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Abstract: In this study, the isothermal reduction of bauxite residue-calcite sintered pellets by hydro-
gen at elevated temperatures and different gas flow rates was investigated. A thermogravimetric
technique was applied to study the kinetics of the direct reduction by H2 at 500–1000 ◦C. It was
observed that iron in sintered oxide pellets mainly exists in the form of brownmillerite, srebrodolskite
and fayalite. The reduction of brownmillerite, the dominant Fe-containing phase, with hydrogen
produces mayenite, calcite and metallic iron. X-ray diffraction (XRD), scanning electron microscopy
(SEM), X-ray fluorescence (XRF), BET surface area, pycnometer and mercury intrusion porosime-
ter analyses were adopted on reduced pellets to interpret the experimental results. The order of
the reduction process changes from first-order reaction kinetics to second-order with an increasing
reduction temperature. The change in reaction order may be due to sintering at higher reduction
temperatures and corresponding physical and microstructural changes in pellets. The activation
energy of reduction was calculated as 55.1–96.6 kJ/mol based on the experimental conditions and
using different kinetic model equations. From the experimental observations, it was found that
1000 ◦C with 60 min is the most suitable condition for bauxite residue-CaO sintered pellets’ reduction
with hydrogen.

Keywords: isothermal reduction; activation energy; thermogravimetric; first order; second order; kinetics

1. Introduction

The smelter-grade alumina for aluminum production is mainly produced by the Bayer
process. Nearly the entire aluminum industry worldwide has adopted the Bayer process for
alumina production from bauxite ore [1]. This process generates nearly 1.0 to 1.5 tons of red
mud or bauxite residue (BR) as a byproduct per ton of alumina produced, which may vary
depending on the geographic region of the ore and the efficiency of processing parameters
in the Bayer process [2–4]. BR is partially dewatered red mud and is highly hazardous due
to its high alkalinity, fine particle size and heavy metal content. The handling and storing
of BR at the industrial scale is a challenging task [5]. Due to its high-volume generation,
BR storage will require a large area of land. BR typically contains iron, aluminum, silicon,
titanium and several other oxides, and iron and aluminum oxides are the major fractions,
with 50 to 70 wt.% of the residue [6,7]. Strict regulations from the European mine directives
and European waste legislation significantly limit the landfill disposal of waste and have
forced the industry to explore alternative sustainable solutions for this waste [8,9]. Despite
many R&D projects, industrial-scale application and economical metal recovery from BR is
still anticipated [10,11].

Most iron and steel production is achieved using the blast furnace–basic oxygen fur-
nace (BF-BOF) route, which employs the burning of fossil fuels and generates around
1.9 tons of CO2 per ton of steel produced [12]. It was estimated that nearly 30% of the
industrial emissions and 7% of the total global CO2 emissions [13] came from the iron
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and steel industry alone. Due to increasing concerns about global warming, steel pro-
ducers have started to turn towards hydrogen reduction as a more sustainable means of
production[14–16]. According to the Paris agreement, 45% of CO2 emissions should be
reduced by 2030 and net zero should be achieved by 2050 [17]. This means that replacing
fossil fuels with hydrogen as the main reductant will be an appropriate path towards sus-
tainable iron production. During direct reduction with hydrogen, iron oxides are reduced
to metallic iron without undergoing a liquid phase and it only generates water vapor as a
product gas. Since the reduction of iron oxides using hydrogen is endothermic, energy must
be supplied to the process [18]. The energy consumption per ton of liquid steel produced
through hydrogen reduction by the direct reduction–electric arc furnace (DR-EAF) route
is around 3.72 MWh, slightly higher than the BF-BOF route, which is around 3.48 MWh,
without considering the pelletizing and finishing processes for both [19]. The reduction
of hematite to metallic iron requires two or three reaction mechanism steps based on the
reduction temperature [20]. These reduction equations are described as follows.

At a temperature above 570 ◦C, a three-stage mechanism is followed:

3Fe2O3 + H2 → 2Fe3O4 + H2O (1)

2Fe3O4 + 2H2 → 6FeO + 2H2O (2)

6FeO + 6H2 → 6Fe + 6H2O (3)

At a temperature below 570 ◦C, a two-stage mechanism is followed:

3Fe2O3 + H2 → 2Fe3O4 + H2O (4)

2Fe3O4 + 8H2 → 6Fe + 8H2O (5)

Initially, these reactions were suggested to be strongly dependent on the tempera-
ture [20]. In actual practice, it depends upon many parameters, such as internal diffusion
resistance, external diffusion resistance, the reaction rate, etc. [21].

