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ORIGINAL RESEARCH ARTICLE

Reduction Mechanism of Fine Hematite Ore Particles
in Suspension

ZHIYUAN CHEN , CHRISTIAAN ZEILSTRA, JAN VAN DER STEL, JILT SIETSMA,
and YONGXIANG YANG

In order to understand the pre-reduction behaviour of fine hematite particles in the HIsarna
process, change of morphology, phase and crystallography during the reduction were
investigated in the high temperature drop tube furnace. Polycrystalline magnetite shell
formed within 200 ms during the reduction. The grain size of the magnetite is in the order of
magnitude of 10 lm. Lath magnetite was observed in the partly reduced samples. The grain
boundary of magnetite was reduced to molten FeO firstly, and then the particle turned to be a
droplet. The Johnson-Mehl-Avrami-Kolmogorov model is proposed to describe the kinetics of
the reduction process. Both bulk and surface nucleation occurred during the reduction, which
leads to the effect of size on the reduction rate in the nucleation and growth process. As a result,
the reduction rate constant of hematite particles increases with the increasing particle size until
85 lm. It then decreases with a reciprocal relationship of the particle size above 85 lm.

https://doi.org/10.1007/s11663-021-02173-y
� The Author(s) 2021

I. INTRODUCTION

THE reduction and melting behavior of fine iron ore
particles above 1573 K are rarely studied. In recent
years, along with the development of a novel alternative
ironmaking process, researchers started to pay attention
to this topic. Tata Steel Europe has been developing
HIsarna process to reduce carbon emission and energy
since 2004.[1,2] A smelting cyclone part was employed
here for pre-reduction and melting of fine iron ore
particles. Qu et al. studied the reduction and melting
behavior of hematite ore particles in the temperature
range from 1550 K to 1750 K.[3–5] They studied the
effect of gas composition and particle size on the
reduction kinetics. The experimental results show that
the reduction degree at a given time linearly decreases
with the increase of particle size. Moreover, the reduc-
tion rate constant at 1650 K has a positive linear
relationship with the partial pressure of reducing gas,

CO and H2. It is noted that the reduction process of
hematite particles can be divided into three types:
gas-solid particle reaction, gas-solid-melts mixed reac-
tion and gas-molten droplet reaction.[5] Most of the
previous studies focus on the reduction kinetic study of
gas-solid reaction. Yingxia et al.[6] reported the reduc-
tion kinetics of gas-molten droplet reaction. Guo et al.[7]

presented the morphology and phase transformation of
hematite particles in a molten state. Despite this, there is
still a lack of experimental data for this type of reaction.
Particularly, the reduction behavior of ore is closely
related to the natural character, such as mineralogy and
texture.[8–10] Studies of the reduction kinetics of different
ores are necessary for a comprehensive knowledge.
Phase transformation inside the ore particles was

investigated in this study. The reasons for reaction rate
variation were discussed based on the results of mor-
phology, chemical composition and crystallography.
The kinetic models were discussed and the reaction
mechanism was explored.

II. EXPERIMENTAL

High-temperature Drop Tube Furnace (HDTF) was
employed as an experimental set-up in this study. The
details of the furnace were described in References 3 and
11. Commercial hematite ore particles—which were
provided by Tata Steel in IJmuiden—was reacted with
CO-CO2 gas in HTDF. There were atmospheres with
two different reducing potentials: one was with CO: CO2

= 5: 95 in mole ratio, the other was with CO: CO2 =
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45: 55 in mole ratio. They are representative of a typical
range of reduction potentials in different areas of the
smelting cyclone. The XRF (PANalytical Axios Max
sequential wavelength dispersive X-Ray Fluorescence
spectrometer) analysis result of the ore particles is
shown in Table I. Ore with different particle sizes was
prepared for the experiment. The average sizes of
particles are 67, 85, 110, 142 and 244 lm. During the
experiment, ore particles were fed from the top of
HDTF, to react with gas in the hot zone, then collected
by the sampling probe. An equation, developed from the
study of Qu et al.[11,12] is employed for the calculation of
the residence time:

L ¼ugtþ
d2pg

18lg
ðqp � qgÞtþ ðug � u0pÞ þ

d2pg

18lg
ðqp � qgÞ

" #

d2pqp
18lg

expð�
18lgt

d2pqp
Þ � 1

" #

½1�

where L is the length of the reacting zone in the fur-
nace, lgis the viscosity of the gas, Re is the Reynolds

number of the particle, g is the gravity, u0p is the initial

velocity of the particle, ug is the velocity of the react-
ing gas, up is the falling velocity of a particle in the
reactor, dp is the particle diameter, qp is the particle

density, and t is the falling time. The falling time is
controlled by the velocity of the reacting gas. Rey-
nold’s number was estimated before experiments to
ensure the flow in the reactor was a laminar flow. It is
a simplified equation which only takes account into
the effect of the most important factors on the resi-
dence time, and a detailed discussion of this formula
can be referred to.[3,12]

