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H I G H L I G H T S

∙ Iron powders containing non-volatile impurities show a promising potential for use as high-energy dense carriers.

∙ A parametric approach allows highlighting the impact of each impurity’s properties and phenomena on the combustion process.

∙ Non-volatile impurities with a high specific heat capacity and latent heat of melting reduce the peak temperature, nanoparticle production and NOx emissions.

∙ The creation of a complex ternary oxide due to liquid-state interactions might prevent a full energy release and the powder recyclability.
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A B S T R A C T

Iron powder has been proposed as a high energy-dense, sustainable, safe and abundant energy carrier. However, 

despite a rising number of studies related to pure iron combustion, the influence of impurities on the combustion is 

still unclear. The objective of the current study is to understand how the presence of a non-volatile oxide impurity 

at a varying concentrations impacts the peak temperature and combustion time. To this end, we developed a 

single-particle combustion model containing up to 20 wt.% of Al 2 

O3  

, SiO 2 

, MnO or CaO. The combustion regime 

is assumed to be fully external-diffusion-limited and the oxidation is limited to stoichiometric FeO (𝑋O  

= 0.5 in 

the liquid phase). The model predicts a decrease in peak temperature (up to 146 K with 20 wt.% of MnO), in 

liquid combustion time (up to 11.5 % with 20 wt.% of SiO 2 

) and in the time to peak temperature (up to 23 % with 

20 wt.% of SiO 2).  

 

Both phenomena limit nanoparticle formation and micro-explosion event frequency, two of the 

main issues currently faced in pure Fe combustion. Iron combustion is already a low NO emissions process, which 

can also be further reduced with the addition of non-volatile impurities. The possibility of creating a complex 

ternary oxide phase is investigated and the challenges of incomplete oxidation or reduction are discussed. The 

assumptions made in the numerical model are questioned and the effect of impurities on them is discussed. This 

work highlights the promising potential of the presence of non-volatile impurities in Fe powders for their use as 

high-energy dense carriers. Most promising compositions will be selected based on this model and experimentally 

tested to validate the numerical results and improve the single-particle model in a future work.

1. Introduction

Renewable energy production capacity is growing worldwide to 

substitute the use of fossil fuels [1]. However, their intermittent na-

ture in time and space requires clean and sustainable energy carriers 

[2]. Among the different energy storage technologies, metal-fuels have 

recently emerged as promising highly-dense energy carriers [3]. Iron

powder in particular is considered for this application due to its carbon-

free, recyclable, safe, cheap, and abundant nature [3].

Iron ores and recycled steels are not pure; they contain different im-

purities. Besides, their composition varies considerably from one source 

to another. Choisez et al. [4] present an overview of the impurity con-

tent found in numerous iron sources. Most impurities present in iron 

ores are in the oxide form and with a concentration of up to 34 wt.%. In
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particular, SiO 2 

, Al 2 

O3  

, CaO and MnO are often found in Fe-rich ores: 

Among 73 sources of iron ores with at least 50 wt.% of Fe, 96 % con

tain SiO 2 and Al 2O3 with a concentration of up to 34  

   

wt.%. CaO and 

-

MnO are present respectively in 60 % and 53 % of the sources with a 

concentration varying between 0.01 wt.% and 12 wt.%.

Impurities behave differently depending on their form (i.e. metal-

lic or oxide). During the combustion process, metallic impurities are 

oxidized and might partially or completely evaporate [4]: 5 wt.% of 

sulfur, carbon, molybdenum, copper or phosphorus inside a pure Fe 

powder evaporates between 20 wt.% and 100 wt.%. This type of im-

purity is called ‘volatile’. Gasification of volatile impurities has been 

suggested as a potential origin of micro-explosions occurring during 

iron particle combustion [5–7]. In contrast, evaporation of metal ox-

ide impurities during iron combustion is limited (lower than 1 wt.% 

[4]). This second type of impurity is called ‘non-volatile’. Mostly var-

ious metal oxides are concerned but some metallic impurities are also 

included, such as aluminum, silicon or titanium. However, once they 

get oxidized, they remain in the oxide form throughout the consecutive 

combustion-reduction cycles.

Despite a rising number of publications related to the use of pure 

iron powder, only two papers have tackled the important question of 

the influence of impurities on the combustion process. The combustion 

of Si-containing iron powders was experimentally characterized by Peng 

et al. [8]. A lower peak temperature was reached compared to pure iron 

as well as less oxidized combustion products. Choisez et al. [4] used ther-

modynamic simulations to predict the variation of flame temperature, 

iron and impurity evaporation and oxygen gas release upon solidifica-

tion for a system containing 5 wt.% of impurity compared to pure iron. 

The addition of non-volatile oxide impurities is expected to decrease the 

flame temperature, evaporation, and also the energy density.

Numerical models for the combustion of a single pure iron parti-

cle are continuously improved. First, Soo et al. [9] developed a generic 

combustion model for ideal non-volatile fuel particles controlled by both 

the oxygen diffusion rate to the particle surface and the surface kinet-

ics. They determined that there is a transition, called ignition, from a 

kinetics-limited combustion regime to a diffusion-limited. To better pre-

dict the transition temperature, Mi et al. [10] constructed an ignition 

model for pure iron using solid-phase oxidation kinetics described by a 

parabolic rate. Their results predict an ignition temperature of approx-

imately 1080 K for a pure iron particle with a diameter above 5 µm in 

air. The combustion of ignited particles can then be limited by three 

potential mechanisms: (i) oxygen diffusion to the particle surface, (ii) 

oxygen surface chemisorption, and (iii) ions’ internal transport. Thijs 

et al. [11] developed a boundary layer resolved model including Stefan 

flow, evaporation and solidification of the evaporated iron (oxide) in 

nano-oxide particles, and temperature-dependent properties. This model 

only considers oxidation from Fe to FeO, fully achieved at the maximum 

temperature, and neglects surface chemisorption and internal transport. 

A good agreement was still obtained with the single-particle experimen-

tal data of Ning et al. [12,13] for the combustion time and maximum 

temperature at ambient oxygen concentration. This model was then used 

by Thijs et al. [14] to improve a Lagrangian point particle model also 

achieving a reasonable match with the same experimental results while 

reducing the computational costs. They still assume a combustion regime 

fully limited by the external diffusion of oxygen and oxidation limited 

to stoichiometric FeO (𝑋 O 

= 0.5 in the liquid phase). However, the ini-

tial heating rate, the peak temperature and the cooling rate were still 

overestimated.

First, Thijs et al. [15] extended the previous model [14] to include 

oxygen surface chemisorption using molecular dynamics simulations 

and showed that it can reduce the heating rate during the initial phase 

before reaching the maximum particle temperature. Second, Fujinawa 

et al. [16] and Thijs et al. [17] showed that ion internal transport plays 

a role in limiting the peak temperature. Finally, oxidation beyond FeO 

has been investigated by Mich et al. [18] using equilibrium calculations. 

They better predicted the temperature profile during reactive cooling

by defining an oxidation limit when the oxygen vapor pressure at the 

particle surface approaches that of the bulk gas. Among the mentioned 

models, the boundary layer resolved model of Thijs et al. [11] includes 

nanoparticle formation assuming that gaseous iron atoms oxidize first 

to FeO 2 

(g) rapidly followed by a conversion to solid Fe 2 

O3  

, namely 

the confirmed composition of nanoparticles outside of the combustion 

chamber [19]. However, the nanoparticle composition in the boundary 

layer during combustion may rather correspond to FeO above 2000 K 

as shown by Li et al. [20]. Nguyen et al. [21] therefore developed an 

extension of the boundary layer resolved model by including liquid FeO 

at the onset of nanoparticle formation. Their results indicate that the 

particle temperature plays an essential role and they achieved a total 

mass loss between 6 and 12 wt.% for particle diameters between 60 µm 

and 40 µm, respectively.

Several experimental results obtained from pure iron combustion 

highlighted the presence of nanoparticles [7,19,22–24]. This unwanted 

phenomenon suggests that iron evaporation occurs even though temper-

ature does not exceed the boiling point of liquid iron (3140 K) and liquid 

iron oxide (3396 K). Oxidation of evaporated iron leads to nanoparti-

cle production. The amount of iron evaporated has been quantified by 

Wiinikka et al. [25] to 4 wt.%, by Poletaev and Khlebnikova [6] pre-

dicting 15 % to 20 % of combustion product loss due to evaporation, 

by Prasidha et al. [26] to between 0.01 and 0.13 wt.%, and several 

other studies [27–29] between 1.2 and 7.4 wt.% of iron evaporated or 

mass losses. This shows the remaining high uncertainty about the ex-

act amount of iron evaporated during the combustion. Also, Ning et al. 

