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A B S T R A C T   

The oxidation of chromite pellets prior to smelting in a submerged arc furnace is key to ensuring that maximum 
benefit can be derived in the subsequent smelting step. Oxidized pellet feed material reduces operating costs by 
increasing energy and reductant efficiency, as well as increasing chrome recoveries. 

There is significant compositional variance in chromites used in South African chromite smelting operations 
due to the different seams from which the materials are mined. The impact of these variances on the extent and 
rate of oxidation of chromite ores has not been studied before, and it was the impetus for this study. 

A detailed kinetic study was carried out on three different types of chromite ores, originating from different 
commercially mined seams in South Africa, specifically the UG2, LG6 and MG seams. Thermogravimetric 
analysis was performed on these samples in air at temperatures ranging from 873 to 1473 K, which was used as 
input to the kinetic analysis. The proposed mechanism of chromite oxidation was found to occur in two stages: 
initially by random nucleation and growth of a sesquioxide phase, followed by a three-dimensional diffusion- 
controlled mechanism. The activation energy for oxidation was found to be similar for UG2 and LG6 ore, but 
higher for MG at all tested temperatures. 

The effect of chromite composition, temperature, and time on the extent of oxidation (α) was further quan-
tified and captured in a single regression equation, confirming that time and temperature increase the extent and 
rate of oxidation. The Ti content was found to be directly correlated with higher values of α for a given time and 
temperature. The regression equation partially resembles the functional form of the diffusivity equation for 
cations in chromite found in the literature. It was also found that the distribution between Cr and Al impedes 
oxidation, with higher Cr content resulting in lower values of α for a given time and temperature.   

1. Introduction 

Stainless steel is used in various applications by many industries 
(Dishwar et al., 2020) due to its excellent corrosion prevention prop-
erties. Chromium is the alloying element responsible for these corrosion 
properties, and the only commercially recoverable source of chromium 
is chromite ore (Koleli & Demir, 2016). Chromite belongs to the spinel 
group of minerals and is a complex solid solution phase with the 
chemical formula AB2O4 where A = Mg2+, Fe2+, etc. and B = Cr3+, Al3+, 
Fe3+, etc. (Kharbish, 2018). Chromite ore cannot be added to stainless 
steel directly, therefore the ore is reduced carbothermically to a ferro-
chrome alloy to concentrate the Cr and remove Mg and Al. Carbothermic 
reduction is usually achieved in submerged electric arc furnaces (SAF), 
where specific energy consumption can be as high as 4.8 MWh per ton of 

ferrochrome (Yu & Paktunc, 2018). Oxidative roasting of chromite, 
however, can alter the crystal structure of chromite by forming a new 
sesquioxide phase (M2O3 with M = Fe3+,Al3+,Cr3+), which can improve 
the subsequent reduction kinetics (Zhao & Hayes, 2010). Oxidation of 
Fe2+ in chromite to Fe3+ prior to smelting has the dual benefit of using 
CO present in SAF off-gas as reductant, while also allowing iron oxide 
reduction reactions to start at lower temperatures (Du Preez et al., 2019; 
Erasmus, 1995). It is, therefore, not surprising that an oxidizing pre- 
treatment is recommended for South African chromite concentrate 
(Beukes et al., 2010; Kleynhans et al., 2017). 

Many researchers have studied the oxidative pre-treatment of chro-
mite. Tathavakar et al. (2005) found that South African chromite spinel 
underwent complex phase transformations during oxidation and pro-
posed that the final composition of the spinel depends on the kinetics of 
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two reaction steps, both depending on oxygen partial pressure. One 
reaction involves the redissolution of a Fe-rich maghemite phase that 
formed during initial oxidation, and the second reaction involves further 
oxidation of Fe2+ into a stable sesquioxide compound. 

Borra et al. (2010) investigated the oxidation of chromite ore from 
the Sukinda region in India between 1073 and 1173 K, confirming the 
formation of Fe2O3-rich sesquioxide during oxidation in increasing 
amounts as temperature and residence times increased. Kapure et al. 
(2010) found that when ore from the Sukinda region in India was first 
exposed to two hours of pre-oxidation at 1173 K, the degree of Fe and Cr 
metallization was subsequently improved when reducing with coal. 
Biswas et al. (2018) investigated the oxidation kinetics of 4–8 mm pel-
lets produced from Sukinda chromite concentrate between 973 K and 
1273 K and found that the phase transformation of chromite spinel to 
sesquioxide phase was governed by oxidation of Fe2+ into Fe3+ ions. 
They found that the best fit for a kinetic model was one of mixed control, 
both chemical and diffusion control, and the activation energy for the 
Indian ores were determined to be 65 kJ/mol for the temperature range 
studied. 

Zhu et al. (2016a) studied the oxidation behavior of magnetite from 
north-eastern China and South African chromite pellets (~10 mm 
diameter) between 1073 K and 1223 K, determining that the activation 
for chromite oxidation was almost double that of magnetite oxidation 
(65.74 kJ/mol vs. 38.74 kJ/mol). They found that the oxidation of high 
FeO chromite spinel resulted in preferential formation of Fe-rich ses-
quioxide at low temperatures and thereafter a Cr-rich sesquioxide phase 
forms on the Fe-rich substrate at higher temperatures. 

Studies on 10 mm pellets made from South African chromite from the 
UG2 seam (Kleynhans et al., 2017; Kleynhans et al., 2016) suggested 
that oxidative roasting above 1373 K might result in the formation of 
free Cr2O3, which would be detrimental to subsequent reduction pro-
cessing steps. Other studies using South African concentrates in pellets 
found no evidence of free Cr2O3 formation, but only detected evidence 
of oxidation above 1273 K (Ye & Wu, 2018). 

A variable that is often understated in literature relating to industrial 
chromite oxidation is the influence of the seam from where the chromite 
concentrates were sourced. South African chromite ore, typically from the 
Lower Group (LG), Middle Group (MG) and Upper Group (UG) seams 
(Bachmann et al., 2019) influences the elemental and mineralogical 
composition of the spinel phase as well as the gangue constituents. It is 
known that the source of magnetite concentrate can affect its oxidation 
behavior (Cho & Pistorius, 2011), while the elemental distribution in 
magnetite spinel is also known to influence oxidation behavior (Gillot 
et al., 1980; Gillot et al., 1976). Previous work by the authors revealed that 
the oxidation behavior of chromite spinel under industrial conditions is 
similarly influenced by its crystal composition (Swanepoel et al., 2022). 
During isochronal heating in air up to 1423 K, it was found that South 
African chromite concentrates with the lowest Cr:Al ratio experienced the 
steepest rate of mass change during oxidation while the total fraction of 
sesquioxide formed was positively correlated to the total Fe content. The 
kinetics of the reactions were, however, not explicitly studied. 

From the reviewed literature, there are different reaction mecha-
nisms occurring over a wide range of temperatures. However, a clear 
differentiation between South African concentrates originating from 
different seams is not evident. Furthermore, kinetic investigations for 
South African concentrates were performed mainly for pellets, as 
opposed to raw ore particles. Kinetics at pellet scale are influenced by 
physical properties that may be distinct from the ore source such as 
pellet porosity, size of particles within the pellet, and gas diffusion 
through the pellet (Ajersch, 1987; Bonalde et al., 2005). In this study, a 
series of controlled experiments were performed to study the isothermal 
kinetics of South African chromite from three of the main mining seams, 
at the particle scale, over a wide range of temperatures using ther-
mogravimetric analysis (TGA) in air. Classical kinetic models were used 
to inspect the overriding mechanism of oxidation. The understanding of 
the oxidation process and the relative mechanism is important for 

industrial chromite pre-oxidation processes and also for basic research 
on chromite particle oxidation. 

