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INTRODUCTION
The global steel industry is a significant contributor 
to carbon dioxide (CO2) emissions, accounting for 
approximately 7-9% of global anthropogenic CO2 
emissions [1]. As the steel demand continues to rise, 
developing environmentally sustainable production 
methods has become increasingly critical. It is worth 
noting that the steel sector worldwide is going through 
a revolutionary shift to lower its dependency on carbon-
rich fuels, thereby lowering its contribution to greenhouse 
gas emissions. Various attempts are being made to utilize 
hydrogen in the steelmaking value chain efficiently. One 
promising approach is the direct reduction of iron oxide 
using hydrogen as a reducing agent, which generates 
water vapors (H2O) instead of CO2, thus offering a 
potential pathway for significantly reducing greenhouse 
gas emissions in steel production.

The global demand for high-grade iron ores has witnessed 
a steady surge in recent years, driven by the growing 
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This study investigates and presents the analysis of magnetite pellets subjected to hydrogen reduction for potential 
application in green steel making. Hydrogen-based reduction processes have gained prominence due to their potential 
as a clean and energy-efficient method for reducing iron ore concentrates. Thermo-gravimetric (TG) experiments were 
performed at low (580 °C) and high (950 °C) temperatures in a hydrogen atmosphere to assess the reduction behavior 
of magnetite pellets. The samples were characterized using X-ray Fluorescence (XRF), X-ray Diffraction (XRD), and 
Scanning Electron Microscopy with Energy Dispersive X-ray Spectroscopy (SEM-EDS) techniques for qualitative and 
quantitative analysis. TG analysis reveals that higher reduction temperatures (950 °C) accelerate the reduction rate 
but introduce complexity through intermediate wustite (FeO) formation, leading to a lower final reduction degree as 
compared to the simpler reduction at 580 °C. Detailed examination using SEM-EDS shows that reduction at 950 °C 
results in complete reduction of the outer shell of magnetite particles forming a dense layer and partially unreduced 
FeO in its core with the presence of magnesium oxide (MgO). At 580 °C, magnetite particles are fully reduced to iron, 
displaying both porous and dense morphologies. The presence of MgO is found to influence the morphology by 
promoting denser iron formations. These findings highlight the significant impact of temperature and impurities on 
the reduction process and microstructural outcomes, providing valuable insights for optimizing hydrogen reduction 
processes. 
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steel industry and the continuous development of 
infrastructure projects. Availability of high-grade iron ore 
is getting scarce and production of ultra fines of magnetite 
ores is increasing owing to intensive beneficiation. These 
fines have either to be agglomerated to pellets for use 
in shaft furnaces or to be used directly as fines. In this 
context, it is quite important to explore the suitability 
of magnetite iron ores for hydrogen-based reduction. 
Since direct reduction is a solid-state reaction, gangue 
present in the iron oxide remains in the reduced product 
and hence needs to be removed during the subsequent 
steelmaking process [2]. Understanding the effect of 
gangue on reduction behavior becomes more important 
in the case of direct reduction.

This study investigates the hydrogen reduction of 
magnetite pellets at two different temperatures, 580 °C and 
950 °C, to elucidate the effect of reduction temperature on 
overall reduction behavior and the resulting morphology. 
SEM-EDS was used to characterize the reduced pellets, 
providing insights into the morphology of the formed 
product. The role of magnesium oxide in the final 
iron structure was also examined. By advancing our 
understanding of the effects of MgO on reduction behavior, 
this research aims to contribute to the development of 

efficient hydrogen-based ironmaking technologies. The 
investigation involves an approach that integrates XRF, 
XRD, SEM, and TG analysis. By correlating the insights 
collected from elemental analysis, phase identification, 
microstructural examination, and thermodynamic data, 
this study seeks to better understand the hydrogen-based 
reduction of magnetite pellets rich in MgO. Such insights 
also pave the way for optimizing iron ore processing 
methodologies for enhanced efficiency during its 
subsequent reduction with hydrogen.

MATERIALS AND METHOD:
The study involves magnetite pellets with chemical 
composition (based on XRF) as given in Table 1. Based on 
Fe content and considering that all the iron is in the form 
of magnetite, Fe3O4 wt.% in the sample is calculated to be 
88.53%. The pellet sample has Mg content of 2.14% which 
translates to 3.60% MgO in the sample which is high as 
per requirement for the direct reduction process. This is 
because, unlike blast furnace hot metal, gangue present in 
ore remains in the reduced product in the direct reduction 
process. Subsequent processing of this reduced product 
in steel-making demands high energy and also results in 
yield losses.

Tab.1 - Chemical composition of magnetite pellets.

