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A B S T R A C T   

The reduction of iron oxide with hydrogen is a much-studied research topic, whose interest is growing even more 
with the emergence of new applications, for example the hydrogen-based direct reduction or for the production 
of a carbon-free chemical energy carrier. But the numerous works on this topic reveal the great disparity in the 
authors’ findings, especially regarding the reduction of powders. And while many authors point out this issue, no 
attempt has been made to converge towards a common understanding of this heterogeneous thermochemical 
conversion. The endeavor of the present review is to identify the points of consensus, and where discrepancies 
exist, to explain them. The first part starts with a revision of the latest recommendations on the thermodynamics 
of iron and its oxides, easing the further comprehension of the reduction process. Then, twelve publications 
meeting specific criteria on the sample type and reducing agents are systematically confronted. The types of 
experiments and major experimental conditions have been listed, leading to the identification of typical profiles. 
Furthermore, chemical pathways are proposed based on these observations and supported by various analytical 
measurements. Finally, the multiple mathematical approaches to derive kinetic models are compared and dis
cussed. This present review points out the need for appropriate experimental conditions to derive the intrinsic 
chemistry of the reduction, such as the limitation of water vapor, and also emphasizes the need for more detailed 
chemical mechanisms.   

1. Introduction 

The literature devoted to the reduction of iron oxide is abundant. 
Patisson et al. [1] reported about twenty thousand publications listed by 
the Web of Science [2] on this topic over the time period 1900–2020. 
This research has been driven by the economic and academic impor
tance of the field, mostly for its application in the iron and steel industry. 
The number of publications on the reduction of iron oxide involving 
exclusively hydrogen amounted 109. This number may seem much 
smaller than the three thousand papers on the reduction with carbon 
monoxide, but it conceals the current, rapidly growing interest in 
hydrogen ironmaking. The same search two years later now gives 168 
results. The recent review articles [3–6] on hydrogen-based ironmaking 
are also evidence of this research direction change. 

The primary reason behind this dynamic research activity is the 
problematic contribution of the steel industry to the anthropogenic 
greenhouse gas emissions. Mitigation of these emissions is of utmost 
importance, as the global steel industry accounts for about 9% of the 
global anthropogenic emissions [7]. More and more research and 

development programs are dedicated to the transition from the current 
carbon-based reduction in blast furnaces to the hydrogen-based reduc
tion. While direct reduction using natural gas is seen as a bridging 
technology, the reduction using green hydrogen has the highest poten
tial, with up to 95% of CO2 mitigation [8]. 

The other reason is the emergence of new fields of research involving 
iron oxide reduction, for example the use of iron as oxygen and/or en
ergy carrier. The ability of iron/iron oxide to be thermochemically 
reduced and further re-oxidized is at the center of multiple applications 
[9]. Iron as a solid oxygen carrier represents an attractive option in 
chemical looping combustion [10–12], where a primary fuel is oxidized 
with iron oxide to efficiently separate CO2 from the stream of air. In the 
steam-iron process [13–16] or in chemical looping hydrogen generation 
[17–19], iron is oxidized with water steam to generate, store, or purify 
hydrogen. The ability of iron to generate high-temperature heat through 
combustion for electricity generation is also being actively investigated 
[20–22]. According to Bergthorson, iron burns in a heterogeneous 
combustion mode with air, making it the preferred choice among the 
metal fuels [23]. 
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The ability of iron to store energy durably, to be easily transported, 
and to later release this energy, is at the center of the Clean Circles [24] 
project. The overall process is depicted in Fig. 1. In the storage step, 
energy is stored via the reduction of iron oxide. This reduction can be 
electrochemical, or thermochemical with hydrogen produced from 
renewable electricity. The storage step can be performed in regions with 
high renewable energy potentials. The energy is now stored in iron, a 
cheap non-toxic material with a very high volumetric energy density. In 
the energy release step, iron is oxidized with air, producing heat and 
giving back iron oxide. The oxidation can be performed in fluidized beds 
or through dust firing. In this last scenario, coal power plants could be 
retrofitted to operate with iron powders. Both steps can be repeated and 
thus constitute a closed carbon-free chemical energy cycle. 

The energy storage, i.e. reduction, step of the process is as important 
as the energy release step. A high process efficiency is required to ensure 
the viability of the entire process. The reduction in shaft furnaces with 
iron oxide in the form of pellets is the most mature technology, with a 
technology readiness level of about 7 [25–27]. However, ongoing 
research is exploring novel technologies that use iron oxide fines 
directly, such as entrained-flow or flash reactors [28,29], as well as 
fluidized-bed reactors [30,31]. The advantages would be, on the one 
hand, to achieve a higher efficiency of the reduction process and, on the 
other hand, in the case of iron as an energy carrier, to eliminate the need 
for pre- and post-treatment of the material [32]. 

Contrary to laboratory thermal analyses, where well-defined tem
perature or gas composition can be tested, macro-scale reactors display 
nonuniform conditions. Thus, the design and operation of these reactors 
necessitate both a thorough understanding of the reduction process and 
a robust kinetic model. The literature offers a large number of kinetic 
models for the reduction of iron oxide with hydrogen [33–44]. This 
raises the question of which method and model should one follow. A 
deeper insight into the literature reveals the disagreements in the 
experimental observations and proposed models. Discrepancies [36], 
considerable discrepancies [39], differing opinions [35], results are contra
dictories [34]. Despite extensive research on reduction of iron oxides in 
literature, there is no consensus on the most accurate reduction kinetics, 
especially for micron-sized iron oxide powders with high purity [44]. 

For these reasons, the present article tackles the comparison and 
confrontation of studies dealing with the reduction of iron oxide parti
cles with hydrogen. The next section deals with the thermodynamics of 
iron and iron oxides, as most of the reduction process can be understood 
through the prism of the stability region. In the following sections, the 
focus is mostly put on twelve selected papers on the topic of interest. 
These publications usually follow the same structure. The authors have 
purchased or prepared an iron oxide sample, generally hematite. A 
thermal analysis has been performed, usually using thermogravimetric 

analysis (TGA) or temperature-programmed reduction (TPR), and the 
results, i.e. the reduction degree over the time or the temperature, are 
reported. Finally, a kinetic analysis is performed, mostly using an iso
conversional method, leading to the determination of an activation en
ergy. Section 3 lists the experiments and the operating conditions of the 
twelve selected studies [33–44]. The comparison of the curve profiles for 
various operating conditions has led to a classification of the literature 
results. Section 4 further analyzes the influence of the sample charac
teristics, as well as the morphological changes that occur during the 
reduction process. In the Section 5, chemical pathways are proposed 
based on these observations and supported by various analytical mea
surements made by the authors. Finally, Section 6 summarizes the 
various kinetic results given by the authors and discusses the mathe
matical methods applied. 

2. Thermodynamics of the Fe–O–H system 

The study of the thermodynamics of iron and iron oxides enables 
further comprehension of the reduction process [4,6]. The phase sta
bility diagram of the Fe–O–H is given in Fig. 2. This phase diagram, also 
called Chaudron diagram or Baur–Glaessner diagram [1], offers an 
efficient representation of the stability regions of the solid species as a 
function of the temperature and the hydrogen partial pressure. This 
amount of hydrogen in the gas is commonly referred to as the gas uti
lization degree. 

Iron has three main oxides, namely hematite Fe2O3, magnetite 
Fe3O4, and wüstite Fe1− xO. The composition of wüstite is variant and 
therefore traditionally written as just mentioned. In Fig. 2, its compo
sition was set to Fe.932O. This choice will be explained further. The 
figure clearly shows that the stability region for iron increases contin
uously with temperature. Iron, wüstite, and magnetite are all stable at a 
unique condition of temperature and hydrogen partial pressure, iden
tified by the eutectoid point. Below the temperature of the eutectoid, 
magnetite is the only stable oxide, while above it, wüstite is stable for 
certain conditions of gas utilization degree. The hematite stability region 
is not visible in Fig. 2 because this oxide is already unstable at very low 
hydrogen levels over the temperature range considered here. 

A thermochemical software is commonly used to generate the 
Baur–Glaessner diagram [45,46]. But it can also be generated manually 
by means of thermochemical equilibrium calculations, which allow to 
better catch the final representation and any sources of uncertainty. 

Fig. 1. Renewable electricity is used to reduce iron oxide (storage). At a 
different place and time, the iron is oxidized again to take out thermal energy 
for electricity generation (release). Reprinted from Debiagi et al. [20], Copy
right 2022, with permission from Elsevier. 

