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A B S T R A C T   

Scandium provides technological advantages particularly in solid oxide fuel cells and aluminum alloys. Potential 
new sources are investigated to respond to the expected increasing demand of this rare earth metal, which is 
currently classified as a critical raw material for the European Union. The recently discovered Kiviniemi mafic 
intrusion in Finland has been estimated to contain a total resource of 13.4 Mt of Sc with an average grade of 163 
g/t. At Kiviniemi, Sc is incorporated within the lattices of ferrous silicates. Magnetic separation has been pro-
posed as the first processing step to lower the amount of alkali-bearing diamagnetic minerals in Kiviniemi 
concentrates. Pyrometallurgical processing is suggested as the second step to decrease the amount of the ferrous 
oxide component from the concentrate prior hydrometallurgical processing. This study presents the first results 
of thermogravimetric experiments on pyrometallurgical reduction of the Kiviniemi concentrate up to tempera-
tures of 1350–1500 ◦C. The aim of the study was to investigate the progression and extent of ferrous oxide 
reduction in the concentrate and to characterize the properties of resulting Sc-enriched slag and metal. The main 
reduction stage is initiated at ~ 950 ◦C with a sharp increase in the derivative conversion rates between 1050 and 
1170 ◦C and high rates until ~ 1250 ◦C. Although complete reduction of FeO is achieved, the segregation of 
metal from the highly viscous slag will need to be promoted by adjusting the viscosity of the slag prior hydro-
metallurgical experiments.   

1. Introduction 

The European Union lacks domestic primary production of scan-
dium, which is currently classified as a critical raw material with very 
limited, highly concentrated supply base. New sources could provide the 
foundation for more mature, stable market and increase the use of 
scandium in high technology applications (Bobba et al., 2020, Latunussa 
et al., 2020). Scandium is usually produced from the by-products of Ni, 
Al, Ti, REE and Zr ore beneficiation, with the majority of current pro-
duction arising from the tailings of Bayan Obo Fe-REE mine (Eilu, 2017; 
Williams-Jones and Vasyukova, 2018). It is mainly used in solid oxide 
fuel cells (SOFC’s) in which it acts as a stabilizing agent for the solid 
electrolyte (Latunussa et al., 2020; Zakaria and Kamarudin, 2021). 
Furthermore, it contributes to the strength and weldability in Al-Sc- 
alloys in addition to weight reduction which is beneficial for trans-
portation applications (Ahmad, 2003; Lathabai and Lloyd, 2002). Other 
applications include mercury vapor high-intensity lights and an 

activator ion in TV or computer monitors. In comparison to Y, Sc has a 
much better electrical conductivity and superb heat-treating (and 
strengthening) dopant properties (Duyvesteyn and Putnam, 2014). 

To respond to the lack of supply, potential new sources of Sc are 
investigated from various primary and secondary resources. The 
recently discovered Sc deposit associated with the Kiviniemi mafic 
intrusion in eastern Finland has a preliminary mineral resource esti-
mation of 13.4 Mt with an average Sc grade of 163 g/t (Hokka and 
Halkoaho, 2017; Halkoaho et al., 2020), allowing to regard Kiviniemi as 
a potential Sc deposit (Eilu, 2017; Wang et al., 2020). Mineralogical and 
chemical characteristics of the Kiviniemi intrusion include high Sc, Fe, 
Ti and P contents, with Sc being mainly incorporated into the lattices of 
ferrous clinopyroxene and amphibole (Halkoaho et al., 2020; Korhonen 
et al., 2011; Kallio et al., 2021). The suggested processing scheme for the 
Kiviniemi deposit includes at first magnetic separation stage due to the 
paramagnetic properties of the main Sc-carriers. According to recent 
study conducted at a laboratory scale with a combination of low- 
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intensity (LIMS) and pulsating high-gradient magnetic separation 
(HGMS) with Slon®, alkali-bearing diamagnetic minerals, plagioclase 
and potassium feldspar, were successfully removed with ~ 35–50 mass 
% reduction from the feed and only negligible losses of Sc2O3 to the 
tailings (Kallio et al., 2021). However, the total ferrous oxide load in the 
produced concentrate is high due to the ferro- and paramagnetic mineral 
assemblage of the host rock. In addition to main hosts for Sc2O3, 
amphibole and clinopyroxene, these minerals include almandine garnet, 
fayalite, magnetite, ilmenite, clinoferrosilite, biotite, chlorite, and sul-
fides, mainly pyrrhotite. Considering hydrometallurgical processing 
options for scandium recovery, non-selective mobilization of Fe and Ti 
tend to deteriorate the purification and precipitation of suitable Sc 
products (Borra et al., 2015; Zhou et al., 2018; Yagmurlu et al., 2019; 
Wang et al., 2011). Furthermore, large quantities of acids are required, 
and large volumes of by-products are generated, which need to be 
managed somehow. These issues were reported in the preliminary 
beneficiation study of the Kiviniemi ferrodiorite (Korhonen et al., 2011). 
To overcome these problems, reduction of the ferrous oxide component 
of the Sc-bearing concentrate is suggested. 

