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A B S T R A C T   

The reduction kinetics of iron ore with H2 and its re-oxidation with air are investigated by thermogravimetric 
analysis (TGA) over reiterated reduction/oxidation cycles. Using non-isothermal methods, three steps of reaction 
have been identified for reduction (activation energies of 133, 30 and 83 kJ/mol) and two for re-oxidation (30 
and 70 kJ/mol). Isothermal analysis, instead, leads to wrong kinetic expressions. A remarkable “annealing” effect 
is observed: when the temperature of reduction is increased from 600 to 850◦, the pre-exponential factors of the 
re-oxidation step decrease by an order of magnitude. Upon repeated cycles, reactivity decreases in the first three 
cycles, but is restored after 4–5 cycles and even increases upon further cycles. X-ray Diffraction (XRD) analysis 
shows changes in the crystalline phase of hematite upon reduction and re-oxidation, suggesting a possible spin- 
flip effect. After 4–5 reiterated cycles the opening up of porosity may counterbalance negative changes at the 
nanoscale.   

1. Introduction 

On Earth, iron mainly appears in the form of its oxides; furthermore, 
hydroxides, carbonates and sulfides are also common [1]. However, the 
two most important oxides are hematite (Fe2O3) and magnetite (Fe3O4) 
[2]. In the last decade, iron oxide reduction has been widely investigated 
for carbon dioxide (CO2) capture and abatement in chemical-looping 
combustion [3,4]. However, in order to obtain metallic iron, the iron 
oxide has to be reduced from the trivalent (or divalent) state to the 
metallic one [5]. For this reason, a reducing agent is required which 
must have a higher affinity to oxygen than the iron itself, under given 
process conditions [6]. Currently, iron ore reduction is mainly based on 
carbon as an energy source and reducing agent, but hydrogen can also be 
employed as an effective reduction agent [7]. Nevertheless, the kinetic 
analysis of reduction results complex because it is a two-step mechanism 
below 570 ◦C and a three-step mechanism above 570 ◦C. If the tem-
perature is below 570 ◦C, the reduction to Fe occurs from Fe2O3 to Fe3O4 
and continues to Fe [8]. The intermediate oxide named wüstite, Fe(1-y)O, 
is not stable at temperatures <570 ◦C, while at reduction temperatures 
>570 ◦C, Fe(1-y)O must also be considered in the reduction process [9]. 

In this case, the reduction occurs from Fe2O3 via Fe3O4 to Fe(1-y)O and 
continues afterward to Fe [10]. Beyond temperature, pressure, and gas 
composition, the properties of the material that should be reduced, such 
as grain size, morphology and porosity, affect the reduction advance-
ment [11] (see Scheme 1). 

A wide set of papers reported in the literature addressed the kinetics 
of iron reduction and oxidation [12–14]; however, a variety of dis-
crepancies, reported in more detail in section 4 of the paper, can be 
observed in the kinetic parameters, such as the activation energy, 
related to the reduction of iron oxide by hydrogen [15]. 

During the reduction and oxidation processes of iron ores in a 
reactor, severe changes in their structure occur [16]. In the early stages 
of heat treatment and reduction, transformations at both the chemical 
and structural levels are obtained [17]. Structural annealing has been 
reported to affect the reaction rate especially in the final reduction 
stages [18]. Notably, reiterated cycles can produce additional changes in 
the microstructure and consequently in the iron ore reactivity [19]. 

Recently, reduction/oxidation cycles of iron oxides have been 
addressed in the literature for chemical looping [20,21]. Jeong et al. 
developed a prototype composed of Fe/TiO2 as a catalytic system for a 

* Corresponding author. 
E-mail address: osvalda.senneca@stems.cnr.it (O. Senneca).   

1 F.C. and A.F. equally contributed to this work. 

Contents lists available at ScienceDirect 

International Journal of Hydrogen Energy 

journal homepage: www.elsevier.com/locate/he 

https://doi.org/10.1016/j.ijhydene.2024.04.008 
Received 22 December 2023; Received in revised form 26 March 2024; Accepted 1 April 2024   

mailto:osvalda.senneca@stems.cnr.it
www.sciencedirect.com/science/journal/03603199
https://www.elsevier.com/locate/he
https://doi.org/10.1016/j.ijhydene.2024.04.008
https://doi.org/10.1016/j.ijhydene.2024.04.008
https://doi.org/10.1016/j.ijhydene.2024.04.008
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijhydene.2024.04.008&domain=pdf
http://creativecommons.org/licenses/by/4.0/