Fig. 2. Phase stability diagram of the Fe–O–H system. The blue, red, and green 
lines show the partial pressure of hydrogen at the equilibrium as a function of 
the temperature for the magnetite-iron, magnetite-wüstite, and wüstite-iron 
reactions, respectively. The solid lines separate the stability region of iron, 
magnetite, and wüstite. The eutectoid point corresponds to a temperature of 
567 ◦C and a hydrogen partial pressure of 75.8%. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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Taking the magnetite/iron system as an example, the reaction link
ing both species can be written: 

1
4

Fe3O4 + H2⇌
3
4

Fe + H2O. (1)  

The former reaction is at chemical equilibrium at a certain temperature 
T when the Gibbs free energy of reaction is zero, ΔrG(T) = 0, and the 
standard Gibbs free energy of reaction follows: 

ΔrG∘(T) = − RTlnK(T), (2)  

where R is the gas constant and K is the equilibrium constant. The 
standard free energy of reaction is further related to the standard 
enthalpy of reaction ΔrH∘(T) =

∑
kνk ΔfH∘

k(T) and the standard entropy 
of reaction ΔrS∘(T) =

∑
kνk ΔfS∘

k(T) by the relation: 

ΔrG∘(T) = ΔrH∘(T) − TΔrS∘(T) (3) 

By expressing the equilibrium constant of Eq. (1) with the partial 
pressures of hydrogen and water, we get: 

PH2O

PH2

= exp
(

−
ΔrH∘(T) − TΔrS∘(T)

RT

)

, (4)  

from which we can deduce the gas utilization degree as a function of 
temperature: 

PH2

PH2 + PH2O
=

1

1 + exp
(
−

ΔrH∘(T)− TΔrS∘(T)
RT

) (5) 

The same expression is obtained with the following three reactions: 

3 Fe2O3 + H2⇌2 Fe3O4 + H2O, (6)  

1 − x
1 − 4x

Fe3O4 +H2⇌
3

1 − 4x
Fe1− xO+H2O, (7)  

Fe1− xO+H2⇌(1 − x) Fe+H2O, (8) 

In the end, the profile of the stability regions in Fig. 2 depends only 
on the choice of the standard enthalpy and entropy of the reactions. But 
the thermodynamic data of iron and its oxides are difficult to determine 
accurately, and thus come with a certain uncertainty. The NIST-JANAF 
thermochemical tables [47,48] are often used, but the thermodynamic 
properties of the JANAF review for iron and its oxides were last updated 
in 1978. 

The OECD has published a review entitled Chemical thermodynamics 
of iron A [49], which contains recommendations for the choice of the 
thermodynamic data for iron and its oxide, based on a critical assess
ment of published information. For iron, the recommendation is to use 
the values from the review of Desai [50]. For hematite, magnetite and 
wüstite, the authors conducted their own review of the available data. 
The recommended data for iron and the oxides were used to produce 
Fig. 2, while the GRI3.0 data [51] were used for hydrogen and water 
vapor. For simplicity and consistency with the gaseous species, the 
recommended thermodynamic data of the OECD were fitted to NASA 
polynomials [52]. These polynomials take the form: 

C∘
P,k(T)

R
= a0 + a1T + a2T2 + a3T3 + a4T4, (9)  

ΔfH∘
k(T)

RT
= a0 +

a1

2
T +

a2

3
T2 +

a3

4
T3 +

a4

5
T4 +

a5

T
, (10)  

ΔfS∘
k(T)
R

= a0ln(T) + a1T +
a2

2
T2 +

a3

3
T3 +

a4

4
T4 + a6, (11) 

Table 1 
Proposed NASA polynomials to calculate the thermodynamics properties of iron and its oxides .  

Species Temperature 
range / K 

a0 a1 a2 a3 a4 a5 a6 

Fe2O3 [298.15, 850] 2.61729398E+

00 
4.20598101E −

02 
− 2.22685705E −

05 
− 3.70207634E −

08 
3.83168423E −

11 
− 1.01777798E+

05 
− 1.56994839E+

01 
Fe2O3 [850, 955] 1.68251519E+

03 
− 9.19768320E+

00 
1.85371494E −

02 
− 1.62772004E −

05 
5.28385649E −

09 
− 3.37236385E+

05 
− 7.55788361E+

03 
Fe2O3 [955, 975] 6.92489897E+

05 
− 2.14261896E+

03 
2.20995541E+

00 
− 7.59830854E −

04 
0.00000000E+

00 
− 1.67962002E+

08 
− 3.49260235E+

06 
Fe2O3 [975, 1100] 2.47252937E+

03 
− 6.93190409E+

00 
6.52658863E −

03 
− 2.04922273E −

06 
0.00000000E+

00 
− 7.57124284E+

05 
− 1.26975884E+

04 
Fe2O3 [1100, 3000] 1.70916526E+

01 
0.00000000E+

00 
0.00000000E+

00 
0.00000000E+

00 
0.00000000E+

00 
− 1.04383860E+

05 
− 8.76797120E+

01 
Fe3O4 [298.15, 740] 3.82469045E+

00 
5.69085403E −

02 
− 2.70781490E −

06 
− 1.26634581E −

07 
1.19018732E −

10 
− 1.37649209E+

05 
− 2.02083041E+

01 
Fe3O4 [740, 847.57] 2.23442015E+

04 
− 1.19262966E+

02 
2.38712553E −

01 
− 2.12166584E −

04 
7.06823598E −

08 
− 3.47986100E+

06 
− 1.01327451E+

05 
Fe3O4 [847.57, 860] − 5.30054628E+

01 
− 6.71418489E −

02 
8.19572230E −

04 
− 5.91738213E −

08 
− 7.81285922E −

10 
− 1.41642421E+

05 
2.75351760E+

02 
Fe3O4 [860, 1040] 3.88765019E+

04 
− 1.60652171E+

02 
2.48883815E −

01 
− 1.71191829E −

04 
4.41088229E −

08 
− 7.65168930E+

06 
− 1.86255226E+

05 
Fe3O4 [1040, 1870] 2.45369257E+

01 
0.00000000E+

00 
0.00000000E+

00 
0.00000000E+

00 
0.00000000E+

00 
− 1.40723022E+

05 
− 1.22352862E+

02 
Fe.932O [298.15, 1000] 4.16156123E+

00 
9.86126603E −

03 
− 1.77356756E −

05 
1.53248312E −

08 
− 4.95273744E −

12 
− 3.35389654E+

04 
− 1.91701052E+

01 
Fe.932O [1000, 1652] 6.04388238E+

00 
5.62208355E −

04 
5.31547086E −

08 
0.00000000E+

00 
0.00000000E+

00 
− 3.38607075E+

04 
− 2.78979839E+

01 
α − Fe [298.15, 1000] 5.32161918E+

00 
− 2.31955387E −

02 
7.69124479E −

05 
− 9.73594557E −

08 
4.48710837E −

11 
− 1.06396887E+

03 
− 2.27941375E+

01 
α − Fe [1000, 1043] − 7.54409933E+

01 
8.19911497E −

02 
0.00000000E+

00 
0.00000000E+

00 
0.00000000E+

00 
3.73771347E+

04 
4.47128379E+

02 
α − Fe [1043, 1060] 1.72886068E+

06 
− 4.45486325E+

03 
3.34563841E+

00 
− 2.24235278E −

04 
− 3.95088930E −

07 
− 4.81566432E+

08 
− 8.98698119E+

06 
α − Fe [1060, 1185] 2.67615995E+

04 
− 9.31264019E+

01 
1.21576443E −

01 
− 7.05543659E −

05 
1.53562809E −

08 
− 6.15368158E+

06 
− 1.32837426E+

05 
γ − Fe [1185, 1667] 3.58685861E+

00 
− 6.28121792E −

04 
1.18014939E −

06 
− 2.62802283E −

10 
0.00000000E+

00 
− 1.53970727E+

02 
− 1.61851091E+

01  
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where a0,…, a6 are the fitted numerical coefficients. Several sets of 
coefficients are needed for each solid species to accurately retrieve the 
tabulated values for the temperature range of interest. The fitted values 
are given in Table 1 and the heat capacity is plotted versus temperature 
in Fig. 3. The heat capacity of iron, magnetite, and iron has a peak 
corresponding to a λ-transition. 

Wüstite is the oxide, whose thermodynamic data are the most diffi
cult to define. Wüstite is an iron-deficient FeII, thus generally written 
Fe1− xO, and is also metastable below a certain eutectoid temperature, 
TC, which means that a choice has to be made regarding the composition 
of wüstite and extrapolation is needed to determine its properties below 
TC. Many studies have been devoted to defining detailed compositions 
and thermodynamic properties for wüstite [53–55]. Here, the OECD 
recommendations were followed with the unique composition for wüs
tite, Fe.932O and TC = 567 ◦C. Three methods have been proposed for 
calculating the standard enthalpy of formation of wüstite at the standard 
temperature. The first method uses the fact that at the eutectoid point, 
the free Gibbs energy of the following reaction: 

Fe3O4 +(1 − 4x) Fe⇌4 Fe1− xO, (12)  

is zero, which results in: 

ΔrH∘(T ∘) =

∫ TC

T∘
ΔrC∘

P dT + TCΔrS∘(T ∘) + TC

∫ TC

T∘

ΔrCP

T

∘

. (13) 

Knowing the heat capacity of wüstite from T∘ to TC and the standard 
entropy of wüstite at T∘ allows the evaluation of Eq. (13), and thus of the 
standard enthalpy of formation of wüstite at the standard temperature: 

ΔfH∘
Fe1− xO =

1
4

[
ΔrH∘(T ∘)+ΔfH∘

Fe3O4
+(1 − 4x)ΔfH∘

Fe

]
. (14) 

The derivation of this property permits the plotting of the phase di
agram in Fig. 2. Therefore, one should not misinterpret and conclude 
that the eutectoid temperature can be deduced by reading the diagram 

from a priori independent thermodynamic properties. The prior 
assumption of the eutectoid temperature led to the determination of the 
thermodynamic data and thus to the generation of the phase diagram. 
Therefore, although this phase diagram is useful for interpreting the 
reduction process, it is associated with certain uncertainties, especially 
because of the complexity of wüstite. 

3. Experiments 

The intent of this section is to provide an overview of the most 
relevant thermal analysis experiments that have been conducted on the 
reduction of iron oxide powders with hydrogen. This is achieved by 
listing the relevant publications and specifying the type and number of 
experiments, as well as the main experimental conditions. Later in this 

Table 2 
Thermochemical analysis studies on the reduction of iron oxide powders with hydrogen.  

