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Abstract: Silicon–ferrite from calcium and aluminum (SFCA) is one of the primary binding phases
in sinter. To better investigate the reduction process of SFCA under hydrogen-rich conditions in
a blast furnace, isothermal reduction experiments were designed using three different hydrogen
volume fractions (6%, 10%, and 14%) at temperatures within the blast furnace’s lump zone range
(1073 K, 1173 K, and 1273 K). The experimental results revealed that the reduction of SFCA proceeds
in two stages: in the first stage, SFCA is initially reduced to Fe3O4; in the second stage, Fe3O4 is
further reduced to FeO, with the equilibrium phases being FeO, Ca2Al2SiO7, and Ca2SiO4. The
fastest reduction rate was observed at 1273 K. When the hydrogen volume fraction was 6% and the
temperatures were 1073 K, 1173 K, and 1273 K, the reaction mechanism followed the 3D diffusion
model (G-B), with an apparent activation energy of 32.087 kJ·mol−1 and a pre-exponential factor
of 0.1419. In comparison, at hydrogen volume fractions of 10% and 14%, the reaction mechanism
shifted to the Shrinking core model (n = 3). The findings of this study can provide guidance for actual
production and optimization of blast furnace parameters aimed at achieving low-carbon emissions in
the steel-making process.

Keywords: hydrogen-rich blast furnace; SFCA; reductive behavior; phase evolution; reaction kinetic

1. Introduction

To mitigate global warming, the steel industry must significantly reduce its CO2
emissions [1–3]. The technology of blast furnace smelting with hydrogen-rich gases presents
an effective pathway for achieving energy conservation and emission reduction in the steel
industry. Techniques such as injecting coke oven gas, natural gas, and other hydrogen-rich
gases into blast furnaces lead to an increased H2 content in the gas within the furnace
belly, thereby reducing the consumption of coal/coke and decreasing CO2 emissions [4–7].
Sinter, serving as a crucial raw material for blast furnace ironmaking, primarily consists of
hematite, magnetite, calcium ferrite, and slag phase. The quaternary system calcium ferrite
of low Fe and high Al type constituted by CaO-Fe2O3-Al2O3-SiO2 is one of the principal
bonding phases of sinter, namely SFCA (silicon–ferrite of calcium and aluminum) [8].
SFCA possesses notable properties, including superior reducibility, high hardness, and a
diminished low-temperature reduction disintegration rate [9,10]. A rigorous exploration
of the carbon–hydrogen reduction mechanisms of SFCA is pivotal for advancing energy-
efficient and emission-mitigating technologies, thereby bolstering productivity in the steel
sector [11,12].

Researchers [13–17] have conducted extensive studies on the carbon–hydrogen re-
duction mechanisms of sinter, hematite, magnetite, as well as binary and ternary system
calcium ferrites. For instance, Xudong Mao et al. [18] conducted isothermal reduction ex-
periments and discovered that within the temperature range of 1023–1273 K, the reduction
rate of hematite gradually accelerates with an increase in H2 content in conjunction with
kinetic models. Schurmann et al. [19] investigated the phase equilibrium and reduction
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pathways of CaO·Fe2O3 (CF) and 2CaO·Fe2O3 (C2F) in a CO/CO2 mixed gas atmosphere
at 1273 K, thereby elucidating the reduction mechanism of binary system calcium ferrite.
Senwei Xuan et al. [20] conducted isothermal thermogravimetric experiments to investigate
the reduction kinetics of ternary calcium ferrite composed of CaO-Fe2O3-Al2O3. They cal-
culated various reduction kinetic parameters of the samples, including the reduction extent,
rate, activation energy, and model function. However, research on the carbon–hydrogen
reduction mechanisms of quaternary system complex ferrite, particularly the reduction
process of SFCA through the injection of hydrogen-rich gases under actual blast furnace
conditions, is currently limited and merits further academic scrutiny.

