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Abstract

This study investigates the reaction thermodynamics of the sodium oxide-fluxed alu-
minothermic reduction of pyrolusite-based manganese ore under self-propagating high-
temperature synthesis (SHS) conditions, using Si, Cr, and Cu as collector metals. The
experimental results are compared with thermochemical equilibrium calculations using
FactSage 7.3 thermochemistry software. Experimental mixtures were prepared with con-
trolled additions of aluminium, sodium silicate, calcium oxide, and collector metals and
heated to the ignition temperature in a muffle furnace preheated to 1350 °C. The resulting
alloys and slags were analysed for bulk composition. Collector metals significantly influ-
ence alloy carbon saturation and manganese recovery. The individual reaction’s Gibbs free
energy values and the gas—slag-metal equilibrium were calculated. Discrepancies between
the experimental and equilibrium-predicted results highlight the kinetic factors of SHS
processes, particularly with respect to aluminium uptake and manganese volatilisation.
The main difference is the alloy’s aluminium uptake. The difference between the calculated
and experimental aluminium levels is, in part, due to the higher partial oxygen pressure
predicted in the gas—slag-metal equilibrium calculations, compared with that of the likely
Al-Al,O3 governing reaction equilibrium. Short-circuiting of aluminium to the alloy is
also a possible contributing factor. The findings provide insights into optimising feed
formulations and process parameters for improved manganese recovery.
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1. Introduction

The application of aluminothermy has attracted increased research interest because
the aluminium reductant can be recycled from the produced slag back into the Hall-
Héroult electrochemical process [1-3]. Various minerals and waste streams are processed
with aluminothermy to produce end-products such as steel from mill scale and scheel-
ite concentrate [4-6], AI-Mn-Si alloys from industrial manganese slag and aluminium
dross [7,8], Si-Al-Ca alloys from CaO-SiO; slag [9,10], ferro-titanium from ilmenite and
bauxite residue [3], and low-carbon ferro-manganese from pre-roasted MnO; ore [11], as
well as to recycle of end-of-life lithium-ion batteries [12]. Complex aluminium-containing
alloys are also applied as a reductant in aluminothermy to produce Fe-Mn-Cr ferro-alloys
from low-grade chromium and manganese ores [13]. Laboratory studies are typically
conducted under an Argon atmosphere in an induction or tube furnace [3,7-10,12]. An
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oxygen source such as NaClO3 may be added to the mixture to control aluminium com-
bustion [3]. In contrast, real-life aluminothermy occurs in air under SHS (self-propagating
high-temperature synthesis) process conditions [4-6,11,14,15]. The particle size of the
aluminium reductant determines the rate of the aluminium combustion reaction and, conse-
quently, the maximum process temperature, metal yield, and final phase chemistries in the
slag and alloy products [14,16]. It was found that MnO,-Al mixtures did not react under
Argon and required air and aluminium additions in excess of the reaction stoichiometric
ratio to react significantly [17]. Although Beketov pioneered the aluminothermic reduction
process in 1859 [18], variations in its application continue to be developed and studied, as
evidenced by the above-referenced materials. This is especially the case when aluminium
consumption must be optimised to limit the alloying content under SHS process conditions.

Recent work has shown that NaAlO, is water-soluble and can facilitate the recy-
cling of Al,O3 to the Hall-Héroult electrochemical process via the Bayer process. There-
fore, a sodium-fluxed formulation was applied in the aluminothermic reduction of MnO,
ore [19-21]. A small quantity of coal was added to eliminate the pre-roasting step required
before the aluminothermic reduction of MnO, ore and to avoid the violent, fast heat release
from the MnO,-Al reaction [11]. Different collector metals were applied to increase the alloy
yield. The aluminothermic reduction under SHS conditions is unlikely to reach chemical
equilibrium because rapid heat release yields short reaction times, thereby limiting the
time for product diffusion to form homogeneous equilibrium phases [15]. For example, the
encapsulation of reactant aluminium particles within the product was observed during
the SHS reaction of SiO,-MnO;-Fe-Al mixtures [22]. Alumina product layer formation
may also interfere with reaction equilibrium, even though studies of pure MgO-Al mix-
tures identified an easily breakable alumina product layer that did not hinder further
reaction [23].

If the aluminothermic reduction process approaches equilibrium at the high tempera-
tures typically achieved, equilibrium conditions can be used to calculate new formulations,
thereby reducing the extent of the required experimental work. This approach was illus-
trated by metal-slag equilibrium simulations used to specify feed mixtures and to explain
experimental results [3,7-10,13]. Despite the use of equilibrium calculations, empirical
studies of reaction systems remain necessary. For example, in the formulation of flux
materials for self-shielded flux-cored arc welding (FCAW-5), aluminothermic reduction of
oxides such as MnO,, CuO, and Fe;O3 is carefully applied to add additional heat to the
weld pool [24-26]. Similarly, aluminium is added to improve element transfer efficiency in
submerged arc welding (SAW) and requires experimental verification [27].

The objective of this work is the evaluation of the reaction thermodynamics in the
sodium-oxide fluxed aluminothermic reduction of MnO, ore under SHS process conditions.
The experimental results from [18-20] are compared with thermochemical calculations
performed in FactSage 7.3 and the differences are discussed [28].

2. Materials and Methods
2.1. Materials

The experimental details used to generate the alloy and slag samples that form the
basis of the thermochemical analysis in this work were previously reported [19-21]. Here,
the analyses of the input materials and the applied mixtures are repeated for clarity.