Publication Number and type of 
experiments 

Temperature C or Heating rate C/ 
min 

Gas composition [%] Flow rate [cm3/

min]
Sample mass 
[mg]

Sample 

Pineau et al. [33] 15 isothermal TGA 218–515 100 H2 1667 100 A 
2006 6 isothermal TGA 341–586 10/90 H2/N2 1667 100 A 
Pineau et al. [34] 13 isothermal TGA 227–426 100 H2 1667 100 A 
2007 19 isothermal TGA 218–952 100 H2 1667 100 B 
Jozwiak et al. [35] 10 TPR 0.58–10.7 5/95 H2/Ar 50 15 ; 50 A 
2007 10 TPR 0.58–10.7 5/95 H2/Ar 50 15? B ; C  

3 linear DTGA 5 100 H2 50? 10 A - C  
2 phase compositions 1 5/95 H2/Ar 50? 200 A ; C 

Tiernan et al. [36] 2 TPR 10 5/95 H2/He 52 2 A ; B 
2001 2 CRTPR − 10 − 5 5/95 H2/He 52 2 A ; B 
Shimokawabe et al.  

[37] 
12 linear TGA 4.5 0.2 bar 33/67 H2/N2 ? 30 A - L 

1979 10 isothermal TGA 275–450 0.2 bar 33/67 H2/N2 ? 30 A ; D 
Peña et al. [38] 1 TPR 5 5/95 H2/N2 100 200 A 
2006 1 linear TGA 5 5/95 H2/N2 750 20 A  

9 isothermal TGA 360–440 10–90/90–10 H2/N2 750 20 A 
Lorente et al. [39] 12 isothermal TGA 400 50/0–5/45–50 H2/H2O/N2 750 20 A ; B 
2011 4 redox cycles 400 50/0–5/45–50 H2/H2O/N2 750 20 A 
Wimmers et al. [40] 3 TPR 0.2 67/33 H2/Ar 16 3.6 ; 8.2 ; 15.9 A 
1986 5 TPR 0.2–10 67/33 H2/Ar 16 0.08–3.6 A  

5 TPR 0.2–10 67/33 H2/Ar + 3 H2O 16 0.17–7.0 A 
Piotrowski et al. [41] 1 isothermal TGA 700 100 H2 30 13 A 
2005 4 isothermal TGA 700–910 10/90 H2/N2 30 13 A 
Viswanath et al. [42] 2 isothermal TGA 255 100 H2 Ø Nitrogen trap ? 200 A 
1975 1 isothermal TGA 395 100 H2+H2O ? 200 A 
Zieliński et al. [43] 4 TPR 5 0;0.6;1.2/5.8;83.6 

H2O/H2+Ar 
30 5 A 

2010 4 TPR 5 0;0.6;1.2/5.8;83.6 
H2O/H2+Ar 

30 25 A  

2 TPR 10 0;2.5/83.6 H2O/H2+Ar 30 50 A 
Hessels et al. [44] 14 isothermal TGA 400–900 25–100/75–100 H2/N2 150–480 150 A 
2022        

Fig. 3. Heat capacities of iron and its oxides versus the temperature. Their 
values have been calculated with the NASA coefficients given in Table 1, which 
are themselves based on an all-encompassing review [49]. 
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section, the results of these experiments are concisely summarized by 
means of characteristic curves. When a figure from the literature is 
mentioned, the word Figure is written in italic to distinguish it from the 
figures of this paper. 

The selected thermal analysis studies are listed in Table 2. This 
section and those that follow will focus primarily on these studies, 
although further sources will be considered where appropriate. Publi
cations have been included in the table only if they contain experiments 
that meet the following criteria:  

• the initial sample is an iron oxide of high purity,  
• the size of the particles is in the micrometer range,  
• the sole reducing agent of the injected gas is hydrogen. 

This excludes a major part of the literature as iron ore [56–58] or 
doped oxides [59–61], are typically used, in the form of pellets [62–65], 
and in the presence of carbon monoxide [66,67]. The idea is to restrict 
the focus to the experiments that can capture the intrinsic chemistry of 
the iron oxide reduction with hydrogen, without being hindered by 
transport considerations [68] or further chemical pathways [69]. It is 
uncertain whether the study of Vidwanath et al. [42] listed in Table 1 
was performed using pellets or not. In another study [70] published two 
years later, the research group specified “cylindrical pellets of the oxide 
[... ] prepared by compression”. Despite the doubt, this publication was 
included in the table because many of the selected works [33,36,39,40] 
referred to its conclusions applied to the case of iron oxide powders. 

For the sake of simplicity, the terms isothermal TGA and linear TGA 
are employed in Table 1 and across this paper to designate thermogra
vimetric analysis performed under isothermal conditions or with linear 
heating rates. The acronym DTGA is used when differential values of the 
mass evolution were given by the authors. The term temperature-pro
grammed reduction is somewhat misleading, because it could as well be 
applied to TGA experiments under temperature-programmed mode. 
Authors employed this term to refer to experiments in which gas con
sumption or production is measured rather than the mass evolution. The 
term evolved gas analysis could be more explicit. However, temperature- 
programmed reduction or TPR is used throughout this review for the sake 
of consistency with the terminology of the literature. The table illus
trates the high number of experimental tests already performed. Most 
authors relied on isothermal TGA, linear TGA or TPR. Atypical experi
ments include the constant rate TPR or rate-jump experiments from 
Tiernan et al. [36], redox cycles from Lorente et al. [39], and X-Ray 
phase compositions obtained over the course of reduction experiments 
under a linear heating rate from Jozwiak et al. [35]. 

TPR, linear and isothermal TGA are present in 5, 3 and 9 publica
tions, respectively, thus providing a better point of comparison than the 
other experiments. Experimental results from different groups, or even 
within the same group, can show very distinct profiles, due to the variety 
of factors influencing the reduction. Some are hardly quantifiable, for 
example the choice of the crucible shape, the crucible material, or the 
flow structure within the measurement furnace. But there are funda
mental experimental parameters, which are quantitative and compara
ble between experiments. These parameters are given in Table 2 and are 
the temperature or heating rate (HR), the gas composition (pure or 
diluted hydrogen, with or without added steam), the gas flow rate (FR), 
and the mass of the sample (ms). The linear gas velocity inside the 
furnace may be a better indicator than the volumetric gas flow rate. The 
rate at which reactants are brought to the sample surface or products are 
driven away is conditioned by the flow velocity. However, most studies 
omit the furnace cross sectional area, which prevents access to the in
formation on the velocity. The sample characteristics also play a crucial 
role, but are more difficult to compare or interpret. Section 4 will be 
dedicated to reviewing the current knowledge of the sample charac
teristics on the reduction process. 

In terms of results given by the authors, it differs between TPR and 
TGA. The TPR results are usually given on an axis with an arbitrary unit. 

Only Zieliński et al. [43] managed to relate their measurements to the 
percentage of hydrogen or water in the furnace, providing additional 
information. On the other hand, the raw data of the thermogravimetric 
studies are usually not reported. Instead of the sample mass over time or 
temperature, the authors give the degree of conversion α, which takes 
into account the initial and final mass of the sample, ms,0 and ms,∞, and 
goes from 0 to 1: 

α(t) = ms,0 − ms(t)
ms,0 − ms,∞

. (15)  

With the definition from above, if a pure hematite sample were hypo
thetically completely reduced to magnetite and no further, α would be 
equal to 11.1%. The extent of reduction up to wüstite Fe.932O would 
amount 28.5% and obviously 100% for a complete reduction to iron. 
The other way around, the maximum mass loss of the reduction is 30.1% 
of the initial sample mass. 

3.1. Experiments with a linear heating rate 

Let us first distinguish the TPR and linear TGA experiments from the 
isothermal TGA. Both TPR and linear TGA are performed under a linear 
heating rate, only the measurement differs. In TPR, the water production 
or the hydrogen consumption is measured, while in linear TGA, the 
sample mass evolution is recorded. But both measurements are obvi
ously linked and taking the derivative of the TGA results gives a curve 
typical of a TPR experiment, as shown in Jozwiak et al. [35] and in 
Tiernan et al. [36]. 

The comparison of the experiments under linear heating rate con
ditions led to the identification of 6 typical profiles according to the 
main experimental parameters. The categories and the associated curves 
can be seen in Fig. 4; the linear TGA curves in red were obtained by 
integration of the TPR curves. These typical profiles are not meant to 
represent specific experimental data, the temperatures given at a certain 
extent of reaction are only indicative and can vary greatly. This classi
fication comes with inherent flaws, as it cannot convey the complexity of 
the individual experiments, but it helps to narrow the focus from hun
dreds of experiments to a few, and also serves to identify the effect of 
fundamental parameters. The characteristics of the curves in Fig. 4 
(number of peaks, narrow or spread out on the temperature axis) can be 
quickly related to different experimental conditions, allowing a 
comprehensive review of the experiments conducted in the literature. 
The classification process revealed that the most decisive parameters 
were the concentration of hydrogen (highly diluted in inert gas up to 
pure hydrogen), the furnace heating rate, the initial mass of iron oxide, 
the gas flow rate, and the optional addition of water in the feed. In order 
to limit the number of categories, the aforementioned conditions that 
appeared to have a similar effect on the course of reduction have been 
grouped together. The sign & in the boxes in Fig. 4 means that both 
conditions shift the experiments toward the same typical profile. For 
example, both increasing the mass of the sample and decreasing the flow 
rate cause the reduction to spread to high temperatures. Regarding the 
choice of colors in the boxes, green means that the conditions increase 
the reduction rate, and red means that they decrease it. At this stage, 
only a classification based on experimental observations is made, a more 
detailed explanation will be given in Section 5. 

