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The objective of this study is to investigate the impact of Hy-enrichment in Hlsarna reducing gas atmospheres on
the pre-reduction of iron ores. Therefore, several iron ores, named OreA, OreB and OreC, with increasing
amounts of goethite, were reduced by gas mixtures of Hy-CO-COz-Ar in a thermogravimetric analyser (TGA). A
first approach studied the gas reduction as isolated process in isothermal conditions, whereas the second, non-
isothermal approach, investigated thermal decomposition and gas reduction occurring simultaneously. In
isothermal conditions the increase of Hy in the atmosphere leads to an increase in conversion to wustite, and also
to an increase in reaction speed. At 7.5 % Hy in the atmosphere, the reaction saturates after 502-794 s, at 22.5 %
H, after 375-583 s and at 37.5 % Hj after 206-297 s, depending on the temperature. The reaction is controlled
by the diffusion of the reducing gas through the developing product layer and the calculated activation energy is
77.60, 69.12 and 79.91 kJ/mol for Hy-contents of 7.5 %, 22.5 % and 37.5 %, respectively. In non-isothermal
conditions, the influence of ore mineralogy is more significant compared to the Hy increase in the atmo-
sphere. An increase in total conversion is observed with an increase in goethite content in the ores.

* Corresponding author.
E-mail address: p.leerhoff@tudelft.nl (P. Leerhoff).

https://doi.org/10.1016/j.powtec.2025.121570

Received 8 April 2025; Received in revised form 13 August 2025; Accepted 18 August 2025

Available online 20 August 2025

0032-5910/© 2025 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:p.leerhoff@tudelft.nl
www.sciencedirect.com/science/journal/00325910
https://www.journals.elsevier.com/powder-technology
https://doi.org/10.1016/j.powtec.2025.121570
https://doi.org/10.1016/j.powtec.2025.121570
http://crossmark.crossref.org/dialog/?doi=10.1016/j.powtec.2025.121570&domain=pdf
http://creativecommons.org/licenses/by/4.0/

P. Leerhoff et al.
1. Introduction

The iron- and steelmaking industry is responsible for 7-9 % of the
global anthropogenic produced COy-emissions [1]. A radical change in
production methods is necessary to reduce emissions and lead the steel
industry into a more sustainable future. The biggest potential impact
will be the substitution of the blast furnace, which is contributing to 71
% of the COy-emissions, globally arising from iron and steel production
[2]. HIsarna® was developed by Tata Steel in IJmuiden as an alternative
ironmaking process to the blast furnace [3]. HIsarna can be categorized
as a smelting reduction process. Smelting reduction describes the com-
bination of iron ore reduction and subsequent melting to liquid (pig)
iron in a single reactor, without coke usage [4]. The most commercially
established forms of smelting reduction are the COREX and FINEX
processes, with COREX operating with a shaft furnace and FINEX with a
multi-stage fluidized bed as the pre-reduction stage, before the material
is melted for complete reduction [4]. However, further alternatives are
under investigation.

A significant advantage of Hlsarna compared to the blast furnace is
that Hlsarna accepts various raw materials as input material. In contrast
to the blast furnace, Hlsarna operates with un-coked coal and un-
agglomerated iron ore fines, thereby combining the three process steps
of ore agglomeration, coking, and ironmaking into a single process step
[5]. The pilot scale of HIsarna already indicates that CO,-emissions can
be reduced by up to 20 % compared to the classic blast furnace process,
and by at least 80 % in combination with carbon capture and storage
(CCS) technology [4,6]. In HIsarna, the pre-reduction occurs in an upper
cyclone converter before final reduction takes place in a lower molten
bath, similar to the HIsmelt technology [7]. Initial reactions and pre-
reduction occur very fast in the upper section of HIsarna. The ores are
injected horizontally from the top-section of the furnace, where they
immediately come into contact with the hot process gas arising from the
lower section, which is a mixture of CO, CO,, Hy, H,O and N» [5]. The
oxidation state and, therefore, the reduction capability of the off-gas
arising from the smelting vessel is described by the post-combustion
ratio (PCR) (equation (1)) [5].

%H,0 + %CO,

PCR =
%H,0 + %CO; + %H, + %CO

*100% (€))

The PCR is the lowest when the reducing gas reaches the pre-
reduction section of the furnace. Following it reacts with the injected

Powder Technology 468 (2026) 121570

ores over the height of the furnace, until it is almost completely post-
combusted at the top. The PCR value of the reducing gas entering the
pre-reduction section of Hlsarna is approximately 50-60 % while this
value reaches 98 % when the gases are leaving the process [7,8]. This
change is due to the decrease in concentration of Hy and CO as iron ore
particles are reduced and the partial combustion with oxygen. The
behaviour of the PCR in the pre-reduction section of HIsarna is presented
in Fig. 1. In this section of HIsarna, two main reaction mechanisms occur
simultaneously. The first mechanism is the thermal decomposition of the
injected ore particles, and a second is the gas-solid reduction with the
reducing gases. From a thermodynamic perspective, the reduction of
iron ore through thermal decomposition and gas reduction follows the
same fundamental process that achieves the removal of oxygen from the
ore.

Hlsarna has the further advantage that it can accept untreated,
lower-grade ores as input ores and is not limited to hematite and
magnetite, which are categorized as high-grade ores (>65 % Fe [9]).
Ores of interest for use in Hlsarna are goethite ores, which are abun-
dantly available in India [10]. Due to the lower iron content in the
goethite phase (FeOOH) compared to the hematite phase (FexOs3), an
increase in goethite content in the ore would further decrease the grade
of the ore. The influence of thermal decomposition on the reduction of
various ores in HIsarna ironmaking has been studied in a previous
publication [11], with a special focus on the impact of goethite content
in the ores, and was based on preceding studies from Qu et al. [12] and
Chen et al. [13]. The previous work related to goethite ores includes the
kinetic analysis of goethite thermal decomposition as well as hematite
thermal decomposition and investigates the influence of goethite con-
tent and further ore mineralogy on the overall reduction.

To complete this preceding research, the current study focuses on the
mechanism of gas reduction and its influence on the reduction kinetics
in smelting reduction processes, especially under HIsarna ironmaking
conditions. Currently, HIsarna exhibits pre-reduction degrees of 20-25
% in its upper section [7]. Due to its nature, HIsarna is limited to the use
of CO-CO2-Hp-H2O gas mixtures as reducing gases. However, it is
generally known that hydrogen enhances the reaction kinetics of iron
ore reduction [14]. Therefore, this study aims to investigate the influ-
ence of increasing hydrogen levels in HIsarna reducing gas mixtures on
the reduction degree and kinetics.