The reaction temperature was set to be 1735 K. The
reduction degree of the partially reduced sample was
analyzed with ICP-AES (Inductively Coupled Plas-
ma-Atomic Emission Spectrometry) and chemical titra-
tion. ICP was employed to testify the mass ratio of total
iron (TFe). The titration method of Fe2+ follows the
ASTM standard test method with the designation
number of D 3872-05 (2005). The reduction degree R
of hematite ore is defined as the ratio of mass loss of
oxygen to the total initial mass of oxygen in Fe2O3 in the
ore, which can be calculated from[13]:

R ¼ 1� 3ðFe3þÞi þ 2ðFe2þÞi
3ðFe3þÞ0 þ 2ðFe2þÞ0

¼ 1

3

Fe2þ

TFe
½2�

where subscript i presents the reduced product, 0 pre-
sents the raw material before the reduction. Equa-
tion [2] can be employed for the calculation of R when
the raw material doesn’t contains any Fe2+ and the
products contain no metallic iron inside.

The phase composition of the collected samples was
detected by semi-quantitative XRD (Bruker D8
Advance X-Ray Diffraction) analysis. Optical micro-
scope (Leica DMLM) was also employed to observe the
morphology and phase distribution of the partially

reduced particles. Crystallography of the typical sample
was identified using Electro backscatter diffraction
(EBSD, JEOL JSM 6500F).

III. EXPERIMENTAL RESULTS

A. Morphology and Composition

Hematite ore was partially reduced to suboxides in
the specified atmospheres. Accorading to the thermo-
dynamic analysis,[14,15] these suboxides contained mag-
netite and liquid oxide, and the liquid oxide turned to
wüstite in the quenching process. The partially reduced
ore particles in resin were polished and investigated with
an optical microscope. Figure 1 shows the ore reacted in
CO:CO2 (5:95) atmosphere at 1735 K. Different kinds of
oxides can be distinguished by their color. Here they are
introduced in the sequence from bright to dark: the part
with bright color in micrographs is hematite, the part
with bisque color is magnetite, the part with brown
color is wüstite, and the region with a dark color is other
minerals or quenched slag. Hematite cores within
particles can be observed in Figure 1(b). Two kinds of
un-reacted cores were observed in the partially reduced
particles: The one was with a relatively smooth bound-
ary with the magnetite shell; the other was with a
feather-like phase boundary. The later one was the
principal pattern of phase transformation during the
reduction, and it indicated lath magnetite formed in the
process. Lath magnetite is the magnetite that grows in
the form of dense plates or laths inserting into the
unreacted part. Usually, the formation of lath magnetite
was reported below 1273 K with low reducing poten-
tial.[16,17] This study extended the observed temperature
range of lath magnetite formation to 1735 K. The area
of hematite core substantially shrunk with reaction time.
Therefore, the hematite cores have disappeared, and
turned into magnetite in most particles at 260 ms. And
then, the reaction seems to be slowing down after
260 ms for the reason of no apparent difference between
Figures 1(c) and (d).
Except for hematite and magnetite phases, a small

amount of wüstite has been observed in some particles
which do not contain an un-reacted hematite core inside. It
implies that the diffusion rate of oxygen inside the reacted
part of the particle was relatively fast enough so that the
oxygen potential in the reacted region kept homogenous in
the reduction. Basically, the reaction interface is the
gradient of oxygen potential. As a result, two reaction
interfaces, hematite/magnetite interface and magnetite/
wüstite interface could not coexist simultaneously in one
particle in our experimental conditions. Moreover, Fig-
ure 1 shows that wüstite invades into the particle as a
thread. It implies that the magnetite formed in the particle
is polycrystalline, and the grain boundary provides a
channel for the reduction from magnetite to wüstite.
Morphologies of the ore particles which were partially

reduced in CO:CO2 (45:55) atmosphere at 1735 K are
shown in Figure 2. Unlike the particles in CO:CO2

(5:95) atmosphere, they turned out to be a sphere in the
reaction. The reason is that the main phase is wüstite in
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the samples. The melting point of FeO is 1650 K. It is
the only iron oxide that melts below the reaction
temperature.

XRD results are employed to analyze the phase
composition. Figure 3 shows the quasi-quantitative anal-
ysis results of the XRD pattern. For the convenience of
comparison, the chemical analytical results of Fe2+/TFe
are also plotted in theFigure 3. Particles partially reduced
in CO:CO2 (5:95) atmosphere mainly contained mag-
netite and rarely contained hematite. The content of
wüstite was also limited in this atmosphere. Yet, the
wüstite content in CO:CO2 (45:55) atmosphere increased
to above 60 wt pct during reduction, becoming the
principal phase composition of ore particles. At the same
time, the low content of magnetite and hematite in the
particles was also verified by XRD characterization.