The use of BR as a secondary raw material for iron and alumina recovery will accom-
pany the direct use of valuable materials and the valorization of industrial waste towards a
circular economy. A sustainable process has been introduced by the HARARE EU project
to extract iron, alumina and REEs from BR, and hydrogen reduction has been conducted to
reduce iron oxide to metallic iron, followed by the magnetic separation of iron and other
metals’ recovery. This work falls within the Ca route of the HARARE project, in which
BR and calcite-agglomerated pellets are reduced by hydrogen with varying temperatures
(isothermally) and H2 flow rates. The optimized parameters of BR and calcite agglomera-
tion have been studied in our previous work [22]. The purpose of using calcite with BR to
form a calcium aluminate phase during hydrogen reduction is that it can be separated by
alkaline leaching using sodium carbonate solutions. The present experimental work mainly
focuses on understanding the reduction behavior, activation energy calculation and phase
transformation of the reduced optimized BR-calcite sintered pellets. In practice, the rate of
reduction and the activation energy are important for process design, and they are directly
related to the production rate and optimizing the process parameters. Therefore, we tried
to extract these fundamental data for the newly produced pellets. Most of the previous
studies on the hydrogen reduction of iron oxides have been on hematite and magnetite
reduction; however, the novelty of the present work is that the reduction behavior of pellets
containing iron complexes of brownmillerite, serbrodolskite and fayalite, which formed
during the sintering of BR and calcite pellets, are studied. No similar research work has
been performed previously.
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2. Materials and Methods

In this section, the materials, methods of characterization and application of hydrogen
gas for the reduction of iron complexes in BR-calcite sintered pellets are described.

2.1. Materials

BR was supplied by Mytilineos Metallurgy Business Unit S.A., which was previously
named Aluminium of Greece. Limestone (LS) was provided by Omya (Molde, Norway).
As-received lumpy materials were dried in an oven at 80 ◦C overnight and deagglomerated
into fine sizes below 500 µm. BR and CaCO3 fine particles were then mixed in a ratio
of CaO/Al2O3 = 1 using a ball mill for homogenization and were pelletized with a disc
pelletizer with ca. 10 wt.% water addition. Resulting green pellets were dried overnight
in an oven at a temperature of 110 ± 5 ◦C. Dried pellets were subsequently sintered in a
muffle furnace at 1150 ± 10 ◦C in air for 120 min [22]. In this paper, RH3, RH5 and RH8
denote sinter pellets reduced at 1000 ◦C, 800 ◦C and 500 ◦C, respectively.

2.2. Direct Reduction

The heating profile for the direct reduction experiment is represented in Figure 1.
Heating was carried out in an argon atmosphere with a flow rate of 1 NL/min up to the
targeted temperature at a heating rate of 10 ◦C/min. Initial reduction experiments were
performed through the varying flow rate of hydrogen with a constant reduction time and
temperature to determine the hydrogen flow rate effect. Afterward, the flow rate was fixed
for all the reduction experiments between 500 ◦C and 1000 ◦C with 100 ◦C intervals, but it
was performed with different reduction times. Cooling was carried out under argon flow
to prevent iron reoxidation upon cooling.
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Figure 1. Heating profile of reduction experiments.