[30] observed that the critical temperature for nanoparticle cloud for-

mation during the combustion of iron particles with an average diameter 

of 49.3 µm is 2100 K and that the evaporation mostly comes from the 

evaporation of pure liquid iron.

Another unwanted but observed phenomenon is the occurrence of 

micro-explosions [5–7,13,31]. It consists of the breakup of melted iron 

particles into smaller burning pieces, affecting the size, microstructure 

and shape of the burned particles. Accordingly, this may considerably 

affect the recyclability of the powder by decreasing the collection effi-

ciency and preventing a proper reduction. It has been suggested that this 

phenomenon arises from internal boiling inducing a too high pressure 

difference with the surroundings, especially near the peak temperature 

[5,23,31]. Possible sources of gas are either dissolved gases like N2 or 

O2, or the vaporization of metal or metal oxides inside the burning par-

ticles [5]. The presence of volatile impurities such as carbon is therefore 

suspected to increase micro-explosion frequency. Yet, the exact origin 

of the micro-explosion is not yet fully understood.

The particle temperature achieved during the combustion exceeds 

the temperature at which NO production starts (around 1800 K). The 

presence of nitrogen and oxygen above that temperature and for suffi-

cient residence time (above 5 ms) leads to thermal NO [32]. However, 

due to the absence of N and CH inside iron particles, only the ther-

mal Zeldovich mechanism can produce NO emissions. Therefore, iron 

combustion technology is often described as a low-NOx technology 

[25,33]. 

The cyclic character of the MeCRE has been proven experimentally 

with pure iron. Baigmohammadi et al. [34] succeeded in burning the 

same powder in up to two cycles of combustion-reduction without sig-

nificant differences. Stevens et al. [35] also succeeded in performing 3 

combustion-reduction cycles under the same conditions with a stable 

particle size distribution although it required additional intermediate 

treatments, such as grinding and sieving.

The paper is structured as follows: Section 2 describes how the 

modified properties and induced phenomena due to the presence of 

non-volatile impurities are incorporated into the numerical model us-

ing a parametric approach. Section 3 presents the predicted influence 

of oxide impurities on the peak temperature, characteristic combustion 

time scales, evaporation, NO emissions, energy density, and reduction. 

Finally, a conclusion concludes the paper in Section 4. This paper consti-

tutes a foundational basis for future similar studies on other impurities
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and opens doors for a study of fine-tuning an alloy that could improve 

the combustion and reduction of the powder used in the MeCRE. Similar 

to other well-developed combustion technologies like coal, wood, or 

internal combustion engines, this fuel-design approach is complemen-

tary to other approaches intended to improve the combustion process 

such as optimizing burner design, tuning the operating conditions, and 

post-treating the emissions and combustion products.

2. Methods 

2.1. Impurity concentrations

This study focuses on the influence of the four most prevalent 

non-volatile oxide impurities in iron ores both in frequency and con-

centration: Al 2             

 

O3 

, SiO2 

, CaO and MnO. For the following, the generic

notation ‘MOx’ is used to refer to these oxides. As demonstrated in sup

plementary material SM1, an upper limit of 20 wt.% for the impurity 

-

concentration is considered. For each oxide impurity, the most oxidized 

form of the element is considered as long as it is stable in both solid and 

liquid phases. For aluminum, silicon, and calcium the existing highest 

oxidation states (Al 2 

O3 , SiO 2 

and CaO) are stable in both solid and liq

uid phases. However, although manganese has several oxidation states

higher than MnO (such as Mn 3O4 , Mn 2O 3, or MnO 2), it is here limited to 

     

-

 

MnO due to the instability of these higher oxides in the liquid state [36].

2.2. Numerical model

We extended the improved 0D Lagrangian point particle combustion 

model developed by Thijs et al. [14]. For more details the readers are 

referred to Ref. [14]. This model predicts with reasonable accuracy the 

peak temperature and the time to reach it for a pure iron particle burning 

in ambient conditions (21 vol.% O 2 

and 300 K). The ignition phase is not 

included and the initial temperature is considered to be 1100 K, close 

to the ignition temperature of 1080 K for a pure iron isolated particle 

larger than 5 µm in diameter burning in air [10].

Similar to the previous work [14], the model considers a 1/2-

film temperature, temperature- and composition-dependent properties, 

Stefan flow, slip velocity, and convection, radiation and evaporation 

heat losses. The film temperature is used to compute gaseous properties, 

which are used to determine oxygen diffusion rate to the particle sur-

face and evaporation, while accounting for the temperature difference 

between the particle and the surrounding gas. Properties computed at 

the film temperature are denoted with the subscript f 

. In this model, only 

the first state of oxidation (wüstite FeO in solid state) is considered. This 

oxidation releases 4871 kJ/kg Fe 

, representing 66 % of the total energy 

released for a complete oxidation (hematite Fe 2O3  

). In the liquid state, 

 

the oxide product of liquid iron is approximated as liquid-phase FeO, 

i.e., with a molar ratio of oxygen of 𝑋 O 

= 0.5.
The model assumes a fully external-diffusion-limited combustion 

regime. Therefore, oxygen diffusion from the surrounding gas to the par-

ticle surface is the only rate-limiting mechanism, assuming that oxygen 

surface chemisorption and ion internal transport are infinitely fast. The 

influence of impurities on this assumption is discussed in Section 3.5. 

Mass transfer equations due to the oxidation intake and evaporation are 

given as:

d𝑚 p

d𝑡
= 𝑚̇ O 2 

Da 

∗ − 

∑ 

𝑖

d𝑚 evap,𝑖

d𝑡
, (1)

d𝑚 Fe
d𝑡

= − 

1 

𝑠 

𝑚̇ O 2 

Da 

∗ − 

d𝑚 evap,Fe

d𝑡
, (2)

d𝑚 MOx
d𝑡

= − 

d𝑚 evap,MOx

d𝑡
, (3)

with 𝑚 p 

the particle mass, 𝑚̇ O 

the oxygen mass flux to the
2∗surface, Da  

 the normalized Damköhler number (defined in Ref. [

  particle 

 

37]),

𝑚 evap, the evaporated mass of species ,𝑖  𝑖  𝑚 Fe the mass of unburned iron 

  

inside the particle and 𝑠 the stoichiometric mass ratio. As oxidation is 

here limited to FeO, 𝑠 = 

1
2𝑀 O 2 

∕𝑀 Fe 

= 0.29.
The mass flux of oxygen to the particle surface is defined as

𝑚̇ O 2
= 

𝐴 d
2𝑟 p

Sh𝜌 O2,f 

𝐷 f 

𝑋 O2,g, (4) 

with 𝜌 O2,f 

and 𝐷 f 

respectively the oxygen density and diffusion coeffi

cient at the film temperature and composition, Sh the Sherwood number,

𝑋 O2,g the mole fraction of oxygen in the surrounding gas, and 𝐴d  

the dif

fusive surface area. The latter is the surface of the particle affected by 

-

-

the oxygen diffusion and is defined as 𝐴 d 

= 4𝜋𝑟 

2
p 

. 

The adapted model from Thijs et al. [14] solves a set of differential 

equations, describing the mass and energy balance between a react-

ing particle and the surrounding gas, to obtain the enthalpy evolution. 

The latter is then converted into a temperature evolution. The enthalpy 

varies due to the convective heat flux to the surrounding gas, the en-

thalpy gain due to the oxygen intake, the radiative heat flux to the 

surroundings, and the evaporative heat flux. This mathematically reads

d𝐻 p

d𝑡 

= 2𝜋Nu𝑟 p 

𝑘 f 

(𝑇 p 

− 𝑇 g) + 

d𝑚 p

d𝑡
ℎ O2

+ 𝜖𝜎(𝑇 

4
p − 𝑇 

4
g ) + 

∑ 

𝑖

d𝑚 evap,𝑖

d𝑡
ℎ vap,𝑖 

, (5)

with Nu the Nusselt number, 𝑘 f 

the gas thermal conductivity taken at 

the film conditions, 𝑇p  

and 𝑇 g respectively the particle and gas temper

atures, ℎ O2 
the enthalpy of the oxygen absorbed, 

 

𝜖 the emissivity of the 

-

particle, 𝜎 the Stefan-Boltzmann constant and ℎ vap,𝑖 

the enthalpy of each 

evaporated species 𝑖.
The mass evaporation rate of the different species is computed using 

a diffusion-limited evaporation represented by a Fickian diffusion: evap-

orated species diffuse far away from the particle before being oxidized. 