Here, the hydrogen-rich reduction behavior of SFCA within the temperature range
encountered in the lump zone of blast furnaces (1073–1273 K) was investigated. The
research encompasses the following aspects: analyzing the phase transformations and
microstructural evolution of SFCA during the reduction process at 1273 K; exploring the
influence of varying temperatures and H2 concentrations on the reduction behavior of
SFCA using commonly employed gas–solid reaction kinetic models. The findings of our
study can provide experimental data and theoretical guidance for practical production and
the optimization of blast furnace parameters.

2. Experimental
2.1. Preparation of SFCA

The muffle furnace selected for this study is illustrated in Figure 1a, while the schematic
diagram for the sintering of SFCA is shown in Figure 1b. The muffle furnace, model
HLX-7-17, with a capacity of 18.4 L, was manufactured by Luo Yang Heng Lukiln Co.,
Ltd. (Luoyang, China) The heating element adopts silicon–molybdenum rods, which
are arranged on all sides. Additionally, a quartz tube is positioned above the muffle
furnace to facilitate external connections, and the atmosphere used during the firing process
is air. All samples in the experiment were prepared via solid-state reaction methods,
utilizing analytical reagents of Fe2O3, CaO, SiO2, and Al2O3 as the experimental raw
materials. Firstly, 100 g of experimental raw materials were weighed and placed into a
corundum crucible. The experimental raw materials were mixed in accordance with the
stoichiometric ratio corresponding to the SFCA chemical formula Ca5Si2(FeAl)18O36 (PDF
33-250), wherein Fe2O3 comprised 71.83%, CaO accounted for 17.72%, SiO2 made up 6.73%,
and Al2O3 constituted 5.72% of the total. Subsequently, the experimental raw materials
were placed into an agate mortar and thoroughly ground to a fine powder, ensuring
uniform mixing and compaction. Finally, the compacted samples were then positioned
inside a muffle furnace and sintered at a temperature of 1553 K for a duration of 12 h. After
the completion of the sintering process, the samples were allowed to cool down to room
temperature under ambient conditions.

After calcination, the samples were crushed and sieved to obtain experimental speci-
mens with a particle size range of 10.0–12.5 mm for subsequent isothermal reduction exper-
iments. A portion of these samples was ground to a particle size smaller than 200 mesh
(0.074 mm) for X-ray diffraction (XRD) analysis to determine the composition of SFCA. The
XRD measurements were conducted using a Bruker D8 Advance diffractometer (operated
at 40 kV × 400 mA), manufactured by Bruker Corporation, Ettlingen, Germany. A graphite
monochromator was employed, with Cu Kα serving as the diffraction source. The analysis
was performed in continuous scanning mode, with a step size of 0.02, a scanning speed of
10°·min−1, and a scanning range of 10–90°. Another portion of samples was polished for
scanning electron microscopy with energy-dispersive spectroscopy (SEM-EDS) analysis to
investigate the distribution of major elements in the samples through area scanning. SEMs
were carried out using a Phenom Pharos instrument from Eindhoven, The Netherlands,
operated at an accelerating voltage of 15 kV. EDS was performed on the same instrument.
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Figure 1. (a) Muffle furnace. (b) Sintering diagram of SFCA.

2.2. Isothermal Reduction Experiment

This paper primarily investigates the hydrogen-rich reduction behavior of SFCA
within the temperature range of the blast furnace’s lump zone. The lumpy zone of the
blast furnace serves as the primary region for indirect reduction reactions, characterized by
temperatures ranging from 873 to 1273 K. However, the practical reaction temperature range
under experimental conditions necessitates consideration of the reaction rate; at excessively
low temperatures, the reaction proceeds slowly. Consequently, the reduction temperature
was set within this range (1073–1273 K). Based on a comprehensive consideration of ore
reduction behavior and blast furnace operating parameters under hydrogen-rich smelting
conditions in blast furnaces, this study refers to the simulation research on blast furnace
gas composition conducted by Barrett et al. [21]. Consequently, reducing atmospheres with
H2 content levels of 6%, 10%, and 14% are selected for experimentation. The experimental
atmosphere schemes are detailed in Table 1. Specifically, the simulated gas compositions
with 6% and 14% H2 content represent the base case (conventional blast furnace operation)
and the maximum H2 injection scenario, respectively. During the reduction process, the
loss in weight is attributed to the extraction of O elements from iron oxides by CO and
H2. Hence, the ratio of the weight loss of the SFCA sample at a specific moment to the
maximum weight loss achieved at the end of the reduction is defined as the conversion
rate α. The detailed formula for calculating α is as follows:

α =
m0 − mt

m0 − m1
(1)

In Equation (1), m0 represents the initial mass of the SFCA sample (g), mt denotes the mass
of the sample (g) at time t during the reduction process, and m1 signifies the mass of the
sample (g) after the reaction has completed.

