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The Kalahari Manganese Field (KMF) in South Africa contains ore of different chemistries
and mineral configurations. Consequently, ore phase chemistry is an important driving
force in the carbothermic reduction processing of these ores into ferromanganese products.
This paper illustrates the application of thermochemistry in the process mechanism
investigation of carbothermic reduction in different manganese ores from South Africa.
The thermochemistry calculations highlight the importance of oxide and metal activities in
the carbothermic reduction process, as derived from the different reduced ore mineralogy
changes. The integration of experimentally determined phase chemistry of reduced ore
samples with thermodynamic calculations is illustrated as the main pillar of improving
process insights. Therefore, thermochemistry is not used blindly in isolation, but it is
checked against real phase chemistry measurements.

INTRODUCTION

South Africa has the largest land based metallurgical grade manganese ore deposit in the world, the
Kalahari Manganese Field (KMF), containing 74% of known global manganese resources (USGS, 2019).
The main South African manganese ores fall into two groups, namely, carbonate containing ore
(Mamatwan-type) such as Mamatwan or Gloria ore, and high manganese and iron-containing ores
(Wessels-type) such as Wessels or Nchwaning ore (Kleyenstiiber, 1984; Chetty and Gutzmer, 2018).
South African manganese ores are exported to major manganese alloy producers across the world for
the production of high carbon ferromanganese (HCFeMn) and silico-manganese (SiMn) alloys, typically
using submerged arc furnace (SAF) technology. It is well known that the different types of manganese
ores, from South Africa and elsewhere, display different reduction behaviours due to mineralogical and
chemical differences among the ores (Kleyenstiiber, 1979; Kononov et al., 2009; Ostrovski and Webb,
1995; Visser et al., 2013).

Extensive studies were made on the carbothermic reduction of manganese ores to better describe the
reduction process in each ore (Kleyenstiiber, 1984; Kleyenstiiber, 1979; Koursaris and See, 1979;
Koursaris et al., 1983; Eric and Burucu, 1992; Ostrovski and Webb, 1995; Akdogan and Eric, 1995;
Kononov et al., 2009). These studies illustrate that complex mineralogical changes occur as the ore
reduction process proceeds. Manganese ore reduction is complex at intermediate reaction temperatures
of 1100 °C to 1400 °C due to the formation of liquid silicate and/or alloy phases in varying phase
proportions and distributions. Despite mineralogical variation amongst and in different ores, there is
general agreement that two to three distinct reduction stages are present in the carbothermic reduction
of the various manganese ores (Koursaris and See, 1979; Koursaris et al., 1983; Eric and Burucu, 1992;
Ostrovski and Webb, 1995; Akdogan and Eric, 1995). In the rapid first reduction stage the higher oxides
of manganese and iron are reduced by CO to MnO and FeO. In the markedly slower second stage of
reduction, metallisation of FeO and MnO starts. Metallisation begins with metallic iron nucleation
throughout the reduced ore particle, next to solid monoxide particles within the matrix liquid silicate
slag (glass phase).
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In Mamatwan ore reduction, the second reduction stage spanned the reduction range of 30% to 60% at
1300 °C and 30% to 70% at 1350 °C, and was determined to be most likely under chemical reaction
control for the reduction reaction of solid monoxide by CO gas to MnsC» (Eric and Burucu, 1992).

In the third stage of reduction, the remaining MnO in the reduced ore particle is reduced by carbon.
This stage has the lowest reduction rate (Eric and Burucu, 1992), most likely due to the slow diffusion
of Mn?* ions in the monoxide phase, and/or matrix liquid silicate phase, coating the monoxide phase.
In the second and third reduction stages manganese is reduced from the matrix liquid silicate phase and
from the monoxide solid-solution phase, if the latter is present. The monoxide solid solution phase
contains MnO and MgO, while lime preferentially reports to the matrix liquid silicate phase (Koursaris
and See, 1979; Koursaris et al., 1983; Coetsee et al., 2015). In the South African ores considered here, only
Mamatwan ore contains significant levels of MgO. Therefore, the monoxide phase contains mostly MnO
and therefore the MnO activity in the monoxide is close to unity. Once manganese oxide reduction has
proceeded to the extent that the monoxide phase is consumed, and only dissolved MnO in the liquid
silicate phase remains, the reduction reaction slows dramatically as the MnO activity decreases
(Tangstad and Olsen, 1997).

