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Reduction of Iron-Ore Pellets Using Different Gas Mixtures
and Temperatures

Yuri Korobeinikov,* Amogh Meshram, Christopher Harris, Olexandr Kovtun, Joe Govro,
Ronald J. O’Malley, Olena Volkova, and Seetharaman Sridhar

1. Introduction

In the last few decades climate change has started to adversely
impact humanity, wildlife, and economics. Iron- and steelmak-
ing process is among the major industrial CO2 sources.
Steelmaking is responsible for about 7% of all anthropogenic
emissions of CO2.

[1] This poses a clear challenge for the steel

industry to reduce CO2 emissions. In the
entire steelmaking process, the highest
share of energy consumption and subse-
quent CO2 emissions belong to the iron-
ore reduction step using carbon as a reduc-
ing agent.[2–4] Historically, coal was the most
economically efficient reducing agent for
converting iron oxides into metallic iron.
After the development of fracking, natural
gas derived from shale could be economi-
cally more advantageous[5] in some geo-
graphic locations. However, global targets
to curb the CO2 emissions renders both coal
and natural gas unsustainable for steelmak-
ing, unless carbon capture, utilization, and
storage (CCUS) is deployed at an industrial
scale.

Apart from the extreme effects of cli-
mate change, iron-ore reduction is very
energy intensive. Due to this high-energy
demand in the form of feedstock or process
heat, the ironmaking process is inevitably

bound toward the question of affordability and availability of
energy sources. As was mentioned earlier, the most economical
way to produce iron from iron ore to date is the use of coking coal
(coke) in blast furnaces (BFs). The BF has evolved through his-
tory and has become a highly efficient reactor in terms of
both capacity and quality, but it is still dependent on coke to pro-
duce iron.

Alternative ironmaking technologies have existed for decades.
The most successful among them is the natural-gas-based
MIDREX shaft furnace technology.[6] The closest rival is
ENERGIRON process[7] developed from a partnership between
Tenova and Danieli, which operates at higher pressures and does
not require an external reformer for natural gas. The advantage of
the shaft furnace solid-state reduction is that the system is not
overspecialized on iron-ore quality and on natural gas source.
Unlike BF, shaft reactors in principle can work on a variety of
hydrocarbon sources ranging from natural gas up to gasified
low-quality coals in any proportions. Unfortunately, natural
gas has two drawbacks: 1) it is unevenly available on the earth,
although global natural gas market has significantly grown the
last decade; and 2) its use is associated with CO2 emissions, albeit
it is less in comparison to coal. In the USA, natural gas is rela-
tively cheap since the deployment of fracking technology to uti-
lize the shale gas, which is available in an abundance.

A radical solution for decarbonization of ironmaking industry
can be achieved with the use of hydrogen as a primary reduction
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Direct reduction of iron ore (DRI) is gaining an increased attention due to the
growing need to decarbonize industrial processes. The current industrial DRI
processes are performed using reformed natural gas, which results in CO2

emission, although it is less than carbothermic reduction in the blast furnace.
Carbon-free reduction may be realized through the utilization of green H2 as a
reducing agent, in place of natural gas. Herein, the effects of various gas mixtures
and temperature on the reduction kinetics of the hematite iron-ore pellets are
focused on in this work. Pellets are reduced at 700, 800, 850, and 900 °C in
hydrogen and using various gas mixes at 850 °C. Morphology of the pellets
is investigated with the help of scanning electron microscopy and mercury
intrusion porosimetry. The effects of temperature and gas composition on the
reduction kinetics and porosity of the pellets are discussed. A notable effect of
reduction rate on the internal structure of the pellets is detected, slower reduction
rate yielded bigger pores offsetting the gas composition. Higher temperature
results in coarser pores and higher porosity. Increase of CO content in the gas
mix also leads to bigger pore size.
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gas in shaft reactors. About 99% of industrial hydrogen supply
today originates from the natural gas, coal, and oil reforming,
which is associated with a considerable carbon footprint.[8] In this
production route, 1 kg of H2 results in 10 kg of CO2 as a waste.

