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Journal

Comment

The SAIMM Pyrometallurgy International Conference convened in May 2026 under 
the theme Foundations for Competitiveness and Sustainability. The theme was chosen 
because, since 2014, more than 2.2 million tonnes of ferroalloy smelting capacity have 

been curtailed or closed. By early 2026, only 11 of 66 ferrochrome smelters were operating, while 
record tonnages of raw chrome ore left our ports — carrying with them the 80% of value that 
smelting would have captured at home. These facts are where sound engineering begins, and 
foundations are what must now be rebuilt.

Our community answered. For the first time, pyrometallurgy, furnace tapping, and refractories 
convened as three symposia in one gathering, under one SAIMM pyrometallurgy banner — a 

deliberate consolidation carrying a message to industry and government alike: foundations are laid together. One hundred 
and nine papers from fifteen countries filled the programme. The selection in this special edition shows a discipline that is 
alert, rigorous, and determined.

The week opened with the PyroFuZA Workshop — the Future of Pyrometallurgy in South Africa — where some fifty 
senior leaders from industry and government deliberated as equals. Every participant affirmed that this industry is worth 
saving; the overwhelming majority affirmed that it can be saved. And for the first time, a fifty-year horizon was accepted as 
meaningful: South Africa as a world leader in high-temperature science and technology. Work on the vision, roadmap, and 
five-year plan is now in preparation.

A century ago, Hendrik van der Bijl laid the foundations on which our industry grew: power, steel, and patient capital. 
Those foundations have expired. Our endowment has not. The richest ore bodies on earth still lie in our ground, demand 
for what we make keeps growing, and our people remain at the global frontier of the discipline. Together they will carry us 
to the fifty-year vision. What stands between decline and a second century is not thermodynamics. It is choices — made 
together, and made now.

Read these papers as working drawings for that second century. Then let us restart the engine room of our economy — 
together.

J. Zietsman
Chair: SAIMM Pyrometallurgy International Conference 2026

The second century is a choice
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President’s

Corner

It is often said that a picture speaks a thousand words. As I reflected on the journey of the 
past 11 months, I realised that the accompanying illustration captures its evolution more 
clearly than a list of activities or achievements ever could.

It has been an incredible year—shaped by conversations, relationships, tough questions, 
unexpected insights, and an increasingly clear understanding of the constraints facing the 
minerals industry and the role SAIMM must play in addressing them.

When I began my presidency, my commitment was straightforward: to help strengthen 
SAIMM.

A strong professional institute requires an effective operating model, clear governance, capable 
leadership, disciplined execution, and a value proposition relevant to its members and the industry it serves. Much of the 
early work therefore focused on strengthening SAIMM from within.

That work remains important. An institution cannot address the needs of its industry unless it has the capability to 
perform its own role effectively.

However, as the year progressed, my perspective began to change.
Through hundreds of engagements with students, young professionals, university leaders, experienced practitioners, 

mining and metallurgical companies, technical associations, professional bodies, regulators, and industry leaders, a common 
pattern gradually emerged.

Universities are under pressure. Structured workplace development is inconsistent. Mentoring capacity is limited. 
Progression to professional registration is slow. The pool of experienced technical practitioners is diminishing, specialist 
knowledge is at risk of being lost, and the industry is becoming increasingly complex.

The challenge is therefore not simply whether we are producing enough graduates. It is whether the professional 
capability system is consistently developing the technicians, technologists, professionals, specialists, mentors, and future 
leaders required to operate, improve, and lead an increasingly complex industry.

This led to the defining insight of the year:
One of the most significant constraints facing the future of the minerals industry is a fragmented and weakening 

professional capability system—one that no single organisation can rebuild alone.
The question guiding my presidency consequently evolved from:
How do we strengthen SAIMM to how must SAIMM evolve to help address the capability constraints facing the 

minerals industry?
 I began the year looking inward at SAIMM. Listening led me to look outward at the industry. The pattern that emerged 

revealed a system constraint—and that changed what I believe SAIMM must become.
Professional capability does not develop within a single institution. It emerges through an interconnected system 

involving education, workplace experience, mentoring, professional registration, technical communities, knowledge sharing, 
and continuing professional development.

When these elements work together, capability develops and compounds. When they become fragmented, people 
are lost between stages, development becomes inconsistent, and the industry gradually loses the technical depth and 
professional competence on which its future depends.

What became increasingly clear to me is that capability must be treated as an endowment in its own right—deliberately 
built, renewed, and protected, just as the industry invests in its mineral resources and in the physical and digital assets 
required to develop it.

Without the people capable of operating, improving, and leading increasingly complex businesses, neither the resource 
endowment nor the asset base can be converted into sustainable value.

From strengthening an institution to 
stewarding a system
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SAIMM must therefore evolve beyond the traditional boundaries of a membership institute to become a more industry-
facing professional institution. This means beginning with the present and future needs of the minerals industry and aligning 
its programmes, partnerships, knowledge platforms, and development pathways with the people and capabilities the industry 
requires.

Its role is not to serve the short-term interests of any individual organisation, but to provide an independent platform 
through which the industry’s longer-term capability needs can be understood and addressed.

SAIMM should not attempt to own the professional capability system or replace the organisations already working 
within it. Its contribution is to help the system function more effectively: to convene, connect, enable capability development, 
preserve knowledge, provide an independent professional voice, and steward the long-term health of the system.

Strengthening SAIMM was therefore not displaced by the wider capability agenda. It became the foundation from which 
the Institute could contribute to it.

This thinking has already begun to take practical form through the strengthening of SAIMM’s operating model, the 
development of the SAIMM Academy, deeper engagement with universities and industry, and new collaborative platforms 
focused on workplace development and the professional pipeline.

The work, however, is only beginning. Capability develops over many years, while a presidency lasts for only one. The true 
measure of this year will not be the number of initiatives started. It will be whether the thinking continues, the connections 
deepen, and SAIMM helps the industry to develop the people and capabilities required for its future.

I am deeply grateful to everyone across SAIMM, academia, industry, and the wider professional community who shared 
their perspectives and contributed to this journey. Every conversation added something to the picture.

The year reinforced a belief that has shaped much of my professional life: sustainable performance is achieved not by 
continually demanding greater effort from people, but by designing better systems through which people can develop, 
contribute, and succeed.

I began the year wanting to strengthen an institution.
I now have a deeper appreciation that the purpose of strengthening SAIMM is to enable it to address the needs of the 

minerals industry and strengthen the professional capability system upon which that industry depends.
The future of the minerals industry will be determined not only by the resources we possess, but by the capability of the 

people we develop and the professional capability system we collectively build and sustain.
Strengthen the institution. Connect the system. Steward the future.

G.R. Lane 
President, SAIMM

President’s Corner (continued)
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Upgrading of ferruginous manganese 
tailings by hydrogen-rich reduction for 
the ferroalloy industry
by D.A. Barrett1, M. Tadie1, B. von der Heyden1, R. Cromarty²

Abstract
This paper investigated the prereduction of ferruginous manganese tailings from the Nchwaning 
mine by isothermal reduction between 650 °C and 1050 °C. The treated tailings underwent 
subsequent magnetic separation to upgrade the Mn/Fe ratio and manganese grade so that 
the tailings can be used as high-quality ferroalloy feedstock. The tailings contain recoverable 
manganese but is penalised by elevated and complex iron content. There is a high degree of 
mineralogical variability found in the untreated tailings. Iron is present both as hematite and 
in solid solution within manganese minerals such as bixbyite, braunite, and braunite II. A 
hydrogen atmosphere was used in this paper as it is sufficiently reducing to produce metallic 
iron that can be separated magnetically. Lime and silica additives were investigated to determine 
their influence on Fe reduction kinetics and globule formation, which impacts the separability 
of Fe and Mn. Optical microscopy and SEM analysis of the treated material revealed distinct 
metallurgical behaviour between iron reduced from hematite – forming larger globules (50 µm 
to 600 µm) – and iron reduced from Mn-hosted phases, which formed smaller globules (0.1 µm 
to 2 µm). Relatively milder reducing conditions achieved the highest Mn/Fe ratio of 4.52 and an 
Mn grade of 57 wt.%. While below the desired target specification (Mn/Fe of at least 7.5 wt.% 
and Mn grade of at least 44 wt.%), this can still be met by blending the product stream with 
other low-grade Mn ores that contain minimal Fe. These findings highlight the potential for the 
upgradation of ferruginous manganese tailings. 

Keywords
gravity concentration, trough length, heavy mineral sands, recovery
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Introduction
Manganese is a mineral of global economic importance due to its contributions to the steel industry, 
where it is utilised to deoxidise and desulfurise steel, as well as increase its hardness, toughness, and 
strength (Cairncross, Beukes, 2013; Wellbeloved et al., 1997). Whilst high-grade manganese ores can be 
product-tailored for ferroalloy production, lower-grade material, including tailings, may require feed 
preparation because smelting behaviour can be unpredictable, and will likely result in a reduced energy 
efficiency. Further, the loss of value through tailings and unutilised low-grade ore negates maximum 
resource utilisation efficiency. For material to be used as smelter feed in high-quality ferroalloy 
production, a manganese grade of at least 44 wt.% Mn and a Mn/Fe ratio of at least 7.5 is required 
after the blending of different ores and fluxes (Elliott, Barati, 2020). This paper focused on ferruginous 
manganese tailings obtained from the slimes dam at the Nchwaning mine in the Kalahari Manganese 
Field, however the results should be applicable to similar secondary materials. The material had an 
elevated and complex iron content that necessitates the selective removal of iron from the tailings for it 
to be used as smelter feed for ferroalloy production. 

The selective removal of iron can be achieved using physical, hydrometallurgical, or 
pyrometallurgical beneficiation steps, or in combination. In most cases, physical processing steps 
alone are not sufficient to separate Fe from Mn (Singh et al., 2020). Hydrometallurgical methods show 
promise but pyrometallurgical beneficiation approaches have been chosen as the focus for this paper 
(Liu et al., 2019; Singh et al., 2020; You et al., 2017). Pyrometallurgical steps include the separation 
of the pre-reduction stage of smelting in the flowsheet that enables the upgrade of material and 
simultaneously reduces energy requirements (Larssen et al., 2020; Davies et al., 2023; Ernst et al., 2024; 
Schanche, Tangstad, 2021; Sarkar et al., 2024). Magnetic separation can be combined with pre-reductive 
roasting in flowsheet development to upgrade the material by selectively removing iron-rich phases 
that have a higher magnetic susceptibility, such as metallic iron or magnetite, from the manganese-rich 
phases, such as manganosite, following pre-reduction (Matabadal, 2022; Kivinen et al., 2010; Mpho et 
al., 2013).
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Studies on Nchwaning ore have provided insights into 
the behaviour of this material during reduction in a CO-CO2 
environment. Previous research on the ferruginous Nchwaning ore 
has shown little success in upgrading the Mn/Fe ratio (Matabadal, 
2022), underlining the need for further work towards this end. The 
primary reason the process did not achieve the desired Mn/Fe ratio 
was the formation of a FeO-MnO solid solution oxide phase that 
was difficult to reduce further and hindered magnetic separation 
of Fe and Mn (Matabadal, 2022). The formation of this composite 
oxide in ferruginous Mn ore has also been reported in other 
research studies under CO-CO2 atmosphere conditions (El-Geassy 
et al., 2008; Zhang et al., 2017; Gao et al., 2019; Liu et al., 2019; 
Larssen et al., 2020; Davies et al., 2023). Pre-reduction roasting in 
the traditional CO-CO2 atmosphere is therefore unlikely to yield 
the desired results. The use of hydrogen in the atmosphere has been 
shown to enhance both the extent and rate of reduction, resulting 
in the formation of metallic Fe, which is more readily separable in 
magnetic separation (Ernst et al., 2024). Furthermore, the addition 
of lime and/or silica flux to the unreduced ore has yielded mixed 
results in reducing iron and manganese oxides. Some studies have 
shown that the addition of CaO promoted Fe whisker formation 
(Zhong et al., 2017; Şeşen, 2001; Zhao et al., 2013), while others 
suggested that the formation of porous Fe layers increased the rate 
of reduction (Prakash et al., 2000; Shigematsu, Iwai, 1993; Ostrovski 
et al., 2004). Further, the investigation by Turkdogan and Vinters 
(1973) found that the addition of CaO retarded reduction, while 
the addition of SiO2 had a negligible effect. Shigematsu and Iwai 
(1993) also found that the addition of SiO2 can increase the rate of 
reduction of FeO to Fe. Interaction effects between the additives 
and original minerals will be limited as no liquid is formed at 
the considered reduction temperatures, but the additives can still 
influence reduction through solid state diffusion and ion diffusion 
(Zhao et al., 2013). 

This paper investigated the pre-reduction of ferruginous 
manganese tailings from the Nchwaning mine in a hydrogen-rich 
atmosphere, followed by magnetic separation as a beneficiation 
process to produce ferroalloy smelter feed, aiming to support 
flowsheet development. To be suitable for ferroalloy smelter feed, 
the target specifications were an Mn grade of at least 44 wt.% and an 
Mn/Fe ratio of at least 7.5, while maximising Mn recovery. 

Materials and methods
This paper conducted a thorough experimental design that 
investigated the influence of four key process variables: reduction 
temperature, degree of hydrogen enrichment, the addition of 
CaO, and the addition of SiO2. The experimental approach is 

summarised in Figure 1. All drying was conducted at 110 °C for 
twelve hours to remove any surface moisture. The material was 
split into representative 30 g samples using a rotary splitter. The 
dried material had a D50 of 185 µm. The fine particle size required 
briquetting before being reduced, where polyvinyl alcohol was used 
as a binder. All magnetic separation was performed using a Davis 
tube, a wet magnetic separator, at a single, controlled magnetic 
intensity with 0.6A being fed to the electromagnet. 

A controlled atmosphere retort furnace made of Kanthal APMT 
was used for all experimental runs. The schematic of the setup is 
shown in Figure 2. Gasses were fed to the controlled atmosphere 
furnace at the bottom, which allowed for them to be heated to the 
required temperature before entering. The retort was lowered into 
a chamber furnace during use. The gas flow was controlled using 
multiple gas flow controllers (MFC), and the water vapour was 
added to the inlet gas using a bubbler in a temperature-controlled 
water bath to entrain the vapour in the bubbled gas. Heating and 
cooling of the furnace was carried out in a nitrogen atmosphere. 
Hydrogen gas was introduced at a constant flow rate 2 NL/min, with 
a reduction time of two hours. 

A central composite design was employed in this investigation; 
to represent curvature in response behaviour and to quantify the 
influence of interactions between process variables (Montgomery, 
2013). The process conditions for the reduction temperature and the 
degree of hydrogen enrichment were selected using the iron oxide 
stability diagram in Figure 3. Manganese readily reduces to MnO 
before the reduction of iron oxides so the manganese oxide stability 
diagram is not necessary (Larssen et al., 2020). The reduction 
conditions, shown in red in Figure 3, were chosen to be well within 

Figure 1—Summary of experimental approach and material flow

Figure 2—Controlled atmosphere furnace schematic

Figure 3—Iron oxide stability diagram in both carbothermic and hydrogen-
enriched atmospheres with variable FeO activity. Experimental conditions 
investigated are marked in red, and the activity of FeO is indicated on each 
respective dashed line. Data obtained from FactSage (Bale et al., 2002)
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the metallic Fe stability region, to promote the formation of metallic 
Fe, even when the activity of FeO is reduced. The dosage levels for 
CaO and SiO2 were determined using the studies by Zhao et al. 
(2013) and Shigematsu and Iwai (1993) as guidelines. The levels 
used for each response variable are summarised in Table 1.

Results and discussion

Characterisation
The chemical composition of the untreated samples is presented 
in Table 2, with the Central Analytical Facility at Stellenbosch 
University conducting the X-ray fluorescence analysis. The material 
had an acceptable Mn grade of 44.5 wt.%, but was penalised by an 
elevated Fe content, which results in a low Mn/Fe ratio of 2.56.

X-ray diffraction was conducted by XRD Analytical and 
Consulting in Pretoria. The analysis revealed that the Nchwaning 
material contained five types of manganese minerals, making up 
70.5 wt.% of the sample. Important minerals included braunite 
(61.2 wt.%), manganite (8.0 wt.%), hematite (23.2 wt.%), and calcite 
(6.1 wt.%). Only braunite and manganite made up more than one 
wt.% of the sample among the Mn minerals, and the analysis was 
unable to differentiate between braunite, braunite II, and bixbyite, 
as Cu ka radiation was used. To accurately account for the different 
Mn minerals, a bulk SEM-EDS analysis of the untreated material 
was conducted. The analysis normalised the number of cations for 
each candidate mineral, then used a charge balance to match each 
mineral grain to the most probable phase, according to the method 
proposed by Schumacher (1991). The distribution of the major Mn 

minerals present in the sample is presented in Table 3, with braunite 
II being the most abundant phase. 

The Mn grade and the Fe content in the sample was highly 
variable from grain to grain, resulting in high variability in the 
Mn/Fe ratio as well. The distribution in Mn/Fe ratio for the major 
manganese minerals is illustrated in Figure 4, with braunite II 
exhibiting the lowest Mn/Fe ratio. The target Mn/Fe ratio to be 
suitable for ferroalloy production is 7.5, indicated by the dashed red 
line in Figure 4. The proportion of grains with a Mn/Fe ratio of less 
than 7.5 was 7%, 50%, and 76% for bixbyite, braunite, and braunite 
II, respectively, with 64% of the total Mn grains falling below this. 

Table 1
Summary of process conditions

Variable High level Low level Centre point High axial  
point

Low axial  
point 

Temperature (°C) 950 750 850 1050 650

H2/(H2+H2O) (%) 95 85 90 100 80

CaO addition (wt.%) 6 2 4 8 0

SiO2 addition (wt.%) 6 2 4 8 0 

Table 2 
Chemical composition (wt.%) of untreated Nchwaning material according to X-ray fluorescence

Mn Fe Ca Si Mg Al Na P Ti L.O.I

Wt.% 44.52 17.42 3.39 1.67 0.26 0.10 0.04 0.02 0.02 2.86

Table 3
Mineral distribution of major Mn minerals in untreated Nchwaning material according to SEM-EDS analysis

Mineral Bixbyite Braunite Braunite II Manganite

Formula (Mn, Fe)2O3 3(Mn, Fe)2O3∙MnSiO3 7(Mn, Fe)2O3·CaSiO3 ϒ-MnOOH

Wt.% of Mn minerals 26.5 15.2 54.5 3.8

Figure 4—Box and whisker plot showing Mn/Fe ratio in manganese minerals
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Therefore, braunite II posed the most significant challenge in 
upgrading the Mn/Fe ratio. 

The manganese minerals also contained a high degree of iron 
present in solution, with up to 39 wt.% of the total iron in the 
sample being found in these Mn minerals. The Mn mineral grains 
were found to contain up to 20.4 wt.% Fe, with braunite II having 
a mean Fe content of 12.3 wt.%. These high concentrations of Fe 
in manganese minerals fall within expected theoretical limits, 
with work by Momoi et al. (1985) finding up to 40 wt.% Fe  in 
synthesised ferrian braunite. The high iron content complicated 
separation as the highest possible Mn/Fe ratio achievable was 6.33, 
if all hematite present was removed, without removing the iron 
in the Mn minerals. Therefore, to achieve an Mn/Fe ratio of 7.5, 
Fe had to be separated from the Mn minerals as well, or the most 
ferruginous Mn grains had to be removed.

Experimental results
The results of the XRF analysis of the treated magnetic and non-
magnetic fractions were used to calculate the Mn/Fe ratio, Mn 
grade, and Mn recovery to the non-magnetic stream. The highest 
Mn/Fe ratio achieved was 4.52 for an experimental run where all 
operating conditions were at their low level (Table 1). This test run 
also resulted in an Mn grade of 57.4 wt.% and an 85.5% recovery of 
Mn. 