3.1.1. Influence of the hydrogen concentration and the heating rate 
To catch the influence of these two parameters, we focus on the Fig. 4 

(a) and (b), i.e., at low sample mass and high flow rates in the absence of 
water in the gas feed.   

• Curve 1 in Figure 2 of Zieliński et al. [43] illustrates the scenario in 
Fig. 4(a) A single peak is observed and the reduction is achieved at 
low temperatures, at about 400 ◦C. Figure 1 curve a of Wimmers et al. 
[40] constitutes another example of TPR reduction in this category, 
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again with a terminal reduction temperature of 400 ◦C. It should be 
noted that Jozwiak et al. [35] performed a DTGA experiment under 
very similar conditions (Zieliński: 5 mg of Fe2O3 under a heating rate 
of 5 ◦C/min and a gas flow rate of 30 cm3/min with 83.6% H2, 
Jozwiak: 10 mg of Fe2O3 under a heating rate of 5 ◦C/min with 100% 
H2), but whose profile is very different and resembles Fig. 4(c). 
Reasons for this difference could be the value of the flow rate, which 
is not explicitly given, or be related to the sample or flow 
configuration.  

• Decreasing the hydrogen concentration or increasing the heating 
rates has a similar effect of spreading the reduction over a larger 
temperature range. TPR experiments corresponding to Fig. 4(b) are 
Zieliński et al. [43] Figure 2 curve 3, Jozwiak et al. [35] Figure 1. B. 
curves 1–5, and Tiernan et al. [36] Figure 3. An example of linear 
TGA experiment can be seen in Peña et al. [38] Figure 4. Under these 
conditions, two reduction steps can be distinguished, but with sig
nificant overlap, and the reduction is achieved at about 500 to 
600 ◦C. The TGA curve shows an inflection point at around 11%, 
corresponding to the reduction of hematite to magnetite. 

3.1.2. Influence of the sample mass and the flow rate 
Influence of these parameters can be observed by comparing Fig. 4 

(a) and (b), with Fig. 4(c) and (d).  

• Experiments similar to Fig. 4(c), i.e. with an important sample mass 
and a low gas flow rate but high hydrogen contents and low heating 

rates, are Zieliński et al. [43] Figure 2 curve 2 and 5 curve 11, 
Wimmers et al. [40] Figure 1 curves b-c, and Jozwiak et al. [35] Figure 
1. A. curves 1-2. The profiles of the aforementioned experiments 
could be mistaken with the curves of Fig. 4(b) despite very different 
experimental conditions.  

• When the hydrogen concentration is decreased or the heating rate is 
increased, the curves are spread to very high temperatures, as shown 
in Fig. 4(d). In this category, we can mention Zieliński et al. [43] 
Figure 2 curve 4, Jozwiak et al. [35] Figure 1. A. curves 3–5, or Peña 
et al. [38] Figure 3(a). The linear TGA data of Shimokawabe et al. 
[37] shown in Figure 1 curves a-b and Figure 2 curves a–d are difficult 
to categorize between Fig. 4(c) and (d). The hydrogen concentration 
is relatively high, but the operating pressure is only at 0.2 bar. The 
flow rate was also not specified. 

3.1.3. Influence of the addition of water in the inlet flow 
Some authors tested the addition of water directly in the inlet feed, 

which led to profiles similar to Fig. 4(e) and (f). Only cases with low 
mass to flow rate ratios were considered. Zieliński et al. [43] also per
formed two experiments at high mass to flow ratios with water addition. 
They were not considered here, as a combination of Fig. 4(d) and (f).  

• Wimmers et al. [40] were among the first to study the effect of water 
on the thermochemical reduction of iron oxides. The curves a-f in 
their Figure 2 correspond to the case shown in Fig. 4(e). In all of their 
experiments, two well-separated peaks are obtained. The reduction 

Fig. 4. Typical profiles of TPR (blue lines) and linear TGA (red dashed lines) of hematite reduction following various experimental conditions. These profiles are not 
real experimental results, rather were drawn from one or more experiments under the conditions indicated in the boxes. (For interpretation of the references to color 
in this figure legend, the reader is referred to the web version of this article.) 
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of magnetite to iron begins after the complete reduction of hematite 
to magnetite. Zieliński et al. [43] found a very similar profile, shown 
in Figure 5 curve 12.  

• Zieliński et al. [43] further studied the influence of water at low 
hydrogen concentrations, as depicted in Fig. 4(f). Their corre
sponding experimental data can be seen in their Figure 3 curves 6 and 
7. Under these conditions, 3 peaks can be observed. The second and 
third peaks may overlap or be separated, depending on the amount of 
water in the gas stream, and the terminal temperature ranges from 
700 to 800 ◦C. 

3.2. Experiments under isothermal conditions 

A similar review can be performed for the isothermal cases. Typical 
profiles are shown in Fig. 5. In comparison, the influence of some 
operating parameters has been less studied. The major operating pa
rameters that have been varied are the temperature and the dilution of 
the reducing agent. Thus, the retained classification is different tem
perature ranges and hydrogen concentrations. 

The most abundant data sources for linear TGA are from namely 
Pineau et al. [33] and Pineau et al. [34], with 21 and 32 experiments in 
their first and second publications, respectively. They actually per
formed many more tests, with variations in sample weight or the gas 
flow rate, but only the ones explicitly presented in their papers are 
considered in Table 2. In their paper with hematite as iron oxide, the 
experiments cover a temperature range of 218 to 586 ◦C, 15 with pure 
hydrogen and 6 with a tenfold nitrogen dilution. In many of the ex
periments, an inflection point is visible around 11% conversion degree, 

as in Fig. 5(c) and (d), while their unique experiment above the eutec
toid temperature shows 2 inflection points, as in Fig. 5(b). At compa
rable temperatures, the dilution of hydrogen by a factor of ten increases 
the reduction time by about 5. At very low temperatures, an inflection 
point is barely visible and resembles Fig. 5(e), for example their ex
periments at 233, 237, 258, and 308 ◦C. However, the test at 218 ◦C 
clearly shows two steps. 

Piotrowski et al. [41] also tested hematite reduction above 570 ◦C 
with pure hydrogen and with a tenfold dilution by nitrogen. Their test 
with pure hydrogen corresponds to Fig. 5(a), with no inflection point. 
Their tests with diluted hydrogen are difficult to characterize, because 
only the initial reduction portion is given. Their conversion degree was 
calculated on the basis of the reduction of hematite to wüstite only. 
However, no clear inflection point is visible in this initial reduction 
range. This could be attributed to the higher mass to flow rate ratio than 
in Pineau et al. [33], which shifts the reduction towards a diffusion 
limited process. 

Peña et al. [38] performed isothermal experiments at temperatures 
between 360 to 440 ◦C and gas compositions from 10/90 to 90/10% 
H2/N2, and whose profiles correspond well with Fig. 5(c) and (d). 

The isothermal experimental results of Viswanath et al. [42] should 
be taken with more caution, because as mentioned earlier, they may 
have used pellets [70] rather than powders. This is also not specified in 
another regularly cited article [60] with doping agents. Many data were 
not given in full, rather derived results were presented, such as the 
reduction rate, without specifying whether this was the initial or 
maximum rate. They came to the conclusion that the reduction rate 
increases between 2 and 7.5% of water vapor in the inlet feed for tests 

Fig. 5. Typical profiles of TG analyses under isothermal conditions of hematite reduction according to various experimental conditions. These profiles are not real 
experimental results, rather were drawn from one or more experiments under the conditions indicated in the boxes. 
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between 465 and 505 ◦C. Even more, they came to the conclusion from 
experiments at 255 ◦C that the reduction does not proceed beyond the 
stage of Fe3O4 when all the water vapor is removed. 

This is in obvious contradiction with the linear tests mentioned 
previously, which showed the adverse influence of water addition, but 
also with the isothermal runs of Lorente et al. [39] In their study, 
isothermal TGA tests at 400 ◦C were performed with varying amounts of 
water vapor in the feed. Their results show that increasing the water 
content drastically slows down the reduction, and especially the second 
step from magnetite to iron, as depicted in Fig. 5(c). Above a certain 
amount of water (in their test 5/50/45% H2O/H2/N2), the reduction 
does not proceed any further, which can be easily understood from the 
thermodynamic phase diagram, Fig. 2. 

Hessel et al. [44] recently performed isothermal reduction experi
ments on combusted iron particles. All of their curves, even at temper
atures below 570 ◦C, look similar to Fig. 5. To what extent the material 
tested differs from the regular samples used in the literature is uncertain. 
The absence of an inflection point from hematite to magnetite could be 
attributed to the fact that the sample initially contains a large amount of 
magnetite (58%). 

Finally, Shimokawabe et al. [37] carried isothermal TGA in the 
temperature range of 275–450 ◦C with two different samples. It was 
shown that depending on the sample characteristics, the curve profiles 
can vary greatly. This is further detailed in the next section. 

4. Sample characteristics 

Information relevant to the sample characteristics of the reviewed 
publications is listed in Table 3. Many authors used a single hematite 
sample, but magnetite samples were also considered and even one 
wüstite sample [35]. About half of the samples were obtained from 
commercial suppliers, the other half were prepared from salts. The 
sample from Hessels et al. [44] has the peculiarity of originating from 
the combustion of iron particles. 

The characterization of the samples is more or less detailed. The 
average diameter or the diameter range is usually given and the surface 
areas are derived from the BET method. The samples may or may not be 
porous. Only two groups of authors [36,40] reported values for the 
average porosity. 