The reduction of iron oxides in isothermal conditions has been
intensely studied in literature [15-22]. Zuo et al. [17] studied the

Post-combusted off-gas

PCR 3 (~ 98 %)
(outlet of pre-reduction cyclone)

Area in between with
increasing PCR

PCR 1 (~ 60 %)

High H,0, CO,

B
.~= Iron Ore Injection

@ Oxygen
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o

Pre-Reduced
L —" Particles

(inlet of pre-reduction cyclone)
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Off gas from smelting reduction
(Ho+H,O+CO+CO,+N5)

Fig. 1. Schematic of HIsarna pre-reduction section, adapted from [8].



P. Leerhoff et al.

reduction of hematite pellets in several Hy-CO mixtures at 1073, 1173
and 1273 K and found a positive effect of hydrogen enrichment in the
atmosphere on the speed of the reduction, explained by the enhanced
diffusivity of the reducing gas through the sample. Therefore, it is crit-
ical to better understand the impact of hydrogen on the mechanisms of
gas reduction. Sohn et al. [16] studied the reduction of hematite pellets
to metallic iron with hydrogen in a temperature range of 973 to 1173 K
and found the reaction to be initially controlled by a topo-chemical re-
action, forming in initial iron layer, before the rate-limiting mechanism
shifts to pore diffusion in the later stages.

Next to the reaction mechanism, determining the activation energy is
crucial to evaluate the influence of hydrogen enrichment on the
reduction. Even though many studies have been carried out, insights
vary considering the influence of H and CO levels in the reducing gas on
the activation energy. Zhang et al. [15] studied the conversion of New
Zealand ironsand pellets and Sohn et.al [16] of metal doped hematite
pellets to metallic iron with pure hydrogen. Zhang et al. calculated an
activation energy of 31.3 kJ/mol, whereas Sohn et al. calculated acti-
vation energies between 15 and 29 kJ/mol depending on the reduction
step. Also, Moon et al. [18] studied the reaction kinetics of varying Ho-
CO reducing gas mixtures and determined activation energies between
19.8 and 42.1 kJ/mol, where the values decreased with an increase in
CO content. Piotrowski et al. [23] tried to find differences between the
influence of CO and Hj as reducing gases by testing mixtures of 90 % N
with either 10 % Hy CO or Hy + CO for the conversion of hematite
powder into wustite. Even though the three mixtures have the same ratio
of reducing gases, the arising activation energy differs strongly. The
mixture containing only CO as reducing gas showed the highest acti-
vation energy (122.52 kJ/mol), followed by the mixture containing CO
and Hj (93.72 kJ/mol) and the mixture containing only Hy, showed by
far the lowest activation energy (28.08 kJ/mol).

Considering the kinetic data, multiple parameters can influence the
reduction mechanism and resulting activation energy: material proper-
ties, reducing gas atmosphere, the considered reduction step and many
more [24], underlining the need for continuous research. Most studies,
however, are focusing on the adaptation of hydrogen in temperature
ranges which are more in relation to the direct-reduced iron (DRI)
production conditions, which typically operate below 1273 K [4] and
are therefore focusing on significantly lower temperatures then the gas-
solid reduction in the HlIsarna pre-reduction section (T ~ 1773 K [8]).
The thermal decomposition of goethite and hematite as well as the
reduction of hematite with reducing gases, containing H, and CO in non-
isothermal conditions have also been significantly studied in literature
[11,13,25-32]. However, these studies either focused on a single iron-
bearing phase being reduced, or, when examining samples containing
hematite and goethite, inert atmospheres were applied to only observe
the thermal decomposition. This leaves the question open on how a
mixed system of goethite and hematite would reduce in non-isothermal
conditions with the two mechanisms thermal decomposition and gas
reduction happening simultaneously. The influence of goethite content
and further mineralogy on the reduction behaviour in hydrogen
enriched HIsarna atmospheres requires further study, since it is impor-
tant to understand the influence of a complex ore mineralogy on the
overall reduction behaviour, particularly at temperatures greater than
1273 K.

To summarize, the objective of this experimental study is to gain a
complete overview of the reduction behaviour and kinetics of the ores in
the utilized gas atmospheres under Hlsarna process operating condi-
tions. Since the thermal decomposition behaviour of the ores has been
discussed previously in [11], this study is meant to provide insight into
gas reduction as an isolated (isothermal approach) and co-occurring
(non-isothermal approach) process with thermal decomposition. Focus
is placed on the influence of ore mineralogy, hydrogen enrichment in the
reducing gas atmosphere, and a potential decrease in PCR on the
reducibility and reduction mechanisms of the varying iron ores.
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2. Method
2.1. Materials

The three iron-bearing ores, named OreA, OreB and OreC, with a
particle size <63 pm were provided by Tata Steel. To gain insight into
the differences in chemical composition and mineralogy between the
ores, X-ray diffraction (XRD), X-ray fluorescence (XRF) and loss of
ignition (LOI) analyses were conducted. XRD analysis was carried out
with a Bruker D8 Advance diffractometer Bragg-Brentano geometry and
Lynxeye position sensitive detector (Bruker Germany). The main
mineralogical phases, according to XRD, for OreA are hematite (Fe303),
quartz (SiO2) and dolomite (CaMg(COs),, with small amounts of
magnetite (Fe3O4). The main difference of OreB and OreC compared to
OreA is the presence of the goethite phase. For OreB, the main phases, in
addition to hematite and goethite, are quartz and kaolinite
(Al5SizO5(0OH)4). The XRD of OreC measured only quartz as non-iron-
bearing phase, next to hematite and goethite. Due to the complex
chemical composition of the ores, the XRD signals show many smaller
peaks, indicating additional gangue materials that cannot be accurately
identified. The detailed XRD results are displayed in Fig.S1 in the sup-
plementary materials.

The elemental composition of the ores was obtained by XRF (Pan-
alytical AXIOS XRF, Netherlands) and LOI analysis (dissolution in nitric
acid and TGA (LECO, Germany) and is summarized in Table 1. All three
ores used in this study can be categorized as low-grade ores (< 62 % Fe
[9]), with OreB showing the highest amounts of total iron (61.60 wt.-%)
and OreC the lowest (56.80 wt.-%). In alignment with the XRD analysis,
SiOz and Al;03, are found to be the main gangue components in all three
ores. OreB contains the highest amounts of Al;03, while OreC contains
the highest SiO; content. In contrast to OreB and OreC, OreA contains
larger amounts of CaO and MgO due to the presence of a dolomite phase.
The crystal water present in OreB and OreC indicate the goethite phase,
which is absent in OreA. Considering the difference in crystal water
between OreB (2.19 wt.-%) and OreC (6.05 wt.-%), the amount of
goethite in OreC is expected to be substantially higher.

A deeper analysis of the input materials can be found in the pre-
ceding study [11], where differences in morphology, phase and impurity
distribution and general mineralogy of the materials are explained in
detail.