2. Brief overview of solid-state oxidation kinetics pertinent to 
this study 

2.1. Kinetics in solids 

Kinetics in homogeneous phases, such as solutions or gases, is 
commonly described through the use of the Arrhenius equation, which 
was empirically developed and later theoretically justified (Logan, 1982; 
Peleg et al., 2012). Solid-state kinetics evolved from homogenous kinetic 
principles, although there are factors such as particle size, geometric 
shape, and interface advance that are unique to heterogenous reactions 
(Šesták & Berggren, 1971). Although the use of the Arrhenius equation 
in solid-state kinetics has been criticized (Garn, 1988), its use has also 
been satisfactorily justified (Galwey & Brown, 2002). For solid state 
reactions, the concept of concentration of products is not meaningful for 
describing reaction rates as the heterogeneity implies that reactivity is 
not the same throughout the sample and expressions of concentration do 
not relate to reactivity (Brown et al., 1980). Solid-state kinetics where 
the reaction involves mass loss or gain can be studied using thermal 
analytical methods, such as thermogravimetry (TGA). The measured 
change in mass is typically converted to a normalized conversion frac-
tion, α, which ranges from 0 to 1 and is a measure of the progress of the 
reaction as a function of time or temperature (Brown, 2001). In the case 
of isothermal thermogravimetric analysis, this conversion fraction at 
any time is given by the following expression: 

α =
m0 − mt

m0 − m∞
(1)  

where m0 is the initial sample mass, mt is the sample mass at time t, and 
m∞ is the final sample mass. 

The rate of a solid-state reaction can then be defined by the following 
general equation: 

dα
dt

= Aexp
(

−
E

RT

)

f (α) (2)  

where f(α) is a function describing the reaction model that depends on 
the reaction mechanism (Gotor et al., 2000), E the activation energy, A 
the pre-exponential Arrhenius factor, R the universal gas constant and T 
the temperature. Practically, the reaction model represents the depen-
dence of the reaction on the conversion extent. It is common practice to 
estimate the reaction model by using a model fitting method (Ghafar-
inazari et al., 2016). In this method, the experimental data is compared 
with typical kinetic models and the goodness of fit is evaluated using the 
coefficient of linear correlation (r) (Vyazovkin et al., 2011). Typical 
reaction types and corresponding forms of f(α) are provided in Table 1. 

2.2. The Avrami-Erofeev model 

The Avrami equation is frequently used to describe the crystalliza-
tion kinetics for polymers, metals, and glasses (Dimitra & Konstantinos, 
2021), and is also typically used to analyze isothermal kinetics (Lv et al., 
2017). The model has been named after a number of scientists who 
independently published and developed the derivation, which is well 
reviewed by Christian (2002) and Fanfoni and Tomellini (1998). The 
model is also referred to as the Avrami-Erofeev model (Lv et al., 2017), 
the JMA model (Sheu et al., 2009), the JMAK model (Fanfoni & 
Tomellini, 1998), the KEKAM model (Gorbachev, 1981); and the KJMA 
model (Krüger, 1993) in published works. In this work the model will be 
referred to as the Avrami-Erofeev model since this is a common 
convention used for relevant industrial mineral oxidation studies. The 
model describes the degree of conversion, in this case the extent of 
oxidation α, as a function of time in the following form: 

S. Swanepoel and A.M. Garbers-Craig                                                                                                                                                                                                     



Minerals Engineering 202 (2023) 108263

3

α = 1 − exp(− ktn) (3)  

where k is a rate constant; t is time (min); and n is the Avrami-Erofeev 
exponent. Here, n corresponds to the model function, with typical 
values for common kinetic models presented in Table 1. The rate con-
trolling step is generally considered to be nucleation for n > 1.5, 
chemical reaction kinetics when n is close to 1, and diffusion when n < 1 
(Wolfinger et al., 2022), although it should be noted that the transition 
points are indicative and are not sharply defined for reactions that occur 
in parallel. 

This model can be used even when the data do not fit any of the 
common models (Hancock & Sharp, 1972) and can be used to evaluate 
reactions that occur in parallel or series (Monazam et al., 2014). In order 
to evaluate experimental data, it is convenient to take the natural log-
arithm of both sides of Equation (3) as follows: 

ln( − ln(1 − α) ) = nlnt+ lnk (4) 

Using Equation (4), it is observed that a plot of ln(-ln(1-α)) versus lnt 
allows the determination of n and lnk as the respective slope and 
intercept of a linear fitting line. 

2.3. Expected kinetic behavior 

The presence of two distinct reaction stages during oxidation is ex-
pected and has been observed for the oxidation of other Fe2+ containing 
minerals such as ilmenite (Lv et al., 2017) and magnetite (Colombo 
et al., 1964; Monazam et al., 2014; Sandeep Kumar et al., 2019). A two 
stage oxidation mechanism for spinels that contain both Fe2+ and Fe3+

cations has also been described by Gillot et al. (1986). For a single South 
African chromite studied, Tathavakar et al. (2005) proposed that the 
initial oxidation of Fe2+ promoted the formation of a maghemite-type 
defective spinel with the initial oxidation of Fe2+ effectively resulting 
in the formation of a new anion lattice along with cationic vacancies. 
During this stage, Fe2+ cations diffuse outward toward the surface of the 
grain (the solid–gas interface) and are oxidized to Fe3+, while the va-
cancies generated diffuse inward and promote further cation diffusion. 
Further oxidation was proposed to require higher temperatures and 
depended on a two-step process: (1) the Fe-rich maghemite phase 
redissolves to form a chromite solid solution and (2) further oxidation of 
Fe2+ leads to the exsolution of a Fe-rich sesquioxide phase. 

3. Materials and methods 

3.1. Raw materials 

The three chromite concentrate samples used were obtained from 
Samancor Chrome. Two of the concentrates originate from single seam 
mining operations, namely the LG6 and UG2 seams. The third 

concentrate was sourced from a mine that concurrently and indiscrim-
inately mines the MG1 and MG2 seams due to their proximity, resulting 
in the commercial concentrate produced being a blend of these seams. 
These blends are homogenous in nature and no evidence of variation 
between the chromite crystals could be discerned during characteriza-
tion. Prior to oxidation, samples were dried at 378 K for 24 h after which 
the samples were milled to 90% passing size of 212 µm. The particle size 
distributions of the milled chromite ore samples were confirmed by laser 
diffraction particle sizing using a Malvern Mastersizer 2000. A diluted 
suspension of milled material was treated ultrasonically for 60 s prior to 
the measurement to disperse individual particles without using a 
chemical dispersant. 

3.2. Ore characterization 

Chemical characterization of samples was performed with a Spectro 
Arcos inductively coupled plasma optical emission spectrometer (ICP- 
OES), calibrated against commercial chromite ore standards. The re-
sults, expressed as pure oxides with all Fe as FeO, are shown in Table 2. 
The Cr2O3 contents were found to be in accordance with the contents of 
commercial concentrates (Cramer et al., 2004), with the UG concentrate 
having the lowest Cr2O3 content. 

X-ray diffraction (XRD) analysis was performed for each sample on a 
PANalytical X’Pert Pro diffractometer to determine the mineral 
composition. Samples were prepared according to the standardized 
PANalytical backloading system, using circular sample holders. The 
samples were scanned in θ–θ configuration with an X’Celerator detector 
and variable divergence- and fixed receiving slits. The unit was equipped 
with Fe-filtered Co-Kα radiation (λ = 1.789 Å). Samples were scanned 
from 5◦ to 90◦, with a step size of 0.008◦. Phase quantification and 
Rietveld refinement were performed using Profex 4.3.2a (Doebelin & 
Kleeberg, 2015), Rwp values were below 4% which is considered 
acceptable. The results for the refinement are shown in Table 3, and 
were in alignment with the ICP-OES results. 