CHEMICAL COMPOSITION BASED ON XRF

Element Wt. %

O 32.10

C 0.04

Si 1.24

Mn 0.07

S 0.05

Ni 0.02

Al 0.18

Fe 64.11

Mg 2.14
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Fig.1 - XRD pattern of pellet sample and comparison with reference magnetite.

The pellets were made from iron ore concentrates without 
any firing or curing i.e. without any oxidation and hence 
maintaining the magnetite state of iron oxide. Phase 
determination of the pellet sample was performed using 

XRD. Figure 1 shows the XRD pattern of pellet powder and 
confirms that the iron oxide phase in the pellet consists 
only of magnetite. The sample mass of pellets reduced at 
950 °C and 580 °C was 1.88 g and 1.68 g, respectively.

The pellet sample was subjected to isothermal reduction 
in hydrogen condition at a temperature of 580 °C and 950 
°C in TG setup (Netzsch STA 409) and change in sample 
mass was recorded with reduction time. The pellet 
sample was heated to the desired temperature in an inert 
atmosphere of argon gas, and it was switched to hydrogen 
for reduction. Once there was no further change in mass, 
the pellet was cooled to room temperature in an inert 
argon atmosphere to avoid re-oxidation and to preserve 

the reduced state of the pellet for further characterization. 
The reduction degree (R) for both cases was calculated as 
the ratio of observed mass loss and maximum theoretical 
oxygen that can be removed from the magnetite content 
of the sample as given in Equation 1. The reduced sample 
was also subjected to characterization using SEM-EDS to 
determine microstructural characteristics and elemental 
composition at points of interest.

Eq. (1)

Based on the thermodynamic stability diagram of the 
Fe-O-H system as shown in Figure 2, reduction of 
magnetite to iron in 100% H2 can occur both at low and 
high temperatures. The reactions are endothermic in 
both cases, but reaction pathways are different. At a lower 
temperature of 580 °C, magnetite directly reduces to 

Fe. At a high temperature of 950 °C, magnetite reduces 
in two steps with intermediate wustite (FeO) formation. 
The motivation behind the selection of 580 °C and 950 
°C reduction temperatures in this study is to compare 
the reduction pathways and their influence on overall 
reduction. 
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RESULTS & DISCUSSION
TG analysis reveals that hydrogen reduction of magnetite 
pellets is significantly influenced by temperature. 
Reduction at 950 °C exhibited a faster rate, with the 
reduction degree reaching approximately 70% before 
tapering off. In contrast, the reduction at 580 °C was 
slower, yet the reduction was gradual, and the final 
reduction degree achieved was higher than that at 950 
°C, see Figure 3. To further analyze the reduction path, 
the time derivative of the reduction degree (dR/dt) was 
plotted against the reduction degree, as given in Figure 
4. At 580 °C, the reduction rate peaked early and then 
decreased steadily, indicative of a single-step reduction 
reaction from Fe3O4 to Fe. At 950 °C, the reduction 
rate initially peaked, followed by a dip until a reduction 

degree of about 20%, after which it ascended again and 
subsequently declined. This behavior suggests a more 
complex, multi-step reduction mechanism at a higher 
temperature. The inflection at a reduction degree of about 
20% indicates the completion of reduction from Fe3O4 

to FeO. The green dashed line (at R of 25%) represents 
the reduction degree corresponding to theoretical 
mass loss from Fe3O4 to FeO i.e., an intermediate oxide, 
wustite (FeO), forms during the reduction process. The 
rate of reduction slows during the conversion from FeO 
to Fe, resulting in a lower final reduction degree (~ 90%) 
compared to that achieved at 580 °C. This intermediate 
formation and subsequent slowing down of the reduction 
rate at 950 °C highlight the complexity and temperature 
dependency of the reduction mechanisms.

Fig.2 - Thermodynamic stability diagram of Fe-O-H system.

Fig.3 - Reduction degree versus time for pellet reduced at 580 °C and 950 °C.
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To compare reduction characteristics at 580 °C and 950 
°C, three indices are used: t25, the time to reach a 25% 
reduction (magnetite to wustite), t25-65, the time for a re-
duction from 25% to 65% and similarly t65-85. A reduction 
percentage of 25% is chosen as it corresponds to the the-
oretical reduction from magnetite to wustite. The compa-
rison of these indices obtained for pellets reduced at 580 

°C and 950 °C is given in Figure 5. It can be seen that t25 

and t25-65 are lower for pellet reduced at 950 °C as compa-
red to that at 580 °C. However, for reduction beyond 65% 
(t65-85), i.e. towards the later part of wustite reduction, 
the time taken is quite high for reduction at 950 °C. This 
highlights the slowing down of the reduction rate during 
the later part of the conversion from FeO to Fe.