Table 1. Experimental atmosphere scheme, w%.

Number H2 CO CO2 N2

1 6 20 20 54
2 10 20 20 50
3 14 20 20 46

The isothermal reduction experiment was conducted in a tube furnace equipped
with a balance. The equipment connection diagram is illustrated in Figure 2a, and the
experimental schematic diagram is shown in Figure 2b. Firstly, 100 g of sample was
weighed using an electronic balance (KT-C4Z, Ketan Zhengzhou and Equipment Co., Ltd.,
Zhengzhou, China) and placed into a hanging basket. The basket was then suspended
in the isothermal zone of a tube furnace (HLG-8-17, Luo Yang Heng Lukiln Co., Ltd.,
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Luoyang, China). The temperature was subsequently increased by adjusting the reduction
temperature control program at a rate of 10 K·min−1. During the initial heating process,
a flow of N2 at 5 L·min−1 was used for protection to purge the air from the tube furnace,
thereby preventing reoxidation by CO and H2 from affecting the experimental results.
When the target temperature is reached, a mixed gas with a total flow rate of 10 L·min−1

was introduced to initiate the reduction process, which was conducted for a duration of
2 h. After the reduction experiment was completed, the flow of mixed gas was stopped,
and instead, N2 at 5 L·min−1 was introduced to cool the reduced sample down to room
temperature. The programmed cooling rate of the tube furnace is 10 K·min−1. After the
reduction process was completed, one portion of the reduced sample was crushed and
ground to a particle size of less than 200 mesh (0.074 mm) for XRD analysis. The other
portion of the samples was polished for SEM-EDS testing, where the distribution of major
elements within the sample was analyzed through point scanning.

Figure 2. (a) Equipment connection diagram. (b) Experimental schematic diagram.

3. Results and Discussion
3.1. Characterization of SFCA Samples

The phase analysis of XRD is presented in Figure 3a. The XRD results of the syn-
thesized SFCA phase perfectly agree with the corresponding standard card (PDF 33-250).
Minor amounts of Fe2O3 phase are present in the sample at 2θ angles of 24, 33, 35, and 39°.
To further ascertain the sample composition, the Rietveld full spectrum fitting method was
employed in Figure 3b to perform structural refinement and quantification of the SFCA
and Fe2O3 phases within the sample. As evident from the figure, the experimental values
exhibit good agreement with the calculated values, confidence factor χ2 of 2.25 and an Rwp
of 12.8%. The refinement results indicate that the SFCA phase constitutes 99.67% of the
sample, while the Fe2O3 phase accounts for 0.33%. The results of the SEM-EDS analysis, as
depicted in Figure 4. It can be seen that all elements are uniformly distributed in the sample,
and the atomic concentration and mass concentration of elements are basically consistent
with the SFCA chemical formula Ca5Si2(FeAl)18O36, which further confirms the homoge-
neous chemical composition of the synthesized SFCA phase. In summary, a satisfactory
SFCA sample was obtained and subsequently utilized for the reduction experiments.

3.2. Reduction Process of SFCA in Hydrogen-Rich Blast Furnace

To investigate the reduction process of SFCA under hydrogen-rich conditions, the
variation curves of weight and conversion rate were plotted at a reduction temperature of
1273 K and an H2 volume fraction of 6%. As shown in Figure 5, after 50 min of reduction,
the weight of SFCA decreased from 100 g to 93 g, with a corresponding conversion rate
of 100%, indicating the completion of the reduction process and the attainment of phase
equilibrium. The conversion rates at reduction times of 3 min, 7 min, 12 min, and 50 min
were 20%, 40%, 60%, and 100%, respectively. Therefore, detailed studies were conducted
on the XRD and SEM-EDS of SFCA samples at these specific time points to investigate the
hydrogen-rich reduction process of the samples.
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Figure 3. (a) XRD pattern of SFCA; (b) the Rietveld full spectrum fitting method.