The direct reduction of pellets was conducted isothermally under a hydrogen atmo-
sphere in a thermogravimetric (TG) furnace (ENTECH, Angelholm, Sweden). A schematic
view of the TG furnace is shown in Figure 2. A schematic of the crucible is shown in
Figure 2A, and the overall setup of the furnace is shown in Figure 2B. The shape of the
crucible was a hollow cylinder, and the sample was placed at the bottom and inside the
crucible on a steel grid with a porous alumina plug that maintained a uniform gas flow. A
thermocouple was inserted in the middle of the crucible and placed at the halfway point of
the sample height, as shown in Figure 2A. There were two thermocouples in the furnace;
one was located on the furnace wall, and other was in the middle of the sample. The inert
or hydrogen gas was introduced from the top of the crucible into the outer part of the
crucible, and after being preheated, it was introduced to the bottom of the sample bed,
and it flowed out through the top of the inner part of the crucible to the off-gas line. The
target temperature was set based on the thermocouple temperature reading. The crucible
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was hung in a weight balance, and the weight loss data were transferred directly to a
data logging system. The logging system was connected to a gas flow controller device,
weighing balance, temperature controller and outgas analysis system. To study the flow
rate of H2′s effect on direct reduction, we reduced the sample at 1000 ◦C for 90 min using
2 NL/min, 3 NL/min and 4 NL/min flow rates, and 4 NL/min was chosen for the other
experiments based on providing the highest rate of reduction. Subsequent experiments
were conducted at a 4 NL/min H2 flow rate with a varying reduction time and temperature.
For reductions at 1000 ◦C, 900 ◦C and 800 ◦C, the reduction time was 90 min; meanwhile,
for reductions at 700 ◦C, 600 ◦C and 500 ◦C, the time was set at 120 min. The reduction time
for the lower-temperature reductions was longer to compensate for the lower reduction
kinetics. For each test, we used approximately 50 g of sample.
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2.3. Methods for Characterization

Mineralogical phase analysis of raw materials sintered and reduced pellets were con-
ducted with the X-ray diffraction (XRD) technique using the Bruker D8 A25 DaVinciTM,
Karlsruhe, Germany, with CuKα radiation (wavelength λ of 1.54 Å), a 2θ range from 15
to 75 and a step size of 0.03◦. Qualitative results were analyzed using the EVA diffraction
software with a crystallographic database. Elemental analysis of pellets was performed
using the X-ray fluorescence (XRF) technique with a device from Thermo Fisher, Degerfors,
Sweden. Sample preparation of testing in XRF was performed by using the flux fusion
method. Microstructural examination of the products was performed via a Field Emission
Scanning Electron Microscope (Zeiss Ultra FESEM, National Institute of Standards and
Technology, Gaithersburg, MD, USA) equipped with an XFlash® 4010 Detector supplied by
the Bruker Corporation (Billerica, MA, USA) for Energy-Dispersive X-Ray Spectroscopy
(EDS). EDS analysis was employed for the elemental analysis of different regions in the
sample. The porosity and pore size distribution of pellets were measured using a mer-
cury intrusion porosimeter, Autopore IV 9520, Micropolitics, (Micromeritics Instrument
Corporation, Norcross, GA, USA). The density of reduced pellets was measured using
a Pycnometer, Micromeritics and Accupyc 1350, with helium gas of 99.99% purity. The
BET surface area was measured using a 3Flex 3500 Chemisorption Analyzer, Micromeritics
(Micromeritics Instrument Corporation, Norcross, GA, USA). Before the BET area mea-
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surement, the sample was degassed at 250 ◦C for 10 h to remove the moisture content of
sintered pellets before the BET analysis.

3. Results

The obtained results from the experiments are presented below.

3.1. Characterization of Materials

The results of XRF analysis for the dried, sintered and reduced pellets are listed in
Table 1. As the dry pellet sample had CaCO3 during the sintering of the dry pellets, all
CaCO3 was decomposed to CaO and CO2, which led to loss on ignition. However, for
sintered and reduced pellets, there was very low LOI. The XRF gave the results in elemental
form, and as all-iron complexes were reduced to metallic iron as per XRD, we normalized
and recalculated them in the form of Fe. For the sintered oxide pellets, all iron oxides
were assumed in the form of Fe2O3 in different compounds, such as brownmillerite and
srebrodolskite. The XRF results of sintered pellets showed that the weight percentages
of most oxides increased due to sintering, but the Na2O and MgO content decreased. In
addition, the Na2O content also decreased due to reduction. The metallic iron content of
the completely reduced sample at 1000 ◦C was around 21.4%.

Table 1. XRF analysis of dried, sintered and reduced pellets.