Following reduction, the metallic iron that formed was found 
to have distinctly different sized globules, depending on mineral 
that the iron was initially associated with. The size analysis was 
performed using Fiji image processing software. The metallic iron 
that formed from the reduction of hematite resulted in larger 
particles with a feret diameter from 50 µm to 600 µm, while the 
metallic iron globules that formed from the iron in solid solution in 
manganese minerals resulted in small particles with a feret diameter 
between 0.1 µm to 2 µm. The particle size distribution (PSD) after 
milling influences the liberation of the metallic iron, and therefore 
the subsequent separation efficiency. The iron particles are more 
likely to be well liberated if the particle size is fine, however, this 
would result in higher milling costs and increase the difficulty of 
solids handlings. The D80 passing size for the milled material was 
80.6 µm, which makes it unlikely that the small iron globules would 
be well liberated. 

Statistical modelling
Statistical analysis, using Statistica, was used to isolate the influence 
of each factor on the response variables. Second-order models were 
regressed for each response using response surface methodology. 
The models yielded adjusted R2 values of 0.77, 0.81, and 0.83 for 
the Mn/Fe ratio, Mn grade, and Mn recovery to the non-magnetic 
stream, respectively. Pareto charts were used to select statistically 
significant factors for further analysis. 

Changes in the reduction temperature and degree of hydrogen 
enrichment had similar influences on all response variables, as 
they both determine the reduction conditions present. However, 
the reduction temperature had a more significant influence on the 
response variables than the degree of hydrogen enrichment. As 
the temperature increased, the amount of mass reporting to the 
magnetic stream initially increased sharply before plateauing at 
higher temperatures as reduction reached completion (Figure 5). 
This is due to the reduction from wustite (FeO) to metallic Fe being 
the last to occur, thus increasing the magnetic susceptibility of the 
treated sample. The addition of silica had a positive interaction 
effect with the reduction temperature on the mass pull, where the 

influence of SiO2 addition is negligible at low temperatures but 
markedly increases the mass pull at temperatures greater than  
850 °C. 

The predicted influence of each the lime and silica additions on 
the Mn grade of the non-magnetic stream is presented in Figure 
6. The error bars represent the 95% confidence interval for the 
model. Both additives had a negative impact on the Mn grade, due 
to diluting the overall stream. The addition of CaO was not found 
to have a significant influence on any other response variable. 
Therefore, CaO did not influence the reduction process, which is 
supported by the perfectly linear negative relationship between lime 
addition and Mn grade. On the other hand, the addition of SiO2 
also dilutes the stream initially, but the Mn grade plateaus at higher 
addition levels due to the interaction effect between the reduction 
temperature and silica addition. 

The predicted influence of each reduction temperature and the 
silica additions on the Mn/Fe ratio is presented in Figure 7. The 
Mn/Fe ratio decreased sharply with the initial increase in reduction 
temperature, then plateaued at higher temperatures as the full extent 
of reduction was reached. The higher reduction temperature caused 
more Fe globules to form in Mn grains, which were not adequately 
liberated during milling, resulting in excess Mn being carried to 
the magnetic stream – therefore lowering the Mn/Fe ratio in the 
non-magnetic stream as the reduction temperature increased. The 
addition of silica initially lowered the Mn/Fe ratio, before reaching 
a minimum Mn/Fe at about 4 wt.% SiO2 added and increased 
thereafter due to the interaction between SiO2 and the reduction 
temperature.

Mineral texture analysis
A detailed mineral texture analysis of the treated samples was 
conducted to better understand the behaviour seen in the statistical 
models. This analysis was performed using SEM-EDS and optical 
microscopy in combination. All textural analysis is performed on 
the treated samples before milling and magnetic separation. 

At the lowest temperature, that is, 650°C, not all the treated 
hematite grains were fully reduced, thus limiting the degree of 
separability due to a difference in magnetic susceptibility.  No iron 
globules were found to form in the Mn mineral grains. 
When the reduction temperature reached 750 °C, all treated 

Figure 5—Response contour showing the predicted mass pull to the magnetic 
stream with respect to both the mass of silica added and the reduction 
temperature when both other factors are at their centre point level (H2 = 90% 
and CaO added = 4 wt.%)
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hematite was fully reduced (Figure 8), with only small regions in the 
middle of metallic Fe globules within treated hematite exhibiting 
incomplete reduction. These mostly reduced Fe globules in Figure 
8, which illustrates how the reduction proceeds from the outside 
of the globule towards the centre due to mass transfer limitations 

as the dense metallic iron layer forms , as well as the porous nature 
of the grain. These large pure metallic Fe grains should have been 
well liberated and reported to the magnetic stream during magnetic 
separation.
The treated manganese mineral grain, illustrated in Figure 9, has 

Figure 7—Curves showing the predicted change in Mn/Fe in the non-magnetic stream with respect to (a) the reduction temperature, and (b) the mass of silica added 
when all other factors are at their centre point level (T = 850°C, H2 = 90%, CaO added = 4 wt.%, and SiO2 added = 4 wt.%)

(a) (b)

Figure 8—SEM images illustrating treated hematite at (a) 296x, and (b) 1920x. Sample treated at 750 °C; 85% H2; 2 wt.% CaO added; 6 wt.% SiO2 added
(b)

Figure 6—Curves showing the predicted change in manganese grade in the non-magnetic stream with respect to (a) the mass of lime added, and (b) the mass of silica 
added when all other factors are at their centre point level  (T = 850°C, H2 = 90%, CaO added = 4 wt.%, and SiO2 added = 4 wt.%)

(a) (b)

(a)
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been reduced to form a stable solution of manganosite containing 
wustite and other minor impurities. This grain contained 13.1 
wt.% iron, the highest iron content found in this experimental run 
without any Fe-alloy globules forming. The median Fe content for 
braunite II was 11.8 wt.%, and the overall median Fe content for 
Mn minerals was 10.5 wt.% for the Nchwaning material. Therefore, 
most Mn mineral grains did not have a high enough Fe content for 
Fe-alloy globules to form. Without the formation of any Fe-alloy 
globules to increase the magnetic susceptibility, these grains should 
have correctly reported to the non-magnetic stream. The grains 
illustrated in Figure 9 and Figure 10 are from the best performing 
experimental run. 

The treated manganese mineral grain ( Figure 10) had a higher 
Fe content (20.3 wt.% Fe) than the grain in Figure 9. The higher 
Fe content resulted in Fe-alloy globules forming with a median 
Feret diameter of 0.74 µm. These globules contained 70.0 wt.% Fe 
and 23 wt.% Mn. The globules would have increased the magnetic 
susceptibility of their associated particle after milling and will likely 
have reported to the magnetic stream, along with any entrained Mn, 

lowering the Mn/Fe of the non-magnetic stream. 
The trend where a higher Fe content in Mn mineral grains 

resulted in Fe-alloy globules forming, was evident in all test runs. 
Additionally, a lower iron content was required for globules to form 
in stronger reducing conditions. These observations are summarised 
in Table 4, with Fe-alloy globules forming in grains with lower Fe 
content in relatively stronger reducing conditions (850 °C and at 
least 90% H2). This behaviour was due to the relationship between 
the activity of a phase and its concentration (Ganguly, 2001). 
In stronger reducing conditions, the threshold to form Fe-alloy 
globules was lower, and these globules therefore formed in more 
Mn mineral grains. Thus, raising their magnetic susceptibility and 
causing more entrained Mn to incorrectly report to the magnetic 
stream, which resulted in a decreased Mn/Fe ratio in the non-
magnetic stream at stronger reducing conditions. This behaviour 
could be used, in conjunction with variable magnetic intensity of 
the magnetic separator, to target Mn grains with the highest Fe and 
separate on a grain by grain basis, rather than only the Fe-alloy 
globules.
In experimental runs with both an elevated temperature (> 850 °C) 

Figure 9—SEM images illustrating a treated manganese mineral grain with no Fe-alloy flecks at (a) 179x, and (b) 2000x. Sample treated at 750 °C; 85% H2; 2 wt.% 
CaO added; 2 wt.% SiO2 added

Figure 10—SEM images illustrating a treated manganese mineral grain with Fe-alloy flecks at (a) 150x, and (b) 3360x. The labels in (b) refer to (1) Mn oxide and (2) Fe 
alloy. Sample treated at 750°C; 85% H2; 2 wt.% CaO added; 2 wt.% SiO2 added

(a) (b)

(a) (b)
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and silica additions (> 4 wt.% added), a new structure was found 
in treated manganese mineral grains with an elevated Si and Ca 
level, likely braunite II, illustrated in Figure 11. Most Mn mineral 
grains contained just the manganese-rich oxide phase and Fe-alloy 
globules, if they formed. This new structure also contained an 
Mn-Ca silicate phase that contains 21 wt.% Mn, 20 wt.% Ca, 14 
wt.% Si, and 5 wt.% Fe – whereas the Mn oxide phase contained 74 
wt.% Mn, 3 wt.% Fe, 3 wt.% Ca, and 2 wt.% Si. The most important 
difference, due to its ramifications on the magnetic separability of 
Mn, is the formation of large, thin Fe-alloy globules that were not 
likely to have been liberated well during milling. Therefore, the 
formation of this new structure in treated braunite II grains resulted 

in an increased mass pull to the magnetic stream and a decreased 
Mn/Fe ratio in the non-magnetic stream. This behaviour accounts 
for the interaction effect between the reduction temperature and 
silica additions that was discussed during the statistical analysis, 
although it is unclear what mechanism could be causing it. It is 
noted that the doped silica is not likely to have transported into the 
grain, as no liquid phases should have formed during reduction at 
the experimental conditions investigated. Therefore, the elevated Ca 
and Si in the Mn-Ca silicate phase likely originate from the original 
braunite II grain, and are merely more concentrated in this new 
phase.

Suppose perfect liberation of all metallic Fe, formed from the 

Table 4
Comparison of Fe contents in Mn mineral grains required for Fe-alloy globules to begin forming

T (°C) H2 (%) Highest Fe bulk without globules 
(wt.%)

Lowest Fe bulk with globules 
(wt.%)

750 85 13.1 13.6
750 85 8.6 16.8
650 90 21.0 62.2
850 80 5.3 11.0
850 100 4.0 7.4
850 90 5.4 7.7

Figure 11—Images illustrating a treated manganese mineral grain taken using (a) SEM, and (b) an optical microscope. The labels in (b) refer to (1) Mn oxide, (2) Fe 
alloy, and (3) Mn-Ca silicate. Sample treated at 950°C; 95% H2; 6 wt.% CaO added; 6 wt.% SiO2 added

Table 5
Comparison of theoretical maximum Mn/Fe achievable and actual performance from experimental runs

T (°C) H2 (%) CaO added 
(wt.%)

SiO2 added 
(wt.%)

Average Mn/
Fe initial

Average Mn/
Fe oxide

Mn/Fe achieved 
in non-magnetic 

stream

Per cent 
achieved

750 85 2 2 3.75   5.47 4.52 67.3
750 85 6 2 4.08   5.11 4.22 65.3
850 100 4 4 5.11   9.42 3.55 14.6
950 95 6 6 N/A 20.20 3.58   5.8
850 90 4 4 7.24 10.23 3.53 12.8

(a) (b)
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reduction of both hematite and Fe-alloy globules in Mn minerals, 
and then the perfect subsequent magnetic separation were possible. 
In that case, the theoretical maximum Mn/Fe ratio that can be 
achieved was the Mn/Fe ratio in the oxide. Iron that remained 
trapped in solution with the Mn oxide will not be separated. To 
understand how well the magnetic separation worked, the actual 
upgrade in Mn/Fe (from the initial ratio of 2.56) can be compared 
to the theoretical upgrade possible (Table 5). The experimental 
runs with relatively milder reducing conditions (750 °C and 85% 
H2) had a lower theoretical maximum Mn/Fe ratio, due to much of 
the iron remaining in solid solution, but they achieved more than 
65% of this maximum. Conversely, the runs with relatively stronger 
reducing conditions had a much higher theoretical maximum Mn/
Fe due to the formation of Fe-alloy globules, but these same globules 
cause entrained manganese to report to the incorrect stream, and 
less than 15% of this maximum is achieved. The alloy globules that 
form with the Mn minerals are too small to be well liberated after 
milling. 

Conclusions
The hydrogen-rich reductive roast followed by magnetic separation 
process was investigated for its suitability in upgrading ferruginous 
manganese tailings from the Nchwaning mine tailings dam. The 
goal of the process was to upgrade the material to be suitable for 
ferroalloy production, which requires a manganese grade of 44 wt.% 
and an Mn/Fe ratio of at least 7.5. 

The results of the optimisation study indicate that the target 
Mn/Fe ratio was not achievable within the investigated range of 
process conditions. The best conditions achieved an Mn/Fe ratio of 
4.52, an Mn grade of 57.4 wt%, and a manganese recovery of 85.5 
wt. at 750 °C, 2 wt.% CaO added, 2 wt.% SiO2 added, and in 85% 
H2. While the Mn/Fe ratio is below the desired 7.5, the high Mn 
grade of 57.4 wt.% means that the product can be blended with 
low-grade carbonate ores with a low Fe content to produce higher 
quality ferroalloy smelter feed. 

The mineralogical variability had a significant influence on the 
reductive roasting and subsequent magnetic separation. The variable 
Fe content in Mn grains was found to determine whether Fe-alloy 
globules were likely to from under specific reducing conditions. The 
stronger the reducing conditions, the lower the threshold Fe content 
required to form Fe-alloy globules. At reduction temperatures of 
950 °C or higher (and with elevated silica), the treated braunite 
II grains were found to form a new Mn-Ca silicate phase that 
allowed for the formation of larger Fe-alloy globules. However, the 
PSD of the phases after milling, and the intensity of the magnetic 
separator did not allow for these Fe globules to be well liberated and 
subsequently separated. 

The statistical analysis revealed that relatively weaker reducing 
conditions resulted in the best Mn/Fe ratio, Mn grade, and Mn 
recovery. This behaviour was due to the reducing conditions being 
still strong enough to entirely reduce the discrete hematite particles 
into metallic Fe without reducing much of the Fe within the solid 
solution in Mn grains. The metallic Fe was well liberated and 
therefore efficiently separated. Stronger reducing conditions led to 
the formation of magnetic Fe-alloy globules in Mn grains, which 
were poorly liberated after milling, causing some of these globules 
to report to the magnetic stream along with associated Mn. The loss 
of Mn to the magnetic stream resulted in a decreased Mn/Fe ratio, 
Mn grade, and Mn recovery. 

Recommendations
The biggest obstacle to the separation of Mn and Fe was the degree 
of liberation of the iron alloy globules that formed in the manganese 
grains. The size of the Fe globules formed was too small to feasibly 
liberate via conventional milling. It is therefore recommended to 
investigate a narrower temperature range with more experimental 
levels that focuses on only generating Fe globules in high Fe 
manganese minerals, then separate these larger particles rather than 
focusing on those less than 2 µm in diameter. The strength of the 
magnetic field can also be added as a parameter to better separate 
the Fe particles. 

Silica additions had a significant influence on the reduction and 
subsequent magnetic separation, but no conclusive evidence was 
found regarding the exact mechanism by which this was achieved. 
It is therefore recommended to conduct further tests that focus 
on this, and utilise extensive mineral characterisation, such as 
QEMSCAN, to better understand the mechanisms at play.
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Dissolution of SiO2 in SiO2-CaO-Al2O3 
slags
by M. B. Folstad, M. Zhu, M. Tangstad 

Abstract
The dissolution rate of silica (SiO2) into different compositions of SiO2-CaO-Al2O3 slags was 
studied at 1500° C and 1550 °C under an inert atmosphere of argon. The results show that the 
dissolution process is controlled by mass transfer of SiO2 in the slag. The experimental results 
were used to evaluate the dissolution rate, which was found to increase with increasing CaO/
Al2O3 ratios as well as with increasing temperature. Boltzmann–Matano analysis was applied 
to obtain a profile-based effective chemical inter-diffusivity. The extracted inter-diffusivity 
coefficients decrease systematically with increasing SiO2 content and fall in the range of ~10-12 
– 10-13 m2/s. These low values imply intrinsically slow diffusion-controlled SiO2 enrichment, so 
that approaching equilibrium is unlikely within the residence time of descending materials in 
industrial furnaces.
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Introduction
Metallurgical silicon (Si) is industrially produced in submerged arc furnaces through carbothermic 
reduction of quartz (SiO2). The overall mass balance is written as in Reaction 1, but the actual process 
is more complex and happens in several steps. In addition to the charge materials, oxide impurities are 
present in the furnace and will react and interact with the charge. 

	 [1]

The amount of accumulated slag in the furnace is an important factor in deciding the productivity 
of the furnace, and significant variations have been observed between different furnaces during furnace 
excavations over the last 15 years (Jusnes, 2020; Ksiazek, 2018; Ksiazek et al., 2013; 2018; Tangstad et 
al., 2014; Tranell et al., 2010). Accumulated slag is typically found along the furnace walls, sometimes 
extending all the way up to the charge top, and at the furnace bottom. The slag is more viscous than the 
Si metal and more slag accumulated will therefore affect the fluid flow in the furnace. A too thick layer 
of accumulated slag along the furnace walls hinders the raw materials from descending and, hence, 
narrows the reaction route. Accumulated slag at the bottom of the furnace affects the tapping process, as 
it may hinder the metal flow towards the tap-hole and it can also clog to the tap-hole.

The slag in the Si furnace mainly contains SiO2, CaO, and Al2O3. Figure 1 shows the phase diagram 
of this system. It is found that the accumulated slag in the upper parts of the furnace generally has a 
higher SiO2 content compared to the slag accumulated further down in the furnace (Folstad, 2023).  The 
viscosity of the slag has a great impact on how the materials move through the furnace. It is preferable 
to have a lower viscosity to ensure a good mass flow and let the raw materials react as they descend. 
An increasing amount of SiO2 in the slag will increase the viscosity. The amount of SiO2 in the slag will 
also affect the liquidus temperature. For slags with a high amount of CaO or Al2O3, the addition of 
SiO2 lowers the liquidus temperature. However, for slags with SiO2 > 60 wt%, more SiO2 to the system 
will decrease the liquidus temperature. The Si furnace is normally divided into a low temperature zone 
that includes the higher parts of the furnace and along the furnace walls, and a high temperature zone 
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in the lower parts of the furnace around the electrode tip (Schei et 
al., 1998). This means that the slag inside the Si furnace experiences 
different temperatures, depending on where it is in the furnace. 
Figure 2 shows an illustration of the Si furnace, including the main 
zones and approximate temperatures at the different positions. The 
temperatures are based on COMSOL simulations from Myrhaug 
(2020) and temperature measurements from Johansen et al. (1998), 
and Ksiazek et al. (2021). The highest temperatures can be found 
right below the electrodes around the arc. Below the cavities is 
the metal bath, which holds a temperature around 2000 °C. With 
increasing distance from the arc, towards the furnace lining and 
upwards, the temperature decreases. The temperature in the charge 
area is normally around 900 °C – 1200 °C, but during challenging 
conditions the temperature has been measured up to 1700 °C. 

Based on these temperatures, slag is not expected to be 

found in the upper parts of the furnace during normal operation. 
However, the existence of slag higher up in the inactive zone could 
be explained by a high crater pressure pushing the slag from the 
bottom to the lining, and up towards the charge top. Kadkhodabeigi 
(2011) modelled the effect of the crater pressure on the melt 
flow pattern in the furnace bottom and found that a high crater 
pressure pushes the melt towards the furnace walls. This model 
does not include slag in the melt, which has a higher viscosity than 
the metal. However, the findings of slag higher up in the furnace 
in the inactive zone indicate a sufficient high crater pressure to 
move the slag in the same way as the metal to the furnace wall and 
upwards. The objective of this paper is to investigate the dissolution 
of descending quartz into accumulated SiO2-CaO-Al2O3 slag 
as a potential cause for the increased SiO2 levels observed in the 
upper parts of the furnace. To evaluate this, we have investigated 
the dissolution rate at 1500 °C and 1550 °C for three different slag 
compositions relevant to silicon production.