International Journal of Hydrogen Energy 65 (2024) 337–347

338

chemical looping via stepwise ethane dehydrogenation, reduction T <
550 ◦C, with a CO2 activation to CO during the oxidation, T > 700 ◦C, to 
gain a higher yield than the conventional dehydrogenation of ethane by 
co-feeding CO2, after five reduction/oxidation cycles [22]. Furthermore, 
iron oxides have been employed in a reduction/oxidation cycle as 
carbon-free carriers of renewable energy [23]. Specifically, De Biagi 
et al. reported on a reduction/oxidation process for energy conversion, 
where iron is used as a fuel [24] to sustain high-temperature oxidation. 
The advantage of using iron, as fuel is that it produces no CO2 emissions, 
and that, after combustion, iron oxides can be easily recovered stored 
and transported to reduction facilities. Subsequently, the iron oxide can 
be reduced by the Midrex process [25], or in ironmaking [26], or via the 
redox process [27]. 

Nevertheless, although great efforts have been made based on the 
investigation of all parameters that influence the reduction and the 
oxidation of the iron ores, comprehensive kinetic models inclusive of 
changes of microstructure and porosity, especially upon reiterated 
reduction/oxidation cycles, are still missing. This has instead been done 
in combustion and gasification of solid carbonaceous fuels, where pro-
gressive loss of reactivity due to thermal annealing of the structure has 
been included in advanced kinetic models [28]. 

The first part of the present work aims at obtaining kinetics expres-
sions for reduction of “fresh” iron with H2. This entailed an extensive 
campaign of thermogravimetric (TGA) experiments with an iron ore 
powder at temperatures up to 850 ◦C and H2 concentrations up to 32mol 
%. Different kinetic analysis methods were applied, and results were 
compared with literature data. 

In the second part of the work, re-oxidation of the iron samples was 
investigated. To this end, the iron ore powder was firstly reduced with 
H2 and then re-oxidized with air in the TGA. The reduction step was 
carried out at different temperatures and with different H2 concentra-
tion in order to assess the effects of the severity of the precedent 
reduction stage on the kinetics of re-oxidation. 

In a third part of the work, repeated cycles of reduction with 
hydrogen and re-oxidation with air have been carried out and the pro-
gressive changes in samples reactivity have been measured, in order to 
test the performance of the material in looping processes. 

Changes in iron ore microstructure were investigated by X-ray 
Diffraction (XRD) and Scanning Electron Microscope (SEM) analysis, in 
order to compare the reactivity changes induced by reduction and re- 
oxidation on particles morphology and microstructure. Although 
further work is certainly needed to fully characterize the structural 
changes over repeated cycles of operation, the present work represents a 
first step towards the development of kinetic models suitable for 
reduction/oxidation cycles in the framework of the fast-growing field of 
iron ore-based science and technology. 

2. Materials and methods 

South African Iron Ore Khumani (IOK) provided by laboratory of 
industrial chemistry, Ruhr University Bochum (RUB), has been 
investigated. 

The qualitative analysis in order to identify metal components was 
carried out by means of X-Ray Fluorescence (XRF), using a Nexde- 

Rigaku instrument. 
Notably, IOK is a natural iron ore and contains few percentages of Si, 

Al, and only traces of other components, as can be appreciated from the 
results of XRF, reported in Table 1. The contribution of mineral impu-
rities, such as Ca and Mg, which are most impactful on the reactivity of 
iron ores [8,29] with H2, is therefore expected to be modest. 

The IOK sample had a nominal particle size of 90–200 μm, however, 
laser granulometry detected also the presence of a relevant fraction 
(40% by volume) of particles with size in the order of 10 μm (Fig. S1 in 
Supplementary material). The fine particle size was selected to perform 
kinetic measurements under kinetic controlled conditions. 

The reduction/oxidation experimental campaign included the 
following measures and tests: 

i) reduction in TGA-DSC under non-isothermal (heating rates be-
tween 2 and 20 ◦C/min) and isothermal conditions (temperatures 
between 500 and 850◦) with H2 concentration in the range 5–30 
mol%. Experimental data sets are summarized in Table S1; 

ii) oxidation in TGA-DSC under non-isothermal (heating rates be-
tween 2 and 20 ◦C/min) and isothermal conditions (temperatures 
between 500 and 850◦) in air. Experimental data sets are sum-
marized in Table S1;  

iii) reduction/oxidation cycles in TGA-DSC, summarized in Table S2. 