Sample/Oxides RM + CaCO3 (C1A, Dried) Sintered (1150 ◦C, C1A) Reduced RH3 (1000 ◦C)

Al2O3 13.20 19.80 23.60
CaO 27.50 32.80 35.90

Fe2O3/Fe 23.20 29.60 21.40 (Fe)
K2O 0.15 0.19 0.09
MnO 0.04 0.05 0.05
MgO 0.59 0.51 0.87
Na2O 2.55 2.31 2.22
P2O5 0.07 0.12 0.10
SO3 0.58 0.96 0.86
SiO2 6.05 8.30 9.75
TiO2 3.25 4.07 4.39

Cr2O3 0.14 0.20 0.20
V2O5 0.11 0.15 0.13
NiO 0.07 0.10 0.06
LOI 22.40 0.72 0.24

XRD of the raw materials is presented in Figure 3. As shown in the XRD plot, the major
fraction of BR is composed of hematite (Fe2O3) and diaspore (AlHO2). In addition, it also
contains cancrinite (C0.7H1.7Al3Ca0.75Na3O12.4Si3), katoite (AlCa3H9.7O12Si0.69), perovskite
(CaTiO3), anatase (TiO2), coesite (SiO2), goethite (FeOOH), sodalite (Al3ClNa4O12Si3) and
calcite (CaCO3). Meanwhile, the limestone mainly consists of the CaCO3 phase, and the
minor phases are not detected due to significant X-ray diffraction from calcite. The phases
of the sintered pellets are presented in Figure 3.

3.2. Reduction Rate under Different Conditions
3.2.1. Effect of Gas Flow Rate

The mass loss changes with time for reduction at 1000 ◦C for 90 min with varying H2
flow rates (2 NL/min, 3 NL/min and 4 NL/min) are shown in Figure 4. The relative total
mass loss was almost equal for all three different flow rates; however, the initial rate of mass
loss increased slightly at 4 NL/min. The mass loss was less for 2 NL/min as compared to
3 NL/min and 4 NL/min. The shape of the curves in Figure 4 indicates that reduction was
almost completed for all flow rates after 60 min of reduction time.

3.2.2. Effect of Temperature

Figure 5 shows the reduction curves for reduction at different temperatures under
a constant hydrogen flow rate, and obviously the mass loss increases with increasing
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temperature at each reduction time. Regarding the same sample masses before reduction,
the extent of mass change shows that the reduction was incomplete for lower reduction
temperatures within 2 h, since the mass loss curves at 500–700 ◦C were not leveled off.
The maximum weight loss of ~11.5% was found at 1000 ◦C, which is approximately the
theoretical weight loss that will be presented in Section 4.3.
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3.3. Physical Properties of Pellets

The overall mass losses of the samples correlate with both the change in the gas
flow rate and the reduction temperature, as observed in Figures 4 and 5. However, the
correlation between the mass loss and gas flow rate is much smaller than that between
the mass loss and reduction temperature. The mass loss of the sample increased only
by approximately 0.4% (11.1% to 11.5%) when the gas flow rate was increased two-fold
(2 NL/min to 4 NL/min). To evaluate this better, the changes in mass loss at different
reduction temperatures with a fixed flow rate of 4 NL/min are shown in Figure 6. The
mass loss percentage at a 500 ◦C reduction temperature was around 3.1% and was raised to
11.5% at a 1000 ◦C reduction temperature, with almost a linear relationship. However, the
mass changes with a temperature change from 900 to 1000 ◦C were insignificant.

The BET surface area of the sample reduced at 1000 ◦C was approximately
1.0044 m2/g (Figure 7), while those for the samples reduced at 800 ◦C and 500 ◦C were
1.3229 m2/g and 1.2994 m2/g, respectively. The relationship between the reduced pellet
porosity and BET surface area and the reduction temperature is as shown in Figure 7. The
porosity of the sample reduced at 500 ◦C was around 54.2%, and it increased slightly for
the 800 ◦C reduced sample, and then decreased with reduction at 1000 ◦C to approximately
51.7%. The change in porosity between 500 and 1000 ◦C is not significant; however, the
BET surface area and porosity of the reduced pellets show related trends, as in Figure 7.
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The true density of pellets reduced at 1000 ◦C was the highest at around 3.55 g/cm3;
however, the density of the pellets reduced at 800 ◦C was the lowest and was lower
than the ones reduced at 500 ◦C, as shown in Figure 8. The relationship between density
and the reduction temperature was found to be non-linear, as shown in Figure 8, with a
V-shaped form.

