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The thermal decomposition kinetics 
of carbonaceous and ferruginous 
manganese ores in atmospheric 
conditions
by S.A.C. Hockaday1,2, F. Dinter2, and Q.G. Reynolds3,4

Synopsis
The thermal decomposition of carbonate minerals as pre-treatment before smelting reduces 
the energy requirement for smelting. It can also make the combustion of fossil fuels for heating 
unnecassary. Thermal decomposition may become important in reducing greenhouse gas 
emissions when producing ferromanganese alloys while simultaneously reducing electrical 
energy demand during smelting. A kinetic reaction rate model for the thermal decomposition of 
manganese ores is presented, based on published reaction rate kinetics for the decomposition of 
manganese oxides and calcium carbonate. The model was validated against thermogravimetric 
data for two carbonaceous manganese ore samples and one ferruginous manganese ore sample. 
The reaction rate model shows that carbonate minerals in the manganese ores are decomposed at 
temperatures above 900 °C while pyrolusite is decomposed at temperatures from 450 °C to 500 °C. 
Mn2O3 decomposes rapidly at 550 °C. Braunite decomposition at temperatures below 1000 °C was 
negligible. The presence of organic carbon in the samples led to further reduction of the samples 
during thermal treatment.
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Introduction 
Manganese ores have complex mineralogy (Chetty, 2008). Although most South African manganese 
ores manganese oxides such as pyrolusite, bixbyite, braunite and hausmannite, they are often associated 
with gangue minerals such as calcite, kutnahorite, ankerite and dolomite. These carbonate minerals 
undergo endothermic decomposition reactions that increase the energy demand for ferromanganese alloy 
production. In contrast, the higher manganese oxides undergo mainly exothermic reduction reactions 
with solid carbon and carbon monoxide, which are desirable in smelting as they reduce the overall energy 
demand of the process. Pre-treatment methods for manganese ores may be categorized as pre-heating, 
calcination, or agglomeration. 

Pre-heating has been practised to reduce the electricity demand of ferromanganese submerged arc 
furnaces (Tanabe, 1968; Ishak and Tangstad, 2007; Tangstad, Ichihara and Ringdalen, 2015) by using 
combustion of fossil fuels or furnace off-gas to pre-heat the feed. This practice has inspired more research 
into the pre-heating and pre-reduction of manganese ores not just with furnace off-gas, but also with bio-
carbon and indirect use of solar thermal energy (Hockaday et al., 2020; Mckechnie, McGregor and Venter, 
2020; Hamuyuni et al., 2021; Julia et al., 2021; Kazdal et al., 2021).

Calcination is generally not practised as feed preparation for ferroalloy production due to the 
requirements for strong lumpy ore as the solid burden in a submerged arc furnace. The solid burden in 
the furnace acts similarly to that in a vertical kiln; it is heated and reduced by carbon monoxide evolved 
from the reduction of MnO to metallic manganese in the coke bed (Olsen, Tangstad and Lindstad, 
2007). However, the advantages of such preheating have been evaluated and it was found that preheating 
carbonate-rich manganese ores may reduce the electric energy demand for ferroalloy production by 25% for 
cooled thermally treated ore and by 35 % for hot charged thermally treated ore (Serov, 2007). 

Currently, sintering is the leading pre-treatment technology for manganese ores. Sintering is used 
to agglomerate fines (<6 mm) into furnace feed. Although not traditionally seen as a reducing process, 
sintering is done in reducing conditions with solid carbon as the reductant at temperatures of 1200°C or 
above (Pienaar and Smith, 1992; Daavittila et al., 2001). Although sintering decomposes carbonate minerals, 
it also reduces the manganese oxides to hausmannite and manganosite leading to a trade-off where sintered 
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products require less energy for carbonate decomposition during 
smelting but lose the benefit of energy from exothermic manganese 
reduction reactions (Broekman and Ford, 2004) under smelting 
conditions. The use of physical separation techniques such as 
dense media separation or flotation to upgrade manganese ores 
by removing gangue minerals such as silica or calcite has not been 
widely applied as the success of these methods is dependent on the 
mineralogy of the ores. Ore samples evaluated for this paper show 
finely intergrown structures even on the 20 µm scale (Hockaday 
et al., 2021), making upgrading by physical separation methods 
impractical due to the fine particle size required to fully liberate the 
gangue minerals. The successful use of dense medium separation 
has been described (Pienaar and Smith, 1992) for Mamatwan 
ore, but the results may not be replicable on other ores with finely 
intergrown minerals. The evaluation of physical separation as an 
alternative or complementary beneficiation method for manganese 
ores is outside the scope of this paper.