Using this assumption, the evaporation rate reads

d𝑚 evap,𝑖

d𝑡
= 

𝑀 𝑖𝑝
𝑅 u 

𝑇 f
𝐴 p 

𝑘 d,evap,𝑖 

𝑋 vap,𝑖, (6)

with𝑀 the𝑖  molar mass of species 𝑖, 𝑝 the pressure, 𝑅 u 

the universal gas 

constant, 𝑇 f the film temperature, 𝐴 p 

the particle surface area, 𝑘 d,evap,𝑖 

the 

evaporation mass transfer coefficient and 𝑋 vap,𝑖 

the vapor molar fraction 

of species 𝑖.
The evaporated mass transfer coefficient is defined as

𝑘 d,evap,𝑖 = 

Sh𝐷 f,𝑖

𝑑 p
, (7)

with 𝐷 f,𝑖 

the diffusion coefficient of gaseous species 𝑖 in air taken at the 

film conditions and 𝑑 p the particle diameter. Due to the lack of data con-

cerning the diffusion coefficient of the gaseous impurities, it is assumed 

to be equal to that of FeO.

The vapor molar fraction of each species is computed using its 

intrinsic vapor pressure:

𝑋 vap,𝑖 

= 𝑋 p,𝑖
𝑝 v,𝑖

𝑝 

, (8)

with 𝑋 p,𝑖 

the molar fraction of species 𝑖 inside the particle and 𝑝 v,𝑖 

the

intrinsic vapor pressure of species 𝑖.
In reality, oxidation of gaseous iron could already start in the bound-

ary layer. To model this, a boundary layer resolved model like the one 

by Thijs et al. [11] should be used but this is beyond the scope of this 

study. Also, treating the evaporation of each species independently using 

their intrinsic vapor pressure is a simplifying assumption. This amounts 

to considering that the evaporated mass of each species is defined by 

the intrinsic equilibrium between its liquid and gas phases. However, in 

reality, there exists a layer of air on top of these two layers in equilib-

rium which could change their equilibrium. The influence of this third 

layer is neglected as it would require a more detailed model specific to 

each impurity taking into account the mixed vapor pressures of all the 

elements together.
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2.2.1. NO emissions

The production of NO emissions is implemented based on the thermal 

Zeldovich mechanism as detailed in supplementary material SM2. The 

O radical concentration is computed using the equilibrium approach: 

decoupling the thermal NO formation process from the main combus-

tion mechanism. The NO formation rate is thus computed assuming an 

equilibrium of the combustion reactions. This gives

𝑋 O = 3.97 ⋅ 10 

5 𝑇 

−1∕2 𝑋 

1∕2
O2 𝑒 

−31090∕𝑇 . (9)

Even if during the combustion of a single iron particle its temperature 

exceeds 2000 K, the fraction of gas heated is limited to the boundary 

layer and the temperature may decrease considerably from the particle 

surface to the surrounding gas. Besides, the amount of oxygen available 

for NO formation decreases from the surrounding gas to the particle 

surface due to the oxidation of the particle. Therefore, NO production 

inside the particle boundary layer is negligible, as confirmed by Ravi 

et al. [33]. In this model, we assume that the NO formation zone is a film 

beyond the boundary layer where the oxygen concentration is 21 vol.% 

to keep a conservative estimation of NO emissions and the considered 

temperature for NO formation is computed using a coefficient 𝛼 NO: 

𝑇 NO 

= 𝑇 p 

+ 𝛼 NO 

(𝑇 gas − 𝑇 p 

). (10)

The coefficient 𝛼 NO 

lies between 0 and 1 representing a gas tempera-

ture equal to respectively the particle temperature and the surrounding 

gas temperature far from the particle. The calibration of the coefficient 

is performed for a pure iron case to qualitatively compare the impact of 

impurities on NO emissions in relation to the pure Fe case. The flame 

temperature during adiabatic oxidation with a stoichiometric mixture of 

air and pure iron is 2278 K [4] and is taken as an upper bound for the 

calibration. However, in reality, the gas temperature inside an iron flame 

is lower due to losses to the burner walls and the heterogeneity of the 

heat released. Baigmohammadi et al. [34] measured a gas temperature 

of 1150 K to 1250 K in their tornado burner. This value underestimates 

the gas temperature of a commercial burner because low equivalence 

ratios are used and the thermo-couples are not located in the hottest re-

gion of the flame. Still, it can be used as a lower bound. Regarding the 

two bounds for the gas temperature, several values of 𝛼 NO 

have been 

tested by the authors between 0.12 and 0.3 to keep a peak temperature 

for NO production between 1800 K and 2200 K.

2.3. Impure particle properties

Eqs. (1)–(8) require the evolution of the particle properties, which 

are impacted by the addition of impurities. For every material, the 

properties are found using TCOX11 and SSUB3 databases from the 

Thermo-Calc software respectively for liquid/solid phases and gaseous 

species. They are further detailed in supplementary material SM3.

In this work, a constant iron mass, and associated energy stored, 

are considered in the particles. The addition of impurities therefore in-

creases the initial particle mass and diameter. The increase in diameter 

for a 50 µm-diameter pure iron particle to which 20 wt.% of impurity has 

been added ranges from +5.19 µm for 20 wt.% of MnO to +6.46 µm for 

20 wt.% of SiO 2, which have respectively the highest and lowest  

 

mass

densities of 5067 kg/m3 

 and 2654 kg/m3 

 at ambient conditions.

We consider two main particle properties impacted by the addition 

of impurities: (i) the absolute heat capacity and (ii) the mass density. It is 

assumed that the impurity content is homogeneously distributed inside 

the particle, except for sub-scenarios investigating the influence of the 

phase configuration described in Section 2.4.2. The influence of impu-

rities on the particle’s thermal conductivity and emissivity is neglected 

as demonstrated in supplementary material SM4.

The presence of impurities also modifies the combustion process due 

to: (iii) impurity melting, (iv) the creation of a complex ternary ox-

ide, and (v) an inhomogeneous spatial distribution of the liquid-phases. 

Concerning point (iv), it will be analyzed using phase diagrams as they

provide the complex phases that could be created from the reaction be-

tween iron, iron oxides, and metal oxide impurities. Nevertheless, the 

state described in phase diagrams is the chemical equilibrium state, 

which is not always reached due to the speed of the combustion pro-

cess (a few ms). This depends on the diffusion speed of the different 

elements relative to the oxidation rate. In this work, two extreme cases 

are considered: either the oxidation reaction is much faster than the cre-

ation of a complex oxide, leading to separate phases, or the complex 

oxide reaction is much faster than the oxidation kinetics, leading to an 

instantaneous complex oxide formation when the impurity reaches the 

liquid state.

2.4. Parametric approach 

2.4.1. Scenarios for the effects of specific heat capacity, mass density,

melting and liquid-state interactions

To highlight the effect of each modified parameter and induced phe-

nomena, three scenarios are defined and shown in Fig. 1. The initial 

state is always the same: A solid particle constituted of Fe and MOx. The 

iron particle temperature then rises due to oxidation. Melting is the first 

phase change occurring respectively at 1650 K for wüstite and 1811 K 

for iron.

Scenario 1 is intended to highlight the impact of the impurity’s spe-

cific heat capacity and mass density. Impurity melting is not included, 

even when exceeding its melting temperature. The impurity proper-

ties above the melting point are computed as an extrapolation of the 

solid-state properties.

In scenario 2, the impact of including melting of the impurity is stud-

ied. The difference from scenario 1 is that part of the created heat is 

consumed by the melting process and the liquid-state properties of the 

impurity are used to compute the temperature and size evolution of the 

particle. However, even if the whole particle is in the liquid state, liquid 

elements are assumed to stay immiscible.