Tests have been carried out in a Netzsch 409 TG-DSC (Differential 
Scanning Calorimetry) apparatus. In each test, approximately 20 mg of 
sample has been loaded in an alumina crucible and heated up in a gas 
flow of 200–300 ml/min of desired composition, according to the 
heating program reported in Tables S1 and S2. Notably, between any 
reduction and oxidation step and vice versa the sample was held in inert 
flow. The value of H2 concentration in the reduction tests has been 

Scheme 1. Reduction reaction scheme.  

Table 1 
XRF analysis of IOK.  

Elements Area % 

Fe 89.9 
Si 5.1 
Al 2.7 
K 0.45 
Mg 0.45 
Mn 0.25 
Ti 0.2 
Cl 0.18 
P 0.15 
Ca 0.13 
S 0.07 
Cr 0.06 
Ni 0.05 
Ba 0.05 
Sn 0.04 
Sr 0.04 
V 0.03 
Zn 0.03 
Te 0.02 
Zr 0.01 
Ce 0.01  
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checked by ABB analysers connected at the TGA outlet. The mass loss 
recorded during the test has been worked out to calculate:  

• the final fractional mass loss m0 − mf
m0 

and mass gain mf − m0
m0 

during 
reduction/oxidation (where m0 and mf are the mass at the beginning 
and at the end of the reduction or oxidation test);  

• DTG curves of derivative mass loss 1
m0

dm
dt versus temperature;  

• instantaneous reaction rate curves of dx/dt versus x, with conversion 
x defined as x = m0 − m

m0 − mf
;  

• the heat of reaction of reduction/oxidation from the integral of DSC 
curves registered during the test. 

A kinetic analysis of reduction and oxidation has been carried using 
both isothermal and non-isothermal TGA results. Non-isothermal TGA 
data have been worked to obtain Arrhenius plots of ln

( dx
dt

1
1− x

)
versus 1/T. 

For isothermal tests, instead, Arrhenius plots have been based on reac-
tion rate averaged over the first 50% of conversion (Rav = 0.5

t0.5, where t0.5 
is the time required to reach 50% of conversion). 

SEM (Scanning Electron Microscopy) analysis of reduced and 
oxidized samples for has been performed by SEM FEI Ispect S, Column E- 
SEM W, Source: 200 V–30 KV, filament: tungsten equipped with an 
Everhart–Thornley detector (ETD). 

The crystallinity of IOK as received, IOK treated with H2 and re- 
oxidized structures was investigated by an X-Ray powder Diffraction 
(XRD) analysis in the 2Θ range 3–90◦ using a Rigaku Miniflex 600 
automated diffractometer equipped with a CuKα radiation source. 
Phases were identified by using the PDF-5+ 2024 database (ICDD In-
ternational Centre for Diffraction Data®, Newtown Square, PA, USA) 
and the Rigaku Smart Lab II software v4.5.162.0. The determination of 
Indices Refraction Ratio (RIR) was performed without considering the 
amorphous phase. 

3. Results and discussion 

3.1. Reduction tests 

Initially, reduction tests from Fe2O3 with H2 were carried out. The 
final mass loss obtained in the reduction tests was 28–30%, which is 
consistent with the following reaction scheme, which, for a 100% pure 
Fe2O3 would imply a mass loss of 33%: 

Notably, two or three stages of reaction are expected: two at T <
570 ◦C and three at T > 570 ◦C. This is indeed consistent with reduction 
patterns observed under both isothermal and non-isothermal tests, 
summarized in the following. Fig. 1a reports a typical DTG curve (de-
rivative of the weight loss versus temperature) obtained at the heating 
rate of 5 ◦C/min with 6% H2. In particular, three peaks in the temper-
ature ranges: 350–500 ◦C; 500–700 ◦C; 700–850 ◦C are detected. 

Examples of curves of instantaneous reaction rate (dx/dt) versus con-
version (x) are shown in Fig. 1b. 

Particularly, in isothermal tests at temperature above 600 ◦C a fast 
reaction stage is observed at conversion below 10%, followed by two 
other stages between x = 20–30% and at x = 40% respectively. The first 
two stages partly overlap while the last stage is the most remarkable and 
best resolved. 

At the reduction temperature of 550 ◦C, the peak in reaction rate at 
conversion below 10% is still detected followed by only one slow stage 
of reaction with a maximum around x = 30%. Furthermore, the 
instantaneous reaction rate of the first fast reaction stage (Rmax 1), and 
the time t0.5 and t0.8 required to reach 50% and 80% of conversion are 
reported in Table 2 for the different reduction conditions tested. 