The selective reduction of ferrous oxide in a system containing Sc2O3 
is based on the differences in the thermodynamic properties of the ox-
ides. Scandium has a high affinity to oxygen; the high stability of Sc2O3 
in comparison to particularly ferrous and ferric oxides, provides the 
theoretical foundation for reduction and separation of metallic products 
from Sc2O3-containing slag (Gupta and Krishnamurthy, 2005; Faris 
et al., 2017). While the feasibility of a metallothermic process is deter-
mined by the free energies of formation of the compounds involved, the 
practicability of the metallothermic reduction is determined by other 
properties such as melting point, boiling point, vapor pressure, density, 
viscosity, and other characteristics such as the chemical reactivity and 
alloying behavior of the various reactants and products (Gupta and 
Krishnamurthy, 2005). Although the standard free energy data provides 
the direction of the expected reactions in the system, they only provide a 
limited picture on the reaction rate and practicality, which can be 
investigated by experimental research. 

Thermogravimetric analysis (TGA) is a tool to determine the kinetics 
of the reaction via measuring changes in the sample mass with tem-
perature. Kinetics can be determined particularly when the process 
registered by a TG curve is clearly defined, e.g. stoichiometric dehy-
dration of a definite hydrate (Brown, 2004). However, real solid-state 
reactions such as formation and growth of nuclei occur in multiple 
steps that will usually have different kinetic parameters. Furthermore, 
mass loss curves for heterogeneous systems such as the Kiviniemi 
concentrate represent a sum of interlapping and interactive phenomena 
originating from various reactions within and from various types of 
crystal structures. At lower experimental temperatures these include 
dehydration, dehydroxylation, thermal dissociation and gas–solid 
reduction reactions, shifting with rising temperature into melting, slag 
formation, gas–liquid and solid–liquid reduction reactions (Foldvari, 
2011; Saadatkhah et al., 2020). In addition to chemical reactions at 
reactant/product interfaces, diffusion and heat transfer account to the 
whole scenario. During dynamic experiments, heat transfer from the 
furnace to the outer regions of the sample and into the sample, self- 
cooling or self-heating of the sample during reactions, removal of 
evolved gaseous product and the influence of these products on the rates 
of reactions all add into the scenario (Brown, 2004). While a large 
number of analytical methods are available for determining the kinetic 
parameters of discrete solid-state reactions, the number of procedures 
for the analysis of complex processes is much more limited (Perejón 
et al., 2011). 

