thermal decomposition is the principal reaction at the
initial 202 ms, during which time the reduction degree
reaches about 3–11% in a high-temperature drop-tube
furnace from 1650 to 1800 K under inert gas condition [11].
This result indicates that the reaction during thermal
decomposition of haematite is principally the reduction
from haematite to magnetite. Accordingly, the chemical
reduction is mainly the reduction from magnetite to
wüstite. According to the result, one could know the second
characteristic of the reduction of haematite particles at high
temperature that the reaction can be fast enough to reach
the reaction end point within seconds around 1750 K [12].

Since the melting point of wüstite is 1650 K, which is much
lower than haematite and magnetite, the particles start
melting when wüstite forms in the reaction. With other min-
erals inside the ore, the liquidus temperature of the ore
could be even lower. The research from Qu et al. [10] uncov-
ered the melting behaviour of the reduced iron oxides in the
experiments. A complete melting down of all particles was
observed at 1700 K when the particle residence time was
above 970 ms. It comes to the third characteristic that
reduction of iron oxides accompanies melting above 1650 K.

Among the above three characteristics, the first and the
third one can be predicted from the thermodynamic
diagram of Fe–O system (Figure 1). Besides, it is noted that
in this thermodynamic diagram there are three predominant
areas for lath magnetite [13–15], and dense and fibrous met-
allic iron [16]. The three products mentioned above have not
been taken into consideration at high temperatures (>1500 K)
for the reason that, experimentally, the lath magnetite was
observed below 1473 K with low reducing potential [13,17],
layered-dense iron between 873 and 1023 K, and fibrous
iron between 973 and 1273 K [16,18]. Hereby, it is expected
that only porous magnetite and porous iron would form in

the reduction at a high temperature above 1273 K. By the
way, fibrous iron is well known for causing swelling of iron
ore pellets [19] and sticking of particles [20]. The possibility
of agglomeration of iron oxide particles by the hookup of
fibrous iron in high-temperature drop-tube furnace or smelt-
ing cyclone reactor is expected to be unlikely according to the
above analysis. In a special case, Seaton et al. [21] claimed that
‘dendritic like’ iron filamentary was found at a temperature
higher than 1273 K, which requires further verification.

At high temperature, besides solid phase transformation,
melting produces a matte surface of the particles with the
molten products as mentioned before. External mass transfer
controls the overall rate of the reaction when the particle
temperature is above the melting point, while it is controlled
by the intrinsic kinetics below the melting point [23]. The
liquid slag could block pores and then decrease the reduction
process. Nakamoto et al. [24] found that during the reduction
of FeO, compact, smaller poreswereblockedfirst thereby slightly
decreasing the reducibility. However, the reducibility got much
worse when the larger pores were filled with liquid slag.

Different from the pure haematite, minor contents of
gangue minerals are present in commercial ore particles. It
could result in different phase transformation mechanisms
during the reduction process, which further affects the
melting behaviour and reduction kinetics. The phase trans-
formation mechanism contains two aspects, the reduction
sequence and the characteristics of the topochemical
reduction interface. Maeda and Ono [25] studied the reduction
sequence and reduction equilibrium of CaO–Fe2O3–Al2O3

ternary calcium ferrite with CO–CO2 mixture. It was found
that a higher equilibrium CO content is needed to reduce
the 2 mass% Al2O3 containing calcium ferrite than the CaO–
Fe2O3 binary to reach the same reduction degree, but no
obvious difference between their crystal structures was
found. For the CaO–Fe2O3 binary, many intermediate products,
such as CaO·FeO·Fe2O3, CaO·3FeO·Fe2O3, FeO and 2CaO·Fe2O3,
were formed in the reduction process. However, in the qua-
ternary calcium ferrite, CaO–Fe2O3–SiO2–Al2O3, it forms an
iron oxide phase based solid solution rather than intermediate
complex oxides [26]. It could be due to the complex inter-
action of different phases present in the ore.

