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A B S T R A C T

The generation of the Cr6+-ion containing chromite ore processing residue (COPR) from the oxidative alkali 
roasting is still a significant environmental challenge faced by the chromium chemicals industry. The oxidative 
roasting of Cr2O3 in the presence of alkali yields water-soluble sodium chromate (Na2CrO4), traces of which 
remains trapped within the interconnected porous structures of COPR in spite of multiple leaching and washing 
stages. In this article, we present an alternative route and have investigated the kinetics of a novel reductive 
alkali roasting reaction which eliminates the formation of Cr6+ state by maintaining Cr3+-ion as sodium chromite 
(NaCrO2), which is insoluble in water. The reaction kinetics of reductive alkali roasting of South African chromite 
ore were investigated in an inert atmosphere in the temperature range of 850 ◦C to 1050 ◦C. The effects of 
process parameters, namely, time, temperature, and alkali-to-carbon ratio, on the reducibility of South African 
chromite ore were investigated. It was observed that the highest reducibility of South African chromite was 
observed for a reactant mixture in a weight ratio of chromite: Na2CO3:C = 1:1:0.2 which was reduced at 1050 ◦C 
for 2.5 h. Using the isothermal kinetic data, the activation energy analysis for the alkali reduction of chromite 
was carried out which confirms a diffusion-controlled process, as described by the Ginstling and Brounstein 
model. The derived value apparent activation energy (Ea) was found to be 206.0 ± 0.8 kJ mol− 1 per mole of 
Cr2O3. Based on the apparent diffusion model, the phase changes during the alkali reduction reaction are 
explained.

1. Introduction

Chromium oxide is found in the earth crust as chromite ore which 
can be expressed with the normal spinel crystal structure [(M1), 
{M2}2]3O4 formula. In the chromite mineral, the distribution of general 
cationic site distribution is represented by four cations shown in the 
formula unit: [(Fe, Mg),{Cr, Al, Fe}2]3O4 in which the divalent ions 
occupy the tetrahedron sites whereas the trivalent ions occupy the oc
tahedron sites, due to the difference in the site preference energy 
(Escudero-Castejon et al., 2016; Sergio Sanchez-Segado et al., 2015a; 
Tathavakar et al., 2005). The chromite ore is the natural resource for 
extracting chromium oxide for metals and alloy production (Cunat, 
2004). Global economic growth in the last few decades has led to an 
increasing demand for stainless steel and other chromium-containing 
high-temperature alloys, as shown in Fig. 1a and 1b. According to the 
global resources data, the amount of shipping-grade chromite is more 

than 12 billion tonnes, and the world mine production of marketable 
chromite ore is 44 million of metric tons; with South Africa, Turkey and 
Kazakhstan being the main producers with 39 %, 23 % and 15 % of the 
share, respectively (Mineral commodity summaries 2024, 2024). The 
global stainless steel production has increased from just under 24 
million of metric tonnes in 2010 to 51 million in 2020.

The most important application of chromite is in the production of 
high-grade ferro-chromium, which is used in the metallurgical industry 
for manufacturing of stainless steels and chromium-containing metal 
alloys (Papp, 1994). The ferro-chromium alloy is produced by smelting 
of chromite ore in reducing atmosphere in a submerged arc furnace with 
coke at temperatures above 1600 ◦C which consumes from 3000 to 4200 
kWh of energy per tonne (Ramakrishna et al., 2015). In the submerged 
arc melting, the temperature and oxygen potential are controlled care
fully to avoid the formation of complex carbides and loss of sub-oxide of 
chromium (CrO) in the gas phase. The control of soluble carbon in the 
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liquid and solidified Fe-Cr alloy is essential for minimizing the precipi
tation of complex binary and ternary carbides (Benz et al., 1974; Kun
drat et al., 1984). The control of carbon is achieved in a two-step process 
by rapid melting in the arc furnace followed by optimal deoxidation by 
forming CO gas using iron oxide. The final carbon concentration is 
critical for determining the applications in the production of ferritic and 
austenitic stainless steel and super alloys. The unoptimized carbon 
concentration in Fe-Cr alloy leads to the formation of surface defects in 
the sheet products. Besides the control of carbon during electric arc 
melting, the concentration of silicon is also important, as the presence of 
silicon increases the chemical potential for the formation of brittle sili
cide phases (Azimi and Shamanian, 2010) which like carbides introduce 
surface defects during sheet rolling process. For these reasons, control
ling silicon and carbon in ferrochrome is critical. Furthermore, as the 
austenitic and ferritic stainless steels are also used for a range of high 
temperature and oxidative corrosion resistance applications, during arc 
melting, the concentrations of sulphur and phosphorus are also 
controlled to a level below 0.02 % w/w, because following the ferro- 
chrome alloy making step it is only carbon which is reduced to below 
0.08 % w/w during the argon-oxygen decarburization (AOD) process 
(Holappa, 2014). With the aim of decreasing the high energy con
sumption of the smelting process, the partial solid-state reduction of 
chromite was demonstrated in a rotary kiln at temperatures between 
1200 ◦C to 1400 ◦C, before smelting (Chakraborty et al., 2005; Ranga
nathan et al., 2011). However, this process has its own limitations such 
as the high temperature required and the slow kinetics of chromium 
reduction process (Hazar-Yoruç, 2007).