[8]

Such H2, if carbon dioxide is subsequently captured and not
released to the atmosphere, is labeled as “blue”. Another option
of H2 production is the electrolysis of water where the CO2 emis-
sions can be effectively lowered in the case of renewable electric-
ity use. This process is 2–3 times more expensive and currently is
in the early stage of market adoption accounting for about 0.03%
of total H2 supply in 2020.[8] Nevertheless, both the capacities of
renewable energy generation and water electrolysis are growing
with time and excessive energy generation must be somehow uti-
lized. Electrolysis of hydrogen for metallurgical applications
looks like a reasonable solution which will not require a massive
investment in H2 storage and distribution infrastructure.

The combination of hydrogen and natural gas as a reductant in
the shaft reactor may offset the disadvantages of both gases for
commercial direct reduction of iron ore (DRI) production.
Hydrogen can be used in the event of peak renewably sourced
power generation with nearly negative electricity prices.
Natural gas can be used as part of the mix or as a complete sub-
stitute when 100%H2 for DRI production is not economical. It is
interesting to notice that both shaft reduction technology rivals—
Midrex, and Tenova and Danieli—are now offering options of
reactors with high H2 concentration.

[9] It is already well under-
stood that increasing the amount of green H2 produced with
renewable electricity in the direct reduction gas feed improves
the carbon footprint drastically and eliminates the need of carbon
removal from the off gas. On the contrary, if H2 is produced with
natural-gas- or coal-based electricity, carbon footprint of the pro-
cess becomes worse than pure natural-gas-driven reduction.[9]

These cases are valid for typical EU or USA grids. Therefore,
application of H2 in the steelmaking process should be made
with careful consideration of the source of H2.

Iron oxides can be reduced in different ways. According to the
Richardson–Ellingham diagram[10] all the elements laying below
the FeþO2= FeO line can work as a reduction agent at certain
temperatures (Figure 1). However, most of options are noneco-
nomical in the foreseeable future, except for two gases, CO and
potentially H2.

Extensive details of the topic of H2 gas direct reduction of iron
ores (DRI) can be found in the recent reviews of Spreitzer and
Schenk,[11] Patisson and Migraux.[12] Heidari et al.[13] reviewed
the kinetics studies of iron-ore reduction. Ghadi et al.[14] made
an explicit review of models for pellets reduction. According
to Baur–Glässner diagram (Figure 2), H2 is more efficiently uti-
lized at higher temperatures where higher oxidation degrees of
gas allow existence of metallic iron. As for CO, after about 600 °C,
efficiency of gas-utilization decreases. However, at higher tem-
peratures, kinetics of reduction plays a more important role in
reaction. Therefore, the most modern natural-gas-based
MIDREX plants tend to operate in a range of 900–950 °C, where
the limiting factor is the softening and sintering of the DRI pel-
lets at higher temperatures.

H2 as a potential reducing agent for iron ores was quite inten-
sively investigated since 1960s. Among the most notable works
related to the iron-ores reduction can be named the book of
L. von Bogdandi and H.-J. Engell.[15] Since then, kinetics of

iron-ore reduction has been extensively investigated.[16–25]

Various H2–CO mixes[26–28] were investigated as well. It was
already established in the 1960s that the main rate controlling
mechanisms are chemical reaction and diffusion through the
Fe–ash layer whose resistance increases as the reduction process
proceeds. Gas-film resistance is usually negligible at the gas flow
rates observed in industrial conditions.

It is well established that an increase of H2 share in the reduc-
tion gas mixture leads to higher reduction rate of the iron
oxides.[11,29,30] The same effect was reported for increases in tem-
perature and partial pressure.[11,29] Higher porosity of the pellet
improves the gas penetration into the unreacted core, and there-
fore it enhances reduction rate as well.[11,31] Tortuosity is nega-
tively affecting the reduction rate of the iron-ore pellet.[29,30] In
the recent time, some studies were performed on the topic
of iron-ore pellets structure evolution. Ma et al.[32] studied micro-
structure evolution of commercial pellets reduced with hydrogen
at 700 °C. Scharm et al. studied the evolution of pellet structure
and porosity as a function of temperature between 800 and
1100 °C and H2–CO ratio.

