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Abstract

Iron ore pellets, as one of the main charges of blast furnaces, have a greater impact on the CO, emission reduction and
stable operation of blast furnaces. The isothermal reduction behavior of the pellets obtained from a Chinese steel plant was
studied in the gas mixtures of CO and N,. The results showed the reduction process is divided into two stages. The
reduction in the initial stage (time ¢t < 40 min) is cooperatively controlled by internal diffusion and interface chemical
reactions with the activation energy of 30.19 and 16.67 kJ/mol, respectively. The controlling step of the reduction in the
final stage (r > 40 min) is internal diffusion with the activation energy of 34.60 kJ/mol. The reduction process can be
described by two equations obtained from kinetic calculations. The reduction degree can be predicted under different
temperatures and time, and the predicted results showed an excellent correlation with the experimental results. The
reduction mechanisms were confirmed by the analysis of the scanning electron microscope equipped with an energy
dispersive spectrometer and optical microscope.
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1 Introduction

As a basic material, steel is widely used in various indus-
tries in today’s society. In China, the steel industry process
is dominated by the carbon-intensive blast furnace—basic
oxygen furnace (BF-BOF) process, which accounts for
about 15% of Chinese total CO, emissions [1-3]. The pig
iron production from the blast furnace accounts for 90% of
the total pig iron production in China, and the CO, emis-
sion from the blast furnace ironmaking process accounts
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for 62% of the total iron production process [4, 5]. Under
the current global CO, emission reduction policy require-
ments, CO, emission reduction in the ironmaking process
has become a focus of attention. Due to the good
mechanical and metallurgical properties of pellets, such as
uniform particle size, high cold strength, high iron grade,
low energy consumption, and low pollutant emission,
pellets are considered one of the best charges for blast
furnaces [6]. Furthermore, with the gradual depletion of
high-grade raw materials, the steel industry is forced to use
low-grade ores with high levels of harmful elements [7, 8].
Low-grade iron ore requires a beneficiation process to
increase the iron grade and remove harmful impurity ele-
ments. Pelletizing is considered as one of the suitable pro-
cesses to use iron ore fines after beneficiation. Therefore,
the development of a blast furnace charge structure based
on pellets and the study of pellets reduction characteristics
in the blast furnace are of great significance for reducing
CO, emissions in the ironmaking process and ensuring
stable production in the blast furnace.

Currently, a lot of researchers have studied the reduction
behavior and mechanism of pellets by CO [9, 10], pure H,
[11-13], H, and CO/N, mixtures [14-16], coal [17-19],
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and biochar [20-22]. Although various mechanistic models
have been used to explain the reduction behavior well,
most of the studies have focused on the reduction behavior
of laboratory-made pellets, briquettes, or iron ore powders,
but fewer studies have been conducted to investigate the
reduction behavior of pellets produced on-site at steel
companies. Nevertheless, most of these studies are per-
formed with pure reducing gas or solid reducing agent,
which is not representative of the actual reduction atmo-
sphere in the lumpy zone of BF, where descending ores
react with the counter reducing gas flow.

In this study, the reduction behavior of the pellets pro-
duced on-site at a Chinese steel company was investigated
under different temperatures and time with the gas mix-
tures of CO and N,. The kinetics of the reduction process
were also evaluated with the shrinking unreacted core
model, and the reduction degree of pellets was also pre-
dicted based on the reaction equation obtained from kinetic
calculations. At last, the analysis of the X-ray diffraction
(XRD), scanning electron microscopy with energy disper-
sive spectrometry (SEM-EDS), and optical microscopy
was adopted to verify the reduction mechanisms of pellets.

2 Experimental
2.1 Materials

The iron ore pellets used in this study were supplied by
Shougang Qianan Steel Company (China). The major
chemical composition of the pellets is shown in Table 1.
To reveal the transformation of the physical phase of the
pellets, a SmartLab-9 X-ray diffractometer with Cu Ko
radiation (wavelength 1 = 0.179 nm), acceleration voltage
of 45 kV, and current of 30 mA was used to determine the
phases present in the original and reduced pellets. The
XRD results indicate that the original pellets are mainly
composed of hematite (Fe,O3), with minor amounts of
silicate (Fig. 1).