Various oxidative processes such as the soda-ash roasting, acid 
leaching, alkali leaching and alkali fusion, have been developed for the 
processing of chromite ores in order to produce sodium chromate 
(Na2CrO4), which is the primary product used for the manufacturing of a 
wide range of chromium chemicals; because of economic and technical 
reasons, just soda-ash roasting has been used worldwide on a commer
cial scale, either in a rotary kiln or in a rotary hearth furnace (Antony 
et al., 2001; Geveci et al., 2002; Sun et al., 2007; Tathavadkar et al., 
2003; Tinjum et al., 2008; Yildiz and Sengil, 2004). Le Chatelier, in the 
19th century, first applied alkali roasting in oxidising conditions for the 
extraction of sodium chromate from chromite ores (Jha, 2011). This 
discovery set the basis for the industrial process which is still practiced 
today. The application of the alkali roasting process for the extraction of 
different metal oxides, such as Ti, Nb, Ta, rare earths, Al or V, from 
complex minerals has also been investigated with satisfactory results 
(Borra et al., 2017; Ghambi et al., 2021; Lahiri and Jha, 2007; Sanchez- 
Segado et al., 2022, Sanchez-Segado et al., 2017, 2014). The alkali 
roasting of chromite in the presence of oxygen or air is based on the 
oxidation of Cr3+ to Cr6+ ionic state in the mineral in the temperature 
range of 1000–1200 ◦C, which leads to formation of water-soluble 

chromates (Parirenyatwa et al., 2016; S. Sanchez-Segado et al., 
2015a). The roasted material is subsequently leached with water to 
selectively solubilise sodium chromate. The remaining insoluble solid, 
known as the chromite ore processing residue (COPR), mainly contains 
iron oxide, magnesium oxide, insoluble silicates and unreacted chro
mite. The topochemical progression of oxidation reaction leaves 
unreacted and porous chromite core particulates, which retains the 
water-soluble sodium chromate (Cr6+ ions) and due to limited diffu
sivity through pores, complete removal of residual Cr6+-ions (>0.1 wt%) 
remains challenging and consequently, the COPR remains a waste as 
carcinogen and ecological hazard with only option of disposal by land
filling. Hexavalent chromium is known to be a hazardous chemical, for 
all living beings because it is classed as carcinogenic, mutagenic, and 
teratogenic; implication of such a profound toxicity might spread by air, 
water, and land. For this reason, worldwide COPR waste is contained 
and capped inside designated landfill and monitoring is mandatory for 
avoiding exposure to living beings (Nickens et al., 2010). Since the risk 
of exposure from Cr6+-ions has not been possible to eliminate, the 
reduction route to extraction of Cr2O3 from chromite offers an energy- 
efficient alternative, as described elsewhere (Escudero-Castejón et al., 
2021). The reduction route of chromite in the absence of alkali using 
carbon for chromium metal production has been also investigated 
(Cheng et al., 2022; Tian et al., 2022). However, the direct reduction to 
metal from oxide ores demands much higher temperatures (>1600 ◦C) 
and reducing the formation of carbides and silicide of chromium during 
the chromium-metal and ferrochrome manufacturing (Benz et al., 1974; 
Kundrat et al., 1984).

The mineralogy of chromite ores is based on the natural spinel 
structure, composed of 6 spinel compositions (FeAl2O4, MgAl2O4, 
FeCr2O4, MgCr2O4, Fe3O4 and MgFe2O4) in solid-solution form (Burns 
and Burns, 1975). As a result, a range of combinations of solid solution 
forms of chromite compositions may occur in ore bodies. During alkali 
reduction, the iron oxide present in the spinel phase is selectively 
reduced to metallic form (Fe), whereas the Cr2O3 in the ore reacts with 
Na2CO3 to form sodium chromite (NaCrO2) in a reducing atmosphere, as 
shown in reaction (r1).

(r1).FeCr2O4(s) + Na2CO3(s) + 2C(s) → Fe(s) + 2NaCrO2(s) + 3CO(g).
The main aim of the alkali reduction is to form an iron-rich metallic 

fraction and a non-metallic fraction containing sodium chromite, so
dium aluminate and alkali silicates; which could be subsequently 
separated by magnetically (Escudero-Castejón et al., 2021). For an 
efficient magnetic separation, it is necessary to optimize the formation 
of metallic iron by adjusting the operating parameters of the reduction 
process.

In the present investigation, the physical chemistry of overall 
chemical reaction has been analysed in view of the phases formed during 
the reductive alkali roasting of S. African chromite ore. The rate 

Fig. 1. A) the data on world total output of chromite ores and stainless steel from 210 to 2020 (Statista, n.d.) and b) the main producers of chromite ore in the world 
(Fastmarkets, n.d).
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determining kinetic analysis has been presented for modelling the re
actors in future studies.

2. Materials and Methods

2.1. Materials

In this investigation, the composition analysis of the S. African 
chromite ore is shown Table 1, and the method of analysis has been 
explained elsewhere (Escudero-Castejón et al., 2021).

Analytical grades of sodium carbonate (99.9 % pure Na2CO3) and 
activated charcoal (carbon content of 99.9 %) were used in the reduction 
experiments, describe below.

2.2. Experimental methods for the assessment of phase decomposition in s 
African chromite ores

The phase decomposition studies were carried out by thoroughly 
mixing in a mortar and pestle the as-received chromite ore with Na2CO3 
and activated charcoal in a predetermined weight ratios. The powder 
samples were placed in an alumina crucible and were isothermally 
reduced in a Carbolite BLF16/3 (UK) tube furnace with a programmable 
temperature-controlling device for pre-setting both the times and tem
peratures. The reaction chamber was continuously purged with 2 L/min 
of argon gas at 2 bars to maintain an oxygen-free atmosphere and pre
vent oxidation of the samples during the process. After the experiments, 
the samples were allowed to cool down to room temperature in an 
oxygen-free atmosphere. The reacted mixture was ground for 30 min to 
break the agglomerated products. Each ground reacted mixture was 
analysed phases present using X-ray powder diffraction (PXRD) and 
Scanning Electron Microscopy.