3.4. Phase Analysis

As shown in Figure 9, the identified phases in samples that were reduced at different
flow rates with a constant reduction time and temperature were similar. The major phases
of the reduced samples were metallic iron (Fe), perovskite (CaTiO3), lime (CaO), mayenite
(12CaO.7Al2O3), gehlenite (Ca2Al2SiO7) and larnite (Ca2O4Si). Titanium was found in the
form of calcium titanate (CaTiO3) and silica was present as Ca2Al2SiO7 and Ca2SiO4. A
calcium aluminate phase was also found in the reduced sample, which was Ca12Al14O33.
XRD spectra of the samples reduced at different reduction temperatures were plotted as
illustrated with the identified peaks in Figure 10. As we can observe, the peak intensity for
metallic iron, lime and mayenite was increased when increasing the reduction temperature.
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In contrast, the relative intensities of the gehlenite, perovskite and brownmillerite phases
were decreased when increasing the reduction temperature.
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3.5. Microstructure Analysis

SEM imaging and EDS point analysis were performed for three different reduction
temperatures and typical results are presented in Figure 11. Figure 11a shows the mi-
crostructure of pellets reduced at 1000 ◦C, and it shows metallic Fe, the white particles
in the image. The whitish-grey phase in the image is CaTiO3, the dark grey area is a
mixture of calcium aluminate and sodium aluminate, and the light grey area is gehlenite.
Figure 11d shows the microstructure of the 1000 ◦C reduced sample at lower magnifi-
cation. EDS elemental mapping analysis of pellets reduced at 1000 ◦C is presented in
Figure 12, which confirms that iron was mainly present as metallic iron, since there was
no oxygen overlapping in this area, which was confirmed by point analysis as well. Two
other high-intensity areas existing in the sample contain Ca, Ti and O, which were the
CaTiO3 phase, and Ca, Al and O, which were the mayenite phase. It was observed on the
EDS imaging that in some areas, aluminum combined with sodium, which suggests the
existence of a sodium aluminate phase; however, it was not observed in the XRD analysis.
Iron in the sample that was reduced at 800 ◦C was mainly present as a brownmillerite
variant (Ca2Fe1.635Al0.365O5) and metallic iron, as shown by the XRD analysis of the sample
(Figure 11c). Other major phases found in the sample reduced at 800 ◦C were CaTiO3,
sodium aluminate and calcium aluminate, and the presence of these phases was confirmed
both by EDS elemental mapping analysis (Figure 13) and by XRD analysis (Figure 11c).
As shown by the EDS elemental analyses in Figures 13 and 14, most of the iron element
was present in combination with oxygen for samples that were reduced at 800 ◦C and
500 ◦C. Calcium generally exists in a different area in combination with iron and titanium.
One interesting EDS analysis result was in the sample reduced at 800 ◦C, where sodium
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aluminate was found to be encapsulated by calcium titanate and brownmillerite. The EDS
elemental mapping indicates that selected elements of interest were widely distributed,
and the phases were relatively complex.
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The transition of iron complexes with increasing reduction temperature is shown in
Figure 15. The dominant iron complex at lower temperatures (500 ◦C and 800 ◦C) was
brownmillerite; meanwhile, at higher temperature (1000 ◦C), it was metallic iron. The EDS
elemental analysis of iron phases at different reduction temperatures is presented in Table 2.
It was discovered that the atomic percentage of iron in the respective complex increases
with a higher reduction temperature. At a 1000 ◦C reduction temperature, iron’s atomic %
in the complex was nearly 97%. At 800 ◦C and 500 ◦C reduction temperatures, iron was
present in combination with aluminum, calcium and oxygen, and the atomic percentages
of these three elements were higher for samples reduced at 500 ◦C compared to the ones
reduced at 800 ◦C, as shown in Table 2. Figure 15, for sample (RH5) reduced at 800 ◦C,
shows that the metallic iron complex exists along with the more dominant brownmillerite
complex; the existence of both complexes was supported by the XRD results.

Table 2. Comparison of atomic fraction in EDS elemental analysis of RH3, RH5 and RH8.