Although the samples contain gangue materials, both
Figures 1 and 2 show that most of the particles can be
classified as gangue particles or iron-oxides particles.
Usually, gangue particles have been melted and form
slag in the reaction process, so most of them are spheres
in the collected samples. We named the melted gangue

as slag, and the un-melted gangue as other-minerals
here. It also implies that the direct inter-reactions
between gangue and iron-oxides can be ignored in the
experiments. It is easy to understand the reason that a
laminar flow was provided in the reactor to prevent
agglomeration forms in the reaction. Appendix A
provides a statistical analysis result as evidence of the
independent reduction of iron-oxide particles. In the
XRD spectrogram, slag was observed as a dispersing
diffraction peak around 20�. The unfused minerals were
difficult to see in XRD spectrogram because of their
minor contents. The principal phases of other minerals
were detected as the quartz and lime.
The phase composition of iron ore particles with

other average sizes is shown in Figures 4, 5 and
Table II. All the data of particles with an average size
from 67 to 142 lm shows that the value of Fe2+/TFe of
samples reduced in CO:CO2 (5:95) is less than in
CO:CO2 (45:55) atmosphere. Correspondingly, the mass
ratio of FeO in the sample reduced in CO:CO2 (5:95) is
less than in CO:CO2 (45:55) atmosphere. However, the
reduced ore with an average size of 244 lm shows no

Table I. Chemical Composition of Hematite Ore Particles

Name Fe2O3 SiO2 Al2O3 CaO MgO MnO TiO2 Rest.

(Wt Pct) 72.35 14.03 4.99 2.97 2.52 1.43 0.72 0.98
Error 0.10 0.10 0.07 0.05 0.05 0.04 0.03

Fig. 1—Cross-section of (a) raw sample with an average size of 110 lm and the samples reacted for (b) 74 ms; (c) 260 ms; and (d) 320 ms in
CO:CO2 (5:95) atmosphere at 1735 K.
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obvious difference in both Fe2+/TFe and phase com-
position, and the values of Fe2+/TFe keep at a relatively
low level. The microscopic photos of particles with
different sizes indicate the same conclusion. Figures 6
and 7 show that the reacted layer of the 244 lm particles
is much thinner than the other particles. The unreacted
core of 142 lm particles is also apparent, but its reacted
layer is thick enough. While, the morphologies of 85 and
67 lm particles are similar to each other: the unreacted
hematite cores are already invisible in the particles.

B. Crystallography

The optical micrographs in Figure 1 indicate that the
magnetite—wüstite coexisting particles had different
topographic structures comparing to the hematite—
magnetite coexisting particles. Usually, one mag-
netite—wüstite coexisting particle contained several
visible unreacted magnetite cores inside. The cores
shrunk during the reduction process. Meanwhile, the
molten FeO invaded into the grain boundary of mul-
ti-grains. It raises a question whether the hematite ore
particle was composed of multi-grains originally. In
order to clarify the phase transformation mechanism of
ore particles in reduction, especially the crystallographic
relationship between hematite and magnetite, EBSD

analysis was carried out on the particles. All of them
contain lath magnetite. The results were shown in
Figures 8, 9, and 10.
Figures 8(b) and (c) are the inverse pole figures of

different regional areas of the same partially reduced
iron ore particle in Figure 8(a). The former region
paralleled to the growth direction of the lath magnetite,
and the phase boundary inside was mostly smooth. The
later region contained a feather-like phase boundary
inside. Both the two figures showed the (001) plane of
hematite to the normal direction (ND), which implied
that the hematite core is a single grain. Here, the ND is
only for the convenience of description rather than any
suggestion of a rolling process. Figure 8 indicates that
the reduction process generated multi-grains of mag-
netite from single hematite grain. The sizes of the
magnetite grains were an order of magnitude of 10 lm.
There was no obvious difference between the magnetite
grains formed on the feather-like phase boundary and
the one not. Generally, the preferred crystallographic
orientation between magnetite and hematite in the tested
ore could be found as follows:

001ð ÞHematitejj 111ð ÞMagnetite ½3�

which is the same as the results of many
researchers.[18,19]

Fig. 2—Cross section of samples with an average size of 110 lm reacted for (a) 74 ms and (b) 159 ms in CO:CO2 (45:55) atmosphere at 1735 K.

Fig. 3—Phase composition of iron ore particles with an average size of 110 lm reacted in (a) CO:CO2 (5:95) and (b) CO:CO2 (45:55) atmosphere
at 1735 K.
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Another inverse pole figure of a particle partially
reduced in CO:CO2 (45:55) atmosphere was shown in
Figure 9. The same structure can be observed in the
Figures 8 and 9. The unreacted hematite core inside the
particle was a single grain. And the formed magnetite
was multi-grains.