This study focuses on the reduction experiments of Kiviniemi Sc- 
bearing ferrous concentrate produced by magnetic separation in the 
first part of our study (Kallio et al., 2021). Concentrate produced was 
submitted to high-temperature experiments in reducing atmosphere 
with the presence of graphite in a thermogravimetric furnace. Results of 
the smelting reduction experiments up to temperatures 1350–1500 ◦C 

together with the characteristics of produced slag and metal are pre-
sented. Furthermore, the effects of pre-reduction isotherm at 1100 ◦C 
was investigated with final temperatures of 1350 and 1450 ◦C. Potential 
reactions involved in the pyrometallurgical treatment of the concen-
trates are discussed. In addition to characterizing the ferrodiorite 
concentrate behavior under selected experimental conditions, the aim of 
this study was to investigate the optimum conditions to produce Sc2O3- 
enriched and FeO-depleted slag suitable for the subsequent hydromet-
allurgical experiments. 

2. Materials and methods 

Drill core composite sample included in this study represents the 
main Sc-bearing rock type in the Kiviniemi intrusion, medium- to 
coarse-grained garnet-bearing fayalite ferrodiorite (Halkoaho et al., 
2020; Halkoaho and Niskanen, 2015). The sample, which was provided 
by the Geological Survey of Finland, has a Sc concentration that is close 
to the estimated average grade for the whole deposit (250 ppm Sc2O3). 
The comminution of the crushed drill core sample (<4 mm) was carried 
out with a Wedag rod mill, resulting in a P80 value of 92 µm. After 
removal of ferromagnetic material with low intensity magnetic separa-
tion (LIMS WD(20) 111–15), further separations were conducted with 
SLon® 100 pulsating high-gradient magnetic separation (HGMS) for 
200 g batches at Metso Outotec laboratory in Pori, Finland. Concentrates 
produced with SLon parameters 50 rpm and 0.5 T were selected for this 
study. 

ICP-OES was chosen as the quantitative bulk elemental analysis 
method for concentrate composition. Analysis was conducted with an 
accredited method (721P) by Eurofins Labtium in Kuopio, Finland. Dry 
sample was pulverized to 100 % − 90 µm with a tungsten carbide mill at 
Oulu Mining School prior to sending for analysis. ICP-OES analytical 
procedure and quality control data are provided in more detail in Kallio 
et al. (2021). 

Modal composition of the concentrate included in this study was 
determined with the INCAMineral software (Version 5.05) and a Zeiss 
ULTRA Plus Field Emission Scanning Electron Microscope (FESEM) at 
the Centre for Material Analysis, University of Oulu. An acceleration 
voltage 15 kV, beam current 2.3nA, and working distance 8.3 mm were 
used to analyze carbon-coated vertical polished blocks (Ø 25 mm). Post- 
processing software GrainAlyzer was used to obtain data on modal 
mineralogy. 

An electron probe microanalyzer (EPMA) JEOL JXA-8530FPlus was 
used at the Centre for Material Analysis, University of Oulu, to charac-
terize mineral chemical compositions in concentrate as well as produced 
slag and metal after high-temperature experiments. The analytical 
conditions were an accelerating voltage 15 kV, a beam current of 15nA 
and a beam diameter varying from 1 to 10 µm. In addition to the pol-
ished blocks of the concentrate gain mounts, also samples after each 
high-temperature experiment were prepared for EPMA analysis. Pol-
ished blocks were coated with carbon prior analyses. Data on detection 
limits and the standards used are provided as electronic supplementary 
data (Table S-1). 