2.3. Decomposition kinetics of S. African chromite

The isothermal thermogravimetric analysis (TGA) of reaction r1 was 
carried out in duplicate at different temperatures to analyse the rates of 
reaction for the kinetic study. For TGA experiments, a 2 g pellet of the 
reaction mixture was weighed and transferred into an alumina crucible 
following the procedure described in Escudero-Castejón et al., 2021
(Escudero-Castejón et al., 2021).

2.4. Physical and chemical Characterization of samples

For phase identification before and after reduction reaction in the 
presence of alkali and carbon, the X-ray powder diffraction (PXRD) 
technique was adopted. Ground samples were placed in the appropriate 
sample holder for PXRD analysis using the Philips (USA) X’Pert X-ray 
diffractometer (Cu-Kα radiation λ = 0.15417 nm, a step size of 2θ =
0.03◦ over an angle 2θ between 5◦ to 85◦). The X’Pert HighScore Plus 
database software supplemented by Reitveld analysis was used for phase 
identification of the PXRD patterns.

The Carl Zeiss Evo MA 15 Oxford Instruments (UK) Scanning 

Electron Microscope (SEM) with Aztec Energy dispersive X-ray analyt
ical (EDX) capability was used for the examination of reduced and 
unreduced chromite ore samples. For SEM analysis, the accelerating 
voltage was 20 kV with 80 mm X-Max SDD detector for microstructure 
and semi-quantitative EDX analysis of each sample. For cross-sectional 
examination of the reaction interface, the powdered sample was 
dispersed at the bottom of resin-mount cup. The thermosetting Epofix 
resin and hardener (6:1) was mixed and then gently poured over the 
powder sample, already placed inside the mould. Once the resin had 
hardened, the mounted samples were removed from the mould and 
grinded using silicon carbide papers of different grades (P240-P4000) 
and finally polished using a Buehler (USA) MetaSeru® 250 machine 
using different grades of polishing media, to remove cracks. The outer 
part of the resin-mounted sample was painted with a graphite suspen
sion and then coated with a 5 nm platinum layer to avoid charging 
during SEM examination.

3. Results

3.1. Characterization of S. African chromite ore

The PXRD pattern of the as-received chromite ore is shown in Fig. 2, 
the results shows that the predominant phase is a chromite spinel with 
Fe2+ and Mg2+ cations occupying the tetrahedral positions and the Cr3+

and Al3+ cations in octahedral sites. The reference pattern (01–070- 
6386) compares well the data in Fig. 2, confirming that the stoichio
metric formula of chromite ore is (Fe0.52Mg0.48)(Cr0.76Al0.24)2O4 with a 
lattice parameter of 8.306 Å.

The backscattered SEM images of the as-received chromite ore are 
presented in Fig. 3. The two phases can be clearly differentiated in these 
images: light grey particles (A) are chromite spinel particles, and darker 
grey particles (B) correspond to siliceous gangue minerals. The EDX- 
SEM elemental analysis of areas A-B is shown in Table 2, which sug
gests that the composition of chromite ore is consistent with the PXRD of 
Fig. 1. The gangue phase (number 3 in Fig. 2) is a silicate combined 
mainly with oxides of aluminium, calcium, and a smaller proportion of 
sodium, which agrees with elemental mapping results in Fig. 3.

3.2. Phase decomposition studies

3.2.1. Effect of Na2CO3 ratio
The stoichiometries of chemical reactions (r1) to (r6) determine the 

Na2CO3:C ratios needed for complexing oxides with alkali and reducing 
iron oxide to metallic iron. We also investigated the phases formed in 
different chromite:Na2CO3 ratios ranging from 1:0.46 to 1:1 by keeping 
the chromite:charcoal ratio constant at 1:0.2. For each predetermined 
chromite, alkali, and charcoal mixture, the temperature and time, were 
fixed at 1050 ◦C and 2.5 h respectively.

(r2).MgCr2O4(s) + Na2CO3(s) + C(s) → MgO(s) + 2NaCrO2(s) + 2CO(g).
(r3).FeAl2O4(s) + Na2CO3(s) + 2C(s) → Fe(s) + 2NaAlO2(s) + 3CO(g).
(r4).MgAl2O4(s) + Na2CO3(s) + C(s) → MgO(s) + 2NaAlO2(s) + 2CO(g).
(r5).MgFe2O4(s) + Na2CO3(s) + C(s) → MgO(s) + 2NaFeO2(s) + 2CO(g).
(r6).SiO2(s) + Na2CO3(s) + C(s) → Na2SiO3(s) + 2CO(g).
Considering that chromite mineral is a solid solution, the individual 

spinel members have been considered in reactions r1 to r5 for plotting 
the Gibbs energy changes against temperature using HSC 5.1 software 
(Roine, 2002) which results are shown in Fig. 4. Reaction (r6) has also 
been included to account for the different silica compounds present in 
the ore.

In Fig. 4, we show that the values of Gibbs energy for reactions (r1) to 
(r5) are negative above 800 ◦C. Comparing chromite spinels reactions r1 
and r2 above 900 ◦C, reduction of FeCr2O4 to form metallic iron and 
NaCrO2 is more thermodynamically favorable than the reduction of 
MgCr2O4. However, the differences are not very significant in the tem
perature range of 950 ◦C to 1100 ◦C. The same tendency is observed in 
the case of reduction of aluminium-based spinel members, FeAl2O4 and 

Table 1 
Chemical composition of the as received S. African chromite ore.

Oxide Weight percentage (%w/w) Cr:Fe ratio Particle size (µm)

Cr2O3 44.7 ± 2.70

1.7:1 90–120

Fe2O3 6.05 ± 1.00
FeO 18.5 ± 1.82
MgO 10.9 ± 1.90
SiO2 3.8 ± 0.20
Al2O3 14.4 ± 1.90
TiO2 0.5 ± 0.01
V2O5 0.3 ± 0.01
MnO 0.3 ± 0.01
CaO 0.4 ± 0.01
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Fig. 2. A PXRD pattern of the as-received chromite ore. 1 = (Fe0.52Mg0.48)(Cr0.76Al0.24)2O4, 2 = SiO2, 3 = Ca11.5Al23Si25O96. CuKα radiation.