The question then arises if it is possible to decompose the 
carbonate minerals while preventing or hindering the reduction 
of the oxide minerals? Less reliance on the use of fossil fuels for 
heating, lowering of the energy demand for smelting and avoidance 
of the Boudouard reaction during smelting to avoid increased 
reductant demand are three reasons for a thermal pre-treatment 
step in oxidative conditions. We developed a reaction rate model 
describing the behaviour of the ores for thermal treatment under 
atmospheric conditions. The model will be useful in further 
investigations of manganese ore pre-treatment in oxidizing 
conditions using renewable energy sources such as electricity from 
renewables or direct concentrating solar thermal treatment to 
achieve the required temperatures. This makes developing a non-
reducing thermal pre-treatment for manganese ores a promising 
route for greener ferromanganese production.

Theory
Thermal pre-treatment has been recommended for carbonaceous 
manganese ores (Serov, 2007) in Russia using furnace off-gas 
for pre-heating and pre-reduction. The thermal decomposition 
reactions for the carbonate minerals are:

[1]
         

[2]

[3]

Since the composition of kutnahorite, Ca(Mn, Mg)(CO3)2, 
is stoichiometrically variable, the decomposition of kutnahorite 
was modelled as a combination of Equations [1], [2], and [3]. This 
enables the modelling of ores with high variability in mineralogy.

These reactions are endothermic as seen from the positive 
enthalpy of the reaction, ∆H. Enthalpy values were obtained from the 
HSC Reaction module (Roine and Bjorklund, 2002; Outotec, 2019) 
at standard conditions of 25°C and 1 atmosphere. Avoiding these 
reactions inside the smelter reduces the energy demand for smelting, 
increasing the smelter’s productivity. If these carbonate minerals 
decompose inside the smelter, the released carbon dioxide may react 
with solid carbon according to the Boudouard Equation [4]:

 [4]

This leads to increased reductant consumption inside 
the furnace and higher energy demand to maintain smelting 

temperatures. Although most South African ores have lower 
concentrations of carbonate minerals than the Russian ores, the 
benefits of decomposing the carbonates before smelting are clear, 
especially for the ores containing dolomite.

The thermal decomposition of CaCO3 has been studied (Hills, 
1968; Ar and Doğu, 2001; Halikia et al., 2001) due to its importance 
in cement production. The rate-limiting step has been determined 
as either the chemical reaction at the interface (Ar and Doğu, 
2001; Halikia et al., 2001) or heat and mass transfer (Hills, 1968). 
The decomposition rate of different CaCO3 sources may vary 
significantly (Ar and Doğu, 2001), so it is important to validate the 
kinetic rate expression against measured data. For this study, the 
calcination reactions are assumed to be limited by the contracting 
area mechanism (Halikia et al., 2001), with the integrated rate 
equation expressed as

                                                                 [5]

where Xi is the conversion extent of reaction i, t is the time, and 
ki is the reaction rate frequency factor, dependent on temperature 
according to the Arrhenius equation,

 [6]

with Ai the pre-exponential factor, Eai the activation energy, T the 
temperature in Kelvin and R the universal gas constant.

Manganese oxides can also decompose thermally in air. The 
reactions are as follows

 
[7]

 

[8]

 
[9]

The reaction kinetics of reaction Equations [7] and [8] has been 
studied (Terayama and Ikeda, 1983) and found to be limited by 
interfacial chemical reaction. Further studies on reaction kinetics 
for reaction Equation [8] were done to investigate using manganese 
oxides as a redox pair for water splitting (Botas et al., 2012; 
Alonso, Gallo and Galleguillos, 2016) and the contracting volume 
mechanism was found to describe the data well, although the nth 
order mechanism was found to improve the model fit.

