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ABSTRACT

The steel industry is replacing fossil fuels with hydrogen to
reduce CO, emissions. In a DynTHERM™ High Pressure TGA, the
direct reduction of complete iron ore pellets in 100% hydrogen
atmosphere can be studied under various temperature and
pressure conditions to understand and optimize the process.
These data can be used to dramatically reduce CO, emissions
and provide sustainable production methods for the world metal
supply of the future.

INTRODUCTION

The production of metals is related to 30% of the industrial CO,
emissions and 8% of the global energy consumption [1]. While
different strategies are discussed to improve the sustainability of
metals, a key approach is to replace the fossil reducing agents
(such as coal) with hydrogen in the production of steel from iron
oxides. Therefore, a multitude of projects are underway in the
steel industry to implement direct reduction of iron ores with
hydrogen [1,2]. While direct reduction with hydrogen has the
potential to almost eliminate CO, emissions in steel production,
the process depends on a high number of variables such as
temperature, pressure, gas composition, and ore properties. So
far, the prediction of process kinetics is not possible because of
its complexity [3].

Generally, the direct reduction process with hydrogen follows the
reaction

Fe,O,+3H, >2Fe+3H,0

but during this process, the iron oxides Fe,O, and FeO are formed
as intermediates. Commonly, Fe,O, or hematite iron ore is used
in pelletized form to produce iron and the kinetics are largely
driven by defects in the pellet structure formed by the gaseous
reaction with hydrogen. For a better understanding, current
research is combining simulation approaches with analytical
X-ray spectroscopy, X-ray diffraction, and electron microscopy
technologies [3].

A promising approach is the use of High Pressure TGA to perform
the hydrogen reduction reaction directly under realistic process
conditions including gas atmosphere, pressure, and temperature
in a TGA instrument. This way, the reduction process can be
monitored continuously as well as weight change of the iron
ore pellet. In this study, complete hematite iron ore pellets were
analyzed in pure hydrogen atmosphere in a DynTHERM HP TGA
instrument at temperatures of 700 and 900 °C and pressures up
to 50 bar.
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Figure 1. The production of iron from iron ores today is related to high CO,
emissions

EXPERIMENTAL

A DynTHERM 1500-50 HP-G+V instrument with two standard
reaction gas lines and steam option was used for these experiments.
To obtain a direct exposure of the sample pellets to the reaction gas
atmosphere, a custom pellet holder was produced from platinum
wire material as shown in Figure 2.
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Figure 2. For best performance, the DynTHERM Ceramic Crucible was
replaced with a platinum wire holder for the sample pellet

In this setup, iron ore pellets of 2-3.5 g weight could be reduced.
The experimental conditions were 200 ml/min argon gas flowrate
and a heating rate of 10 °C/min to 700 ° or 900 °C. At these reaction
temperatures, the gas supply was switched to 200 ml/min hydrogen
for an isothermal step of 120 minutes. For cooling down the furnace,
the gas supply was switched to argon again.
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In experiments at elevated pressure, the gas flow rates were
increased to 500 ml/min NTP to partly compensate for the loss
of linear velocity that is a result of pressure increase. Performing
TGA experiments at higher pressures requires data correction
to eliminate buoyancy effects; this was achieved by blank run
subtraction with data obtained by performing measurements
under identical conditions without sample.

RESULTS AND DISCUSSIONS

At 700 °C and ambient pressure, almost 120 minutes are required
to achieve complete reduction to iron. Figure 3 shows that
increasing the temperature to 900 °C or raising the pressure from
ambient pressure to 10 bar dramatically increase the kinetics so
that complete conversion can be achieved faster.
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Figure 3. Reduction of iron ore pellets in hydrogen

The theoretical weight loss of the reduction of iron (lll) oxide to iron
is 30.1%. In all three experiments, the final weight loss was 28.5-
28.9%, indicating that complete reduction of the Fe,O, material to
iron was achieved. As seen in Figure 4, the DynTHERM instrument
allows you to study the influence of pressure up to 50 bar.
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Figure 4. Direct hydrogen reduction at 1, 10 and 50 bar

An advantage of the method is that after reaction, the iron pellet
samples can be recovered for further analysis. A simple visual
comparison of the pellet before and after reduction as shown in
Figure 5 of the 1 bar reaction shows that reduction process changed
the structure of the pellet, causing visible cracks in the surface.
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Figure 5. Pellet sample before and after reduction at 1 bar 700 °C

As it is known that the kinetics of the hydrogen reduction process
are driven by defects in the microstructure of the feedstock, the
next step is to analyze the reacted pellets with various analytical
techniques. Consequently, Figure 6 shows two SEM (scanning
electron microscope) images of iron ore pellets reduced in hydrogen
atmosphere in the DynTHERM instrument at 1 and 50 bar with
quite different microstructure [4].

Figure 6. SEM images of iron ore pellets reduced at 1 and 50 bar

Of course, it is also possible to reduce Fe,O, powder using a
ceramic crucible; in this case, 500 °C are sufficient to achieve
complete conversion. The TGA diagram obtained at 1 bar is
shown in Figure 7 and data analysis reveals a weight loss of 4.2%
of volatile content during the temperature ramp before the reaction
atmosphere was switched to Gas 2 / hydrogen at 500 °C to start
the reduction.
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Figure 7. Direct reduction of Fe,O, powder at 1 bar 500 °C
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CONCLUSIONS

It could be shown that the DynTHERM High Pressure TGA
instrument is a very valuable tool to study the direct reduction
of iron ore in hydrogen. Complete pellets can be analyzed to
improve the understanding of the reaction parameters that drive
the kinetics of the process.

Besides the reduction reactions in pure hydrogen atmosphere
shown here, the DynTHERM instrument can use complex gas
mixtures including nitrogen, other reactive gases such as methane,
carbon dioxide, or carbon monoxide, and even steam.

The evolving gas atmosphere can be analyzed, as well, to gain
further insights; online mass spectrometry or FTIR would be the
most common analytical techniques for this task.
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