The manganese ore is pyrolusite (MnO,)-based and is sourced from a small-scale ore
body complex in South Africa; the medium-volatile coal is also sourced from South Africa.
The coal contains 22.5% volatile matter, 12% ash, 62.2% fixed carbon, and 3.3% moisture.
Table 1 presents the analyses of the ore and coal ash. The mixture, based on 100 g of ore,
was placed in a graphite crucible (SGL Carbon (Pty) Ltd, Johannesburg, South Africa),
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sealed with a graphite lid, and heated in a muffle furnace (Gallenkamp, Manchester, UK)
preheated to 1350 °C. The reaction mixtures are summarised in Table 2. The feed mixture
was designed to contain a limited amount of carbon reductant to facilitate the reduction
of ore minerals, specifically FeO(OH) and MnQO,, to FeO and MnO, thereby eliminating
the need for a pre-roasting step in the aluminothermic reduction of MnO;-type ore [11].
The added aluminium mass of 30 g per 100 g of ore represents an 8.5% excess of Al that is
required to reduce all Fe;O3 and Mn;0O3 to Fe and Mn. The introduction of Si and Cr as
collector metals enables these elements to serve as co-reductants for aluminium.

Table 1. Bulk chemical composition of manganese ore and coal ash (mass%).

%FeO  %MnO  %Cr,03 %V;05 %TiO, %CaO  %K,O  %P,0s5 %SiO; %AlLO3; %MgO %Na,O %BaO

Ore 10.70 61.59 0.03 0.04 0.05 0.23 0.21 0.01 543 2.61 0.11 0.00 1.85
Ash 1.51 0.02 0.05 0.05 2.16 2.46 0.51 1.19 51.44 39.35 0.68 0.30 0.27

Table 2. Reaction mixtures (grams).

Mixture Ore Coal Na,O. SiO, CaO Al Cu Si Cr
A 100 10 20 15 30 0 0 0
B 100 10 20 15 30 10 0 0
C 100 10 20 15 30 0 10 0
D 100 10 20 15 30 0 0 10

2.2. Thermochemical Calculations

Gibbs free energy values for the individual reactions in Sections 4.1 and 4.2 were
calculated in the Reaction module of FactSage 7.3 using only the temperatures as inputs,
with the FToxid, SGTE, and FactPS databases [28]. The gas—slag—-metal (g—s—m) equilibrium
calculations in Section 4.3 were performed in the Equilib module, using the FToxid, SGTE,
and FactPS databases [28]. The stability diagrams in Section 4.3 were calculated in the
Phase diagram module using the FToxid, SGTE, and FactPS databases.

The Equilib module’s free energy minimisation routine calculates the equilibrium
gas, slag, and metal compositions for the user-specified inputs of temperature and the
chemistries and mass proportions of ore, fluxes (Na,O.5i0,, CaO), collector metal, and coal
carbon. Therefore, the system was modelled as a closed system, excluding atmospheric air
and the crucible graphite, which were not represented in the calculations.

3. Results

The bulk slag and alloy compositions from each reaction mixture are summarised in
Tables 3 and 4. The alloy’s carbon content is undersaturated, despite the use of graphite
crucibles as the mixture containers. For example, the alloy carbon saturation levels at
1650 °C to 1900 °C are 6.8% to 7.4% C in alloy A, 3.6% to 4.5% C in alloy B, 4.5% to 5.2% C
in alloy C and 7.2 to 8.1%C in alloy D. It is well known that increased silicon in manganese
alloys decreases the carbon saturation level [29]. Copper has a similar effect when added to
manganese alloys [30]. The aluminium content of the alloy ranged from 0.4% for sample A
to 2.6% in sample B.

Table 3. Bulk chemistry of alloys (mass%).

Mixture %Al %Si %Mn %Fe %Cr %S %C %Cu
A 0.4 1.4 66.1 28.0 0 0.03 3.5 0
B 2.6 2.1 53.9 19.1 0 0.10 1.2 20.8
C 1.4 8.7 65.8 21.8 0 0.08 22 0
D 1.5 34 56.8 18.2 17.7 0.12 22 0
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Table 4. Bulk chemistry of slags (mass%).
B2 =
. 0, o : o o, [») o,
Mixture %Al, O3 %510, ZoMnQO %Ca0 %Na,O  %BaO %Ca0/%Si0,
Target slag 39 17 14 17 11 2 1.0
A 52.1 11.9 22.7 7.0 4.5 1.5 0.6
B 52.3 114 194 9.8 52 1.5 0.9
C 49.0 21.9 12.6 8.7 6.1 1.3 0.4
D 54.7 10.7 17.5 10.0 5.1 1.6 0.9

The slag analyses obtained in the experiments differ from the target slag analysis in
that they contain more Al,O3 and less CaO and NayO. The higher silica content in mixture
C is due to the oxidation of Si to SiO,, as Si serves as a co-reductant to aluminium. The
absence of iron oxides in the slags confirms the complete metallisation of iron oxides, as
expected under the highly reducing conditions imposed by the aluminium reductant.

The slag %MnQO comparison in Table 4 may be misleading, particularly for mixture C
in which SiO, was added from the reaction of Si as a reductant. Therefore, the manganese
performance numbers are summarised in Table 5. The numbers in Table 5 indicate the high-
est alloy bulk coalescence in mixtures B and D, as evidenced by the mass of alloy removed
from the crucible bottom under the heading “Mn in weighed alloy”. The proportion of
alloy entrapped in the slag is least in mixtures A and B, and worst in mixture C, likely due
to higher slag viscosity from increased SiO; in slag C. The best overall Mn recovery in the
alloy is observed in mixtures C and D, at 51% and 53%, respectively. The %Mn accounting
number represents the mass of manganese accounted for in the slag and alloy, thereby
indicating significant gas—phase manganese loss due to vaporisation. The overall alloy
yield follows the same trend as the %Mn accounting numbers.