2.2. Experimental approach

To obtain insights into the topo-chemical reduction behaviour of the
varying iron ores and the reaction kinetics under non-isothermal and
isothermal conditions, high temperature experiments were carried out
under three different reduction conditions. The operating parameters
are detailed in Table 2. In order to mimic the gas composition of Hlsarna,
a main PCR of 60 % was chosen. A total flow rate of 200 ml/min was

Table 1
Chemical composition of OreA, OreB and OreC, determined by XRF and LOI after
normalization.

OreA OreB OreC
Fraction [pm] <63 <63 <63
Compound Fe,03 85.93 88.07 81.21
total-Fe 60.10 61.60 56.80
SiO, 5.18 4.96 6.84
Al,03 2.24 3.81 3.52
MgO 0.71 0.04 0.14
CaO 1.99 0.05 0.11
-0
twt.-%] TiO, 1.04 0.33 018
MnO 1.20 0.03 1.07
CO, (carbonate) 1.52 0.21 0.65
H,O(crystal) - 2.19 6.05

Rest 0.37 0.25 0.26
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Table 2
Experimental conditions in TGA, Setaram TAG 16/18.

Experimental Condition Operating Parameter

Ore isothermal conditions B
Ore non-isothermal conditions A,B,C
Holding time non-isothermal
o 2
conditions (h)
oldlng .tlme isothermal 241
conditions (h)
Heating rate (K/min) 5
Particle size (pm) < 63
Temperature (K) 298-1773
Flow rate 200 ml/min

A7.5H; (PCR = 60 %): 7.5 %H,/22.5 %C0O/45
%CO02/25 %Ar

A22.5H, (PCR = 60 %): 22.5 %H,/7.5 %CO/
45 %C02/25 %Ar

A37.5H; (PCR = 40 %): 37.5 %Hy/7.5 %CO/
30 %C02/25 %Ar

Reducing atmosphere (vol-%)

applied. Of that 200 ml/min, 50 ml/min was always argon, necessary as
a shielding gas for the thermo-couples. The remaining 150 ml/min re-
flects the reducing gas composition. A decrease in PCR value would
provide the option of higher hydrogen contents in the reducing gas. Two
different atmospheres (A7.5H; & A22.5H,) were selected to evaluate the
influence of hydrogen enrichment in an atmosphere with a PCR of 60 %
on the reduction of the varying ores. To evaluate the influence of a lower
PCR, a third atmosphere based on a PCR = 40 % (A37.5H;) with the
same total flow rate was tested. The experiments were conducted in a
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symmetrical thermogravimetric analyser (TGA, Setaram TAG 16/18,
Caluire, France). Alsint crucibles with an inner diameter of 10 mm, a
height of 20 mm, and a wall thickness of 2 mm were used as sample
holders. A material amount of 300 mg was used as input.

In the non-isothermal approach, the ore particles were gradually
heated in the reducing gas atmosphere at a heating rate of 5 K/min until
a temperature of 1773 K was reached. After 1773 K was reached, a
holding time of 2 h was applied to observe the behaviour of the reducing
gas at elevated temperatures and to achieve the reduction limit. In the
isothermal approach, the ores were gradually heated in an argon at-
mosphere at a heating rate of 5 K/min until a set temperature of 1673 K,
1723 K or 1773 K was reached. After the set temperature was reached,
the material was held isothermally at that temperature for 2 h under an
argon atmosphere to reach the limits of thermal decomposition. After 2
h, reducing gases were introduced for 1 h to observe the reduction ki-
netics under isothermal conditions. This approach enables the obser-
vation of gas reduction as an isolated phenomenon, considering that the
thermal decomposition process had been completed earlier. The exper-
iments under isothermal conditions were only carried out on OreB. In
both tests, the material was cooled to room temperature in the system
under an argon atmosphere at a controlled cooling rate of 5 K/min. The
mass loss was measured as the primary output, either over increasing
temperature at a constant heating rate (non-isothermal conditions) or
over increasing time at a constant temperature (isothermal conditions),
to analyse the reduction kinetics of the process.

1800 1800
1007 Injection A7.5H; 1001 AERion —— A7.5H;
Redu§ing Gas ~ —=-- A22.5H; | 1600 Redudng Gas  —=-- A22.5H; | 1600
----- A37.5H, - A37.5H,
98 1 98 1
—— Temperature | 1400 —— Temperature | 1400
96 v 96 v
9 H1200 2 X H1200 <
= < = <
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Fig. 2. Mass loss over time with respect to reduction atmosphere for isothermal TGA experiments of OreB at (a) T = 1673 K, (b) T= 1723 Kand (¢c) T = 1773 K.
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3. Results and discussion
3.1. Isothermal reduction

Fig. 2 depicts the general mass loss of the isothermal experiments for
OreB. The red line in the figure marks the start of the reducing gas in-
jection while the green line shows the temperature profile over time. In
general, six distinct stages can be observed. The first four stages are all
part of the thermal decomposition of the ore, occurring before the
reducing gas is injected. These stages were identified in our previous
publication [11]. The first two stages were assigned to goethite
decomposition, while stages three and four were assigned to the thermal
decomposition of hematite. In this study, stages five and six are of in-
terest, since these depict the reduction of the decomposed material with
the defined reducing gas mixture. A sharp mass loss is observed directly
after the injection of the reducing gas (V). The mass losses achieved in
this stage are 3.8 %, 4.1 % and 4.5 % at 1673 K, 3.6 %, 3.8 % and 4.5 %
at 1723 K and 3.2 %, 3.5 % and 4.1 % at 1773 K, for A7.5H,, A22.5H,
and A37.5H,, respectively. At all temperatures, the mass loss increases
with increasing hydrogen content in the atmosphere. The mass loss in
stage five decreases with increasing temperature due to the higher mass
loss already achieved through thermal decomposition at higher tem-
peratures. Following this initial decrease, the mass loss remains constant
for a period. At later stages of the isotherm, an increase in mass is
observed. This phenomenon is related to pressure changes in the system
caused by the water-gas shift reaction taking place. The reactions
occurring and their influence on the system will be discussed in more
detail in the section 3.4..

3.2. Isothermal reduction kinetics

The essential characteristic parameter for the kinetic models used in
this study is the conversion factor o (equation (2)).

my —m;
my —mg

a 2)

Where my is the mass of the initial sample (mg), m, is the mass of the
sample at time t (mg) and m, is the mass of the sample after complete
conversion (mg). Due to thermodynamic and kinetic limitations, the
formation of metallic iron is not expected under the studied conditions.
Therefore, wustite (FeO) is considered the final reduction product,
meaning that a conversion factor of 1 corresponds to the complete
conversion of hematite to wustite. The conversion degree (equation (2))
is calculated based on the conversion of hematite (FeoO3) to wustite
(FeO) over the whole reaction range. After thermal decomposition
(stages [-IV), it is expected that mostly magnetite is present as the iron
bearing phase. However, to avoid assuming that only magnetite is pre-
sent before the gas reduction, the conversion factor is defined over the
entire reaction range, including thermal decomposition, as presented in
Fig. 3. The images show the calculated conversion factors for OreB at
three temperatures and the respective atmospheres. The conversion of
hematite to magnetite by thermal decomposition initiates around 1419
K, which also depicts the start of the figure. All reactions occurring
before that temperature do not contribute to the calculated conversion
degree.