High-temperature experiments were conducted with a thermogra-
vimetric (TG) furnace (Fig. 1) at the Laboratory of Process Metallurgy, 
University of Oulu. The Al2O3 chamber of the furnace allows experi-
mental temperatures up to 1500 ◦C. Changes in the sample mass along 
with a set temperature program was followed using a Mettler Toledo AG 
204 balance (accuracy ± 0.1 mg). Data were recorded with approxi-
mately 5 s intervals and parameters were controlled with an in-house 
developed software. The temperature was controlled with Eurotherm 
3508 and measured with an S-type thermocouple. The heating rate was 
5◦/min, with the target temperatures and isotherms at the set target 
temperature according to the experimental protocol presented in 
Table 1. The effect of the prereduction stage with the 120 min isotherm 
at 1100 ◦C was also investigated with final temperatures up to 1350 and 
1450 ◦C. Gas flow rate was 2 l/min with 100 % CO during the 
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experiment, and at the cooling stage, the flow of N2 was 5 l/min. The gas 
flow was controlled with Brooks 5850S mass flow controller. The 
designed experimental program consisted altogether of 6 experiments, 
as presented in Table 1. In the first four experiments, the effects of 
temperature onto the extent of reduction reactions in the Kiviniemi 
concentrate were investigated. 10 g of loose powders of concentrate mix 
was prepared with 1.31 g of LIMS and 8.69 g SLon concentrates for each 
of these experiments. As calculated based on the total ferrous oxide 
content of the concentrates, 0.43–0.47 g of graphite powder was mixed 
with the concentrate. Graphite used was Alfa Aesar 40,797 (lot: 
61100109). 

3. Results 

3.1. Concentrate characteristics 

Magnetic concentrates from LIMS and SLon were combined with 
correct mass proportions to produce the feed used in the high- 
temperature experiments to ensure maximum possible recovery of 
both Sc2O3 and FeO. Chemical composition of the concentrate produced 
and used in these experiments is presented in Table 2. Both analyzed and 
calculated values based on modal mineralogy are provided for the feed 
and combined concentrate, which allows to evaluate the reliability of 
process mineralogical data. According to these results, process miner-
alogical data is generally in good agreement with analyzed data. The 
total recovery of scandium in the combined LIMS and SLon concentrate 
is 92 %. 

Table 3 provides mineralogical information on the Kiviniemi 
concentrate, including FeO contents (wt%) as determined with EPMA, 
and the deportment of FeO. High-temperature properties of minerals 
relevant to Kiviniemi concentrate based on the literature are also pre-
sented. Main Sc-bearing minerals in the Kiviniemi ferrodiorite are 
ferrous amphibole and clinopyroxene which are also the main minerals 
in the concentrate. In the composite sample used in these experiments 
the deportment of Sc2O3 is 62 % in amphibole and 37 % in clinopyr-
oxene. Other ferrous and therefore paramagnetic minerals in the mag-
netic concentrates are garnet (almandine), fayalite, clinoferrosilite, 
biotite and chlorite, of which mainly almandine, fayalite and clino-
ferrosilite contain minor amounts of Sc2O3. In addition to paramagnetic 
minerals, concentrates contain also minor amount of ferromagnetic 

Fig. 1. Thermogravimetric furnace set-up for high-temperature experiments.  

Table 1 
High-temperature experimental TG protocol for Kiviniemi magnetic 
concentrates.   

No. Target T 
(◦C) 

Isotherm, min 

Effect of final 
temperature 

1 1350 120 
2 1400 120 
3 1450 120 
4 1500 120 

Effect of pre-reduction 
stage  

and final temperature 

5 1100 → 
1350 

1100 ◦C 120 min; 1350 ◦C 120 
min 

6 1100 → 
1450 

1100 ◦C 120 min; 1450 ◦C 120 
min  
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magnetite and pyrrhotite. Most of the total FeO in the concentrate is 
distributed between amphibole (34.5 %), clinopyroxene (15.6 %), 
garnet (14.4 %), magnetite (10.4 %) and fayalite (8.9 %) accounting 84 
% of the total FeO content. 