2.2 Experiments
The whole reduction experiment was carried out in a

variable atmosphere-programmed heating reduction appa-
ratus, which consists of a heating furnace, reduction tube,

Table 1 Major chemical composition of iron ore pellets
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Fig. 1 XRD patterns of original pellets. 20—Diffraction angle

control system, and weighing system with an accuracy of
0.1 g (Fig. 2). 500 g pellets were placed in the reduction
tube (¢75 mm x 80 mm, made of heat-resistant steel) and
heated from ambient temperature to a target temperature at
a heating rate of 20 °C/min under 5 L/min N, stream.
Upon reaching the desired reaction temperature, the N,
flow rate was increased to 15 L/min and this temperature
was maintained for around 30 min. Then, the reducing gas
mixture (30% CO-70% N,) was introduced at a total flow
rate of 15 L/min for 180 min. Before moving out from the
furnace and transferring to sealed capsules for additional
analysis, the reduced pellets were cooled to room temper-
ature under an N, atmosphere at the flow rate of 5 L/min.
The mass loss of the pellets during the experiment was
recorded continuously by connecting an automatic high-
precision balance to a computer. To eliminate errors, each
experiment was repeated three times with an error of less
than 5%, and the average data of the three groups was
selected. The optical microscope (DM1750M, Leica
Microsystems, Wetzlar, Germany) was employed to char-
acterize the microstructure of the original and reduced
pellets. The phases and microstructure of the reduced
pellets were examined using an SEM (JSM-7800F, JOEL,
Japan) with an EDS and an XRD (SmartLab-9, Rigaku,
Japan), respectively.

R TFe/wt. % SiOy/wt. % CaO/wt. %

FeO/wt.%

AL Os/wt. % MgO/wt. % Siwt.% P/wt. %

0.32 61.21 5.18 1.65 2.56

1.44 1.06 0.01 0.05

R> = w(Ca0)/w(Si0,); TFe—total iron
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Fig. 2 Schematic diagram of reduction simulator

Isothermal reaction kinetics were investigated by vary-
ing the reaction temperature (800-1000 °C) and the
reduction time (0-180 min). The degree of reaction is
calculated by Eq. (1) from the Chinese national standard
GB/T 13241-2017:

R— 0.11 leeO
~ \0.430wrEe

mi
mgy X 0'430WTFC

— my

) x 100% (1)
where R is the reduction degree, %; my is the mass of the
original pellets, g; m; is the mass of the pellets at the
beginning of reduction, g; m, is the mass of pellets after
reaction for time 7, g; wg.o is the FeO content in the pellets,
%; and wrr, is the total iron content in the pellets, %.

3 Results and discussion
3.1 Reduction behavior

The effects of reduction temperature and time on the
reduction behavior of pellets were investigated at
800-1000 °C for 180 min under the reducing gas mixtures
of 30% CO-70% N,, and the results are illustrated in
Fig. 3. As shown in Fig. 3, the reduction of pellets is
obviously affected by temperature. An increase in the
reduction temperature greatly improves the reduction of
pellets. As the temperature increased from 800 to 1000 °C,
the reduction of pellets improved rapidly from about 53%
to 69%. The improvement of the reduction degree with
temperature could be attributed to the fact that increasing
temperature can lead to an increase in the diffusion rate of
reducing gases and the rate of chemical reaction [18].

As can be seen in Fig. 3, the reduction rates of pellets
are faster in the early stage, and then, the reduction rate
gradually decreases. To understand the specific variation of
the reduction rate, the data in Fig. 3 are derived to obtain
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Fig. 3 Effect of temperature and time on reduction of pellets

the curve of the reduction rate. The results are shown in
Fig. 4. As shown in Fig. 4, in the whole reduction process,
the reduction rate of pellets at high temperatures is higher
than that at lower temperatures.

In addition, a significant decrease in the reduction rate
was observed with the increase in reduction time. The
reduction rate in the initial stage is notably higher than that
in the final stage. This indicates that the reduction rate is
obviously divided into two stages with the increase in
reaction time. When the reduction time is less than 40 min,
the reduction of pellets is fast. As the reduction time is
higher than 40 min, the reduction process is relatively
slow. As mentioned above, the pellets are mainly com-
posed of Fe,O;, and its reduction sequence is Fe,O; —
Fe;0, — FeO — Fe. The reduction of Fe,O3 to FeO is
remarkably easier than that of FeO to Fe; thus, the reduc-
tion rate in the initial stage is very high [23]. Furthermore,
in the initial stage, the outer product layer of the pellet is
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Fig. 4 Effect of reduction temperature on reduction rate

thin, and as the reduction time increases, the product layer
gradually becomes thicker, which may cause resistance to
the diffusion of the reducing gases and lead to a lower
reduction rate [13].