Table 5. Manganese mass distribution among slag and alloy (grams unless otherwise indicated).

Mn in Mn in o Mn as Mn in o o
Mixture \lobeg Weighed N Alloy  NEE . Mno o Feed (RS
8 Alloy & in Slag y in Slag  Mixture 8
A 18.7 12.4 53 3.5 33 16 48.0 67 43
B 28.6 154 8.8 47 42 14 48.0 72 57
C 19.2 12.6 18.0 11.8 51 11 48.0 74 56
D 30.6 17.4 13.9 7.9 53 14 48.0 82 68

4. Discussion

The following discussion is organised in three sections, each section examines the
reaction system thermodynamics in increased detail. The individual reactions are compared
to illustrate the thermodynamically most-favoured (TMF) reactions in different scenarios
of compound activity levels. In Section 4.1, the simplest scenario for individual reaction
thermodynamics is considered, with pure reactants and products at unit activity.

In Section 4.2, individual reaction thermodynamics is considered for the activities of
the endpoint slag and alloy compounds, as calculated in the Equilib module of FactSage
7.3, for the alloy and slag endpoint compositions shown in Tables 3 and 4. Two scenarios
are considered. The first scenario is the worst-case scenario for the progression of reduction
reactions to completion, since both the reactant and product activities are set equal to those
of the endpoint slag and alloy compositions. The second scenario is the most favourable for
progressing reduction reactions to completion, as the reactant activities are set to unity and
the product activities are set equal to those of the endpoint slag and alloy compositions.
This scenario more accurately represents the onset of the reduction process.
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Section 4.3 presents the gas—slag—metal (g—s-m) equilibrium results calculated using
the free energy minimisation routine in the Equilib module of FactSage 7.3. The equilibrium
alloy and slag compositions are compared to the experimental results in Tables 3 and 4.

4.1. Reduction Potential

In considering the relative reductant strength of aluminium, silicon, chromium, and
carbon to metallise MnO according to Reactions (1)—(4), the simplified standard Gibbs
free energy graph for the reduction reactions is shown in Figure 1 for pure reactants
and products (activities equal to 1.0). It is seen that Al, Si, and C can reduce MnO in
the temperature range of 1600 °C to 2000 °C. At 1900 °C, MnO reduction by C becomes
more favoured than MnO reduction by Si. Any Al consumed as a reductant cannot be
regenerated, since Al has the highest reductant strength among Al, Si, and C. In contrast, Si
consumed as reductant to form SiO, can be regenerated via Al and C reduction of SiO, to
form Si, according to Reactions (5) and (6). Si loss as SiO gas is more likely at temperatures
greater than about 1900 °C, as Reaction (8) becomes more favourable than Reaction (6). The
standard Gibbs free energy line for the reduction of MnO by Cr is close to zero, indicating
that Reaction (3) may become favourable at lower product activities. Reactions (1), (2), and
(4) are the most-favoured MnO reduction reactions in Figure 1, and are considered further
in Section 4.2, together with Reaction (3) for Cr as an MnO reductant. Reaction (6) is also
considered to test the conditions for regeneration of the Si reductant by carbon reduction.

3/2(MnO) + (Al) = 3/2(Mn) + 1/2(A1,03) 1)
2(MnO) + (Si) = 2(Mn) + (SiO,) ()
(MnO) + (Cr) = (Mn) + (CrO) 3)
(MnO) + <C> = (Mn) + [CO] 4)
3/4(SiOy) + (Al) = 3/4(Si) + 1/2(Al,03) ()
1/2(5i0,) + <C> =1/2(Si) + [CO] (6)
1/3(Al,03) + <C> =2/3(Al) + [CO] (7)
(Si0y) + <C> =[SiO] + [CO] ®)

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

250

——3/2(MnO) + (Al) = 3/2(Mn) + 1/2(Al,0;) (1)
----- 2(MnO) + (Si) = 2(Mn) + (Si0;) ()
200 === (MnO) * (Cr) = (Mn) + (CrO) (3)
—&— (MnO) + <C> = (Mn) + [CO] (4)
= = 3/4(SiO;) + (Al) = 3/4(Si) + 1/2(Al,03) (5)
150 —0— 1/2(Si0,) + <C> = 1/2(Si) + [CO] (6)
- e« 1/3(Al,0;) + <C> = 2/3(Al) + [CO] (7)
£ 100 —0—(Si0;) + <C> = [SiO] + [CO] 8)
€ ]
°
=]
T
(]
°
E
2
%
<
-150 |
-200
1600 1700 1800 1900 2000

Temperature (°C)

Figure 1. Standard Gibbs free energy of reduction reactions at unit activities.
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4.2. Endpoint Composition Activities

For impure compounds in the alloy and slag solution phases, the real activity values
must be used to adjust the standard Gibbs free energy from pure compounds to molten
impure compounds according to Equation (9). The worst-case scenario in terms of each
reaction’s Gibbs free energy is found if the endpoint alloy and slag activity values are those
when the reactions are closest to equilibrium. The endpoint activities were calculated in
FactSage 7.3 using the Equilib module with the endpoint alloy or slag composition as input,
individually. The activity values are shown in Figure 2 and summarised in Appendix A.
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Figure 2. Activity values in experimental endpoint alloy and slag versus temperature: (a) Mn; (b) Si;
() AL; (d) C; (e) Cr; (f) MnG; (g) SiO; (h) Al Os.
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The reaction Gibbs free energy values for the impure endpoint compounds in the slag
and alloy, calculated from Equation (9), are shown for each feed mixture as Figure 3a—d,
marked with circle icons. In addition, the reaction Gibbs free energy values were calculated
for the most favourable scenario, with product activities as in Figure 2 (and Appendix A)
and reactant activities set to unity and shown as lines marked with a diamond icons in
Figure 3a—d.