Sample/Elements (at. %) Fe Ca Al Si Ti O

RH3 (1000 ◦C) 96.3 2.5 0.6 0.3 0.1 -
RH5 (800 ◦C) 72.1 10.4 1.2 0.3 3.8 10.2
RH8 (500 ◦C) 52.7 11.6 4.1 1.5 0.2 28.1
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4. Discussion
4.1. Physical Properties

Porosity measurement was performed regarding the sample weight and volume, and
the applied mercury pressure. However, for a given sample volume, the mass loss of the
sample reduced at a higher temperature was greater than in the lower-temperature reduced
sample due to the larger extent of reduction. Therefore, in the mercury porosimeter, it
was found that the porosity increases and again decreases when increasing the reduction
temperature, as we did not observe sintering at 800 ◦C and lower temperatures. However,
at a higher reduction temperature than 800 ◦C, the sintering of the oxide phases/particles
occurred, which may cause a loss in porosity. As the reduction temperature increases, more
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iron complexes are reduced to metallic iron, accompanied by higher oxygen removal from
the pellet, resulting in the sintering of more reduced iron as well.

The true density is calculated by dividing the sample’s total weight by the actual
volume of the pellet. As shown in Figure 8, the sample reduced at 1000 ◦C had a higher
density than those reduced at 800 ◦C and 500 ◦C. As shown by the XRD and EDS analysis,
most of the iron complexes in the sample reduced at 1000 ◦C were converted to metallic
iron. Both a volume and weight reduction occurred in samples reduced at 1000 ◦C due to
the sintering of both metallic iron and the non-metallic phases, which is clearly observed in
Figure 15. The density of the sample reduced at 500 ◦C was higher than that reduced at
800 ◦C. Visual examination showed that a volume reduction did not occur in the samples
reduced at 500 ◦C and 800 ◦C, while the sample reduced at 800 ◦C experienced a greater
weight reduction than the sample reduced at 500 ◦C. This discrepancy showed that iron
complex reduction in the sample at 800 ◦C occurred without a volume change, which is
indicative of insignificant sintering and higher porosity as compared to 500 ◦C. The sample
reduced at 500 ◦C had a significantly lower iron complex reduction extent.

4.2. Phase Evolution and Microstructural Analysis

In the sintered pellet, the majority of iron oxide was present in the brownmillerite
phase (Ca2Fe1.632Al0.364O5); however, during reduction, the brownmillerite phase is re-
duced to metallic iron, mayenite, CaO and water vapor [23]. XRD analysis (Figure 10)
showed that the intensity of the iron, CaO and mayenite peaks was increased with the
increasing reduction temperature; meanwhile, the brownmillerite peaks’ intensities were
decreasing and completely disappeared at the highest temperature. The reduction equa-
tions of brownmillerite, srebrodolskite and fayalite with hydrogen are as follows:

7Ca2[Fex, Al1−x]2O5(s) + 21x H2(g) = 14x Fe(s) + 21xH2O(g) + (2 + 12x)CaO(s)
+(1− x)Ca12Al14O33(s)

(6)

Ca2Fe2O5 + H2 → 2Fe + 2CaO + 3H2O (7)

Fe2SiO4 + 2H2 → 2Fe + SiO2 + 2H2O (8)

The Gibbs free energy changes in srebrodoliksite (Ca2Fe2O5) and fayalite (Fe2SiO4)
reduction by hydrogen at different reduction temperatures were calculated and are shown
in Figure 16. For pure srebrodoliksite and fayalite, whose activities are unified, the change
in free energy is negative at a 1000 ◦C reduction temperature. Thermodynamic calculation
shows that the reduction of srebrodolskite and fayalite to metallic iron by hydrogen gas
starts below 1000 ◦C; however, the reduction was started at a lower reduction temperature,
as observed by XRD and SEM analysis. This may be because there were many oxide phases
in the reduced pellets, and the activity of the product phases becomes less than unity, which
drives the reaction to the right. As the product of Reaction (6) has a greater number of phases
compared to Reactions (7) and (8), the activity of the product components in Reaction (6) is
expected to be lower than in Reactions (7) and (8). This may be the reason that the reduction
of brownmillerite starts below the thermodynamic equilibrium temperature as compared
to srebrodolskite and fayalite. It is worthwhile to note that the main difference in Ca2Fe2O5
with the brownmillerite detected by XRD (Figure 3) is the existence of a small portion of
Al in its structure (0.365 moles Al and 1.635 moles Fe), instead of 2 moles Fe in Ca2Fe2O5,
while the number of moles of Ca is the same. Although the thermodynamic properties of
Ca2Fe1.635Al0.365O5 do not exist in the thermodynamic database, the behavior of Ca2Fe2O5
in Figure 16 can be illustrative of the Gibbs energy changes of Ca2Fe1.635Al0.365O5, and the
real line may present a slight difference from that for Ca2Fe2O5.
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XRD analysis shows that the CaO intensity increases with the increasing reduction
temperature due to the greater reduction of brownmillerite into iron, mayenite, calcium
oxide and water vapor; see Reaction (6). At a 1000 ◦C reduction temperature, the Ca2SiO4
phase was found, which might be formed by the interaction of calcite and silica from BR.
The formation reaction of Ca2SiO4 and its free energy is presented in Equation (9), and
obviously its formation is possible at the applied process temperature.