General attributes presented in Table 3 give an indication on the 
appearing phenomena at high temperatures for the minerals relevant to 
Kiviniemi concentrate. However, paramagnetic minerals with an FeO 
component and their fate during the experiments are strongly affected 
by the reduction reactions driven by experimental conditions, particu-
larly for phases with a very high ferrous and/or ferric oxide content, 
such as magnetite, fayalite and ilmenite (Jozwiak et al., 2007; Massieon 
et al., 1993; Bhalla et al., 2017). Furthermore, amphibole, biotite and 
chlorite include hydroxyl groups within their structures, with dehy-
droxylation reactions contributing to their overall mass loss during the 
experiments. For example, dehydroxylation of amphibole (grunerite) in 
inert atmospheres has been reported by Hodgson et al. (1965), begin-
ning at about 550 ◦C and appearing rapidly above 700 ◦C (endotherm at 
~ 780 ◦C) in dynamic experiments, with the beginning of melting taking 
place at 1100 ◦C. Therefore, thermoanalytical curves of such a complex, 
multiphase feed material will be the sum of dehydration, dehydrox-
ylation, thermal dissociation and sublimation reactions in addition to 
phenomena related to actual reduction reactions and slag formation 
(Brown, 2004; Foldvari, 2011). 

3.2. Effect of temperature and prereduction stage on slag properties 

Table 4 presents a summary of the changes in mass during the 

experiments. Furthermore, the sum of calculated mass of oxygen for 
selected oxide components (FeO, MnO, TiO2, P2O5, K2O and Na2O), the 
calculated sum of hydroxyl in amphibole, biotite and chlorite, and the 
mass of graphite are presented for reference. Oxides were chosen based 
on the assumed reduction behavior of the concentrate components 
under selected experimental conditions. Hydroxyl removal from 
amphibole, biotite and chlorite lattices were included with 1.86, 2.63 

Table 2 
Chemical compositions determined by ICP-OES for the concentrates processed with LIMS and SLon and the calculated composition of the feed used in high-temperature 
experiments. Also shown for comparison are both the analyzed ferrodiorite feed composition and feed composition based on modal mineralogy in addition to 
concentrate composition based on modal mineralogy. Sc2O3 in ppm, other components in wt%.   

Mass% SiO2 TiO2 Al2O3 FeO MnO MgO CaO K2O P2O5 S Sc2O3 

Feed composition ICP-OES   45.0   11.7  23.3   0.78  8.49  1.68  0.67  0.23 270 
Feed composition MOD   47.3  1.65  11.9  22.0  0.52  0.77  8.31  1.38  0.77  0.14 264 
LIMS MAGS composition 10  33.3  1.12  6.27  41.6  0.58  1.05  6.43  0.88  0.41  1.69 235 
SLon MAGS composition 63  40.0  2.57  11.2  25.9  0.62  1.03  9.23  1.20  0.39  0.08 337 
SLon NMAGS composition 27  52.0  0.43  17.2  6.07  0.14  0.25  7.32  2.88  1.26  0.12 77 
ƩMAGS composition 73  39.1  2.38  10.6  27.9  0.62  1.03  8.87  1.16  0.39  0.29 324 
ƩMAGS composition MOD   42.3  2.01  10.1  29.1  0.68  1.00  9.29  0.69  0.45  0.17 340 

MAGS = magnetic concentrates, NMAGS = non-magnetic tailings, MOD = composition calculated based on modal mineralogy. 

Table 3 
Data on mineralogy of the Kiviniemi magnetic concentrate used in this study. Modal compositions (mass %) determined with FESEM and FeO contents (wt%) according 
to EPMA analysis. Calculated deportment results (Dep. FeO %) of concentrate FeO. High-temperature characteristics presented according to references.  

Mineral Mass 
% 

FeO wt 
% 

Dep. FeO 
% 

Melting point/high-T properties Ref. 

Apatite  1.0 –  – Fluorapatite melting 1660 ◦C Kaia et al., 2011 
Calcite  0.4 –  – Decomposes 700–800 ◦C to CaO and CO2 Karunadasa et al., 2019 
K-feldspar  3.1 –  – Incongruent melting 1150 ◦C; eutectic with SiO2 at 990 ◦C Kracek, 1963 
Plagioclase  11.9 –  – Albite melting point 1118 ◦C; anorthite 1550 ◦C Kracek, 1963 
Quartz  3.2 –  – Melting point (metastable) 1470 ◦C; tridymite 1670 ◦C Kracek, 1963 
Zircon  0.6 –  – Decomposes to oxides below liquidus, 1540 ◦C Kracek, 1963 
Amphibole  33.1 30.6  34.5 Dehydroxylation > 500 ◦C; decomposes to pyroxene, spinel, olivine and feldspars Brett et al., 1970; Hodgson 