3.2. Re-oxidation tests 

Results of the oxidation tests carried out in air on a set of samples, 
which had been previously reduced at different temperature and with 
different H2 concentration, are summarized in Fig. 2 and Table 3. The 
final mass gain obtained in the oxidation tests varied in the range 25–40 
% (relative to the weight of the reduced sample) as can be observed from 
TG curves. 

DTG curves acquired upon non-isothermal oxidation of samples that 
have been pre-reduced under different conditions of temperature and 
hydrogen concentration are shown in Fig. 3. 

Notably, the peaks of the DTG curves shift towards higher temper-
atures as the severity of the temperature of reduction pretreatment in-
creases, suggesting a negative effect of temperature on the re-oxidation 
rate, i.e. an “annealing” effect can be observed based on the severity of 
the conditions of reduction. The most reactive sample is the one reduced 

Fig. 1. a) DTG curve for reduction of iron ore at 5 ◦C/min with 6% H2 (experimental and kinetic model results); b) Examples of curves of instantaneous reaction rate 
versus conversion in isothermal tests. 

Table 2 
Reduction rate and timescale.  

T,◦C H2 Rmax 1 t0.5, min t0.8 min 

500 6% 0.011 96 176 
550 6% 0.016 83 148 
600 6% 0.015 57 99 
650 6% 0.022 47 76 
700 6% 0.035 46 88 
750 6% 0.036 38 63 
850 6% 0.055 21 38 
500 16% 0.025 35 63 
650 16% 0.044 19 31.5 
750 16% 0.08 12 20 
500 32% 0.038 15 27 
650 32% 0.145 8.5 14.75 
750 32% 0.17 5.5 8.9 
850 32% 0.2 4 6.5  
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at 500 ◦C with 32% H2. The least reactive the one reduced at 850 ◦C with 
6% H2. 

The "annealing” effect upon reduction-oxidation steps may be related 
to structural changes that affects reaction rate. This will be discussed 
later, in the paragraph on morphological and microstructural analysis. 

3.3. Reduction-oxidation cycles 

The results of sequences of reduction/oxidation carried out under 

condition described in Table S2 and are summarized in Table 4 and 
Figs. 4–5. Fig. 4 reports the TG curve over a reduction-oxidation 
sequence at 650 ◦C (with 16% H2 in the reduction step and air in the 
oxidation step). Notably, the steps have been prolonged in order to reach 
a steady sample weight. It can be noted that the time for reduction and 
the time for oxidation under such conditions of temperature and gaseous 
atmosphere are comparable and in the order of 30 min. 

In cycles of oxidation and desorption with multiple iterations (5–6) 
at 650 ◦C (with 16% H2) and 750 ◦C (with 30% H2) the duration of the 
steps has been fixed at 20 and 10 min, respectively. The results in terms 
of mass loss and gain at each cycle are reported in Table 4. 

It can be observed that the mass loss/gain was not the same for all 
steps, ranging between 55 and 85%. In fact, a minimum is observed in 
the second-third stage, showing that the performance of the iron ore 
initially decreases in the early cycles but improves after, as shown in 
Fig. 5a. 

The sample after 6 cycles at 650 ◦C has been subjected to standard 
isothermal TGA reduction run at 650 ◦C with 16% H2 and results have 
been compared with those of a similar reduction test carried out on the 
fresh iron ore. As shown in Fig. 5b, the reactivity of the iron ore after 
multiple reduction-oxidation cycles has approximately doubled. 

3.4. Microstructural and morphological investigation of iron ore 

Microstructural and morphological investigation of samples subject 
to different reduction and re-oxidation treatments has been performed 
by XRD and SEM. 

Fig. 6 reports the results of the structural investigation carried out by 
XRD on raw IOK (black), IOK treated with 6% H2 at 850 ◦C (blue) and 
then re-oxidized in air (red). 