The thermal decomposition of Mn7SiO12, Equation [9], has been 
reported (Grimsley, See and King, 1977) as occurring above 900°C, 
but no published studies were found on the kinetics of this reaction. 
For this study, the manganese oxide decomposition reactions will 
be assumed to be limited by the contracting volume mechanism 
(Terayama and Ikeda, 1983), with the integrated rate equation 
expressed as

 [10]

Manganese ores may contain some hydrated minerals, and the 
mass loss at temperatures below 300°C is expected to be from the 
evaporation of surface water or the dewatering of hydrated minerals.

The manganese ore samples was found to contained significant 
amounts of organic carbon, up to 3% by weight. The organic carbon 
source is unknown but may be from the untreated ore (plant or bio-
matter) or from contamination at the smelter site (from reductant). 
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The organic carbon content was modelled as pure graphite in this 
study. 

The kinetics of the direct reduction of manganese ore pellets 
containing carbon has been studied (Zhang and Xue, 2013), and 
a kinetic model in two stages was proposed. The earlier stage 
proceeds with carbon as a reducing agent and the kinetic expression 
for a contracting volume as applied to the non-isothermal method 
according to Equation [10]. This reaction rate was applied to 
the possible reduction reactions simultaneously. The later stage 
regarding reduction reactions with carbon monoxide was neglected 
as the sample mass loss was fully explained by reduction with solid 
carbon. The reactions with solid carbon considered in this study are:

 [11]

 

[12]

 

[13]

 [14]

 [15]

 [16]

 [17]

Experimental methodology
The ore samples obtained from the Transalloys ferromanganese 
smelter in South Africa were characterized by chemical analysis and 
mineralogical method. The fines were screened from the fresh ore − 
these are usually briquetted with dust and metal fines before smelting 
(Steenkamp et al., 2018). Chemical analysis was done by inductively 
coupled plasma discharge optical emission spectroscopy (ICP-
OES). The carbonate content was determined from the difference 
between total carbon and organic carbon by combustion analysis. 
The mineralogy of the ores was investigated by X-ray diffraction 
analysis and scanning electron microscopy. More details on the 
sample mineralogy are reported elsewhere (Hockaday, 2023, Chapter 
3) as the focus of this paper was on the reaction kinetics modelling. 
Cryptomelane (KMn8O16) was expressed in manganese oxide form as

 [18]

to simplify the decomposition of the ore while maintaining the 
oxidation state of manganese.

After reconciling the chemical analysis and mineralogical data, 
the compositions of the ore samples are reported in Table I. 

These compositions took into account the thermal behaviour of 
the samples as well, as the high-cryptomelane ore (CMN) showed 
faster carbonate decomposition than the high braunite ore (BMN), 
which was captured by expressing Mg content as MgCO3 rather 
than CaMg(CO3)2. Since the tests were done in triplicate and 
this behaviour was consistent for the ore in all three tests, it was 
included in the model. This does not imply that the mineralogical 
analysis was in error, but rather that decomposition of the carbonate 
minerals occurred differently in the two ores investigated. This is 

Table I

Composition of three manganese ore samples (wt.%)
Ferruginous Mn ore (FMN) High-braunite Mn ore (BMN) High-cryptomelane Mn  ore (CMN)

MnO2 17.81 2.56 17.08
Mn7SiO12 14.78 41.74 27.02
Mn2O3 0.83 0.84 1.85
Mn3O4 – 7.19 7.87
SiO2 13.58 3.42 6.21
Fe2O3 31.94 6.18 6.87
K2O 1.62 0.05 1.10
Cr2O3 0.08 0.51 –
P2OY5 0.09 0.06 0.07
BaSO4 0.40 0.37 0.30
Na2O 0.55 0.03 0.21
Organic carbon, C 3.44 1.78 1.92
CaMg(CO3)2 – 17.61 -
CaCO3 – 16.48 20.00
CaO 1.76 – 1.68
MgO 0.66 – –
Mn2O3.3H2O 1.89 0.09 0.72
Al2O3 10.57 – –
Al2O3.3H2O – 1.09 0.98
MgCO3 – – 6.12
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most likely due to mineralogical differences outside of the scope of 
the current study, and which indicate that more in-depth research is 
required into the mechanisms of thermal decomposition as related 
to carbonate gangue minerals in manganese ores. For now, this 
study concluded that thermogravimetric studies should be included 
in the characterization of ores where different carbonate minerals 
are present and the thermal decomposition behaviour needs to be 
accurately modelled even at lower temperatures (300–800°C).