At all temperatures, similar trends are seen for all three atmospheres
after the reducing gases are introduced to the system (as indicated by the
red line in Fig. 3). Considering A7.5H5 and A22.5H,, an increase in Hy
content at the same PCR leads to a higher total conversion. At 1673 K the
conversion degree increases from approximately 73.5 to 77 %, at 1723 K
from 74.7 to 78 % and at 1773 K from 74.8 to 78 %. This further shows
that there is no strong influence of the holding temperature on the total
conversion. A decrease in PCR, and therefore an increase in reducing gas
content, leads to an even higher total conversion during the gas reduc-
tion phase. The total conversion reached in A37.5H; at 1673 K is around
81.3 %, at 1723 K 84 % and at 1773 K 84 %. As comparison, the
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conversion factors at equilibrium for each atmosphere and temperature
were calculated using FactSage 7.0 [33] (FactPS database) [34] and
were determined to vary between 96 % and 103 %, depending on at-
mosphere and temperature. It can be noted that for all experimental
conditions, complete conversion is never reached, indicating kinetic
limitations for the gas reduction.

Fig. 3 also highlights the strong influence of the atmosphere on the
steepness of conversion during the gas reduction. To better visualize this
influence, Fig. 3 includes a zoomed-in view of the main area of gas
reduction until the experimental equilibrium is reached ((a2), (b2),
(c2)). Overall, the influence of hydrogen content is much stronger
compared to the temperature influence. Even though higher tempera-
tures always lead to faster reduction in the respective atmosphere, it
cannot always compensate for the influence of increasing hydrogen
levels. The increase in hydrogen level from A7.5H; to A22.5H; leads to a
decrease in reduction time from 502-794 s to 375-583 s, depending on
the temperature. A further change to lower PCR and even higher
hydrogen levels in A37.5H, decreases the reduction times further to
206-297 s.

In order to get a more detailed overview of the reduction achieved in
the separate thermal decomposition and gas reduction stages, the
calculated conversion degrees (FeoO3 — FeQ) for each stage are pre-
sented in Table 3. A small variation in the conversion after thermal
decomposition (orp) is seen based on the set temperature. With an in-
crease in temperature, slightly higher conversion, with a minimum of
35.2 % at 1673 K and a maximum of 42.6 % at 1773 K, is achieved
during thermal decomposition. Further, it is observable that the influ-
ence of the atmosphere on the final conversion (o)) is stronger than
the influence of the temperature. For all temperatures, a final conversion
of around 73 % is reached for A7.5H,, around 75-76 % for A22.5H5 and
around 80-82 % for A37.5Hj, after 1 h reduction. Considering only the
conversion achieved during gas reduction, agg increases from 37.3 % to
44.6 % at 1673 K, from 34.7 % to 43.8 % at 1723 K, and from 29.9 % to
38.7 % at 1773 K with increasing Hy content in the reducing gas. The
decrease in agg with increasing temperature is explained by the higher
degree of reduction already achieved during thermal decomposition at
higher temperatures.

In the next step, the reaction mechanism as well as the kinetic pa-
rameters of the isothermal experiments were determined. A common
model used to explain reaction kinetics in ironmaking is the (un-)reacted
shrinking core model (USCM) [35]. Based on the shrinking core model,
the reaction first takes place at the outer skin of a particle, creating a
stable product layer. The reaction front then moves inwards, shrinking
the unreacted core of the particle [35]. Normally, the shrinking core
model assumes spherical particles. However, Luo and Wu [36] found
that the shrinking core model is still applicable for an aspect ratio of 0 <
h/2r < 1, where h is the height and r the radius of the sample. In this
study, the whole sample in the crucible was considered and the aspect
ratio of the studied samples is approximately ~0.12. The authors
assumed that the shrinking core model is applicable in this study. The
reacting and shrinking of the core occur step-wise [35]. The reaction
steps used to determine the mechanisms of the reductions in this study
are the internal pore diffusion, chemical reaction, and the mixed
mechanism of the two. The reaction rate constants can be derived based
on the proposed reaction mechanisms using the following mathematical
formulations [37-39]:

Internal Diffusion Control:

2 2 6D, (Co — C.)
1-Za—(1—q)3 =kt =—120 ey 3
3 ( ) PoTs
Interface Chemical Reaction Control:
1 _
]_(1_g)§:kt:wt 4

KerO/) 0
Mixed Control:
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Fig. 3. Conversion factor for thermal decomposition and gas reduction of OreB at (al) T = 1673 K, (a2) 1673 K zoomed-in, (b1) T = 1723 K, (b2) 1723 K zoomed-in

and (c1) T = 1773 K, (c2) 1773 K zoomed-in.
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Table 3
Conversion degrees after thermal decomposition (TD) and after gas reduction (GR) of OreB.
1673 K 1723 K 1773 K
A7.5H, A22.5H, A37.5H, A7.5H, A22.5H, A37.5H, A7.5H, A22.5H, A37.5H,
op [%] 35.6 35.4 35.2 38.2 39 37.8 42.6 42.4 42.6
OTotal [%0] 72.9 75.8 79.8 72.9 76.4 81.6 72.5 75.1 81.31
agr [%] 37.3 40.4 44.6 34.7 37.4 43.8 29.9 32.7 38.7
1
t — poTs 1+(1- a)% —2(1- a)% +L"Ke By plotting 1—(1—a)3vs.t (Chemical Reaction), 1-Za—
17(1701)% 6D, (Co—C.) k(14+K.)(Co—Ce) 2 o 1 2/
(1 —a)3vs.t (Diffusion) and —t—vs.1+(1—-0a)3—-2(1-a)
) 1-(1-a)3

where « is the conversion factor of hematite to wustite (—), k is the re-
action rate constant (s’l), t is the time (s), D, is the diffusion coefficient
of the reducing gas into the product layer (m?/s), C, is the reducing gas
concentration at the surface (mol/m®) and C, in equilibrium (mol/mg),
po is the initial oxygen density (mol/mg), 1o is the initial radius (m) and
K, is the equilibrium constant (—).

(Mixed), the reaction mechanism can be determined based on the best
fitting of the model. The reaction rate constant k can be obtained from
the slope of the plot. The fitting results of the three mathematical models
are presented in Table 4.