The XRD pattern of the IOK shows diffraction peaks (labelled as 1 in 
Fig. 6) corresponding to crystalline phases of the hematite, with a minor 
diffraction peak attributable to the SiO2 (labelled as 2). Indeed, from the 
Indices Refraction Ratio (RIR), which is expressed in wt%, the IOK XRD 
pattern results to be composed for 89% of hematite and 11% of the SiO2, 
which is in relatively good agreement with the qualitative results of XRF 
analyses, in consideration also of the fact that the hematite content is 
underestimated with the RIR method because of the likely presence of an 
amorphous hematite phase. When IOK is more extensively reduced to 
obtain metallic iron (treatment with H2 at 850 ◦C), the XRD pattern 
shows the typical peaks of the α-Fe (labelled as 3) with a RIR of 97 % and 
only 3% of SiO2 (labelled 2). When the sample is further on re-oxidized, 
in the XRD pattern hematite is again detected, with a RIR of ~93%, and 
SiO2 with a RIR of ~7%, but the hematite crystalline phases (labelled as 
4) is different from the one present in starting material (labelled as 1). It 
is likely that after reduction all the iron present, even the fraction, which 
was originally amorphous, rearranges into crystalline hematite. It could 
be speculated that the first-order magnetic transition, named the Morin 
transition, occurs. This transition has indeed been reported by Hu et al. 
(Fe2O3 Card Number: 01-073-3825) [30] to occur beyond the Néel 

Fig. 2. TG curves of non-isothermal oxidation in air for samples previously 
reduced with different temperature and H2. 

Table 3 
Weight gain and DTG peaks of re-oxidation.  

T,◦C H2 DTGmax Mass gain% 

500 6% 360 35 
500 16% 365 29 
500 32% 350 31 
600 6% 385 34 
650 6% 425 41 
750 16% 475 38 
850 6% 540 41  

Fig. 3. DTG curves of non-isothermal oxidation in air for samples previously 
reduced with different temperature and H2. 

Table 4 
Mass loss and mass gain throughout reiterated reduction/oxidation cycles.  

Cycle Temperature 

650 ◦C 750 ◦C 

Reduction Oxidation Reduction Oxidation 

20 min 20 min 10 min 10 min 

16% H2 air 32% H2 20% O2 in Ar 

1 − 18.6% 13% − 22.4% 22.65% 
2 nd nd − 20.5% 20.06% 
3 − 16.0% 18% − 18.6% 21.6% 
4 − 17.9% 19.7% − 20.9% 24.9% 
5 − 19% 19.5% − 21.6% 21.6% 
6 − 19.5% 19.5% − 24% 24%  
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Temperature of 680 ◦C. In particular, below the Morin transition, anti-
ferromagnetic order is detected, while above the Morin transition a 
spin-flip transition, due to development of antiferromagnetic order in 
the basal plane of the crystal, with a ferromagnetic contribution, occurs. 

Selected SEM micrographs of IOK after isothermal TGA reduction 
with 6% H2 at different temperature are reported in Fig. 7. 

Particles reduced at 600 ◦C appear edgy and with rather smooth 
surface. Porosity in these particles seems negligible. Increasing the 
temperature of reduction from 600 to 750 ◦C and 850 ◦C a variation of 
the particles surface from smooth to rough is detected. The contour of 
the particles becomes, indeed, less edgy and at higher magnification 
longitudinal cricks become evident. 

The morphological changes occurring upon reduction at 750 ◦C with 
16% of H2 are shown in Fig. 8. From comparison with Fig. 7, it can be 
observed that increasing the H2 percentage from 6 to 16%, while 
keeping the reduction temperature fixed, results in further increase of 
particles surface roughness and porosity. 

Fig. 8 reports the SEM pictures of IOK sample, which has been 
reduced at 750 ◦C with 16% H2 and then re-oxidized in air at 10 ◦C/min 
up to 850 ◦C. Some couples of particles seem to be attached at one 
extreme (highlighted in the red circle), suggesting incipient, but still 
very limited aggregation. However, at this stage, swelling appears to be 
negligible and the original overall surface/volume ratio of the particles 
is relatively preserved. 

Finally, Fig. 9 shows SEM images of a sample, which has undergone 6 
cycles of reduction (with 16% of H2) and oxidation (with air) at 750 ◦C. 

It can be noticed that upon six cycles of reduction/oxidation steps 
much more remarkable changes in particles morphology occur:  

a) millimetric size agglomerates of small particles are formed; b) 
needle-like-filamentous material appears on the particles surface; c) 
extensive development of porosity is observed with formation of a 
sponge like microstructure. Even though accurate measurement of 
the porosity by gas adsorption or mercury intrusion has not been 
carried out in the present work, image analysis of the SEM pictures 
was used to obtain a rough estimate of pore sizes. Pores turned out to 
have diameters between 25 and 250 nm. 