AG = AG® + RTInK ©)
(a) Exp. A | ——3/2(MnO) + (Al) = 3/2(Mn) + 1/2(Al;03) (1) (b) | Exp. B ——3/2(MnO) + (Al) = 3/2(Mn) + 1/2(A,05) (1)
w0l ——— | o 2(MnO) + (Si) = 2(Mn) + (SiO,) 2) 100 | +e0022(MNO) + (Si) = 2(Mn) + (SiO,) )
= =(MnO) + (C) = (Mn) + [CO] 4) — =(MnO) + (C) = (Mn) + [CO] (4)
50 - = +1/2(SiO,) + (C) = 1/2(Si) + [CO] (6) 50 = +1/2(SiO;) + (C) = 1/2(Si) + [CO] (6)
o—6—0
5 01 5 0
3 3
° °
2 e
5 50 {_ 5 50
£ e TR —— £
2100 urueeennennes vesecsessessnss Dadats Sy e 2 100 -
150 Q\N: — s -150
2200 m::b@:b@ -200 - —% e < —
—
-250 -250
1600 1700 1800 1900 2000 1600 1700 1800 1900 2000
Temperature (°C) Temperature (°C)
(C) 150 E C ——3/2(MnO) + (Al) = 3/2(Mn) + 1/2(Al,05) ) (d) 190 Exp D —— 3/2(MnO) + (Al) = 3/2(Mn) + 1/2(Al,03) 1)
p-C | T 2(MnO) + (Si) = 2(Mn) + (Si0,) @) — | feeee 2(MnO) + (Si) = 2(Mn) + (SiO;) (2)
100 A — =(MnO) + (C) = (Mn) + [CO] () 100 - (Mng)*‘(gf):(Mn)*‘é%'O) (3)
= =(MnO) + (C) = (Mn) + 4
o — +1/2(SiO,) + (C) = 1/2(Si) + [CO] (6) 5 o -(1/2rzsi)oz)(+)(0)(=q)/2(éi) +][CO] Es;

AG (kJ/mol reductant)
g
I
AG (kJ/mol reductant)
g
|

==
- :
_ =0 SN — p—
— S
——— —ia
== __ 150 - T
E —_

k
|

-150

— ~

—)

A —_—
-200 | \ﬁ‘ —O -200 - — p 4 S ——
S—
250 -250
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Figure 3. Gibbs free energy values adjusted for impure compounds in alloy and slag. Lines
without icons = unit activity in reactants and products; circles = endpoint composition activities;
diamonds = reactants at unit activity and products at endpoint composition activities. (a) sample A;
(b) sample B; (c) sample C; (d) sample D.

For example, in the case of Reaction (1), the following expression in Equation (10)
was applied. Appendix B, Table A5, shows the AG, AG®, and K values for Reaction (1) as
applied to the sample A activity values in Table A1, Appendix A.

0.5
15
(aMI’l) (aAlzo3)

AG = AG® + RTIn =
(@ pu0) (”Al)

(10)

Figure 3a—d displays the same AG® lines for Reactions (1)—(3) as in Figure 1, as reference
lines. For Reactions (4) and (6) based on a carbon reductant, the solid carbon expression
of Reactions (4) and (6) was changed to dissolved carbon. The value of Pco is set to
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1 atmosphere. The reaction Gibbs free energy lines for the worst-case scenario are depicted
as circle icons and were calculated by applying the activity values of the endpoint slag
and alloy compositions to Equation (9). The reaction Gibbs free energy lines for the most
favourable scenario are depicted by diamond icons and were calculated by applying unit
activities to the reactants and the activity values of the endpoint slag and alloy compositions
to the products in Equation (9).

It is seen that for the unit activities of the reactants and products, Reaction (1) is the
TMEF (thermodynamically most-favoured) reaction at 1600 °C to 1970 °C. Beyond 1970 °C,
Reaction (4) becomes the TMF reaction. The second most-favoured reaction over the
considered temperature range is Reaction (4). Reaction (2) is the third most-favoured
reaction at 1600 °C to 1800 °C, and is replaced by Reaction (6) at temperatures higher than
1800 °C.

For sample A under the worst-case scenario (circle icons), the Gibbs free energy
values of Reactions (1), (4), and (6) in Figure 3a are similar at 1900 °C, at —34 kJ/mol Al,
—27 kJ/mol Mn and —32 kJ/mol C. The value for Reaction (2) is positive at eight k] /mol Si,
indicating that this reaction will not proceed at 1900 °C. The relative values are important
for the possible reaction mechanisms because they indicate at which temperatures the
reduction reactions with carbon, Reactions (4) and (6), are more favoured than the reduction
with Si, Reaction (2). Only considering simplified reaction thermodynamics would imply
that Reaction (2) is simply the sum of Reaction (4) and the reverse version of Reaction (6).
However, no specific insights would be gained from this simplification. This is because, as
shown in the above discussion, each reaction of the separate reductants, silicon and carbon,
must be considered, as in Reactions (4), (6) and (2).