Fig. 3. Backscattered scanning electron microscopy image of the as received chromite ore and elemental distribution map obtained by (EDX).
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MgAl2O4 in reactions r3 and r4, in the presence of alkali and carbon. By 
comparison, the Gibbs energy values for chromium-based spinels are 
marginally lower than that for the ΔG values of aluminium-based spinels 
in the entire range of temperatures. From the comparative analysis of 
the Gibbs energies of decomposition of chromite spinels, it can be 
deduced that the formation of NaCrO2 is thermodynamically feasible 
and the difference in the thermodynamic stabilities of NaAlO2 and 
NaCrO2 appears to be similar for achieving phase separation from the 
spinel solid solution. The comparative Gibbs energy analysis also dem
onstrates that NaFeO2, however, is less stable than the alkali complexes 
NaCrO2 and NaAlO2 in a reducing atmosphere.

The comparative analysis of formation of both NaCrO2 and NaAlO2 is 
desirable for the alkali reduction process, since NaCrO2 is insoluble in 
water and it can be separated from metallic Fe by magnetic separation. 
On the other hand, NaAlO2 is water soluble offering a novel route for 
soluble-insoluble separation in process flowsheet. The reductive atmo
sphere during reaction significantly reduces the formation of NaFeO2 
which is undesirable as it may co-precipitate both during selective 
separation of alumina and chromium oxide.

The phases present in the reduced samples were characterised using 
the powder diffraction method, and these are compared in Fig. 5 and 
Fig. S1 of the supplementary information. In the mixture compositions 
with weight ratios equal to 1:0.46 and 1:0.50, both the sodium chromite 
and metallic iron phases formed. However, in this figure we also confirm 
the dominance of MgCr2O4/MgFe2O4 spinels than that in compositions 
with higher proportions of charcoal and alkali. The apparent difference 
in the phase abundance of sodium chromite and metallic iron arises due 
to the lack of the availability of alkali in the mixture which may not have 
been able to react with silicates and form sodium silicate via reaction r6. 
For higher charcoal:alkali ratios, the chromite spinel phases are not 
present. This is exemplified in the composition ratio chromite:Na2CO3 =

1:1 where the main phases present are Fe, NaCrO2, NaAlO2 and MgO. In 
summary, the results indicate that the excess of Na2CO3 is necessary for 
promoting the formation of sodium chromite and water soluble alumi
nate, which may help downstream in the physical separation and further 

purification of phases (Escudero-Castejón et al., 2021).
The SEM images of samples reduced with chromite:Na2CO3 weight 

ratios of 1:0.46, 1:0.67 and 1:1 are compared in Fig. 6 in which the light 
grey areas represent the iron-rich metallic phases. The areas a-e were 
analysed by SEM-EDX to compare the chemical composition of the iron- 
rich metallic phase formed in samples reduced at different weight ratios.

Results presented in Table 3 show the dependence of the solubility 
limits of metallic Cr as a solute in the iron alloy matrix on the chromite- 
to-alkali ratio during the reduction process. There is clear evidence from 
the isothermal reduction reaction data that with increasing alkali in the 
chromite, the majority of chromium oxide forms sodium chromite, 
rather than the alloy with more than 12 wt% chromium (Paktunc et al., 
2024). This means that an excess of Na2CO3 is necessary for increasing 
the disproportionation of chromium oxide as sodium chromite. On the 
other hand, for enriching the alloy phase with chromium, more charcoal 
with chromite:alkali ratio 1:0.5 may be necessary. In the present 
investigation, based on the mixture compositions investigated, the 
lowest chromium content in the alloy was below 5 % as reported in areas 
c to e in Table 3.

3.2.2. Effect of temperature
The effect of temperature has been studied in the range of 800 ◦C to 

1100 ◦C, the weight ratio chromite:Na2CO3:charcoal was fixed to 1:1:0.2 
and the reduction time was set up to 2.5 h. The powder diffraction phase 
analysis data are compared in Fig. 7.

At 800 ◦C, unreacted chromite and sodium carbonate are the main 
phases present. Part of the iron oxide present in the ore was reduced at 
this temperature, but most of it has remained in the chromite spinel 
phase. Although the intensity of diffraction peaks of metallic Fe and 
NaCrO2 increase with increasing temperatures from 900 ◦C and above, 
nevertheless, at 900 ◦C the unreacted chromite and sodium carbonate 
were still present. Fig. 8 presents the microscopic evidence for the 
chemical dissemination of elements during chromite ore decomposition, 
which then leads to formation of metallic iron and sodium chromite at 
the phase boundaries of residual iron-depleted spinel phases. Fig. 8a 
shows the microstructure of chromite particles after being reduced at 
800 ◦C and 900 0C, respectively. In Fig. 8b, the elemental mapping was 
obtained by SEM-EDX which indicates that the bright phase is metallic 
iron while the darker grey phase corresponds to partially reacted chro
mite phase, which points out that no metallic iron is present at 800 ◦C, 
whereas from 900 ◦C, the formation of metallic iron or alloy commences.

At higher temperatures, the residual chromium-rich phases could not 
be identified in the powder diffraction patterns in Fig. 7 whereas;the 
metallic Fe, NaCrO2, NaAlO2, MgO and complex silicates phases were 

Table 2 
Elemental composition of regions A-B in Fig. 3 analysed by SEM-EDX.