The progression of manganese and carbon pick-up in the initial iron prills appears to be highly
dependent on the phase morphology in the reduced ore, which is in turn determined by the ore
mineralogy and phase chemistry (Kleyenstiiber, 1979; Coetsee et al., 2015; Coetsee, 2019; 2021a).
Akdogan and Eric (1995) illustrated that reduction rates in Wessels ore increased with increased iron-
oxide content. Braga et al. (2007) explained that the reduction reaction sequence in manganese ore
composite pellets caused lowered manganese activity in the alloy, and so decreased the minimum
temperature required for MnO reduction. Therefore, the role of alloy composition changes in the
carbothermic reduction of MnO in manganese ores is an important aspect in explaining differences in
ore reduction behaviours. This work illustrates the combination of phase chemistry analyses in reduced
ore samples of Mamatwan, Wessels and Nchwaning ores, and thermochemical calculations in FactSage
7.3 to better explain possible reduction process mechanisms.

METHODOLOGY

Three manganese ores were individually reacted in reduction experiments conducted at 1300 °C and 30
minutes reaction time (Coetsee, 2019). A mixture of 40 g ore and 10 g reductant was pre-mixed and
placed in carbon steel crucible. The filled crucible was reacted under Argon gas in a pre-heated muffle
furnace. Upon completion of the reaction time the crucible was removed from the furnace and cooled
under Argon gas. The Mamatwan, Wessels and Nchwaning ore materials were sized to -2.8 mm +1.4
mm. Ore bulk chemical analyses are summarised in Table I.

Table I. Manganese ore bulk chemical composition (mass%)

Mamatwan | Wessels Nchwaning Z(::(l:r ?g/loitlve

SiO; 6.1 2.8 8.0 0.175
ALOs 0.2 04 0.3 0.084
1FeO 6.3 15.8 13.3

CaO 13.9 49 35 0.302
MgO 4.0 04 0.6

KO 0.01 0.07 0.01 0.007
2MnO 49.8 61.6 64.8

P 0.02 0.04 0.03 0.002
S 0.03 0.09 0.10

Ba 0.1 0.9 0.3 0.025
NaxO 0.04 1.03 0.04
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Moisture | 0.03 0.09 0.10

C 4.38 0.21 0.50

Total 84.8 88.2 91.1

Mn 38.5 47.7 50.2 0.326
Fe 4.9 12.3 10.3 1.185
Mn/Fe 7.9 3.9 4.9

LOI 15.9 5.2 3.5

3B2 2.3 1.8 0.4

4B3 2.9 1.9 0.5

1Total iron expressed as FeO; 2Total manganese expressed as MnO; 3B2=%CaO/ %SiO»,
4B3=(%CaO+%MgO)/ %SiO:

The ore analyses (Table I) include major element analyses by XRF (X-ray fluoresence) using an ARL
Advant’X Series Sequential XRF Intellipower instrument from ThermoFisher Scientific, moisture
content analysis and carbon and sulfur content analysis by combustion method using a Leco CS230SH
instrument from LECO. Carbon Black powder (-200 pm) was used as the reductant. Carbon Black
powder was used as reductant because it is almost pure carbon with little ash and volatiles as shown in
Table II. In addition, the amorphous Carbon Black does not interfere with XRD (X-ray diffraction)
analyses of the reacted samples as it is amorphous. The carbon ultimate analysis (C, H, N, S, O) was
done by combustion (LECO) analysis method (Table II).

Table 1I. Carbon Black bulk composition (mass%)

C H N (@) S Moisture | Ash
mass% 96.1 0.44 0.13 <0.1 1.64 0.65 1.03

Polished sections were prepared from the reacted ore particles. The polished sections were used to study
the reduced ore phase chemistry. Scanning electron microscopy-wavelength dispersive spectroscopy
(SEM-WDS) analyses of carbon coated polished sections were done in 15 kV accelerating voltage and
30-40 nA beam current. Reference materials were used to calibrate for the analysed elements. Alloy
phase analyses of the elements Mn, Fe, Si, Ca, and S were calibrated by using elemental reference
materials and P from GaP reference material. For oxide phase analyses the following elements were
calibrated for by using oxide materials standards: Na, Al, Mg, Si, P, S, K, Ca, Ba, Ti, Mn, and Fe. The
analysis method relative error is 2% for the major elements analysed in each phase. The alloy carbon
content was calculated as the difference between the alloy SEM-WDS analysis and 100%.