Usually, the topochemical reaction in the form of the
reduced shell covering on the un-reacted core is one of the
most frequently observed phenomena in studies, regardless
of the reaction temperature [12,27]. Shrinkage of the un-
reacted core is accompanied by increasing reduction degree
in this process. A kinetic model can be established based on
the inward moving of the chemical reaction interface in the
particle. In contrast, if the reduced phase is dispersed through-
out the particle, the kinetic model should be different [28–30].
At last, the melting process also will lead to a series of issues to
be studied. The SEM photos of reduced molten wüstite in CO
gas showed that metallic iron parts are dispersed in the unre-
duced part [31–33], where the appreciable diffusion resist-
ances of species in the molten slag phase needs to be
considered in the kinetic analysis. Furthermore, the interface
of the reduced core is moving outward during the reaction,
which implies a different kinetic mechanism.

Iron oxides suspension reduction kinetics

While there are many studies on the reduction from wüstite to
iron [31–38] and reduction of iron oxides from 673 to 1473 K,

Figure 1. Predominant phase diagram of iron oxide in CO-CO2 atmosphere
[12,15,22].
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this work focusses on the suspension reduction process of
haematite and magnetite above 1473 K for emerging alterna-
tive ironmaking processes. A reaction kinetics study is a basis
for a study of the whole reaction process. For instance, a com-
putational fluid dynamics (CFD) study is the principal method
to optimize the parameters of reactor and operation process,
and reduction kinetic formula and related parameters are cri-
tically needed for successful CFD studies [39–42].

Usually, the kinetic model of reactions would change with
increasing temperature. At low temperature, e.g. the study of
Gao et al. [43] on the reduction of haematite in H2 and CO
(temperature range was from 873 to 1373 K) indicates that
the internal mass transfer is the reaction rate determining
step. However, it is rare to be proposed as the rate-determin-
ing step above 1473 K.

As mentioned in the previous section, the reduction of
haematite above 1650 K contains thermal decomposition
and chemical reduction. A kinetic study of Salmani et al.
[44] on thermal decomposition of haematite particles indi-
cated that haematite could be thermally decomposed to
magnetite in either inert gas and air atmosphere. They
suggested the apparent activation energy of the reaction to
be 324 and 382 kJ/mol in inert gas and air atmosphere
based on the thermogravimetric results, respectively. The
experimental results of differential scanning calorimetry indi-
cated a higher value for the reaction process: 424 and 594 kJ/
mol in inert gas and air atmosphere, respectively. The chemi-
cal reaction was proposed to be the reaction rate-determining
step in his work. Unfortunately, to the knowledge of the
authors, there is no more experimental study on kinetic analy-
sis of thermal decomposition.

Qu et al. [12,45] studied the chemical reduction rate of hae-
matite from 1550 to 1750 K. The reaction rate determining
step of both solid–gas reaction below 1650 K and liquid–gas
reaction above 1650 K is the interfacial chemical reaction.
Their study also indicated a linear relationship of the rate con-
stant of solid–gas reaction to the partial pressures of CO and
H2. Moreover, the relationship of reaction rate constant of
solid–gas reaction with temperature is as follows:

k = 9.36× 106 exp
−2.70× 105

RT

( )
, (1)

where the k is the rate constant, R is the gas constant
(8.314 J/mol/K), and T is the temperature in K. It shows that

the reaction activation energy is 270 kJ/mol. Based on this
value, they suggested that the rate determining step in the
view of micro-kinetics should be the mass transport of
cations and electrons along the reaction interfaces. The acti-
vation energy of liquid–gas reaction has not been reported
in their publication, but the rate of it has been proposed to
be of the order of 10−2 s−1 [12,45].