3.2 Kinetics and mechanism of reduction

To determine the mechanism of pellet reduction, kinetic
analyses were carried out during the reduction process. The
reduction of pellets is a solid—gas two-phase process sys-
tem, and the reaction is considered to occur on the surface
of the unreacted pellets. The shrinking unreacted core
model is widely applied to describe the kinetics and
mechanism of iron oxide pellet reduction by gas mixtures.
According to the shrinking unreacted core model, the
chemical reaction starts from the surface of the solid phase
and gradually advances to the center, a layer of solid-phase
products will be formed, and there is an obvious interface
between the unreacted part and the product layer, while the
inner core of the solid phase is the unreacted part. The
reduction of the solid—gas two-phase process has three
parts: (1) the gas diffused to reach/leave the surface of
pellets through the gas phase boundary layer (external
diffusion), (2) the gas diffusion to reach/leave the surface
of the unreacted core through the reduction product layer
(internal diffusion), and (3) the interface reduction reaction
of iron oxide (interface chemical reaction). The step with
larger resistance is considered as the controlling step of the
reduction process. As the gas velocity adopted in this
experiment is relatively high, the external diffusion is not
considered as a controlling step. Thus, the reduction pro-
cess of pellets may be controlled by: (1) internal diffusion,
(2) interface chemical reaction, and (3) cooperative control
of internal diffusion and interface chemical reaction.

@ Springer

The solid—gas reaction is commonly described as [24]:

%t: 6113e 3—2R—3(1-R)*’|+ (2)
1 /
G = (=R

where ry is the radius of the pellet, m; p is the molar
density of the pellet, mol/m’; ¢ is the original concentra-
tion of the reducing gas, mol/L; c, is the concentration of
the reducing gas at reaction equilibrium, mol/L; D, is the
gas internal diffusion coefficient; and k is the chemical
reaction equilibrium constant.

(1) When the interface chemical reaction acts as a
controlling step, i.e., k is much smaller than D, (k << D),
which means that 1/D, is negligible, Eq. (2) can be sim-
plified to Eq. (3).

k=1 — (1 —R)' (3)

where k, is the interfacial chemical reaction rate constant,
k. = MC;’T;C) If the plot of 1 — (1 — R)l/3 versus ¢ is linear,
the reduction process is controlled by interfacial chemical
reaction, and the slope of the linear plot is k.

(2) When the internal diffusion acts as a controlling step,
i.e., D, is much smaller than k (D, << k), which indicates
that 1/k is negligible, Eq. (2) can be simplified to Eq. (4).

kat =1 —=3(1 —R)** +2(1 —R) (4)

where kg4 is the internal diffusion rate constant, and kg =
%. If the plot of 1 — 3(1 — R)*? 4+ 2(1 — R) versus
t is linear, the reduction process is controlled by internal
diffusion, and the slope of the linear plot is kq.

(3) When the resistance of internal diffusion and inter-
facial reactions are comparable, it implies that both k and
D, need to be considered in the reduction, and the reduc-
tion process is cooperatively controlled by internal diffu-
sion and interface chemical reactions. Both sides of Eq. (2)

are divided by 1 — (1 — R)" to obtain Eq. (5).

t 1 1/3 23, 1
N4 (1-RY-201-R -
g R 20 R

(5)

8Deleo=ce) k. and k, can be obtained by plotting

where k) = 6 rra—
0
w versus 1+(1 — R)'> = 2(1 — R)*?, and the slope
and intercept are 1/ky and 1/k,, respectively.
Based on the data in Fig. 2, the plots of 1 — (1 — R)
versus ¢, 1 — 3(1 — R)l/3 + 2(1 — R) versus t, and

W versus 1+(1 — R)1/3 -2(1 - R)z/3 are shown in

Fig. 5. As shown in Fig. 5, all models failed to fit the
overall kinetic data, which indicates that the reaction
mechanism changes throughout the reaction process. As
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Fig. 5 Model fitting curve for reduction of pellets under different temperatures. a Interface chemical reaction; b internal diffusion; ¢ cooperative

control; d whole control step

mentioned above, the reaction process is divided into two
stages: the fast stage (r < 40 min) and the slow stage
(t > 40 min). Therefore, the two stages of the reduction
were modeled separately, and the results are shown in
Fig. 5d. As shown in Fig. 5d, when the reaction time is less
than 40 min, the cooperative control model shows the best
linear relationship among the three models with correlation
coefficients R*> > 0.981 (Table 2). As the reaction time is
higher than 40 min, the internal diffusion model is
remarkably suitable to describe the reaction process with
R? > 0.995. Hence, in the initial 40 min, pellets reduction

is controlled by a cooperative control of the interfacial
chemical reaction and the internal diffusion, and beyond
40 min, the controlling step is the internal diffusion.