FactSage 7.3 thermochemical software calculations were used to aid in the interpretation of the phase
chemistry measurements. The FToxid, FactPS and SGTE alloy databases were selected in the
calculations in the phase diagram, Equilib and Reaction modules (Bale et al., 2016). Figure 5 was
calculated in the phase diagram module by selecting pure solids and pure liquids and the following
SGTE database solution phases: liquid, FCC_A1, BCC_A2, HCP_A3, graphite, cementite, MnCs, M7Cs,
M3Cs, M5Co. The MnO activity values in Figure 6 and Figure 7 for the phase composition inputs of MnO-
FeO-CaO-5i02-A103-MgO were calculated in the Equilib module by selecting the FToxid database
solution phases: A-Slag liq + all oxides +S, A-monoxide, A-orthopyroxene, A-wollastonite, mullite,
MnyOs(bixbyite), braunite_Mn;SiO12, rhodonite. Lines in Figure 8 were calculated in the reaction
module by selecting the following databases for each reactant: FToxid for MnO(solid) phase, SGTE for
Mn(liquid) and graphite, FactPS for CO and CO; gasses.

RESULTS AND DISCUSSION
The typical phase chemistry in the reacted ore samples is displayed in Figures 1(a) to (c) showing

Nchwaning reduced ore particle morphology. In all three reduced ores, Mamatwan, Wessels and
Nchwaning, the three main phases observed are metal, matrix glass and monoxide. Therefore, these
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samples represent stage two reduction as described in the introduction, with the original ore mineral
phases completely reacted to synthetic phases (alloy, matrix glass and monoxide). In comparison, the
main manganese and iron containing ore mineral phases in the unreacted ore samples are: braunite I
(Ml’l2+M1’163+SiO12) , diopside (Cao‘g7Mg094M1’10‘19)Si20(,, kutnohorite (Ca(Feo‘13Mg0‘23Mno‘64) (CO3)2) and
hausmanite (Mn3;Os) in Mamatwan ore; braunite I (Mn2*Mng?**SiO12) and hematite (FeoOs) in Nchwaning
ore and braunite II (CaFe238Mni1625i024, hematite (Fe Os), bixbyite (Mn20Os) and manganite (MnO.OH)
in Wessels ore (Coetsee, 2019). Cation substitution of manganese by iron is well reported for the main
mineral phase in these ores, namely braunite [ and braunite II (Kleyenstiiber, 1984; Chetty and Gutzmer,
2018). Remarkably, despite the complex finely intergrown mineralogy in these ores, the reduced ore
particles were quickly reacted to the phases of alloy, matrix glass and monoxide under the experimental
conditions considered here.

Figure 1(a) to (c) are three sub-images shown to highlight important features observed across samples
of the three ores reduced at 1300 °C for 30 minutes reaction time. Figure 1(a) displays a photograph of
the polished section of Nchwaning reduced ore particles of -2.8 mm +1.4 mm, indicating that the
reduced ore particles maintained their original shape and there is no sintering or coalescence of the
reduced ore particles from bulk melting. Figure 1(b) shows one of the reduced ore particles as a
backscattered electron (BSE) image. Of importance in this image is that large metal beads appear at the
edge of the reduced ore particle, whilst the interior of the reduced ore particle contains finely distributed
metal prills and monoxide phase in a matrix silicate glass. Figure 1(c) displays an enlarged area of Figure
1(b). Table III contains the SEM-WDS analyses of the phases indicated by position numbers in Figures
1 (b) and 1 (c). As indicated previously, there are no pure Mn metal areas found and the alloy beads at
the edge of the reduced ore particle is typically of high carbon content, and the metal prills at the interior
of the reduced ore particle are of low carbon content (Kleyensttiiber, 1979; Coetsee et al., 2015, Coetsee,
2021a, 2021b).

Figure 1(a). Photographic image of Nchwaning reduced ore particles polished section.
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Fiqure 1(b). BSE image of Nchwaning reduced ore particle indicated in Figure 1(a); (white areas=alloy; light

grey areas=monoxide; dark grey areas=matrix silicate glass).

Fiqure 1(c). BSE image of framed area in Figure 1(b); (white areas=alloy; light grey areas=monoxide; dark grey

Table 11I. SEM-WDS compositions in mass% for phase position numbers in Figure 1(b) and (c)

areas=matrix silicate glass).