Previous studies on SiO2 dissolution kinetics
The literature available on SiO2 dissolution in SiO2-CaO-Al2O3 slag 
relevant to Si production is limited. Most research has been carried 
out on the reaction related to the steel industry. Experimental 
studies have found that the dissolution process is controlled by 
diffusion in the liquid slag. Several researchers have also deduced 
the diffusivity from dissolution rate data (Feichtinger et al., 2014; 
Gou et al., 2023; Majdič, Wagner, 1965; Ren et al., 2022; Samaddar 
et al., 1964).  A short summary of these diffusion coefficients, 
together with the respective slag compositions, temperatures, and 
viscosities, is presented in Table 1.

The first studies on the dissolution behaviour were done 
by dipping solid SiO2 in slags for a fixed time. Samaddar et al. 
(1964) and Oishi (1965) studied the dissolution of fused silica at 
temperatures between 1350 °C and 1500 °C. They found that the 
dissolution of vitreous SiO2 was controlled by transport within the 
liquid boundary layer, and that the CaO/Al2O3 ratio increased at the 
interface. The diffusion coefficients were calculated based on slag 
characteristics for the slag composition of 40% SiO2 – 40% CaO – 
20% Al2O3 and were found to be in the range of 10-12  m2/s.

Later studies were conducted in high-temperature confocal 
scanning laser microscopy (HT-CSLM). Feichtinger et al. (2014) 
studied the dissolution of amorphous SiO2 particles in six different 
compositions of SiO2-CaO-Al2O3 slag with SiO2 concentrations 
between 37.1% and 50.5% at 1450 °C. They found that the shape of 
the dissolution curves varied as a function of the slag composition. 
The dissolution pattern was strongly affected by slag viscosity, 
not by the concentration or the activity of SiO2. Slags with higher 
viscosities resulted in longer dissolution times. The patterns were 
compared with the shrinking core model, and they showed that this 
model could not represent the dissolution behaviour observed in 
their study. The effective binary diffusion coefficient was calculated 
from Fick’s second law of diffusion.

Ren et al., (2022) also studied the dissolution mechanism of 
SiO2 in the HT-CSLM for three different slag compositions at 
temperatures from 1520 °C to 1580 °C. Their study confirms that 
the dissolution of SiO2 inclusions is primarily controlled by mass 
transfer in the slag phase rather than the chemical reaction at the 
interface. They also found that decreasing the CaO/Al2O3 ratio also 
decreases the diffusion coefficient, and that increasing temperature 
increases the diffusion coefficient. From their results, the dissolution 
rate is affected by both the concentration gradient and the interface 
area. Gou et al., (2023) studied the dissolution of SiO2 inclusions 

Figure 1—The SiO2-CaO-Al2O3 ternary phase diagram, generated using 
FactSage 8.4

Figure 2—Illustration of a Si furnace including the main zones and 
approximate temperatures at different positions. The temperatures are 
based on modelled temperatures from Myrhaug (2020), and temperature 
measurements from Johansen et al. (1998) and Ksiazek et al. (2021)
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with varied size using the CSLM and found that with increasing 
initial size of SiO2 inclusions increased the dissolution time in a low 
silica slag with composition 8.3% SiO2 – 50% CaO – 41.7% Al2O3 at 
1500 °C. Both Ren et al., and Gou et al., found a linear relationship 
between the dissolution rate and a ratio of concentration difference 
and slag viscosity (ΔC/η). This linear correlation suggests that 
viscosity is the dominant factor in the dissolution kinetics.

Kristiansen (2022; 2023) studied the dissolution rate of 
industrial quartz into three compositions of SiO2-CaO-Al2O3 
slags relevant for the Si production. His research indicated that 
the dissolution was controlled by the chemical reaction and that 
the dissolution was driven by the basicity of the slag, isothermal 
holding time, and the interface area of the liquid slag. He found the 
activation energy for two slags of 50% SiO2 - 21% CaO – 29% Al2O3, 
and 62% SiO2 - 20% CaO – 18% Al2O3 to be 119.9 kJ/mol and 83.7 
kJ/mol, respectively.

Materials, equipment and methods
Based on slag compositions found in accumulated slag samples in 
industrial Si furnaces (Folstad, Tangstad, 2021; Jusnes et al., 2021), 
we utilised three different SiO2-CaO-Al2O3 slag compositions 
with two different CaO/Al2O3 ratios. We melted mixtures of SiO2, 
limestone (CaCO3) and Al2O3 powder in an induction furnace. 
Table 2 presents the purity of the powders and the suppliers. To 
ensure a homogenous slag phase, we remelted the mixtures three 
times at temperatures up to 1800 °C, which is significantly above the 

expected liquidus temperatures for the different slag compositions. 
Table 3 lists the compositions of all three slags, their respective 
liquidus temperatures Tliq, and their viscosities η at 1500 °C and 155 
°C. The compositions are plotted in the ternary phase diagram in 
Figure 1.

For the dissolution experiments, we used SiO2 substrates with 
a 10 mm diameter and 3 mm height. To prevent the slag from 
spreading during the heating experiments, we coated the edges of 
the substrates with a thin layer of boron nitrate. The preparation 
involved pressing 0.6 g of slag powder into pellets, which were then 
placed on top of the SiO2 substrates. We conducted the dissolution 
experiments in a sessile drop furnace, heating the samples up to 
1500 °C or 1550 °C at a rate of 50 °C/min. This temperature exceeds 
the liquidus temperature for Slag 1 and 3. Isothermal holding 
times varied from 0 to 60 minutes, where 0 minutes indicate 
no isothermal holding time. The sessile drop furnace utilises 
graphite heating elements, and a B-type thermocouple measures 
the temperature. Figure 3 shows the SiO2 and slag before the 
experiment, and the slag after experiment.

We used an EPMA, JEOL JXA 8500 to investigate the SiO2 and 
slag after the sessile drop furnace experiments. After the furnace 
runs, we mounted the samples in epoxy and then prepared a vertical 
cross section in the centre of each sample. We imaged the cross 
sections with EPMA and determined the oxide compositions via a 
wavelength-dispersive X-ray spectrometer (WDS) to quantify the 
different elements in the samples.

Table 1 
Summary of earlier research on the dissolution of SiO2 in SiO2-CaO-Al2O3 slag. D is the diffusion coefficient and η is the viscosity.

Author Slag composition T 
[°C]

D 
[m2/s]

Viscosi-ty
[cP]

Comment

SiO2 CaO Al2O3
Samaddar 
et al., (1964).

40 40 20 1350
1390
1425
1500

1.8·10-12

3.2·10-12

4.5·10-12

6.5·10-12

2311
1652
1251
720

Forced convection.

Majdič and 
Wagner (1970),
Feichtinger et 

al., (2014).

45

54.6

38.5

34.1

16.5

10.6

1500

1450

2.8·10-10

4.4·10-11

896

2410 D calculated with Fick’s 
second law of diffusion.

50.5
45.3
42.8

38.3
43.7
46.6

10.6
10.4
10.8

8.5·10-11

1.8·10-10

2.4·10-10

1250
1080
1020

37.1 36.4 26.5 3.8·10-11 600
42.3 38.8 18.9 6.0·10-11 470

Ren et al., 
(2023). 48.4 43.6 5.0* 1520 3.3·10-10 305

* +3.0% MgO.
1550 3.9·10-10 258
1580
1520
1550
1580
1520
1550
1580

4.0·10-10

2.0·10-10

2.3·10-10

2.1·10-10

1.4·10-10

1.5·10-10

1.3·10-10

219
356
299
252
428
356
298

D calculated from 
 modified version of the  
rate equation for mass-

transport-controlled 
dissolution.

45.8

43.2

41.2

38.8

10.0*

15.0*
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Results and discussion
This chapter presents the experimental findings on the dissolution 
of SiO2 in SiO2-CaO-Al2O3 slags and discusses their implications 
for industrial furnace operations. The first section evaluates the 
concentration profiles obtained via EPMA-WDS to verify if the 
transport is diffusion-controlled. Subsequently, Boltzmann-Matano 
analysis is used to quantify the concentration-dependent diffusivity 
and the activation energy of the process. Finally, these kinetic 
data are linked to slag viscosity and residence time to explain the 
accumulation of SiO2-rich slag in the inactive zones of the furnace.

Figure 4 presents cross-sectional images of four dissolution 
experiments with the SiO2 and Slag 1 after isothermal holding times 
ranging from 0 to 60 minutes at 1500 °C. The SiO2 concentration in 
the slag was measured in the slag phase using EPMA-WDS analysis, 
starting from the SiO2 interface and extending 140 μm into the bulk 
slag. The resulting concentration profiles are shown in Figure 5 as 
a function of distance from the interface. Beyond this distance, the 
slag composition remained equal to the initial concentration. One 
curve is shown in light grey. This represents Slag 1 with a 30-minute 
isothermal holding time and is considered an outlier. These 

graphs show a distinct concentration gradient near the interface, 
and the SiO2-rich zone extends progressively further into the slag 
with time while approaching a far-field plateau. This behaviour 
is consistent with the growth of a transport boundary layer and 
suggests diffusion-dominated dissolution in the early stages. This 
is consistent with earlier research (Feichtinger et al., 2014; Gou 
et al., (2023); Majdič, Wagner, 1970; Oishi et al., 1965; Ren et al., 
2022; Samaddar et al., 1964). Several of the concentration profiles in 
Figure 4 do not converge towards the initial bulk concentration of 
the slag. This is because the slag solidified into two distinct phases 
during cooling, as can be observed in the cross-sectional images. 
To account for this phase separation in the calculations, an average 
concentration was utilised. By applying this average concentration, 
the measured values converge towards the initial bulk concentration 
of the slag.

By fitting the dissolution profile, it was found that a constant-
diffusivity assumption can only reproduce the near-interface region 
within the first 20 μm, but it systematically underestimates the 
concentration penetration at larger distances. This indicates that 
the mass transfer varies strongly with local SiO₂ content, implying 
a strongly composition-dependent effective diffusivity that is 

Table 2 
The raw materials used in Slag 1-3 for the dissolution experiment

Product Supplier Purity
SiO2 ThermoFisher Scientific (2024) >99.9%

Limestone (CaCO3) FranzeFoss Minerals AS (2024) >99.7%

Al2O3 ThermoFisher Scientific (2024) >99.9%

Table 3 
SiO2- CaO-Al2O3 slags used in the dissolution experiments. Compositions are given in wt%; liquidus temperatures (Tliq) and viscosities 
for the slags are calculated using FactSage 8.4

SiO2 CaO Al2O3 C/A Tliq Viscosities [cP]

[°C] 1500 °C 1550 °C
Slag 1 56 15 29 ½ 1497 45 636 25 012

Slag 2 40 21 39 ½ 1552 8753 5118
Slag 3 39 29 32 1 1467 3083 2975

 Figure 3—Slag and SiO2 before sessile drop experiment and slag after dissolution experiment
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Figure 4—Cross-section images of SiO2 and Slag 1 captured with EPMA after different holding times from 0-60 minutes at 1500 °C

Figure 5— The experimental results given as SiO2 concentration as a function of the distance from the SiO2 interphase of the vertical cross sections. The SiO2 
concentration was measured in the slag phase using EPMA-WDS analysis. One curve is shown in light grey. This represents Slag 1 with a 30-minute isothermal 
holding time and is considered an outlier
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consistent with higher values at lower SiO₂ contents. To quantify 
this composition dependence from the measured concentration 
profiles, Boltzmann–Matano (B–M) analysis was employed to invert 
the experimental C(x,t)-data and extract an effective concentration-
dependent diffusivity  (Heo, Park, 2022). 

The B–M approach assumes a diffusion-dominated, self-similar 
concentration field, such that the concentration profiles measured 
at different times should have the same shape when plotted against 
the scaled coordinate η, from Equation 2 (Crank, 1979). If diffusion 
is the dominant transport mechanism, the data curves from 
different time intervals should collapse onto a single ‘master curve’ 
in η-space; therefore we first perform a Boltzmann collapse test to 
verify this self-similarity assumption and to identify the time and 
composition ranges over which B–M inversion is applicable.

 	 [2]

Where η is a time-independent position variable, x is the 
distance from the interface and t is the time.

Figure 6 shows the B-M screening results for the SiO₂ 
dissolution profiles, including the raw concentration profiles and the 
corresponding Boltzmann-scaled plots (C vs. η_BM=x/√t) used to 
assess self-similarity.

The analysis shows that the curves from Slag 1 at both 1500 °C 
and 1550 °C exhibit a strong collapse. This behaviour is consistent 
with diffusion being the main driver near the interface and supports 
the applicability of B-M analysis for determining the concentration-
dependent diffusivity  for this composition. Similarly, the 
curves for Slag 3 collapse reasonably well near the interface for two 
profiles, making a diffusion-controlled mechanism plausible, albeit 
with caution. Slag 2 collapses poorly. This poor fit suggests that 
Slag 2 is unique and that additional process, such as convection or 
phase-related effects, may contribute. This slag has a higher liquidus 

temperature compared to Slag 1 and 3, and is most likely only partly 
melted at the experimental temperature of 1500 °C. Because B-M 
analysis assumes a homogeneous slag phase, it cannot accurately be 
applied to Slag 2, indicating that the dissolution mechanism for this 
composition is different. 

Figure 7 shows the concentration-dependent effective diffusivity 
extracted from the SiO₂ dissolution profiles of Slag 1 and Slag 3 
using B–M inversion, reported as the median with an interquartile 
range  band across the available profiles. For all conditions,  
decreases systematically with increasing SiO₂ content, with values 
spanning roughly from 10−12 to 10−13 m2/s over the composition 
intervals around 65 wt% SiO2. This strong composition dependence 
is consistent with the expectation that SiO₂-enrichment increases 
melt polymerisation and viscosity, thereby reducing species 
mobility. Furthermore, the diffusivity of Slag 1 increases as the 
temperature increases from 1500 °C to 1550 °C. 

Compared with literature values reported for lower-viscosity 
slags from Feichtinger et al. (2014) and Ren et al. (2022), who 
reported values in the range of 10-10 - 10-11 m2/s for temperatures 
between 1450 °C and 1580 °C, the diffusivities obtained here are 
lower. However, it is worth noting that the quantities are not directly 
comparable because the reported values are typically inferred from 
mass-transfer models and should be regarded as effective transport 
parameters. As such, they can embed assumptions about boundary-
layer thickness and may implicitly include convection-enhanced 
mass transfer rather than representing purely diffusive transport. 
In contrast, the diffusivities reported in this work are profile-based 
effective chemical inter-diffusivities obtained from B-M analysis. 
They quantify the rate at which the concentration field evolves 
within the near-interface boundary layer along the experimental 
composition path under diffusion-dominated conditions. Despite 
these differences, the trends are qualitatively consistent with 

Figure 6— The Boltzmann–Matano screening summary for SiO2 dissolution profiles in studied slag
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viscosity-controlled dissolution kinetics, in which higher-viscosity 
melts exhibit reduced mobility and lower effective transport 
coefficients.

Figure 8 shows the obtained apparent activation energy 
variation for Slag 1, where the viscous flow activation energy was 
obtained using the Zhang–Chou viscosity model (Zhang et al., 
2014). It can be seen that both the apparent activation energy of the 
profile-based chemical inter-diffusivity and the activation energy 
of viscous flow decrease as SiO₂ content decreases. In addition, 
inter-diffusion values appear to drop more rapidly, suggesting that 
the two trends may converge and potentially cross in the low-SiO₂ 
region. It is also seen that the inter-diffusion activation energies 
remain systematically higher than those associated with viscous 
flow over the calculated composition range. Although experimental 
uncertainty cannot be excluded given the two-temperature 
estimate and the sensitivity of B–M inversion, the overall trend is 
still physically plausible. The reason is that the extracted effective 
chemical inter-diffusivity can reflect both kinetic mobility, 
which is strongly controlled by melt structure and viscosity, 
and thermodynamic driving-force contributions. As a result, its 
temperature dependence can be stronger than that of viscous flow 
alone, because changes in temperature affect not only the mobility 
of species in the melt but also the chemical-potential gradients 
that drive the re-establishment of chemical equilibrium along the 
composition path. 

The temporal evolution of the SiO₂ concentration field 
was modelled for Slag 1. Figure 9 shows the predicted SiO₂ 
concentration profiles as a function of distance from the SiO₂/
slag interface at increasing times. The results indicate that SiO2 
dissolution into the SiO2-CaO-Al2O3 slag system is a relatively 
slow process. When considering the industrial silicon production 
process, the residence time of raw materials within the furnace must 
be considered. Given the low diffusion coefficients obtained in this 
study, in the order of 10-12 m2/s – 10-13 m2/s, diffusion-controlled 
equilibration is inherently slow. While industrial convection and 
mixing can accelerate mass transfer, day-scale contact times are still 
likely required to approach full equilibrium with quartz at 1500 °C, 
particularly in weakly mixed or stagnant regions. 

Considering these slow rates, it is unlikely that descending 
slags have sufficient time to reach SiO2 concentration of 70% – 80% 

purely through dissolution in the furnace. However, accumulated 
slag is likely to remain for a significantly longer duration. As quartz 
is continuously fed from the top of the furnace, the accumulated 
slags will have prolonged access to SiO2. Under the assumption 
that the slag remains in inactive zones, it will gradually dissolve 
more SiO2 until it reaches higher concentrations. Furthermore, as 
viscosity increases with both decreasing temperature and increasing 
SiO2 content, the slag becomes more resistant to flow and is then 
more likely to accumulate.

Varying amounts of SiO2 in the slag affects its physical 
properties and, hence, also its behaviour within the furnace. 
Viscosity is one of the most critical factors influencing the slag flow 
through the furnace. It is preferable with sufficient low viscosity to 
ensure a good mass transport. It is found that the accumulated slag 
in the upper parts of the furnace generally has a higher SiO2 content 
compared to the slag found further down, while the CaO/Al2O3 
ratio is relatively constant within the same furnace (Folstad, 2023). 
Slag in the inactive zone typically contains > 50% SiO2, whereas 
the SiO2 content at the furnace bottom generally is generally < 
50%. Figure 10 displays the slag viscosity on a logarithmic scale as 
a function of increasing SiO2 content for a fixed CaO/Al2O3 ratio 
of 0.5. The corresponding compositions are indicated by the arrow 
in the SiO2-CaO-Al2O3-phase diagram in the same figure. The 
viscosity curves from 1500 °C – 2000 °C show that the viscosity 
increases significantly with higher SiO2 concentrations. This trend 
becomes even more pronounced with higher SiO2 concentrations. 
Furthermore, because the liquidus temperatures are often higher 
than the actual expected temperatures in that area, the slag system 
may be only partly liquid. This partial solidification further 
increases the effective viscosity. 

These data also indicate that the impact of SiO2 concentration 
on viscosity is in the same size range as a temperature change of 
500 °C. Since the slag in inactive zone of the furnace typically 
ranges from 50 – 80 wt%, the viscosities at 1500 °C will vary 
from approximately 25 000 cP – 1 000 000 cP – ranging from the 
consistency of ketchup to the glass ‘working point’. With both 
higher SiO2 content and lower temperatures, compared to the 
furnace bottom, the slag in the inactive zone becomes more viscous. 
This higher viscosity makes the slag more resistant to flow and more 
likely to accumulate, which is negative for the furnace operation. 