Trying to characterize the influence of the sample characteristics on 
the reduction is difficult because of differences in the other experimental 
conditions among multiple authors. Even concerning the particle size 
diameter, Zieliński et al. [43] used a sub-micron powder and their 
reduction profiles, are at first sight, very close to the TPR results of Peña 
et al. [38], who used a sample with particle diameters above 100 μm. 

Two research groups studied the influence of sample characteristics, 
or sample preparation, on the reduction behavior, while keeping the 
same experimental setup. Shimokawabe et al. [37] conducted the most 
exhaustive study on this aspect. They prepared hematite powders by 
calcination of seven iron salts in a stream of oxygen, air or nitrogen, in 
the temperature range of 500–1200 ◦C. They also studied the effect of 
doping elements, but this is beyond the scope of the present review. 

They were able to show that the reactivity of Fe2O3 is strongly 
influenced by the sample characteristics, whereas the reactivity of the 
Fe3O4 formed is almost independent. They used the initial reduction 
temperature as an indicator of reactivity in the case of linear TGA. This 
initial temperature increases, and thus the reactivity decreases, with the 
sample preparation temperature, with the exception of a slight decrease 
around 700 ◦C. They could further relate this indicator to the particle 
characteristics. According to Shimokawabe et al. [37], the initial 
reduction temperature increases almost linearly with an increase in the 
crystallite size, and seems inversely proportional to an increase in the 
specific surface area. Their isothermal experiments confirmed the pre
vious results. Tests with hematite prepared at low temperatures showed 
a neat inflection point because of a high hematite reactivity. On the 
contrary, the sample prepared at high temperatures has a much lower 
initial reactivity. However, after this inflection point, the reactivity of 
both samples is similar. 

Pineau et al. [34] performed similar tests by using two samples with 
distinct preparation temperatures, but with magnetite. Their sample 
prepared at 1200 ◦C has a diameter about ten times larger than the one 
prepared at 600 ◦C, while the surface area is about 7 times smaller. The 
magnetite characteristics seem to play a limited role, as at temperatures 
lower than 400 ◦C, the reaction rates of the two solids are almost 
identical. They noted, however, that at temperatures higher than 600 ◦C, 
the behavior of the two solids is different. 

In general, it appears that samples prepared at lower temperatures 
favor the reduction by featuring a higher contact surface with the gas 

Table 3 
Samples used in the thermochemical analyses listed in Table 2.  

Publication Sample Solid composition Origin Diameter [µm] Surface area [m2/g] Porosity [cm3/g]

Pineau et al. [33] A 99.8% Fe2O3 Commercial (Merck) 1–2 0.51 3.3 
2006       
Pineau et al. [34] A Fe3O4 Fe2O3 600 ◦C in H2/H2O 1–2 0.7  
2007 B Fe3O4 Fe2O3 1200 ◦C in H2/H2O 10–20 0.1  
Jozwiak et al. [35] A Fe2O3 Fe(NO3)3⋅9H2O 600 ◦C in air  23.5  
2007 B Fe3O4 Commercial (Aldrich)  5.6   

C FeO Commercial (Aldrich)  1  
Tiernan et al. [36] A 99.98% Fe2O3 Commercial (Aldrich) < 250 160 0.185 
2001 B 99.997% Fe3O4 Commercial (Alfa Chemicals) 2 2 0.005 
Shimokawabe et al. [37] A–D Fe2O3 Fe(OH)(CH3COO)2 500–1200 ◦C in air  2.0–13.5  
1979 E–I Fe2O3 FeSO2⋅7H2O 700–1200 ◦C in air  1–13   

J–L Fe2O3 Fe(OH)(CH3COO)2 500–1200 ◦C in O2  0.6–15.8  
Peña et al. [38] A Fe2O3 Fe(NO3)3⋅9H2O 800 ◦C in air 100–160 2.3  
2006       
Lorente et al. [39] A Fe2O3 Fe(NO3)3⋅9H2O 800 ◦C in air 100–160 2.3  
2011 B Fe3O4 A in H2/H2O    
Wimmers et al. [40] A Fe2O3 Commercial (Merck) 0.3 2.6  
1986       
Piotrowski et al. [41] A Fe2O3 Commercial (PEA Ridge Iron Ore Co.) 91   
2005       
Viswanath et al. [42] A Fe2O3 Fe(NO3)3⋅9H2O 475 ◦C    
1975       
Zieliński et al. [43] A Fe2O3 Commercial (Merck no. 4625270) 0.4–0.5 2.2  
2010       
Hessels et al. [44] A 40/58 Fe2O3/Fe3O4 Fe combusted 5–100 0.330  
2022        
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phase. However, this effect is difficult to characterize. On top of this, the 
sample properties evolve during the reduction. There is, of course, the 
evolution of the solid species, from the oxides to iron. But it is accom
panied by morphological changes, which may be beneficial or not. 
Shimokawabe et al. [37] took SEM images before, during, and after the 
reduction of one reactive sample, prepared at 500 ◦C, and one less 
reactive sample, prepared at 1200 ◦C. They suggested that their sample 
prepared at low temperature, featuring small particles, was reduced 
while keeping its particle shape unchanged. While their SEM images of 
the sample prepared at high temperature initially showed a large par
ticle with a flat surface, suggesting melting of the oxide, which later took 
over the reduction a similar shape to the former sample, but with larger 
particles, explaining the similar rate of reduction in the second step. On 
the contrary, Pineau et al. noted that sintering occurs over the course of 
reduction, leading to a decrease in reactivity. In both of their studies [33, 
34], they stated that the solid starts to sinter above ∼390–420 ◦C and 
this sintering increases with temperature. They noted even severe sin
tering above 700 ◦C. Their TGA results show that even though the initial 
rate of reduction increases with the temperature, the sintering later 
hinders the process and a strong decrease in the reduction rate can be 
observed. In addition, the reduction does not seem to proceed to 
completion. Similar agglomeration of the powder was reported by 
Hessel et al. [44] at temperatures above 500 ◦C. 

The matter of the initial porosity of the samples but also of the pores 
forming during the process has been overall neglected in the selected 
studies. It is well known that the iron forming from the gaseous reduc
tion of iron ore pellets is highly porous, with hole marks, hence the name 
sponge iron. Towhidi et al. [71] determined a porosity of about 61% 
after reduction of a pellet with an initial porosity of 16%. The porous 
structure of the forming iron was also reported during the reduction of 
dense wüstite strips. According to Turkdogan et al. [72], lower reduction 
temperatures favor small but numerous pores and the pore surface area 
decreases markedly with increasing temperatures. Interestingly, Hessel 
et al. [44] came to the same conclusion in the case of powders by 
comparing SEM images before and after the reduction: it can be observed 
that the powder becomes porous in all reduction experiments. As the reduc
tion temperature increases, the number of pores decreases, but the pore size 
increases. 

A better characterization of the role of the solid structure in the 
reduction is an interesting direction for future research. Highly porous 
materials could be controlled by pore diffusion as proposed by Kuila 
et al. On the contrary, solid-state diffusion is particularly important for 
dense materials. According to Edström et al. [73], hematite reduces 
faster than magnetite because it gives products that are more porous. Bai 
et al. [74] studied the influence of pore connectivity and showed that 
isolated pores in the microstructure are filled with water vapor. They 
also investigated the mechanical stresses building up, elastic and 
elasto-plastic deformations, and their effects on the reaction kinetics. 
Shrinking and swelling also occur during the reduction process. This was 
investigated by El-Geassy et al. [75] and Yi et al. [76] for compacts and 
pellets, respectively. Both showed that the reduction with hydrogen 
involves an initial and moderate step of swelling and a terminal 
contraction of the iron phase. Ma et al. [77] further showed the strong 
heterogeneity in a partially reduced hematite pellet by means of syn
chrotron high-energy X-ray diffraction and electron microscopy. They 
were able to quantitatively investigate how much spatial gradients, 
morphology, and internal microstructures impacts the reduction effi
ciency and metallization. 

5. Chemical pathways 

It is clear that different conclusions can be drawn depending on the 
practical conditions of thermal analysis. For instance, since many 
reduction experiments are completed or near completion at 567 ◦C, the 
formation of wüstite is often neglected. Among the 12 papers consid
ered, wüstite is not mentioned a single time in 4 of them. Thus, the 

generally admitted mechanism is that hematite is reduced stepwise to 
magnetite and iron. For some authors, both steps are separate, while for 
others they overlap. For Tiernan et al. [36], The prereduction step to 
Fe3O4 is complete prior to the onset of the main reduction step to metallic 
iron. For Peña et al. [38] The typical shape of the curves, with a shoulder at a 
degree of reduction of about 10–12%, points to a stepwise reaction via 
Fe3O4, with overlapping of two reduction processes. 

To further apprehend the chemical pathways, many authors have 
performed analytical measurements to supplement the reduction ex
periments, for example X-ray diffraction (XRD). We can distinguish 
between ex situ XRD, where the measurement is performed on the raw 
material, on the product, or on a partially reduced sample that has been 
quenched, and in situ XRD. 

Shimokawabe et al. [37] performed XRD analysis on two samples 
reduced to 11%. The first sample, with a higher hematite reactivity, 
consisted entirely of magnetite. The second sample contained hematite, 
magnetite, and iron. It was therefore demonstrated that both steps, from 
hematite to magnetite and from magnetite to iron, can either be 
completely separated or overlap, depending on the reactivity of the in
dividual steps. The simultaneous presence of the three species at 11% of 
reduction could be found by another group [38]. Under certain cir
cumstances, the overlap can even lead to a single apparent step, from 
hematite to iron. Zieliński et al. [43] recorded in situ XRD spectra during 
the reduction of hematite under the conditions in Fig. 4(a), that is 
conditions that favor very low-temperature reduction. Their measure
ments suggested the presence of hematite and iron exclusively. 