Number | %Mn %Fe %Si %P %S %C
1 24.67 69.37 0.02 0.14 0.00 5.8
2 2471 69.64 0.02 0.40 0.01 52
3 2478 68.68 0.02 0.18 0.01 6.3
4 18.67 78.01 0.02 0.08 0.01 3.2
5 23.87 70.74 0.01 0.22 0.01 52
6 17.46 78.19 0.02 0.14 0.01 4.2
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7 14.84 83.70 0.02 0.02 0.01 1.4

8 21.98 70.31 0.02 0.01 0.02 7.7

9 20.86 71.13 0.01 0.02 0.00 8.0

10 13.72 83.34 0.04 0.07 0.01 2.2

11 11.55 88.21 0.04 0.16 0.01 0.0
Number | %MnO %FeO %CaO %S5i0> %AI20;3 %MgO
12 97.49 0.39 0.23 0.03 0.03 0.31

13 60.04 0.34 8.25 30.28 0.03 0.54

The SEM-WDS alloy analyses data from multiple reduced ore particles from each ore are shown in
Figure 2 and illustrate the general trend of increasing %Mn with increasing %C in the stage two
reduction prevailing in the samples considered here. Therefore, as previously found by Kleyenstiiber
(1979) it is confirmed from the SEM-WDS analyses that there are no pure manganese or manganese-
carbon alloy particles, all alloy particles formed from the initial pure iron metal prills by adding Mn and
C to the pure Fe prills.

From the data in Figure 2 it appears that carbon pick-up in the Mn-Fe alloy occurs more easily in the
lower basicity ores than the high basicity ore, especially in Nchwaning ore with very low bulk B3 value
of 0.5. The reason for this is not clear, but higher iron oxides content in this ore and/or higher mobility
of metal prills to form and migrate to the reduced ore particle surface may at least be contributing factors
(Coetsee, 2021b). As confirmed before from extensive slag phase analyses in the same reduced ore
samples, the initial glass phase formed in each reduced ore is of much lower basicity as compared to
the bulk chemistry of the ore in Table I (Coetsee, 2019). Furthermore, the %MnO in the glass phase from
each ore varies according to the Mn grade of the ore as indicated in Figure 3, with the glass phase in the
Nchwaning reduced ore at 60% MnO, in Wessels reduced ore at 40% MnO and Mamatwan ore at the
lowest %MnO of 15-30 %MnO.
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Fiqure 2. SEM-WDS analyses of alloy in reduced manganese ore samples (MM=Mamatwan; W=Wessels;
NCH=Nchwaning).
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Fiqure 3. SEM-WDS analyses of glass phase in reduced manganese ore samples (MM=Mamatwan; W=Wessels;
NCH=Nchwaning).

Similarly, the %MnO in the monoxide phases as displayed in Figure 4 varies according to the bulk ore
Mn grade. However, the monoxide phases in all reduced ore samples are of high %MnO. Lower %MnO
in Mamatwan ore is due to the presence of Mg and Ca carbonates, resulting in mostly MgO reporting
to the monoxide, whilst most of the CaO reports to the glass phase (Coetsee et al., 2015).
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Fiqure 4. SEM-WDS analyses of monoxide phase in reduced manganese ore samples (MM=Mamatwan;
W=Wessels; NCH=Nchwaning).

FactSage 7.3 is used to calculate activity values from the phase chemistry analyses to investigate likely
MnO reduction reactions. Figure 5 illustrates the superimposed values from Figure 2 onto the Mn-Fe-
C alloy phase diagram with Mn(l) iso-activity lines. The activity values are generally quite low, only up
to 0.2 in value, because the initial metal is pure Fe, and as the carbothermic reduction process progresses
more Mn and C are added into the initial pure Fe prills (Kleyenstiiber, 1984; Coetsee et al., 2015, Coetsee,
2021a, 2021b). Few alloy analyses are positioned in the carbon saturated phase field. These compositions
points are typically associated with alloy areas positioned at the edge of reduced ore particles, as
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displayed in Figure 1(b), and may therefore be easily carburised via direct contact with reductant carbon
or by dissociation of CO gas.

Up to carbon saturation, at the ‘graphite + liquid’ phase boundary, the manganese activity values
increase with increased %C, at the same %Mn concentration in the alloy. Therefore, the change in alloy
composition is an important factor in both activity values, and in liquid alloy formation. The former
aspect was initially demonstrated by Braga et al. (2007) in the carbothermic reduction of manganese ore
pellets at relatively low temperatures of 1000 °C to 1400 °C. The latter aspect was investigated in more
detail in recent work (Coetsee, 2021a, 2021b).
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Fiqure 5. Phase diagram and Mn(l) iso-activity lines in the Mn-Fe-C alloy system at 1300 °C with reduced
manganese ore alloy analyses superimposed (Mamatwan ore = diamond icons; Wessels ore = square icons;
Nchwaning ore=circle icons).