Figure 4. SEM and EDS of SFCA.

Figure 5. Weight and conversion rate as a function of reduction time at a H2 volume fraction of 6%.
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3.2.1. XRD Analysis of SFCA in the Reduction Process

The phase analysis results obtained by XRD are presented in Figure 6. As the reduction
time and conversion rate increase, SFCA is ultimately reduced to wüstite (FeO), gehlenite
(Ca2Al2SiO7), and dicalcium silicate (Ca2SiO4). Figure 6a presents the XRD patterns of
SFCA at various conversion rates. At a conversion rate of 20%, the primary constituents
of the reduced products are SFCA and Fe3O4. As the conversion rate increases to 40%,
the mineral composition still includes SFCA and Fe3O4, while FeO and Ca2Al2SiO7 begin
to form. When the conversion rate reaches 60%, the major components of the reduced
products become Fe3O4, FeO, Ca2Al2SiO7, and Ca2SiO4. At a 100% conversion rate, with
the increase in reduction time, the degree of reduction remains essentially unchanged,
and the final reduction stage is dominated by FeO, Ca2Al2SiO7, and Ca2SiO4. To visually
illustrate the reduction process of the reaction, Figure 6b employs kinetic analysis of XRD
patterns. At a conversion rate of 0% and a 2θ angle of 34°, the main diffraction peak
corresponds to the (240) diffraction line of SFCA. As the reduction reaction proceeds,
the main diffraction peak gradually shifts from the (240) diffraction line of SFCA to the
(311) diffraction line of Fe3O4. When the conversion rate exceeds 40%, the intensity of
the diffraction peak for the Fe3O4 (311) diffraction line gradually weakens, while the
intensities of the FeO (111) and FeO (200) diffraction lines start to increase, with the FeO
(200) diffraction line eventually becoming the dominant diffraction peak. At a conversion
rate of 60%, the FeO (220) diffraction line begins to form. Additionally, the Rietveld method
for structural refinement and quantitative analysis is utilized to determine the relative
content of each substance at different conversion rates. As depicted in Figure 6c, with an
increasing conversion rate, the SFCA content decreases, while the Fe3O4 content shows
an initial increase followed by a decrease. When the conversion rate surpasses 40%, the
contents of FeO, Ca2Al2SiO7, and Ca2SiO4 increase, and the variation trend of the main
phases aligns with the kinetic analysis of XRD patterns shown in Figure 6b. From these
XRD results, the reduction process of SFCA can be divided into two stages, as illustrated in
Figure 6d. In the first stage, SFCA is reduced to form Fe3O4; in the second stage, Fe3O4 is
further reduced to FeO.

During the reduction process, no other iron-containing phases are observed, possibly
because the reaction between Al2O3 and CaO is more favorable, leading to the consumption
of a significant amount of CaO with the appearance of Ca2Al2SiO7 [9], thereby inhibiting
the formation of other iron-containing phases. Simultaneously, no Fe was detected in the
reduction products. The atmosphere during the experiment consisted of H2, CO, CO2,
H2O, and N2, with H2O being generated from both the reduction of SFCA by H2 and the
water–gas shift reaction. The specific reaction for the water–gas shift reaction is as follows:

CO2 + H2 = CO + H2O (2)