The results on microstructural changes, even though not exhaustive, 
can provide some clues on the origin of the annealing effect observed 
upon reduction-oxidation steps. As expected from the literature, signif-
icant and steady changes of the structure occur already upon the first 
reduction step (at T = 750 ◦C) [31]. In terms of porosity, cracks are 
formed at this stage, which open up the porosity, however, it must be 
remarked that this effect should increase the reactivity and can by no 

Fig. 4. TG curve during isothermal reduction-oxidation at 650 ◦C.  

Fig. 5. a) Mass loss attained at each reduction step throughout reiterated cycles; b) Curves of instantaneous reaction rate (dx/dt) versus conversion for fresh iron ore 
and sample after 6 reduction/oxidation cycles at 650 ◦C. 

Fig. 6. XRD diffractograms of IOK (black), IOK reduced at 850◦Cwith 6%H2 
(blue) and re-oxidated at 850 ◦C with the air (red). The crystalline phases, with 
ICDD codes, are indicated: 1 = IOK, Fe2O3, 01-089-0597; 2 = SiO2, 01-082- 
0511; 3 = α-Fe, 01-080-3816; 4 = Hematite, Fe2O3, 01-073-3825. (For inter-
pretation of the references to colour in this figure legend, the reader is referred 
to the Web version of this article.) 
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means considered responsible for annealing. A negative effect on the 
materials reactivity could be expected, instead, from sintering phe-
nomena, but these appear to be modest after a single reduction step 
consistently with the fact that sintering is reported to be relevant at 
temperatures (950 ◦C) [31] higher than those investigated in the present 
work. Another important effect, that could come into play, is the 
re-distribution of contaminants. Indeed, the accumulation of certain 
gangue elements at the metal/oxide interface has been reported to affect 
the reduction kinetics of iron by Ref. [32], as well as sintering [31]. 
However, XRD and XRF, showed that the main impurity in IOK is SiO2, 
while Ca and Mg, which are probably the most impactful impurities 
[33], are present only in trace. Altogether, the most intriguing micro-
structural changes observed in the present work can be considered the 
spin-flip effect suggested by XRD; however, its implication on samples 
reactivity and annealing is to be further investigated. 

4. Kinetic analysis 

It has been mentioned in the introduction that reduction of iron by 
H2 implies different reaction steps and that the kinetic parameters re-
ported in the literature are highly scattered. Thermogravimetric analysis 
(TGA) has been widely used for kinetic studies. TGA campaigns can be 
based on isothermal experiments (I-TGA) at different temperature and 
on non-isothermal experiments (NI-TGA), where the temperature is 
raised at different constant heating rates. The most popular software 
packages for kinetic analysis rely on multiple NI tests and apply the 
methods of Kissinger [34], Friedman [35], Kissinger–Akahira–Sunrose 
[36], Flynn–Wall–Ozawa [37], Coats–Redfern [38], Starink [39]. 
However, it must be remarked that these methods produce meaningful 
results only under the following hypothesis:  

A. Inter- and intra-particle mass and temperature diffusion resistances 
are negligible. 

Fig. 7. SEM images of IOK after isothermal TGA reduction at different temperatures with 6% H2.  
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Fig. 8. SEM images of IOK after isothermal TGA reduction at 750 ◦C with 16% H2 and non-isothermal re-oxidation in air up to 850 ◦C.  

Fig. 9. SEM images of IOK after 6 cycles of isothermal TGA reduction at 750 ◦C with 16% H2 and re-oxidation at 750 ◦C with air.  
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B. Reactions result in a single stage of mass loss or in well-resolved and 
defined sequential stages.  

C. The structure of the solid reactant is relatively constant throughout 
the experiment. 

If any of these conditions are not fulfilled, routine kinetic analysis 
from TGA results can lead to severe errors and an expert-case sensitive 
approach must be developed in order to gain insightful results. 

It is evident that, due to the complexity of its reaction scheme, 
reduction of iron by hydrogen does not fulfil the conditions under which 
TGA provides easy and reliable kinetic parameters. Another problem is 
the formation of non-porous product layers around the particles, espe-
cially for larger particles sizes, which can lead to rate limitation by solid- 
state diffusion. On top of this, the structure of the solid reactant cannot 
be assumed constant throughout the experiment, because obviously the 
reduction of iron oxides leads to different metallic iron formations 
(hematite, magnetite, wüstite). It is also possible, especially for rela-
tively large particles, that the different reactions occur simultaneously 
within the same particles at different radial locations, thus making it 
difficult to distinguish and resolve reactive events. These problems may 
be the reason why very controversial results have been reported in the 
literature on the kinetic parameters, with activation energy values 
varying by order of magnitude (Table 5). 