Experimental set-up
The non-isothermal tests were done at Mintek’s high-temperature 
test facilities in Randburg, South Africa. The tests were done using 
an electrically heated tube furnace with a recrystallized alumina 
tube of 50 mm internal diameter. A Eurotherm thyristor-coupled 
controller, connected to a B-type thermocouple suspended just 
above the sample, controlled the furnace temperature. The sample 
was placed in an alumina crucible and raised into the furnace on 
an alumina pedestal and rod resting on a digital electronic balance. 
The balance and sample were moved with a hydraulic hoisting 
mechanism. 

Weight loss was recorded on a personal computer interfaced 
with the balance. Milled samples were treated in the furnace at 
a ramp rate of 4°C per minute up to 1000 °C in air. The calcined 
products were not tested, as the study looked at the mass loss of the 
sample as representative of the changes in the minerals. However, 
other studies looking at the behaviour of these ores when heated 
directly with concentrating solar radiation or in a muffle furnace 
report analyses of the products (Hockaday et al., 2018, 2019, 2021; 
Hockaday, 2023).

Reaction rate model methodology
Three samples from each ore were treated in the thermogravimetric 
furnace, and the recorded mass loss curves were used to inform 
the reaction rate model describing the thermal behaviour. The rate 
equations were fitted to one of the three sets of experimental data. 
Figure 1 shows the measured sample mass of a ferruginous Mn 
ore (FMN) sample and the predicted sample mass from a model 
based on published reaction rate parameters and the model with 
parameters fitted to the measured data. Since the ferruginous 
sample did not contain carbonate minerals, the reactions evaluated 
were the thermal decomposition of MnO2 to Mn2O3 and Mn2O3 to 
Mn3O4 and the reduction reactions with solid carbon (Equations 
[11] − [17]).

The resulting reaction rate equations were then used in an HSC 
simulation with the measured temperature profiles of the remaining 
two tests for the ore sample as input to estimate the samples' mass 
loss as output for one-minute intervals. The plots of the modelled 
sample mass against the measured sample mass validated the 

model for that specific ore. Figure 2 shows the validation for the 
ferruginous ore model with the modelled sample mass within 2% of 
the measured sample mass for both validation tests.

The parameters fitted with the ferruginous ore were transferred 
to the high braunite and high-cryptomelane ores models. The 
measured sample mass of the high-braunite ore was used to fit 
parameters for the thermal decomposition of dolomite and calcite 
(Equations [1] and [2]). The measured values and modelled values 
are shown in Figure 3.

The validation for the high braunite Mn ore (BMN) is shown 
in Figure 4. The BMN model reflects the slower decomposition of 
CaCO3 in the high braunite ore with an activation energy of 190 kJ/
mol compared to the published value of 155 kJ/mol (Halikia et al., 
2001). The modelled values are within 4 % of the measured values 
for the first validation test and within 2% of the measured values for 
the second test.

The mass loss for the high-cryptomelane ore was used to 
estimate the thermal decomposition of MgCO3 and confirm the 
calcite decomposition rate. The measured and modelled sample 
mass values are shown in Figure 5.

Figure 1—Ferruginous ore measured and modelled mass loss with measured 
temperature

Figure 2—Model validation for ferruginous ore reaction rates by comparison 
of modelled and measured sample mass values

Figure 3—High braunite ore measured and modelled sample mass with 
measured temperature profile

Figure 4—Model validation for high braunite ore reaction rates by 
comparison of modelled and measured mass loss values
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The validation results for the high-cryptomelane ore (CMN) 
are shown in Figure 6. The modelled sample mass remained 
within 2% of the measured sample mass. The CMN model showed 
faster decomposition of CaCO3 than the high braunite ore with 
an activation energy of 175 kJ/mol. The difference in calcite 
decomposition rates for different ore samples is not unexpected, 
as even high-purity calcites have been shown to vary greatly in 
decomposition behaviour (Ar and Doğu, 2001).

The kinetic rate equations, activation energies, and pre-
exponential factors determined from the experiments are 
summarized in Table II.