Choi [3,46] studied the hydrogen reduction of magnetite
concentrate in suspension (25–32 μm) at different tempera-
tures. According to his prediction, the complete reduction
time of a magnetite particle with Φ = 15 μm would be
around 10−3 s at 1473 K if the reaction rate determining
step is external or internal mass transfer. Based on the calcu-
lation result, he suggested that the reduction rate of iron ore
concentrate from 1473 to 1673 K was controlled by a chemical
reaction. He found a curious phenomenon that the depen-
dence of reduction rate on temperature between 1673 and
1773 K was weaker than that in the lower temperature
range. He implied this to be the effect of particle morphology
variation. It is compatible with the analysis of Nakamoto et al.
[24]. Moreover, it was expected that higher temperature
would heavily elevate the reaction rate due to the full
melting of particles [3,46].

Unfortunately, he did not report the reaction rate constant.
Therefore, the data of the reduction degree in his thesis was
reanalyzed in this review to figure out the kinetic parameters.
WebPlotDigitizer 3.10 developed by A. Rohatgi was employed
to extract data from the published figures. The un-reacted
core shrinking model (UCSM) [29,47] was used for the
kinetic analysis in order to keep consistent with Qu’s analysis
result [12,45]:

1− (1− x)1/3 = kt, (2)

where x is the reduction degree and t is time in s. The result
(see Figure 2) shows that the model fits the experimental
data very well. ‘% excess H2

’ in the figure means the amount
of hydrogen fed into the reactor other than the minimum
amount of hydrogen for complete reduction of magnetite
to metallic iron. One could notice that some series of data
contains only two points (exclude the origin), which may
result in larger calculation error for the reaction rate constants.
Owing to a lack of data at 1773 K, the corresponding reaction
rate constant could only be estimated to be lower than
0.765 s−1. The Arrhenius formula is employed to calculate

Figure 2. Hydrogen reduction rate of magnetite concentrate in high-temperature drop-tube reactor system (0.85 atm).
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the apparent activation energy of the reduction. As shown in
Figure 3, it indicates that the value of apparent activation
energy varies with different % excess hydrogen. The reason
could be that relatively high content of water vapour in 0%
excess hydrogen depressed the reducing potential in the sur-
rounding atmosphere of the ore significantly. Moreover, the
reducing potential kept decreasing along with the reduction
process. This decreasing rate was higher when the reaction
rate was faster at a higher temperature, working as negative
feedback to the reaction rate. As a result, the apparent acti-
vation energy, which is the effect of temperature on the reac-
tion rate, has been reduced to be 45.1 ± 13.1 kJ mol−1.
Therefore, we recommend the data with 224% excess hydro-
gen as the apparent activation energy of magnetite in pure
hydrogen, which is 117.2 ± 0.8 kJ mol−1.

Wang [48,49] continued Choi’s work on the study of mag-
netite concentrate. A detailed kinetic analysis was carried out
in his thesis. He suggested the reduction kinetics of ore in sus-
pension above 1423 K should be:

[− ln (1− x)]1/2 = 9.9× 1014 exp (4.63× 105/RT )[p1/2H2

− (pH2O/K)
1/2]dst, (3)

where,

s = 2.73× 108

T2
− 345930

T
+ 109.5 T = 1423 � 1573K ,

s = 0 T ≥ 1573K ,

(4)

where p is pressure in reactor atmosphere in atm, d is mean
size of particles in µm, T is in K, t is in s, and K is the equilibrium
constant for hydrogen reduction of FeO under the assump-
tion that the reduction from FeO to Fe is equilibrium-limited.

This equation is a nucleation and growth model with
Avrami parameter of n = 2. According to Equation (3), the acti-
vation energy of the overall reaction was determined to be
463 kJ mol−1. This value is much higher than the one calcu-
lated on basis of the data of Choi (being 117.2 kJ mol−1)
because different models were employed in the calculation.
The effects of particle size, hydrogen partial pressure, equili-
brium constant and temperature are included in this
equation. For high % excess hydrogen ambience, the
influence of equilibrium constant could be ignored. It
should be noticed that the content of gangue varied with
the change of particle size in the experiment, which could

be one of the principal reasons of the increase of reaction
rate with the particle size at low temperatures as Equation
(4) shows [48,49].