In the present work, a small size cut has been selected (90–200 μm) 

to avoid internal and external mass transfer limitations. Calculations of 
the Biot and Thiele numbers, reported in Supplementary material, 
validate this assumption. 

Different strategies have been followed to obtain the kinetic rate 
expressions of iron ore reduction from the TGA campaigns. 

The experimental results reported in previous paragraphs (compare 
Fig. 1) showed that in non-isothermal tests of iron reduction three stages 
of reaction can be distinguished, whereas in isothermal tests, two to 
three stages of weight loss are registered, depending on the temperature 
of reaction. 

Arrhenius plots have been calculated for NI-tests at different heating 
rates for the first and third peak of the isothermal tests (the second peak 
was not always clearly distinguishable), assuming a simple kinetic law, 
of the type: 

dx
dt

= kopg exp− E
RT(1 − x)

Table 5 
Reduction of iron oxides by hydrogen with their amounts of apparent activation 
energy.  

Operative conditions Reduction Reaction Ea (kJ/mol) References 

Non-Isothermal with H2 Fe2O3 → Fe3O4 246 [40] 
Fe3O4→ Fe 93.2 
Fe2O3 → Fe3O4 162.1 
Fe3O4→ Fe 103.6 
Fe2O3 → Fe3O4 139.2 [41] 
Fe3O4 → FeO 77.3 
FeO → Fe 85.7 
Fe2O3 → Fe3O4 89.1 [42] 
Fe3O4 → Fe 70.4 
FeO → Fe 104.0 [43] 

Isothermal with H2 Fe2O3 → Fe 57.1 [44] 
Fe2O3 → Fe 72.7 
Fe2O3 → Fe 89.9 
Fe2O3 → Fe3O4 30.1 [45] 
Fe2O3 → FeO 47.0 [46] 
FeO → Fe 30.0 
Fe2O3 → Fe 47.2 [47] 
Fe2O3 → Fe 51.5 
Fe2O3 → FeO 42.0 [48] 
FeO → Fe 55.0 
Fe2O3 → FeO 33.0 [7] 
FeO → Fe 11.0  

Fig. 10. a) Arrhenius plots from isothermal reduction tests at different temperature and H2 concentration for the first peak; b) Arrhenius plots from isothermal 
reduction tests at different temperature and H2 concentration for the third peak c) Arrhenius plots from non-isothermal reduction tests at different heating rates 
(2–10 ◦C/min). 

Table 6 
Reduction kinetics from NI-TGA Arrhenius plots.  

T [◦C] Ea [kJ/mol] ko [1/(min.atm)] 

<550 133 3E+08 
550–700 33 17 
>700 83 6700  

Fig. 11. Iron ore reduction kinetics with 6% H2. I-TGA at different temperature 
overlaid to NI-TGA at different heating rates. 
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Where pg is the reactant gas concentration and x the conversion degree. 
Of course, more complex kinetic models could have been selected; 

however, the present work does not aim to develop the best possible 
kinetic model for iron ore reduction ever, but rather to reconcile the 
scattered results obtained by different research groups using simple first 

power laws expressions. 
Examples of the Arrhenius plots obtained from both I-TGA and NI- 

TGA are reported in Fig. 10, in which solid lines represent kinetic 
regressions. 

It can be observed, that in the isotherm Arrhenius plot a single 
linearity range is obtained whose slope corresponds to an activation 
energy in the order of 30 kJ/mol. On the contrary, in NI-Arrhenius plots, 
when curves obtained at different heating rates are plotted in the same 
graph, three linearity regions can be clearly identified, at T < 500 ◦C, at 
T = 550–700 ◦C and at T > 700 ◦C. Kinetic parameters for each of these 
three stages can be obtained from regression over each linear range and 
are reported in Table 6. In this case, the remarkably higher values of 133 
and 83 kJ/mol are found for T < 500◦ and T > 700 ◦C. These values are 
in good agreement with those obtained in Ref. [40] using a NI approach. 
A lower activation value, in the order of 30 kJ/mol and comparable with 
that calculated from isothermal tests, both in the present work and in 
other papers [7,44,46], is instead obtained in the intermediate tem-
perature range. 

In Fig. 11, the Arrhenius plots from I-TGA are compared with the 
Arrhenius plots of NI- tests. It can be observed, that the data points of the 
isothermal tests fall on the Arrhenius plots of the NI-TGA tests, but due 
to more limited number of points, the existence of multiple linearity 
regions cannot be appreciated and could lead to a wrong “overall” ki-
netic expression with lower values of the activation energy. This is 
consistent with results from the literature, where generally low values of 
activation energies are reported from isothermal TG campaigns [49,50]. 
Noteworthy, the same wrong estimates of kinetic parameters would be 
obtained if the Arrhenius plots of the NI-TG tests were also fitted by a 
single line. 