Figure 1. Ellingham type diagram of metal oxides. Reproduced with per-
missions.[46] Copyright 2022, Springer.
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This study is accomplished as a part of the grid interactive
hydrogen steelmaking (GISH) project, which aims at evaluating
a reactor which can switch from H2 to natural-gas-based reduc-
tion in a flexible manner. Although the kinetics of iron-ore reduc-
tion is not of novelty as such, they are always specific to individual
sample types and therefore experimental data is valuable for vali-
dation of reduction models for specific pellet types. Another fea-
ture of present research is the use of relatively big sample size
which delivers results closer to the industrial reactor scale. The
aim of this article is to report experimental investigations of reduc-
tion kinetics of commercial iron-ore pellets reduced at various
temperatures using H2 and using various gas mixtures and their
effect on the final pellet structure. A careful study of internal struc-
ture of pellets with the application of scanning electronic micros-
copy (SEM) and mercury intrusion porosimetry (MIP) should give
detailed information on the effects of gas mix and temperature.
Kinetics and porosity data were previously used for developing
model of single-pellet reduction[33,34] and is used for developing
a new reactor-scale model. One of the ultimate goals of the
GISH project is to develop a pilot-reactor model that will be vali-
dated with the data obtained from the pilot plant reduction trials of
different gas mixtures. The model will be capable of predicting
residence time required for pellets reduced using variable gasmix-
tures consisting of CO andH2. This way, it will be possible to show
the effect of gradual transition or rapid shift from natural gas to
hydrogen on the operation of the reactor shaft. Currently, a reactor
with capacity to produce 1 ton per week of DRI is under
construction for this purpose. Unlike the HYBRIT pilot plant[35]

in Sweden which focuses on pure H2, GISH pilot plant will
explore much wider range of possible gas mixes for DRI pellets
production. Thus, the industry will obtain a wide set of scenarios
for risk-free transition from natural gas to hydrogen-reduction
technologies.

2. Materials

The iron-ore (hematite) pellets for the study were supplied
by Voestalpine AG, Texas, USA. Reaction gases H2 gas of
99.99% purity used in TU Bergakademie Freiberg was supplied
by LindeGas. In Voestalpine Linz lab, H2 and COwere also supplied
by Linde Gas. A batch of commercial iron-ore hematite pellets for
the experiments were supplied from the Voestalpine Texas (Midrex)
plant. Same hematite ore pellets were used in all the experiments.
Chemical composition of the pellets is given in Table 1.

A total of 250 randomly selected pellets were analyzed in our
previous study[33] to document variations in their diameter by
digital image analysis. The average diameter of the pellets was
estimated as 13.54� 2.2 mm.

Unreacted pellets were analyzed using an apparent density
method described later and their porosity was estimated to be
39� 0.1%. However, pellets were found to have significant
amounts of closed pores, as confirmed by the MIP method,
which yielded only 28% porosity. As can be seen from the
SEM–energy dispersive X-ray analysis (EDX) image in
Figure 3, the shell of the pellet has higher porosity compared
to the core. The pores in the core are larger and more isolated.

3. Experimental Section

Two different retorts were used for the reduction experiments.
The one used in Voestalpine Linz lab had an inner diameter

Figure 2. Baur–Glässner diagram for the Fe–O–C and Fe–O–H systems, which includes also Boudouard equilibrium for 1 bar pressure and carbon activity
of 1. Reproduced with permission.[11] Copyright 2019, Springer.

Table 1. Samples chemical composition, mass %.

Fetot FeO Al2O3 CaO SiO2

67.8 0.35 0.49 0.76 1.34
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of 75mm (Figure 4b). The retort in the institute of iron and steel
technology (IIST) lab had an inner diameter of 114mm.
Dimensions and scheme of the IIST lab are given in
Figure 4a. The main purpose of the larger retort was to enable
higher temperatures of reduction (which was not possible other-
wise), and it could also give some insights on the effect of pellet

bed size on H2 reduction. The temperature of 900 °C for reduc-
tion was the maximum available for the existing equipment in
IIST. Also, it was near the industrial practice of current
MIDREX reactors.[36]

Experimental conditions in the two laboratories were
different. The IIST lab retort was filled with 960–970 g of pellets,

Figure 3. Scanning electron microscopy (SEM)–EDX image of unreacted pellet at �167 magnification: a) the shell and b) the core of the pellet.