Concentrates, prior to milling, were studied on a scanning electron 
microscope (SEM) coupled with energy-dispersive X-ray spectroscopy 
(EDS). Samples were cast in resin with the aid of vacuum impregnation, 
and after polishing were sputter coated with gold for 60 s at 25 mA to 
achieve a coating of approximately 6 nm. The SEM used was a JEOL 
IT300 with an iXMAX50 Si-drifted EDS detector. A chemically pure 
Fe2O3 sample was used to check the accuracy of EDS results. Spectra 
were collected with 40 s of live time and 10 scans per phase were per-
formed to allow for average elemental concentrations to be calculated. A 
working distance of 11 mm and accelerating voltage of 15 kV was used 
throughout to perform the analysis. In particular, the chromite crystals 
were analysed in order to calculate the Fe2+ and Fe3+ concentrations 
from microprobe analyses using the equation recommended by Droop 
(1987). In the work by Droop, it was shown that it is possible to calculate 

Table 1 
Typical values for the Avrami-Erofeev kinetic exponent for various solid state reaction processes under isothermal conditions after Khawam and Flanagan (2005) and 
Lv et al. (2017).  

Kinetic Model Symbol Differential formf(α)=
(1/k)(dα/dt) 

Integral form 
g(α) = kt 

n 

Diffusion Model 
1D diffusion D1(α) 1/2 α α2  0.62 
2D diffusion, bi-dimensional particle shape D2(α) (− ln(1 − α)) − 1 (1− α)ln(1− α) + α  0.57 
3D diffusion, Jander eqn., tri-dimensional particle shape D3(α) 3(1− α)2/3/2(1− (1− α)1/3) (1− (1− α)1/3)2  0.54 
3D diffusion, Ginstling-Brounshtein D4(α) (3/2(1− α)− 1/3− 1) (1–2/3α) – (1− α)2/3  0.57 
Geometrical contraction models 
Phase-boundary reaction, contracting area R2(α) 2(1− α)1/2 1− (1− α)1/2  1.11 
Phase-boundary reaction, contracting volume R3(α) 3(1− α)2/3 1− (1− α)1/3  1.07 
Nucleation model 
Random nucleation and subsequent growth (Avrami) Am m(1− α)[− ln(1− α)]1-1/m (− ln(1− α)) 1/m  

Random nucleation and unidimensional growth A1(α) 1− α − ln(1− α)  1.00 
Random nucleation and subsequent growth A2(α) 2(1− α)(− ln(1− α))1/2 (− ln(1− α)) 1/2  2.00 
Random nucleation and subsequent growth A3(α) 3(1− α)(− ln(1− α)) 2/3 (− ln(1− α)) 1/3  3.00  
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the number of Fe3+ cations per X oxygens in the mineral formula (F) as 
follows: 

F = 2X
(

1 −
C
S

)

(5)  

where C is the expected (ideal) number of cations per formula unit, and S 
is the observed total cations per X oxygen atoms calculated from 
microprobe analysis, when assuming all the iron is Fe2+. For chromite 
spinel, X = 4 and C = 3, the calculation results are included in the 
supplementary data file. A computer aided application developed by 
Ferracutti et al. (2015) was also used to validate the results obtained 
from using Droop’s formula. 

Fig. 1 shows typical chromite grains as observed during SEM inves-
tigation, confirming chromite as the main phase with the main gangue 
component being enstatite, as determined by matching SEM-EDS results 
with the chemical formulas of the phases identified by the XRD analyses. 

The average cation concentrations are summarized in Table 4, and 
the chromite formulas calculated for the MG, LG and UG ores examined 
are: (Fe2+

0.55,Mg0.47)(Cr0.59,Fe3+
0.09,Al0.31,Ti0.01)2O4, (Fe2+

0.53,Mg0.47)(Cr0.60, 
Fe3+

0.07,Al0.32)2O4, and (Fe2+
0.54,Mg0.49)(Cr0.55,Fe3+

0.09,Al0.33,Ti0.01)2O4, 
respectively. 

3.3. Oxidation experiments 

The experimental apparatus was a calibrated TA SDT Q600 ther-
mogravimetric analyser (TA Instruments). Isothermal oxidation of the 
chromite particles was performed on a sample with an initial mass of 5 

± 0.2 mg in an open α-alumina crucible. Samples were heated at an 
isochronal rate of 10 K min− 1 in a dynamic nitrogen atmosphere, at a 
flowrate of 50 mL min− 1, up to the isothermal hold temperature. Once 
the hold temperature was reached, gas flow was switched over to dy-
namic dry air flowing at 50 mL min− 1. Isothermal oxidation was 
examined from 873 K to 1473 K in steps of 100 K. Based on published 
experimental conditions used to study the oxidation kinetics of ilmenite 
particles (Lv et al., 2017), the hold period for runs at temperatures be-
tween 873 and 1073 K was 120 min, 60 min for 1173 K, 45 min for 1273 
K and 30 min for the 1273 and 1473 K runs. Oxidation was considered 
complete when the mass gain reached a peak or plateaued. This was 
found to occur in under 10 min for all the ores and temperature ranges 
investigated, with chromite particle oxidation conforming more closely 
to the oxidation times reported for magnetite particles (Sandeep Kumar 
et al., 2019). 

4. Results and discussion 

4.1. Oxidation fraction and oxidation rate 

Chromite oxidation is accompanied by stoichiometric mass gain due 
to the oxidation of Fe2+ to Fe3+, in terms of oxidation this is typically 

Table 2 
Results of ICP-OES analysis of ore samples.    

ICP-OES Results (Mass %)  

Label Seam Al2O3 CaO Cr2O3 FeO MgO MnO SiO2 TiO2 Total mCr:mFe 

MG MG1&2  14.87  0.15  44.07  25.92  9.35  0.22  1.70  0.73  97.03  1.50 
LG LG6  15.44  0.08  44.16  25.81  9.50  0.21  0.88  0.69  96.80  1.51 
UG UG2  15.34  0.42  39.70  26.06  10.46  0.22  4.15  0.93  97.32  1.34  

Table 3 
XRD Rietveld refinement results.   

Refinement Parameters Phase Quantities (Mass %) 

Sample Rexp(%) Rwp(%) Chromite 1 Enstatite 2 

MG  2.27  2.83 95 5 
LG  2.26  3.13 100  
UG  2.25  3.31 90 10 

1 (Al0.001,Fe2+
0.595,Fe3+

0.036,Mg0.356,Mn0.009,Zn0.003)[Al0.621,Fe2+
0.038,Fe3+

0.152,Mg0.070, 
Cr1.073,Ni0.005,Ti0.032,V0.010]O4. 
2 (Mg,Fe)SiO3. 

Fig. 1. Backscatter electron images of polished chromite ore concentrate samples prior to milling.  

Table 4 
Molar cation concentrations for raw ore chromite crystals as determined by 
SEM-EDS, normalized to four oxygen atoms.   

MG LG UG  

Average SD Average SD Average SD 

Cr 1.18  0.03 1.21  0.05 1.11  0.03 
Σ Fe 0.73  0.03 0.67  0.06 0.72  0.01 
Al 0.61  0.02 0.65  0.06 0.66  0.03 
Mg 0.47  0.02 0.47  0.06 0.49  0.01 
Ti 0.01  0.01 0.00  0.01 0.02  0.01 
Sum 3.000  3.001  2.999  
N 12  10  10  
Cr/(Cr + Al) 0.66  0.65  0.63  
Mg/(Mg + Fe2+) 0.46  0.47  0.48  
XFe2+=nFe2+/ΣnFe 0.75  0.79  0.74  

N = number of EDS analyses performed, SD = standard deviation. 
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approximated as FeO oxidizing to Fe2O3. The maximum mass gain that 
chromite particles can achieve is therefore dependent on the initial Fe2+

(expressed as FeO) content. For this study, the mass gain measured was 
normalized with respect to the maximum mass gain captured by TGA 
during oxidation for each ore type individually, and not the maximum 
theoretical mass gain, to allow for comparison despite the variation in 

Fe2+/Fe3+ content of the raw ores. The maximum mass gain recorded 
across all the temperature ranges was therefore assumed to represent 
full oxidation achievable). 