Consequently, the FactSage thermodynamic software was employed in this study
to calculate the equilibrium gas-phase composition of the water–gas shift reaction under
different atmospheric conditions listed in Table 1, where N2 served as a protective gas and
did not participate in the reaction. Figures 7a, 8a and 9a illustrate the variation curves
of H2, CO, CO2, and H2O content (%) as a function of temperature when the H2 volume
fraction is 6%, 10%, and 14%, respectively, at equilibrium. The figures reveal consistent
trends in gas content across the three atmospheric conditions. As the temperature increases
from 1073 K to 1273 K, the H2 and CO2 contents gradually decrease, while the H2O and
CO contents gradually increase. This indicates that the extent of the water–gas shift re-
action increases with temperature, leading to changes in the atmospheric composition.
Figures 7b, 8b and 9b depict the variation curves of H2/(H2 + H2O) and CO/(CO + CO2)
(%) as a function of temperature when the H2 volume fraction is 6%, 10%, and 14%, re-
spectively, at equilibrium. These curves align with the ordinate of the equilibrium phase
diagram for the reduction of iron oxides by CO and H2. Therefore, in conjunction with
Figures 7c, 8c and 9c, it can be inferred that, when the reaction reaches equilibrium, it cor-
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responds to the stable region of FeO. Within this region, the atmospheric and temperature
conditions are not met for the further reduction of FeO to Fe, thus FeO will not undergo
further reduction.

Figure 6. (a) XRD patterns of SFCA at different conversion rates. (b) Kinetic analysis of XRD
pattern. (c) Phase content changes during SFCA reduction. (d) Schematic diagram of crystal structure
transformation during SFCA reduction.

Figure 7. (a) Content variation curves (%) of H2, CO, CO2, and H2O at 6% H2 concentration.
(b) Content variation curves (%) of H2/(H2 + H2O) and CO/(CO + CO2) (%) at 6% H2 concentration.
(c) Equilibrium phase diagram for the reduction of iron oxides by CO and H2.

Figure 8. (a) Content variation curves (%) of H2, CO, CO2, and H2O at 10% H2 concentration.
(b) Content variation curves (%) of H2/(H2 + H2O) and CO/(CO + CO2) (%) at 10% H2 concentration.
(c) Equilibrium phase diagram for the reduction of iron oxides by CO and H2.
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Figure 9. (a) Content variation curves (%) of H2, CO, CO2, and H2O at 14% H2 concentration.
(b) Content variation curves (%) of H2/(H2 + H2O) and CO/(CO + CO2) (%) at 14% H2 concentration.
(c) Equilibrium phase diagram for the reduction of iron oxides by CO and H2.

3.2.2. SEM-EDS Analysis of SFCA in the Reduction Process

To investigate the microstructural morphology and compositional changes SFCA during
the reduction process, SEM-EDS analysis was conducted on SFCA samples with conversion rates
of 20%, 40%, 60%, and 100%. The SEM results are presented in Figure 10, and the EDS results are
summarized in Table 2. When the conversion rate is 20%, two primary phases were observed: a
dark gray phase (represented by Point 1) and an intermediate gray phase (represented by Point 2).
According to EDS analysis, Point 1 primarily consisted of Fe, Ca, Si, Al, and O with a mass ratio
of approximately Fe:Ca:Si:Al:O ≈ 50.90:11.50:2.70:2.60:32.30; Point 2 was mainly composed of
Fe and O with a mass ratio of Fe:O ≈ 72.20:27.80. Combined with XRD analysis, the dark
gray phase was identified as SFCA, while the intermediate gray phase was Fe3O4. At this
stage, the reaction occurred on the surface of SFCA, initiating its reduction to Fe3O4. At a
conversion rate of 40%, EDS analysis revealed that Point 3, primarily consisting of Fe, Ca,
Si, Al, and O with a mass ratio of Fe:Ca:Si:Al:O ≈ 52.15:11.64:3.26:3.14:27.94, corresponded
to SFCA; Point 4, mainly composed of Fe and O with a mass ratio of Fe:O ≈ 72.50:27.50,
represented by Fe3O4. As the reduction reaction progressed, the SFCA content decreased,
with iron oxides primarily existing as Fe3O4. At a conversion rate of 60%, EDS analysis and
element distribution indicated that the intermediate gray phase (represented by Point 5) and
light gray phase (represented by Point 6) contained only Fe and O, corresponding to Fe3O4
and FeO, respectively. With increasing reduction, the reduced product layer became denser
and the particle size decreased. The main reaction at this stage was the reduction of Fe3O4
to FeO. Upon reaching a conversion rate of 100%, the reduction was complete. The iron
oxide in the product layer consisted only of the light gray phase (represented by Point 7),
identified as FeO by EDS analysis. The black phase (represented by Point 8), primarily
composed of Ca, Si, Al, and O with a mass ratio of Ca:Si:Al:O ≈ 29.20:19.70:10.72:40.88,
was identified as Ca2Al2SiO7 and Ca2SiO4 based on XRD analysis. These compounds were
mainly distributed between the product layer and black pores.