2CaO + SiO2 → Ca2SiO4 , ∆G1000°C = −127.6
kJ

mol
(9)

4.3. Fraction Reduction and Activation Energy Calculation

During the direct reduction of sintered pellets with hydrogen, the rate of weight loss
increases with temperature due to the faster reaction kinetics at higher temperatures. This
is due to the faster mass transport by diffusion and the more decreased free energy of the
reaction, which drives the reaction to the right. The reduction rate also increases with a
higher hydrogen flow rate due to the higher volume of hydrogen available for reduction,
which subsequently increases the reduction kinetics.

For all experiments, the fractions reduced with time at different temperatures were
calculated using Equation (10) and the obtained reduction curves are presented in Figure 17.
It was observed that the reduction kinetics at higher temperatures (1000, 900, 800 ◦C) were
significantly higher at the early stage of reduction and decreased as time progressed toward
the end of reduction. At low reduction temperatures (700, 600 and 500 ◦C), the reduction
was not completed within the applied duration due to the slower reduction kinetics.

X =
4w
win

(10)

where X is the fraction reduced, ∆w is the weight loss during reduction (actual oxygen
removed from iron complexes) and win is the theoretical amount of oxygen present in Fe2O3
of the initial mass.

The reduction rate is higher and more extensive for the sample reduced at 1000 ◦C as
compared to lower reduction temperatures. The fraction reduced of iron complexes is close
to 0.99 for the sample reduced at 1000 ◦C, but with a decreasing reduction temperature,
it reaches as low as 0.28 for the 500 ◦C reduced sample. There were some possible errors
in the mass readings due to changes in the gas total flow rate, range of particle sizes (4 to
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10 mm), high temperature weighing and inhomogeneities along the particles, which were
taken into consideration.
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To calculate the activation energy, different reaction order models were used for the
better fitting of a fraction conversion function, g(α), with time [24]. However, only first-
and second-order models (presented in Figures 18 and 19) had a good fit with these results.
Based on the first- and second-order reaction models, the activation energy was calculated
and is listed in Table 3.

Metals 2023, 13, x FOR PEER REVIEW 18 of 21 
 

 

close to 0.99 for the sample reduced at 1000 °C, but with a decreasing reduction 
temperature, it reaches as low as 0.28 for the 500 °C reduced sample. There were some 
possible errors in the mass readings due to changes in the gas total flow rate, range of 
particle sizes (4 to 10 mm), high temperature weighing and inhomogeneities along the 
particles, which were taken into consideration. 

To calculate the activation energy, different reaction order models were used for the 
better fitting of a fraction conversion function, g(α), with time [24]. However, only first- 
and second-order models (presented in Figures 18 and 19) had a good fit with these 
results. Based on the first- and second-order reaction models, the activation energy was 
calculated and is listed in Table 3. 

Table 3. Kinetic models for reduction reaction [24]. 

Integral Form g(α) = kt Equation Model Activation Energy (kJ/mol) R2 −ln (1 − α) = kt (11) 1st Order 55.1 0.93 [1/(1 − α)] − 1 = kt (12) 2nd order 96.6 0.91 
where α is the fraction reacted, k is the rate constant, and t is the reduction time. 