The ore particle shown in Figure 10 was reduced
more than the former particle in Figure 8. The hematite
core was almost disappeared in the particle in Figure 10.
Also, cracks of the particle were more pronounced than
the former particle. Figure 10 clearly shows that around

40 magnetite grains transformed from one hematite
grain in the particle. Boundaries of magnetite grains
were shown in the figure too. Black lines were used when
the orientation angle between the two adjacent grains
was larger than 15�, which is defined as high-angle
boundary. Figure 10 shows that high-angle boundary is
the principal boundary in the partially reduced particle.
Moreover, all the figures show that the magnetite grains
are distributed uniformly in the particle. It implies that
the magnetite nuclei were not only situated on the
particle surface, but also in the inner area of the particle.

Fig. 4—Phase composition of iron ore particles with an average size of 85 lm reacted in (a) CO:CO2 (5:95) and (b) CO:CO2 (45:55) atmosphere
at 1735 K.

Fig. 5—Phase composition of iron ore particles with an average size of 67 lm reacted in (a) CO:CO2 (5:95) and (b) CO:CO2 (45:55) atmosphere
at 1735 K.

Table II. Phase Composition of Iron Ore Particles With an Average Size of 142 and 244 lm Reacted in CO:CO2 Atmosphere at

1735 K

Size/ lm CO/Vol Pct Time/ms Fe2+/TFe(Pct) Fe2O3/wt Pct Fe3O4/wt Pct FeO/wt Pct

142 5 75.1 17.0 0 98.5 1.5
142 45 75.7 45.4 0 70.6 29.4
244 5 78.3 5.4 82.9 17.1 0
244 45 73.4 4.5 73.3 26.7 0
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Fig. 6—Cross section of samples with an average size of (a) 67 lm reacted for 236 ms; (b) 85 lm (c) 142 lm and (d) 244 lm reacted for around
77 ms in CO:CO2 (5:95) atmosphere at 1735 K.

Fig. 7—Cross section of samples with an average size of (a) 67 lm reacted for 228 ms; (b) 85 lm (c) 142 lm and (d) 244 lm reacted around
75 ms in CO:CO2 (45:55) atmosphere at 1735 K.
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The former is surface nucleation, and the latter would
suggest bulk nucleation. As an inference, bulk nucle-
ation could be a dominant process in the reaction.

Figures 8(a) and 10 show some magnetite-wüstite
containing particles around the analyzed particle. Those
particles were in molten or semi-molten states. Figure 11
shows the EBSD analysis result of one of these particles.
Darker values in the image quality map of Figure 11(a)
indicate low image quality, potential grain boundaries.
Because the crystal structures of magnetite and wüstite
are cubic, there are few misjudgments of phase distri-
bution in the particle. Combing the image quality map
and the mineralogical distribution points, the results
show that molten FeO invaded the particle through
magnetite grain boundaries. Some of the inner mag-
netite grains in the particle had been reduced to be
molten FeO in advance of outer grains. The EBSD
results imply that the reduction from magnetite to

wüstite contained two step: the rapid reduction of grain
boundaries firstly, then each magnetite grain in the
particle was reduced simultaneously. Based on the
above, the overall picture of the reduction process of
the particles used in this study can be established:

1ststep : single hematite grain
! shrinking hematite core

þ multi magnetite grains
! multi magnetite grains

2ndstep : multi magnetite grains
! individual shrinking multi magnetite grains

þ molten FeO skeleton
! molten FeO

Fig. 8—Results of EBSD analyses of sample after reaction for 74 ms in CO:CO2 (5:95) atmosphere at 1735 K (a) cross section of particles; (b)
and (c) Inverse pole figures displaying crystal orientations parallel to the normal direction (ND).

Fig. 9—Results of EBSD analyses of sample after reaction for 73 ms in CO:CO2 (45:55) atmosphere at 1735 K (a) cross section of particles; (b)
Inverse pole figures displaying crystal orientations parallel to the normal direction (ND).

METALLURGICAL AND MATERIALS TRANSACTIONS B VOLUME 52B, AUGUST 2021—2245



Based on the chemical analysis results of Fe2+/TFe, the
reduction degree of iron ore was calculated, as shown in
Figure 12. Firstly, the experimental results indicate that the
reaction of particles with different particle sizes can reach
the same level of reduction degree at the steady state
(terminal point of the reaction). It is defined as Rt. The
values of Rt are 12.6 and 23.1 pct in CO:CO2 (5:95) and
CO:CO2 (45:55) atmospheres, respectively. It is known that
the reduction fromhematite tomagnetite and the reduction
from magnetite to wüstite contribute 11.1 and 22.2 pct
removal of the total oxygen content in hematite. The same
as the phase analysis, the main reduction in CO:CO2 (5:95)
gas is the reduction from hematite, and wüstite became the
principal phase in CO:CO2 (45:55) atmosphere.