Figure 4. Scheme of the a) retort in the IIST laboratory , and b) retort furnace in Voestalpine laboratory.
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while the smaller retort in Voestalpine lab was filled with the
500 g. Gas flow rates and fraction of components in the gas
mixtures were also different. Experiments in large retort were
conducted at 12 Lmin�1 flow of pure H2 (technical limit).
Experiments in smaller retort were conducted at 50 Lmin�1 flow
of gas mixtures as shown in Table 2. These gas mixtures simu-
lated the industrial gas mixtures present in the reduction zone of
the Midrex and HYL III reactors. Gas compositions were selected
based on the industrial operation practices of GISH project part-
ners—Voestalpine AG and Danieli SA who operated MIDREX
and HYL III facilities, respectively. The hydrogen gas composi-
tion in the small retort simulated the assumed future industrial
process of pure H2 reduction of iron ores which utilized gas recy-
cling. Therefore, H2 mixture at the inlet in this experiment con-
tained 8% of water vapor.

Retorts were heated to the target temperature with the argon
gas supply and held for at least 20min to reach an equilibrium
temperature of the pellets bed. After this step, the reduction gas
was initiated. Weight change was constantly recorded with the
use of Mettler Toledo balance. After complete reduction, the
reducing gas mixture was switched off and argon supply was
started to cool the pellets in an inert atmosphere with an aim
to prevent reoxidation of the freshly reduced iron. The weight
of the cooled pellets was carefully measured.

To study the effects of various experimental parameters on the
inner structure of the pellets, two classical methods were used—
SEM and MIP.

Randomly selected pellets were embedded in epoxy and cut in
half. After polishing with different mesh sandpaper and gold
sputter coating, the samples were analyzed on the Helios 5
SEM machine.

Randomly selected pellets were also analyzed using the MIP
method by the laboratory of Anton Paar with their Poremaster
model porosimeter. This method allowed the open porosity of
the samples to be quantified. The purpose of the MIP was to
obtain a distribution of pore sizes. Measurement was performed
at both low pressure (950–4.26 μm pore size) and high pressure
(10.66–0.006 μm) modules of the porosimeter.

Apparent density of the pellets was measured as well to esti-
mate the absolute pellet density (without porosity). A slightly
modified procedure described previously in the paper of
Monsen and Ringdalen was used.[37] Five randomly selected pel-
lets were covered with superglue, which got absorbed in the
pores and did not form thick layer on the surface of the pellet.
Therefore, the volume change of the pellet due to the glue was
neglected. The sealed pellets were held in a wire holder and then
suspended in water. The amount of water displaced by the pellet
in the holder was measured with the Sartorius balance with
0.0001 g resolution. Apparent density of the pellet was calculated
using Formula (1)

ρapp ¼
m

ðV t � VsÞ=ρw
(1)

m—mass of pellet, V t—volume of water displaced by the
sample, V s—volume of water displaced by the suspension, and
ρw—density of water at room temperature.

Table 2. Conditions of experiments in the laboratories of Voestalpine and IIST.

Gas composition (excluding N2 carrier gas) Voestalpine IIST

Midrex HYL III 100% H2 100% H2

H2 [vol%] 56 75 92 100

CO [vol%] 36 18 0 –

H2O [vol%] 6 3 8 –

CO2 [vol%] 2 4 0 –

(COþH2)/(CO2þH2O) – 11.5 12.2 11.5 –

Total gas flow [L min�1] 50 50 50 12

N2 gas flow [L min�1] 10 10 10 –

Reducing gas flow [L min�1] 40 40 40 12

Bed temperature [°C] 850 850 850 700 800 850 900

Duration [min] 180 180 180 270 200 200 200

Size of pellets [mm] –13.54 –13.54 –13.54 13.54 13.54 13.54 13.54

Sample size [g] 500 500 500 980 980 980 980

Figure 5. Conversion (X ) of the 1 kg sample as a function of time at dif-
ferent temperatures.
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The density of the bulk pellet was calculated based on the
chemical composition and bulk density for each individual chem-
ical compound of pellet. For the unreacted pellets, the bulk den-
sity was estimated as 5.19 g cm�3. Density of reduced pellets was
calculated assuming 95% reduction at the time of measurement
to account for possible reoxidation after the sample was taken
from the cooling in argon atmosphere. Carbon content of the
reduced pellets was measured using a LECO carbon combustion
analyzer.