Altogether, the best way to obtain kinetic parameters of iron ore 
reduction seems by regression analysis over the three linear ranges, 
which become clear when Arrhenius plots of NI-TGA tests performed at 
different heating rates are overlaid, Fig. 10c. 

The set of kinetic parameters obtained accordingly, is reported in 
Table 6. 

A similar approach has been followed for kinetic analysis of oxida-
tion tests. The Arrhenius plots for the NI-oxidation tests have been re-
ported in Fig. 12. In this case, two linearity ranges can be identified. 
Both are clearly affected by the severity of the proceeding reduction 
step. The pre-exponential factors obtained for re-oxidation in the two 
linearity ranges of the Arrhenius plot for samples that have undergone 
reduction pre-treatments under different conditions are reported in 
Table 7. 

The most reactive sample is the one reduced at 500 ◦C with 32% H2. 
The least reactive the one reduced at 850 ◦C with 6% H2. Notably, the 
value of the pre-exponential factor, having fixed the activation energy at 
30 kJ/mol, decreases by two orders of magnitude when the temperature 
of the pre-reduction increases from 500 ◦C to 850 ◦C. This means that the 
sample reduced at 500 ◦C with 32% H2 is more reactive than the one 
reduced at 850 ◦C with 6% H2 by two orders of magnitude. 

5. Heat of reaction 

The integral of the DSC curves (after baseline subtraction) provides 
an estimate of the reaction heat per mass of IOK sample, Fig. 13. 

DSC curves obtained during isothermal TGA-DSC tests exhibit a 
pattern composed of a sharp peak followed by a second slight one. The 
results obtained for the different isothermal reaction tests (at T =
500–750 ◦C) provide an average value of △H = 0.9 kJ/g. Furthermore, 
for the re-oxidation test the same procedure was adopted, which pro-
vides values of △H = − 9.6 kJ/g. 

6. Conclusions 

The present work reports the results of an experimental campaign of 
reduction with hydrogen and re-oxidation with air of natural Iron Ore 

Table 7 
Re-oxidation kinetics.  

Reduction pre-treatment Kinetic parameters 

T,◦C H2 E1 E2 

30 kJ/mol 70 kJ/mol 

k1 k2 

1/min 1/min 

500 6% 9.0E+02 2.2E+09 
500 16% 6.7E+02 1.5E+09 
500 32% 1.2E+03 4.0E+09 
600 6% 4.0E+02 6.5E+08 
650 6% 2.2E+02 2.2E+08 
750 16% 1.2E+02 5.9E+07 
850 6% 4.5E+01 8.9E+06  

Fig. 13. Pattern of DSC curves during isothermal reduction.  

Fig. 12. Arrhenius plots of re-oxidation after different pre-reduction steps.  
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with relatively low content of impurities and small particle size, in the 
absence of gas diffusion limitations. 

1. It is shown that results of the parameters of the kinetic rate expres-
sions can be affected by the choice of a non-isothermal or an 
isothermal kinetic analysis approach, in close relation to the fact that 
the reduction path changes across the threshold temperature of 
550◦C–600 ◦C, switching from two to three stages of reaction. To 
avoid mistakes and remove common artifacts and assess the kinetics 
of each three-reaction stages, non-isothermal kinetic methods are 
recommended over isothermal ones.  

2. An annealing type effect is observed upon reduction-oxidation steps. 
In particular, the rate of oxidation can decrease by up to two orders 
of magnitude after severe pre-reduction steps. Accordingly, the re-
action conditions must be carefully selected, and an “annealing” type 
effect should be taken into account in advanced kinetic models.  

3. Upon reiterated reduction and oxidation steps, reactivity changes in 
a non-monotonous way, exhibiting a minimum in reduction pro-
pensity after 3 cycles. The observation is relevant for the design of 
cyclic operations or looping processes with iron ores.  

4. Preliminary results on the changes in crystalline hematite phase over 
reduction and re-oxidation steps have been obtained. These may be 
imply spin-flip effects and ultimately changes in ferromagnetic 
properties of the materials. However, comprehension of the struc-
tural changes of the iron ores upon annealing and cyclic operation 
and their relation with reactivity and properties of the materials 
certainly deserves further investigation in future work. 
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