Figure 7—The concentration-dependent diffusivity for Slag 1 and 3 calculated 
using Boltzmann-Matano  inversion of EPMA concentration profiles. Solid 
lines show the median concentration-dependent diffusivity D(C), and shaded 
bands indicate the interquartile range across profiles

Figure 8—Apparent activation energy for the profile-based effective chemical 
inter-diffusion compared with the activation energy of viscous flow at the same 
SiO2 content
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Conclusions
This study investigated the SiO2 dissolution into different three 
SiO2-CaO-Al2O3 slag compositions relevant for Si production. 
The measured profiles exhibit a growing near-interface SiO2-
enriched boundary layer and a stable far-field plateau, consistent 
with diffusion-dominated concentration-field evolution over the 
investigated length scale. Boltzmann self-similarity screening 
supports the use of B–M inversion to extract a profile-based 
effective chemical inter-diffusivity, which decreases systematically 
with increasing SiO2 content and falls on the order of ~10-12 m2/s – 
10-13 m2/s over the resolved composition range, with higher values 
at higher temperature. The interdiffusion activation-energy trends 
suggest that, in the SiO2-rich region, thermodynamic driving-force 
contributions may play an important role. The low diffusivities 
imply intrinsically slow diffusion-controlled enrichment, making 
it unlikely that descending slags reach equilibrium within typical 
furnace residence times.
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Reduced order model for isothermal 
pre-reduction of chromite pellets with 
hydrogen
by M. Khama1, Q.G. Reynolds1,2, B.S. Xakalashe1

Abstract
Pre-reducing chromite with hydrogen offers significant benefits, including reduced energy 
consumption in downstream smelting and lower carbon dioxide emissions. To leverage 
these advantages, it is essential to develop computational models that facilitate the design, 
optimisation, and control of the process. Full scale models such as 3D computational fluid 
dynamics models are often used to investigate the multi-scale flow physics in heterogeneous 
reactors. However, these models impose prohibitive computational expense in the modelling 
of heterogeneous reacting flow systems. The high computational expense prevents the use of 
high dimensional systems in real time control and online optimisation of reacting flow systems. 
In order to facilitate incorporation of predictive models in the heterogenous reacting flow 
systems control loop, computationally efficient reduced order models are required. Owing to 
these requirements, a reduced order model for pre-reduction of chromite with hydrogen was 
developed with the view to rapidly predict the performance indicators for pre-reduction of 
chromite with hydrogen. The Thiele modulus method was used to develop the reduced order 
model, and the model results were compared to isothermal pre-reduction experimental results 
at a range of pre-reduction temperatures from 1200 oC to 1400 oC. The model predicts the 
degree of reduction, diffusion of gases through the product layer, unreacted core radius of the 
grain radius, and local and global conversion. The final conversion across all temperatures as 
predicted by the reduced order model deviate from the experimentally calculated conversion by 
a maximum relative error of  2.7% while the initial conversions differ significantly, reaching a 
maximum error of 65%.
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Introduction
Design and optimisation of pyrometallurgical processes is supported by computation and simulations. 
These processes are characterised by high energy requirements and high greenhouse gas emissions. 
In an effort to develop sustainable pyrometallurgical processes, pre-reduction prior to smelting is one 
of the solution strategies employed to reduce energy consumption and greenhouse gas emissions. 
To leverage the benefits pre-reduction presents to the downstream smelting process, it is crucial to 
characterise several performance indicators of pre-reduction reactors to gauge the optimum operating 
conditions. However, the performance of heterogeneous reactions at high temperatures is difficult to 
measure during operation (Hamadeh et al., 2018). This shortcoming is addressed by using CFD models, 
which can predict the dynamic features of pre-reduction reactors.  In order for CFD model predictions 
to be considered viable, they should couple reaction kinetics (with detailed reaction mechanisms) with 
transport phenomenon, flow field, reactor configuration, particle size and shape, etc. The underlying 
physics is complex, and this, coupled with longer temporal and spatial scales including non-linearity 
in the governing equations imposes significant computational expense in CFD modelling of pre-
reduction processes. Therefore, CFD models cannot be used for real-time control due to prohibitive 
computational cost.

In order to capture dynamic features of this system, a mathematical model must relate the chemical 
kinetics and physical properties of the grain with local temperature and pressure. In addition, it should 
characterise mass transfer at the grain surface and heat and mass transfer in the porous bed. Lu et al. 
(1996) adopted a two-scale modelling approach to develop a phenomenological model that describes 
reactions in a fixed bed reactor. They considered modelling at microscopic level (grain level) and 
macroscopic level (pellet level). At the microscopic level, the chemical kinetic equations at the grain 
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level are determined and at the macroscopic level, the global rate 
of reaction is determined by  coupling heat and mass transfer with 
chemical kinetics from microscopic level.

There are several approaches adopted when modelling pre-
reduction in a pellet by gaseous reductants and they include 
one interface shrinking core, three interface shrinking core, 
and a grain model.  The one interface shrinking core model is a 
simplified model applicable only to dense pellets undergoing a 
one-step reaction and cannot be used for porous pellets where 
chemical reactions and diffusion happen simultaneously (Ghadi 
et al., 2020). On the other hand, the three interface shrinking core 
model uses succession of moving fronts to model the successive 
reactions. A grain model considers a pellet to be made of uniformly-
sized nonporous grains and the reactions in each grain follow a 
microscopic chemical reaction-controlled shrinking core route and 
this approach is appropriate for gas-solid reactions in porous pellets.

The modelling of hydrogen (H2) reduction consists of either 
faster/slower transport phenomena and slow/faster chemical 
reactions and often requires using small time steps to resolve both 
the faster and slower processes, and this results in prohibitive 
computational expense. One approach to address the high 
computational expense is using an effectiveness factor approach, 
which can capture the essential physics yet remain computationally 
efficient. The effectiveness factor is defined in Equation 1, and 
it is evident from the equation that this approach defines the 
competition between reaction and diffusion. At steady state 
conditions, the effectiveness factor can be calculated by considering 
that the rate of external mass transfer from the bulk fluid to the 
surface is equal to the overall reaction rate.

     [1]

The objective of the study is to develop a  reduced order model 
(ROM) to allow for rapid evaluation of performance behaviour of 
pre-reduction of chromite pellets with H2. A validated and verified 
ROM will be used in real time control and online optimisation of 
reacting  flow systems.

Model development
An approach for developing  ROMs for gas-solid reactions by 
Wang et al. (2021) was used in the current study, as demonstrated 
by Equations 4 to 17. The assumptions made when developing 
a ROM are that there is a uniform temperature distribution at 

the grain level, porosity remains constant, and spherical  grains 
maintain sphericity during the reaction. A picture depicting pellet 
and grain level scales and growth of product islands on the grain 
surface is shown in Figure 1. As opposed to a uniform product 
layer, the solid product is assumed to be dispersed nuclei and grows 
on the grain surface, as can be observed in Figure 1 (b). Before 
coalescing into a continuous layer and, consequently, the surface 
morphology appearing as pores, the solid product phases nucleate 
at discrete points on the surface of the grain (Bao et al., 2013). The 
general form for pre-reduction or direct reduction with H2 can be 
represented by Equation 2. Pre-reduction of chromite with H2 is 
represented by Equation 3.

 	 [2]

	 [3]

In the modelling of pre-reduction of chromite with H2, it was 
assumed that a chromite pellet is composed of micro-grains and 
that the reactions occur in the micro-scale pores resulting in 
micro-structural changes within the pellet (Li, 2020). Unlike the 
grain and shrinking core models that assume that the solid product 
forms a continuous layer covering the surface, the current model 
describes the solid product’s discrete islands morphology on the 
solid reactant’s surface. Notwithstanding the reaction regime, 
the shrinking core model assumes a shrinking reaction interface 
in a non-porous pellet while the grain model assumes that a 
porous pellet is made up of non-porous grains of reactant solid, 
with reactions taking place on the unreacted grain surface (Ahn, 
Choi, 2017). Compared to the shrinking core model, the grain 
model can describe the reaction front propagation throughout the 
reaction regime. This is because the grain model can describe the 
reaction front propagation as an interplay between mass transfer 
and reaction kinetics. Since the current model works on porous 
particles, it can characterise the effect of intraparticle diffusion 
through the pores and that, coupled with the ability to predict the 
discrete nuclei product growth morphology, renders this model 
crucial for describing the structural and chemical features of the 
reaction steps.

The rate of change of the ratio of unoccupied surface area (δ) 
and  unoccupied grain radius (r2) is represented by Equations 4 and 
5, respectively. In Equations 4 and 5, r2 tracks how the grain radius 
shrinks while δ tracks how much grain surface area is unoccupied 

Figure 1—A picture of grain and pellet scale (a) and product islands on the grain surface (b)
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by the solid product phase. Since the current model does not 
assume that the solid product forms a continuous and uniform layer 
covering the grain surface, δ is used to track the available surface 
area before the solid-phase products coalesce into a continuous 
layer.

	 [4]

	 [5]

In these equations, hc is the critical reactant layer thickness, r1 
is outward grain radius defined by Equation 6, Dp is gas diffusivity 
through the product layer, VRs is molar volume of chromite, k is 
the rate constant, a  is the stoichiometric factor of H2,Ceq is the 
equilibrium gas concentration, and Cs is the surface concentration.

 	 [6]

The grain conversion rate is defined by Equation 7, where α is 
grain conversion, ks is the reaction rate for surface reactions and 
is represented by Equation 9, and kp is the reaction rate based on 
species diffusion through a product layer, and r0 is the initial grain 
radius.

	 [7]

	 [8]

 	 [9]

The effectiveness factor (η) defined in Equation 1 can be 
expressed as a function of Thiele modulus (φ), as shown in Equation 
10. The Thiele modulus quantifies the ratio of chemical reaction rate 
to mass transfer rate by diffusion of reactants in a porous particle, as 
shown in Equation 11. This dimensionless number is used in scale-
up of fixed-bed reactors and can be used to determine optimum 
pellet size. In Equations 11 to 14, γ represents rate constant, D(e,s) 
is effective gas diffusivity on the external pellet surface, and ε_s is 
porosity on the external pellet surface, ε0 is initial porosity, and b is 
stoichiometric of solid product and this case Fe.

	 [10]

 	 [11]

	 [12]

 	 [13]

 	 [14]

The pellet conversion rate is expressed by Equation 15, where 
Kr is the reaction rate constant and is represented by Equation 16, 
while kg is the external mass transfer coefficient and expressed by 
Equation 17.

 	 [15]

	 [16]

 	 [17]

Results and discussion
The adjustable parameters in the model calculations include 
reaction rate constant (k) and gas diffusivity through the product 
layer Dp. These parameters are defined using the Arrhenius form 
presented in Equations 18 and 19.

 	 [18]

 	 [19]

The kinetic parameters used in the model calculation are shown 
in Table 1.

Influence of particle size on reducibility
The effect of particle size on the degree of reduction, as predicted 
by the model, reveal that the degree of reduction increases with 
decreasing particle size, as shown in Figure 2. The enhanced 
reduction at small particle sizes can be attributed to topochemical 
reactions from the periphery to the centre of the particle and this is 
often the case with dense pellets. However, even with high porosity 
pellets, larger particle sizes result in increased diffusion path lengths 
and decreased rate of reduction. Smaller pellet sizes with high initial 
porosity reduce Thiele Modulus due to increased diffusive flux and 
increases in effectiveness factor, resulting in uniform utilisation as 
opposed to reactions confined to the outer shell.

Table 1 
Kinetic parameters in the ROM

Parameter Value

Ek   (kJ/mol) 1.1 x 105

Ak    (m2/s) 1.4 x 102

Ep    (kJ/mol) 1.6 x 104

Ap    (m2/s) 7.1 x 10-14

Figure 2—Influence of particle size on degree of reduction
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Influence of temperature on reducibility
Chromite pre-reduction with H2 represents heterogeneous 
reactions where reactions occur at the phase boundaries and they 
depend on heat and mass transfer between the reaction interface 
and the bulk fluid. As can be observed in Figure 3, the rate of 
conversion increases with increasing temperature, however, the 
difference is not as pronounced as when different particle sizes 
are used, highlighting that the process is governed by diffusion 
limitations.

Influence of porosity on reducibility
The influence of initial porosity on the degree of reduction is 
presented in Figure 4. Generally, species diffusion through a porous 
bed proceeds in parallel through macropores and micropores, 
however, in the current study, only the distribution of macropores 
was considered. As observed, the degree of reduction increases 
with increase in porosity due to enhanced H2 mass transfer. At 
low porosity, species transport becomes more tortuous, resulting 
in severe transport limitations and reduced rate of reduction. 
Reduction at high porosity is characterised by steep conversion 
gradients, as evidenced by the results in Figure 4. Increasing 
initial porosity to above 0.4 presents minimal benefit to the rate of 
reduction and this was also observed in the study of Wang et al. 
(2021). 

Changes in core radius and unoccupied reactant surface

The results in Figure 5 show that the unreacted core radius of the 
grain decreases while the fraction of unoccupied reactant surface 
area(δ) decreases. The formation of solid products Fe and Cr2O3 
result in the decrease of the  fraction of unoccupied reactant surface 
area. Initially, the rate of reduction is rapid and reaches a plateau-
type (Figure 4), indicating two rate controlling mechanisms. The 
decrease in reduction rate represented by a plateau-type is due to an 
increase in the fraction of occupied surface area, which could have 
resulted in diffusion limitations.

Model validation
The model predictions for the degree of reduction were compared 
with experimentally determined degree of reduction, as shown in 
Figure 6. The isothermal reduction experiments were conducted with 
H2 over a temperature range of 1200 °C  to 1400 °C . The number 
of  chromite pellets used for each test was limited to 4 and the total 
mass of charge per test was 10 ±0 .5 g. The number of pellets used 
was chosen to facilitate enhanced mass transfer of H2 to the reaction 
sites. The furnace was heated at a rate of 10 °C/min under an Argon 
(Ar) atmosphere with a flow rate of 2 L/min. Upon reaching the 
target temperature, H2 was introduced at 1 L/min. Simultaneously, 
the Ar flow rate was reduced to 1 L/min to maintain a constant total 
flow rate of 2 L/min and a 1:1 (H2:Ar) gas ratio. Upon reaching the 
targeted temperature, the furnace was maintained at temperature 
for 2 hours. At the end of 2 hours holding time, Ar flow rate was 
increased to 2 L/min, the reducing gas flow stopped, and immediately 
followed by stopping power input to the furnace to facilitate the 

Figure 3—Influence of temperature on the degree of reduction Figure 4—Influence of porosity on the degree of reduction

Figure 5—Changes in grain radius (a)  and ratio of unoccupied reactant surface (b)
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cooling of the sample in Ar. The full details of the method used to 
obtain experimental data for isothermal pre-reduction of chromite 
pellets using a thermogravimetric furnace  is described by Khama 
et al. (2026). While the overall behaviour and degree of reduction 
fairly  agree, there are still some significant differences. For instance, 
the final conversion across all temperatures, as predicted by the 
ROM, deviate from the experimentally calculated conversion 
by a maximum error of  2.7% while the initial conversions differ 
significantly, reaching a maximum error of 65%. These are primarily 
due to the ROM neglecting sintering and bed non-uniformities 
caused by flow and heat transfer effects. Specifically, the model fails 
to account for flow maldistribution caused by surface friction and 
horizontal momentum transfer into the pressure field (Hollands et 
al., 1984). Experimental measurements indicate that sintering takes 
place at temperatures above 1400 °C and  the ROM does not capture 
how sintering retards reaction rates by increasing grain size, reducing 
available surface area, and elevating mass transfer resistance within 
the product layer.

Conclusions
A ROM was developed from the effectiveness  approach and used 
to  predict pre-reduction behaviour of chromite pellets under H2 
reducing environment. The final conversion across all temperatures, 
as predicted by the ROM, deviate from the experimentally calculated 
conversion by a maximum relative error of  2.7% while the initial 
conversions differ significantly, reaching a maximum error of 65%. 
Future work will integrate sintering effects and advection terms into 
the ROM framework to account for convective effects. Once fully 
validated, the ROM will be used for real-time control and online 
optimisation of reacting flow systems.
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Technology evolution in the Southern 
African Ni-Cu-Platinum Group Metals 
(PGM) smelting industry
by R. Hundermark, G. Marsden, R. Snodgrass, K. van der Merwe

Abstract
The Southern African Ni-Cu-PGM smelting industry has evolved significantly from 1937 to 
date. As demand for platinum group metals has increased, smelting technology development 
has been closely linked to the need to process more concentrate, but also to changes in the 
chemistry and mineralogy of concentrates from the various platinum group metals-containing 
reef types.

Early technologies relied on blast furnaces and Great Falls converters, but from the late 
1960s, electric furnaces and Peirce Smith converters were commissioned. In the early 1990s, 
the introduction of water-cooled copper plate coolers into the slag zones of the primary 
furnaces enabled greater power intensity and throughput, with further intensification from 
the early 2000s requiring the use of deep-cooled copper coolers. Converting technology was 
also modernised to include a top submerged lance converter in one instance. Approaches to 
converter slag cleaning have evolved from recycling slag to the primary furnaces, to milling and 
flotation or electric furnace slag cleaning as the Cr2O3 content in slags has increased.

The shift in the 1990s from Merensky ore derived concentrates to those from UG2 ores 
impacted the process design for the primary furnaces, with UG2 concentrates having lower 
matte falls and higher Cr2O3 levels. Conversely, concentrates derived from Platreef and Great 
Dyke ores, with high matte falls and lower Cr2O3 levels, have introduced other challenges. 
Furnace designs and operating philosophies have been improved to better handle these ranges 
of concentrates, the resulting slags and superheated mattes, the containment of which is non-
trivial. The smelting of non-roasted concentrates in the primary furnaces gave rise to rapid 
corrosion of the copper coolers, and triggered development of corrosion mitigation strategies.

Advances in SO2 emissions control have transitioned from single contact sulphuric acid 
plants in the 1970s, to the adoption of double contact acid plants, tailgas, and dual-alkali 
scrubbing in the early 2000s. Low SO2 strength off-gas streams from primary furnaces are 
abated in some cases, with technologies such as the Sulphacid process introduced from the early 
2000s and the Wet-gas Sulphuric Acid process from the early 2020s.

With advances in process intensification, increases in operating temperatures and 
throughputs, and use of water cooling, consequences of furnace failures have become more 
severe. Water leaks into the molten material environment, primary furnace containment, and 
slag granulation have been particularly challenging. Technologies, operating, and maintenance 
philosophies have been developed for prevention and mitigation of failures, and the adoption 
of process safety management approaches has yielded systematic benefits.

With the outlook in demand for PGMs changing as a function of automotive requirements, 
smelting technology will continue to evolve for further enhancement of safety and environmental 
protection, reduced costs, and greater efficiencies.
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Introduction
Southern Africa has dominated the supply of platinum group metals (PGM) into world markets, given 
the resource endowments associated with the Bushveld Igneous Complex in South Africa and the Great 
Dyke in Zimbabwe. The overall supply from South Africa has contributed on average 75% of the world’s 
platinum from 1975 to 2008, and from 2008 to date, South Africa has contributed ~72% and Zimbabwe 
~7% of the supply. The significant growth in absolute supply from South Africa from the 1970s to 2007 
was brought about by major expansions in the mining and processing operations in the country, and 
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more recently in Zimbabwe (Figure 1). The focus of this paper is 
on the evolution of technology and flowsheets within the smelting 
operations of the Southern African PGM industry players, as a 
function of the changes in capacity requirements, concentrate 
feedstock types, and changes in legislation.

Early history
The discovery of the Bushveld Igneous Complex platinum deposits 
in 1924 brought about investment in mining and processing 
operations by the newly founded Rustenburg Platinum Mines 
(RPM, later owned by Anglo Platinum, then Anglo American 
Platinum, and now Valterra Platinum ). In 1931 the first recovery 
plant using gravity concentration and flotation was commissioned, 
with concentrates exported to England to be smelted and refined at 
the Johnson Matthey (JM) works in Brimsdown and Royston. The 
platinum price collapse in 1932, induced by the Great Depression, 
momentarily slowed production output but increased demand for 
PGMs soon followed, resulting in higher tonnage mined with a 
greater proportion of sulfide-bearing ore and flotation concentrates. 
This posed a new challenge for metallurgists: to implement a 

treatment method which would reduce bulky shipments overseas 
and render the concentrate suitable for refining. A variety of 
treatment methods were considered, and it was found that smelting 
the flotation concentrate to produce a nickel-copper matte, as used 
at scale by JM in Brimsdown, was most successful and achieved 
high PGM recovery (Beath et al., 1961). In 1937 the first smelting 
operations were commissioned at Klipfontein in Rustenburg (Figure 
2), with initially one small blast furnace and a Great Falls converter 
(Hochreiter et al., 1985). Converter matte was then shipped to the 
JM works for further treatment to produce refined PGMs.