4. Results

The plots for the conversion (X ) as a function of time (t) at dif-
ferent temperatures are shown in Figure 5. It can be seen from
this plot that the X versus t curves at 800, 850, and 900 °C were
close to each other. The fastest reduction occurred at 850 °C. In
contrast, reduction at 700 °C took almost twice as long as at the
other three temperatures. These curves complement the results
and observations of Wagner et al.[21] who reported that tempera-
ture plays significant role on the reduction kinetics of iron-ore
powder at temperatures below 800 °C. Compared to the 0.5 kg
sample reduction time in Voestalpine lab (Figure 6), the reduc-
tion time of the 1 kg samples was nearly 3 times longer. We attri-
bute this to the lower reduction strength in the gas for the latter
case. The lower flow rate and larger bed size would result in a
larger decrease in hydrogen concentration and more oxides left
to reduce. The gas inside the retort was also mixed with the prod-
uct of reaction—water vapor. For the case of the small retort, the
ratio of reducing gases to reduction products (H2þ CO/
H2Oþ CO2) was higher than that of the big retort. Therefore,
the reduction strength of the gas was considerably different in
the two cases.

Increasing the fraction of CO in the H2–CO gas mixture has
been shown to slow down the rate of reduction.[30,31,38] It is well
known that H2 has a higher-gas-phase-diffusion rate due to its
smaller molecule size compared to CO gas.[11,14,21,39] For exam-
ple, at the temperature of 850 °C, self-diffusion coefficients of H2

and CO are 1.31� 10�3 and 1.95� 10�4 m2 s�1, respectively, at
1 atmosphere (based on own calculations).

As shown in Table 3, very little carbon deposition was
observed in all the experiments except for a slight increase of
carbon content for HYL III gas mixture. The same results of
no-carbon deposition for reduction in various CO–H2 gas mix-
tures and similar temperatures were reported by Barde
et al.[22] The small amounts of C measured in the H2-reduced
pellets in this study may be sourced from initial unreacted pellet
content.

Results of open porosity measurements were considerably dif-
ferent in the series with temperature variation. After reduction,
the pellets showed a range of porosities between 46% and 74%

Figure 6. Conversion (X ) of the 0.5 kg sample as a function of time at
different gas compositions.

Table 3. Carbon content in the reduced pellets.

Sample C [mass %]

700 H2 0.011

800 H2 0.021

850 H2 0.009

900 H2 0.014

Midrex 0.019

H2 0.0097

HYL III 0.107

Figure 7. Porosity of the pellets measured with the mercury intrusion porosimeter and calculated based on apparent density measurements.
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(Figure 7). A slight increase in porosity was observed with reduc-
tion temperature in the present work, which complements the
observations of Abdelrahim et al.[40] where porosity increased
up to 1100 °C. However, the specific surface area in that study
was observed to decrease with temperature.[40] The same result
was reported previously in other sources.[41,42] This suggests that
sintering is occurring only locally at the scale of newly formed
metal whiskers, and it is not affecting macroscale pores. In recent
work of Scharm et al.,[42] porosity was also reported to increase
with temperature. On the contrary, El-Geassy and Nasr[17]

observed a decrease of porosity of H2-reduced hematite compacts
which were similar to the initial porosity of 35% of pellets
observed in this study.