The reactions were fast initially, and then slowed
down or stopped within a short time. The extremely
fast reaction rate implies that the reactivity of the
sample in this study could be relatively high. On the
one hand, the formation of lath magnetite, which was
discussed in the last section, could extend the reaction
interface between hematite and magnetite (Figure 8).
On the other hand, the fast intrusion of molten FeO
into gain boundaries of magnetite multi grains in one
particle promotes the reduction process. Because of
the rapid reaction rate and the limitation of equip-
ment, the samples which react for shorter times
cannot be collected.

Fig. 10—Cross section of particles of a particle after reaction for 74 ms in CO:CO2 (5:95) atmosphere at 1735 K and the corresponding inverse
pole figure displaying crystal orientations parallel to the normal direction (ND), black lines were used when the orientation angle between the
two adjacent grains is larger than 15�.

Fig. 11—Cross section of a particle after reaction for 74 ms in CO:CO2 (5:95) atmosphere at 1735 K (a) image quality map and mineralogical
distribution; (b) inverse pole figure displaying crystal orientations parallel to the normal direction (ND).
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The reaction of 110 and 85 lm particles were faster
than the 67 lm particles in both the two atmospheres.
The reaction rates of particles with medium sizes were
the highest in all the particles. The experimental results
in Wang and Sohn’s study[20] indicated a similar
tendency for the reduction of magnetite concentrate at
1423 K and 1473 K. In their research, the reduction rate
of magnetite concentrate particles increased with
increasing particle size from 20 to 50 lm at 1423 and
1473 K. This investigation is different from the standard
assumption that finer particles react faster. Usually,
particles with smaller sizes have a higher specific surface
area exposed to the reacting gas, resulting in a faster
reaction rate. This deviation from normal behavior is
explained in the next section.

IV. DISCUSSIONS

A. Kinetic Mechanism

In the previous studies of the high-temperature
reduction process of iron ore particles (above 1473 K),
researchers employed the Avrami-Erofeev equations or
its revised form[20,21] and the un-reacted shrinking core
model (USCM)[3,11] for the kinetic characterization.
USCM and its revision are the most popular kinetic
models in the pyro-metallurgical field for solid parti-
cle—gas reaction.[22–26] According to different rate-de-
termining step in the reduction kinetics, the isothermal
reaction can be described by the following equations:

(1) Inner diffusion control model:

1� 2

3
R� ð1� RÞ2=3 ¼ kGB

r20
t ½4�

where, kGB is the Ginstling-Brownshtein rate constant,
which is proportional to the diffusion coefficient,[27] r0
is the initial radius of the particle and t is the reaction
time.(2) Interfacial chemical reaction control:

1� ð1� RÞ1=3 ¼ kMK

q0r0
t ½5�

where q0 is the oxygen density of the solid reactant,
and kMK is the McKewan rate constant.[28]

Based on the equations, the USCM was suggested to
describe the relationship between particle size and
apparent reaction rate constant of iron ore particles
reduction as follows:

k ¼ kGB

r20
½6�

for inner diffusion control model; where, k is the
apparent rate constant.

k ¼ kMK

q0r0
½7�

for interfacial chemical reactions. Equations [6] and [7]
provide the representative relationships of particle size
and reaction rate constant in USCM, that the value of
k increases with the decrease of r0. However, our
experimental results indicate the opposite tendency.
Therefore, the reaction kinetics cannot be described by
USCM.
The potential kinetic model may fulfill the conditions

as follows:

(1) Larger initial specific surface area of the sample
would not certainly lead to higher reaction rate;

(2) The reaction is a volumetric reaction rather than an
interfacial reaction.

The first condition is obvious. The reason for the
second condition is that, usually, a particle with a
smaller size has a higher specific surface area exposed to
the reacting gas, resulting in a faster interfacial reaction
rate.
The most suitable kinetic process which can fit the

two conditions is nucleation and growth. Hayes and
Grieveson [16] suggested the nucleation and growth
process appears to be self-propagating. Usually, the rate

Fig. 12—Kinetic plots of hematite ore particle reduction with different sizes in (a) CO-CO2 (5:95) and (b) CO-CO2 (45:55) atmosphere at
1735 K.
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of a self-propagating process could be promoted by
enlarging particle size in that it is a volumetric reaction
because of a boundary effect. Prout-Tompkins equation
(P-T model)[29,30] is commonly used to describe the
reaction kinetics of self-propagating process:

R ¼ ½1þ expð�kðt� t0ÞÞ��1 ½8�

where, t0 is the induction time of the logarithmic plot
of the equation. It is suggested that the value of k
increases linearly with increasing D90 and D50