Mined ore production had increased from 7,500 tonnes per 
month in 1931 to 25,000 tonnes per month between 1939 and 1945 
resulting in 40,000 platinum ounces per annum produced (Beath et 
al., 1961; Bruce, 1996). The relatively low required smelting rate led 
to the selection of the blast furnace at Klipfontein. As production 
rates increased, reverberatory furnaces were considered, but 
given the ability to readily stop and start the blast furnaces, they 
were retained, with additional furnaces installed as production 
needs increased. Feed preparation involved filtering of flotation 
concentrates in 2.4 m x 2.4 m drum filters and then various methods 
were initially used to produce a competent feed for the furnaces. 
These included sintering on a small Dwight Lloyd machine and also 
making briquettes after mixing with slaked lime and flue dust. The 
method eventually used was to dry the drum filter cake in Büttner 
turbo dryers and then pelletise in Lurgi pelletising pans. Green 
pellets, along with coke, iron ore, and limestone were fed to four 
blast furnaces. The water jacketed furnaces were 3.05 m long and 
0.91 m at the tuyeres and operated in a modular fashion to meet 
variable production demands. Slag was granulated in a wet launder, 
separated from water in a rake classifier and then conveyed to a slag 
dump as is practiced by various smelters today (Beath et al., 1961). 
Matte was transferred by ladle to three Great Falls-type converters 
(Figure 2), 3.05 m in diameter, and blown to white metal containing 
74% copper plus nickel, cast in moulds, crushed to -76 mm and 
placed in bags of 68 kg each for shipment (Gouldsmith, Wilson, 
1963). Converter slag was cast and returned with other recycles to 
the blast furnaces.

Figure 1—World platinum supply by region (WPIC, 2026)

Figure 2—(left) The processing operations at Klipfontein with the smelter shown in the foreground next to the stack; (right) Pouring blown matte from one of the 
converters (after Johnson Matthey, 1969)
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A doubling of production occurred between 1947 and 1949, 
in part due to the acquisition of Union Platinum Mining Co., 
whereafter a further doubling in 1951 led to the formation of Matte 
Smelters (Pty) Ltd., jointly owned by JM and RPM. At this facility, 
commissioned at Rustenburg during 1954 and 1955, a portion of the 
converter matte was then also treated, with the balance exported to 
JM’s Brimsdown plant (Bruce, 1996). Both facilities used the Orford 
process utilising sodium sulfate and coke as reagents in the first step. 
Blast furnaces and reverberatory furnaces were used in tandem, 
with careful temperature control to achieve efficient separation 
of phases. The molten stream from the blast furnace ran into the 
settler where the copper sulfide or sodium sulfide ‘tops’ layer and 
a PGM-rich nickel sulfide ‘bottoms’ layer were formed. The ‘tops’ 
layer was run into a ladle and then charged to a Bessemer converter, 
where the sodium sulfate blown off was recovered to be recycled 
to the blast furnace feed. After fluxing iron oxide with silica, the 
remaining copper sulfide was blown to blister, further refined in 
reverberatory furnaces, and cast into anodes for electrorefining. The 
‘bottoms’ layer was tapped intermittently, cast, crushed, and ground 
fine in ball mills. Sulphur was removed by roasting to nickel oxide 
and then it was briquetted with coal and charged to reverberatory 
furnaces to form nickel metal and cast into anodes for electro-
refining. Pure copper and nickel cathodes were produced from the 
electro-refining processes and sold locally. The anode slimes from 
each were further enriched to 65% PGMs by roasting and leaching 
with sulphuric acid and then sent along with the Rustenburg gravity 
concentrates to Royston, England, for further refining of gold and 
PGMs (Gouldsmith, Wilson, 1963).

During the 1960s, further demand for PGMs led to expansion 
and new entrants in the South African platinum industry. RPM 
responded with production increases reaching 1 million ounces by 
1970 and installation of another jointly owned facility with JM to 
refine PGMs in Wadeville. The commensurate additional smelting 
capacity needed could not be installed at Klipfontein, resulting 
in RPM’s decision to construct a new facility at Waterval (also 
in Rustenburg) in 1969, and the later construction of Mortimer 
Smelter at Swartklip (near Northam) in 1973. The change in 
location offered an opportunity to consider new technologies and 
RPM ultimately selected two Elkem designed 19.5 MVA rectangular 
electric furnaces and Peirce Smith converters in 1967, which 
were then installed at Waterval in 1969 (Hochreiter et al., 1985). 
Concurrently, Impala Platinum had started their mining operations 
in 1968 and by January 1969 their first 7.5 MVA electric furnace 
was commissioned, with two more 7.5 MVA furnaces in 1972 and 
1973, and a fourth 15 MVA furnace in 1974 (Watson, Harvey, 1992). 
Converter matte produced by their Peirce Smith converters was 
treated in a newly built refinery in Springs, utilising the Sherritt 
Gordon pressure-leaching process. In 1971, Western Platinum—
later part of Lonrho, then Lonmin, now part of Sibanye Stillwater 
(SSW)—started their operations, installing a 12.5MW furnace with 
converter matte exported to Norway for refining (Eksteen et al., 
2011; Hochreiter et al., 1985). A new era had started in the South 
African PGM industry with the three major role players at the time 
all using rectangular electric furnaces coupled with Peirce Smith 
converters.

The selection of electric furnaces was driven by several 
perceived benefits. Firstly, a move away from blast furnaces due to 
difficulties preparing competent pellets, increasing operational costs 
related to coke and labour, and the introduction of more stringent 
anti-pollution laws, which would have required costly modifications 
to capture the 1% – 2% sulphur dioxide emissions. Secondly, in 

comparison to reverberatory furnaces, electric furnaces presented 
significant benefits in energy efficiency and construction costs. The 
heat generation through Joule (I2R) heating in the slag bath, rather 
than convective and radiant heating from a flame above the bath, 
was far more efficient in melting concentrates, with Mostert and 
Roberts (1973) estimating thermal efficiencies of 60% for electric 
furnaces, versus 30% for reverberatory furnaces. Heat transfer, 
both up and down from slag to charge and slag to matte, resulted 
in higher matte temperatures compared to reverberatory furnaces 
with the benefit of also reducing magnetite formation on the hearth 
and at the slag/matte interface, which could impact matte tapping. 
The electric furnace also operated with comparatively lower roof 
temperatures, which impacted furnace design and refractory 
selection, resulting in a cheaper and more robust solution. 
Furthermore, and perhaps most significantly, electric furnaces were 
able to achieve the higher temperatures needed to maintain fluidity 
of the slags with relatively higher magnesium oxide (MgO) in feeds 
(Cramer, 2001; Hochreiter et al., 1985; Mostert, Roberts, 1973).

Peirce Smith converters replaced the Great Falls-type converters 
owing to the inherent advantages of their cylindrical shape and 
horizontal orientation. “In the vertical orientation, the tuyere 
immersion varied with their location on the barrel, while in the 
horizontal design, all tuyeres are at the same depth giving uniform 
immersion and blowing rates” (Nelson et al., 2018). Furthermore, 
the acid linings used in the Great Falls converters were seen as far 
more inferior to the basic chrome-magnesite bricks used to line the 
new Peirce Smith vessels for the corrosive slags being processed. 
At Waterval Smelter, furnace matte tapped into 12 tonne cast 
steel refractory lined ladles was transferred to the Peirce Smith 
converters along with silica flux and furnace aisle reverts. Converter 
matte was poured into moulds, cooled, and then crushed to -25 mm 
and bagged. Converter slag was returned to the electric furnace by 
means of a cast launder (Mostert, Roberts, 1973).

During the 1970s, the ‘slow cooling’ process was developed by 
RPM and JM, whereby the iron content and cooling rate of cast 
converter matte were controlled such that a PGM-rich Ni-Cu-Fe 
magnetic alloy was formed separately from a PGM-free nickel-
copper matte. The converter matte was cast into a mould, covered 
with a lid and allowed to cool for approximately 5 – 6 days before 
being removed and crushed. Subsequent grinding and magnetic 
separation allowed for the PGMs and base metals to be recovered 
separately in the base metals and precious metals refineries, which 
were commissioned in 1981 and 1989, respectively. Following this 
new process for converter matte treatment, all the RPM smelter 
downstream processing to produce refined PGMs was conducted at 
Rustenburg in South Africa. 

The impact of concentrate composition
The smelting and converting of nickel-copper PGM concentrates 
is greatly influenced by the origin of the ore, and targeting of high 
concentrator PGM recoveries, given the value of the precious metals 
(yielding high gangue content in the concentrate). These aspects 
have been covered widely in literature, and a brief overview is 
provided here as it has meaningfully driven changes in technology. 
The concentrates are derived from the following reef types in 
Southern Africa:

➤	� The Merensky Reef reserves, which were exploited 
initially, are largely depleted. Merensky Reef-derived 
concentrate is characterised by good PGM and base 
metal grades, 110 g/t – 150 g/t and 5.5% – 6.3% Ni+Cu, 
respectively (Mostert, Roberts, 1973), with low chromium 
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oxide (Cr2O3) content. This concentrate type was the 
predominant feed type influencing the operation of the 
electric furnaces from the 1970s to late 1990s. During 
that time, furnace power densities were relatively low, 
resulting in relatively low operating temperatures, 
with matte temperatures ranging from 1150 °C to 
1260 °C (Forbes, 1977; Watson, Harvey, 1992) and slag 
temperatures ranging from 1300 °C –1460 °C (Mostert, 
Roberts, 1973; Watson, Harvey, 1992). Mostert and 
Roberts (1973) note the high MgO content bringing 
about ‘slags with high formation temperatures’, in 
comparison to the matte with low formation temperatures 
of ~1000°C. The importance of this difference was further 
noted with respect to the design of the furnace hearths 
and transformers.   

➤	� The Upper Group 2 (UG2) Reef is associated 
predominantly with chromitite, with very low base metal 
content (3.3% Ni+Cu), but high PGM (140 g/t – 340 g/t) 
and Cr2O3 (2.6% – 2.8%) contents (Jones, 1999). The 
concentrate gives rise to very low matte falls / collector 
volumes (typically < 10%) when smelted. The high Cr2O3 
content in the UG2 concentrates has a marked influence 
on the smelting behaviour in the primary furnaces, which 
is elaborated on in the following. 

➤	� The Platreef ore body on the northern limb of the 
Bushveld Complex is mined by Valterra Platinum at the 
Mogalakwena mine, and more recently by Ivanplats. 
Platreef concentrate is characterised by relatively low 
PGM grades (60 g/t – 90 g/t), high base metal contents 
(up to 7% Ni+Cu+Co, according to Shaw et al., 2014), 
and low chromium oxide content. This concentrate results 
in high matte falls in the primary furnaces (typically 15% 
– 30%). The future of the South African PGM industry is 
likely to become more dominated by concentrates from 
these northern limb deposits, as new mines are developed 
in this area.

➤	� Concentrates from Great Dyke Reef deposits in 
Zimbabwe, are somewhat similar to the Platreef 
concentrates in terms of having relatively low PGM 
grades, high base metal content (6.4% Ni+Cu), and low 
chromium oxide content (0.3%) (Mabiza et al., 2011). 
This concentrate type also gives rise to high matte falls in 
the primary furnaces (typically > 30%).

The change in the concentrate feeds to the PGM producers had 
a marked impact on the smelting operations, particularly towards 
the late 1990s and early 2000s, as declining Merensky concentrate 
volumes were replaced with increasing UG2 concentrate volumes. 

This led to an increase in the Cr2O3 concentrations in the feed 
(Figure 3), and hence, slag and matte of the primary furnaces, with 
numerous negative impacts.

The impacts of Cr2O3 on the primary furnaces are well 
documented (Watson, Harvey, 1992; Jones, 1999; Merkle, McKenzie, 
2002; Nell, 2004; Coetzee, 2006; Eksteen et al., 2011; Shaw et al., 
2014), with a summary of the key issues provided in the following:

➤	� Combined with the high MgO content in the slags, 
the Cr2O3 drives up the slag liquidus temperatures, 
and hence, operating temperatures. Slag operating 
temperatures transitioned from 1300 °C – 1460 °C for 
Merensky-dominant feeds to 1500 °C – 1680 °C (Eksteen 
et al., 2011), and at times higher, for UG2-dominant feeds. 
The higher slag operating temperatures greatly elevate the 
matte operating temperatures to as high as 1600 °C. Given 
the much lower matte liquidus and solidus temperatures 
(850 °C – 1000 °C and ~650 °C, respectively) (Eksteen et 
al., 2011, Rivera Li Kao, Garbers-Craig (2025), the very 
high matte superheat creates challenges in containment 
of the matte, particularly for activities around the 
matte tapholes (Shaw et al., 2014). The other impact 
of the high slag operating temperatures is increased 
slag electrical conductivities, which lead to shallower 
electrode immersions for furnaces with transformers with 
constrained secondary current capability, particularly 
when FeO-rich converter slag is returned to the primary 
furnaces. 

➤	� Chromium spinel forms in the furnaces due to limited 
solubility of the Cr2O3 in the slag.  Merkle and McKenzie 
(2002) discuss Cr2O3 solubility being a function of slag 
composition and oxidation state, with higher solubility 
under slightly reducing conditions. Given the density 
of the spinels being higher than the slag and matte 
densities, spinel accumulation on the hearths leads to 
reduced volume. Watson and Harvey (1992) noted a 
significant concern of ‘severe’ build-up for Cr2O3 levels 
above 1%, albeit with furnaces operating at relatively low 
power densities, and motivated the increase in hearth 
power density on Impala F5. Later, with more intensely 
powered furnaces, chromium oxide solubility levels of 
1.8% are mentioned, with which the Impala operation 
was coping (Coetzee, 2006). The presence of spinels when 
processing concentrates with Cr2O3 contents of up to 4% 
also drove the decision to install large transformers on 
the RPM Polokwane furnace (3 × 56 MVA) to allow for 
deep electrode immersions (75%), with the intention of 
enabling stirring and melting of hearth build-up (Nelson 
et al., 2005). 

➤	� Hearth build-up has been linked to higher entrained 
matte losses in slag, and significant concern around matte 
being tapped out slag tapholes, particularly with water 
granulation of slag (Watson, Harvey, 1992). The reduced 
amount of matte collector with UG2-rich concentrate 
blends also negatively impacts base and precious metal 
recoveries (Nell, 2004). 

➤	� Increases in hearth build-up, particularly in the colder, 
more quiescent areas of the furnaces (typically the tapping 
ends of rectangular furnaces), lead to matte tapping 
difficulties, with slow tapping rates and mixtures of matte, 
intermediate layer, and slag being tapped. In addition, 
spinel precipitation in launders and ladles creates both Figure 3—Increasing UG2 in Impala feed blend (after Coetzee, 2006)
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The impact of processing greater volumes of Platreef and 
Great Dyke concentrates have been twofold. The first relates to the 
quantity of input sulphur into the furnaces, exacerbating copper 
corrosion issues, and the second relates to the quantity of matte 
that needs to be tapped. Historically, the primary smelting furnaces 
only had two matte tapholes. However, with greater volumes of 
highly superheated matte requiring tapping, the frequency with 
which matte tapholes needed repairs increased. The time taken for 
matte taphole repairs started to impact overall furnace availability, 
prompting the need for the installation of a third matte taphole on 
several furnaces handling higher matte volumes. A fourth matte 
taphole has been included in a recent furnace installation. 

Concentrate handling and drying
The move to electric furnaces in the late 1960s required new drying 
and feeding systems to prepare the material. RPM and Impala 
initially selected ‘wet’ feeding systems.  These included a drying 
stage, and a pelletising stage in RPM’s case. The initial installation 
at Impala consisted of drum filters and coal-fired turbo-tray dryers 
to produce 6% – 8% moisture (Watson, Harvey, 1992). This material 
was fed to the furnace via a conveyor and feed bin system. This 
method of feeding created significant operating challenges, which 
included difficulties in transporting the concentrate, heaping 
inside the furnace, which required manual rabbling, frequent 
furnace ‘blow-backs’, high dust losses, and a very poor working 
environment. In addition, the drawback of wet feed to the furnace 
contributed to a high specific energy consumption of 967 kWh/t in 
the early 1970s (Plasket, Ireland, 1976).

RPM’s Waterval Smelter configuration included drying and 
pelletising, in an attempt to improve furnace operations and 
working conditions. The concentrate was dried in Buttner dryers 
from 21% to 7% moisture. Coal-fired furnaces were used to provide 
the drying energy. The dried concentrate was fed to the pelletising 
process (Figure 4) and then dried further to produce dried pellets 
of 2% moisture (Mostert, Roberts, 1973). These dried pellets were 
fed with fluxes and reverts via conveyors, feed bins, and shuttle 
conveyors to the furnace. The move to pellets was calculated 
to increase smelting capacity by 25% (Mostert, Roberts, 1973) 

practical tapping problems of keeping the launders and 
ladles clean, but also leads to reverts generation (Eksteen 
et al., 2011).

➤	� Intermediate, spinel-rich layers between matte and 
slag lead to poor matte-slag separation and difficulty 
in distinguishing between the two liquid layers on a 
sounding bar for level measurement.

➤	� Cr2O3 in furnace matte is transferred to the converters, 
where the high incoming matte temperatures, combined 
with spinel precipitation around the tuyeres leads to 
reduced campaign lives of the converter refractories 
(Eksteen et al., 2011).

➤	� Cr2O3 in the converter feed reports to the slag, and 
historical practice involved returning the slag to the 
primary furnaces. The recycle of both magnetite and 
chromite spinels to the primary furnaces further 
exacerbated the build-up issues in the furnaces, along 
with high slag operating temperatures and shallow 
electrode immersions. This ultimately led to the South 
African PGM producers discontinuing converter slag 
return (Coetzee, 2006).  

A further feature of the smelting of the Southern Africa Ni-Cu-
PGM concentrates is that they are dried and then directly smelted 
in the primary electric furnaces. The implication of this is that the 
base metal and iron sulfide mineral phases thermally decompose 
in the furnaces, giving rise to labile sulphur (Mabiza et al., 2011). 
The bulk of the labile sulphur reacts with oxygen in the freeboard 
of the furnace and is emitted to the off-gas system as SO2, however, 
some elemental sulphur persists in the concentrate bed (‘blacktop’) 
inside the furnace. Prior to 1991, when furnace power densities 
were low, and few copper coolers were installed, the presence of 
the elemental sulphur was not problematic. However, when copper 
plate coolers, and later deep-cooled copper coolers were introduced, 
their cold surfaces allowed for the condensation of gaseous species 
on the copper. This led to sulfidation of the copper – a process 
that is accelerated by the presence of chlorides also present in the 
concentrate, which has led to the failure of coolers, as detailed by 
Shaw et al. (2014), and in turn the solutions, which were explored 
and implemented. Additional details are provided further on in this 
paper. 

Figure 4—(left) Pelletising pans at the Waterval Smelter (after Mostert and Roberts, 1973); (right) Flash dryers and dry concentrate silo at Polokwane Smelter 
(Anglo American Platinum, 2016)
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and reduce dust losses and blow-backs. Another benefit, when 
combined with sufficient feeding ports (4 around each electrode 
and one between the electrode and each wall), was more complete 
coverage of the furnace bath. This lowered freeboard temperatures 
and reduced stresses on the furnace roof and off-gas systems.

In 1972 Impala introduced the first spray drying tower (Niro 
spray tower) to produce concentrate of less than 0.5% moisture 
(Watson, Harvey, 1992). Coal-fired hot gas generators provided the 
energy and the hot gas contacted with the concentrate slurry in a 
counter-current process to produce dry product. High-efficiency 
filters on the back end of the dryer system minimised losses in 
the drying process. The challenge of feeding dry concentrate to 
the furnace was managed by combining the dry material with the 
concentrate pulp, in paddle mixers, to produce a damp feed of 
~5%. This enabled the continued use of the existing furnace feed 
systems and eliminated manual rabbling, however, the operational 
challenges of the wet feed, mentioned already, remained.

The first implementation of ‘dry’ feeding to Impala’s furnaces 
occurred in 1986. Pneumatic conveying technology enabled the 
contained transport of dry material to furnace feed bins. Additional 
modifications to the furnace charging systems and a significant 
reduction in the number of feed ports accompanied the change. The 
dry feeding used the very low angle of repose of dry concentrate 
to create a blacktop across the entire surface of the molten slag, 
through the significantly reduced number of feed ports (28 ports 
down to 4 – 6 per furnace side). The dry feeding enabled a 12% – 
15% increase in furnace efficiency (Watson, Harvey, 1992). Further 
improvements included reduced blow-backs and off-gas volumes 
from a reduction in water content. The CaO content in the primary 
furnaces was controlled using limestone at that stage, and the 
introduction of the contained pneumatic conveying systems also 
allowed for a change to burnt lime, which also provided an energy-
efficiency benefit. 