%w/w* Cr Fe O Al Mg Ti Si Ca Na

A 35.2 24.7 24.3 9.5 5.6 0.6 0.0 0.0 0.0
B 0.6 0.3 40.3 17.8 5.8 0.0 26.0 12.4 2.6

*reported standard deviations were ± @.b for Cr, Fe and O and ± @.a for the 
rest of the elements.

Fig. 4. ΔG versus temperature plot of reactions (r1) to (r6).
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found to be more dominant with increasing reduction temperatures.
At 1050 ◦C, most of the iron oxide was found to have reduced to 

metallic form by forming larger Fe particles (bright phase) which is 
exemplified in Fig. 9. Combining the phase analysis shown in Figs. 7 and 
8 and the elemental map analysis in Fig. 9, we may be able to conclude 
that dark grey particles are composed of Cr3+ and Al+3 ions wherein the 
Na+ ions diffuse inwards by forming NaCrO2 and NaAlO2. Part of the 
magnesium oxide diffuses out to form a MgO-rich rim and the rest of it 
combines with silica to form complex silicates.

3.2.3. Effect of time
The progress of the chromite reduction reaction was also studied 

with increasing time period by carrying out investigations under a 
chosen isothermal condition, for example, at 1050 ◦C for a fixed weight 
ratio of chromite:Na2CO3:charcoal = 1:1:0.2. As observed in Fig. 10, the 
PXRD peaks for metallic iron can be observed after 15 min of reaction, 
which indicates that reduction of iron oxide in chromite to metallic form 
occurs rapidly at a temperature of 1050 ◦C, which was also evident from 
the SEM analysis of the partially reduced sample. As the reduction re
action proceeds, more metallic iron forms as fine needles inside chro
mite particles which may be observed in Fig. 11. The micro-crystallites 
of metallic iron start clustering and these crystallites then continue to 
grow with time. Eventually, they may separate from the reduced chro
mite and form round metallic particles, which is the preferred form for 
subsequent magnetic separation. The metallic iron predominantly 
formed during reduction is ferrite (α-Fe), however, formation of 
austenite (γ-Fe) can be observed at 1 and 1.5 h due to a fast cooling 
which leads to a metastable γ-Fe phase. The difference in the diffraction 
peaks of α-Fe and γ-Fe is feasible by using the PXRD technique, since 
both phases are allotropes of metallic iron with different crystal struc
ture. The γ-Fe is the allotrope formed between 950 ◦C and 1050 ◦C. On 
cooling the samples, to ambient temperature, it was observed that the 
γ-Fe should transform to α-Fe during the cooling process(Boi et al., 
2017). The α-Fe is the predominant and desirable form since it has the 
best magnetic properties; and therefore, any γ-Fe should be avoided to 
improve the efficiency of the magnetic separation.

We observed that not all metallic iron may be possible to separate 
even after 6 h reaction. This type of microstructure is a manifestation of 
diffusion barrier which is increasing with increasing inter-particulate 
distance and resembles with the theory of Ostwald ripening 
(Voorhees, 1985). Formation of NaCrO2 can be also seen after 15 min of 
reaction. After 30 min, unreacted chromite cannot be identified in the 
PXRD pattern in Fig. 10. When reduction is carried out during 2.5, 3.5 or 
6 h, the main phases present are NaCrO2, Fe, MgO and NaAlO2. Based on 
this, 2.5 h has been chosen as the optimum roasting time.

3.2.4. Effect of activated charcoal ratio
The effect of activated charcoal on the reduction of chromite in the 

presence of sodium carbonate was also studied by carrying out the 
reduction experiments with different chromite:charcoal weight ratios. 
The weight ratio of chromite:Na2CO3 was constant for all the experi
ments and equal to 1:1, temperature was fixed at 1050 ◦C and each 
sample was reduced for 2.5 h. The PXRD patterns of the reduced samples 
are compared in Fig. 12.

The reduction of iron is not complete when a chromite:charcoal 
weight ratio of 1:0.08 is used. However, when it was increased up to 
1:0.33, a better reduction of iron oxides was achieved. Above 1:0.33, the 
formation of metallic iron starts decreasing again. This might be due to 
the increased amount carbon in the mixture with deficient sodium car
bonate in the mixture. The observation again reinforces that it is the 
optimised concentrations of chromite to alkali which must be balanced 
against overall carbon for producing CO gas when the sodium carbonate 
starts decomposing above 800 ◦C (Tian et al., 2025). The formation of 
NaCrO2 is observed for all different ratios, and the formation of sodium 
and magnesium silicates and (Ca,Mg)CO3 increases when the ratio of 
carbon is high (1:0.33 and above). According to the results obtained, the 
chromite:charcoal weight ratio should be in the range of 1:0.17 to 
1:0.25.

3.3. Kinetics of the alkali reduction of S. African chromite

3.3.1. Isothermal thermogravimetric analysis
The degree of reduction (X) was calculated based on the isothermal 

thermogravimetric experimental data collected at different tempera
tures. Experiments at temperatures of 800 ◦C, 850 ◦C, 900 ◦C, 950 ◦C, 
1000 ◦C and 1050 ◦C were carried out with a chromite:Na2CO3:charcoal 
weight ratio of 1:1:0.2. The weight loss was recorded with time during 
each experiment (observed weight loss), and this data was used to 

Fig. 5. PXRD patterns of chromite samples after reduction at 1050 ◦C for 2.5 h 
using a fixed chromite:charcoal weight ratio of 1:0.2 and a chromite:Na2CO3 
weight ratios of 1:0.46 and 1:1. [sp = MgCr2O4/MgFe2O4, 2=NaCrO2, 3 = MgO, 
4=NaAlO2, 4*=Na1.95Al1.95Si0.05O4, 8*= Na2Mg2Si2O7, 8**= Na2Mg2Si2O7, 9 
= Fe3C, Fe = metallic iron, C = carbon].
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calculate X following equation (eq.1). 