MIP confirmed that the pore size distribution of the samples
changed with both temperature and reducing gas composition
(Figures 8 and 9). According to the MIP measurements, the
smallest pores were obtained for reduction at 700 °C and the larg-
est pores were found in samples reduced at 900 °C. In the present
work, pores obtained for a H2–CO–H2O- (Midrex and HYL III)
reducing gas mixtures were coarser than pores obtained for a
H2–H2O mixture (e.g., compare the respective lines in
Figure 8). These results confirm the conclusions of Turkdogan
et al.[31,41] who reported coarser pores for higher reduction tem-
peratures and for higher fraction of CO compared to a pure H2-
reducing gas mixture. They also complement the results of
Abdelrahim et al.[40] who observed the formation of smaller pores

Figure 8. Pore size distribution as a function of the reduction gas mixture at temperature 850 °C in small retort.

Figure 9. Pore size distribution as a function of temperature for large retort test.
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at 700 °C and higher H2 content in the gas mixture. Another
interesting observation in present work is that there is a signifi-
cant discrepancy between porosity measured with two different
methods. Most likely this discrepancy arises since MIP is capable
of infiltrating only the open pores, while the absolute density
measurement is able to account for the closed pores as well.
Results show that the unreacted pellet had a large number of
closed pores. The same is true for the reduced pellets except
for the 900 °C test, where most of the pores tend to be open.

Open porosity data for that particular sample was higher than
the average total porosity measured for the other 5 samples
reduced
at 900 °C.

The pellet structures varied with temperature. The pellet
reduced at 700 °C (Figure 10) has a structure resembling rela-
tively large densely packed coarse particles. These coarse par-
ticles have many very fine micropores. There is however no
clear network of macropores. An increase in reduction

Figure 10. SEM images of the polished sample reduced with H2 at 700 °C: a) shell and b) core.

Figure 11. SEM images of the polished sample reduced with H2 at 800 °C: a) shell and b) core.
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temperature to 800 °C (Figure 11) resulted in fewer coarser
grains and a more developed macropore network. A slight
increase of reduction temperature to 850 °C (Figure 12) led to
dramatic difference of the internal structure of the pellet. The
shell part of the pellet retained nearly the same structure as
the 800 °C sample. But the core of the pellet displayed very well
sintered smooth grains with a well-developed macropores net-
work and almost a negligible amount of micropores. Further

growth of reduction temperature to 900 °C (Figure 13), however,
yielded a structure with a well-developed macropore network
while some micropores still remaining in both core and shell.
These results indicate that the sintering and agglomeration pro-
cess of grains in core region could have been more significant at
850 °C than at 900 °C. Similar trend was also observed by
Turkdogan et al.[41] In their work, total porosity of hematite par-
ticles reduced using H2 was observed to increase from 600 °C up

Figure 12. SEM images of the polished sample reduced with H2 at 850 °C: a) shell and b) core.

Figure 13. SEM images of the polished sample reduced with H2 at 900 °C: a) shell and b) core.
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to the temperature of 800 °C where the maximum was reached.
At higher temperatures, the porosity decreased (900 °C) but
increased at 1000 °C and finally decreased by 1100 °C, and
1100 °C was the temperature when most likely the sintering pro-
cess manifests. Scharm et al.[42] also reported abnormal drop of
porosity at 900 °C in H2-reduced pellets. This decrease in the
porosity may indicate sintering and recrystallization in the tem-
perature interval between 800 and 900 °C at low reduction rates
which can be specific to the ore type. Observed sintering at 850 °C

may be the main explanation why reduction rate was very close
for 800, 850, and 900 °C.

The samples, from the reduction experiments carried out in
the Linz Laboratory, which exhibited the shortest reduction time
with the H2–H2O mixture (Figure 14), had a very fine pore net-
work inside the pellet’s grains. The sample reduced with an HYL
III gas mixture (Figure 15) had less micropores and a well-
developed network of macropores. The MIDREX gas composi-
tion (Figure 16) led to the slowest reduction rate among the small

Figure 14. SEM image of H2–H2O gas-mix-reduced sample reduced at 850 °C: a) shell and b) core.

Figure 15. SEM image of HYL-III-simulated gas mixture sample reduced at 850 °C: a) shell and b) core.
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retort series, and the internal structure of the pellet somewhat
resembles the features of the pure H2-reduced pellet as shown
in Figure 9 reduced in the big retort at much slower rate.
Taking into account that reduction times in the small retort were
at least half as long as reduction times in a big retort, the differ-
ence in structure of pellets obtained at 850 °C in IIST and Linz
can be explained by the longer time at temperature for sintering
of metallic Fe grains in the larger retort.