Results and discussion
The developed models were used to estimate the sample 
composition during heating. The normalized content of manganese 
compounds and organic carbon (modelled as pure graphite, C) 
during the thermal treatment (at a heating rate of 4°C/min up to 
1000°C) is shown for the ferruginous Mn ore in Figure 7. For clarity, 
the reduction of iron oxides has not been shown, but iron oxides 
were reduced simultaneously with the manganese oxides while 
carbon was present in the system to a final mixture of Fe3O4 (18.8 
wt.%) and FeO (8.2 wt.%) with some Fe2O3 (3.5 wt.%) and Fe (2.2 
wt.%).

The decomposition and reduction of MnO2 and Mn2O3 were 
complete by 500°C and 550°C, respectively. Reduction of Mn3O4 
and Mn7SiO12 continued while solid carbon was present in the 
system. Similarly, the normalized compositions of manganese 
compounds, carbonate minerals, and organic carbon during 
thermal treatment for the high-braunite ore are shown in Figure 8.

Since the braunite ore has a very low content of MnO2 and 
Mn2O3, mass loss can be attributed mainly to the reduction of 
braunite (Mn7SiO12) and the thermal decomposition of carbonate 
minerals modelled as dolomite (CaMg(CO3)2) and calcite (CaCO3). 
Calcite decomposition only started at around 850 °C, indicating that 
calcination temperatures of at least 900°C are required to achieve 
full calcination of this ore.

Figure 5—High cryptomelane ore measured and modelled sample mass with 
measured temperature profile Figure 6—Model validation for high cryptomelane ore reaction rates by 

comparison of modelled and measured mass loss values

Table II

Reaction rate equations, activation energies and pre-exponential factors determined from 
experimental data
Reaction Rate equation Reference proposing 

rate equation
Eai  

kJ/mol
Ai

[1]
[2]

–
Halikia et al. (2001)

165
190 (BMN) 
175 (CMN)

4 368 805 
4 368 805

[3] –
–

–
165 (CMN) 4 368 805

[7]
[8]

Terayama and Ikeda 
(1983)

62.6
65.5

23 426 100
4 072 865

[11] to [17] Zhang and Xue, (2013) 18.0 0.00038

Figure 7—Modelled ferruginous manganese ore compositional changes 
during thermal treatment

Figure 8—Modelled high-braunite ore compositional changes during thermal 
treatment
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The normalized compositions of manganese compounds, 
carbonate minerals, and organic carbon during thermal treatment 
for the high cryptomelane ore are shown in Figure 9.

The cryptomelane ore has a higher content of oxidized 
manganese compounds and, similar to the ferruginous ore, the 
decomposition and reduction of MnO2 and Mn2O3 were complete 
by 500°C and 550°C respectively. The decomposition of calcite in 
this ore started at around 720 °C, and full calcination was reached at 
950°C. The reduction of braunite and Mn2O3 continued while solid 
carbon was available in the system resulting in 11.6 wt% of MnO in 
the treated sample.

From the results, the thermal decomposition of MnO2 and 
Mn2O3 will always be completed before the calcination of the ores, 
and cannot be limited by choice of operational temperature without 
impacting the degree of calcination. The reduction of all manganese 
oxides will start even at 350°C but may be limited by the amount of 
solid carbon available. This is illustrated for the two carbonate-rich 
ores in Figures 10 and 11, where scenarios without organic carbon 
in the ore are compared to the ores as received. It may also be seen 
that this strategy would be more effective for the high-braunite 
ore, as braunite did not thermally decompose over the temperature 
range investigated.

The calculated composition of the three ores after thermal pre-
treatment is given in Table III.

Significant amounts of braunite (Mn7SiO12) and hausmannite 
(Mn3O4) remain after the thermal treatment. These compounds 
will react with carbon monoxide during smelting according to the 
following reactions,

 

[19]

 
[20]

These exothermic reactions will result in reduced energy 
demand during smelting compared to manganese sinter, which has 
been fully reduced to MnO.

The thermally pre-treated material can be introduced as feed to 
briquetting plants or agglomerated with low-temperature binders 
(Devasahayam, 2018) to achieve the strength requirements of 
blast furnaces or submerged arc furnaces during high-carbon 
ferromanganese production.