Table 2. Mass% of each elements from EDS results of the reduction products of SFCA at 1000 °C.

Figure 6 α Number Fe (%) Ca (%) Si (%) Al (%) O (%)

(a) 20% 1 50.90 11.50 2.700 2.600 32.30
2 72.20 0 0 0 27.80

(b) 40% 3 52.15 11.64 3.260 3.140 27.94
4 72.50 0 0 0 27.50

(c) 60% 5 73.30 0 0 0 26.70
6 76.90 0 0 0 23.10

(d) 100% 7 77.20 0 0 0 22.80
8 0 29.20 19.70 10.22 40.88

From the SEM images, it can be inferred that Sample D is relatively dense, whereas
Sample A is more porous. In the initial stage of the reduction reaction, SFCA begins to
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reduce to form Fe3O4, with a thin product layer. As the reduction reaction proceeds, the
primary reaction shifts to the reduction of Fe3O4 to FeO, and the layers of reduced products,
Fe3O4 and FeO, gradually thicken. In summary, these observations indicate that the
reduction reaction of SFCA proceeds progressively from the outside inward. Furthermore,
regions with a higher degree of reduction are denser and exhibit smaller particle sizes, while
regions with a lower degree of reduction are more porous and display larger particle sizes.

Figure 10. SEM pictures of SFCA at different conversion rates at 1273K: (a) 20%, (b) 40%, (c) 60%,
(d) 100%.

3.3. Reduction Reaction Dynamic of SCFA

To elucidate the hydrogen-rich reduction process of SFCA more clearly, the influence
of temperature and H2 content on the reduction behavior of SFCA was investigated. The
analysis and discussion of the reduction process were conducted using data from isothermal
reduction experiments. Figure 11a presents the weight change curves of SFCA over time
at various temperatures when the H2 volume fraction was 6%, while Figure 11b shows
the weight change curves of SFCA over time under different H2 volume fractions at a
temperature of 1073 K. It can be observed that as the temperature increases from 1073 K to
1273 K, the reduction process accelerates, with the times to reach phase equilibrium being
88 min, 72 min, and 50 min, respectively. Similarly, at a specific temperature of 1273 K,
with the increase in H2 content, the time for SFCA to reach phase equilibrium gradually
decreases to 50 min, 42 min, and 26 min. Since the reduction of SFCA by H2 and CO is
a gas–solid reaction, commonly used kinetic model functions for gas–solid reactions are
listed in Table 3 [22–24]. Under isothermal conditions, the kinetic equation for the SFCA
reaction can be expressed as [25]:

kt = G(α) (3)

where G(α) represents the integral form of the reaction mechanism function; k denotes the
reaction rate constant; and t stands for time. By performing a linear fit to the G(α) ∼ t
curve, we can derive the mechanism function G(α) that is appropriate for the reduction
process, along with the corresponding model.
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Figure 11. (a) Curves of SFCA weight with reduction time at different temperatures. (b) Curves of
SFCA weight with reduction time at different H2 volume fractions.

Table 3. Kinetic model function.