In contrast to the endpoint activity-based Gibbs free energy lines, for the most
favourable activity conditions marked as lines with diamond icons, it is seen that the
line for Reaction (2) with the Si reductant is favoured most, but positioned close to the
Reaction (1) line. Carbon reduction reactions are similar in Gibbs free energy values, but
much less favoured than Reactions (1) and (2). The same trends are observed in Figure 3b,
but the crossover temperature between Reactions (2) and (4) with Reaction (6) shifts upward
from 1700 °C to 1850 °C. Figure 3c shows the crossover temperature as 1775 °C. The most
favourable activity scenario lines of Reactions (4) and (6) are separated in Figure 3¢, unlike
those in Figure 3a,b,d. The values of Reaction (4) are lower than those of Reaction (6). This
is due to lower Mn activity in the endpoint alloy, resulting from the higher silicon content
of the sample C feed mixture, as seen in Figure 2a. The shift to more positive Gibbs free
energy values of Reaction (2) is due to an increase in silica activity from higher silica content
in the sample C slag, as seen in Figure 2g.

Figure 3d indicates positive Gibbs free energy values for Reactions (4) and (6) at the
endpoint activity values. Therefore, these two reactions are not important in the endpoint
scenario, as they cannot proceed in the forward direction. Chromium has a lower affinity
for oxygen than Mn and Si and is therefore not a significant contributor to reduction
reactions in this system [31]. This was confirmed by the absence of Cr oxides in slag D [20].
To calculate Gibbs free energy values for Reaction (3) in the absence of chromium oxide
in the experimental slag, the activity values of CrO from the gas—slag—-metal equilibrium
calculations were used. In Figure 3d, the Reaction (3) Gibbs free energy values are positive
above 1850 °C at the endpoint composition activity values, confirming that Reaction (3)
will not proceed to the product side under such conditions. Reaction (3) may proceed at
temperatures below 1850 °C. Under the most favourable activity conditions, Reaction (3)
is possible at 1650 °C to 1900 °C due to the slag’s low chromium oxide content and the
resulting low activity of CrO.
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The above discussion shows that limited insight is gained by considering the reaction
Gibbs free energy values of the individual reactions in Figure 3a—d because scenario
assumptions are applied. Therefore, the gas—slag-metal (g—s—m) equilibrium calculation is
often considered the best simulation tool for complex reaction systems. Section 4.3 displays
the calculation results and explains the differences between the experimental slag and alloy
compositions and the equilibrium calculation values.

4.3. Gas-Slag-Metal Equilibrium

The reaction system was simulated using the gas—slag-metal (g—s-m) equilibrium
at different temperatures to determine the likely bulk temperatures achieved. The differ-
ences between the experimental alloy and slag analyses and those predicted by chemical
equilibrium are considered. The results are summarised in Figure 4a—e, which compare
the equilibrium alloy analyses with the experimental analyses in Table 3. Similarly, the
slag compositions in Figure 5a—e show the equilibrium slag compositions compared to the
experimental results in Table 4. Figure 5f displays the main gas species from the equilibrium
calculations, consisting of CO, Na, Hy and Mn, with SiO also predicted in sample C with
silicon metal addition.

The temperature interval of 1650 °C to 1900 °C stems from prior simulation runs made
over a wider temperature range in which it was found that simulations above 2500 °C
result in total vaporisation of the alloy, and for temperatures below 1600 °C, the predicted
alloy carbon content is excessive due to more reducing conditions prevailing at lower
temperatures. In comparison, the adiabatic temperature (AT) values are summarised in
Table 6 for different input material pre-heating conditions. It is seen that the condition of
no pre-heating results in excessive AT values higher than 3000 °C. More realistic AT values
are obtained for pre-heating to 700 °C at 1885-1933 °C, and for pre-heating to 1000 °C, the
AT values range from 1959 to 1992 °C. The AT values are sufficiently high to ensure the
SHS conditions prevail in the reaction system [14,22]. From the AT values in Table 6, it is
seen that the temperature interval of 1650 °C to 1900 °C is realistic in terms of the g—s—m
equilibrium calculations.

Table 6. Adiabatic temperatures (AT) in °C versus input material pre-heating temperature.

Mixture No Pre-Heating Pre-Heating to 700 °C  Pre-Heating to 1000 °C
A 3366 1885 1959
B 3333 1880 1964
C 3290 1933 1992
D 3322 1900 1972

The g—s—m equilibrium calculations do not accurately predict the alloy aluminium
content, as they predict almost complete aluminium reaction to Al,O3 via Reaction (1). The
alloy aluminium analyses versus the low equilibrium-predicted values in Figure 4a, and
the opposite predicted trend versus experimentally measured alloy manganese levels in
Figure 4d, show this discrepancy from equilibrium. Consequently, the slag equilibrium
compositions have a lower %MnO and a higher %Al;O3 than the experimentally measured
values, as in Figure 5a,b.