The extent of oxidation (i.e. degree of conversion), or oxidation 
fraction (α), is defined by: 

Fig. 2. Oxidation fraction (α) with respect to time (a = MG ore, c = LG ore, e = UG ore), and first derivatives of the oxidation fraction with respect to time (dα/dt) 
versus the corresponding oxidation fraction (b = MG ore, d = LG ore, f = UG ore). 
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α =
Δm
Σm

(6)  

where Δm is the mass increase of the sample, and Σm is the maximum 
mass increase captured using TGA across the range of temperatures. 
Each ore type therefore had a unique Σm value. The relationship be-
tween oxidation fraction and time with increase in temperature, 
revealing distinctive sigmoidal curves (Khawam and Flanagan, 2006b) 
for all ores across the examined temperature range, is shown in Fig. 2 
(the time scale has been truncated to focus on the time period during 
which most oxidation occurred, while extended plots are included in the 
supplementary materials). It is important to note that the rate of 
oxidation, reflected by the slope of the oxidation fraction curves in Fig. 2 
(a, c and e), changes throughout the reaction process. This behavior is 
echoed in the calculated first derivatives of the oxidation fraction versus 
time curves, (Fig. 2 b, d and f), which show that oxidation rates increase 
up to a maximum value, followed by a continued decrease in reaction 
rate. 

For MG and LG ores, the ultimate oxidation fraction achieved 
(indicated by the terminal points in Fig. 2b and Fig. 2d) increases with 
temperature up to 1373 K, at which temperature the maximum oxida-
tion fraction is also observed. When the temperature increases further to 
1473 K, the rate of oxidation (dα/dt) decreases and the terminal 
oxidation fraction is lower than what was achieved at 1373 K for the LG 
and MG ores. For UG ore, the oxidation fraction also increases with 
temperature, however, the increase between 1273 K and 1373 K is 
minimal. Therefore, there is little benefit in increasing the oxidation 
temperature beyond 1273 K for UG ore (Fig. 2e). When the oxidation 
temperature is increased to 1473 K for UG ore, a significantly lower rate 
of oxidation is observed compared to the results at 1273 K and 1373 K, 
while the terminal oxidation fraction is marginally increased (Fig. 2f). 
The diminished extent and rate of oxidation at elevated temperatures 
can be attributed to the high-temperature decomposition of the Fe2O3 
product, which is expected to occur above 1473 K (Qu et al., 2014), 
according to the following chemical reaction: 

6Fe2O3→4Fe3O4 +O2 (7) 

Similar high temperature decompositions through the loss of excess 
oxygen in non-reducing atmospheres has been reported for manganese 
containing spinels (Gillot et al., 1989), lithium-manganese containing 
spinels (Thackeray et al., 1996), hematite (Xing et al., 2020) and syn-
thetic chromite (Lughi et al., 2020). In the oxidative roasting of 
magnetite pellets, high temperatures (>1623 K) are avoided to limit this 
decomposition reaction, as it is known to result in a loss of pellet quality 

(Jiang et al., 2008). The target temperatures in the sinter belt during pre- 
oxidation of chromite are given to be between 1673 and 1773 K (Basson 
& Daavittila, 2013). At these temperatures, deoxidation is thermody-
namically possible, and deoxidation may indeed offer an explanation for 
the low levels of oxidation reported by Zhao and Hayes (2010) for the 
examined industrial chromite pellets. As the oxidation reaction has been 
reported to contribute less to the strengthening of chromite pellets 
compared to the strength of magnetite pellets (Zhu et al., 2016a), it is 
not apparent, however, that deoxidation will have the same impact on 
the quality of chromite pellets. 

The oxidation fractions (α) at maximum oxidation rates (d α /dt) are 
consistently higher for UG ore than for LG and MG ores throughout the 
examined temperature range (Fig. 3a). This indicates that the oxidation 
reaction for UG ore progresses further before the reaction starts to slow 
down. The oxidation fraction at maximum oxidation rate for the UG ore, 
takes on an approximate parabolic shape between 1073 K and 1473 K, 
with the peak value at 1273 K. The oxidation rate of the UG2 ore 
however, increases up to a maximum rate at 1173 K, whereafter a 
further increase in temperature does not increase its oxidation rate 
(Fig. 3b). From 1173 K up to 1373 K the oxidation rate remains essen-
tially constant, and then significant decreases when the temperature 
further increases to 1473 K. 

For both LG and MG ores, the oxidation fractions at the maximum 
oxidation rates increase as the temperature increases to 1073 K, plateau 
between 1173 K and 1373 K, and then peak at 1473 K (Fig. 3a). In other 
words, between 1173 K and 1373 K, the rate of reaction peaks at similar 
oxidation fractions, while at 1473 K the oxidation fraction increases 
again for the LG and MG ores, although the oxidation rate has slowed 
down. 

The highest oxidation rates for the UG and MG ore were recorded at 
1173 K (Fig. 3b), while the highest oxidation rate for the LG ore was 
recorded at 1273 K. While the maximum oxidation rates for LG and MG 
ore decrease linearly as the temperature increases further, the oxidation 
rates for UG ore at 1273 K and 1373 K are only slightly lower than the 
maximum rate at 1173 K. At 1473 K the maximum oxidation rates were 
significantly reduced for all three ore samples, reaching rates similar to 
those observed for UG at 873 K, and for LG and MG at 973 K. 

It is significant to note that the maximum oxidation rates of the three 
ores, as well as their oxidation fractions at maximum oxidation rates, are 
nearly identical at 1473 K. This demonstrates that the oxidation frac-
tions and oxidation kinetics are not necessarily optimized simply by 
increasing the temperature, and highlights that the behavior of the UG 
ore is markedly different from that of the LG and MG ores. An industrial 

Fig. 3. Scatter plots indicating (a) the oxidation fraction (α) at maximum oxidation rate (dα/dt), as a function of temperature; and (b) the corresponding maximum 
oxidation rates, also as functions of temperature. 
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temperature profile that is optimized for one ore type will, therefore, not 
necessarily achieve the same results for a different ore type. Although 
the behavior observed for the LG and MG ores is similar at 1474 K, there 
are differences in the temperature range from 1173 K to 1373 K. These 
differences would make it challenging to design a non-isothermal 
roasting temperature profile that optimizes oxidation for all ores 
simultaneously. 

The results shown in Fig. 3 also indicate that oxidation can be 
divided into two stages, namely the initial stage where oxidation rate 
increases and a second stage where oxidation rate decreases. The rela-
tionship between the contribution of these two stages to the ultimate 
extent of oxidation, as a function of temperature, is shown in Fig. 4. Most 
of the oxidation occurs during the second stage, where a decreasing rate 
of oxidation is observed, at all temperatures examined. 

To evaluate the reaction kinetics, the individual α versus t plots 
shown in Fig. 2 (a, c and e) were mathematically transformed into ln(-ln 
(1-α)) versus lnt plots (equation (4). A selection of these new plots, 
showing experimental data and linear regression fitting curves for 873 K 
and 1473 K, is shown in Fig. 5. The lowest and highest temperatures 
examined are shown to demonstrate that the general form of the 
Avrami-Erofeev curves did not alter across the temperature range 
studied. The complete set of fitting parameters are listed in Table 5 (the 
complete set of Avrami-Erofeev curves is included in the supplementary 
data). None of the reactions conformed to a single Avrami-Erofeev 
equation throughout the oxidation reaction at any of the investigated 
temperatures. Instead, two distinct reaction linear stages were observed, 
with the transition between the stages and the individual slopes varying 
with temperature. 