The reduction kinetics of magnetite concentrate particles
in hydrogen was suggested to be similar to the mechanism
in the work of Fan et al. [39]. The suspension reaction temp-
erature was from 1423 to 1623 K. The model was proposed
to be nucleation equation with Avrami parameter of n = 1
and activation energy of 196 kJ mol−1. The partial pressure
of hydrogen and water vapour to the apparent reaction rate
constant was suggested to be with a linear relationship. Elzo-
hiery et al. [50] reported the same kinetic equation with an
activation energy of 193 kJ mol−1. In another study of Fan
et al. [40], the same kinetic mechanism was recommended
for both H2 and CO gases, with reported activation energy
from Chen et al. [51–53] of 214 and 231 kJ mol−1 from 1473
to 1623 K for H2 and CO, respectively.

Abolpour et al. [54] reported the reduction kinetics of mag-
netite ore concentrate in a crucible at the temperature from
973 to 1173 K as follows:

[− ln (1− x)]1/1.078 = 3.27× 10−3d−1.871
p C2.738

CO exp

(− 2.438× 105/RT )t,
(5)

where dp is the diameter of the particle in µm, CCO is the con-
centration of CO in atm. This equation is similar to the Avrami
form, with ‘Avrami’ parameter of 1.078. Accordingly, the acti-
vation energy was 243.8 kJ mol−1.

In the following experimental study of Abolpour et al. [41]
of suspension reduction of magnetite concentrate by a CO
and Ar mixture, the kinetic model was also suggested to
obey a similar equation of [−ln(1− x)]1/n with n = 0.56. The
activation energy was proposed to be 219.6 kJ mol−1 for the
reaction.

Wang and Sohn [48,55] also studied the suspension
reduction of magnetite concentrate with 32–38 μm in CO
containing atmosphere under 0.85 atm. Only the experimen-
tal data with 800% excess H2 was collected from their work for
analysis in that the effect of water vapour could be neglected.
Both the un-reacted core shrinking model (chemical reaction
controlled) and the Avrami equation (n = 2) were employed
for analysis. As shown in Figure 4, however, both models
are not satisfying. All reaction rate constants were listed in
Table 1. The unsatisfying results could be the influence of
heat transfer and fluid flow in the reactor. Therefore, CFD
studies of suspension reduction [39–42] were reported in
recent years.

Park and Jung [5] investigated the suspension reduction
behaviour of Chinese Benxi magnetite ore particles at high
temperatures. The reaction kinetics were described by an
un-reacted shrinking core model. The activation energy of
magnetite reduction was recommended to be 76.9 kJ mol−1

in 20 vol.-% H2 within 1423 and 1573 K based on the assump-
tion that the reaction is controlled by chemical reaction. The
experimental result showed that the reduction rate of magne-
tite ore in H2 was higher than that in CO, both of which were
lower than in CH4. CH4 is supposed to not only provide carbon
as reducing agent but also provide H2 (here we suppose that
H(ad) can react with iron in the oxidation state directly) by
cracking in the reduction. Since the reduction of magnetite
to wüstite was much faster than wüstite to metallic iron,
they assumed the overall reaction rate is determined by the
chemical reaction from wüstite to iron. For this reason, they

Figure 3. Reaction rate constants of magnetite concentrate in high-temperature
drop-tube reactor system (0.85 atm).
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were inclined to compare his results with reported data on
wüstite reduction. According to this assumption, the
reduction kinetics from magnetite to wüstite is hard to
observe in pure reducing gas atmosphere, but only in a gas
mixture with lower reducing potential that can control the
final product to be wüstite. It could also be noted that a com-
prehensive experimental analysis of the reduction step from
magnetite to wüstite needs further experimental verification.