In scenario 3, liquid-state interactions are included. When two liquid 

oxide phases are mixed together, the chemical equilibrium might imply 

the creation of a complex ternary liquid oxide containing Fe, M and O at 

a variable composition. The latter is generically denoted as FeM y z  

O
 

in 

the following. For each MO x 

concentration, a specific analysis of the Fe

FeO-MO x system must  

 

be conducted. In this work, we only consider that 

-

the reaction between liquid FeO and liquid MO x 

could create a complex 

phase. In reality, liquid Fe could also be involved and lead to a phase 

separation into a distinct Fe-rich and M-rich oxide phases. For simplicity 

and as liquid FeO is more present than liquid Fe when the impurity melts, 

the complex phase composition is extrapolated from the reaction in solid 

state between FeO and MO x 

. For example with Al 2 

O3  

, the liquid-state 

reaction is

FeO (l) 

+ Al 2 

O 3(l) ⟶ FeAl 2 

O 4(l) 

. (11)

We assume in this third scenario that the reaction above is much 

faster than oxidation kinetics, leading to an instantaneous complex oxide 

formation when the impurity melts. Based on a cross-analysis between 

literature [38–40] and the TCOX11 database from the Thermo-Calc soft-

ware, the binary phase diagram of each impurity with FeO indicates a 

production of FeAl 2 

O 4 

, Fe 2 

SiO 4 

and (Fe,Mn) (1-x) 

O. CaO is not consid

ered due to its high melting temperature of 3200 K. Mathematically, 

-

after the instantaneous conversion of all the impurity and the associated 

mass of FeO, Eq. (3) is replaced by

d𝑚 FeMyOz 

d𝑡 

= − 

d𝑚 evap,FeMyOz

d𝑡
, (12)

and the properties of the complex oxide phase are included.

2.4.2. Scenarios about liquid-state configurations

The spatial distribution of the liquid phases during the combustion 

process depends on the wettability between the phases and the interface 

energies [41]. A dedicated study of the wettability between the phases
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Fig. 1. The parametric procedure leads to three different scenarios: (1) No impurity phase change, (2) impurity melting and solidification without liquid-state 

interactions, (3) liquid-state interactions included.

for each system Fe-FeO-MO x 

could be conducted but is beyond the scope 

of this work. However, in addition to the general case of a homogeneous 

distribution of the phases within the particle, we consider four auxiliary 

sub-scenarios starting when the impurity melts. Once the whole par-

ticle is in the liquid state, the melted impurity might move either to 

the core or to the surface of the particle. As presented in the previous 

Section 2.4.1, the melted impurity can also react with liquid iron ox-

ide. This gives the four sub-scenarios illustrated in Fig. 2. Sub-scenarios 

2bis and 2ter are respectively associated with an impurity shell and 

an impurity core. Physically, they represent a case where the impurity 

moves either to the surface (2bis) or to the center (2ter) of the particle, 

without reacting with liquid iron oxide. Sub-scenarios 3bis and 3ter are 

similar to sub-scenarios 2bis and 2ter but liquid-state interactions are in-

cluded leading to the creation of a complex oxide. In all sub-scenarios, 

we assume that the liquid phases take the new spatial configuration in-

stantaneously after reaching impurity melting, assuming an infinitely 

faster movement of the liquid phases compared to the oxidation rate. 

Also, the liquid mixture of Fe and FeO is considered homogeneous, both 

in the core and the shell.

The new spatial distributions taken by the liquid phases impact the 

oxidation rate by modifying the particle radius used to compute the 

diffusive surface area (see Eq. (4)). As only Fe consumes oxygen, the 

internal radius is used in sub-scenarios 2bis and 3bis because iron is

Fig. 2. Four auxiliary sub-scenarios are tested with a different spatial distribu-

tion of the liquid phases after the impurity melts: The impurity shell (2bis), the 

complex oxide shell (3bis), the impurity core (2ter) and the complex oxide core 

(3ter).

concentrated in the core. This gives: 

𝐴 d = 4𝜋𝑟 

2 

int, (13)

with 𝑟int being the internal radius computed as 𝑟int = 𝑟 p−𝛿,  

   

where 𝛿 is the 

thickness of the impurity or complex oxide shell (as illustrated in Fig. 2 

for sub-scenario 2bis). Physically, this means that the shell behaves as a 

porous inert layer, maintaining the assumption of an infinitely fast inter-

nal diffusion of oxygen. This assumption is discussed later in Section 3.5. 

For sub-scenarios 2ter and 3ter, as liquid Fe is located at the surface of 

the particle, the total radius of the particle is used as in Eq. (4).

The spatial distributions of the liquid phases impact evaporation. As 

the latter is a surface process, only the species located in the shell will 

evaporate. In sub-scenarios 2bis and 3bis, the only species to evapo-

rate are respectively MO x and FeM yO z, preventing Fe and  

   

FeO from 

evaporating. Similarly, only evaporation of Fe and FeO is considered 

in sub-scenarios 2ter and 3ter. For each species, the evaporation is 

computed using Eqs. (6)–(8).

2.4.3. Output parameters

The influence of impurities is analyzed using three combustion pa-

rameters: (i) the peak temperature, (ii) the time to peak temperature, 

and (iii) the liquid combustion time (𝐿𝐶𝑇 ). The latter is the time be-

tween the start of iron melting and the peak temperature (as defined by 

Ning et al. [42]).

The mass evaporated depends on the composition of the liquid in 

contact with the surrounding gas and on the temperature as it dictates 

the equilibrium vapor pressure. Therefore, the peak temperature is re-

lated to nanoparticle formation: The higher the temperature, the higher 

the vapor pressure and the more nanoparticles are created. Another pa-

rameter influencing nanoparticle formation is the LCT, which is directly

correlated to the evaporation time (Eq. (6)). Also, Huang et al. [5] sug-

-

-

gested that micro-explosions result from the creation of a gas inside the 

particle and that the temperature gradient between the particle and the 

surrounding gas plays an important role in the micro-explosion behav

ior. Although a dedicated experimental study of the influence of the 

particle temperature on the probability of micro-explosion should be 

conducted, a lower particle temperature would lead to a lower proba

bility of internal boiling and a smaller temperature gradient which might 

reduce the occurrence of micro-explosions. Therefore, a positive impact 

of the presence of impurities inside the particle would be a decrease in 

the peak temperature with the same amount of heat released. Although 

NO emissions are already at a low level for iron combustion, the decrease 

in peak temperature and 𝐿𝐶𝑇 also reduces them.

Another important parameter is the powder energy density. Keeping 

the same amount of pure iron in the initial powder means the same
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Table 1 

Initial conditions corresponding to the combustion of an ignited 

impure particle with a varying impurity content in an ambient 

environment.

Inputs Symbol Value

Initial particle temperature [K] 𝑇p,in 

 

1100 

Gas temperature [K] 𝑇g as 

300 

Oxygen concentration [vol.%] 𝑋O 2 
21 

Initial iron mass [kg] 𝑚 Fe,0 

⋅ −105.15 10  

 

Impurity concentration [wt.%] 𝑌MOx 0 - 20

amount of energy is contained. However, the added impurity decreases 

the energy density. Compared to a pure iron powder, a larger volume 

and mass of impure powder are needed to transport and store the same 

amount of energy. A quantification of this decrease in energy density and 

the impact on the power of a practical burner is presented and discussed 

in Section 3.4.

2.5. Initial conditions

The model simulates the combustion of an ignited particle initially at 

1100 K inside ambient gas at 300 K and 21 vol.% oxygen concentration. 

−10In all cases, the mass of iron remains equal to 5.15⋅10  

 kg, the mass

of a pure iron particle with 50 µm diameter. The common set of initial 

conditions used is presented in Table 1.

3. Results and discussion 

3.1. Overall temperature evolution

The presence of impurities impacts the temperature evolution. As an 

illustration, the impact of the modified heat capacity and mass density 

is represented in Fig. 3 using scenario 1. In that case, the presence of 20 

wt.% of Al 2            

 

O3 

decreases the peak temperature by 124 K. The time to

iron melting increases by 1.78 ms and the time to the peak temperature 

decreases by 1.48 ms. Together, they lead to a difference of 3.26 ms in 

𝐿𝐶𝑇 .

3.2. Characteristic combustion time scales 

3.2.1. Impact of changing heat capacity and mass density

The time to peak temperature is driven by the oxidation rate. The 

higher the impurity concentration, the larger the particle diameter, es-

pecially for low-density impurities like SiO 2 

. However, a higher particle 

diameter means a larger diffusive surface area, increasing the oxidation 

rate (see Eq. (4)). As oxygen diffusion to the particle surface is assumed

Fig. 3. The temperature evolution for pure iron is compared to a case with 20 

wt.% of Al 2O 3 using scenario 1. The peak temperature  

  

decreases by 124 K. The 

time to iron melting increases by 1.78 ms and the time to the peak temperature 

decreases by 1.48 ms. Combining both impacts leads to a decrease in 𝐿𝐶𝑇 of 

3.26 ms.

to be the only rate-limiting mechanism, an increase in the particle di-

ameter leads to a decrease in the time to peak temperature. In scenario 

1 with 20 wt.% of SiO 2 

, the lowest-density impurity, the time to peak 

temperature decreases by 11.5 %.