X(%) = 100*
(

Observed weight loss(g)
Theoretical weight loss(g)

)

(1) 

The theoretical weight loss was calculated using the stoichiometric 
calculations based on the composition of the chromite ore, the alkali and 
carbon weight ratios in the reaction mixture, the initial weight of the 

sample and the weight loss expected from reactions (r7) to (r11)
(r7). FeO(s) + C(s) → Fe(s) + CO(g).
(r8). Fe2O3(s) + 3C(s) → 2Fe(s) + 3CO(g).
(r9). Cr2O3(s) + Na2CO3(s) + C(s) → 2NaCrO2(s) + 2CO(g).
(r10). Al2O3(s) + Na2CO3(s) + C(s) → 2NaAlO2(s) + 2CO(g).
(r11). Na2CO3(s) + C(s) → Na2O(s) + 2CO(g).
If excess sodium carbonate is present in the reaction mixture, the 

weight loss due to the decomposition of Na2CO3 following reaction (r11) 
needs to be considered. A detailed study of the thermal decomposition of 
sodium carbonate was conducted by Motzfeldt (Motzfeldt, 1955). The 
isothermal thermogravimetric plots in Fig. 13 for the S. African chromite 
are shown for temperatures of 800 ◦C and 850 ◦C. From this figure, the 
degree of reduction increases steadily with time (t, hour). Above 900 ◦C, 
the fraction reacted increases rapidly before it reaches a plateau where 
the reaction halts. At the higher temperatures, for example 1050 ◦C, the 
reaction occurred rapidly and achieved a maximum degree of reduction 

Fig. 6. Backscattered SEM images of reduced chromite samples at 1050 ◦C for 2.5 h with three different chromite:Na2CO3 weight ratios (1:0.46, 1:0.67 and 1:1). 
Chromite:charcoal wt. ratio = 1:0.2.

Table 3 
Chemical composition of areas a-e in Fig. 5 analysed by SEM-EDX.

Area a b c d e

Chromite:Na2CO3 wt. ratio 1:0.46 1:0.67 1:1
wt.% Fe 87.2 84.6 95.9 95.7 95.2
wt.% Cr 12.8 15.4 4.1 4.3 4.8

*reported standard deviations were ± 0.2 for Cr and Fe.

Fig. 7. The PXRD patterns of samples after reduction at 800 ◦C, 900 ◦C, 1000 ◦C, 1050 ◦C and 1100 ◦C are compared for a ChromiteːNa2CO3ːcharcoal weight ratio of 
1ː1ː0.3. The phases identified are [1=(Fe0.5Mg0.5)(Cr0.73Al0.27)2O4, 2=NaCrO2, 3 = MgO, 4=NaAlO2, 5=Na2CO3, 6=Na0.87Mg0.4Al0.07Si0.53O2, 7=(Fe,Mg)2SiO4, 
8=Na1.8Mg0.9Si1.1O4, 9*=FeC0.045, Fe = metallic iron, C = carbon].
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of approximately 92 % after 30 min.

3.3.2. Determination of reaction rate and activation energy
Based on the thermogravimetric experimental data, different kinetic 

models for diffusion-controlled and reaction-controlled solid-state re
actions were analysed and compared. In the case of the diffusion control 
model, where the rate-limiting step may be the diffusion of ions through 
the product layer. Ginstling and Brounshtein (GB) (Ginstling and 
Brounshtein, 1950), proposed the following equation (eq.2): 

1 −
2
3

• X − (1 − X)
2
3 = k1 • t (2) 

When the reaction at the particle interface is the rate-limiting step, the 
equation (eq.3) developed by Spencer and Topley (ST) (Spencer, Wilfred 
Devonshire; Topley, 1929), may be applied: 

1 − (1 − X)
1
3 = k2 • t (3) 

A mixed kinetic control including both diffusion and reaction control 
can be also considered, in which case the kinetic equation would be the 
following: 

(1 −
2
3

• X − (1 − X)
2
3 )+ (1 − (1 − X)

1
3 ) = k3 • t (4) 

In equations (eq.2), (eq.3) and (eq.4), X stands for the fraction reacted or 
degree of reduction, ki for the respective rate constants (min− 1) and t for 
the reaction time (min). The experimental data from the X versus time 
(t) curves in Fig. 13 were taken every 5 min and fitted to equations 
(eq.2), (eq.3) and (eq.4), for the GB, ST and mixed model, respectively. 
The last section of the curves, where a plateau is reached, was not 
included in the fitting as the reaction is considered to stop when no 

Fig. 8. (a) Backscattered SEM images of chromite after reduction with Na2CO3 and activated charcoal at 800 ◦C/900 ◦C, and (b) Elemental mapping after reduction 
with Na2CO3 and activated charcoal at 900 ◦C.
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weight loss is observed.
Comparing the data in the plots in Fig. 14, it is evident that the 

Ginstling and Brounshtein model fits to the experimental data much 
better than the ST and mixed models. The statistical analysis confirms 
that the R-squared values always are at least 0.99 for all the GB-model 
fitted data, which confirms that the reduction of S. African chromite 
with alkali is a diffusion-controlled process. The activation energy (Ea) 
of the reduction reaction can be calculated by using the Arrhenius 
equation shown below in (eq.5). The Arrhenius activation energy 

analysis is based on plotting the natural logarithm of the constant rates 
obtained from the GB model against the reciprocal of the absolute 
temperature (1

T) (1073 K-1323 K), as shown in Fig. 15. 

lnk = lnA −
Ea

R
•

1
T

(5) 

The activation energy obtained from the slope of the linear relationship 
in Fig. 15 for the alkali reduction of S. African chromite ore is 206.0 ±
0.8 kJ/mol. The activation energy calculated in this study for the 

Fig. 9. Elemental mapping of chromite sample reduced with activated charcoal and sodium carbonate at 1050 ◦C.