Fig. 6 shows a plot of the Avrami-Erofeev exponents for the two 
linear sections as a function of temperature. Compared to the typical 
values in Table 1, the plot indicates that the kinetic exponents of the first 
stage reasonably conform to random nucleation and subsequent growth 
mechanisms (n > 1.5) over the explored temperature range. The expo-
nents of the second stage conform closest to a three-dimensional diffu-
sion model (n < 0.6) between 873 K and 1273 K. At 1373 K the 
exponents for the MG and LG are observed to increase toward a value of 
approximately 1. At 1473 K the exponent for the UG ore also increases. 
This indicates that at elevated temperatures there is likely to be a change 
in the mechanisms and kinetic barriers involved. Although the expo-
nents remain low enough (n < 1.5) to rule out random nucleation and 
subsequent growth models, the range of observed values does not 
consistently align with any of the values expected in Table 1.Therefore, 
relying on the broad reaction classification scheme is not sufficient, and 
another approach is needed to interpret these values. The fluctuation in 
exponents also suggests that parallel reaction processes are involved 
during the oxidation of chromite and that the reactions do not occur in 
series. 

Christian (2002) reported typical values for the kinetic exponent that 
could be obtained under various experimental conditions for diffusion- 

controlled growth. These values are better suited to interpreting the 
change in kinetic exponent observed at elevated temperatures during 
the second stage of oxidation. The abovementioned classification 
scheme shows that a value of 0.5 may be indicative the thickening of 
very large plates after complete edge impingement. When the exponent 
is equal to 1, it is considered typical for the growth of needles and plates 
with finite long dimensions or the thickening of long needles after 
complete impingement. When the exponent is between 1 and 1.5, it 
likely corresponds to the growth of particles that already have appre-
ciable initial volume. The backscatter electron images shown in Fig. 7 
confirm the prolific growth of sesquioxide needles in a typical Wid-
manstätten pattern (Tathavakar et al., 2005; Treffner, 1961) at 1373 K. 
This aligns with the diffusion-controlled growth mechanism classifica-
tion proposed by Christian (2002) for the range of Avrami-Erofeev ex-
ponents observed during the second stage. 

XRD patterns for the raw and oxidised chromite concentrates are 
shown in Fig. 8, confirming the transformation from chromite to ses-
quioxide while no evidence of the metastable maghemite phase was 
detected after the isothermal runs. The closest reference pattern match 
for the sesquioxide phase was found to be eskolaite (Cr2O3), however, 
the phase is a solid solution between Cr2O3-Al2O3-Fe2O3 (Biswas et al., 
2018; Zhao & Hayes, 2010) and was confirmed by SEM analysis to not be 
pure Cr2O3. These solid solutions are known to have significant overlap 
in crystal lattice dimensions over the composition range and can 
therefore not be accurately distinguished using XRD techniques only 
(Amores et al., 1999). 

In summary, the results are in agreement with the expected behavior 
for the solid-state oxidation of Fe2+ in a spinel structured crystal, and 
suggest that two distinct mechanisms dominate during the oxidation 
process. 

Although it is not possible to fully resolve the nuanced mechanisms 
of the two stages using only TGA techniques (Zhou et al., 2003), con-
firming a multi-stage reaction is of interest, as it may be possible to 
enhance oxidation by altering the process parameters either at low 
temperatures (Tang et al., 2014) or at high temperatures (Haas et al., 
1993). 

4.2. Evaluation of apparent reaction activation energy using the model- 
free method 

The dynamic reaction rate for isothermal gas–solid reactions is ob-
tained from the first derivative of the conversion fraction (in this case 
oxidation) with respect to time, as follows: 

dα
dt

= k(T)f (α) (8)  

where dα/dt is the reaction rate, k(T) is the temperature dependent re-
action rate constant, and f(α) is the mathematical description of the 

Fig. 4. Bar plot of the oxidation fraction during increasing oxidation rate (1st stage) and decreasing oxidation rate (2nd stage) as a function of temperature for (a) 
MG, (b) LG and, (c) UG ore. 
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Fig. 5. Selected Avrami-Erofeev plots of ln(-ln(1-α)) versus lnt at different temperatures for the ores examined.  
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Table 5 
Regression fitting parameters determined by ln-ln analysis at different temperatures.  

Ore Stage Parameter * 873 K 973 K 1073 K 1173 K 1273 K 1373 K 1473 K 

UG First Stage Slope  3.215  2.696  2.460  1.895  2.620  1.845  2.173   
Intercept  − 1.25  − 0.69  − 0.74  − 0.57  − 0.78  − 0.44  − 0.85   
R2  0.998  0.999  0.999  0.998  0.998  0.998  1.000  

Second Stage Slope  0.273  0.496  0.469  0.322  0.278  0.913  1.001   
Intercept  − 1.20  − 0.77  − 0.47  − 0.16  − 0.06  − 0.31  − 0.57   
R2  0.916  0.938  0.961  0.942  0.907  0.997  0.988 

MG First Stage Slope  2.861  3.730  2.593  2.898  1.945  1.901  2.136   
Intercept  − 0.86  − 0.73  − 0.62  − 0.81  − 0.31  − 0.53  − 0.96   
R2  0.996  1.000  0.999  0.999  0.997  0.998  0.999  

Second Stage Slope  0.452  0.385  0.589  0.335  0.423  0.790  0.805   
Intercept  − 1.36  − 0.88  − 0.61  − 0.27  0.10  − 0.14  − 0.39   
R2  0.915  0.880  0.945  0.908  0.967  0.994  0.986 

LG First Stage Slope  2.943  2.405  3.047  2.994  2.622  2.213  1.886   
Intercept  − 0.89  − 1.02  − 0.69  − 0.40  − 0.37  − 0.23  − 0.85   
R2  0.999  0.999  0.999  0.999  0.999  0.998  1.000  

Second Stage Slope  0.454  0.433  0.374  0.320  0.500  0.474  1.232   
Intercept  − 0.76  − 0.58  − 0.07  0.26  0.42  0.43  − 0.60   
R2  0.930  0.941  0.913  0.892  0.943  0.966  0.999 

* Slope = n, Intercept = lnk. 

Fig. 6. Avrami-Erofeev exponents (n) for (a) the first reaction stage and (b) the second stage as a function of temperature.  

Fig. 7. Backscatter electron images of the three ores after isothermal runs at 1373 K, indicating the exsolution of a sesquioxide phase (light grey) in preferential 
orientation within a spinel matrix (dark grey). Pores (black) are also present in areas where the sesquioxide phase has grown wider than the average Widmanstätten 
lamellae observed. 
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reaction mechanism function. Among the variables, the temperature 
dependence of k(T) satisfies the Arrhenius equation: 

k(T) = Aexp
(
− Eα

RT

)

(9)  

where Eα is the apparent activation energy (J mol− 1), A is the pre- 
exponential frequency factor (min− 1), R is the universal gas constant 
(8.314JK− 1 mol− 1), k(T) is the overall rate constant (min− 1), and T is the 
reaction temperature (K). The combination of Eqs.(8) and (9) leads to 

Eq.(10) and its logarithmic form in Eq.(11): 

dα
dt

= Aexp
(
− Eα

RT

)

f (α) (10)  

ln
(

dα
dt

)

= ln(A) −
Eα

RT
+ ln(f (α) ) (11) 

When considering fixed values of α at various isothermal tempera-
tures and setting the reaction model f(α) to 1, a model-free iso-conver-
sional evaluation can be performed, which assumes that the reaction 

Fig. 8. XRD patterns of chromite ores after isothermal runs at different temperatures.  