With an increased absolute heat capacity, the particle requires more 

energy to reach iron melting temperature. The time to iron melting 

therefore increases with the impurity concentration, especially for impu-

rities with a high specific heat capacity like Al 2 

O3  

featuring an increase 

of 25.6 % from 0 to 20 wt.%.

As the time to peak temperature decreases due to the lower mass 

density and the time to iron melting increases due to the higher abso-

lute heat capacity, the 𝐿𝐶𝑇 decreases with the impurity concentration 

as it is the difference between the two. The decrease is accentuated for 

impurities combining a high specific heat capacity and a low mass den

sity. Therefore, SiO 2 features  

 

the highest decrease in 𝐿𝐶𝑇 of 23.1 % 

(from 16.96 ms at 0 wt.% to 13.05 ms at 20 wt.%). For the other impu

rities at 20 wt.%, the decrease equals 19.2 %, 18.2 %, and 13.9 % ms 

respectively for Al 2 

O3  

, CaO, and MnO.

-

-

3.2.2. Impact of the liquid phase’s spatial distribution

The presence of a shell (2bis and 3bis) involves a longer 𝐿𝐶𝑇 , while 

the latter does not change with the presence of a core (2ter and 3ter). 

The time to iron melting is not influenced by the liquid phase’s spa-

tial distribution as the sub-scenarios (Fig. 2) all start when the impurity 

melts. The change in the time to peak temperature is thus equal to that 

in 𝐿𝐶𝑇 . As presented in Section 2.4.2, the presence of a shell reduces 

the diffusive surface area to the internal core of iron and iron oxide. This 

implies a lower oxygen flux, a lower oxidation rate and subsequently a 

higher 𝐿𝐶𝑇 . As the presence of an impurity/complex oxide core (2ter 

and 3ter) does not impact the diffusive area, it does not influence the 

𝐿𝐶𝑇 . A thicker shell leads to a higher relative variation of the 𝐿𝐶𝑇 as 

it reduces the volume of the internal sphere. Therefore, a shell of the 

lowest-density impurity (SiO 2 

) leads to the biggest relative increase in 

𝐿𝐶𝑇 of 17 % compared to a homogeneous case. This value is even big-

ger (+55.3 %) with the presence of a complex oxide shell (3bis) due 

to the fraction of FeO moved from the internal core to create the com-

plex oxide in the shell. The increase in 𝐿𝐶𝑇 reaches 5.8 % and 11.5 % 

respectively for a MnO and (Fe,Mn) (1-x) 

O shell due to the higher mass 

density of MnO and the lower fraction of FeO inside the complex oxide. 

Concerning an Al 2 

O3  

shell, it induces a low increase in 𝐿𝐶𝑇 of 1.5 % 

due to the limited impurity concentration still leading to full melting as 

explained in Section 3.3.2.

3.3. Peak temperature, evaporation and NO emissions 

3.3.1. Impact of changing heat capacity

Increasing the absolute heat capacity with the same heat release de-

creases the peak temperature. Oxide impurities act as a thermal buffer, 

absorbing part of the heat that previously increased the pure iron 

particle temperature. Therefore, a lower peak temperature is reached 

especially for impurities with a high specific heat capacity: Using sce-

nario 1, 20 wt.% of impurity decreases the peak temperature by 124 K 

for Al 2O 3 and SiO 2, by 97 K for  

   

CaO, and by 82 K for MnO compared to 

a pure iron case.

3.3.2. Impact of impurity melting

Two properties drive the impact of impurity melting on the peak 

temperature: The melting temperature (𝑇 melting 

) and the specific latent 

heat of melting (𝑞 melting 

), both listed in Table 2. CaO is not affected as 

the peak temperature (2457 K at a maximum) never reaches its melt-

ing temperature (3200 K). For MnO and SiO 2 

, the melting temperature 

(respectively 2120 K and 1996 K) is always reached in the considered 

range of impurity concentration. Therefore, as shown in Fig. 4 using 

scenario 2, the peak temperature continuously decreases with the im-

purity concentration. This is due to both the effect of the heat capacity 

and that of melting. For Al 2 

O3  

, the melting temperature (2345 K) is only 

reached with an impurity concentration lower than 8.3 wt.%. Therefore,
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Table 2 

Melting temperature and specific latent heat, also reported relative to 

the LHV of iron assuming oxidation to FeO, of the considered impuri

ties. Due to its high 𝑇 melting 

, CaO does not melt. The two elements with 

the highest 𝑞 melting are Al 2 

O3  

and MnO.

-

Impurity Al 2 

O 3 SiO 2 MnO CaO

𝑇 melting [K] 2345 1996 2120 3200

𝑞 melting [kJ/kg MOx 

] 1102 149 601 1420

𝑞 melting/𝐿𝐻𝑉 Fe→FeO [%] 22.6 3.1 12.3 29.2

a plateau of peak temperature corresponding to its melting tempera-

ture is obtained when considering a concentration up to 18.4 wt.% (see 

Fig. 4). The plateau starts when Al 2 

O 3 

does not melt completely any

more, transitioning from full to partial impurity melting. In that case,

the heat released by iron oxidation is high enough to reach the impu

rity melting temperature, but not enough to completely melt it. Only a 

-

 

-

fraction is melted so the peak temperature remains equal to the melt-

ing temperature. This fraction decreases along the plateau due to the 

increased absolute heat capacity. Partial melting ends when the impu-

rity melting temperature is no longer reached. Afterward, only the effect 

of the increased absolute heat capacity decreases the peak temperature, 

explaining the lower slope compared to full melting. The presence of an 

impurity with a melting temperature close to but lower than the pre-

dicted peak temperature could therefore be used to control the flame 

temperature.

When impurity melting is included, the peak temperature signifi-

cantly decreases: A decrease of 64 K and 70 K is observed respectively

for MnO at 20 wt.% and Al 2 

O3  

at 8.3 wt.% (see Fig. 4). The lower de-

crease of 19 K for SiO 2 

at 20 wt.% is explained by its lower 𝑞melting 

 

of 

149 kJ/kg compared to 601 kJ/kg and 1102 kJ/kg respectively for MnO 

and Al 2 

O 3 

. When including impurity melting, the peak temperature evo

lution for MnO and SiO 2 

is similar due to the high 𝑞melting 

 

of MnO despite 

-

a lower specific heat capacity than SiO 2 

. In summary, the decrease in 

peak temperature is the highest for an impurity with a high 𝑞 melting 

and

the highest concentration possible while still guaranteeing full melting.

Fig. 4. Impurity melting decreases the peak temperature, especially with a high 

MOx concentration and 𝑞melting when full impurity melting occurs. Cases with 

solid curves include impurity melting while those with dashed curves do not. 

The full melting region might be limited up to a certain concentration depending

on 𝑇melting of the impurity like for Al 2O 3         

  

. In that case, partial melting occurs and

the peak temperature evolution plateaus at 𝑇melting 

 

.

3.3.3. Impact on NO emissions

NO production is governed by the evolution of O radicals’ concentra-

tion, determined by the gas concentration and temperature (Eq. (9)). As 

oxide impurities do not consume oxygen during combustion, their main 

influence on NO emissions comes from their impact on temperature. 

Using scenario 2, Al 2 

O3  

is the most efficient in reducing NO emissions 

for an impurity addition of up to around 10 wt.% (depending on 𝛼 NO 

), 

with more than 50 % NO reduction for an addition of 5 wt.% (see Fig. 5). 

For a larger impurity concentration, SiO 2 

and MnO are the most effi

cient: A reduction of 90 % is achieved for an addition of 20 wt.% of 

MnO or SiO 2 

.