Model f (α) G(α) Reaction Mechanism

Diffusion model

1/2α α2 1D diffusion
−ln(1 − α)− 1 (1 − α)ln(1 − α) + α 2D diffusion

1.5(1 − α)2/3[1 − (1 − α)1/3]−1 [1 − (1 − α)1/3]2 3D diffusion (Jander, n = 2)
1.5[(1 − α)1/3 − 1]−1 1 − 2α/3 − (1 − α)2/3 3D diffusion (G-B)

Phase boundary 2(1 − α)1/2 1 − (1 − α)1/2 Shrinking core model (n = 2)
Reaction model 3(1 − α)2/3 1 − (1 − α)1/3 Shrinking core model (n = 3)

3.3.1. Effect of Temperature on SFCA Reduction Behavior

Figure 12 illustrates the variation curves of SFCA conversion rate and reduction rate
over time at temperatures of 1073 K, 1173 K, and 1273 K, with an H2 volume fraction of 6%.
As can be seen from Figure 12a, higher conversion rates achieved at higher temperature at
identical reaction times. Additionally, as shown in Figure 12b, the reduction rate curves
at elevated temperatures reach a plateau first, indicating that the reduction rate of SFCA
increases with rising reduction temperature; thereby, less time is required to reach the end
of the reaction. This indicates that an increase in temperature accelerates the reduction
process of SFCA. At 1073 K, the reduction rate curve shows an initial increase followed by
a decrease. However, at 1173 K and 1273 K, the reduction rate curves exhibit a consistent
trend of gradual decrease over time. This phenomenon is primarily attributed to the water–
gas shift reaction between CO and H2 occurring at 1083 K [26]. When the temperature
is below 1083 K, the reduction capability of CO surpasses that of H2; whereas, when the
temperature exceeds 1083 K, H2 exhibits superior reduction capability compared to CO. As
the temperature rises, the influence of the water–gas shift reaction on the reduction reaction
gradually intensifies, leading to variations in the reduction rate curve.

The relationship curves of G(α) versus t were further calculated for each model listed
in Table 3 and subsequently plotted in Figure 13. The fitting was conducted using Equation
(2), and the fitting results are presented in Table 4. According to the correlation coefficients
(R2), the reduction process at temperatures of 1073 K, 1173 K, and 1273 K follows the
3D diffusion model (G-B), with the corresponding kinetic mechanism function being
G(α) = 1 − 2α/3 − (1 − α)2/3. This can primarily be attributed to the gradual thickening
and densification of the product layers (FeO and Fe3O4) formed by the reduction with
H2 and CO as the reduction reaction proceeds, which increases the resistance to diffusion.
Therefore, the reduction process is governed by the 3D diffusion model (G-B).
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Figure 12. Relationship between (a) conversion and reducing time; (b) reduction rate and reducing
time for different temperatures.

Figure 13. (a–f) Relationship between G(α) and reduction time t at different temperatures.

Table 4. Fitting results.

G(α)
1073 K 1173 K 1273 K

k R2 k R2 k R2

α2 0.014 0.971 0.015 0.926 0.022 0.935
(1 − α) ln(1 − α) + α 0.013 0.965 0.015 0.982 0.022 0.983

[1 − (1 − α)1/3]2 0.008 0.852 0.010 0.971 0.015 0.967
1 − 2α/3 − (1 − α)2/3 0.004 0.991 0.005 0.996 0.007 0.995

1 − (1 − α)1/2 0.012 0.986 0.012 0.959 0.018 0.970
1 − (1 − α)1/3 0.010 0.986 0.011 0.987 0.017 0.994

The relationship between the rate constant k and the reaction temperature T can be
described by the Arrhenius Equation [27]:

k = Aexp(−E/RT) (4)

where A is the pre-exponential factor; E is the apparent activation energy; and R is the gas
constant. Taking the logarithm of both sides of Equation (4) yields:

lnk = lnA − “E/RT” (5)
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By plotting the relationship between lnk and 1000/T (Figure 14), the apparent activa-
tion energy was determined to be 32.087 kJ·mol−1, with a pre-exponential factor of 0.1419.
In summary, under conditions of low H2 content (6%), the influence of temperature on
the reduction process of SFCA follows the 3D diffusion model (G-B). Specifically, as the
temperature increases, hydrogen, serving as an active reducing agent, can more effectively
diffuse into the pores of the iron ore. Therefore, increasing the reduction temperature is
an effective measure to accelerate the SFCA reduction reaction rate. When the reduction
temperature reaches the maximum temperature of the lump zone, 1273 K, the reduction
rate achieves its fastest.