Fig. 10. PXRD patterns of as-received chromite and reduced samples after reduction at 1050 ◦C with weight ration chromite:Na2CO3:charcoal = 1:1:0.2 for different 
times. [1=(Fe0.5Mg0.5)(Cr0.73Al0.27)O4, 2=NaCrO2, 3 = MgO, 4=NaAlO2, 4*=Na1.95Al1.95Si0.05O4, 5=Na2CO3, 9 = Fe3C, Fe/Fe*=α/γ metallic iron, C = carbon].
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Fig. 11. Backscattered SEM images of chromite after reduction with Na2CO3 and activated charcoal at 1050 ◦C during 15 min, 30 min, 2.5 h and 6 h (weight ratio 
chromite:Na2CO3:charcoal = 1:1:0.2).

Fig. 12. PXRD patterns of chromite samples after reduction at 1050 ◦C for 2.5 h using different chromite:charcoal weight ratios. [2=NaCrO2, 3 = MgO, 3*=(Mg,Fe) 
O, 4**=Na1.5AlSiO4.25, 5=Na2CO3, 8= Na1.8Mg0.9Si1.1O4, 10*=(Ca,Mg)CO3, Fe = metallic iron, C = carbon].
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Fig. 13. (%) Reduction vs time curves for the carbothermic reduction of S. African chromite ore in the presence of Na2CO3 at constant temperature with a chromite: 
Na2CO3:charcoal weight ratio of 1:1:0.2.

Fig. 14. Ginstling and Brounshtein (GB), Spencer and Topley (ST) and mixed model equations versus time from experimental TGA data collected with S. Afri
can chromite.
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reductive roasting of S. African chromite in the presence of Na2CO3 is 
comparable to that obtained by Kekkonen et al. (1995), and Ding and 
Warner, 1997a (Ding and Warner, 1997a), who studied the reduction 
kinetics of carbothermal reduction with CO gas of chromite pellets at 
much higher temperatures (in the range of 1420 ◦C to 1595 ◦C), and also 
used the unreacted core model to explain the mechanism of reduction. 
This means that the presence of alkali in the reduction reaction enables 
the possibility of operating at significantly lower temperatures 
compared to traditional processes of carbothermic reduction of chromite 
ore. Moreover, the microstructures shown by Kekkonen et al. (1995) are 
similar to the observed in this study. The Ea values of chromite reduction 
calculated by previous investigations from different authors are sum
marised in Table 4.

Tathavadkar et. al 2001 (Tathavadkar et al., 2001) carried out the 
soda-ash roasting of S. African chromite in oxidizing, inert and reducing 
atmosphere. They reported the formation of NaCrO2 in all cases with the 
difference that in air, further oxidation of NaCrO2 to Na2CrO4 occurs. 
For the oxidative process, they estimated an activation energy of 185 ±
5 kJ/mol at temperatures ranging between 750 and 937 ◦C reaching the 
conclusion that Cr3+ solid state diffusion was the limiting step of the 
process. In fact, according to Tathavadkar et. al 2001 (Tathavadkar 

et al., 2001) the activation energy for the solid state diffusion of Cr3+

ions in chromite should be between the octahedral crystal field stabili
zation energy (CFSE) which is 225 kJ/mol and the octahedral site 
preferential energy (OSPE) which is 158 kJ/mol. For the reductive alkali 
roasting of S. African chromite conducted in this work an activation 
energy of 206 kJ/mol was calculated which agrees with Tathavadkar et. 
al 2001 observations (Tathavadkar et al., 2001).

3.3.3. Reaction mechanism of the reductive alkali roasting of S. African 
chromite

The mechanism proposed for the reductive alkali reduction of S. 
African chromite is discussed based on the experimental observations 
presented in this work and previous literature review. The proposed 
reaction mechanism consists of the following steps: 

1. Boudouard reaction and decomposition of Na2CO3.
2. Diffusion of the gaseous reductant (CO) through the gas film 

around the chromite particle and through the porous solid and 
cracks towards the reaction surface.

3. Adsorption of the gaseous reductant on the reaction surface.
4. Diffusion of Fe2+/Fe3+ and O2– through the vacancies of the 

structure and towards the reaction surface.
5. Chemical reaction on the reaction surface between the gaseous 

reductant and the oxygen in the chromite spinel lattice leading to 
metallisation of Fe.

6. Reaction of sodium oxide with Al+3 ions to form NaAlO2.
7. Diffusion of Mg2+ ions through the vacancies in the spinel 

structure towards the outer rim of the chromite particle, and 
formation of MgO phase.

8. Diffusion of sodium ions via the voids in the spinel structure to
wards the reaction surface and reaction with Cr+3 to form 
NaCrO2.

9. Desorption of the gaseous reaction product (CO2 gas) from the 
reaction surface.

10. Diffusion of the gaseous reaction product through the porous 
solid or cracks of the chromite particle, and through the gas film 
around the particle.

During carbothermal reduction of chromite, the carbon gasification 
by the Boudouard reaction may be controlling the kinetics in the early 
stages of the process, as the replacement rate of the CO consumed on the 
reaction front depends on the rate of this reaction. If the Boudouard 
reaction is limiting the early stages of reduction a higher concentration 

Fig. 15. Arrhenius plot of S. African chromite ore reduction.

Table 4 
Previous findings on the kinetics of chromite reduction. Table adapted from 
Wang et al. (2014).

