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a b s t r a c t

Shrinking coremodel is widely applied to describe the reduction of iron ore pellets, but limited to the illus-
tration on powder sample. The reduction of powder materials is commonly observed in blast furnace pro-
duction but has been rarely investigated. In this study, thermal kinetics analysis was conducted to describe
the powder reduction of dicalcium ferrite (2CaO�Fe2O3, C2F), calcium ferrite (CaO�Fe2O3, CF), and hematite
(Fe2O3, H), with particle sizes below 70 mm. Isothermal reduction experiments were performed through
thermogravimetry analysis under CO atmosphere. The reduction degrees and reaction rate constants
increased in the order of C2F, CF, and H at 1123, 1173, and 1223 K. The reduction rate analysis illustrated
that the reduction of C2F, CF, and H appeared as one-, two-, and three-stage reactions, respectively.
Moreover, the reduction of C2F and CF proceeded as the 2D reaction mechanism described by Avrami–
Erofeev (A-E) equation. The reduction of H was initially controlled by 2D, followed by the 3D A-E kinetics
equation. Phase with superior reducibility could be reduced by CO in more dimensions of sample layers.
The reduction degrees and rate change expressed by A-E equations were verified to be in accordance with
the experimental data. A new kinetics model was proposed to elucidate the reduction of C2F, CF, and H in
ultrafine powder compared with that in pellets. The reduction process in the powdered samples com-
prised independent reduction stages caused by uniform CO diffusion in powdered particles.
� 2017 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Technology Japan. All rights reserved.

1. Introduction

Studies have investigated shrinking core model to describe the
reduction of iron ore pellets [1–5]. Wen [6] used the shrinking core
system in the reaction models of non-catalytic heterogeneous
solid–fluid to determine the relationship between reaction degree
and time in different stages. The model is only suitable to the reac-
tion of non-porous solids at the interface between the external and
inner unreacted cores. In large pellets with size of 1–100 mm, cat-
alytic active substances are initially formed on the external surface
of pellets without changing the reaction rate; as the substances
reach the critical concentration, the reaction interface can then be
generated. The reaction interface is parallel to the external surface
and advances into the interior of the solid as the reaction proceeds
[7]. However, in small particles with size of 1–100 mm, gas diffusion
progresses easily from the outer to inner surface of the samples to
reach the solid–gas reaction interface. Thus, the solid reactant

receives uniform concentration of the reduction agent, the situation
is different from reduction behavior of iron oxides reduced in pellet
sample. The current particles in metallurgical industry mainly con-
centrate on pellet size (1–100 mm) and previous studies on reduc-
tion process also focused on this range of size, metallurgical study
will be pushed to nanometallurgy (1–100 nm) in the future.
Nanoparticles applications were fully investigated by various stud-
ies [8,9]. As the transition from traditional metallurgy to nanomet-
allurgy, reduction on powder (1–100 lm) applications need more
explorations in terms of kinetics performance, which was shown
in Fig. 1. Besides, in the non-blast furnace process, for example,
the FINEX� method, is used in fluidized bed for reducing iron ore
[10]. The size of iron ore powder is also within 1–100 lm. This
experiment can also enrich the study of fluidized reduction kinetics.

Sinters and lump ores are prepared with proper size composi-
tion to meet the required permeability of material bed for blast fur-
nace production. Although large amounts of powdered materials
are charged into a blast furnace, the reduction behavior in these
materials has been less investigated compared with that in iron
ore pellets. Dicalcium ferrite (2CaO�Fe2O3, C2F), calcium ferrite
(CaO�Fe2O3, CF), and hematite (Fe2O3, H) are main reduced phases
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in fluxed sinters and lumps, the present study aims to describe the
kinetics of C2F, CF, and H as powdered samples. Reduction perfor-
mance of C2F, CF, and H in a blast furnace was expressed in Fig. 2.
Mckewan [11] proposed a liner rate law of reduction kinetics for
iron oxides. Bogdandy [12] reported the kinetics of gaseous reduc-
tion of iron oxides by analysis of thermodynamic stability and
chemical as well as physical characteristics of original, intermedi-
ate and product phases. The kinetics of calcium ferrites was
relatively complicated caused by multi-stage reduction route. Even
all the previous kinetics studies focused on the iron oxides in the
pellet. The kinetics parameters such as activation energy and
model functions of CF and H reduction were measured by Ding

[13] whereas the reduction model was not verified by fully
research. A new kinetics model was proposed to elucidate the pow-
dered reduction phenomenon in this study. The reduction of iron
oxides in powdered materials widely exists in various industries,
particularly in ironmaking production. Results will provide a
research basis for the development of powder reduction field.

2. Experimental

2.1. Material preparation

Samples 1, 2, and 3 were prepared from CaCO3 (�99.99%,
<100 mm) and Fe2O3 (a-Fe2O3, �99.99%, <100 mm) with 2:1, 1:1,
and 0:1 mole ratios, respectively. Powdered raw materials were
uniformly mixed and pressed into cylindrical samples. The samples
were roasted in a furnace with MoSi2 as heating element at 1173 K
(900 �C) for 1 h to completely decompose CaCO3 to CaO. The tem-
perature was increased to 1473 K (1200 �C) for 20 h to allow the
complete formation of C2F and CF. The entire process was per-
formed in air atmosphere. The final roasted samples were ground
into powder for thermogravimetry (TG) analysis.

X-ray diffraction (XRD) (Model D/max2500/PC (Cu Ka)) analysis
was conducted to determine the phase composition of the samples.
Scanning was performed at an angular range of 10–90�, with a scan
rate of 4�/min. The XRD patterns of samples 1, 2, and 3 and the
standard patterns of C2F, CF, and H are shown in Fig. 3. The results
indicate that samples 1, 2, and 3 mainly comprise C2F, CF, and H,
respectively.

The micrographs obtained by scanning electron microscope
(SEM, Model TESCAN VEGA 3 LMH) and particles sizes obtained
through laser particle test (Model MS2000 Malven Instrumenta-
tion) of the powdered C2F, CF, and H samples were shown in
Fig. 4. The particle sizes of the three samples are lower than 70 mm.

Nomenclature

a reduction degree
mt% and m0% the mass percentages of removed oxygen at fixed

time t and the theoretically value from iron oxide, %
da/dt reduction rate, min–1

k(T) rate constant, min–1

E apparent activation energy, kJ/mol
A pre–exponent, min–1

R gas constant, 8.314 J(mol K)–1

f(a) and F(a) model function and its integration
y(a) a defined non–dimensional parameter
I reduction rate, mg/(min cm2)

Fig. 1. Reduction on powder application is transition from traditional metallurgy to
nanometallurgy.

Fig. 2. Reduction performance of C2F, CF, and H in a blast furnace. Fig. 3. XRD patterns of samples and standard patterns of C2F, CF, and H.
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