Fig. 9. Arrhenius plot for 50% oxidation rate (α = 0.5) of the experimental results for (a) UG ore, (b) LG ore and (c) MG ore.  
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rate at constant extent of conversion is solely a function of temperature 
(Vyazovkin et al., 2011). Eq.(11) accordingly indicates that a plot of ln 
(dα/dt) against 1/T will result in the slope being equal to - Eα/R enabling 
the evaluation of Eα for progressive degrees of conversion without any 
assumptions regarding the form of the underlying model (Friedman, 
1964). All iso-conversional methods, however, fundamentally assume 

that the reaction model at a given degree of conversion is not dependent 
on heating rate or temperature (Vyazovkin & Wight, 1999). To illustrate 
the methodology used, the Arrhenius plot for 50% oxidation rate is 
presented in Fig. 9, where f(α) was set to 1, resulting in the model-free 
fitting method. In accordance with the results of the Avrami-Erofeev 
plots, two distinct linear regions were observed in the Arrhenius plots. 

Fig. 10. Eα vs α plots for isothermal oxidation runs evaluated by the Friedman iso-conversional method, error bars indicate the 95% confidence interval determined 
for the slopes from the linear regression analyses performed to determine Eα. 
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The first linear region is prevalent from 873 K to 1173 K, while the 
second linear region was predominant between 1173 K and 1473 K. 
These regions were taken to be representative of the apparent activation 
energies for the random nucleation and diffusion mechanisms, 
respectively. 

As demonstrated for α = 0.5, linear regression was performed for the 
entire oxidation range in 5% increments (i.e. α was varied from 0.05 to 1 
in steps of 0.05), to determine the range of Eα using the Freidman 
isochronal method (Fig. 10). For the temperature range between 873 K 
and 1173 K, the apparent activation energy gradually increases as the 
extent of oxidation increases. For the UG and LG ores, the apparent 
activation energy increases at a greater rate once 40% oxidation is 
exceeded. For the MG ore, extents of oxidation reached at this temper-
ature were not sufficient for activation energies to be evaluated beyond 
45% oxidation at the low temperature range. The high variation in 
activation energy observed for the MG ore at 30% oxidation may be due 
to an increase in the heterogenous nature of the crystal (Khawam and 
Flanagan, 2006a) or may indicate a change in reactivity due to intra-
crystalline strain, crystal defect formation, or product formation (Gal-
wey, 2003). 

In the temperature range between 1173 K and 1473 K, the activation 
energies are stable up to 45% oxidation, while the activation energies 
are quite low and even negative. The activation energies, however, start 
increasing sharply as the extent of oxidation increases beyond the range 
of 40% to 50%. Due to the variation in E αas the extent of oxidation 
increases, as well as the range of the 95% confidence intervals, it is not 
prudent to attempt to report a singular value for activation energy. The 
values observed, however, are generally lower than the ~ 65 kJ/mol 
activation energy determined for the oxidation of chromite pellets 
(Biswas et al., 2018; Zhu et al., 2016a) but exceeded this value once 
higher extents of oxidation were achieved. The variation in effective 
activation energy as the extent of conversion increases for a multi-step 
process is not uncommon, and has been well documented (Dowdy, 
1987a, 1987b; Elder, 1984, 1990; Flynn & Wall, 1966). Although 
negative activation energies are not possible for elementary reactions, in 
complex reactions studied during solid state kinetics these merely 
indicate that the reaction rate increases as temperature decreases 
(Vyazovkin, 2016). This can occur when a kinetic limitation appears at a 
higher temperature as observed during the oxidation of magnetite 

(Wolfinger et al., 2022). Such limitations could be as a result of the 
sintering or agglomeration of solid particles blocking the active sites for 
a gaseous reactant or the deactivation (blockage) of low resistance 
diffusion paths due to the formation of oxide (Muraleedharan Nair & 
Abanades, 2021; Patnaik & Goldfarb, 2016). 

As cautioned by Vyazovkin and Wight (1997), care should be taken 
to interpret Arrhenius parameters for solid state reactions when there 
are multiple elementary reactions overlapping as there may be inter-
action due to diffusion, adsorption, desorption and other physical pro-
cesses. Rather, the Arrhenius parameters are reflective of the effective 
constants for the overall rate of the oxidation process. The increase in 
effective activation energy has been observed as oxidation extent in-
creases for competing reactions (Vyazovkin & Lesnikovich, 1990). This 
phenomenon has been particularly noted in oxygen where competing 
pyrolysis and oxidation reactions occur (Vyazovkin et al., 1991). Similar 
observations have been made for the oxidation of hematite (Salmani 
et al., 2017) and magnetite (Sardari et al., 2017). 

In general, one may consider the activation energy to be the 
threshold (or energy barrier) that needs to be overcome to permit the 
bond redistribution steps that are required for the transformation of 
reactants into products. The low initial activation energies during both 
temperature ranges are congruent with how readily Fe2+ is oxidized in 
air. For the low temperature stage, the curves correspond to an 
increasing resistance to the reaction as the product layer thickness in-
creases. For the second stage the increase in activation energy during the 
final stages of oxidation points to an increased energy barrier due to a 
decrease in the availability of reactants. 

Although a single mechanism is difficult to isolate, it is possible to 
gain some insight into potential mechanisms by considering the range of 
activation energies identified in previous studies. Relevant to the 
oxidation of Brazilian chromite, Da Silva et al. (1976) determined that 
the activation energy for Fe2+ oxidation in a tetrahedral site is around 
16.7 kJ/mol (between 673 K and 973 K), the activation energy for the 
diffusion of Fe3+ from octahedral to tetrahedral sites is around 71.1 kJ/ 
mol (between 973 K and 1173 K), and the activation energy for the 
diffusion of Fe3+ from tetrahedral to octahedral sites is 196.6 kJ/mol 
(between 1173 K and 1273 K). The range of activation energies deter-
mined in this study largely fall within this range. Comparative activation 
energies for the diffusion of other cations in spinels and sesquioxides are 

Table 6 
Comparative results for activation energies in spinels and sesquioixides.  

Substrate Diffusing element / Reaction Activation Energy (kJ/mol) Temperature Range Reference 

Chromite (Brazil) Oxidation of tetrahedral Fe2+ 16.7 673 – 973 K (Da Silva et al., 1976)  
Diffusion of Fe3+ from octahedral to tetrahedral site 71.1 973 – 1173 K (Da Silva et al., 1976)  
Diffusion of Fe3+ back to octahedral site 196.6 1173 – 1273 K (Da Silva et al., 1976) 

FeCr2O4 Cr (Volume Diffusion) 119.3 ± 29 1073 – 1173 K (Gilewicz-Wolter et al., 2006)  
Cr (Grain-Boundary) 150.8 ± 13 1073 – 1173 K (Gilewicz-Wolter et al., 2006)  
Fe (Volume Diffusion) 225.5 ± 31 1073 – 1173 K (Gilewicz-Wolter et al., 2006)  
Fe (Grain-Boundary) 164.1 ± 12 1073 – 1173 K (Gilewicz-Wolter et al., 2006)  

MgAl2O4 Cr 306 ± 58 1673 – 1923 K (Stubican & Osenbach, 1984)  
Cr 516 ± 80 1673 – 1973 K (Suzuki et al., 2008)  
Cr 277 ± 37 975 – 1150 K (Posner et al., 2016)  
Cr 219 ± 35 950 – 1200 K (Posner et al., 2016) 

CoCr2O4 Cr 292 ± 36 1673 – 1873 K (Sun, 1958) 
Al2O3 Al 477 ± 36 1943 – 2178 K (Paladino & Kingery, 1962)  

Al 510 1473 – 1973 K (Gall et al., 1994)  
Cr 265 1473 – 1973 K (Lesage et al., 1983)  
Cr 290 ± 36 1279 – 1773 K (Moya et al., 1995)  
Fe 300 1473 – 1973 K (Lesage et al., 1983)  
O2– 636 ± 20 1773 – 1993 K (Prot & Monty, 1996) 

Fe2O3 O2– 405 ± 25 1125 – 1350 K (Reddy & Cooper, 1983)  
Fe 174 981 – 1173 K (Atkinson & Taylor, 1985)  
Fe 579 1173 – 1576 K (Atkinson & Taylor, 1985) 

Cr2O3 O2– 230 1373 K (Sabioni et al., 1992a)  
Cr 280 1473 – 1723 K (Sabioni et al., 1992b)  
Al 451 1373 – 1523 K (Rothhaar & Oechsner, 1998)  
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summarized in Table 6, with the activation energies for Cr3+, Al3+ and 
O2– being substantially larger than observed in this study, indicating 
that diffusion of these species are not rate limiting during oxidation of 
the chromites studied. Rather, Mg2+ and Fe2+ diffusion mechanisms are 
likely to be dominant, which is supported by studies that found that 
during chromite oxidation the sesquioxide phase formed is enriched in 
iron but essentially depleted of Mg2+ (Kapure et al., 2010; Zhu et al., 
2016b). 