RPM introduced flash dryers into the Waterval flowsheet 
in 1992. Coal-fired hot gas generators also provided the energy 
requirement for the drying process, which involved hot gas and 
wet concentrate filter cake being combined in a co-current drying 
column to produce a dry product of less than 0.5% moisture. The 
flash dryer achieved 90% – 95% thermal efficiency, significantly 
higher than traditional spray dryers, which achieve 45% – 65% 
thermal efficiency (Cheng et al., 2018; Kemp, 2012). Cyclones and 
baghouses are used to provide the solid-gas separation and prevent 
significant dust losses, although the first installation at Waterval 
utilised a wet venturi scrubber process for the final dust recovery 

step. This change to dry feed eliminated the pelletising process, 
boasted lower capital, maintenance, and labour costs, and has a 
more effective dewatering capacity when compared to the other 
drying technologies previously used.

Currently all PGM smelters in Southern Africa utilise the 
flash dryer or spray drying process to produce the dry concentrate 
for feeding in the furnaces (Figure 5). Flash drying technology is 
favoured due to better energy efficiencies. 

Electric furnace development
All the early electric furnaces, from the end of the 1960s, were 
rectangular in design with six electrodes set in a line. Both Impala 
and Western Platinum (SSW) made use of Barnes-Birlec designs 
while RPM used an Elkem design. All electrodes were Soderberg 
designs and are still retained today. The furnace and electrode 
designs were selected based on the relatively low power density 
requirement for Merensky sourced concentrates, cheap electricity 
costs in South Africa, and the cheaper operating cost of Soderberg 
electrodes relative to pre-baked graphite electrodes. Additional 
rectangular furnaces were installed by Impala and RPM in the 
1970s, based on the successes of the initial installations with some 
improvements. To counter the impacts of the increased UG2 feed 
and spinel formation in the furnaces in the 1980s and 1990s (Figure 
3), the route followed was to increase the stirring within the furnace 
by increasing the power density, and in other cases a preference for 
circular furnaces emerged. SSW were the first to install two circular 
furnaces in 1982 for UG2 concentrate smelting and later installed 
three more circular furnaces in 1991. These furnaces operated 
successfully and prompted SSW to continue using circular furnaces 
and also formed the basis for their scale-up to larger furnaces. 

The PGM industry saw an increase in demand for its metals 
from the early 1990s to early 2000s, driven predominantly by 
vehicle autocatalyst and jewellery markets (Figure 1), and supply 
needed to increase to match this demand. This was achieved by 
increasing mining and concentrating capacity, which then required 
additional smelting capacity, resulting not only in the installation 
of new furnaces, but also the increase in capacity of existing 
furnaces. Rectangular furnaces were amenable to increased power 
levels (Figure 6), where the power ratings of three furnaces were 
approximately doubled from their original installed capacity with 
little change to hearth area (Waterval Furnace 1 and 2 and the 
Mortimer furnace with power increases from ~18 to 34 MW – 38 
MW). Impala Platinum also increased furnace power from 7.5 MW 
to 38 MW, but this had a substantial increase in hearth area. In 

Figure 5—Concentrate dryers installed in the Southern African PGM 
industry

Figure 6—Furnace power over time (circular furnace power input reduction 
timing indicative)
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2003, RPM also commissioned the largest PGM furnace (68 MW) 
to date at Polokwane, driven not only by market demand, but also 
by location and projected reserves. Larger circular furnaces were 
also installed at this time, however, operated at significantly lower 
power than planned.

Almost all installations prior to 1991 had hearth power densities 
of less than ~100 kW/m2. These earlier furnaces made use of 
magnesite refractories for lower side walls, upper and lower hearths, 
while fireclay bricks were used for the hearth infill, upper walls, 
and roof (Watson, Harvey, 1992). The walls were either uncooled 
(natural convection), water film cooled, or water jacket cooled, 
while the hearths were forced-draft air cooled.  

From the 1990s onwards, higher powered furnaces were 
installed, with increased hearth power densities of up to 175 kW/
m2. The increase in operating temperatures and the chemical 
aggressiveness of both matte and slag increased, and so lower 
side wall and upper hearth refractories were changed to chrome-
magnesite qualities. Also associated with the increase in the power 
input to the furnaces at this time, sidewall cooling was introduced 
in the form of water-cooled copper plate coolers (Watson, Harvey, 
1992). The wall cooling allowed for a slag freeze lining to form on 
the wall hotface, which then protected the refractory from slag 
attack (Sarvinis et al., 1999). As power intensities increased further 
in the early 2000s, with hearth power densities exceeding 200 kW/
m2, wall cooling intensity was increased to cater for increased wall 
heat fluxes (Figure 7). To achieve this, deep-cooled copper coolers 
were introduced, designed for peaks of up to 440 kW/m2 (Nelson et 
al., 2005). 

Deep-cooled coolers easily managed the thermal duty for 
maintaining slag freeze linings. However, their useful lives were 
short due to the rate of chloride-accelerated sulfidation corrosion 
(Shaw et al., 2014) and much less copper between the cooler hotface 
and the internal water passages, compared to plate coolers. The 
Polokwane furnace experienced a cooler failure within a year in 
2005 (Hundermark et al., 2014). Work commenced on improving 
corrosion resistance of the deep-cooled coolers during which 
graphite was trialled on the hot face of the copper, which proved to 
be effective at reducing the rate of corrosion (Eksteen et al., 2011; 
Shaw et al., 2014). The key technology developments, which arose in 
response to the corrosion issues were: 

1.	� Reduction in the copper cooler sizes to enable more 
rapid replacement of corroded sections, saving on both 
replacement costs and time.

2.	� Automated, regular pressure testing of the copper coolers 
for early detection of leaking components.

3.	� Corrosion protection barriers, particularly graphite, were 
installed on the hotface of the copper, which have proven 
to be very effective in slowing the corrosion rate (Shaw et 
al., 2014). The use of graphite on the hotface has extended 
the copper component campaign lives, however, sulphur 
access to the sides, top, and bottom of the copper gives rise 
to the need to replace coolers periodically. 

4.	� Following the success of graphite on deep-cooled coolers 
and recognising the corrosion of shallow-cooled plate 
coolers, graphite was also introduced into the plate-cooled 
furnaces from 2014 onwards by sandwiching graphite 
between the plates forming a ‘composite cooler’. Earlier 
trials of composite coolers were undertaken at Polokwane 
from 2011. This transition from plate coolers to composite 
coolers has increased the useable life of these coolers on 
the lower power intensity furnaces, however, sulfidation 
corrosion of any exposed copper surfaces persists. This has 
led to the latest development, which included cladding the 
copper cooler on the sides, top, and bottom with graphite 
(Figure 8), and appears to be effective (Joubert et al., 2024; 
2025).

The evolution of the side wall cooling technology is shown 
graphically (Figure 9), with copper plate coolers introduced and 
then deep-cooled copper coolers. The incorporation of graphite into 
designs then followed, with various configurations in use. 

Figure 7—Evolution of electric furnace hearth power density and indicative 
changes in slag zone cooling technology over time (note: variations and 
combinations exist)

Figure 8—Clad composite copper-graphite cooler with all copper surfaces protected (after Joubert et al., 2024)
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Furnace dimensioning considerations
Rectangular furnace dimensioning considerations include length-
to-width ratio and end-wall-to-electrode-distance, while for a 
circular furnace, the diameter is a ratio of electrode diameter or 
electrode spacing. The process defines the electrode spacing, size of 
electrode, and hearth power density required, and thus approximate 
dimensions are determined (Nelson et al., 2015). In earlier days, 
dimensioning guides were developed largely from commodities 
other than PGMs and have thus required optimisation over time, 
based on operating experience. Examples of this are the 2010 matte 
wall extension performed at Polokwane, and the modifications to 
the No. 1 circular furnace installed by SSW.

Two high hearth power density primary electric furnaces were 
installed in 2001 and 2003, namely, a circular furnace by SSW 
(320 kW/m2) and a rectangular furnace by RPM (251k W/m2) at 
Polokwane, respectively. RPM also installed a circular slag cleaning 
furnace in 2003 with a power density of ~260 kW/m2, which 
is discussed further on in this paper. The SSW circular furnace 
experienced containment difficulties and the nominal operating 
power was reduced from a design power of 28 MW to 14.5 MW 
(Joubert et al., 2024), bringing the hearth power density down to 
~155 kW/m2, and in line with the hearth power densities of many 
of the other PGM furnaces. Operating at lower intensity resulted in 
improved furnace integrity. 

RPM’s Polokwane furnace also faced containment challenges, 
experiencing corrosion of copper coolers (discussed in the 
aforementioned section), and high refractory wear rates of the matte 
endwall (Hundermark et al., 2014). The furnace was originally 
designed with the typical design ratio of 0.93 for electrode centre-
to-matte-wall/electrode centre-to-slag-wall distances. The wear 
rate of the slag wall was deemed acceptable while the matte wall 
was found to wear at an unacceptably fast rate to the point of 
experiencing a catastrophic failure after just 9 months of operation 
after an end wall replacement in 2008. This prompted moving 
the matte endwall in 2010 by 2.7 m farther away from the closest 
electrode, increasing the matte-end-to-slag-end ratio to 1.45. 
There were fears of not being able to tap matte from the furnace, 
but these concerns have proved to be unfounded. Since then, 
consistent operation at full power (68 MW) has been possible on 
the Polokwane furnace at a hearth power density of ~230 kW/m2 
and with very good campaign lives on the matte endwall. With the 
exception of the Polokwane furnace, furnace sizing has favoured 
similar power densities to those in the 1990s of around 175kW/m2. 
Currently, the Polokwane furnace is the only primary PGM furnace, 

circular or rectangular, operating at a power density above 190 kW/
m2.

Some basic design metrics of the rectangular furnaces are 
shown in Figure 10, namely ratios of length:width (L/W), electrode 
centre-to-matte-wall:electrode centre-to-slag-wall (M/S). The 
early installations had L/W ratios of 3.6 – 4.4, implying long and 
narrow furnaces. Impala discovered early that having the side walls 
too close to the electrodes was detrimental to side wall life (~5y) 
and quickly changed to a lower L/W ratio by widening their next 
installations from ratios of 4.4:1 to 3.4:1. This was more in line with 
the other rectangular furnace installations in the industry (range 
from 3.2:1 to 3.7:1), and the resultant furnace life was doubled 
(Watson, Harvey, 1992). RPM started changing L/W metrics when 
the furnaces were upgraded, which involved changes to refractory 
design, power input increase, and later changes in wall cooling 
technology. For all these furnaces, the M/S ratio was quite consistent 
(~0.75 to 0.9) other than for Polokwane, where the matte endwall 
was moved farther from the closest electrode in 2010 and increased 
the ratio to 1.45. One of the goals of the design change at Polokwane 
was to achieve a similar local-hearth-power-density to the smaller 
rectangular furnaces in the RPM fleet (Nelson et al., 2015), which 
also brought about a similar ‘linear power density’ (linear electrode 
face to wall power density in kW/m). 

Figure 9—(a) Pure refractory with natural/water film cooling; (b) Refractory wall with copper plates; (c) Deep-cooled copper coolers with refractory on the hot face; 
(d) Deep-cooled copper coolers with graphite on the hot face; (e) Graphite and copper plate composite cooler; (f) Combination of upper deep-cooled copper and 
composite cooler

Figure 10—Rectangular furnace dimension metrics
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Of note is that the diameter of the SSW circular furnace 
discussed earlier has recently been increased (Joubert et al., 2024; 
2025) based on the linear power density metric proposed by Nelson 
et al. (2015). This has now enabled sustained operation of the 
furnace at > 15 MW. 

The importance of adequate matte volume inside the furnace 
is a further dimensioning consideration (Nelson et al., 2015), 
where insufficient volume may yield higher matte temperatures 
and potential wear of hearth refractory by slag if the matte taphole 
elevation relative to the top of the hearth skewback brick is too low. 
For circular furnaces in particular, raising the matte taphole farther 
above the top of skewback brick, and thereby creating greater matte 
volume, has been demonstrated to be beneficial (Joubert et al., 2024; 
2025).

Impact of furnace operating temperatures and intensities on 
hearth design 
Prior to 1991, PGM electric furnaces with low power densities, 
converter slag recycle (containing magnetite), and chromium 
spinel accumulation experienced hearth build-ups, which were 
problematic (Watson, Harvey, 1992). This was despite the low 
solidus and liquidus temperatures of the primary furnace mattes. 
Given excess build-up in the earlier furnaces, hearth designs were 
relatively more insulating with the use of fireclay infill bricks and 
magnesite-chrome refractories in the upper and lower hearths.

 As the furnace hearth power densities increased, and converter 
slag recycle was discontinued, build-up on the hearths no longer 
occurred. This is a key differentiator when compared to other 
commodities, where frozen heels are intentionally factored into 
the furnace design to promote hearth integrity, and maintaining 
the solidus isotherm within the upper hearth. With retention 
of the earlier insulating hearth designs at the time that furnace 
power, UG2 concentrate inputs, and matte temperatures increased, 
in addition to no build-up on the hearth, the matte solidus 
temperature isotherm moved well below the upper hearth. The 
implication was that liquid matte could infiltrate deep into the 
lower hearth and infill bricks (Figure 11). With thermal cycles on 
the furnace, ratcheting of the hearth occurred due to infiltration 
of liquid matte into brick joints, and contributed to continuous 
hearth growth, limiting the life of the hearth and allowing for hearth 
containment incidents (Shaw et al., 2014; Hundermark et al., 2020). 
The importance of furnace binding systems in minimising furnace 
growth is stressed by Watson and Harvey (1992), Shaw et al. (2014), 
and Nagorski et al. (2025).

With improved understanding of the importance of hearth 
thermal profiles associated with higher powered furnaces with no 
build-up, hearth refractory selection has improved. These changes 
aim to contain the matte solidus isotherm within the upper hearth 
refractories (Nagorski et al., 2025). Upper hearth refractories 

remain magnesite-chrome while the lower hearth refractory has 
changed from magnesite-chrome to more thermally conductive 
magnesite. Hearth infills have changed from the insulating fireclay 
to magnesite-based refractory, with an even higher conductivity 
silicon carbide infill trialled on one of the rectangular furnaces. 
Another circular furnace has no infill, with a dished hearth in use. 
Even with improved furnace hearth designs, the importance of 
furnace operating stability needs to be emphasised, with hearth 
growth being very sensitive to process and thermal cycling. 

Converting
Survey information on converting in the Southern African PGM 
smelting industry is provided by Jones (1999; 2005), and the 
evolution of converting technology has been comprehensively 
reviewed by Nelson et al. (2018). A summary is provided in the 
following. With the change in primary smelting technology from 
blast furnaces to electric furnaces in the late 1960s, the quantity of 
furnace matte produced increased, and the converting technology 
was changed from Great Falls to Peirce Smith converters. The 
converting operations utilised by each PGM producer are as follows: 

➤	� RPM installed four 3.05 m × 6.1 m (~45 m3 internal 
volume) converters in 1969 (Mostert, Roberts, 1973), 
the lengths of which were extended to 7.6 m (~56 
m3) in 1993, and two more converters of the enlarged 
dimensions were added in 1995 to bring the total to six 
converters, aligning with the increased furnace matte 
production requiring converting. These Peirce Smith 
converters were decommissioned in April 2004, following 
the successful ramp up of the top submerged lance (TSL) 
converting process.

➤	� Impala Platinum installed three 3.05 m × 4.57 m (~33 m3) 
converters in 1969 (Plasket, Ireland, 1976), later a fourth, 
and in 2000, added two larger converters of 3.66 m × 7.32 
m (~77 m3) (Coetzee, 2006). 

➤	� Lonmin (now SSW) installed two Peirce Smith converters 
in 1971 of 3.05 m × 4.57 m and later installed a third of 
the same dimensions in 2003 (Eksteen et al., 2011). 

➤	� Northam Platinum installed two Peirce Smith converters 
of 3.05 m × 6.1 m in 1992 (Jones, 1995). 

➤	� Zimplats operate two 3.05 m × 4.57 m Peirce Smith 
converters (Mabiza, 2006) and have recently installed 
two larger 3.66 m × 7.32 m converters (Crafford et al., 
2025), in conjunction with the expansion of the primary 
smelting capacity with the addition of the new 38 MW 
furnace. 

➤	� Two 2t top blown rotary converters (TBRC) were utilised 
at Crocodile River briefly from 1989 to 1991 (Nelson et 
al., 2018).

Figure 11—(a) Earlier insulating type hearth with Merensky concentrate and converter slag return; (b) Insulating hearth with increased 
UG2 and no converter slag return; (c) Current conductive hearth
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Technology enhancements associated with the Peirce Smith 
converters include: 

1.	� Use of flame optical emission spectroscopy (Bezuidenhout 
et al., 2017) for iron endpoint control.

2.	� Plant trials of sonic injection (Kapusta et al., 2012; Chibwe 
et al., 2015) were carried out on the SSW converters, 
however, to the authors’ knowledge, the technology has 
not yet been adopted.

The evolution of the number of converters, their sizes 
(expressed as internal volume) and technologies for converting are 
summarised in the following (Figure 12).

Two factors determined the next evolution in converting 
technology, those being increased throughput requirements, and 
environmental emissions control of SO2. With the expansion of 
production capacity at RPM in the late 1990s and early 2000s, 
particularly with the development of mines and concentrators on 
the eastern limb, Polokwane Smelter was commissioned in 2003 
with the resultant Polokwane furnace matte requiring converting. 
From the mid-1990s RPM developed a new converting process 
based on Ausmelt TSL technology (now Metso). The Converter 

Plant (CP) was constructed adjacent to Waterval Smelter, and was 
commissioned in 2002 (Viviers, Hines, 2005), with a standby phase 
added in 2006. Novel technologies introduced in the converter 
included the use of deep-cooled waffle coolers in the slag zone of 
the crucible and a three-dimensional binding system (Figure 13). 
The CP receives solid matte feeds from each of the primary smelting 
operations and converts it to Waterval converter matte. The 
stationary TSL crucible allows for greatly improved off-gas capture 
compared to Peirce Smith converters and has enabled the facility 
to comply with the minimum emission standards for SO2, with 
the use of a double contact acid plant. The benefit of a centralised 
converting facility enabled greater furnace matte throughput in 
a single vessel and reduced the number of converters and acid 
plants that would otherwise have been required, had Peirce Smith 
converting been retained.

Slag cleaning
Base and precious metals are lost to slag through entrained matte 
losses and oxidic losses. Entrained matte droplets in slag account 
for the bulk of the PGM losses. By contrast, the base metals may 
report to slag through both mechanisms, with the oxidic losses 
being highly dependent on the oxidation state in the process step in 
question.

In the primary furnaces, the extent of the PGM losses is 
dependent on the quantity of the matte collector phase (Nell, 
2004) as a function of the probability of matte droplets colliding, 
coalescing, and disengaging (Nelson et al., 2005), and the quantity 
of slag generated. For concentrates with lower matte falls, there is 
a greater quantity of slag generated, and lower probability of matte 
droplets disengaging into the bulk matte layer. Base metal losses in 
the primary furnaces are governed by thermodynamic relationships 
between iron and base metal sulfides and iron and base metal oxides 
(Grimsey, 2021). With greater levels of iron reporting to slag in low 
matte fall concentrates (UG2), so the base metal recoveries decrease. 
Sakaran et al. (2024) have developed correlations of base metal 
recoveries as a function of feed composition, with clear differences 
observed depending on the predominant feed type to several 
primary smelting operations. Figure 12—Evolution over time of the number of converters of specified 

internal volume and type

Figure 13—(left) Skimming slag from the Peirce Smith converter at Waterval (after Johnson Matthey, 1970); (right) 3D model image of the CP TSL (after Hoosen et 
al., 2018) 
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The approach to cleaning of primary furnace slags has typically 
been a function of the grade of the slag, and whether it is economic 
to clean the slag or to stockpile it. In more integrated operations 
where both primary smelting and converting takes place, and 
the historic practice of returning converter slag to the primary 
furnaces occurred, slag milling and flotation plants have mostly 
been installed. For smelting operations with primary furnaces only, 
in some cases the quantum of the slag losses has not justified the 
installation of a slag milling and flotation plant, and in other cases 
it has. 