Overall, the pore surface area in the iron product layer has a
positive but not a linear effect on the reduction rate. The reason is
that most of the reduction happens on the surface of large inter-
connected pores instead of small pores.[31] The formation of finer
pores, when not associated with growing of interconnected

channels, should lead to less effective diffusion of gas, which
reduces the overall positive effect of the higher pore surface area
on the reduction rate.

It is notable that reduction with pure H2 at lower gas flow rates
in the 1 kg retort led to formation of the much coarser pores com-
pared to H2 reduction and even compared to HYL III and
MIDREX gas mixes in 0.5 kg retort. This suggests that reduction
rate has more effect on the porosity than the type of gas used.
Previously, Turkdogan and Winters[31] have suggested that a
slower reduction rate is the main cause of the coarser pores
for CO compared to H2. In the present research, we were able
to confirm this hypothesis with both SEM and MIP analysis. This
potential role of reduction rate on porosity could have a

Figure 16. SEM image of MIDREX-simulated gas mixture sample reduced at 850 °C: a) shell and b) core.

Figure 17. Reaction rate constant K as a function of temperature.
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significant impact on product quality of DRI. The porosity of the
pellets affects their structural strength[43] and potentially the sub-
sequent melting behavior of DRI.

5. Activation Energy

The rate constants k(T ) for the pure H2 experiments performed
at 700, 800, and 850 °C was determined by fitting the experimen-
tal data of the contracting sphere model. The equation for the
contracting sphere model is given as follows[11]

kðTÞ � t ¼ gðXÞ ¼ 1� ð1� XÞ1=3 (2)

The slope of g(X ) versus t curve was then used to determine k(T )
for each experiment. A plot of ln(k(T )) versus 1/T was obtained
(Figure 17) and the resulting slope of the best fitting line was
used in the Arrhenius equation to determine the activation
energy, as shown in the following[44]

Ea ¼ �R
d ln kðTÞ
dð1=TÞ (3)

From the calculations, the activation energy was found to be
34.50 KJmol�1 which is in the range of previously reported in
literature.[11] It has been reported that the activation energy range
is 4.2–21 KJmol�1 when the rate limiting step is internal diffu-
sion and over 42 kJ mol�1 is interfacial chemical reaction.[45] Our
value of activation energy for pure hydrogen reduction falls in

between internal diffusion and chemical reaction resistance
cases (Table 4).

An approximate analysis of the rate controlling step was done
using the analytical calculations and equations of the shrinking
core model reported by Zuo, Hai-bin et al.[30] In short, these ana-
lytical calculations solved of the shrinking core model - Equation
(4) - which considers all three resistances: film diffusion resis-
tance, ash diffusion (reacted shell) resistance, and chemical reac-
tion resistance to give an approximate value for effective
diffusion coefficient and the reaction rate constant.

V t ¼
4πr20ðCb � CeÞ

1
kg
þ r0ðr0�riÞ

Deff ri
þ Kθ

krecð1þKθÞ r0
ri

� �
2

(4)

Here, Vt is the rate of reaction [mol s�1]; r0 is the initial radius of
the pellet [m]; Cb is the concentration of reactant gas [mol m�3];
Ce is the equilibrium concentration of the reactant gas [mol m�3];
ri is the radius of the unreacted core of the pellet [m]; kg is the
mass transfer diffusion coefficient in the gas film, [m s�1]; Deff is
the effective diffusion coefficient of gaseous species [m2 s�1]; krec
is the reaction rate constant [m s�1]; and Kθ is the equilibrium
constant of chemical reaction.

Further, Zuo et al.[30] transformed this equation using four
parameters C1, C2, F, and t1 to obtain a linear plot (Figure 18)
and extract the values of effective diffusion coefficient (Deff )
and reaction rate constant (krec) using the slope (C1) and
the y-intercept (C2), respectively. The mass transfer coeffi-
cient (kg) was calculated using its relationship between
Reynold’s number, Schmidt number and the diffusion
coefficient.

t� t1
F

¼ C1ð3F � 2F2Þ þ C2 (5)

C1 ¼
r20d0

6Deff ðCb � CeÞ
(6)

Table 4. Parameters of reduction reactions as given on Figure 16.