4.3. Impact of spinel composition on oxidation rate 

To test the idea that the cation composition has a statistically sig-
nificant impact on the oxidation behavior of the individual spinels, a 
multiple linear regression (MLR) model was developed to express the 
degree of oxidation of chromite particles as a function of time, tem-
perature and chromite composition. The purpose of this model is 
therefore to test whether a causal relationship exists rather than for 
predictive purposes (Allison, 1999). Due to the chemical constraints 
imposed to maintain charge neutrality in the chromite crystal, the cation 
concentrations are not fully independent but are correlated, e.g. any 
fluctuation in Mg2+ content results in a fluctuation in Fe2+ content in the 
opposite direction with a similar relationship observed for Cr and Al. 
Introducing highly correlated explanatory variables in a regression 
analysis would result in collinearity (Mason and Perreault, 1991), 
therefore, the Cr and Al contents were considered as a ratio Cr/(Cr + Al), 
and similarly for Mg and Fe2+ the ratio Mg/(Mg + Fe2+) was used. The 
concentrations for Fe3+ and Ti were used directly. 

As has been done to link spinel composition to reduction behavior 
(Hunter & Paulson, 1966), a forward selection stepwise regression 
analysis was performed. This process initiates with no variables in the 
equation, and variables are then sequentially added with the variable 
that explains the most variance (while remaining statistically signifi-
cant) being retained (Judd et al., 2017). This process continues until no 
more statistically significant (p < 0.05) variables can be added. More 
details regarding the model derivation are provided in the supplemen-
tary materials. Fig. 11 shows the results of the stepwise regression, the 
impact of sequentially increasing the number of independent variables 
considered on the coefficient of determination (R2) and on the difference 
in normalized root mean square error (NRMSE) between the experi-
mentally determined oxidation levels and those calculated by the MLR 
formula. 

The final model was deemed satisfactory (R2 = 0.82) to explore the 
relationship between cation composition and the oxidation behavior. 
The final optimal equation using the aforementioned MLR analyses was 
determined to be: 

α = 1.98+ 1.82Ti − 2.06
(

Cr
Cr + Al

)

+ 0.23t − 665.80
1
T

(12)  

where Ti, Cr, and Al refer to the titanium, chromium and aluminium 
cation concentrations in the raw spinel as expressed in Table 4, T refers 
to the temperature in Kelvin, and t the time in minutes. Regarding the Cr 
and Al factor, it is known that the Cr content of natural spinels affects the 
occupancy of Al in the tetrahedral site at high temperatures (Martignago 
et al., 2003), and has an inhibitive effect. Suzuki et al. (2008) found that 
the interdiffusion coefficient of Cr-Al in chromite was a function of the 
Cr/(Cr + Al) ratio, supporting the structure of the equation derived here. 
Titanium content has a positive coefficient, indicating that it may 
enhance oxidation rate. The mechanism for this is likely linked to how 
the tetravalent Ti4+ is accommodated in the spinel to maintain charge 
neutrality. In order to replace a trivalent cation (Al3+,Cr3+) by a tetra-
valent cation (Ti4+), an additional trivalent cation needs to be replaced 
by a divalent cation (Mg2+) to have an effective charge of (Mg + Ti)3+

(De Villiers et al., 2020; Lodha et al., 2011). Ti4+ doping of crystals with 
spinel structure has also been shown to influence structural stability and 
electrical conductivity of spinels (Deng et al., 2016; Yang et al., 2019), 
while the strong octahedral preference of Ti4+ also favors the transition 
to an inverse spinel structure during the transformation of chromite to 
magnetite (Della Giusta et al., 2011). In agreement with work that was 
performed to study the ultimate extent of sesquioxidation achievable for 
South African chromites, it was found that the relative concentrations of 
Cr and Al cations in the spinel were determining factors when oxidation 
exposure was extended up to four hours (Swanepoel et al., 2022). The 
Ti4+ content was, however, not prominent in estimating the extent of 
oxidation achievable in the abovementioned work, suggesting that a 
higher Ti4+ content may enhance the kinetics of the oxidation reaction 
but may not necessarily increase the ultimate extent of oxidation 
achievable. The Ti4+ content of chromites may be beneficial to processes 
that target short contact times, such as flash roasting or fluidised bed 
technologies (Yu et al., 2020), while this benefit may be less pronounced 
in conventional steel belt processes where time at peak reaction tem-
perature is estimated at approximately 10 min (Swanepoel et al., 2022). 

4.4. Industrial considerations 

Although the iso-conversional analysis was not able to illuminate 
which cation(s) dictate(s) the oxidation kinetics of the chromites, it was 
found that the overriding oxidation kinetics varied across the three ores 
studied. Contour maps were drawn based on the oxidation fraction data 
from Fig. 2. Fig. 12 shows how the oxidation varies over time and 
temperature for the ores, which can assist in selecting an initial oper-
ating envelope on an industrial scale from which to start optimizing the 
oxidation process. For example, the lower temperatures and moderate 
times needed for UG ore to achieve 90% oxidation may make it suitable 
for solar pre-oxidation technology routes (Hockaday, 2019; Hockaday 
et al., 2018). Additionally, in industrial sinter belt operations, there is 
periodically a need to restrict operating temperatures due to refractory 
or steel belt integrity requirements. In such instances, depending on the 
extent of the required temperature reduction, producers may choose to 
feed a concentrate that can still achieve targeted oxidation rates at the 
reduced temperatures. 

5. Conclusions 

Three commercial chromite concentrates from South Africa were 
subjected to isothermal roasting experiments between 873 K and 1473 K 
(600 ◦C to 1200 ◦C), using thermogravimetric analysis to determine the 

Fig. 11. Incremental improvement in coefficient of determination (R2) and the 
normalized root mean square error (NRMSE) during optimization of the MLR 
equation as additional variables are considered. 

S. Swanepoel and A.M. Garbers-Craig                                                                                                                                                                                                     



Minerals Engineering 202 (2023) 108263

14

effect of composition, time and temperature. The following conclusions 
could be drawn: 

Oxidative roasting results in the formation of a sesquioxide phase for 
all of the ores examined. 
This sesquioxide phase crystallizes in a characteristic Widmanstätten 
pattern; while pores formed in the chromite grains that were not 
observed prior to roasting. 