The specific energy requirement (SER) to produce a high-
carbon ferromanganese alloy (78% Mn, 7.5%C, remainder Fe) at 
1300°C, slag at 1500°C, and off-gas at 700°C, was estimated based 
on an HSC distribution model with carbon addition of twice the 
stoichiometric requirement and assumptions based on published 
literature (Broekman and Ford, 2004). For untreated high-braunite 
ore, the SER was calculated as 2.31 MW/t alloy produced. After 
oxidative thermal treatment, the SER was calculated as 0.98 MW/t 
alloy produced. This is a reduction of electricity demand of more 
than 50%. Since the South African national grid is supplied by 
mainly coal fired power plants, the reduction in scope 2 emissions 
is similarly significant. Compared to a sinter produced from this 
material (assuming MnO/Mn2O3 mass ratio in the sinter of 0.42 
(Daavittila et al., 2001)), the sinter SER was calculated as  
1.21 MW/t alloy. For this ore, thermal pre-treatment results in a 
product with an SER lower than that for sinter, with 0.36 t carbon 
dioxide emissions less per ton of product.

Figure 9— Modelled cryptomelane ore compositional changes during thermal 
treatment

Figure 10—Modelled calcination and reduction of manganese oxides for high- 
braunite ore 

Figure 11—Modelled calcination and reduction of manganese oxides for high- 
cryptomelane ore

Table III

Modelled composition of thermally treated ores based on 
composition in Table I

Modelled thermally treated composition

FMN BMN CMN

Mn7SiO12 5.18 14.27 16.26

Mn3O4 17.08 26.44 32.58

SiO2 16.10 8.08 9.22

Fe2O3 3.51 0.57 1.99

K2O 1.79 0.06 1.34

Cr2O3 0.09 0.64 –

P2O5 0.10 0.08 0.09

BaSO4 0.44 0.46 0.37

Na2O 0.61 0.04 0.26

CaO 1.94 18.31 15.69

MnO 11.53 18.76 11.87

Fe3O4 18.79 3.93 4.66

MgO 0.73 4.83 3.56

FeO 8.21 1.99 1.17

Fe 2.24 0.64 0.18

Al2O3 11.67 0.89 0.78
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For untreated high-cryptomelane ore, the calculated SER was 
1.66 MW/t alloy produced. After oxidative thermal treatment, the 
calculated SER was 1.00 MW/t alloy produced. This is a reduction of 
almost 40 % in electricity demand. Comparing to a sinter produced 
from this material (assuming a MnO/Mn2O3 mass ratio in the 
sinter of 0.42 (Daavittila et al., 2001)), the sinter SER was calculated 
as 0.77 MW/t alloy. Thermal decomposition for this ore results in 
a product with an SER higher than sinter. Sinter production will 
however result in additional 0.36 t CO2 emissions per ton of ore 
treated due to fuel combustion.

Conclusion
A reaction rate model describing the behaviour of three different 
manganese ores was developed based on published kinetic rate 
equations. The model uses a system of rate equations to describe the 
thermal decomposition and reduction with solid carbon of the ores 
and was validated to predict sample mass values within 2% to 4% of 
the measured values.

The reaction rate model indicates that the thermal 
decomposition of carbonate minerals occurs quickly above 900°C 
and does not start before 720°C. The calcite decomposition kinetics 
differ for the carbonate ores, with the high-cryptomelane ore 
showing calcite decomposition at lower temperatures than the high 
braunite ore.

Thermal decomposition of MnO2 occurs first and is completed 
at 500°C. The thermal decomposition of Mn2O3 follows and is 
complete at 550°C. The thermal decomposition of Mn3O4 and 
Mn7SiO12 was found to not occur below 1000°C, but the reduction 
of Mn3O4 and Mn7SiO12 with solid carbon occurs while solid 
carbon remains available.

The study of the kinetics of the thermal decomposition of 
manganese ores containing carbonates indicates that thermal 
pre-treatment in oxidative conditions can decompose carbonate 
minerals while maintaining a high degree of manganese oxidation if 
no solid carbon is present. MnO2 and Mn2O3 thermally decompose 
without any reductant, but Mn3O4 and Mn7SiO12 are stable in the 
absence of a reductant at temperatures below 1000°C.

The thermal treatment of high-braunite, high-carbonate 
manganese ores decompose carbonate minerals without additional 
scope 2 greenhouse gas emissions. This leads to a lower electricity 
demand for ferromanganese production in submerged arc furnaces 
of up to 50 %. Weight reduction of 15 to 20% during thermal 
treatment results in significantly lower transport costs as well.
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