It can be seen that the fitting of the mixed controlled model is the
poorest, whereas the R? of the interface chemical reaction control and
internal diffusion are all >0.99 and can therefore represent the

100 ym
100 ym

Wustite/Fayalite
phase

Unreacted
phase

Wustite/Fayalite
phase

Unreacted
phase

Crucible

Wustite/Fayalite
phase

Unreacted
phase

Fig. 4. Results of SEM-EDS of a cross section of OreB sample under (a) A7.5H,, (b) A22.5H, and (c) A37.5H, reducing atmospheres at 1773 K.
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experimental data very well. Even though the fitting is slightly better for
the internal diffusion control, it is difficult to determine the best model
relying only on the model fit, due to their close proximity. To further
identify the reduction mechanism, SEM imaging combined with electron
backscattering and EDS measurements was carried out. The imaging
visualizes the distribution of phases and elements through the material.
Therefore, a cross-section of the sample, solidified in the crucible from
experiments with the three atmospheres A7.5H,, A22.5H, and A37.5Ha,
reduced at a temperature of 1773 K, was sanded and polished. The
imaging of each sample cross-section in combination with the mapping
of the EDS analysis is presented in Fig. 4.

The results of the backscattering measurement clearly illustrate the
presence of different phases in the solidified sample. The area with
brighter contrast is expected to be richer in wustite, and the darker area
in magnetite, due to the higher amount of iron in wustite. The EDS
measurements further confirm this statement. Comparing the brighter
color of the backscattering with the EDS results, higher iron content is
measured in these areas. Furthermore, the distribution of silicon in-
dicates that silicate mostly settles around areas of higher iron content.
This indicates the formation of fayalite slag around areas of wustite.
Fayalite (2FeO*SiO2) is a common slag-phase arising in the converter
process of copper production based on the reaction of wustite with silica
(equation (6)) [4].

2FeO(1) + SiOs(s) = 2FeO o SiO(1) 6)

FactSage 7.0 [33,34] calculations were carried out to evaluate the
possible presence of the fayalite slag. Therefore, the final products of the
thermal decomposition at the set-temperatures 1673, 1723 and 1773 K
were calculated based on the chemical composition of OreB (Table 1). At
the end of thermal decomposition, magnetite was the final iron-bearing
phase and no fayalite slag was determined in the calculations. Next, the
phases calculated at the end of thermal decomposition were used as
input for the thermodynamic evaluation of the products arising during
the isothermal gas reduction at the respective temperatures for A7.5H,,
A22.5H; and A37.5H;. In these calculations three main phases were
detected, which account for over 98 % of the total composition. For all
three atmospheres and temperatures, approximately 73 % of the phase
composition was wustite, 18-19 % fayalite and around 7 % hercynite
(FeAly04). The theoretical evaluation of fayalite presencesupports the
EDS findings of fayalite formation around the wustite phase. The EDS
images further indicate lower amounts of aluminum around the wustite
phase, which could potentially be the hercynite phase which is present
in lower amounts based on the thermodynamic calculations. Other
aluminum oxides are expected to stay unreacted during the reduction,
probably even solid. The distribution of alumina shows that it settles at
the bottom of the crucible, in the area of lower iron content. The imaging
shows a strong reduction on the surface of the sample, forming a reduced
product layer. The reduction further proceeds (un-uniformly)
throughout the sample. This behaviour indicates that the reduction of
the sample is not limited by the chemical reaction at the interface, but by
the internal diffusion of the reducing gases. Based on these microscop-
ical findings and the model fit, internal diffusion is assumed to be the
rate-limiting mechanism. Sohn et.al [16] determined the reaction
mechanism of hematite with hydrogen to be of mixed control, with the
reaction rate to be initially governed by a topochemical reaction forming
an initial iron layer (5-80 s), and following shifting to pore diffusion
(119-671 s) after the product layer was formed. This second mechanism,
which is responsible for most of the reduction time, is similar to the
diffusion control found in this study. Considering the higher reaction
temperatures in this study (1673 K — 1773 K) compared to Sohn et al.
(973 K- 1173 K), it is possible that the initial formation of the product
layer is occurring faster, making it difficult to distinguish between the
two mechanisms, resulting in internal diffusion emerging as the overall
rate defining mechanism. This is also underlined by the bad results of the
model fitting for the mixed control in Table 4.

Based on this model choice, the reaction rate constant was calculated
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Table 4
Results of model fitting with shrinking core model.
Atmosphere Temperature R? R? (Chemical R?
[K] (Mixed) Reaction) (Diffusion)
A7.5H, 1673 0.9246 0.9936 0.9940
1723 0.9360 0.9957 0.9959
1773 0.9416 0.9932 0.9965
A22.5H, 1673 0.8939 0.9928 0.9957
1723 0.9187 0.9925 0.9951
1773 0.9315 0.9938 0.9975
A37.5H, 1673 0.8892 0.9913 0.9931
1723 0.9071 0.9952 0.9944
1773 0.9146 0.9932 0.9963

and is presented in Fig. 5a. Considering the reaction rate constant, k, a
coherent increase with hydrogen content and temperature is observable,
indicating a more efficient diffusion process at higher Hy levels. Overall,
the chemical reaction is more sensitive to the temperature compared to
physical mechanisms like diffusion [35]. Therefore, the impact of the
increasing Hp-levels in the atmosphere on the rate constant is much
stronger than the influence of temperature, further supporting internal
pore diffusion as the dominant mechanism compared to chemical re-
action. The rate constants determined by Sohn et al. [16] are slightly
higher compared to our study (Ink ~ —6.2 to —5.2), which can be
explained by the use of pure hydrogen increasing the reaction rate. A
significant increase in reaction rate constant occurs, comparing A37.5H;
to A7.5H; and A22.5H,, which can be explained by the decrease in PCR
and therefore a greater presence of reducing gases, facilitating the
reduction process.

The general expression for the reaction rate of the thermal decom-
position process is presented in equation (7). Applying the Arrhenius
equation, the expression for the reaction rate constant is obtained
through equation (8).

da
=K@ )

E,
k(T) = Aexp( - ) ®

To obtain the activation energies for the varying atmospheres,
Arrhenius fitting (equation (8)) was carried out and the results are
presented in Fig. 5b. In this study, the important influence on the acti-
vation energy under isothermal conditions is the increase in hydrogen
content in the reducing gas.