By plotting the right-hand side of Equations (11) and (12) against the reduction time, 
the activation energy of different models could be obtained. By using the reduction rate 
constant from every temperature of a particular model, the activation energy was 
calculated using Equation (13), according to the Arrhenius equation [25]: lnk = lnk − ERT    (113

)

where kred is the reduction rate constant, k is a frequency factor, R is the gas constant, Ea is 
the apparent activation energy and T is the absolute temperature in kelvin. The lnkred with 
respect to 1/T (K) for all order reactions is presented in Figure 20. 

 
Figure 18. Relation between −ln(1 − α) and time for different reduction temperatures. Figure 18. Relation between −ln(1 − α) and time for different reduction temperatures.



Metals 2023, 13, 644 17 of 20Metals 2023, 13, x FOR PEER REVIEW 19 of 21 
 

 

 
Figure 19. Relation between [1/(1 − α)] −1 and time for different reduction temperatures. 

 
Figure 20. Arrhenius plot of different reaction orders under H2 reduction. 

Figure 19. Relation between [1/(1 − α)] −1 and time for different reduction temperatures.

Table 3. Kinetic models for reduction reaction [24].

Integral Form g(α) = kt Equation Model Activation Energy (kJ/mol) R2

−ln (1 − α) = kt (11) 1st Order 55.1 0.93
[1/(1 − α)] − 1 = kt (12) 2nd order 96.6 0.91

where α is the fraction reacted, k is the rate constant, and t is the reduction time.

By plotting the right-hand side of Equations (11) and (12) against the reduction time,
the activation energy of different models could be obtained. By using the reduction rate
constant from every temperature of a particular model, the activation energy was calculated
using Equation (13), according to the Arrhenius equation [25]:

lnkred = lnk−
(

Ea

RT

)
(13)

where kred is the reduction rate constant, k is a frequency factor, R is the gas constant, Ea is
the apparent activation energy and T is the absolute temperature in kelvin. The lnkred with
respect to 1/T (K) for all order reactions is presented in Figure 20.

Furthermore, by applying Equation (13), the activation energy of the reduction reaction
for first-order and second-order models is 55.1 kJ/mol and 96.65 kJ/mol, respectively. How-
ever, the second-order reaction changed its slope when moving from lower-temperature
to higher-temperature reduction. This change in slope from a lower temperature to a
higher reduction temperature may be due to the sintering of particles in the pellet, which
results in decreases in the porosity of the pellets at higher temperatures, and it is correlated
with the SEM image analysis. Figure 11b–d indicates that with increases in the reduction
temperature, there is the gradual sintering of particles. Both the porosity of reduced pellets
(Figure 7) and sintering of grains (Figure 11d) could justify the alteration in Ea and change
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in the reaction mechanism. In the literature, the activation energy of iron oxide in isothermal
reduction by hydrogen is in the range of 47.2–89.9 kJ/mol [18,26] and that for BR pellets
reduced with hydrogen with varying temperatures from 700 to 1100 ◦C is 67.18 kJ/mol [27].

Figure 20. Arrhenius plot of different reaction orders under H2 reduction.

5. Conclusions

The hydrogen reduction of sintered pellets was studied using thermogravimetry
methods under isothermal conditions and by studying the gas flow rate effect. The main
conclusions of this work are summarized as follows:

1. At a 1000 ◦C reduction temperature and 90 min reduction time, the reduction rate
was the fastest with a 4 NL/min flow rate of hydrogen.

2. With increases in the reduction temperature, the number of iron oxide complexes
decreases and the metallic iron product increases. Reduction reactions occur at the
lowest temperature of 500 ◦C; however, it is slow, with approximately 28% within
120 min.

3. The porosity, density and BET surface area measurements for reduced pellets indicated
that at moderate temperatures such as 800 ◦C, with a high reduction degree, the
porosity is the highest, and it is decreased with an increasing temperature due to
sintering. However, lower temperatures may yield lower porosity due to the smaller
extent of reduction within the same reduction time.

4. The formation of a leachable mayenite phase from brownmillerite during hydrogen
reduction is enhanced at temperatures of 900 ◦C and higher.

5. First-order and second-order kinetics yielded activation energies of 55.1 kJ/mol and
96.6 kJ/mol, respectively. The second-order reaction may describe the effect of sin-
tering at elevated temperatures and suggests that the process may have a different
activation energy based on the temperature.
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