The isothermal runs of hematite reduction at very low temperatures 
by Pineau et al. [33] might lead to a similar conclusion. The curves 
below 330 ◦C, except for the one at 218 ◦C, do not show a clear plateau 
around 11%, but rather a single sigmoid. This does not necessarily mean 
that Fe3O4 does not form, but suggests that the rate of reduction of both 
steps is similar. The authors performed in situ XRD, but did not detail 
their results for this temperature range, rather for higher temperatures, 
where they detected wüstite. 

Their X-ray diffraction results in the temperature range of 
450–570 ◦C revealed the presence of wüstite, with crystal parameters 
corresponding to almost stoichiometric FeO. In their second publication 
[34], stoichiometric wüstite was found during the reduction of magne
tite samples at temperatures as low as 390 ◦C. This seems to contradict 
thermodynamic considerations, as shown in Fig. 2. But the authors 
noted that this is possible under irreversible thermodynamic conditions 
[33]. From thermodynamic considerations, at temperatures lower than 
the eutectoid and at high hydrogen concentrations, the reduction step of 
magnetite to wüstite is favored (red dashed line in Fig. 2), but should be 
followed by the reduction of wüstite to iron. The reduction of magnetite 
may be accompanied by the formation of metastable wüstite away from 
the thermodynamic equilibrium for kinetic considerations. The authors 
also proposed the formation through the upgrade of the crystal 
structure. 

In contradiction to the previous observations, Jozwiak et al. [35] also 
performed XRD measurements during the reduction of hematite, but did 
not identify wüstite below 570 ◦C. The authors nevertheless suggested 
the possible formation of wüstite as an intermediate, at least at the 
interface region between Fe3O4 and Fe. The non-presence of wüstite 
could be explained by the fact that the reduction experiments were 
performed at much lower reduction rates (lower hydrogen concentra
tions and gas flow rates), thus under reversible thermodynamic condi
tions, or due to a lower accuracy of the diffractometer. 

Zieliński et al. [43] identified a considerable quantity of wüstite in an 
ex situ measurement of hematite reduced up to 561 ◦C in the presence of 
water vapor. Their spectrum also suggested a wüstite closer to the 
stoichiometric ratio than the one formed after the eutectoid tempera
ture. Since their XRD measurements in dry atmospheres did not reveal 
the presence of wüstite, we can conclude that the water inhibits the 
reduction of magnetite to iron and/or wüstite to iron more than the 
reduction of magnetite to wüstite. As mentioned above, the inhibition of 
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the reduction of magnetite to iron was clearly demonstrated by Lorente 
et al. [39] with isothermal runs at 400 ◦C with varying amounts of added 
water. The reduction of hematite to magnetite is barely hindered by the 
presence of water. The reduction of magnetite to iron is completely 
inhibited by the presence of 10% of water in hydrogen. 

Isothermal TG analyses conducted above the eutectoid temperature 
show less complex profiles. According to Pineau et al. and their XRD 
measurements, hematite turns stepwise into magnetite, wüstite and 
iron. Plateaus between two steps may be more or less pronounced. 
Certain curves [41,44] do not allow identification between successive 
steps, which may be associated with a diffusion limited process. 

The most complex experiments might be those with linear heating 
rates that exhibit a partial reduction of the sample at the eutectoid 
temperature. The TPR curves exhibit 3 peaks of varying importance. The 
first one is always associated with the formation of magnetite from he
matite reduction. Around the eutectoid temperature though, a certain 
amount of magnetite has been reduced to give iron, but traces up to 
considerable amounts of wüstite can also form. This point is usually 
followed by a loss of reactivity and then a third peak from the reduction 
of wüstite to iron. The following explanations can be given for the loss of 
reactivity between the second and third peaks: 1) The reduction follows 
the two-step process, magnetite to wüstite, wüstite to iron, and the rate 
of these reactions is lower than the single step, magnetite to iron. 2) 
Magnetite and iron recombine into wüstite, and these iron sites acted as 
a catalyst for the reduction. 

Further in situ XRD experiments by Jozwiak et al. [35] shed light on 
the wüstite disproportionation reaction. Starting from a wüstite sample 
at room temperature, they conducted two experiments under a linear 
heating rate, one in an inert atmosphere and one with hydrogen. Under 
inert conditions, wüstite decomposed progressively and partially into 
magnetite and iron up to the eutectoid temperature, but recombined 
rapidly and entirely thereafter. In the reducing atmosphere, the previous 
disproportionation occurred in parallel with the reduction. The authors 
derived a phase composition from the XRD patterns. It shows that the 
disproportionation is almost negligible below 300 ◦C. Then the amount 
of wüstite decreases while that of iron and magnetite increases up to 
500 ◦C. After this temperature, the reduction of magnetite, and poten
tially of wüstite, becomes important, so that the amount of magnetite 
stays almost constant and the one of iron increases. The magnetite left 
over after the eutectoid temperature quickly disappears by recombina
tion of magnetite and iron into wüstite and by reduction to wüstite. This 
results in a spike in the curve of wüstite, which is then further slowly 
reduced to 900 ◦C. 

As a summary and based on the publications reviewed, we can 
propose the following chemical scheme for the reduction of hematite 
powder with hydrogen:  

(16) 

The black arrows represent the reduction reactions with hydrogen 
and the reverse oxidation reactions with water. The blue and red lines 
symbolize the disproportionation reaction of wüstite or its recombina
tion into magnetite and iron. 

The first step Fe2O3⟶Fe3O4 is written without a backward arrow, 
because water will eventually slow down this reaction, but will not 
prevent it. It has the lowest water sensitivity but has a high dependence 
on the temperature and particle characteristics. Particle size and surface 
area are important factors in this reduction step. For a given sample, the 
temperature range of reduction is narrow, indicating a higher activation 
energy than the successive steps. As a consequence, experiments per

formed at very low temperatures or low heating rates retard the first step 
more, which can become rate limiting and lead to the apparent reaction 
Fe2O3⟶Fe. 

The second step is by contrast less sensitive to particle characteristics 
and temperature, but is severely hindered by water, thus written 
Fe3O4 ↔ Fe. In many TGA and TPR setups, the reaction proceeds to 
completion below the eutectoid temperature and the wüstite route is not 
needed to explain the experimental observations. Several authors have 
detected traces of near-stoichiometric wüstite, but its formation and role 
in the reduction are not clearly defined, and the integral curves (linear or 
isothermal) show only one inflection point, between the first and second 
steps. The presence of wüstite, and further experiments by Jozwiak et al. 
[35] demonstrate the relative importance of the disproportionation re
action Fe1− xO⟶Fe3O4 + Fe, which is therefore marked with dashed 
lines in Equation (16). 

Linear runs featuring unfavorable conditions go stepwise to magne
tite and iron up to the eutectoid temperature, then proceed through the 
wüstite route Fe3O4 ↔ Fe1− xO ↔ Fe. By unfavorable conditions is meant, 
among others, high mass and low flow rate. In addition to possible 
thermal gradients or low gas-solid contact, the use of high mass in iron 
oxide reduction applications increases the amount of water vapor, which 
is slowly flushed out at a low flow rate. Considering the TPR or TGA 
furnace as a continuous stirred tank reactor, it is easy to demonstrate 
that the concentration of water is proportional to the mass of solid 
reactant and inversely proportional to the flow rate. Therefore, the 
reduction is spread over a wide temperature range; it starts early as there 
is initially no water in the furnace, but then an equilibrium is reached, 
mostly conditioned by how fast the water is flushed out. Under these 
conditions, no intrinsic chemistry data of the forward rate can be ex
pected, rather an apparent rate embedding the reverse reaction. Near 
the eutectoid temperature, the sample contains magnetite, iron and a 
fraction of wüstite. After the eutectoid temperature, the reduction rate 
decreases, which can be attributed to the recombination of the unre
duced magnetite with iron, Fe3O4 + Fe⟶Fe1− xO, and the lowest 
reduction reactivity of wüstite Fe1− xO ↔ Fe. 

The experiments performed with water in the gas feed can also be 
understood in the light of the chemical scheme of Equation (16). A first 
well-separated peak is observed because after the hematite reduction, 
the oxidation reaction of iron to magnetite is stronger than the reduc
tion. The reduction continues at higher temperatures when the forward 
rates finally overcome the backward rates, suggesting a higher activa
tion energy of the reduction reactions than of the oxidation reactions. 
Under very high H2/H2O conditions, the reduction proceeds through the 
wüstite route, even at temperatures lower than the eutectoid. This 
suggests that the reduction Fe3O4 ↔ Fe1− xO is less hindered by water 
than the direct reduction of magnetite to iron. The backward reaction is 
therefore written with a shorter arrow. 

6. Kinetic models 

Table 4 summarizes the kinetic models proposed in the literature. As 
it can be seen, there is a large discrepancy between authors regarding 
the kinetic parameters and the reaction model for the individual steps. 

Most of the works listed in the table assume the validity of the 
following equation: 

dα
dt

= f (α)k(T), (17)  

where α is the extent or degree of conversion of the reaction and f(α) is 
the reaction model. The rate constant k(T), which represents the 
dependence of the process rate on temperature, is typically expressed by 
the Arrhenius equation, giving: 

dα
dt

= f (α)Aexp
(

−
Ea

RT

)

. (18) 
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Then, two main groups of methods are used, the isoconversional 
methods on the one hand and the model-fitting methods on the other 
hand. In the first group of methods, no determination of the reaction 
model is needed, hence they are commonly named model-free methods. 