Figure 14. Relationship between lnk and 1000/T.

3.3.2. Effect of H2 Content on SFCA Reduction Behavior

Figure 15 presents the conversion rate and reduction rate curves of SFCA as a function
of time at temperatures of 1273 K under H2 volume fractions of 6%, 10%, and 14%. As
illustrated, for the same reaction time, the curves with higher H2 content exhibit greater
conversion rates. The reduction rate curves for the three H2 volume fractions show con-
sistent trends over time: initially, the reduction rate rapidly decreases, exhibiting a linear
relationship with time. As the reaction progresses into the mid-to-late stages, the reduction
rate begins to change more slowly. Additionally, the reduction rate curve under a 14% H2
volume fraction is the first to reach a plateau, indicating that increasing the H2 content can
enhance the reaction rate.

As depicted in Figure 16, the G(α) ∼ t curves under various models have been further
fitted. The fitting outcomes are tabulated in Table 5. At H2 volume fractions of 6% and 10%,
the data align with the 3D diffusion model (G-B), characterized by the kinetic mechanism
function G(α) = 1 − 2α/3 − (1 − α)1/3. When the H2 volume fraction reaches 14%, the
reaction mechanism transitions to the Shrinking core model (n = 3), characterized by the
kinetic mechanism function G(α) = 1 − 2α/3 − (1 − α)1/3. In conclusion, augmenting the
H2 content serves as an effective strategy to enhance the reduction reaction rate of SFCA.
As H2 content increases, the concentration gradient during diffusion also rises, leading to a
corresponding enhancement in the diffusion driving force and accelerating the diffusion
process. Consequently, the reaction gradually transitions from the 3D diffusion model (G-B)
to the Shrinking core model. When the H2 content reaches 14%, the fastest reduction rate
is observed.
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Figure 15. Relationship between (a) the conversion and reducing time; (b) the reduction rate and the
reducing time for different H2 volume fractions.

Figure 16. (a–f) Relationship between G(α) and reduction time t at different H2 volume fractions.

Table 5. Fitting result.

G(α)
6%H2 10%H2 14%H2

R2 R2 R2

α2 0.935 0.905 0.964
(1 − α) ln(1 − α) + α 0.983 0.966 0.991

[1 − (1 − α)1/3]2 0.967 0.981 0.929
1 − 2α/3 − (1 − α)2/3 0.995 0.988 0.988

1 − (1 − α)1/2 0.970 0.952 0.989
1 − (1 − α)1/3 0.994 0.986 0.999

4. Conclusions

This work investigates the hydrogen-rich reduction mechanism of SFCA within the
temperature range of the blast furnace’s lump zone (1073–1273 K). The research findings
are as follows:

(1) Under hydrogen-rich conditions in the blast furnace, with increasing reduction
time and conversion rate, SFCA is ultimately reduced to FeO, Ca2Al2SiO7, and Ca2SiO4.
The reduction process of SFCA occurs in two stages: in the first stage, SFCA is reduced to
Fe3O4 (magnetite); in the second stage, Fe3O4 is further reduced to FeO.
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(2) Temperature has a significant impact on the reduction process of SFCA. Increasing
the temperature accelerates the reduction rate of SFCA, with the fastest rate observed at
1273 K. When the H2 volume fraction is 6% and the temperatures are 1073 K, 1173 K, and
1273 K, the reduction process of SFCA is governed by the 3D diffusion model (G-B), with
an apparent activation energy of 32.087 kJ·mol−1 and a pre-exponential factor of 0.1419.

(3) The H2 content has a notable influence on the reaction rate. As the H2 content
increases, the relative resistance to diffusion gradually decreases, leading to an accelerated
reduction rate. The fastest reduction rate is observed when the H2 volume fraction is 14%.
At 1273 K with a H2 volume fraction of 6%, the reaction follows the 3D diffusion model
(G-B); however, when the H2 volume fractions are 10% and 14%, the reaction mechanism
shifts to the Shrinking core model (n = 3).
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