Xu et al. [6] applied the suspension reduction technology
to recycle blast furnace dust. The XRD pattern showed that
the dust mainly contained haematite, wustite, metallic iron
and calcium ferrite. Their study shows that the reaction rate
of gas-molten particles is determined by both the diffusion
in the product layer and the interfacial chemical reaction at
1673–1723 K. It is reported that the chemical reaction con-
stant is in the 10−3 m s−1 range, and the diffusion coefficient
is in the 10−9 m2 s−1 range.

Effect of gangue to the reduction kinetics

There are limited reports regarding the effect of gangue on
the reduction kinetics of iron oxides in suspension. Therefore,
solid–gas reaction below 1473 K and the slag-gas reaction at
high temperature were reviewed to find the common
mechanism.

The main accessory minerals in iron oxides are SiO2, CaMg
(CO3)2, CaCO3 and Al2O3. Carbon dust or fluxes could be
gangue in the raw material. Nagasaka et al. [56] summarized
the reaction rate of CO gas and liquid slag containing iron
oxide in their work. Because the particle melts when the
temperature is high enough, the reaction between slag and
gas is helpful to understand the suspension reduction. The
experimental data suggested that some components can
decrease the iron oxide reduction rate in slag, for example, P2-
O5> SiO2>TiO2 with P2O5 having the strongest effect. On the
contrary, Na2O and CaO improve the reaction rate. Al2O3, MgO
and MnO were reported to have no significant effect on the

reduction rate due to their limited solubility in liquid iron
oxide. All these indicated that the basicity of slag is one of
the important factors to the kinetics of a molten particle.
Moreover, it was reported that the following equation could
be used for the reduction kinetics of slag in CO gas except
for P2O5 containing binary:

dx/dt = k(pCO − pCO2/K)(kg− oxygen/m2s), (6)

k = kr,CO(N2
FeO1.5

/N3
FeO)

1/3, (7)

kr,CO = exp (− 138000/RT − 6.37) (kg×m−2s× Pa), (8)

where k is the apparent chemical reaction rate constant, K is
the gas ratio of (pCO/pCO2 ) in an equilibrium state. The chemi-
cal reaction rate of iron oxide containing slag in H2 also obeys
Equation (7). Like the reaction in CO, CaO improves the
reduction of iron oxide in slag and SiO2 depresses the
reduction in H2 gas. The study of Hayashi and Iguchi [33] on
the suspension reduction of liquid wüstite particles also
shows the same result: CaO promotes the reaction rate, SiO2

lowers it, and Al2O3 has no effect on it.
EL-Geassy has done a series of works on the effect of

dopants on the reduction kinetics and mechanism of iron
oxide reduction as the ore in the solid state. He suggested
that the increasing NiO content in oxide significantly
improves the reduction rate. Total porosity increased from
6.2% to 13.4% the maximum. Here, NiFe2O3 and NixFey were
found as reactant and product, respectively. At last, the
kinetic mechanism also was changed with different NiO
content. These three reasons contributed to the acceleration
of the reduction rate[57]. The reaction temperature was con-
trolled within 1173–1473 K, with 1–10 mass% NiO. The effect
of MgO was also studied in the range of 0.5–5.0 mass% in CO
gas at the same temperature. Although the disorder in hae-
matite lattice and the porosity increased with MgO content,
the presence of MgO in haematite showed slight effects on
the reduction rate below the reduction degree of 25% [58].

Figure 4. Reduction kinetics of magnetite concentrate particles with prediction of (a) un-reacted core shrinking model (chemical reaction controlled) and (b) Avrami
equation (n = 2).

Table 1. Reaction rate constant used for prediction in Figure 4.