Figure 4c illustrates the trend in the predicted carbon content of the alloy. It is seen
that the temperatures at which the experimental and equilibrium carbon contents overlap
are at 1650 °C to 1700 °C for sample A, 1700 °C to 1750 °C for sample B, 1700 °C for sample
C, and 1800 °C to 1850 °C for sample D. In the case of samples A, B, and D, the silicon
content matching temperatures are similar to those of the carbon content, see Figure 4b. A
large discrepancy exists between the experimental and predicted silicon content of sample
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C, due to lower silicon uptake into the alloy and greater SiO; in the slag than predicted by
equilibrium calculations.
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Figure 4. Gas-slag-metal equilibrium compositions of the alloy phase vs. experiment. (a) Al; (b) Si;
(c) C; (d) Mn; (e) Fe.
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Figure 5. Gas-slag—metal equilibrium compositions of the slag and gas phase vs. experiment.
(a) MnO; (b) Al O3; (c) SiOy; (d) CaO; (e) NayO; (f) Gas composition.

The equilibrium calculation results in Figures 4 and 5 are informative, but only hint at
the most critical reactions. Clearly, Reaction (1) plays the leading role in the overall process,
but other reduction reactions also influence the process equilibrium. For example, the

https://doi.org/10.3390/ cryst16020120


https://doi.org/10.3390/cryst16020120

Crystals 2026, 16, 120

12 0f 18

reducing gases CO and Hj likely also assist in maintaining reducing conditions. A more
accurate comparison of the relative influence of each reductant is shown in Figure 6a—d. The
g-s—m equilibrium calculation partial oxygen pressure (Pp,) and the Pp, values calculated
for the endpoint slag and alloy activities, as shown in Figure 2 and Appendix A, are
compared. The Pp, values were calculated from the equilibrium constants of reduction
Reactions (11)—(15) and compared to the g—s—m equilibrium Pp, values as displayed in
Figure 6a—d and summarised in Appendix C, Tables A6—-A9.

2(Al) +3/2[0,] = (AL O3) (11)
(Mn) +1/2[0;] = (MnO) (12)
(Si) +[O2] = (SiO) (13)
(Cr) +1/2[0;] = (CrO) (14)
(©) +1/2[0,] =[CO] (15)

<> =solid; () = liquid; [ ] = gas; underlined compound indicates it is in solution.

Figure 6a shows that the g—s—m equilibrium Pp, values coincide with the C/CO
reaction Pp, values in the temperature interval under consideration, 1650 °C to 1900 °C,
if the Pco is set to 1. However, if the Pco is set to 0.5 atm, this overlap no longer holds.
Therefore, the importance of Reaction (15) seems limited in setting the reaction system Pp, .
Interestingly, at 1650 °C and 1700 °C, the g-s-m equilibrium Pp, values also coincide with
the Si/SiO; and the Mn/MnO reaction Pp, values. Similarly, at 1850 °C and 1900 °C, the
g—s—m equilibrium Pp, values coincide with the Al/Al,Oj3 reaction Pp, values.

In Figure 6b the g-s-m equilibrium Pp, values overlap at all of the considered temper-
atures with the Si/SiO; reaction Pp, values, indicating that this reaction sets the system’s
reduction-potential conditions. In contrast, in Figure 6¢ with added silicon collector metal,
there is no such overlap with the g-s-m equilibrium Pp, values. This is an unexpected
trend, as the added silicon should readily influence the system’s reduction potential, given
the predicted uptake of alloy silicon in the g-s—m simulation. In Figure 6d there is an
overlap between the g-s—m equilibrium Pp, values and the Cr/CrO reaction Pp, values at
1750 °C to 1900 °C, also coinciding with the Mn/MnO reaction Po, values at 1850 °C to
1900 °C. Although Cr has a much lower oxygen affinity than Mn, Si, and Al, it appears to
participate in setting the system Pp, .

The alloy stability diagrams displayed in Figure 7a—d were constructed to test the
sensitivity of alloy aluminium content to the Pp, for each alloy composition and with
1800 °C as the input temperature. Diamond icons were added to the diagrams to mark
the coordinates of the experimental %Al values from Table 3 versus the Pp, value for the
Al/Al,O3 Reaction (11) as displayed in Appendix C in Tables A6-A9.

For comparison, the g-s-m equilibrium Pp, values and matching %Al values are
indicated as circle icons. It is seen that the icons lie on or close to the (LIQUID alloy)-(M70O3
corundum + LIQUID) boundary line, indicating Po, control via Reaction (11) for the oxide
phase as corundum (Al,O3), equivalent to an alumina-saturated slag. Therefore, the slag
phase may not be at equilibrium as time is required to dissolve all the Al,O3 into the slag
glass phase, indicated by square icons. The higher %Al in the experimental alloys compared
with the equilibrium %Al values indicates direct uptake of the aluminium reductant into
the alloys.
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Figure 6. Partial oxygen pressure (Pp,) values of Reactions (11)-(15) at endpoint activity values
versus gas-slag-metal equilibrium (g—s—m) Pp, values. (a) sample A; (b) sample B; (c) sample C;
(d) sample D.

Table 7 presents the manganese yields from the experiments, compared with the
g-s—m equilibrium values at 1700 °C, 1800 °C, and 1900 °C. The g-s-m equilibrium values
decrease with increased temperature due to loss of metal via volatilisation. The g-s-m
equilibrium-predicted manganese yield values for samples A, B and D are similar, but only
the sample D experimental value corresponds to the equilibrium-predicted value for the
1900 °C equilibrium. The equilibrium values for sample C with the addition of silicon
collector metal are much higher, as only 2% MnO is predicted to remain in the slag.

Table 7. Manganese yield comparison.