-

As explained in Section 2.2.1, a tuning value 𝛼 NO 

varying between 

0.12 and 0.3 is used to determine the gas temperature relevant for NO 

production, between 1800 K and 2200 K. Regarding the small thick-

ness of shaded areas in Fig. 5, the relative evolution of NO emissions is 

not strongly impacted by 𝛼 NO. Only the absolute values  

 

change: Between

30.7 and 3.6mg/m3 for 𝛼 = 0.12 and between 0.045 and 0.004mg/m3 

      NO         

 

for 𝛼N O = 0.3 from a pure iron  

 

case to 20 wt.% of MnO. As a compar

ison, 

-

Wiinikka et al. [25] measured NO emissions between 31.5 and 

36.2 mg/m 

3 in an iron flame and Baigmohammadi et al. [34] measured 

a NO production between 14.8 and 21 mg/m 

3 . These values are more 

similar to those obtained with 𝛼 NO 

= 0.12. However, the presence of wa-

ter vapor during the experiments could have enhanced NO production 

by increasing the concentration of OH radicals as numerically observed 

by Ravi et al. [33]. Therefore, a high uncertainty still remains regarding 

the exact value of 𝛼 NO 

which justifies the range taken in this work.

Fig. 5. NO emissions decrease with MO x 

concentration due to the associated 

lower temperature level. They are represented relatively to a pure iron case. The 

shaded area represents the relative NO emission for a coefficient 𝛼N O 

varying 

between 0.12 and 0.3. Below a concentration of 10 wt.%, Al 2 

O 3 

features the

biggest decrease, while it is MnO and SiO 2 

at higher concentrations.

3.3.4. Impact on evaporation

Two main parameters influence evaporation: The temperature and 

the 𝐿𝐶𝑇 . The vapor pressure of each element increases with tem-

perature, dictating the evaporation rate, while the 𝐿𝐶𝑇 defines the 

evaporation duration period. The indicator used to quantify the total

amount of evaporation is the total relative mass evaporated, namely 

the sum of all gaseous species divided by the mass of the particle. 

As illustrated in Fig. 6, it decreases with the impurity concentration: 

Below a concentration of around 10 wt.%, Al 2O3 features the  

  

biggest

decrease with 0.111 wt.% evaporated at 5 wt.% compared to 0.182 

wt.% for pure iron. Above 10 wt.%, SiO 2 

becomes the impurity involv-

-

-

-

ing the lowest total evaporation with 0.029 wt.% at 20 wt.%. The values

obtained for the total relative evaporation are comparable to the mea

surements of Prasidha et al. [26] between 0.01 wt.% and 0.13 wt.% of 

iron evaporated, but well below the other measurements between 1.2 

wt.% and 20 wt.% [6,25,27–29]. Despite the non-negligible experimen

tal uncertainties associated with the varying experimental conditions 

(flame configuration, oxygen concentration, iron particles, gas compo

sition), the low estimation of the current model for the mass evaporated 

comes from the assumption of a diffusion-limited evaporation (see
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Fig. 6. The evaporated mass of all species reported on the total mass of the parti-

cle decreases with MO x 

concentration due to the decrease in peak temperature.

Below 10 wt.%, Al 2O3  

  

features the biggest decrease in evaporation while above

that point it is SiO 2 

.

Section 2.2). As discussed by Chang et al. [29], this assumption corre-

sponds to the slowest mechanism of evaporation, representing a lower 

bound. Another approach consists of assuming a surface-kinetic-limited 

evaporation regime for which the evaporation rate is limited by the rate 

at which evaporated molecules move away from the liquid surface. As 

shown in their numerical simulations, this gives an estimation of the 

upper bound of the iron mass evaporated (close to 5 wt.% for 21 % 

oxygen). In addition, the work of Nguyen et al. [21] showed that re-

solving the boundary layer by including gaseous reactions, i.e., starting 

from liquid FeO as the first precursor, may lead to larger estimations 

of the mass evaporated (between 6 and 12 wt.%). As the exact mecha-

nism for nanoparticle formation is still unclear, and even more so when 

impurities are present, further work is still needed both to extend ex-

perimental datasets in different experimental conditions and to improve 

existing numerical models.

Among the different species, Fe and FeO evaporate most. The most 

evaporative impurity is MnO. However, even at 20 wt.% of MnO, its 

evaporation accounts for only 16 % of the total mass evaporated (0.03 

wt.%) while that of Fe and FeO accounts for 46.5 % and 37.5 %. As 

evaporation is a surface process, it is highly influenced by the spatial 

distribution of the liquid phases: Only the species present at the particle 

surface evaporate. Using the sub-scenarios described in Fig. 2, the largest 

decrease in total mass evaporated occurs when an impurity shell forms 

(2bis) (from −46 % for Al 2O3 to −82.8 % for SiO 2 compared  

   

to a homo-

geneous case). This results from the limited evaporation of Fe and FeO 

inside the core. The mass evaporated therefore depends on the propen-

sity of the impurities or complex oxides to evaporate. Subsequently, the 

presence of a complex oxide shell (3bis) leads to more evaporation than 

an impurity shell (2bis): The total mass fraction evaporated decreases by 

17.1 % with a Fe 2SiO 4 shell compared to 82.8 % with a SiO  

  2 

shell. When 

an impurity core (2ter) forms, it only prevents liquid MO x 

evaporation 

and leads to a smaller decrease in total mass fraction evaporated as iron 

(oxide) evaporation represents most of the mass evaporated. These re-

sults show that estimating evaporation requires a good understanding of 

the liquid-phase configuration and especially of the surface composition.

According to the current results, the presence of impurities mitigates 

evaporation and mass losses. Nevertheless, the uncertainty about the 

exact phase distribution during impure iron particle combustion compli-

cates the liquid-gas interaction at the basis of the evaporation process. 

Large variations from the predictions of the homogeneous case could 

be obtained in case of inhomogeneous spatial distribution of the liquid 

phases within the particle.

3.3.5. Impact of liquid-state interactions

Liquid Al 2 

O3  

, SiO 2 

and MnO can react endothermically with FeO to 

form a complex oxide phase. Table 3 presents the enthalpies correspond-

ing to the formation of this phase. Using scenario 3, a decrease in peak

Table 3 

Melting temperature and formation energy of each complex ternary oxide cre-

ated when reacting with FeO. The formation reaction is slightly endothermic. 

Current data were obtained using the TCOX11 database from the Thermo-Calc 

software.

Complex oxide FeAl 2 

O 4 Fe 2 

SiO 4 (Fe,Mn) (1-x) 

O

Melting temperature [K] 2289 1475 1868

Formation energy [kJ/kg FeMyOz 

] 18 94 113

Formation energy/LHV Fe→FeO 

[%] 0.4 1.9 2.3

temperature of 10.4 K, 35.4 K, and 31.5 K is achieved respectively with 

7.8 wt.% of Al 2 

O3  

, 20 wt.% of SiO 2  

 

, and 20 wt.% of MnO. Two com

ments should be made here. First, the Al 2 

O3  

concentration leading to the

biggest decrease in peak temperature is now 7.8 wt.% compared to 8.3 

-

wt.% previously. This results from a shift of the limit between full and 

partial melting due to the heat necessary to create the complex oxide 

phase. Second, the decrease in peak temperature is slightly greater with

SiO 2 

than MnO despite the lower formation energy of FeAl 2 

O4 . This is

due to the 1.7 times more mass of complex oxide created with 20 wt.% 

of SiO 2 

than with 20 wt.% of MnO.

The presence of a complex oxide phase also modifies evaporation. As 

presented in supplementary material SM3, its intrinsic vapor pressure is 

close to that of the oxide impurity at its origin. Therefore, the fraction 

of FeO used to create the complex oxide evaporates according to that 

vapor pressure rather than that of FeO. The impact on evaporation is 

therefore greater when a high proportion of FeO is needed to create the 

complex oxide and when its vapor pressure is very different from that of 

FeO. Therefore, the largest difference occurs for SiO 2 as Fe 2SiO 4 requires 

   

most mass of FeO per mass of impurity: At 20 wt.%, the relative total 

mass fraction evaporated goes from 0.029 wt.% to 0.035 wt.% when 

including liquid-state interactions. In that case, the mass evaporated in-

creases due to the higher tendency of Fe 2 

SiO 4  

 

to evaporate compared 

to FeO. For MnO and Al 2 

O3  

, the impact is negligible due to the lower 

mass of FeO required or the smaller difference in vapor pressure.

3.4. Energy density and power of a practical burner

The presence of an inert element decreases the powder energy den-

sity, especially with low-density impurities: A powder containing 20 

wt.% of SiO 2 

exhibits a decrease in energy density of 37.2 % com

pared to 23.7 %, 28.3 % or 32 % with 20 wt.% of MnO, Al 2 

O3 or CaO. 