With more oxidising conditions present in converting, and 
the manner in which the matte and slag are separated through 
skimming in the case of Peirce Smith converters, the cleaning of 
converter slags is important for minimisation of losses. With the 
early Peirce Smith converter operations and Merensky concentrate 
feeds to the primary furnaces, the converter slag was traditionally 
returned to the primary furnaces. This practice contacted the 
oxidised converter slag with the incoming concentrate feed, 
allowing for reduction of the base metal oxides in the converter 
slag, and also the disengagement of mechanically entrained matte 
from the converter slag into the bulk matte layer in the primary 
furnace. This practice was discontinued by the South African 
industry players in the 1990s and early 2000s, as discussed earlier. 
For the Zimbabwean industry players, with the Great Dyke type 
concentrates having low Cr2O3 contents, return of converter slag to 
the primary furnace has continued (Mabiza et al., 2011; Crafford 
et al., 2025). In South Africa, cleaning of Peirce Smith converter 
slags therefore transitioned to milling and flotation, which allow for 
good recoveries of the entrained matte, but limited recovery of any 
base metal oxides. Given the batch nature of Peirce Smith converter 
operations, the ‘slag blow’ batches of slag should have relatively low 
oxidic losses, and it is only the final ‘finishing blow’ batch of slag 
that may have higher oxide losses.

For the RPM CP slag, the stationary crucible has two matte 
tapholes and one slag taphole, with tapping allowing for cleaner 
separation of the matte and slag, relative to skimming of Peirce 
Smith converters. However, the CP is operated in a continuous 
mode, and the converter slag is more oxidised, with higher 
base metal oxide losses as well as entrained matte droplets. For 
this reason, RPM installed a slag cleaning furnace (SCF) at the 
Waterval complex (Joubert et al., 2005; Jacobs, 2006), which was 
commissioned in 2003 in conjunction with the CP. The SCF is a 
circular, three electrode electric furnace of 12 m diameter, with 3 
MVA × 10 MVA transformers. The nominal hearth power density of 
the furnace is 266 kW/m2, although it is more typically operated in 
the range of 200 kW/m2 – 220 kW/m2, which is more intense than 
the other circular, primary furnaces. Deep-cooled copper coolers 
are installed in the slag zone of the furnace to allow for the higher 
sidewall heat fluxes associated with the high hearth power density 
on the furnace. Concentrate is added as a sulphur source and the 
MgO and SiO2 assist in fluxing the FeO content in the converter 
slag. Metallurgical coke is added into the furnace for reduction of 
the base metal oxides. Due to the reductive smelting within the 
furnace, the matte produced is more alloy rich and so has a higher 
liquidus temperature (~1150 °C) relative to the primary furnace 
mattes. Matte is tapped at a temperature of ~1200 °C, and with 
the low superheat causing challenges with build-up in ladles and 
launders.

SO2 abatement 
The requirement to capture sulphur from smelter off-gas systems 

has been driven by the need to reduce impacts on ambient air 
quality, and by legislative requirements, with installations currently 
needing to comply with a defined emissions rate/limit based on the 
category definition of the operation. The selection of an abatement 
technology needs to consider the SO2 concentration in the off-gas, 
as well as numerous project and operational factors, including 
capital and operating costs and effluent generation. Kruger (2004), 
Eksteen et al. (2011), and Ndlovu et al. (2023), describe approaches 
to evaluating the technologies available and how each is suited to 
the process conditions.

Early furnace off-gas cleaning focused on the removal 
of particulate matter from furnace off-gases. With increased 
production rates, leading to increased SO2 concentrations in off-
gas, companies moved towards the installation of SO2 abatement 
technologies. In 1975, Impala Platinum commissioned the first 
single contact sulphuric acid plant in South Africa on a PGM 
operation, coupled with appropriate gas conditions stages for dust 
removal (Plasket, Ireland, 1976). RPM followed in 1976 with the 
installation of a single contact plant to treat Peirce Smith converter 
off-gas (Jacobs, 2006). These installations focused on the converter 
emissions as these are the highest concentration gases emitted on 
the smelter site (> 3 vol% SO2). Impala Platinum performed further 
upgrades to the single contact plant in 2002 due to an increased 
number of converters installed (Coetzee, 2006).

Further increases in capacity and changes in concentrate origins 
caused primary furnace emissions to start increasing, both in mass 
load emissions and in concentrations. In particular, the significant 
increase in production throughputs at all of the PGM smelting 
operations in the Rustenburg region in the 1990s, necessitated 
a strong drive to improve environmental controls from each of 
the industry players. Consequently, SO2 abatement equipment 
needed to be installed on the primary furnaces to manage ambient 
air quality. Fugitive emissions abatement was another important 
consideration to manage local ambient conditions around the 
smelting sites. Technologies used for primary furnace abatement 
were well suited to treating fugitive gases and therefore the duties 
could be combined (Wescott, 2007). 

In 2002 RPM commissioned the converter plant (CP) at the 
Waterval facility. This change in process was accompanied by 
significant upgrades in gas cleaning technologies. A new single 
contact plant was installed to support the converter operation. Due 
to operational challenges experienced, described by Viviers and 
Hines (2005), the single contact plant was upgraded to a double 
contact double adsorption (DCDA) plant in 2005. In 2002 a novel 
Petersen-Fattinger Tower plant was also installed at Waterval to 
treat the primary furnace off-gas from both the primary furnaces. 
The Tower plant also treated the tailgas from the contact plant to 
manage final emissions to atmosphere. The Tower plant installation 
uses a nitric acid catalyst to remove SO2 and produces a ~76% 
sulphuric acid product. Significant upgrades to the Tower plants 
materials of construction were also made to improve asset integrity 
during the same period. Significant work has been performed to 
better understand the materials and the maintenance of the plant, as 
described by Fouche (2017). 

The installation of a second novel technology took place in 
2002, with Impala installing a Sulfacid® plant to treat the primary 
furnace off-gas (Kruger, 2004). The technology relies on an activated 
carbon catalyst to produce a < 20% sulphuric acid product (Coetzee, 
2006). Impala required further upgrades to its installed equipment 
to meet changed legislation and in 2009 commissioned two tailgas 
scrubbers based on MECS DynaWave® reverse-jet technology 
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(Impala Platinum Limited, 2025). The technology utilises wet lime-
forced oxidation to produce a gypsum product and relies on the 
oxidation of calcium sulfite to calcium sulfate in the sump of the 
vessel to ensure the quality of the gypsum.

The first installations of wet scrubbing plants for SO2 
abatement purposes were also introduced in the early 2000s. In 
2002, SSW (Lonmin at that time) installed a concentrated mode 
dual-alkali (CMDA) plant to treat the combined off-gas streams 
from the Peirce Smith converters and primary electric furnaces 
(Bezuidenhout et al., 2012). This system was selected due to its 
ability to handle large variations in off-gas flow and SO2 strength 
and an intention to co-dispose the plant product (a combination 
of CaSO3 and CaSO4 referred to as CaSOx) with the concentrator 
tailings, however, challenges were faced in disposing of the product. 
Options trialled included purpose-built dams and use in mine back 
fill and hazardous waste disposal, with the latter being practiced 
(Bezuidenhout et al., 2012). In 2003 RPM commissioned a wet lime 
scrubber for treatment of the SCF off-gas at Waterval. Significant 
operational challenges relating to scaling and choking of off-gas 
ducts necessitated the change from lime to sodium carbonate (soda 
ash) scrubbing, which significantly improved operations.

The next and latest technology implementation was the first 
installation of the Wet-gas Sulphuric Acid (WSA) technology at 
Valterra Platinum’s Polokwane Smelter, which was commissioned 
in 2021 (Ndlovu et al., 2023). The plant uses the Topsoe technology 
to produce a > 96% sulphuric acid for sale into the market and 
was selected due to its low operating costs and minimal effluent 
production. Zimplats have also selected the WSA technology for 
implementation at the new expanded Selous Metallurgical Complex. 
Delays in approvals and construction indicate the plant could be 
operational by H2 2028 (Implats, 2025).

Risks and management
With the intensification of smelting processes, increasingly 
sophisticated controls have been introduced to manage the risks. 
Risk management in the PGM smelting operations is an extensive 
effort, which cannot all be covered in this paper; only the key issues 
will be covered here. Loss of containment and steam explosions 
caused by molten material interaction with water have historically 
been some of the highest consequence unwanted events in the 
smelting industry, and the PGM furnaces have been no exception 
to this. Exposure of people to the energies associated with these 
unwanted events results in life-threatening scenarios, which have 

been experienced and documented by the PGM smelting industry 
in various publications. 

Slag granulation systems may be subject to steam explosions 
caused by improper process conditions. Water-slag ratios of 15:1, 
nozzle pressures of 550 kPa, water temperature, and launder 
design are listed as key variables for effective granulation as per 
Mostert and Roberts in 1973. These are also important today 
where increased automation is being used to measure these and 
other variables online and, in some cases, implement equipment 
and process interlocks to prevent unsafe conditions. Substitution 
of water by air in slag granulation was implemented at Northam 
in 2018 for converter slag (Hatch, 2018) and is being planned 
for implementation at the Mortimer Smelter in 2027. This has 
resulted in a step-change reduction in the risks associated with 
slag granulation. Northam have furthermore changed from wet 
slag handling on their primary furnace slags to dry slag handling 
(Northam, 2024). 

In the design of the furnaces, two key factors that have impacted 
operational risks are high matte superheats and copper cooler 
corrosion. Smelting intensity has increased and process metallurgy 
has changed with higher MgO and Cr2O3 concentrations driving 
rising slag temperatures and, consequently, matte superheats (Shaw 
et al., 2014). The extreme matte superheat is a key differentiator for 
PGM smelting when compared to other industries (Table 1) and in 
addition, high thermal conductivity and convective heat transfer 
coefficients make the formation of reliable matte freeze linings 
practically unattainable. The implication is that copper coolers will 
melt in direct contact with PGM matte and therefore the reliance 
on competent refractory materials is essential to protect them in the 
matte zones of the furnace.

 Despite the implemented design interventions, cooler failure 
and the resulting steam explosions continue to pose a significant 
hazard. The PGM smelting industry has adopted process safety 
management (PSM) principles, which provide a solid framework 
for managing these risks. However, practical challenges still arise, 
such as the reliance on procedural controls, gaps in process safety 
information, the complexity of hazard and operability study 
(HAZOP) and layer of protection analysis (LOPA) methods, and 
the difficulty of defining clear safe operating envelopes (Valiyev 
et al., 2025). Alongside the application of inherently safe design 
principles, enhanced monitoring and automation have formed a key 
component of the implemented approach.

Figure 14—SO2 abatement technology implementation timeline
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Monitoring systems have been developed as a means to detect 
abnormal conditions and water leaks. Simple point temperature 
monitoring to measure copper and water temperatures has long 
been employed to detect unexpected heat flux conditions. These 
methods are limited in their ability to detect localised problems. 
In the early 2000s, the use of fibre optic lines cast into the copper 
element was first used, which would detect the highest temperature 
along its length and indicate imminent failure (Sakaran et al., 
2018; Van Beek et al., 2014; Hopf, Rossouw, 2006). Leak detection 
methods have been deployed, which use automated pressure 
testing and more recently, continuous tundish level monitoring. 
Both methods have proven to be sufficiently reliable and sensitive 
in detecting actual water leaks. Measurement of moisture in the 
off-gas to detect water leaks using tuneable diode laser absorption 
spectroscopy (TDLAS) has been used at the Valterra Platinum 
converter (Govindsamy et al., 2021) and will also be installed at 
the slag cleaning furnace. Advanced statistical methods have been 
developed where ‘event detection’ monitors the trends of the online 
instrumentation (e.g., temperatures) and identifies deviations from 
history using principal component analysis (PCA) (Groenewald, 
2018). There are two legs to the PCA-based technique; the first 
detects sharp/sudden changes while the second detects drifts. 
System errors or events detected are communicated to the 
operations staff. It was first trialled on the matte wall and tap blocks 
at Polokwane and quickly proved to be highly reliable as well as 
sensitive in detecting deviations. It has since then been rolled out to 
include all walls and hearths of all Valterra Platinum furnaces.

Separation of people from the hazards has required significant 
automation. Measurement of top of furnace feed level using radar 
(Hundermark et al., 2018) has proven successful in multiple 
instances but is not yet widely used. Automated sounding systems 
to obtain buildup, matte, and slag levels are currently being trialled 
by various operations (Goff et al., 2011). The combination of these 
two technologies would remove the operator completely from the 
furnace roof where they are currently still required to perform 
soundings. On the tapping floor, the replacement of hand-held 
pyrometers with online thermal cameras led to a 21% reduction 

in exposure of the operator to the open taphole while offering 
real-time continuous temperature measurement of the tapping 
process (Sanker Jawohir et al., 2022). As early as 1969, the first 
electric furnaces at RPM made use of clay guns to close the matte 
and slag tap holes (Mostert, Roberts, 1973). Subsequently, tap hole 
drilling and plugging machines have become more powerful and 
sophisticated, allowing more consistent drilling open, without 
damaging the refractories, and more reliable plugging (Dienenthal, 
2014). Alternatives to drilling and plugging machines have proven 
impracticable and this remains best practice in the PGM smelting 
industry. Use of emergency systems for tapping operations have 
improved: push buttons have allowed closure of cooling water 
supply and air purge to matte taphole face plates in the event of 
damage (Van Beek et al., 2014). A hydraulically actuated slag shut-
off valve has been implemented as an alternative to closing the slag 
hole with a clay gun in emergencies (Essack, 2014). Emergency 
water granulation systems have been installed, which provide 
back-up gravity-fed water in the event of supply failure by pumps. 
Further separation of people from the hazards has been achieved by 
using remotely located control rooms. State-of-the-art facilities, as 
implemented at all the Valterra Platinum smelters, utilise in-plant 
cameras in critical areas, which provide visibility for operators.

 Operational best practices have proven important in managing 
risk where operation within the design envelope is proceduralised 
via ‘smelting rules’ and stable power control is prioritised over stock 
management. Furthermore, routine maintenance interventions are 
planned such that vulnerable areas of the furnace are replaced prior 
to potential failure. Historically ‘cold shuts’ were performed and in 
2009 the first ‘hot shut’ was implemented at Polokwane where low 
power inputs were maintained during furnace wall replacement, 
which prevented a deep thermal cycle and considerably reduced the 
ratchet on the hearth (Snodgrass et al., 2024). 

Conclusion
Significant technological advances have been made in the PGM 
smelting industry across all unit operations including drying, 
primary smelting, converting, slag cleaning, off-gas handling, and 

Table 1 
Matte superheat to solidus, ΔT = Tmatte/metal – Tsolidus,matte/metal (after Nelson and Schmidl, 2025)
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process monitoring', Proceedings of the SAIMM Pyrometallurgy 
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The Southern African Institute of Mining and Metallurgy, 
pp. 269 – 278.
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risk management. These have resulted in improved safety, better 
efficiencies, and reduced costs. 

With the outlook in demand for PGMs changing as a function 
of automotive demand requirements, smelting technology will need 
to continue to evolve. Existing challenges, which require future 
work include:

•	� Mitigation of copper corrosion of other copper coolers 
above and below the main slag-concentrate zone, where 
corrosion rates are considerably slower, however, still limit 
component campaign lives, where components are reused. 
Examples of such coolers are upper plate coolers (above 
the slag zone), matte tap blocks and flanker coolers.

•	� Further enhancements are required to improve electrical 
energy efficiencies, with the cost of electricity being a 
major contributor to overall smelting costs. Increased use 
of renewable sources to power the smelting operations 
will aid in reducing Scope 2 emissions. 

•	� More cost-effective technology solutions for SO2 
abatement are required. With the possibility of further 
tightening of legislation, increased production, changes in 
feed metallurgy, technology advancements are required, 
which may further improve SO2 capture efficiency, 
reduce capital and operating costs, and generate saleable 
byproducts.

•	� Further automation around the molten materials 
environment is required to improve engineering controls 
and further remove personnel from proximity to the 
hazards.
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Impact of feed mixture control on arc 
behaviour in direct-current arc furnace 
smelting of chromite – a modelling 
study 
by Q.G. Reynolds,¹,², M.W. Erwee³, S. Swanepoel³, R. Fourie³

Abstract
Unexpected excursions in electrode hoist position are occasionally observed on direct-current 
arc furnace plants producing ferrochromium, and are not readily explained by changes in 
electrical power supply or known process disturbances. One possible mechanism for this is 
variations in feed reductant balance altering the freeboard gas composition and, hence, the 
thermophysical properties of the arc plasma, changing the arc's effective electrical resistance. 
This hypothesis is investigated using an integrated computational modelling workflow 
comprising thermochemical equilibrium simulations in FactSage, plasma property calculations 
using the open-source minplascalc tool, and magnetohydrodynamic arc simulations using the 
open-source plasmaArc solver. Three reductant balance conditions were examined across a range 
of effective slag temperatures. Results show that while the reductant balance does influence 
freeboard gas composition and certain plasma properties (particularly electrical conductivity 
and radiation emission coefficient when lower slag temperatures are considered), these two 
effects act in opposing directions and largely cancel one another. Arc voltages and resistances 
are consequently not significantly different between reductant conditions. It is concluded that 
variations in feed reductant balance are unlikely to be the primary cause of the observed hoist 
excursion events via this mechanism, and directions for future investigation are proposed.
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Introduction
Chromium is a critical mineral in South Africa, which harbours most of the world’s known ore reserves. 
It is used primarily as an alloying agent in the manufacture of stainless steel and other specialised metal 
products. The majority of the chromium supply worldwide is produced as a ferrochromium (FeCr) alloy 
by carbothermic reductive smelting of chromite ore in electric furnaces (Gasik, 2013; Jones, 2014). 

Contemporary pyrometallurgical processes for FeCr production use blended carbonaceous 
reductants, typically fossil metallurgical coke, coal, and/or anthracite, as a reducing agent and produce 
significant scope-1 CO2 emissions. Reducing the carbon footprint of the alloy product is desirable, and 
several new concepts for low-carbon FeCr production are under investigation. These include the use of 
plasma-state hydrogen (Dalaker, Hovig, 2023) or light metals (Akhmetov et al., 2025) as replacements 
for carbonaceous reductants. Many of these concepts are however still at early stages of development, 
and it is argued by some that carbonaceous reductants from biological sources can be used to achieve 
carbon-neutral smelting more rapidly and without radical changes to existing furnace designs or process 
chemistry (Sommerfeld et al., 2024). It is therefore likely that carbothermic smelting in some form will 
continue to be used for FeCr production in the post-decarbonisation landscape, and studies of such 
processes remain relevant.

Open arc, open bath direct-current (DC) plasma arc furnace technology is particularly well-suited 
to chromite smelting due to its ability to handle fine feed materials and high temperatures (Jones, 2014; 
Oterdoom et al., 2025; Sager et al., 2010). DC furnaces consist of a closed cylindrical crucible, which 
contains the process material, and one or more graphite electrodes entering through the vessel roof. An 
electric arc is formed between the electrode tip and the surface of the molten bath below it. The plasma 
arc is a sustained electrical discharge, which transfers thermal and mechanical energy to the molten 
bath, which in turn drives the thermochemistry of the reduction process (Boulos et al., 2023; Bowman, 
Krüger, 2009). Chromite ore and carbonaceous reductants such as metallurgical coke are fed to the 
furnace together with fluxes and chemical modifiers, producing a waste slag and the FeCr-product alloy. 
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For optimal metallurgical performance, electrical control of DC 
furnaces is important to ensure that open arc operation and correct 
power input to the process are maintained at all times (Geldenhuys, 
2017). This is generally accomplished by a series of nested control 
loops, the outermost of which moves the electrode hoist up or down 
to meet a desired furnace voltage or resistance setpoint (Sager et al., 
2010). Even with such control measures, large variations in hoist 
position are sometimes observed on furnace plants and would seem 
to indicate sudden changes in the effective resistance of the furnace. 