Considering A7.5H; and A22.5H,, an increase in hydrogen content in
the reducing gas leads to a decrease in activation energy from 77.60 to
69.12 kJ/mol. This is in alignment with the assumed diffusion model,
considering the better diffusion ability of hydrogen compared to carbon
monoxide, lowering the activation energy of A22.5H; compared to
A7.5H; due to the shift from CO to Hy as a dominant reducing gas.
Bahgat et al. [40] observed the reduction of magnetite single crystals
with hydrogen in a TGA at 1173-1373 K. Considering the reduction step
of FegO4 to Fe, they concluded a solid state diffusion as the reduction
mechanism, explained by wustite phases entrapped in dense metallic
iron, and calculated an activation energy of 99.2 kJ/mol This value is
significantly higher compared to our study. The lower activation en-
ergies in our study can be explained by the higher temperatures applied
and the lower achieved conversion degree. Based on the decrease in
activation energy between A7.5H; and A22.5Hj, a logical conclusion
would be a further decrease in activation energy for A37.5H5, due to the
higher amounts of hydrogen in the atmosphere. However, in this case,
the activation energy increases to 79.91 kJ/mol, indicating kinetic
limitations in this reaction. An explanation for this could be the higher
achieved conversion in A37.5Hj. Despite the presence of more hydrogen
in the atmosphere leading to a faster reaction, increasing the reaction
rate constant, the push to a higher conversion degree could require more
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Fig. 5. (a) Reaction rate constant based on diffusion as the rate-limiting step and (b) resulting Arrhenius fitting.

energy and therefore increases the overall activation energy for the re-
action. Even though Hammam et al. [28] determined a decrease in
activation energy with increasing conversion during hematite reduction
by hydrogen, Chen et al. [41] found the activation energy to increase
with increasing conversion in a gas mixture of CO-Nj, where the highest
activation energy was found to be 47.14 kJ/mol for a conversion range
of 20 to 90 %.

Considering the influence of Hy and CO levels in the reducing gas on
the activation energy, insights vary between studies. Zhang et al. [15]
determined an activation energy of 31.3 kJ/mol and Sohn et.al [16] of
17.52-20.01 kJ/mol at a conversion degree of 20 % and 14.81-20.50
kJ/mol at a conversion degree of 40 % for the reduction of hematite
pellets to metallic iron with hydrogen. Moon et al. [18] calculated the
activation energy to vary between 19.8 and 42.1 kJ/mol for different
mixtures of Hy and CO, with the highest activation energy determined
for pure Hy and the lowest for pure CO. These activation energies are
lower compared to our study. The main difference is that our study
applies gas mixtures containing oxidizing gases (CO2), which limit the
reduction and therefore increase the activation energy. The influence of
Hj and CO in the reducing gas on the conversion of hematite to wustite
was also studied by Piotrowski et al. [23]. For a gas mixture of 90 % Ny
and 10 % CO, they found an activation energy of 122.52 kJ/mol. When
the 10 % CO was exchanged with 5.7 % CO and 4.3 % Hp, the activation
energy decreased to 93.72 kJ/mol. A further shift to a gas mixture of 90
% N3 and 10 % Hj significantly decreased the activation energy to 28.08
kJ/mol. Even though they described the initial reaction as topochemical
surface control, the reaction mechanism changed to diffusion control
after an initial layer of Fe304/FeO formed, which is again in alignment
with the mechanism determined in this study. Dilmac [30] used fine
hematite ore as input material and CO-N5 atmospheres (50 % CO) as
reducing gas. Even though they investigated multiple reduction steps,
the important step to compare to this study is the reduction from
magnetite to wustite. The model fitting of Dilmac led to a reaction
mechanism of two-dimension contraction and an activation energy of
54.93 kJ/mol for the reduction of magnetite to wustite.

In summary, research on the reduction of iron ores by varying
reducing gas composition may be vast but differs strongly due to the
various parameters influencing the reduction kinetics. It should be noted
that the reduction temperatures in this study are significantly higher
than in the studies mentioned above. However, the activation energies
calculated in this study based on the internal diffusion model
(69.12-79.91 kJ/mol) fit the trends in literature. While studies using
pure Hy generally show lower activation energies, the activation

energies in our study are higher due to the presence of Ar and COs.
Studies with larger amounts of nitrogen or lower reducing gas contents
come closer to or exceed the kinetic parameters in this study.

3.3. Non-isothermal reduction

During the reduction under non-isothermal conditions, gas-solid
reduction occurs together with thermal decomposition as co-existing
processes. In our previous study [11], the thermal decomposition
behaviour of three ores (OreA, OreB, OreC) was studied and significant
differences in mass loss were explained by the mineralogical differences
of the ores. Two different decomposition processes were identified for
each ore. OreA first shows the decomposition of the dolomite phase,
before hematite decomposes as a two-stage process. OreB and OreC first
show the decomposition of goethite as two-stage process and later ex-
hibits the same two-stage hematite decomposition as OreA. In order to
compare the differences between thermal decomposition and the mixed
mechanism, Fig. 6 relates the mass loss due to only thermal decompo-
sition from our previous study [11], with the mixed mechanism reduc-
tion in this study for the three different atmospheres: A7.5H;, A22.5H,
and A37.5H;. Considering the mass loss in reducing gas atmosphere, two
distinctive stages are observed. Comparing the behaviour of the mixed
reduction to the thermal decomposition, reactions can be assigned to the
respective stages of the mixed reduction. The first stage for OreA is the
initial reduction of hematite and the second stage the simultaneous
decomposition of the dolomite phase and further iron oxide reduction.
Considering OreB and OreC, the first mass loss stage is the simultaneous
decomposition of the goethite phase and the reduction of hematite. The
second stage is the further reduction of the iron oxides. In A7.5H, and
A22.5H,, all three ores reach a maximum of mass loss at a similar time,
even before the set-temperature of 1773 K was reached. In A7.5H,, the
reaction saturates between 1125 and 1180 K, depending on the ore. In
A22.5H,, the reaction saturates at slightly lower temperatures, between
1095 and 1125 K. In A37.5H,, however, the reaction seems to continue
much longer and only reaches its mass loss peak between 1415 and
1440 K, depending on the ore, before the mass increases again. The mass
gain phenomenon will be explained by the water-gas shift reaction
(WGSR) in the following section (3.4. The influence of water-gas shift
reaction).

3.4. The influence of water-gas shift reaction

The presence of hydrogen, carbon monoxide and carbon dioxide at
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Fig. 6. Comparison of thermal decomposition (TD) [11] and mixed reduction in non-isothermal conditions for (a) OreA, (b) OreB and (c) OreC.

increasing temperatures, as investigated in this study, leads to the
occurrence of the water-gas shift reaction described in (equation (9))
[42]. The water-gas shift reaction is reversible and exothermic [43].

H,0(g) +CO(g) <> CO:(g) + Ha(g) ©)

Due to this reaction, the actual gas compositions present during
reduction may differ from the injected gas streams and vary as a function
of temperature. An important criteria to evaluate the equilibrium state
of the reaction is the reaction rate constant (equation (10)).

(Pco, *Pr)
(Pco*Pr,0)

FactSage 7.0 [33,34] was used to investigate the temperature influ-
ence on the WGSR (Fig. 7). Up to 1100 K, the equilibrium constant is
larger than 1, indicating an exothermic reaction, hence favouring the
products CO, and Hy. Exceeding this temperature, the equilibrium
shifts, and the reaction turns endothermic, favouring the development of
the reactants CO and H»O.