Temp.(°C) 1473 1573 1673

H2:CO:N2 0.3:0:0.55 0.3:0.55:0 0.2:0:0.65 0.2:0.65:0 0.1:0:0.75 0.1:0.75:0
UCSM (s−1) 0.0835 ± 0.0121 0.0895 ± 0.0154 0.153 ± 0.029 0.277 ± 0.072 0.223 ± 0.031 0.331 ± 0.071
Avrami (n = 2) (s−1) 0.308 ± 0.053 0.322 ± 0.062 0.690 ± 0.188 1.40 ± 0.32 0.808 ± 0.182 1.58 ± 0.33
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EI-Geassy [59] found that the addition of CaO and MgO to
haematite promotes the reduction rate from Fe2O3 to Fe3O4.
The reaction is at 1173–1473 K, where the CaO and MgO
were 1 mass%, respectively. The positive effect of MgO was
suggested to be stronger than CaO. Two reasons were
raised: the first is the porosity and pore size increase,
second is the increasing active centres due to the intrusion
of additional cations in iron oxides. The study on MnO2

doped haematite [60] indicated that the presence of MnO2

could promote the reduction within 1198–1373 K within 0–6
mass% MnO2 content in CO. MnFe2O4 was detected in the
raw materials, which is hardly reduced but always
accompanied with large pores between grains. The destruc-
tion of MnFe2O4 within this temperature range was indicated
to be the principle reason of its positive effect on swelling of
compacts and then promoting the reduction rate. But such
benefit is not expected above 1373 K, where the swelling is
negligible. Unlike MnO2 doped samples, EL-Geassy et al. [61]
did not find new phases in 2.7–7.5 mass% SiO2 doped haema-
tite. Moreover, a relatively smaller swelling was detected in
the presence of SiO2. A positive effect of SiO2 to the initial
reduction rate was observed, which was the result of the orig-
inal porosity of the annealed samples increased with SiO2

content. However, the formation of hardly reducible Fe2SiO4

slowed down further reduction. With additional MnO2

dopant, the formed (Fe,Mn)2SiO4 could hinder the reduction
process much more [19]. It is noted that the effect of the
gangue species on the reduction kinetics can depend on
the atmosphere. In nitrogen gas, Basumallick [62] observed
that minor addition of CaO (0.6–1.2 mass%) has no
influence on the reaction degree of haematite-lignite mixed
pellets at 1173–1273 K. In the reduction experiments at low
temperatures (1173–1473 K), Prasannan et al. [63] developed
a mathematical modelling to investigate the effect of addition
to the reduction. They suggested that optimal inert addition
content can improve the solid reactivity.

Although different conclusions were made in the previous
works, based on them, it could be summarized that the
reduction rate acceleration of doped iron oxide is due to:

(1) Basicity of gangue and solubility of them in slag;
(2) Formation of intermediate oxides which can be easily

reduced compared to iron oxide;
(3) Higher porosity of the raw materials;
(4) Disorder of oxide lattice;
(5) The reduction of raw materials to alloy rather than pure

iron, which reduces the reaction energy barrier.

Conclusions

High-temperature reduction of iron oxide particles in suspen-
sion is used in alternative ironmaking processes. The phase
transformation and kinetics study of the haematite and mag-
netite suspension reduction above 1473 K are reviewed in this
work. Three characteristics were summarized as follows:

(1) Thermal decomposition of haematite is the principal reac-
tion in the high-temperature reduction of suspension;

(2) The reduction rate constant of iron oxides suspension is
from 10−2 to 100 s−1, so that the reaction reaches the
end point within seconds in the reactor;

(3) melting of particles is accompanied with retardation of
the suspension reduction process.

Topochemical reaction of the particles has been observed
in previous studies. These studies indicated that the proper
kinetic model to describe the reduction of iron oxides suspen-
sion could be the un-reacted core shrinking model with
chemical reaction rate determining step or the kinetic form
of [−ln(1− x)]1/n with varying values of n. The activation
energy of haematite and magnetite reduction was reported
to be from 45 to 594 kJ mol−1.

Iron ore particles can contain gangue minerals in the grain,
which could affect the phase transformation and kinetics in
the reduction. Although some rough projections and esti-
mates could be extracted from the current studies, more
investigations are required in the near future.
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