[31] and
the average diameter.[32] The study of Longuet and
Gillard also indicates that the value of k increase with
increasing crystal size.[33] There are several proposed
explanations of the reason for the positive effect of
particle size on the reaction rate constant:

(1) Ascending pore size between individual particles
with increasing size in stacking,[34] which would not
be applied to the in-flight reaction process for the
reason that the particles reacted individually in the
reactor (please see the supporting information);

(2) Poison/catalyze effect of gaseous products[34]; It may
not be the case in this study; To the best knowledge
of the authors, there is no report about the poi-
son/catalyze effect of O2, H2O and CO2 on the
reduction kinetics of the iron oxides;

(3) Interference between nucleates happens earlier in
smaller particles,[35,36] which could be the main
reason. As an illustration, once the frontier of the
product nucleates collides, they stop in growth in
this direction, and the growth rate of the nucleates
decreases.

Comprehensively, many researchers pointed out that
the rate constant reaches the maximum at a certain
value of particle size.[36–40] The particle size at the
maximum rate constant is called the critical size. It is the
same phenomenal description as our experimental
results, which gives the evidence that the nucleation
and growth process can be used to describe the kinetics
in this study. While, there is a lack of explicit theoretical
relationship between particle size and reaction rate
constant in the Prout-Tompkins equation.

Another model that is used to describe nucleation and
growth processes is the Johnson–Mehl–Avrami–Kol-
mogorov model (JMAK model). It is also named as
Avrami-Erofeev equations, Kolmogorov–John-
son–Mehl–Avrami model or Kolmogorov–Ero-
feev–Kazeev–Avrami–Mampel model in different
reports.[41,42] In fact, the researchers pointed out that it
is difficult to select between Prout-Tompkins and JMAK
model kinetic models.[30,43] The classical form of the
JMAK model for volumetric nucleation and growth in
three-dimensional space is as follows:

R ¼ 1� expð�p
3
NG3t4Þ ½9�

where, N is the rate of nucleation in m�3s�1, G is the
rate of radial growth of the nuclei in m s�1. An impor-
tant assumption of this equation is that the system is
infinite in extent, or to say there is no boundary for

the system. In such condition, there is no any relation-
ship between particle size and reaction rate constant.
In a finite system, the nucleation can be divided into
(outer) surface nucleation and bulk nucleation.
Researchers[44,45] indicated that a surface controlled
transformation process dominates a fine-grained pow-
der and a bulk transformation process results for a
coarse one. It implies that the effect of surface/bound-
ary can be significant for small particles. Therefore,
there are a lot of studies making an effort to break the
limitation of the above general equation. Considering
that nuclei usually forms on surface, cracks and lattice
imperfections,[39] Johnson and Mehl proposed a
sophisticated model to calculate how the surface nucle-
ation affect the reaction kinetics[46] for the value of a
parameter k ¼ a3N=G no less than 3 m�1, where the a
is the grain size of the matrix in m. Based on their
model, Johnson and Mehl suggested that the increase
of grain size would result in the increase of total reac-
tion time but less time for the induction period. Later,
Weinberg[44,47] proposed an even more complex model
to describe the nucleation and growth process both in
bulk and at the surface. To simplify the model, he
assumed the nucleation rate at the surface follows Dirac
delta- function. Recently, Villa and Rios[48] developed
the model for surface and bulk nucleation for different
shapes of the sample, where they provided two kinetic
models considering site-saturated nucleation and con-
stant nucleation rate, respectively. Take the expression
for the bulk nucleation process with nucleation rate with
N1 is as an illustration[48]:

RðtÞ ¼

ð1� 2Gt
a Þ3ð1� e�

1
3pN1G

3t4Þ þ 24
a3

R a=2

a=2�Gt ð1� e�hðxÞN1Þx2dx; t< a
2G

24
a3
½
RGt�a=2

0 ð1� e�
pN1ðtGa3�3=8a4þ5=2x4�a2x2Þ

6G Þx2dxþ
R a=2

Gt�a=2 ð1� e�hðxÞN1Þx2dx�; a
2G � t< a

G

24
a3

R a=2
0 ð1� e�

pN1ðtGa
3�3=8a4þ5=2x4�a2x2Þ

6G Þx2dx; t � a
G

8>>><
>>>:

½10�

where

hðxÞ ¼ p
60Gx

ð5
2
a2G3t3 þ 5Gtx4 � 10G3t3x2 � 15

16
a4Gtþ 10G4t4x� 15

2
a2Gtx2

5a3Gtx� 3G5t5 þ 5a3x2 � 15

8
a4x� 5a2x3 þ 1

4
a5 þ 2x5Þ

½11�

If we assume that G = 10 unit length per unit of time
and N1 = 100 nuclei per unit volume per unit of time,
one could obtain Figure 13(a) from Eq. [10]. It shows
that the apparent reaction rate increases with the
increasing size of the particle. If all the curves are fitted
by the general JMAK model with the prior value of
Avrami exponent, n:

½lnð1� RÞ�1=n ¼ �kt ½12�

the equation can fit the curves with adjust coefficient
of determination around 0.9996. It means that the
nucleation and growth in the finite system can be
described by the JMAK model. As Figure 13(b) shows,
the Avrami exponent increases from 1 to 4 with the
increase of particle size, and the apparent rate constant
increases too. Also, when the value of Avrami expo-
nent closes to 4, the increase of apparent rate constant
slows down.
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Figure 14 shows the curves of the expression for the
surface nucleation process with nucleation rate with
N2

[48] (There is a print error of the expression in the
original publication.):

RðtÞ¼

24
a3

R a=2

a=2�Gt ð1�e�
gðxÞ
6GxÞx2dx;t< a

2G

24
a3
½
RGt�a=2

0 ð1�e�
pN2ðtGa3�3=8a4þ5=2x4�a2x2Þ

6G Þx2dxþ
R a=2

Gt�a=2ð1�e�
gðxÞ
6GxÞx2dx�; a

2G� t<a
G

24
a3

R a=2

0 ð1�e�
pN2að2tGa�4x2�3a2Þ

12G Þx2dx;t� a
G

8>>><
>>>:

½13�

where,

gðxÞ¼pN2aðGt�a=2þxÞðG2t2þGta=2�Gtx�a2=2

þ2ax�2x2Þ
½14�

and G = 10 unit length per unit of time and N2 =
100 nuclei per unit area per unit of time. The nucle-
ation at the surface of a very tiny particle follows a
linear relationship with time, and the extremely large
particle follows an exponential relationship with time.
Eq. [12] can only fit the surface nucleation of the parti-
cle with medium sizes well, where the size is from 0.4
to 2. Figure 14 shows the fitting result of Eq. [12]. The
apparent reaction rate constant increases with particle
size firstly, and then decreases. At the same time, the
value of the Avrami exponent keeps increasing.

Comparing Figures 13 and 14, the same as the
previous studies,[44,45] one could notice that the surface
nucleation dominates the nucleation and growth process
of small particles, and the bulk nucleation dominates the
process of large particles. Moreover, due to the rate
constant of bulk nucleation of large particles changes
weakly with particle size, the relatively apparent
decrease of the rate constant of surface nucleation of it
could result in the decrease of the overall transform rate
of the new phase in the particle. Globally, the overall
reaction rate constant could act as a peak function of the
particle size.

The JMAK model was successfully employed to
simulate bulk nucleation and surface nucleation. The
previous studies indicated the same treatment in kinetic
analysis. Weinberg et al.[49] suggested that for small
surface seeding probability, one can obtain JMAK
model, but the Avrami exponent is reduced due to
finite-size effects. The theoretical study of Quiniou
et al.[50] gave the same suggestion. Furthermore, Alek-
seechkin[51] pointed out that the Avrami exponent
decrease with time from 4 to 1 in homogeneous
nucleation and 3 to 0 in specific heterogeneous nucle-
ation in a particle with finite-size. Therefore, the JMAK
model can be employed for modeling in our study.

B. Modeling results

The Avrami exponent for the JMAK model repre-
sents the dimensionality of the studied system. Usually,
it is 4 for a three-dimensional nucleation and growth
process. While, as described above, the Avrami expo-
nent could be lower than 4 in practical applications. To
testify the sensitivity of the fitting result to the value of
Avrami exponent, the reduction of 67 lm particle is
presented here, for example. The Avrami exponent was
chosen from 1 to 4 in that the process could be
dominated by bulk nucleation and growth. The JMAK
equations with different Avrami exponents fits the
experimental data, and the adjusted coefficient of
determination is from 0.9998 to 0.9999 except for n =
1, which is 0.9978. Therefore, it is hard to determine
which is the best equations to describe the reduction
kinetics.
The morphology and crystallography of the cross-sec-

tion of the partially reduced particles show that the
shrinking rates of the hematite and magnetite cores in
different directions are more or less in the same range.
Moreover, most of the magnetite grains in the reduction
process are not lath-shaped. This phenomenon implies
that the nucleation and growth can be described as a
three-dimensional process. The reduction degree data in
Figure 12 means that the reaction rate of the particles
with diameters of 85 lm and 110 lm could be similar.