An example of this can be seen in data obtained from an 
industrial FeCr DC furnace plant shown in Figure 1. The period 
displayed is the time between electrode section additions  and 
covers approximately 10 taps. It can be seen that although the 
furnace current and voltage are being controlled close to their 
setpoints, there is a considerable degree of variation in the hoist 
position, which is a proxy for the arc length inside the furnace. 
The nett downward trend through the period is expected due to 
electrode erosion, which occurs at a constant rate at fixed power and 
current (Kjellberg, Stenkvist, 1989), but the intermittent movements 
of the hoist up or down (some examples are highlighted with the 
red arrows) can be rapid and significant. These excursions are not 
accounted for by changes in the electrical power supply, nor do 
they appear to correlate with known process disturbances such as 
furnace tapping or feed interruptions. 

 Possible explanations for such behaviour are slag foaming 
events, collapse of feed banks, electrode damage or breakage, 
sudden changes in process chemistry, power/feed imbalances, and 
others. The mechanisms by which these could affect the furnace 
resistance include altering the chemical composition or temperature 
of the slag bath, changing the geometry of the bath or electrode, or 
changing the gas composition in the freeboard space (and hence, 
the electrical properties of the arc plasma).

In this paper, the authors apply an integrated arc modelling 
workflow comprising thermochemistry simulations, plasma 
property calculations, and computational multiphysics models 
of the plasma arc to study process chemistry variations and their 
effect on freeboard gas composition as a possible explanation for 
these events. The impact of over- or under-feeding reductant for a 
given FeCr feed mixture is examined for the case of a representative 
industrial-scale DC furnace, and the results are discussed in terms 
of their effect on the electrical behaviour of the arc.

Description of modelling workflow
The plasma arc in a DC arc furnace is a high-velocity (km/s), high-
temperature (10,000 K) jet sustained by electromagnetic forces 
acting on thermally ionised gas in the freeboard space above the 
molten bath. Its ability to conduct electrical current and transfer 
large quantities of mechanical and thermal energy to the bath 
makes it the primary energy delivery mechanism of the furnace, 
and understanding its behaviour is central to the effective operation 
of DC arc furnace processes (Bowman, Krüger, 2009; Geldenhuys, 
2017).

The extreme operating conditions of large-scale metallurgical 
arcs limit direct experimental characterisation in most cases. 
Computational modelling provides a practical alternative, and 
modern approaches have advanced to the point where integrated 
workflows can account for the effect of metallurgical chemistry on 
plasma gas composition, and consequently on the thermophysical 
properties of the plasma (Reynolds et al., 2025a). The modelling 
workflow employed in the present study consists of three separate 
steps:

➤	� The first step in the workflow uses the FactSage 
thermochemical simulation tool (Bale et al., 2016) to 
compute multiphase thermodynamic equilibria for the 
process under consideration. Equilibrium calculations 
were performed using appropriate alloy, oxide, and ideal-
mixture gas databases, with feed material composition 
and process temperature as inputs, yielding the species 
composition of the gas phase. 

➤	T�h  e freeboard gas compositions were then passed 
to minplascalc (Reynolds et al., 2025b), an open-
source plasma property calculator, which determines 
equilibrium plasma compositions via Gibbs free 
energy minimisation and computes thermodynamic 
(density, enthalpy, heat capacity) and transport 
(viscosity, electrical conductivity, thermal conductivity, 
radiation emission coefficient) properties as functions 
of temperature at atmospheric pressure. The resulting 
property data are stored in lookup-table format for use 
in subsequent calculations.

➤	� Finally, the plasma property data is used in plasmaArc 
(Reynolds, 2026), an open-source computational 
multiphysics solver implemented within the OpenFOAM® 
framework (OpenCFD Ltd, 2025) to compute the 
spatial and temporal evolution of the arc. The solver 
uses a finite-volume formulation on unstructured 
meshes to calculate numerical solutions to the coupled 
magnetohydrodynamic (MHD) governing equations 
describing fluid flow (Equation 1), energy transport 
(Equation 2), and the electromagnetic field (Equation 3):

 	 [1]

 	 [2]

	 [3]
Figure 1—Hoist position and electrical measurements from a DC furnace 
producing FeCr (red arrows indicate start of hoist excursion events)
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In Equations 1 to 3, ρ is the plasma density, u is the velocity 
field, P is the pressure, τij is the viscous stress tensor, j is the current 
density, B is the magnetic flux density, h is the enthalpy, κ is the 
thermal conductivity, T is the temperature, σ is the electrical 
conductivity, K=(½) |u|2 is the specific kinetic energy, Qr is the 
thermal radiation loss, ϕ is the electric potential, and A is the 
magnetic vector potential. The system of equations is solved subject 
to boundary conditions described by the authors in previous 
publications (Reynolds, 2020; Reynolds et al., 2026).

Results and discussion
Three sets of conditions were considered for the DC FeCr smelting 
process: one with a carbon feed fraction as per normal operations, 
one with 33% lower carbon feed, and one with 25% higher. The 
gas phase compositions for each condition were obtained from 
thermochemical modelling at a range of different slag bath 
temperatures from a representative process temperature, 1800 
ºC, up to the point at which no solid or liquid phases remain, 
approximately 3500 ºC. Temperatures approaching the boiling 
point of process slags are possible in the region where the extremely 
hot arc plasma connects to the molten bath surface (Barcza et al., 
1990), and it is likely that the freeboard gas in the region near to 
the arc will be partially contaminated with this “vaporised” process 
material. The gas compositions for each process condition and 
slag temperature were then used to calculate the associated plasma 
properties as a function of plasma temperature, and the properties 
were passed into the MHD arc model to simulate the resulting arc 
behaviour in an industrial DC FeCr furnace. 

Freeboard gas compositions
Thermochemical simulations were performed in the Equilib module 
of FactSage 8.0. For the gaseous species, the FactPS database 
was used, with the "include gaseous plasma" option turned on. 
For oxides, slag, and alloy, the FTOxid and SGTE2017 solution 
databases were used, respectively. Simulations were done assuming 
pure SiO2 and CaO as fluxes, and pure C as reductant. The ore 
composition used was for a typical LG6 concentrate from the 
western limb of the Bushveld Complex. The composition, in mass%, 
was: 15.29% Al2O3, 0.36% CaO, 42.65% Cr2O3, 24.78% FeO, 
10.65% MgO, 0.21% MnO, 4.54% SiO2, and 0.64% TiO2 (Swanepoel 
et al., 2022). Calculations were performed across a temperature 
range of 1550 ºC to 3500 ºC in steps of 5 ºC, spanning from the alloy 
tapping temperature up through the operating temperature range of 
the DC furnace (nominally ~1800 ºC) and beyond. Alloy chemistry 
and phase equilibria were evaluated at 1550 ºC, representative of 

the alloy tap temperature, while slag chemistry was assessed at 1800 
ºC, representative of the process temperature. This staged approach 
provides a consistent baseline for comparing simulation cases. It 
is acknowledged that industrial smelting does not proceed at full 
thermodynamic equilibrium; the simulated values are therefore 
indicative of expected trends rather than absolute predictions. The 
simulation for the normal case had a target CaO/SiO2 mass ratio 
in the slag of 0.87, with a target Si content in the alloy of 0.2% at 
1550 ºC, based on pilot plant trials of MG-chromite at Mintek 
(Geldenhuys, 2013). For the under- and over-carbon simulations, 
the reductant quantity was 33% lower and 25% higher than the 
normal case, respectively, and was chosen such that the alloy would 
fall outside of customer specification: insufficient Cr recovery in the 
under-carbon case, and excessive Si in the over-carbon case.

The results of the thermochemical calculations are shown 
in Figure 2. In all conditions the gas phase is dominated by the 
reaction product carbon monoxide. However, it can be seen that 
trace metallic elements contaminate the gas to some degree in 
all cases, except for the lowest slag temperatures. As a general 
trend the fraction of metallic contaminants increases as the slag 
temperature rises, as a result of the increasing vapour pressure of 
the oxide components. Magnesium is the most volatile of the slag 
components, followed by silicon (in the form of SiO gas). Iron and 
chromium, although not particularly volatile, are also present in 
significant quantities due to their high concentrations in the feed 
ore.

The effect of increasing the reductant fraction in the feed mix is 
quite marked. Magnesium and silicon evaporation begins at lower 
slag temperatures and reaches higher levels as the reductant fraction 
is increased. The opposite behaviour is observed for iron and 
chromium, but this is a weaker trend and may simply be a dilution 
effect due to the increase in the other metallic components. Of the 
more minor components, calcium and aluminium start to appear in 
significant quantities only in the over-carbon case.

Plasma properties
The elemental gas compositions obtained for each reductant 
condition were used as inputs to a parallelised calculation of the 
associated plasma thermophysical properties at a range of selected 
slag temperatures. The full set of plasma species considered 
included Al, Cr, Mg, Fe, Mn, Ca, Ti, C, and O in atomic form; 
Alz+, Crz+, Mgz+, Fez+, Mnz+, Caz+, Tiz+, Cz+, and Oz+ as 
ions (where z denotes the charge number, ranging from 1 to 3), 
and CO, CO2, O2, MgO, AlO, SiO, CaO, TiO, CrO, and FeO as 
molecular species. Calculations were performed using minplascalc 

Figure 2—Elemental molar composition of gas phase in equilibrium with FeCr process alloy and slag for different reductant contents in feed



Impact of feed mixture control on arc behaviour in direct-current arc furnace smelting 

430 JULY 2026 	 VOLUME 126	 The Journal of the Southern African Institute of Mining and Metallurgy

1.0.2, with the required quantum mechanical data for each 
species obtained from sources documented in Reynolds et al. 
(2025a). To improve computational efficiency, species of which 
the constituent elements were absent or negligible in the FactSage 
gas composition were excluded from the calculations. Plasma 
composition and thermophysical property calculations were carried 
out over the temperature range 300 K – 25000 K at a pressure of 
one atmosphere. At temperatures below 2000 K, reduced species 
sets were employed to avoid numerical instabilities arising from 
charged-particle concentrations approaching machine precision.

Plasma property results for gas compositions at slag 
temperatures of 1800 ºC are shown in Figure 3. At this temperature, 
the freeboard gas is mostly CO with small amounts of Mg and 
Si. The effect of changing the carbon balance is negligible for all 
properties, with the exception of electrical conductivity in the 
temperature range between 5000 K and 10000 K, and the radiation 
emission coefficient between 2500 K and 15000 K. For both of 
these properties increasing the carbon fraction in the feed results in 
higher values, mainly due to the increase in metallic contaminants, 
which ionise more easily at lower plasma temperatures.

Properties for gas compositions at slag temperatures of 3500 
ºC are shown in Figure 4. At such elevated temperatures the 
freeboard gas is heavily contaminated with a large number of 
metallic species and additional oxygen from the evaporating slag. 
Interestingly, the overall effect of this is to move the influence of the 
carbon balance away from the electrical conductivity and radiation 
emission properties, which are almost identical, to the heat transfer 
properties of heat capacity and thermal conductivity. These show 
some differences in the low-temperature peaks, with increased 
carbon in the feed mixture resulting in higher peaks. 

MHDmodelling
Computational multiphysics simulations of the arc in an industrial-
scale DC arc furnace were set up using the properties calculated 
in the afore-mentioned. Separate cases were generated for each 
combination of slag temperature and reductant balance, with 
common parameters, as shown in Table 1. 

A hemispherical region of the freeboard around the arc was 
simulated in each case. This region included the arc as well as 
the tip portion of the electrode and the surface of the slag bath 
(see Figure 5). Free inflow/outflow boundaries were applied at 
the surface of the hemisphere to allow mass and energy to be 
exchanged with the bulk furnace freeboard gas. Although the arc 
can create a significant depression in the molten slag bath surface 
at industrial scales due to the stagnation force of the jet (Bowman, 
Krüger, 2009), this effect was ignored in the present work for the 
purpose of simplification.

For each model case the calculation was conducted in two 
stages. In the first stage, using a low-resolution mesh, the arc 
was initiated in a stagnant region of plasma and simulated until 
representative flow patterns became established and initial 
conditions decayed away (typically 100 ms). In the second stage, 
the model was bootstrapped on the full-resolution mesh using 
interpolated field values from the first stage and operated for an 
additional 50 ms to generate data for analysis. Arc voltages were 
recorded at regular intervals during the simulation as the difference 
between the minimum and maximum of the electric potential field. 
The trends were then post-processed using Python scripts to obtain 
statistical properties of the arc voltage.

Voltages from the model cases for different reductant mixes and 
slag temperatures are given in Figure 6. It is immediately obvious 

that the slag temperature at which the freeboard gas is generated 
has a very strong effect on both the magnitude and behaviour of 
the voltages; lower temperatures produce higher arc voltages, and 
more chaotic and unstable operation with large variations over short 
time scales. In contrast, the effect of reductant balance appears to be 
rather negligible, especially at higher slag temperatures.

 The differences in arc structure and dynamics are visible in 
Figure 7, where instantaneous temperature fields are compared 
between the Ts = 1800 ºC and 3500 ºC cases using the plasma 
properties associated with the normal-carbon balance. The effective 
slag temperature has a dramatic effect on the arc stability with 
higher values of Ts producing relatively compact, steady, and 
symmetrical arc jets compared to the turbulent flow patterns and 
highly distorted and chaotic shapes that are seen at lower values.

A statistical analysis of the voltage traces shown in Figure 6(a) 
for a slag temperature of 1800 ºC is shown in Figure 8. Although 
there are some differences, these are not particularly significant and 
the averages lie within one standard deviation of one another – this 
confirms that there is no consistent upward or downward trend in 
the arc voltages with carbon addition. Given that some differences 
were observed in both the freeboard gas compositions and the 
plasma properties as the reductant balance was changed, it is of 
interest to further investigate this.

In the next set of cases, the sensitivity of the system to the 
two plasma properties that showed the most differences in Figure 
3, plasma electrical conductivity σ and total radiation emission 
coefficient Etot, was examined. This was done by holding all 
properties fixed and equal to the normal-carbon condition except 
for the property being examined, values for which were taken from 
the relevant over- or under-carbon plasma property dataset. This 
allows the effect of the individual property to be isolated.

The Effect of electrical conductivity
The effect of electrical conductivity on the arc simulation results are 
shown in Figure 9 and Figure 10. It is clear that less reductant in the 
process feed results in a higher arc voltage, at least for the under-
carbon case, where the results are statistically well-separated. 

It is likely that this trend is due to the increase in plasma 
electrical conductivity that accompanies increased reductant 
addition. Increasing electrical conductivity would be expected to 
produce a more conductive arc and, hence, a lower voltage if all 
other parameters are kept the same.

Table 1  
MHD model parameters for FeCr arc simulations
Parameter Value
Electrode diameter 0.75 m
Arc length 0.4 m
Arc current 75 kA
Cathode spot current density 1 kA/cm2

Vaporisation temperature (cathode) 4100 K

Vaporisation temperature (anode) 3500 K

Bulk freeboard temperature 1800 K
Time simulated 50 ms
Mesh resolution (arc region) 4 mm
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Figure 3—Plasma properties for gas compositions associated with FeCr slag at Ts = 1800 ºC; clockwise from top left: density, heat capacity, viscosity, total radiation 
emission, electrical conductivity, and thermal conductivity

Figure 5—(l) schematic of DC furnace interior showing region modelled in blue outline, (r) rendering of model 
domain showing finite-volume mesh elements

 Figure 4—Plasma properties for gas compositions associated with FeCr slag at Ts = 3500 ºC; clockwise from top left: density, heat capacity, viscosity, total radiation 
emission, electrical conductivity, and thermal conductivity
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Effect of total radiation emission coefficient
In Figure 11 and Figure 12 the effect of changing the total radiation 
emission coefficient is shown. With all other properties kept the 
same the effect of increasing the carbon addition is to decrease the 
arc’s conductivity, producing higher voltages. This is due to the 
increased reductant in the feed producing a freeboard gas, which 
generates a more emissive plasma, and although the interplay 
between absorption and emission can be complex in general three-
dimensional arc structures, the nett effect in this particular case is 
that the arc column loses more energy by radiation as the emission 
coefficient increases. This cools the plasma and reduces the arc 
conductivity. As with the electrical conductivity, the effect is most 
marked for the under-carbon case, whereas the normal- and over-
carbon cases are harder to distinguish statistically.

Comparing Figure 10 and Figure 12 with Figure 8 shows that 
the two plasma properties, which are most affected by the reductant 
balance at 1800 ºC have an opposing effect; as carbon fraction 

 Figure 6—Arc voltages at 75 kA current and 0.4 m arc length, (a) slag 
temperature 1800 ºC, (b) slag temperature 3500 ºC

Figure 8—Statistical frequency plots of arc voltages at 75 kA current, 0.4 m 
arc length, and slag temperature 1800 ºC (solid vertical lines are averages, 
and shaded areas are one standard deviation)

Figure 9—Arc voltages showing the isolated effect of plasma 
electrical conductivity at slag temperature 1800 ºC

Figure 10—Statistical frequency plots of arc voltages showing the isolated 
effect of plasma electrical conductivity at slag temperature 1800 ºC (solid 
vertical lines are averages, and shaded areas are one standard deviation)

Figure 11—Arc voltages showing the isolated effect of radiation emission 
coefficient at slag temperature 1800 ºC

 Figure 7—Visualisations of arc temperature field at 75 kA current, 0.4 m arc length, and normal-carbon balance, (l) slag temperature 1800 ºC, (r) slag temperature 
3500 ºC
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increases, the electrical conductivity acts to make the arc less 
resistive as carbon fraction increases, while the emission coefficient 
acts to make it more resistive. For the particular set of conditions 
examined in the present work, it is interesting to note that the two 
effects are almost in balance and produce arcs with similar electrical 
properties. 

Conclusions
A multi-stage computational modelling workflow was applied to the 
problem of plasma arc behaviour in DC furnaces for carbothermic 
FeCr production. In particular, the effect of changing the proportion 
of carbon reductant in the feed to the furnace was studied using a 
range of numerical calculation and simulation tools.

The equilibrium freeboard gas composition was significantly 
affected by the change in reductant balance, becoming progressively 
more contaminated with volatile species such as Mg and Si as the 
proportion of carbon was increased. This was, however, a second-
order effect compared to increasing the effective slag temperature, 
which produced gases with much higher concentrations of metallic 
contaminants. Examining the thermophysical properties of plasmas 
arising from the different process gas compositions then showed 
that, at low slag temperatures the electrical conductivity and 
total radiation emission coefficient were most strongly affected, 
with both increasing as the reductant proportion in the feed was 
increased. At higher slag temperatures there was minimal effect 
of changing the reductant fraction, with only the peak values of 
thermal conductivity and heat capacity being affected over relatively 
small plasma temperature ranges. Finally, computational MHD 
simulations of arcs at scales comparable to industrial furnaces 
showed that changing the reductant balance in the feed had 
relatively little effect on the arc resistances and voltages produced. 
This was especially obvious at higher slag temperatures, where 
metal-contaminated arc plasmas all have similar properties. At 
lower slag temperatures, a basic sensitivity study showed that 
increasing electrical conductivity (associated with increasing 
reductant fraction) caused the arc to be less resistive, whereas 
increasing radiation emission coefficient (associated with increasing 
reductant fraction) caused more resistive arcs. Although both effects 
are quite strong in isolation, when acting together, they largely 
compensate for each other and produce arcs which display similar 
electrical behaviour. 

It therefore seems unlikely that changes in feed reductant 
balance are the underlying cause of the large excursions in the 
electrode hoist position that are occasionally observed on operating 
DC furnace plants, at least in terms of the mechanism discussed 

in the present work, whereby the reductant balance affects the 
freeboard gas composition and plasma properties. Future work in 
this area would be best directed toward studying the impact of feed 
contaminants such as moisture or organic volatiles, understanding 
the effective slag temperature and how to estimate appropriate 
values for it, and improving the performance of the computational 
models so that larger sets of data can be generated and analysed for 
improved statistical significance.
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