Many authors [35,36,40] have used the Kissinger method, one of the 
model-free methods that can be easily applied to a series of experiments 
with varying linear heating rates. The method relies on the fact that at 
the maximum reaction rate of an experiment, the second derivative of 
the conversion degree with respect to time is zero. Introducing the 
heating rate β, it results the Kissinger equation: 

ln
(

β
T2

max

)

= ln
(

−
AR
Ea

df
dα

)

−
Ea

RTmax
, (19)  

where Tmax is the temperature at which the maximum rate is reached for 
a given heating rate. Thus, performing a series of experiments with 
varying linear heating rates should give a straight line when the left 
hand side of Eq. (19) is plotted against 1/Tmax and the slope yields the 
activation energy. 

Jozwiak et al. [35], Tiernan et al. [36], and Wimmers et al. [40] 
performed TPR experiments of hematite reduction under pure hydrogen 
conditions and used the same numerical method, i.e. the Kissinger 
method, to derive activation energies. Despite these very similar 
experimental and numerical approaches, the discrepancies in terms of 
results are large. They found values of 70, 105 and 124 kJ/mol for the 
step Fe2O3⟶Fe3O4 and 52, 54 and 111 kJ/mol for the step 
Fe3O4⟶Fe. 

This method can give us an idea of the activation energies of the 
reduction steps, but it has important limitations [78]. Some are related 
to the underlying assumptions of the method. For example, the first term 
on the right hand side of Eq. (19) must be independent of the heating 
rate. Another important shortcoming is that the method can adequately 

represent single-step kinetics only. The base equation, i.e. Eq. (18), has a 
unique conversion degree and activation energy. Finally, as a graphical 
method, the results are obtained only by reading a curve, there is no 
comparison between one kinetic model and the experiments. 

Pineau et al. [33,34] also relied on a model-free method to derive 
activation energies, but applied to isothermal cases. This is even more 
straightforward as it suffices to take the logarithm of Eq. (18): 

ln
(

dα
dt

)

= ln[f (α)] − Ea

RT
. (20)  

and to plot the left-hand side versus 1/T for a series of experiments at 
different temperatures. This suffers from the same flaws as previously 
mentioned. In addition, since the term on the left-hand side is not unique 
for a single experiment, the activation energy is either valid for a certain 
conversion degree, Eα

a or approximated on a certain range of the con
version degree Eα1 − α2

a . 
In the second group, i.e. in the model-fitting methods, an assumption 

of the mathematical expression for the reaction model f(α) is needed. 
The large variety of vocabularies used in the selected literature and re
ported in Table 4 for the same reaction models should be noted. To avoid 
confusion, the codes proposed by the ICTAC kinetics committee [78] are 
used. Two/three-dimensional growth of nuclei [33], Two/three-dimensional 
nucleation according to Avrami-Erofeev [40], Avrami Erofeev’s equation on 
the basis of the random nucleation mechanism [37], and Avrami or nucle
ation model [38] refer to the following equations for the reaction model: 

f (α) = 2(1 − α)[ − ln(1 − α)]1/2
, (21)  

f (α) = 3(1 − α)[ − ln(1 − α)]2/3
, (22)  

corresponding to the designation codes A2 and A3 in Vyazovkin et al. 

Table 4 
Main chemical reaction steps and their temperature range of validity, as well as proposed activation energy, reaction model and the method of obtention .  

Publication Step & temperature range [∘C] Ea [kJ/mol] Reaction model Method 

Pineau et al. [33] Fe2O3⟶x Fe3O4 
75.9 ; 94.8  ln(dα /dT) vs. Texp 

2006 Fe3O4 ⟶x− 450Fe 87.5 ; 103 2–3 dimensional growth of nuclei ln(dα /dT) vs. Texp  

Fe3O4 ⟶450− 570Fe3O4 + FeO+ Fe 39.0 ; 35.9 Phase boundary reaction (∞ slabs) ln(dα /dT) vs. Texp  

Fe3O4⟶570− x FeO⟶570− x Fe 39.0 ; 35.9 2–3 dimensional growth of nuclei ln(dα /dT) vs. Texp 

Pineau et al. [34] Fe3O4 ⟶x− 390Fe 200 ; 71 ; ... Phase boundary ln(dα /dT) vs. Texp 

2007 Fe3O4 ⟶390− 570Fe3O4 + FeO + Fe 44; ... two-dimensional growth of nuclei ln(dα /dT) vs. Texp  

Fe3O4⟶570− x FeO⟶570− x Fe  Diffusion  
Jozwiak et al. [35] Fe2O3⟶x Fe3O4 

70  ln(β /T2
max) vs. 1/Tmax 

2007 Fe3O4 ⟶x− 570Fe 52 ; 55 self-catalyzed nucleation ln(β /T2
max) vs. 1/Tmax  

FeO⟶x Fe 104  ln(β /T2
max) vs. 1/Tmax 

Tiernan et al. [36] Fe2O3⟶x Fe3O4 
105.3  ln(β /T2

max) vs. 1/Tmax 

2001 Fe3O4⟶x Fe 53.6 ; 64.3  ln(β /T2
max) vs. 1/Tmax  

Fe2O3⟶x Fe3O4 
96 nth-order ; phase boundary CRTA Equation  

Fe3O4⟶x Fe 69–59 ; 75–61 Random nucleation ; autocatalytic CRTA Equation 

Shimokawabe et al. [37] Fe2O3⟶x Fe3O4 
74.0 ; 117.6 Avrami–Erofeev’s equation ln(k) vs. 1/Texp 

1979 Fe3O4⟶x Fe 59.8 ; 72.8 Mampel’s equation ln(k) vs. 1/Texp 

Peña et al. [38] Fe2O3⟶x Fe3O4 
115.62 Shrinking core model Curve fitting 

2006 Fe3O4⟶x Fe 179.52 Nucleation model Curve fitting 

Lorente et al. [39] Fe2O3⟶x Fe3O4    

2011 Fe3O4⟶x Fe  JMAK Curve fitting 

Wimmers et al. [40] Fe2O3 ⟶287− 417Fe3O4 
124  ln(β /T2

max) vs. 1/Tmax 

1986 Fe3O4 ⟶297− 477Fe 111 three-dimensional nucleation model ln(β /T2
max) vs. 1/Tmax  

FeO ⟶
in H2O

Fe 172 self-catalyzed ln(β /T2
max) vs. 1/Tmax 

Piotrowski et al. [41] Fe2O3 ⟶700− xFeO 28.1 Avrami–Erofe’ev ; Phase-boundary-controlled Curve fitting 

2005     
Hessel et al. [44] Fe3O3 ⟶400− 500Fe  Single phase boundary Curve fitting 

2005 Fe2O3 ⟶600− 900Fe3O4  
Phase boundary Curve fitting  

Fe3O4 ⟶600− 900FeO ⟶600− 900Fe  Nucleation and growth Curve fitting  
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[78]. Similarly, phase-boundary-controlled reaction (contracting cylin
der/sphere) [33], two/three-dimensional phase boundary [40], boundar
y-controlled (nth-order processes) [36], and shrinking core model [38] were 
employed for the following reaction models: 

f (α) = 2(1 − α)1/2
, (23)  

f (α) = 3(1 − α)2/3
, (24)  

with codes R2 and R3 [78]. Similarly, Pineau et al. [33] suggested a 
phase-boundary-controlled reaction contracting slabs model, which is not 
listed by ICTAC but can be found in another publication denoted zero 
order [79] or F0: 

f (α) = 1. (25)  

On the other hand, the first order model F1: 

f (α) = 1 − α. (26)  

is denoted Random nucleation; unimolecular decay law (first-order) [33], 
unimolecular decay [40], or Mampel [78]. Shimokawabe et al. [37] used 
the name Mampel while referring to the A3 model. Many authors also 
suggested an autocatalytic mechanism [36], self-catalyzed nucleation [35], 
or self-catalyzed nuclei formation (autocatalysis) [40], but without giving 
a mathematical expression. Wimmers et al. [40] associated this mech
anism to a power law, but autocatalysis phenomena have a sigmoidal 
profile rather than accelerating [78], as models P2–P4. Finally, a two-
dimensional diffusion has been proposed at high temperatures by Pineau 
et al. [34] whose associated code is D2 [78]. 

To make a claim about one reaction model or another, the authors 
based their choice on the curve profile of their results, or by testing the 
mathematical expressions listed above. 

A simple reading of the profiles for isothermal data brings informa
tion on a possible reaction model [78]. A decelerating profile could be 
associated with a phase-boundary, a diffusion, or a first order model, 
while a sigmoidal profile could be described by a nucleation or auto
catalysis model. As depicted in Fig. 5, both decelerating and sigmoidal 
profiles are found for the individual step under the various isothermal 
conditions. If this is not sufficient to validate a specific reaction model, 
we can with a certain confidence exclude an accelerating mechanism, i. 
e. a power law model. 