T [°C] k(T ) T [K] 1 T�1 ln(K )

700 0.00005333 973.15 0.001027591 �9.83901

800 0.00008256 1073.15 0.000931836 �9.40199

850 0.00009314 1123.15 0.000890353 �9.28141

Figure 18. Curves for mixed control model obtained from reduction versus time data.
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(a) (b)

(c) (d)

(e)

(g)

(f)

Figure 19. a–g) Fraction of relative resistances of as a function of conversion.
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C2 ¼
Kθr0d0

krecð1þ KθÞðCb � CeÞ
(7)

F ¼ 1� ð1� XÞ13 (8)

t1 ¼
r0d0X

3kgðCb � CeÞ
(9)

Here, d0 is the oxygen density of the pellet [mol m�3] and t is
the time [s]. It is evident that linear fit used in Zuo[30] model
works better for the cases of mix gas (where R2 values are well
above 0.9) than for pure hydrogen where the R2 value is in the
range of 0.5–0.85. R2 value was high only in one H2 reduction
case—at 900 °C.

As can be seen in Figure 19, chemical reaction resistance was
dominating for most of the time of reduction with H2 at 700, 800,
and 900 °C in the big retort test (Figure 19d–g) where the gas flow
rate was relatively low. Reaction resistance was also dominating
in the beginning of reduction (5%–10% of conversion) in the
850 °C. However, after initial reduction, phase diffusion resis-
tance becomes dominant. It is interesting that resistances in
big retort at 850 °C (Figure 19f ) repeat the same pattern as those
in the small retort (Figure 19c) exhibiting diffusion resistance
dominance. For the tests at other temperatures (both lower
and higher) in the big retort, reaction resistance was the major
contributor to the overall resistance. This is somewhat puzzling
but the results could point at potential sintering occurring at
850 °C causing diffusion to become slower. When examining
Figure 12b, the smaller pores are absent in the core when com-
pared to Figures 11b and 13b. As for the mixed gas experiments,
diffusion control could be attributed to the smaller pore size evi-
dent in Figures 8 and 14–16. The model suggests that gas-film
resistance plays noticeable role only in the initial stage of mixed-
gas reduction test, while in the H2 tests conducted, its role can be
neglected.

6. Conclusions

A series of reduction experiments with iron-ore pellets using var-
ious gas mixtures and temperatures were performed. The kinet-
ics of the reduction and porosity of the reduced pellets were
measured: 1) An increase in temperature from 700 to 800 °C
led to considerably faster (almost 2 times faster) reduction in
pure H2 atmosphere. A further increase to 900 °C improved
reduction kinetics only marginally. 2) The total porosity of the
fully reduced samples is between 69% and 71% of volume for
all conditions except for reduction at 700 °C, which had approxi-
mately 64% porosity. The open porosity measured by MIP was
lower than total porosity measured by immersion method and
varied much more indicating effect of temperature on the ratio
of open and closed pores. 3) Pore size distribution of reduced
pellets varied with temperatures and gas mix. The smallest pores
were obtained for reduction at the lowest temperature in test
series and for the H2/H2O gas mixture in the gas mix series.
4) A lower gas flow rate and corresponding lower reduction rate
yielded much coarser pores in the reduced pellets indicating the
stronger local sintering of particles or iron whiskers at low reduc-
tion rates. The effect of reduction rate on the porosity of the iron

pellets in present study clearly offsets the effect of gas composi-
tion. 5) The main kinetic resistance for reduction at the gas flow
rates employed at 850 °C is gas diffusion, while for the 700 and
800 °C chemical reaction dominated the resistance. Gas-film
resistance played only a minor role at the initial stages of
reduction.

The results of present work are being employed in the devel-
opment of a numerical model of the iron-ore pellet reduction pro-
cess under various gas and temperatures in the reactor shaft for
the GISH project. Additional work is also being performed with
individual pellets to evaluate reduction kinetics for various gas
atmospheres and temperatures.
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