Additive Controlling mechanism Ea (kJ/ 
mol)

Reference

None
Early stage: nucleation/ 

chemical reaction
114

(Ding and Warner, 
1997a)

Late stage: gas/solid diffusion 221
None Unreacted core with gas/solid 

diffusion
224 (Kekkonen et al., 

1995)
None Diffusion of oxygen 57 (Murti and Seshadri, 

1982)

CaO
Early stage: nucleation/ 

chemical reaction
139–161

(Ding and Warner, 
1997a)

Late stage: diffusion of Cr 410

SiO2
Early stage: diffusion of ions 194 (Ding and Warner, 

1997a)Late stage: smelting of Cr 256

SiO2

Early stage: nucleation/ 
chemical reaction 172 (Duong and 

Johnston, 2000)Late stage: not found

None
Low T: Pore diffusion +

interfacial reaction 420 (Xiao et al., 2001)
High T: Chemical reaction
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of CO2 is expected in the gas. The catalytic effect of alkali carbonates on 
the Boudouard reaction has been previously reported in literature (Rao, 
1983; von Bogdandy and Engell, 1971), indicating that the presence of 
sodium carbonate might increase the rate of reduction. The diffusion of 
gaseous CO through the gas film is expected to be a limiting factor of the 
reaction rate, especially when a silicate product layer around chromite 
particles is formed (Antony et al., 2006). The alkali present during 
reduction is, however, able to promote the breakage and cracking of the 
chromite particle and therefore the metallisation of Fe2+/3+ by CO gas is 
increased. The formation of metallic Fe spheres at the edges of the 
partially reduced particles was reported as the rate limiting factor by 
Niayesh and Dippenaar 1992 (Niayesh, 1992), as it can limit the diffu
sion of gases through the product-layer. In this case the formation of the 
metallic phase occurs first as needle-shape metallic Fe within the 
NaCrO2/NaAlO2 matrix, which later diffuses towards the edge or grows 
within internal cracks formed because of reduction. Rounded metallic 
particles are then formed at the border or in the cracks of the reduced 
particles in the last stages of the reaction. The metallic particles, how
ever, tend to separate once in the surface and do not form a continuous 
rim. Therefore, this is not expected to be a limiting factor in this case.

The reaction between CO and the oxygen from the lattice leads to the 
formation of CO2 yielding 2e-, which are responsible for the reduction of 
Fe2+ to metallic Fe0. The reduction process is expected to create va
cancies, increasing the reactivity of chromite. Reaction could be a 
limiting factor, however, previous publications on the carbothermal 
reduction of chromite agreed on the fact that reduction of Fe2O3 and FeO 
occurs in first place, followed by the reduction of Cr2O3 once metal
lisation of iron is completed (Dawson and Edwards, 1986; Ranganathan 
et al., 2011; von Bogdandy and Engell, 1971). In the case of alkali 
reduction of chromite, the presence of alkali minimises the formation of 
metallic Cr by forcing the equilibrium towards the formation of NaCrO2 
phase, and hence only a small fraction of chromium is metallised 
forming the Fe-Cr metallic alloy, as shown in section 3.2.1. Limited 
formation of Cr metal is an advantage of the alkali reduction over car
bothermal reduction in the absence of alkali, as metallisation of Cr, 
which is the slow step, is not desired. It was observed that the diffusion 
of Na+ ions from the edges of the particle towards the centre occurs 
rapidly. Formation of NaCrO2 can be observed after 15–30 min of re
action, as it was indicated by PXRD patterns presented in Fig. 9.

Previous research carried out on the oxidative roasting of chromite 
ores studied the effect of Fe/Mg replacement on the extraction of 
chromium as Na2CrO4. It was found that the replacement of Fe2+ by 
Mg+2 in the spinel structure has no significant effect on the chromium 
extraction (Thompson and Lawson, 1984). On the other hand, Tatha
vadkar et al. 2003 (Tathavadkar et al., 2003) found that the higher the 
fraction of Mg2+ in the chromite spinel, the lower is the extraction yield 
observed. The author concluded that there is a detrimental effect for 
chromite spinels rich in Mg. The reduction of Mg-based spinels, namely 
MgCr2O4 and MgAl2O4, in the presence of Na2CO3 and charcoal is less 
thermodynamically favourable than that of Fe-base spinels (FeCr2O4, 
FeAl2O4) (Escudero-Castejón et al., 2021). MgCr2O4 presents high sta
bility at high temperatures under reducing conditions and in the pres
ence of alkali, which may be explained by the need of balancing between 
divalent and trivalent ions in the spinel lattice.

4. Conclusions

The main conclusions of this study can be summarised as follows: 

• The effect of process parameters on the reductive alkaline roasting of 
S. African chromite ore were studied, obtaining the best results for a 
chromite:Na2CO3:charcoal weight ratio of 1:1:0.2, a temperature of 
1050 ◦C and a reduction time of 2.5 h.

• The kinetic study of the alkali reduction of S. African chromite sug
gests that the kinetics of the reaction can be described by the GB 
model with an Ea value of 206.0 ± 0.8 kJ/mol.

• The mechanism of the reduction of chromite in the presence of alkali 
is similar to the direct carbothermic reduction of chromite. However, 
this work has demonstrated that the presence of alkali promotes iron 
reduction inducing cracks in the mineral particles and therefore 
increasing the reaction specific surface. Chromium reduction is the 
slowest reaction during the direct carbothermic reduction of chro
mite, so as, it represents the limiting step of the process. The addition 
of alkali avoids this step through the formation of NaCrO2 which is a 
fastest reaction.

• The activation energy determined in the range of 800 to 1050 ◦C for 
the carbothermic reduction of chromite in the presence of alkali is 
similar to the value reported by Tathavadkar et. al 2001 
(Tathavadkar et al., 2001) for the oxidative roasting in the range of 
750 to 973 ◦C suggesting that Cr3+ ions diffusion is the rate limiting 
step.
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