-

The consequence of the lower energy density is increased transport and 

storage costs. A dedicated economic analysis should be conducted to 

quantify these costs and find the trade-off between the savings from the 

production and the extra transport and storage costs.

The decrease in energy density leads to a decrease in power for a 

burner using impure powder. To quantify this, let us consider a 12 MW 

biomass-fired boiler as described in [43] converted into an impure 

iron powder burner. For a pure iron case, it burns 1.7 kg/s of powder 

with a degree of oxidation of 50 % magnetite and 50 % hematite as 

achieved in [23,34]. For the different impurities, we assume the same 

oxidation degree and a constant powder volume flow rate. In practice, 

the amount of injected powder is limited by the range of volume flow 

rates allowed by the injection system, either to ensure a self-sustained 

flame for the minimum flow rate, or as imposed by the design limits and 

flame stability for the maximum flow rate. Therefore, when increasing 

the impurity concentration, part of iron is replaced by an impurity 

which decreases the power (see Fig. 7). Similar to the energy density, 

power decreases more for low-density impurities. At 5 wt.% impurity 

concentration, the power decreases from 12 MW to between 10.5 MW 

and 11.2 MW respectively for SiO 2 

and MnO. At 20 wt.%, it decreases 

to between 7.5 MW and 9.2 MW.

As presented in Section 3.2.1, the presence of impurities decreases 

the combustion time. This might decrease the size of the flame and the
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Fig. 7. Power evolution of a practical impure iron powder burner inspired by 

a 12 MW biomass-fired boiler [43]. The power decreases with the impurity 

concentration, especially with low-density impurities.

injected powder flow rate might need to be adapted. One could con-

sider oversizing the powder feeding system to maintain a constant power 

regardless of the impurity concentration. However, the large variability 

of the impurity concentration in low-cost unvalued iron sources makes 

it difficult to control this parameter. On the contrary, the design of a 

burner dedicated to impure iron powder should be able to handle a large 

variability in its power. A future study should be dedicated to the con-

trol of the flame when varying composition of impurity-containing iron 

powders.

The energy density can also be decreased by the formation of com-

plex oxides, preventing full oxidation of Fe. A more detailed study about 

the kinetics underlying the competition between complex oxide forma-

tion and oxidation of FeO should be conducted. Yet, the upper limit of 

the fraction of energy not released can be estimated based on a worst-

case scenario by assuming that all the FeO used to create the complex 

oxide cannot be further oxidized. The decrease in energy release is par-

ticularly important for Fe 2SiO 4 with 20.3 % of energy  

  

not released due 

to the higher proportion of FeO needed (70.5 % in Fe 2 

SiO 4 

compared to 

40.7 % and 50.3 % in FeAl 2 

O4  

and (Fe,Mn) (1-x) 

O, respectively).

The results and discussion presented in this section suggest that a 

stable flame is achieved regardless of the impurity content. However, 

impurities may affect the ignition temperature of the powder, which 

in this study is assumed to be constant and equal to that of pure iron. 

A reduction in ignition efficiency could negatively impact flame stabil-

ity. Therefore, additional experimental ignition tests on impure powders 

should be performed, complemented by advanced CFD simulations.

3.5. Impact of model assumptions

In this study, the combustion regime is limited only by the external 

diffusion of oxygen to the particle surface, assuming that oxygen surface 

chemisorption and internal ion diffusion occur infinitely fast. While it 

has been presented in Section 1 that including these mechanisms pro-

vides a better fit for the temperature evolution during the initial heating 

rate and the peak temperature, it is still not possible to extend the work 

done on pure Fe to impure cases. First, to include surface chemisorption 

as in [15], dedicated reactive force fields of Fe-O-MOx systems must first 

be identified, as the results are highly sensitive to them [44]. Second, the 

uncertainty regarding the high-temperature oxygen diffusion coefficient 

inside iron and its oxides becomes more pronounced when considering 

layers of MO x 

or complex oxides. This hinders a proper prediction of the 

limiting mechanism in impure particle combustion.

To overcome the lack of internal diffusion coefficient, the oxygen 

internal diffusion rate used by Fujinawa et al. [16] in their heuristic 

model was used for iron oxide and divided by a factor from 1 to 10 for 

the oxide impurities. This value has been chosen based on a measure

ment of the oxygen diffusion coefficient inside Al 2 

O3  

[45] showing that

-

it is expected to be lower than that inside FeO by at least one order 

of magnitude. Decreasing the oxygen diffusion coefficient by a factor 

of 10 makes the combustion internal-diffusion limiting from the begin-

ning. Therefore, the presence of impurities with a low oxygen diffusion 

coefficient is expected to lead to a combustion regime more limited by 

the internal diffusion, as also suggested by Peng et al. [8] due to a Si-

containing oxide layer. From their results, it can be expected that the 

combustion time of the particles increases due to a mitigated oxidation 

rate of the core, or that the particles feature several local temperature 

peaks resulting from a consecutively increased and decreased oxidation 

rate. Nevertheless, too many unknowns remain to accurately model the 

combustion of an impure iron particle including all rate-limiting mech-

anisms. Oxygen internal diffusion coefficient inside iron oxide and the 

oxide impurities should be measured experimentally. Besides, although 

recent studies [46–48] suggest that a core-shell structure between liq-

uid iron and liquid iron oxide takes place, the configuration of the 

phases when an impurity is present is yet unclear. It will modify liquid-

phase properties such as the wettability, the surface energy, etc. All of 

this makes the internal-diffusion-limited regime too difficult to be accu-

rately modeled at this point. Therefore, further research is required to 

investigate the impact of internal transport.

3.6. Recyclability

According to the Ellingham diagram, iron oxides have a higher 

tendency to be reduced using hydrogen than the other considered 

metal oxides [49]. Therefore, the resulting particle from an ideal re-

duction process where all iron is reduced is composed of pure iron 

and the oxide impurities. Reducing the oxide impurities would require 

more energy or another species for the reductant gas. Therefore, non-

volatile impurities remain in the oxide form throughout the consecutive 

combustion-reduction cycles.

It is important but difficult to predict the influence of oxide impu-

rities on the reduction of impure iron powder because it depends on 

several operating conditions. Their impact could vary depending on the 

reduction temperature, the impurity concentration or its distribution 

within the particle. The current gap in knowledge mainly arises from 

the lack of experimental data. Yet, a few studies discussed in the work 

of Choisez et al. [4] have addressed the influence of oxide impurities 

during hydrogen-based direct iron reduction and the literature review 

will be further extended in this section.

The influence of impurity addition on the reduction of iron oxides, 

such as SiO 2, CaO, Al 2O 3 and MnO, has been mostly studied  

   

in the con

text of reducing iron ore pellets in blast furnaces. The change in porosity 

-

and surface area of the initial pellets with the addition of impurities can 

have a major impact on the reduction kinetics. Yet, the combustion prod-

ucts expected in the context of iron fuel present different morphology 

and porosity as compared to the pellets. Therefore, the impact of doping 

on the reduction kinetics via their influence on the initial morphology 

of the pellets should be disregarded in this context. Several observations 

made in these studies can nevertheless provide insights into the posi-

tive/negative influence that can be expected from these doping elements 

on the reduction process.

Si enters into solid-solution in hematite with up to 5 wt.% SiO 2 

ad-

dition [50,51], after which an additional presence of SiO 2 

phase was 

detected [52]. During the reduction process, the reaction between FeO 

and SiO 2 

leads to the formation of Fe 2 

SiO 4 

[50,52–54] and other sil-

icates such as Fe 0.67 

Si 0.08 

O [53,55]. These silicates exhibit a lower 

reducibility and their formation decreases the porosity of the pellet 

[53–55]. Consequently, a shift towards lower diffusion-limited reduc-

tion kinetics is observed at the end of the reduction process in the range 

of 800 

◦ C to 1100 

◦ C [50,53–56]. A significant decrease in the reduction 

kinetics was also reported for temperatures over 1200 

◦ C, due to the for-

mation of a dense Fe layer at the boundary between the gas phase and 

a Si-rich liquid oxide at the surface of the particle [57]. A strong inhibi-

tion effect of Si-doping on hematite-dense thin film during its reduction
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process at 700 

◦ C under Ar and 5 % H 2 

was also reported due to the 

formation of a Si-rich oxide layer at the film surface [58].