The Avrami-Erofeev plots revealed that no single mechanism could 
describe the oxidation process over the entire temperature range; 
rather a two-stage process was observed. Kinetic exponents of the 
first stage conform to random nucleation and subsequent growth 
mechanisms (n > 1.5) over the entire explored temperature range. 
The exponents of the second stage are closest to a three-dimensional 
diffusion model (n < 0.6) between 873 K and 1273 K. In general, the 

Fig. 12. Contour maps of changes in oxidation degree (α) with time and temperature for (a) UG, (b) MG, and (c) LG concentrates.  
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rate of oxidation was fastest for the UG ore (with the highest Ti 
content) and slowest for the MG ore (with the highest Cr:Al ratio). 
Effective Eα was evaluated using the Friedman iso-conversional 
method, confirming that multiple mechanisms are at play in parallel 
during chromite oxidation. Distinct activation energies being 
observed between 873 K and 1173 K, as well as in the temperature 
range of 1173 K and 1473 K. The values obtained for Eα vs α, are in 
general in agreement with a staged oxidation process as proposed by 
Da Silva et al. (1976). These stages include the oxidation of Fe2+ in a 
tetrahedral site between 673 K and 973 K (E = 16.7 kJ/mol), the 
diffusion of Fe3+ from octahedral to tetrahedral sites between 973 K 
and 1173 K (71.1 kJ/mol), and the diffusion of Fe3+ from tetrahedral 
to octahedral sites between 973 K and 1173 K (196.6 kJ/mol). 
The activation energies required for Cr3+, Al3+ and O2– diffusion in a 
spinel at the examined temperatures are substantially larger than the 
activation energies calculated for this study, and are therefore esti-
mated to play a limited role in determining the rate limiting steps 
during oxidation of South African chromites. 
A causal regression model was developed to explore the effect of 
chemical composition on oxidation rate. The results indicate that the 
ratio of Cr/(Cr + Al) in the chromite spinel has an inhibitory effect on 
the oxidation rate, while the Ti4+ rate has a positive effect and en-
hances the achieved oxidation rate. 
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Sbirrazzuoli, N., 2011. ICTAC Kinetics Committee recommendations for performing 
kinetic computations on thermal analysis data. Thermochim Acta 520 (1–2), 1–19. 

Vyazovkin, S., Wight, C., 1997. Kinetics in solids. Annu. Rev. Phys. Chem. 48 (1), 
125–149. 

Vyazovkin, S., Wight, C.A., 1999. Model-free and model-fitting approaches to kinetic 
analysis of isothermal and nonisothermal data. Thermochim Acta 340, 53–68. 

Vyazovkin, S., Bogdanova, V., Klimovtsova, I., Lesnikovich, A., 1991. Invariant kinetic 
parameters of polymer thermolysis. III. The influence of a fire-retardant additive on 
polypropylene thermolysis. J. Appl. Polym. Sci. 42 (7), 2095–2098. 

Wolfinger, T., Spreitzer, D., Zheng, H., Schenk, J., 2022. Influence of a Prior Oxidation on 
the Reduction Behavior of Magnetite Iron Ore Ultra-Fines Using Hydrogen. Metall. 
Mater. Trans. B 53 (1), 14–28. https://doi.org/10.1007/s11663-021-02378-1. 

Xing, L., Qu, Y., Wang, C., Shao, L., Zou, Z., Song, W., 2020. Kinetic study on thermal 
decomposition behavior of hematite ore fines at high temperature. Metall. Mater. 
Trans. B 51 (1), 395–406. 

Yang, Z., Wang, Y., Chen, X., Wu, H., Zhang, Y., 2019. Mg2+ and Ti4+ co–doped spinel 
LiMn2O4 as lithium-ion battery cathode. ChemistrySelect 4 (33), 9583–9589. 

Ye, M.-f., & Wu, G.-l. (2018). Preparation of Oxidized Pellets with Chrome Ore 9th 
International Symposium on High-Temperature Metallurgical processing, 775-784. 
Doi:10.1007/978-3-319-72138-5_74. 

S. Swanepoel and A.M. Garbers-Craig                                                                                                                                                                                                     

http://refhub.elsevier.com/S0892-6875(23)00277-7/h0200
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0200
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0200
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0205
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0205
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0205
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0210
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0210
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0210
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0215
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0215
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0215
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0220
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0220
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0220
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0225
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0225
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0225
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0230
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0230
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0230
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0240
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0240
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0240
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0255
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0255
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0260
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0260
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0260
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0265
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0265
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0275
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0275
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0275
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0280
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0280
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0280
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0285
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0285
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0290
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0290
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0295
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0295
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0295
https://doi.org/10.1016/j.mineng.2016.03.005
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0305
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0305
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0310
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0310
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0310
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0315
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0315
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0320
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0320
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0320
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0325
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0325
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0330
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0330
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0330
https://doi.org/10.1016/j.powtec.2017.07.058
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0340
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0340
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0340
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0345
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0345
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0350
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0350
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0350
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0355
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0355
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0360
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0360
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0360
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0365
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0365
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0370
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0370
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0370
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0375
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0375
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0380
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0380
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0380
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0385
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0385
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0390
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0390
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0395
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0395
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0400
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0400
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0405
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0405
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0410
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0410
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0415
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0415
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0415
https://doi.org/10.1007/s11663-018-1459-5
https://doi.org/10.1007/s11663-018-1459-5
https://doi.org/10.1007/s12613-017-1429-y
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0430
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0430
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0435
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0435
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0435
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0440
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0440
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0445
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0445
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0450
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0450
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0450
https://doi.org/10.1007/s11663-022-02643-x
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0460
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0460
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0465
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0465
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0465
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0470
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0470
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0475
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0475
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0480
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0480
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0485
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0485
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0485
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0490
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0490
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0490
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0495
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0495
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0500
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0500
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0505
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0505
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0505
https://doi.org/10.1007/s11663-021-02378-1
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0515
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0515
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0515
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0520
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0520


Minerals Engineering 202 (2023) 108263

17

Yu, J., Han, Y., Li, Y., Gao, P., 2020. Recent advances in magnetization roasting of 
refractory iron ores: A technological review in the past decade. Miner. Process. Extr. 
Metall. Rev. 41 (5), 349–359. 

Yu, D., Paktunc, D., 2018. Direct production of ferrochrome by segregation reduction of 
chromite in the presence of calcium chloride. Metals 8 (1), 69. 

Zhao, B., & Hayes, P. C. (2010). Effects of oxidation on the microstructure and reduction 
of chromite pellets. Proceedings of the 12th International Ferroalloys Congress: 
Sustainable Future, Helsinki, Finland. 

Zhou, Y., Jin, X., Mukovskii, Y., Shvets, I., 2003. Kinetics of oxidation of low-index 
surfaces of magnetite. J. Phys. Condens. Matter 16 (1), 1. 

Zhu, D., Yang, C., Pan, J., Li, X., 2016. Comparison of the Oxidation Behaviors of High 
FeO Chromite and Magnetite Concentrates Relevant to the Induration of Ferrous 
Pellets. Metall. Mater. Trans. B 47 (5), 2919–2930. https://doi.org/10.1007/s11663- 
016-0770-2. 

Zhu, D., Yang, C., Pan, J., Zhang, Q., Shi, B., Zhang, F., 2016. Insight into the 
Consolidation Mechanism of Oxidized Pellets Made from the Mixture of Magnetite 
and Chromite Concentrates. Metall. Mater. Trans. B 47 (2), 1010–1023. https://doi. 
org/10.1007/s11663-015-0553-1. 

S. Swanepoel and A.M. Garbers-Craig                                                                                                                                                                                                     

http://refhub.elsevier.com/S0892-6875(23)00277-7/h0530
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0530
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0530
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0535
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0535
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0545
http://refhub.elsevier.com/S0892-6875(23)00277-7/h0545
https://doi.org/10.1007/s11663-016-0770-2
https://doi.org/10.1007/s11663-016-0770-2
https://doi.org/10.1007/s11663-015-0553-1
https://doi.org/10.1007/s11663-015-0553-1

	Isothermal oxidation kinetics of industrial South African chromite concentrates in air
	1 Introduction
	2 Brief overview of solid-state oxidation kinetics pertinent to this study
	2.1 Kinetics in solids
	2.2 The Avrami-Erofeev model
	2.3 Expected kinetic behavior

	3 Materials and methods
	3.1 Raw materials
	3.2 Ore characterization
	3.3 Oxidation experiments

	4 Results and discussion
	4.1 Oxidation fraction and oxidation rate
	4.2 Evaluation of apparent reaction activation energy using the model-free method
	4.3 Impact of spinel composition on oxidation rate
	4.4 Industrial considerations

	5 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgments
	Appendix A Supplementary material
	References