All kinetic parameters of internal diffusion rate constant
and cooperative control rate constant are calculated and
listed in Table 2. All rate constants improve gradually with
the increase in reduction temperature, which indicates that
the increase in reduction temperature can increase the
diffusion rate of reducing gases and the rate of chemical
reaction and improve the reduction degree of pellets. In
addition, the value of the internal diffusion rate

Table 2 Kinetic parameters for reaction of pellets under different temperatures

Temperature/°C Cooperative control Internal diffusion control

K o/min™! k/min”! R? ky/min~! R?
800 1.00 x 1073 573 x 1073 0.996 0.75 x 1073 0.996
850 1.14 x 1073 5.72 x 1073 0.981 0.83 x 1073 0.995
900 1.16 x 1073 6.52 x 1073 0.995 0.96 x 1073 0.996
950 124 x 1073 8.74 x 1073 0.997 1.17 x 1073 0.997
1000 1.38 x 1073 9.07 x 1073 0.998 1.36 x 1073 0.998
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(Kq=1.0 x 107 —1.38 x 107) in the initial stage is
higher than that of the final stage (kq = 0.75 x 1073 —
1.36 x 107°). This implies that the resistance of reducing
gas diffusion in the final stage is larger, resulting in a lower
reduction rate. This agrees with the experimental results
presented in Figs. 3 and 4.

The relationship between the reaction rate constant and
temperature can be expressed by the Arrhenius equation
below.

Eq
k = Ae R

(6)

where A is the frequency factor; E, is the apparent acti-
vation energy, J/mol; R, is the universal gas constant,
8.314 J/(mol K); and T is the absolute temperature, K. The
activation energies of the reduction reactions can be
described by the linear form of the Arrhenius equation, as
follows:

E,
RoT

Ink =1InA —

(7)

Based on the data in Table 2, plots of Ink versus 1/T are
shown in Fig. 6, and E, and A values for each stage were
determined by the plot. As can be seen from Fig. 6, in the
initial stage, the activation energy for the interfacial
chemical reaction and the internal diffusion is 30.19 and
16.67 kJ/mol, respectively. The activation energy for the
internal diffusion in the final stage is 34.60 kJ/mol. The
relatively high value of the activation energy for the
internal diffusion in the final stage further confirmed that
the resistance of reducing gas diffusion in the final stage is
larger, and the reduction process is controlled by internal
diffusion.

k. and k4 of each stage can be obtained by substituting
the values of E, and A into Eq. (6). Substituting &, and k/d
into Eq. (5), the reaction equation of reduction process in

(a) 4.0 , ,
B Chemical reaction control
® Internal diffusion control
45}
n
5.0 [
[ u
X
£ ¢ 4
-6.6
69}
Controlling step | E,/(kJ mol) A
-7.2 }| Chemical reaction 30.19 0.156
Internal diffusion 16.67 0.0065
75 1 1 1
8.0 85 9.0 9.5
T x10%°C"’

the initial stage (¢ < 40 min) takes the form given in
Eq. (8).

— 15278 (1 - R) -

1= (1=R)" (8)
2(1 — R)*?] + 6.39¢'7

After replacing kq in Eq. (4) with the Arrhenius equa-
tion, the reaction equation of the reduction process in the
final stage (¢ > 40 min) can be described by Eq. (9).

4162

0.035¢ %1 =1-3(1-R)'*+2(1 -R) (9)

In this study, the reduction of pellets under each tem-
perature can be described by combining Eqgs. (8) and (9).
Thus, the predicted reduction degree under different tem-
peratures and time can be calculated by Eqgs. (8) and (9).
The results are shown in Fig. 7. As can be seen from
Fig. 7, the calculated results are close to the experimental
data.

3.3 Characterization

Optical microstructures of original pellets and reduced
pellets at 900 °C for 180 min are shown in Fig. 8. Fig-
ure 8a indicates that the original pellet is tightly structured
with some small pores and mainly consists of Fe,O5 and a
small amount of silicate. Lots of metallic Fe particles are
observed in the edge of reduced pellets and are distributed
in the wustite (FeO) matrix (Fig. 8b). The pores in the edge
of reduced pellets are larger than those of the original
pellets, and the metallic Fe particles appear near the pores.
This indicates that the reducing gas is easily diffused
through the outer shell of pellets, and iron nucleates and
grows on the surface of the wustite particles, leading to the
development of the iron—-wustite intergrowth layer with a
denser structure. The resistance of reducing gas diffusion

(b)
-6.0
-6.6
X
£
-7.2
Controlling step | E,/(kJ mol) A
-7.8 Internal diffusion 34.60 0.035
8.0 8.5 9.0 9.5
Tx10*ec!