Ca enters into solid-solution in FeO up to its solubility limit (around

5.8 wt.%) [54], after which the complex oxide Ca 2 

Fe 2 

O5 is stabilized,

after pelletization at 1000 

◦ C [54]. The addition of CaO to FeO is as-

sociated with an expansion of the FeO lattice parameter, promoting Fe 

reduction through a faster cationic diffusion [53,54]. Moreover, CaO 

addition has been linked to a more porous morphology of the reduced 

Fe, promoting gaseous diffusion [59]. Wang et al. [51] also claimed 

that CaO-doping of FeO increases the nucleation site density for re-

duced Fe. A global increase in the reduction kinetics was reported with 

the addition of CaO in presence of Si-doped hematite pellets [51]. A 

higher reducibility is reported for basic briquettes compared to acidic

briquettes, i.e., for a high ratio of CaO/SiO 2 

, especially at high reduc

tion  

 temperatures (900 

◦C). When both CaO and Al 2O3 are added 

 

to

dense FeO, the reduction rate using H 2 

in the range 670–930 

◦ C in-

creases with CaO content due to the promotion of a more porous reduced 

-

Fe layer [60].

Depending on the pelletization temperature and amount of Al 2 

O3  

, Al 

can enter into solid-solution in Fe 3 

O4  

or stabilize FeAl 2 

O4 phase [61]. 

During the reduction of Fe 3 

O 4 

to FeO, Al cations migrate from the re

duced FeO to the unreduced Fe 3 

O4  

due to their low solubility in FeO 

-

[62,63]. Al enrichment in Fe 3 

O4  

leads to the stabilization of FeAl 2 

O4  

at 

the interface between FeO and Fe 3 

O4  

[62]. The strong volume changes 

between reduced FeO and FeAl 2 

O4  

lead to local crack formation at their

interface, which is accelerated in the case of large initial Fe 3 

O4  

grains

[62]. The dynamic cracking is associated with an increase in surface 

area, accelerating the reduction kinetics of the pellets with the addition

of 1 to 4 wt.% of Al 2O3 in  

  

Fe3 

O4 pellets using CO as a reducing agent

at 950 

◦ C [62]. A similar acceleration of the reduction kinetics was re-

ported for the addition of 3 wt.% of Al 2O 3 in Fe 3O4 pellets, reduced 

    

using CO gas at 750–850 

◦ C [63]. However, increasing the amount of 

Al 2 

O3           

 

addition to 6 wt.% strongly reduced the reduction kinetics, and

nearly stopped the reduction process for 12 wt.% of Al 2 

O 3 

[63]. This

negative effect was associated with the lower reduction temperature 

compared to the work of Paananen et al. [62]. Below 850 

◦ C, thermo-

dynamics require a direct phase transformation from Fe 3 

O4 to FeAl 2 4  

O

with further Al enrichment, which is kinetically complicated due to the 

complex cationic rearrangement required [63]. Consequently, the reduc-

tion of Fe 3 

O4  

to FeO stops once the solubility limit of Al in magnetite is

reached [63]. A general decrease in hydrogen-based reduction kinetics 

at low temperatures (300–500 

◦ C) was also reported with the addition

of 0.5 to 5 wt.% of Al 2   

lution of Al in Fe 3O4 is thermodynamically possible up  

  

to the formation 

of FeAl 2 

O4           

 

, allowing a larger reduction level to be reached, and im

proving the reduction kinetics by the formation of cracks [

O 3 in Fe 2O3 pellets [64]. Above 850 

◦ C, a solid so-

-

61–63]. The 

addition of 0.5 wt.% of Al 2O3 in dense  

  

FeO plates resulted in low reduc

tion kinetics due to the formation of a dense outer Fe layer, preventing 

the diffusion of the reactant hydrogen gas to the reaction interface [

-

60]. 

Yet, increasing Al 2O 3 addition to 1 to 5 wt.% of Al 2O3 accelerated  

    

the re

duction kinetics due to the local distortion of the lattice around FeAl 2 

O4  

precipitates [

-

60].

The addition of 2 to 6 wt.% of MnO 2 

in Fe 2 

O3  

pellets resulted in the 

formation of MnFe 2O4 phase, due to the  

  

reduction of MnO 2 

into MnO, 

which reacts with Fe 2 

O 3 

to form MnFe 2 

O4  

[50]. The formation of these

complex ternary oxides reduces the reduction kinetics under 1000 

◦ C

[65] due to the low reducibility of MnFe 2 

O4  

[66] and the formation of

dense Mn-doped FeO phase [65]. An acceleration of the reduction kinet-

ics was observed over 1000 

◦ C due to an increased swelling phenomenon 

with the formation of these ternary oxides, increasing the surface area 

of the pellets due to the formation of micro-cracks on the surface [50]. 

The addition of both MnO 2 

and SiO 2 

in Fe 2 

O3  

pellets results in strong 

decrease in the reduction kinetics due to the formation of low reducible 

(Fe,Mn) 2 

SiO 4 

phase [50].

To summarize, a general negative effect of Si and Mn oxide impuri-

ties can be expected on the reduction kinetics of combusted Fe oxide,

due to the low reducibility of the complex ternary oxide phases formed. 

The addition of Al 2 

O3 can favor the reduction kinetics through a lo

cal distortion of the crystal lattice and/or dynamic cracking under the 

-

condition of stabilizing the hercynite phase. A general positive effect 

can be expected with the addition of CaO due to the expansion of the 

crystal lattice of wüstite, an increased density of nucleation sites for Fe 

and a more porous morphology of the reduced Fe. This literature review 

shows that it may change with each specific impurity, in each specific 

experimental condition (morphology of the products to be reduced, con-

centration, temperature, etc). Subsequently, more experimental studies 

of the reduction of impure powders with varying impurity compositions 

and under varying experimental conditions are recommended.

4. Conclusion and work perspectives

Using a fully external-diffusion-limited single-particle combustion 

model, the goal of this study was to improve our understanding of the 

impact of four non-volatile oxide impurities present in iron powders with 

a varying concentrations from 0 wt.% to 20 wt.%: Al 2 

O3  

, SiO 2 

, MnO, 

and CaO.

The presence of these impurities decreases the peak temperature (up 

to 146 K with 20 wt.% of MnO) due to the additional mass inside the 

particle and the impurity melting. Assuming the same iron content re-

gardless of the impurity concentration, the liquid combustion time and 

the time to peak temperature decrease with the impurity concentration 

(respectively up to 11.5 % and 23 % with 20 wt.% of SiO 2 

). Decreasing 

them while keeping the same amount of heat released is interesting for 

a practical burner. First, it limits evaporation and thus powder losses. 

Second, it decreases the tendency for micro-explosions, also leading to 

mass losses. Third, NO emissions are reduced, even though they do not 

represent a major problem in iron particle combustion.

After melting, the configuration taken by the liquid phases influences 

the combustion time and evaporation. If an impurity or a complex oxide 

shell forms, the liquid combustion time increases if the particle keeps 

burning in an external-diffusion-limited regime and more importantly 

Fe and FeO evaporation is limited.

The use of impure iron sources also brings challenges. First, oxide 

impurities represent a dead weight. For the same volumetric flow of 

powder injected inside a burner, the power produced decreases. As the 

impurity content varies considerably among impure iron sources, this 

implies designing burners able to adapt their power range and work with 

a high variability of powder composition. Second, this work highlights 

the potential creation of a complex oxide phase resulting from the liquid-

state interactions between liquid iron oxide and the melted impurity. 

Even though its formation barely impacts the temperature evolution, this 

could prevent further oxidation to Fe 3 

O4  

or Fe 2 

O3  

and a proper reduc

tion of Si-containing or Mn-containing complex phases. Subsequently, 

-

this would prevent both a complete energy release during the combus-

tion, decreasing the efficiency of the closed metal-fuel cycle, and also 

impact the circularity of the powder if it cannot be reduced back to its 

initial state.

Among the four non-volatile oxide impurities studied, none of them 

appeared to be avoidable when working with impure iron powder. Even 

though they have to be tested experimentally, this is a good sign that 

unused impure iron sources could be utilized in the MeCRE.

Further experimental studies involving microstructure analysis are 

required to better understand whether a complex phase is created during 

the combustion and how it impacts the reduction process. Experiments 

could also help to better understand the configuration adopted by the 

phases throughout the combustion process. Building an experimental 

database about the temperature evolution and combustion time is cru-

cial to validate the predictions of the current model. In particular, the 

impact of impurities on the transition between the external- and internal-

diffusion-limited regimes should be investigated. This would require 

determining the evolution with temperature of the internal oxygen 

diffusion coefficients within liquid oxide impurities.
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