To further analyse the theoretical gas atmospheres in equilibrium,
the Equilib module of FactSage 7.0 [33,34] was used (Fig. 8). The gas
atmosphere was calculated for the volume of the reaction zone in the
TGA (51 cm®). The input streams were calculated so that the reaction
chamber was completely filled with the reaction gas. The values were
calculated for every 10 K.

Since this study focuses on the influence of hydrogen on the con-
version degree of the ores, it is important to evaluate the actual presence
of hydrogen in the system. Based on Fig. 7, the production of Hy and CO4

(10)

H2-CO2 favored

H20-CO favored

54

1000 1200 1400 1600 1800

T[K]

400 600 800
Fig. 7. Influence of temperature on water-gas shift reaction in a temperature
range of 300 to 1800 K (FactSage 7.0) [33,34].

10

should be theoretically favoured up to around 1100 K. For all atmo-
spheres in Fig. 8, it is shown that the hydrogen content is low at lower
temperatures (< 700 K), but it steadily increases until it reaches a
maximum between 863 and 943 K. The maximum concentrations are
somewhat lower than the actual input streams (6.1 %, 16.2 %, and 33.0
% for A7.5H;, A22.5H,, and A37.5Hj, respectively). After reaching its
peak, the hydrogen concentration decreases until the end temperature of
calculation (1773 K). The concentrations at 1773 K are 1.7 %, 6.1 % and
22.5 % for A7.5H,, A22.5H, and A37.5H,, respectively. Based on the
thermodynamics of the WGSR, the water-vapour content should show an
opposite trend to hydrogen. In Fig. 8 the course of water-vapour depends
on the amount of hydrogen in the input gas. Even though water-vapour
is not present in the input gas stream, it increases to high levels, varying
between 15 and 30 vol-% in A37.5H,. As expected from the WGSR, CO,
behaves opposite to the course of water-vapour and starts to decrease
when the amount of water-vapour in the system increases. Even though
the amount of COs is still high in A7.5H; at 1773 K (51.5 %), it decreases
to 12.8 % in A37.5H; at 1773 K. In A22.5H; and A37.5Hj,, CO appears in
equilibrium only from about 600 K, which is the temperature at which
CO3 begins to decrease. At 1773 K the CO content is the highest for
A7.5Hy (38.2 %). The CO content is higher in A37.5Hy (37.5 %),
compared to A22.5H; (33.9 %) even though the input amount is the
same. This can be explained by the general lower amounts of CO; in the
system.

To investigate the behaviour of the gas composition during the actual
experiments, the off-gas signal was measured via a Quadruple Mass
Spectrometer (QMS) in all experiments. Since the input material has no
significant influence on the gas composition, the results are shown only
for OreB. These include the complete mass loss over the experimental
time, together with the logarithmic QMS signals (in ampere) for Hy,
H50, CO and CO;, as presented in Fig. 9. The data is presented until the
end of the isothermal holding time, since the system is cooled in argon
atmosphere afterwards. The signal measured in the QMS analysis only
provides semi-quantitative data. Therefore, the measured data cannot be
directly translated into vol-%, as presented for the thermodynamic cal-
culations in Fig. 8. Nevertheless, the signal measured via QMS still
provides significant data on the behaviour of the different gases and how
they interact with each other, and their course can be compared to the
results of the thermodynamic analysis. The corresponding data for the
other ores are provided in Fig.S2 and Fig.S3 of the supplementary
materials.

The course of CO3 is measured to be relatively constant during the
non-isothermal and following isothermal zone and does not indicate the
same constant decrease as in the FactSage calculations. In A7.5H,, CO
behaves similarly to COy. However, in A22.5H; and A37.5H3, where the
CO content is comparatively lower, CO initially decreases slightly before
it increases back to its initial value. A more chaotic trend is observed for
H; and H3O. In all atmospheres, as expected based on the thermody-
namic calculations, a strong increase in the HyO signal during the
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Fig. 9. QMS off-gas measurements together with mass loss for A7.5H,, A22.5H, and A37.5H, of OreB at 1773 K.

heating stage is measured. It is important to note that the initially
measured HpO can also be emitted from the decomposing goethite
phase, which was found to decompose between 436 and 918 K at a
heating rate of 5 K/min [11]. During the heating phase, the hydrogen
signal behaves inversely to the water-vapour. While H50 is partly pro-
duced by the reduction of the ore (consuming Hs), most hydrogen is
produced by the water-gas shift reaction. In the QMS measurement, the
initial increase in Hy as in the thermodynamic modelling is not observed.
Instead a slow continuous decrease is observed with increasing tem-
perature. The impact of the reduction by Hs is therefore more significant
at lower temperatures and decreases with the increase in temperature.

If we consider the whole mass loss in Fig. 9, also including the
isothermal zone, a strange phenomenon is occurring in later stages of the
experiment. During the isotherm, after the mass loss obtained in the
heating zone, an increase in mass followed by a “noise” effect of fluc-
tuating masses arises. The effect appears to be stronger for A22.5H,
compared to A7.5H,, apparently affected by the hydrogen increase in
the atmosphere. Considering A37.5H,, a further increase of hydrogen
seems to intensify the phenomenon even more. Even though the gases
are constantly fed into the system, only CO and CO» stay constant during
the course of the experiment. For hydrogen and water-vapour, the
stronger observed fluctuations are related to pressure changes in the
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Fig. 10. Total pressure during the experiments of OreB under the reducing
atmosphere of A7.5H,, A22.5H, and A37.5H,.
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system. These fluctuations initiate at approximate temperatures of 1410
K for A22.5H, and of 1370 K for A37.5H,, indicating the on-set tem-
peratures of strong reactions of the WGSR in the respective atmospheres.
Fig. 10 shows the total pressure profile measured in the system during
the experiments of OreB for A7.5H,, A22.5H; and A37.5H,. During the
heating zone, the total pressure profile follows the course of hydrogen
gas, indicating that hydrogen consumption by reduction and the water-
gas shift reaction causes a decrease in total system pressure. During the
isotherm, the total pressure shows similar fluctuating behaviour
compared to the H,O signal and is similar in course to the hydrogen and
mass loss. Based on this, the fluctuating mass loss during the isothermal
zone is most likely explained by the total pressure changes in the system.
This also explains the observed mass gain phenomenon mentioned in
Fig. 2 and Fig. 6. To prove the fact that this doesn’t affect the mass loss
signal during the reaction in the non-isothermal zone, experiments
without the addition of input material under A7.5H; and A37.5H; at-
mosphere were conducted. The results of these mass losses can be found
in the supplementary materials, in Fig.S4. Also in these runs, the same
“noise” effect occurs during the isothermal zone, but does not influence
the mass loss observed for the experiments during the heating zone.