Mixture %Mn to g-s-m Equilibrium g-s—m Equilibrium g—s—m Equilibrium
Alloy at 1700 °C at 1800 °C at 1900 °C
A 33 78 67 50
B 42 80 70 56
C 51 96 91 82
D 53 77 68 55

In summary, the g—s-m equilibrium calculation, as applied in this work to the SHS
simulation, provides a helpful guide to the overall process and provides ballpark estimates
of elemental distributions for the cases of no collector metal, copper collector metal addition,
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and chromium collector metal addition. Significant differences exist in the application of
silicon collector metal addition.
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Figure 7. Alloy equilibrium partial oxygen pressure values versus %Al for each alloy composition
in Table 3, at 1800 °C. (a) sample A; (b) sample B; (c¢) sample C; (d) sample D. Diamonds = log( P, )
values for Al/Al,O3 Reaction (11) at experiment %Al; circles = g-s—m log(Pp,) vs. %Al values;
squares = Al,O3-slag-alloy equilibrium intercept. M;O3 (corundum) = 99.9% Al,Os.

5. Conclusions

This work assesses gas—slag-metal equilibrium calculations in the modelling of

sodium-oxide fluxed aluminothermic reduction of pyrolusite-based manganese ore under
self-propagating high-temperature synthesis (SHS) conditions. Process variations include
the use of different collector metals, such as Si, Cr, and Cu. The main findings are:

Discrepancies between experimental and equilibrium results highlight the kinetic fac-
tors of SHS processes, particularly with respect to aluminium uptake and manganese
volatilisation.

The main difference is the alloy aluminium content. The difference between the calcu-
lated and experimental aluminium levels is, in part, due to the higher partial oxygen
pressure predicted in the gas-slag-metal equilibrium calculations, compared with that
of the Al-Al,O3 governing reaction equilibrium. Short-circuiting of aluminium to the
alloy is also possible.

The gas—slag—metal equilibrium calculation provides a helpful guide in process chem-
istry design and provides ballpark estimates of elemental distributions, although not
precise in the aluminium uptake to the alloy.

https://doi.org/10.3390/ cryst16020120


https://doi.org/10.3390/cryst16020120

Crystals 2026, 16, 120 15 of 18

Author Contributions: F.D.B. conceptualised the experimental work. FED.B. and T.C. executed the
experiments together, interpreted the data together, and prepared the manuscript together. T.C. made
the model calculations. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded in part by the University of Pretoria.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Acknowledgments: The authors are grateful to Coenraad Snyman at the Laboratory for Mi-
croscopy and Microanalysis at the University of Pretoria for his advice and assistance with
analytical techniques.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

Abbreviations

The following abbreviations are used in this manuscript:

TMF Thermodynamically most-favoured

g-s—m Gas-slag—metal

SHS Self-propagating high-temperature synthesis
FCAW-S  Self-shielded flux-cored arc welding

SAW Submerged arc welding

AT Adjiabatic temperature

Appendix A

Table A1l. Sample A alloy and slag endpoint activities.

Tem(fzg‘“ ture aMnO aSiO, aAl, O3 aMn aSi aAl aC
1650 113 x 1071 698 x 103 280 x10"!1 481 x107' 375x107* 353x103 271x10°3
1700 1.08 x 1071 780 x 1073 314 x10"! 450x 107! 4.69x10"* 374x103 3.17x10°3
1750 1.08 x 1071 853 x 103 320x 107! 450x 107! 580x10%* 3.95x103% 3.68x 1073
1800 1.09 x 1071 927 x 1073 326 x 1071 450x 1071 711 x107* 416 x1073 4.25x 1073
1850 110 x 1001 1.00x 1072 331 x 107! 449 x 107! 862x10% 437 x10° 487 x103
1900 110 x 1001 1.08 x 1072 335x 107! 449x107! 1.04x103 459 x103 554 x 103

Table A2. Sample B alloy and slag endpoint activities.

Tem(ggature aMnO aSiO, aAl,03 aMn aSi aAl aC aCu
1650 114 x 1071 467 x 1073 244 x 1071 416 x107! 579x107% 132x1072 245x 103 344 x 107!
1700 113 x 107! 514 x 103 253x107! 418 x 107! 698 x107*% 142x1072 275x1073 3.36 x 1071
1750 112x 1071 563x1073 262x10"1 420x1071 832x10% 153 x102 3.07x103 328 x 107!
1800 112 x 1071 612x 1073 269x 1071 422x107! 984 x10* 164 x1072 341 x103 321 x 107!
1850 111 x 107! 6.62x 1073 277x 1071 424 x107! 116 x103 176 x1072 376 x 1073 3.15x 107}
1900 111 x 107t 713 x 1073 284 x 1071 426 x107! 135x10° 1.88x1072 414 x 103 3.08 x 107!
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Table A3. Sample C alloy and slag endpoint activities.

Tem(lz‘g)at“re aMnO aSi0, aAl,0; aMn aSi aAl aC
1650 525 x 1072 297 x1072 265x1071 352x1071 764 x103 155x102 451 x 1073
1700 530 x 1072 3.14x 1072 274x10°! 355x10°! 898x103 161x10"2 521 x 1073
1750 537 x 1072 331 x1072 281 x10°! 358 x10"! 105x102 167 x10°%2 597 x 1073
1800 543 x 1072 348 x 1072 288x 10! 360x1071 121x102 1.73x107%2 6.80 x 1073
1850 550 x 1072 365 x 1072 295x 107! 3.62x10°! 139x1072 179x10"2 7.69 x 103
1900 557 x 1072 382x 1072 3.00x 107! 3.65x10°! 159x1072 185x10"2 8.65x 1073

Table A4. Sample D alloy and slag endpoint activities.