Fig. 13—Calculation example of the effect of particle size on the reaction kinetics in bulk nucleation, where the particle diameter and time are
with units (a) Calculating results of Eq. [10] and (b) Fitting results of the curves in (a) by Eq. [12].
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Comparing the curve to Figure 13b, the nucleation and
growth process of the particles with a diameter above
85 lm could be treated as ‘‘large particles’’, for which
the Avrami exponent is 4 for bulk nucleation. Due to the
limitation of the experimental set-up, we lack enough
reduction degree data for the very initial reduction stage
within 200 ms. As a result, Figure 15 shows that the
JMAK model with different Avrami exponents can
describe the existing data well. Therefore, an exact
evaluation of the Avrami exponent value cannot be
achieved now, and the above analysis implies that the
adoption of n = 4 for all the particles can be applied for
the kinetic analysis in this work.

Figure 16 shows the fitting results of JMAK model
with n = 4. Variation of the rate constant with particle
size is shown in Figure 17. It can be noted that the data
of the 85 lm particle in CO-CO2 (45:55) can only
indicate the potential minimum value of the reaction
rate constant. The rate constant of 67 lm is the lowest in
this study. Moreover, the relationship between rate
constant and particle size follows a peak function, which
is in agreement with the previous reports on the topics of
nucleation and growth processes. Based on the last
analysis, the increasing part of the reaction rate constant
until a = 85 lm is due to both the bulk and surface
nucleation rates, which increase with increasing particle
size. The rising value of k could also be attributed to the
self-propagating mechanism according to the above
analysis. Moreover, the decreasing part is due to the
decrease of surface nucleation rate. In the classical work
of Mampel,[35] it is suggested that for two specific
conditions, the JMAK model can be simplified as:

RðtÞ ¼ 1� c1e
�pNa2t; where k ¼ pNa2; t � a

2G

1� ð1� 2G
a tÞ1=3; where k ¼ 2G

a ; t � a
G

(
½15�

where c1 is the constant. It implies that the reaction
rate constant follows a quadratic-relationship with par-
ticle size when the particle is small enough and follows
an inverse relationship with particle size when the par-
ticle is large enough. Eq. [15] is employed to simulate
the data variation in Figure 17 as follows:

For CO-CO2 (5:95) atmosphere:

k ¼ 0:231� 1012a2; a � 85 lm
1:861� 10�3a�1; a � 85 lm

�
½16�

For CO-CO2 (45:55) atmosphere:

k ¼ 0:215� 1012a2; a � 85 lm
1:675� 10�3a�1; a � 85 lm

�
½17�

In all the equations, the unit of particle size a is meter.
Figure 17 shows that both the Eqs. [16] and [17] cannot
fit the data with a � 85 lm well. It implies that the upper
limit of the ‘‘small particle’’ in the above discussion
should be lower than 85 lm, and the particles with a
diameter above 85 lm can be treated as ‘‘large
particles’’.

Fig. 14—Effect of particle size on the reaction kinetics in surface nucleation, where the particle diameter and time are with units (a) Calculating
results of Eq. [13] and (b) Fitting results of the curves of particles with a from 0.4 to 2 in (a) by Eq. [12].

Fig. 15—Reduction degree of 67 lm particle in two atmospheres and
the fitting results of JMAK model with Avrami exponents of 1, 2, 3,
and 4.
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V. CONCLUSIONS

Reduction of hematite ore particles in CO:CO2 (5:95)
atmosphere at 1735 K followed the phase transforma-
tion from solid hematite to solid magnetite, and finally
to molten FeO. However, the mass ratio of wüstite in
reduced particles was lower than 10 wt pct usually.
Corresponding, the reduction degree was around
12.3 pct at the end of the reaction. Hematite particles
reducing in CO:CO2 (45:55) atmosphere followed the
same phase transformation sequence, except that the
wüstite became the principal component in the reduced
particles. Because of the high content of molten FeO
(reduction degree around 25 pct at the end point), the
reduced particles in CO:CO2 (45:55) atmosphere was
sphere typically.

For this particular type of hematite ore particles, the
particle transformed from single hematite crystal to
multi-grains during the reduction. The size of the grains
was an order of magnitude of 10 lm. These magnetite
grains and hematite base preferred certain crystallo-
graphic orientations in the phase formation. During the
reduction from magnetite to wüstite, the grain bound-
aries were quickly reduced first, then the individual
magnetite grains in one particle gradually shrank during
the reaction. The lath-magnetite formation and mul-
ti-grains transformation are suggested to be the reason
for the acceleration of the reaction kinetics. The phase
transformation phenomenon for other ores at the same
conditions is suggested to be investigated to explore the
general reduction mechanism.
A nucleation and growth mechanism was suggested to

describe the reaction kinetics. The JMAK model with
Avrami exponent of 4 was employed for the kinetic
analysis. The reduction rate constant of particles in the
two gas atmospheres followed a similar relationship
with particle size: it increased with the particle size from
67 to 85 lm. It then slowly decreased as the particle size
is further increased. The positive effect of particle size is
recommended due to the self-propagating magnetite
formation. The simulation results indicate that the
reaction rate constant to particle size follows the inverse
relationship when the particle size is above 85 lm.
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