Fig. 6 Arrhenius plots and activation energy for two-stage reduction of pellets. a Cooperative control; b internal diffusion
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increases near the iron—wustite intergrowth layer and the
reduction of FeO to Fe is significantly difficult. This
implies that the reduction process in the initial stage is
cooperatively controlled by internal diffusion and interface

chemical reactions. As shown in Fig. 8c, d, the amount and
size of metallic Fe particles decrease gradually from the
inner to the core of reduced pellets, and the metallic Fe
particles almost disappear in the core. In addition, fewer
pores in the inner and core of reduced pellets are observed,
and all of them are in the form of micropores. This indi-
cates that the gas diffusion through the inner layer is the
main controlling step and verifies that the reduction process
in the final stage is controlled by internal diffusion.

The XRD patterns of the original pellets and the reduced
pellets at different temperatures for 180 min are shown in
Fig. 9. From the phase identification, it is clearly shown
that the original pellets mainly consist of Fe,O3 and silicate
(Fe,Si04), and the reduced pellets are composed of
metallic Fe, FeO, and silicate (Ca,SiO,4). As the reduction
temperature improves, the diffraction intensities of the Fe
peak gradually increase, while those of the FeO peak
gradually decrease, indicating that increasing the temper-
ature favors the reduction of FeO. Si in the original pellets
is mainly in the form of Fe,SiO,4, while Si in the reduced
pellets is mainly in the form of Fe,SiO4. When the tem-
perature exceeds 800 °C, Fe,SiO,4 disappears completely.

Fig. 8 Photomicrographs of original pellet (a), and edge (b), inner (c¢), and core (d) of reduced pellets at 900 °C for 180 min. Bright white—Fe;

ash gray—Fe,05; gray—FeO; dark gray—silicate; black—pore
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Fig. 9 XRD patterns of original pellets and pellets after reduction for
180 min

This may be due to the gradual reduction of Fe,SiO,4 at
high temperatures, and SiO, combines with CaO to form
silicates.

Figure 10 shows the SEM-EDS analysis of the reduced
pellets under different temperatures (800, 900, and
1000 °C) for 180 min. Based on the percentage of each
element and the SEM maps, it is confirmed that the reduced
pellets under different temperatures are mainly composed
of FeO and a small amount of silicate. Furthermore, the
proportion of iron rises significantly with the increase in

reduction temperature, which is consistent with the
experimental results.

4 Conclusions

1. Temperature plays an important role in the reduction
process of pellets which is divided into two stages. The
reduction rate in the initial stage (¢ < 40 min) is much
higher than that of the final stage (¢ > 40 min).

2. The reduction process of pellets in the initial stage is
cooperatively controlled by internal diffusion and
interface chemical reactions with the activation
energies of 30.19 and 16.67 kJ/mol, respectively. The
controlling step of the reduction process in the final
stage is internal diffusion with an activation energy of
34.60 kJ/mol.

3. The reduction of pellets under different temperatures

can be described by combining two equations as
t 2005

— 152787
1-(1-R)'3

[14+(1=R)"*=2(1—R)**]+6.39¢'".  Final stage:
0.035¢~*#1=1-3(1—R)"*4+2(1=R). The predicted
results calculated from these two equations show an

excellent correlation with the experimental results.

follows: Initial stage:

4. The reduction mechanisms of pellets are confirmed by

the analysis of the XRD, SEM-EDS, and optical
microscopy. The resistance of gas internal diffusion
and chemical reaction in the initial stage is both

1700 2100 2300
Element| Wt.% | at.% o Element| wt% | at% o Eloment wt% | at%
13000 Fe | 68.69 | 4352 1700+ Fe | 73.90 | 4717 || 1900} Fe | 8319 | 5229 |
O | 1886 | 40.99 O | 1652 | 36.80 | O | 1374 | 3419 |
41000+ Si 7.28 9.73 21200. Si 5.35 6.78 J..a1400, FT Si 0.56 0.80
c 1 1 1 | c
=] S Fe 5
F
38 700- ! Fe S soof |re I 8 900 |
e
si I . |
300-{ | L 4oo-| o 500 | s ”
| Ca M | Mg \
0. Jn‘\_,\w_J \ B Gld..Ca ju " Lttt LA
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Fig. 10 SEM-EDS analysis of pellets after reduction for 180 min. a 800 °C; b 900 °C; ¢ 1000 °C
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relatively high. In the final stage, the resistance of gas
internal diffusion dominates the reduction.
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