Fig.4 - Rate of change in reduction degree versus reduction degree for pellet reduced at 580 °C and 950 °C.

Fig.5 - Comparison of time indices t25, t25-65 and t65-85 for pellet reduced at 580 °C and 950 °C.

SEM-EDS was conducted on a polished cross-section 
of reduced pellets to observe microstructural changes 
and elemental composition at points of interest. Figure 
6 shows SEM images of pellet reduced at 950 °C and 
580 °C and Table 2 gives elemental composition (wt. %) 
at selected spectrums. Key findings are summarized as 

given below:

a. Reduction at 950 °C
- The shell of magnetite particles is completely reduced 
to iron (Fe).
- The core of the particles is partially reduced, with 
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unreduced wustite (FeO) associated with magnesi-um 
oxide (MgO).
- The partially reduced core is more prevalent in larger 
particles, indicating diffusion limitations.

b. Reduction at 580 °C 
- Magnetite particles are entirely reduced to iron (Fe).

- Two distinct morphologies of the formed iron were 
observed: a porous network structure and a dense 
structure.
- The presence of magnesium oxide (MgO) was associated 
with the dense iron structure.

Fig.6 - SEM images of a cross-section of reduced pellets a) 950 °C and b) 580 °C.

The presence of magnesium oxide (MgxOy) appears to 
play a significant role in influencing the structure of 
reduced iron. At both temperatures, magnesium oxide 
was consistently associated with areas exhibiting a denser 
iron morphology. This suggests that MgO may act as 
a stabilizing agent, promoting the formation of denser 
iron structures during the reduction process. Also, as 
the reduction temperature increases, the formation of 

magnesio-wustite likely takes place which slows down 
the reduction. The retardation in re-duction rate due to 
the development of the magnesio-wustite phase was also 
reported by Zheng et al [3]. These observations highlight 
the impact of temperature on the reduction process, the 
resulting microstruc-tural characteristics, and the role of 
magnesium oxide in influencing the final iron morphology.
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Tab.2 - EDS analysis of selected spectrums a) 950 °C and b) 580 °C.

CONCLUSION
The hydrogen reduction of magnetite pellets demonstra-
tes a significant temperature dependency, with distin-
ct reduction behavior observed at 950 °C and 580 °C. At 
950 °C, a faster initial reduction rate and a multi-step re-
duction mechanism involving the formation of interme-
diate wustite (FeO) were identified, resulting in a slightly 
lower final reduction degree. Conversely, the reduction 
at 580 °C followed a straightforward pathway from Fe3O4 

to Fe, achieving a higher final reduction degree despite a 
slower overall rate. SEM-EDS analysis corroborates with 
TG findings of reduction of magnetite to iron at both tem-
peratures, with notable differences in the iron's micro-
structure. The presence of magnesium oxide (MgO) was 
consistently associated with unre-duced FeO and the for-

mation of dense iron morphology, thereby suggesting its 
role as a stabilizing agent.

These findings highlight the role of reduction temperature 
and impurities in determining the efficiency and characte-
ristics of the reduction process, providing insights for op-
timizing hydrogen-based reduction technolo-gy. Under-
standing the reduction mechanisms and the influence of 
gangue content is crucial for scaling up green ironmaking 
technologies, which are pivotal in reducing carbon emis-
sions in the steel industry. Future work should focus on 
refining these reduction processes and investigating the 
scalability of hydrogen-based reduction methods to ad-
vance sustainable iron production.

Sample (a) O Mg Si Fe Comments

Spectrum 1 36.92 4.05 0.10 58.66

Core of magnetite particles - partially reduced 
to Fe, with unreduced FeO associated with 

MgxOy

Spectrum 2 37.13 5.6 0.15 56.89

Spectrum 3 37.09 3.51 0.12 59.02

Spectrum 4 1.37 0.00 0.15 98.27

Outer shell of magnetite particles - 
completely reduced to FeSpectrum 5 1.69 0.08 0.22 97.97

Spectrum 6 2.07 0.16 0.19 97.38

Spectrum 7 49.58 27.73 20.35 2.23 Gangue particle consisting of MgO.SiO2

Sample (b) O Mg Si Fe Comments

Spectrum 1 7.39 1.20 0.09 91.17

Magnetite particles completely reduced
to Fe with presence of MgxOy – Smooth and 

dense appearance
Spectrum 2 3.78 1.81 0.06 94.15

Spectrum 3 3.05 1.31 0.12 95.42

Spectrum 4 4.01 0.61 0.04 95.13

Magnetite particles completely reduced 
to Fe – porous network structureSpectrum 5 2.81 0.31 0.11 96.72

Spectrum 6 5.69 0.68 0.01 93.48
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