3.5. Non-isothermal iron ore conversion

The non-isothermal reduction approach presents the challenge that,
in addition to the reduction of Fe;Os, other components such as FeOOH
and CaMg(COs3); also undergo thermal decomposition. A lot of literature
is available on the thermal decomposition of goethite and hematite, as
well as of the gas-solid reduction [11,13,25-32]. However, as
mentioned before, these studies do not observe the gas-solid reduction
and thermal decomposition as simultaneous mechanisms. Due to the co-
occurrence of the gas reduction of the hematite phase and the thermal
decomposition of the goethite and dolomite phases in this study, the
individual mass loss stages cannot be assigned to a specific reaction. As a
result, the calculation of the conversion factor must be adjusted, as
shown in equation (11).

a= Mo — M an

X
- - « [ X0 | Xco, OFe 03 —Fe0
Mo (mo Mo (100 + 900 T 100

Where my is the initial mass of the sample (mng), m, is the mass at time
t (mg), Xp,o is the amount of crystal water measured in the sample (wt
%), Xco, is the amount of CO, measured in the sample (wt%) and
Xopepo, .0 is the theoretical amount of oxygen lost, considering a

reduction from Fe;O3 to FeO.

This revised representation of the conversion factor accounts for the
complete conversion of all phases that would be reduced during ore
decomposition, contributing to the overall mass loss of the sample.
Meaning, a conversion factor of 1 would describe the complete
decomposition of dolomite (OreA) or goethite (OreB & OreC) combined
with the reduction of hematite to wustite. Therefore, the newly defined
conversion degree does not reflect the reduction of the iron phase
anymore and is solely used as a parameter, describing the complete
process. The conversion factors for the non-isothermal gas reduction of
the three ores in A7.5H, and A22.5Hj,, calculated based on equation
(11), are presented in Fig. 11. The high mass loss observed for A37.5H,
in Fig. 6 would lead to a conversion significantly larger than 1, which is
unlikely to occur, as these numbers would imply the presence of iron.
Since the reduction under isothermal conditions in the A37.5H; atmo-
sphere also did not lead to a conversion degree larger than 1, it is un-
likely to achieve it under non-isothermal conditions. The authors
suggest that the conversion reaches a similar level compared to A7.5H,
and A22.5H; and the following increase can be explained by the pres-
sure variance due to the water-gas shift reaction, as explained in the
previous section. Therefore, the results of A37.5H; are excluded from
this analysis of the conversion degree.
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Fig. 11. Conversion factors for OreA, OreB and OreC in the atmospheres
A7.5H, and A22.5H,.

Even though the initial conversion seems similar for all atmospheres
of the same ores (OreA: a < ~0.2, OreB: a < ~0.4, OreC: a < ~0.6),
higher conversion is achieved in the second conversion stage at lower
temperatures with increasing hydrogen-levels. This phenomenon can be
explained by the hematite reduction becoming the dominant conversion
mechanism after the decomposition of other components, and this stage
is more influenced by the enrichment of hydrogen in the reducing gas.
For all three ores the influence of the increasing Hj-levels on the final
conversion value is marginal. For OreA the conversion increases from
approximately 71 to 72 %, for OreB from 76 to 80 % and for OreC from
82 to 83 %, for A7.5H; and A22.5H; respectively. Since for all ores it is
expected that all possible thermal decomposition reactions are
completed during the reduction and the only limiting reaction is the
conversion from hematite to wustite, the final conversion degrees of the
ores are comparable. A clear difference in the final conversion between
the three ores is visible. It seems that an increasing amount of goethite in
the sample leads to an increase in total conversion, as lowest conversion
is observed for OreA (no crystal water) and highest for OreC (6.05-%
crystal water). An explanation for this can be that the decomposition of
goethite leads to a more fine-grained and porous structure and, there-
fore, to a more reactive hematite phase compared to the hematite in the
virgin material. Li et al. [44] found that the heating and dehydration of
goethite ores generate cracks and result in a more porous structure of the
ore. Unfortunately, since this transformation occurs in the initial stages
of the reduction in our experiments, it is not possible to verify this in-
fluence with microscopical analysis. In our previous study [11], as well
as in other studies such as by Xing et al. [31] and Dilmag [30], the Coats-
Redfern Method [45] was applied to obtain kinetic parameters of he-
matite reduction and thermal decomposition in non-isothermal condi-
tions at a single constant heating rate. However, the Coats-Redfern
method is not applicable here due to the multiple simultaneous reactions
that cannot be easily separated. Therefore, this study will not determine
the kinetic parameters of the non-isothermal gas reduction of the
different ores and will leave this to future studies, along with the
morphological study of the previous proposed goethite thermal
decomposition.

4. Conclusions

e In the isothermal experiments, an increase in Hy in the reducing gas
atmosphere enhances the conversion to wustite within a temperature
range of 1673-1773 K. Lowering the PCR from 60 % to 40 % and,
therefore, increasing the Hj level, further improves the conversion. A
higher Hj content not only increases the limit of conversion but also
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decreases the time after which the conversion saturates. In A7.5H,
the conversion saturates between 502 and 794 s, in A22.5H; between
375 and 583 s and in A37.5H; between 206 and 297 s, depending on
the temperature. Faster conversion is achieved at higher
temperatures.

Microscopical observations and model fitting based on the shrinking
core model of the isothermal experiments indicate that the diffusion
of the reacting gas through the developing product layer is the rate-
determining mechanism. The activation energy decreases from 77.60
to 69.12 kJ/mol with an increase in Hy in the same PCR, but in-
creases to 79.91 kJ/mol with a decrease in PCR from 60 to 40 % in a
temperature range of 1673-1773 K.

Comparing the mass loss of the non-isothermal gas reduction to the
isolated thermal decomposition, the initial reduction of hematite in
OreA starts before the reduction proceeds simultaneously with
dolomite decomposition. For OreB and OreC a first significant mass
loss curve describes the simultaneous initial reduction of hematite
together with goethite thermal decomposition, whereas only iron
oxide reduction is observed at later stages.

During the heating stage of the non-isothermal experiments, the
water-gas shift reaction (WGSR) is clearly observable. The partial
pressure of water-vapour in the gas atmosphere increases continu-
ously, while that of Hy decreases. During the later isotherm, the re-
actions of the WGSR lead to pressure changes in the system,
influencing the mass loss data.

In the non-isothermal experiments, the influence of ore mineralogy
on the total conversion is stronger than the influence of Hy-enrich-
ment in the atmosphere. Higher conversion is achieved with
increasing goethite content in the ores: torea (71-72 %) < OoreB
(76-80 %) < aorec (82-83 %). However, as in the isothermal ex-
periments, the increase of Hj in the atmosphere increases the speed
of reduction and leads to conversion at lower temperatures. Overall,
there is no significant difference on the final conversion achieved in
the non-isothermal experiments (76-80 %) compared to the
isothermal experiments (73-81 %) of OreB.
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