Temfoecr)ature aMnO aSiO, aAl, O3 aMn aSi aAl aC aCr aCrO
1650 1.07 x 1071 447 x 1073 2.65 x 107! 457 x 107! 9.12 x 1074 1.30 x 1072 6.84 x 1074 1.40 x 1071 553 x 1073
1700 1.05 x 1071 491 x 1073 2.76 x 107! 461 x 107! 1.34 x 1073 1.42 x 1072 9.34 x 1074 1.44 x 1071 6.56 x 1073
1750 1.04 x 1071 5.35 x 1073 2.85 x 107! 4.62 x 107! 1.61 x 1073 1.49 x 1072 1.08 x 1073 1.46 x 1071 8.14 x 1073
1800 1.03 x 1071 5.80 x 1073 2.95 x 107! 4.64 x 107! 191 x 1073 1.55 x 1072 1.24 x 1073 1.48 x 1071 1.04 x 1072
1850 1.02 x 1071 6.25 x 1073 3.03 x 107! 4.65 x 107! 2.24 x 1073 1.61 x 1072 1.41 %1073 1.50 x 1071 1.35 x 1072
1900 1.02 x 1071 6.70 x 1073 311 x 107! 4.67 x 1071 2.62 x 1073 1.68 x 1072 1.60 x 1073 1.51 x 1071 1.75 x 1072

Appendix B
Table A5. Sample A Gibbs free energy values for Reaction (1).

Temperature AG° #1: gz ;)Il;ztlji(;ase K for #2: M(;itef;\;;)ourable K for
“°Q) (kJ/mol Al AG (KJ/mol Al) Scenario #1 AG (KJ/mol Al) Scenario #2
1650 —170.5 —-57.3 1189.1 —199.8 0.160
1700 —168.3 —51.0 1280.6 —197.5 0.169
1750 —166.2 —46.8 1212.7 —195.9 0.171
1800 —161.9 —42.6 11494 —194.4 0.172
1850 —159.8 —38.5 1090.3 —192.9 0.173
1900 —155.7 —34.4 1035.2 —191.4 0.174

Appendix C
Table A6. Sample A: log (Pp,) values as displayed in Figure 6a.

Temperature  Reaction (11): Reaction (12): Reaction (13):  Reaction (15): Reaction (15): —sm
[{e) Al/A1,03 Mn/MnO Si/SiO, C/CO; Pco =10 C/CO;Pco=05 8
1650 —15.9 —13.8 —14.1 —13.9 —14.5 —14.3
1700 —15.2 —13.4 —13.5 —13.7 —14.5 —13.8
1750 —145 —-12.9 —13.0 —13.5 —14.1 —13.4
1800 —13.9 —12.5 —12.4 —13.3 —13.9 —12.9
1850 —13.3 —12.1 —11.9 —13.2 —13.8 —12.5
1900 —12.7 —11.6 —114 —13.0 —13.6 —12.1
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Table A7. Sample B: log (Pp,) values as displayed in Figure 6b.

Temperature  Reaction (11): Reaction (12): Reaction (13):  Reaction (15): Reaction (15):

(e Al/AL O3 Mn/MnO Si/Si0, C/CO; Pco =10 C/CO;Pco=05 &°™
1650 —16.7 —13.8 —14.5 —13.8 —14.4 —14.3
1700 —16.0 —13.3 —139 —13.5 —14.1 —13.8
1750 —154 —12.8 —13.3 —13.3 —-13.9 —13.3
1800 —14.8 —12.4 —12.8 —13.1 —13.7 —-12.9
1850 —14.2 —12.0 —-12.2 —-129 —13.5 —124
1900 —13.6 —11.6 —-11.7 —12.7 —13.4 —12.0
Table A8. Sample C: log (Pp,) values as displayed in Figure 6c.
Temperature  Reaction (11): Reaction (12): Reaction (13): Reaction (15): Reaction (15):
©0) AVALO; Mn/MnO Si/Si0, C/CO; Pco =10 C/CO;Pco=05 &°™
1650 —16.8 —14.3 —14.8 —14.3 —14.9 —15.5
1700 —16.1 —13.8 —14.2 —14.1 —14.7 —14.9
1750 —154 —13.3 —13.6 —-13.9 —14.5 —14.3
1800 —14.8 —-12.9 —13.1 —13.7 —14.3 —13.8
1850 —-14.2 —12.5 —12.6 —13.6 —14.2 —13.3
1900 —13.6 —12.1 —12.1 —134 —14.0 —12.8
Table A9. Sample D: log (Pp,) values as displayed in Figure 6d.
Temperature Reaction (11): Reaction (12): Reaction (13):  Reaction (15): Reaction (15): Reaction (14):
(o) Al/AL,O; Mn/MnO Si/Si0, C/CO; Pco =10 C/CO;Pco=05 &°™ Cr/CrO
1650 —16.7 -13.9 —14.7 —12.7 —-13.3 —14.1 —14.5
1700 —16.0 —13.4 —14.2 —12.6 —13.2 —-13.7 —13.9
1750 —15.3 —13.0 —13.6 —12.4 —13.0 —13.2 —13.4
1800 —14.7 —12.6 —-13.1 —12.3 —-12.9 —12.8 —-12.8
1850 —14.1 —-121 —125 —12.1 —12.7 —124 —12.2
1900 —13.5 —-11.8 —12.1 —-11.9 —12.5 —-11.9 —11.7
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