Testing different reaction models can be done in several ways. For 
isothermal runs, Eq. (17) can be rewritten and integrated: 

dα
f (α) = k(T)dt, (27)  

∫ α

0

dα
f (α) = g(α) = k(T)t. (28)  

Thus, plotting the integral form of the reaction models presented pre
viously versus the time for a single experiment should yield a straight 
line if the right model is picked. This was the approach of Pineau et al. 
[33,34] for the step Fe3O4⟶Fe. As most of the models delivered a 
correlation coefficient greater than 0.99, the authors mentioned that it is 
almost arbitrary to choice between these models [33]. Another illustration 
of the limitations of this approach: while the low-temperature magnetite 
reduction profiles showed a clear sigmoidal profile, the authors 
concluded on a phase boundary model, i.e. a decelerating model. This 
may be due to the fact that the initial and final parts of the reduction 
were removed during the data manipulation, thus removing the accel
erating and decelerating parts. Shimokawabe et al. [37] also used this 
approach, but on both reduction steps. After choosing the reaction 
models, they further took the logarithm of Eq. (28) for several temper
atures to derive the activation energies. In their work, the authors 
actually used two normalized conversion degrees, one for each step. The 
first conversion degree equals 1 for 11.1% of the measured weight loss, 

while the second conversion degree equals 0 at 11.1% and 1 at 100%. 
This constitutes a better approach when multiple reduction steps are 

clearly visible. Most of the kinetic data of the hematite-to-magnetite and 
magnetite-to-iron steps in the literature have been derived from the 
global conversion degree and are based on Eq. (18). But this equation is 
only valid for single-step reactions. Multi-step reactions should be 
described by multi-step rate equations, i.e., each reaction step i has its 
own extent of conversion αi [80]. 

This mathematical imprecision is actually hard to detect in the 
methods discussed so far, because no comparison is made between 
experimental data and the kinetic models. All the methods reviewed are 
based on graphical reading exclusively, this means they generate kinetic 
data, but the model is not tested. Most of the time, only the activation 
energy is reported. To better validate a kinetic model, many works have 
computed kinetic predictions along with the experiments. Taking 
isothermal runs as an example, we can isolate α from Eq. (28): 

α = h(kt), (29)  

where h is a function of k, t, and the expression chosen for the reaction 
model. An associated challenge is that the right-hand side of the previ
ous equation contains multiple unknowns. One possibility is to use the 
kinetic data derived by an isoconversional method [40]. Otherwise, a 
curve fitting operation [38,39,41] is performed to estimate one or more 
unknown parameters, as reported in Table 4. Being able to directly 
compare (visually or mathematically) the kinetic model and the exper
imental data is a clear benefit. The major drawback is the risk of over
fitting. Further testing is required to validate or invalidate the proposed 
models. 

In general, we can question the fact that the conventional ap
proaches, model-free or model-fitting methods, are suited for the 
reduction of iron oxide. We have seen the multitude of cases in the 
previous sections. The process is inherently associated with the presence 
of multiple species with different reactivities with hydrogen and water, 
further depending on the experimental setup and particle characteris
tics. Instead of directly solving the kinetics on one or several conversion 
degrees, another approach consists in determining the solid composition 
over the time. This can be achieved by solving ordinary differential 
equations on the mass or mole fractions of the individual solid species 
[81]. This has recently been accomplished in the case of iron oxide 
reduction [68,69,82]. The advantages of this method for multistep re
actions are obvious. While the conversion degree provides no informa
tion about the actual content of hematite, magnetite, wüstite, and iron, 
working on the solid extensive quantities makes it possible to resolve the 
individual steps. 

Because of its greater flexibility, solving a full mechanism might be 
the best approach to obtain a comprehensive kinetic model, i.e., a model 
that is not only intended to represent a single TGA experiment, but can 
be reliably used in more complicated simulation frameworks featuring 
non-uniform temperatures and gas compositions. The main shortcoming 
lies in the determination of the kinetic parameters, which is generally 
performed via a least squares optimization method. In analogy to curve 
fitting, there is a risk of overfitting. Overfitted models would fail to 
predict closely any future observations. As developing kinetic models 
that can reproduce a single data set under very specific conditions is of 
no use, the proposed models must be firmly anchored in the physics of 
the system and demonstrate their availability over a wide range of 
conditions. 

To overcome the overfitting problem, one possible development 
could be to derive physical and chemical parameters from atomic-scale 
simulations. Density functional theory (DFT) or molecular dynamics 
allow to numerically study the structures and properties of iron and its 
oxides [83], but also the adsorption behavior of gas species on their 
surfaces [84,85], surface reduction mechanisms [86], as well as transi
tion states, catalytic effects, molecular dissociation and recombination, 
activation energies, and charge transport [5]. How to couple the 
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microscale phenomenon with the macroscale kinetics is still a challenge, 
but recent progress has been made [87,88]. 

More generally, more efforts should be put on the description of the 
physical phenomena at an atomic-scale. A better understanding of the 
elementary processes at internal phase boundaries can serve the devel
opment of more meaningful kinetic models. Edström et al. [89] studied 
magnetite-iron specimens in nitrogen at temperatures between 600 ◦C 
and 1090 ◦C. Iron and magnetite formed layers of wüstite and through 
the use of markers, they showed that the mass transport was accom
plished by the migration of iron across dense wüstite layer. This com
forted their previous study [73] where they claimed once a wüstite layer 
has formed around a hematite or magnetite sample, the reduction pro
ceed by the elementary processes of diffusion through the solid phases 
and by reactions at the solid phase boundaries. Feilmayr et al. [90] 
suggested that in the case of hematite reduction into magnetite, iron 
cations and electrons diffuse through the magnetite layer to the hematite 
core where they form additional magnetite. Ma et al. [91] further pro
posed the same mechanism at the magnetite/wüstite interface but 
fundamentally different at the oxide/iron interfaces, based on the work 
of Kim et al. [92]. In the latter case, oxygen atoms must diffuse from the 
oxide/iron interface to the iron/gas interface once a dense iron layer 
forms. 

In the field of iron oxidation, the solid-state diffusion is a predomi
nant process. It was shown on iron strips that the growth of the oxide 
layers is ruled by the lattice diffusion of ions following Wagners theory; 
the reaction at the interfaces is not limiting the process [93]. This was 
recently extended to the oxidation of iron particles [94]. According to 
Edström [89], there is a close relationship between the oxidation of iron 
and the reduction of iron oxide. However, in the reduction process, 
porosities give rise to smaller dense layers and thus a higher rate of mass 
transport is accomplished. This could explain why the solid state-diffusion 
has received less considerations than in the oxidation process. Future 
works are needed to determine to which extend and in which cases this 
can be rate-limiting. 

7. Conclusions 

Many studies have dealt with the hydrogen reduction of micron-sized 
iron oxide particles using a thermogravimetric analyzer or via 
temperature-programmed reduction. In total, 176 unique reduction 
experiments have been reported in this review. Because of its impor
tance in a variety of applications, there is no doubt that further studies 
on this topic will be published. This paper aims to serve as a basis and 
give orientation for further investigation. 

The first section dealt with the thermodynamics of the iron/iron 
oxide system with hydrogen. Many aspects of the reduction process can 
be explained on the basis of the phase diagram. There is however a 
certain degree of uncertainty in the thermodynamic data. The latest data 
for iron, hematite, and magnetite should be used. Wüstite is a more 
complex compound and simplifications are usually made regarding its 
composition and the eutectoid temperature. 

This review later focused on thermal analysis studies of iron oxide 
powder reduction with hydrogen. Major discrepancies in the experi
mental observations have been reported by the authors. For example, 
one, two, or three peaks can be observed in TPR experiments. Depending 
on the conditions, the reduction can as well be complete at 400 ◦C or 
incomplete at 800 ◦C. This has been summarized with the help of 
characteristic curves. To some extent, the discrepancies can be attrib
uted to the particle characteristics, but mostly, we can explain this by the 
specificity of iron oxide reduction to be delayed by the product of re
action. As noted by Jozwiak et al. [35], water is the inevitable product [... ] 
and may radically change position and shape of the recorded TPR profile. 
Therefore, the results of thermal analysis are very sensitive to the 
experimental setup. To limit the presence of water in the TGA or TPR 
furnace, we can highly recommend to use a low sample mass and a high 
gas flow rate. The information provided by the authors is generally too 

sparse. Giving the dimensions of the furnace, for example, would permit 
to calculate the superficial velocity, which might be a better indicator 
than the volumetric gas flow rate. The effect of parameters, such as the 
crucible shape or the flow configuration should also be further 
investigated. 

Another section briefly presented the current knowledge on the in
fluence of the particle characteristics on the reduction. Here as well 
research efforts should be pursued. Data at hand seem to indicate a 
strong influence of the hematite properties on its reduction to magnetite, 
however, the formed magnetite has a more constant reactivity. Not only 
the initial particle characteristics, but also their evolution during the 
reduction play a role. Higher temperatures always favor the initial re
action rates, but increase the risk of sintering, eventually leading to 
incomplete reduction. The next section led to the development of a 
general reaction scheme capable of addressing all the experimental 
observations. It relates the main reduction steps and their dependence 
on water vapor, but also includes the disproportionation/recombination 
reactions. Some authors have reported the presence of wüstite below the 
eutectoid temperature, while others did not find any trace. The mech
anism of formation of wüstite and its importance in the reduction should 
be better understood. 

Finally, the proposed kinetic models were systematically reviewed. 
Models of varying complexity have been proposed, but they are con
tradictory and none supersedes the others. According to Vrhegyi [95], a 
good kinetic model should fulfill 4 criteria: description of the behavior of 
the samples in a wide range of experimental conditions, prediction of the 
behavior outside the domain of the given set of observations, charac
teristics that can reveal similarities and differences between the samples, 
and a deeper insight into the processes taking place. Future works 
should not only propose a novel kinetic model, but also demonstrate that 
it is comprehensive enough to be considered a good model. 
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