Figure 6 and Figure 7 display the activity values of solid MnO for the glass phase and monoxide analyses
presented in Figure 3 and Figure 4, respectively. For most of the data the MnO activity values are higher
in the monoxide phase than in the glass phase. The implication is that the driving force for MnO
reduction is higher at the edges of the monoxide phase than in the interior of the glass phase.
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Fiqure 6. MnO(s) activity values for glass phase of SEM-WDS analyses in Figure 3.
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Fiqure 7. MnO(s) activity values for Monoxide SEM-WDS analyses in Figure 4.

The carbothermic reduction of MnO is usually expressed by reaction [1]. However, it is generally
accepted that reaction [1] is mechanistically a combination of reactions [2] and [3], similar to the
carbothermic reduction of iron oxides reduction as illustrated previously (Wellbeloved et al., 1990;
Safarian et al., 2008). In the carbothermic reduction of MnO the presence of carbon is required in the
reduction system to reduce MnO to Mn because CO gas at atmospheric pressure does not maintain
sufficiently reducing conditions as it reacts to form CO» gas and the CO/CO; ratio is too low to reduce
MnO to Mn. Stated differently, the system partial oxygen pressure (represented by the CO/CO; ratio)
is too oxidising to reduce MnO to Mn. Carbon maintains sufficiently reducing conditions for MnO
reduction to Mn via the Boudouard reaction, reaction [2].

<MnO>+<C> e [CO]+ (Mn) [1]
[CO,] +< C > & 2[CO] [2]
< MnO > + [CO] « [CO,] + (Mn) [3]

<> =solid; () = liquid; [ ] = gas

Reactions [1] and [3] can be tested for thermodynamic likelihood by considering the experimental data
discussed above. Figure 8 illustrates the Gibbs free energy lines for these reactions with different inputs
of amn, amno, Pcoz2 and Pco. At unit activities and 1 atm Pco, MnO reduction via reaction [1] is only
possible at temperatures higher than 1400 °C (line 1). Therefore, MnO should not be reducible by carbon
at 1300 °C as found in the above experiments. However, if the activity of Mn is lowered to 0.2, the
minimum temperature required for reaction [1] to proceed to the right is lowered to 1283 °C (line 2). If
the activity of MnO is lowered to 0.7, in addition to the lowered Mn activity at 0.2, then reaction [1] is
not possible at 1300 °C (line 3). Following the same line of argument for reaction [3] it is seen from Figure
8 that at Pco»=3.71 x 10 atm, the equilibrium Pco» for reaction 2 at 1300 °C at 1 atm Pcoand unit activity
for solid carbon, reaction [3] is possible of the activity of Mn is lowered to 0.2 (line 5). If the MnO activity
is lowered to 0.7 and the Mn activity is 0.2, 1302 °C reaction temperature is required for reaction [3] to
proceed (line 6). If the activity of Mn is unity, reaction [3] is only possible at Pcop=3.71 x 104 atm if the
temperature is higher than 1564 °C (line 4).
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Figqure 8. Gibbs free energy for MnO carbothermic reduction reactions
(Line4,5 & 6: Pcoz=3.71 x 10-4).

Therefore, reduction of MnO via CO gas is thermodynamically possible at low temperatures such as
1300 °C. However, access of gas to the interior of the reduced ore particle is required, which seems
unlikely because of the matrix glass formation in these ores at the relatively low temperature applied
here, 1300 °C. Therefore, reduction of MnO via solid carbon and via CO gas is possible at 1300 °C due
to the real activity values of Mn and MnO as imposed by the phase chemistries measured in the reduced
ore particles.

CONCLUSIONS

e The application of thermochemical calculations in FactSage 7.3 is illustrated in the investigation
of possible reaction mechanisms in the carbothermic reduction of manganese ores of differing
basicities and Mn/ Fe ratios.

e Translation of phase chemistry analyses from reduced ore samples into activity data shows the
progression of alloy chemistry in manganese ore reduction.

e Carbothermic reduction of MnO at the relatively low temperature of 1300 °C is possible because
initial iron prills serve as a manganese activity lowering reservoir.
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