et al., 1965 
Biotite  0.7 30.5  1.0 Dehydroxylation > 600 ◦C Brett et al., 1970 
Chlorite  4.3 42.9  6.0 Dehydroxylation begins ~ 450 ◦C Zhan and Guggenheim, 1995 
Clinofer- 

rosilite  
2.7 44.5  4.1   

Clinopyroxene  16.3 27.8  15.6 Stable below 965 ◦C; decomposes into CaSiO3 solid solution; melting relations are ternary, 
mixtures 0–72% FeSiO3 behave in binary manner 

Kracek, 1963 

Fayalite  3.8 68.2  8.9 Melting point 1205 ◦C Kracek, 1963 
Garnet  13.0 32.4  14.4 Decomposes 900 ◦C Kracek, 1963 
Ilmenite  2.5 46.1  3.9 Melting point 1450 ◦C Kracek, 1963 
Magnetite  3.0 100*  10.4 Melting point 1597 ◦C; reduction reactions begin already at low T (<570 ◦C) Kracek, 1963; Yang et al., 

2014 
Pyrite  0.05 46.6**  0.1 Reduction begins at 500 ◦C Schwab and Philinis, 1947 
Pyrrhotite  0.4 62.3**  0.9 Reduction reactions 950–1050 ◦C Foldvari, 2011 

*magnetite stoichiometric composition 31.03 wt% FeO, 68.97% wt% Fe2O3; ** stoichiometric Fe content wt% in sulfides. 

Table 4 
Results of experiments on the effects of end-temperature (1–4) and with pre-
reduction stage at 1100 ◦C (5–6) on Kiviniemi concentrate. m0 = sample mass in 
the beginning of the experiment, mf = sample mass at the end of experiment, 
Δm = mass change (g), Δm (%) mass change percentage.  

Exp. no. 1 2 3 4 5 6 

T 1350 ◦C 1400 ◦C 1450 ◦C 1500 ◦C 1100 +
1350 ◦C 

1100 +
1450 ◦C 

Ʃ LIMS 
g 

1.31 1.31 1.31 1.31 1.31 1.31 

Slon g 8.69 8.69 8.69 8.69 8.69 8.69 
C g 0.43 0.45 0.45 0.45 0.44 0.47 
Ʃ g 10.43 10.45 10.45 10.45 10.44 10.47 
m0 g 10.43 10.45 10.45 10.45 10.44 10.42 
mf g 9.13 9.08 9.03 8.75 9.13 8.96 
Δm g 1.30 1.37 1.42 1.70 1.31 1.46 
Δm % 12.46 13.11 13.59 16.27 12.55 14.01 
Ʃ O + C 
+

H2O g 

1.40 1.42 1.42 1.42 1.41 1.44  
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and 8.14 wt% of H2O, respectively. Complete consumption of graphite 
in reduction reactions was assumed and included in the calculation. 
Oxygen removal from ferrous oxide only accounts for ~ 50 % mass loss 
in other experiments and ~ 40 % mass loss at the highest target tem-
perature of experiment 4. As can be seen from Table 4, the measured 
mass losses are in the range of calculated values for experiments con-
ducted to 1400–1450 ◦C, deviating from the calculated value at the 
lowest final temperature (1350 ◦C) and particularly at the highest 
temperature, for which the measured mass change is greater than the 
calculated value. 

Average chemical compositions of the slags formed during the six 
experiments according to EPMA point analysis are presented in Table 5. 
Details on slag point analysis results are provided in electronic supple-
mentary data (Table S-2). A chemical composition (ICP-OES) of the feed 
is also shown as a reference. Despite the reducing conditions in these 
experiments, the results of EPMA analysis suggest the existence of a 
ferrous oxide component in the slag after experiments conducted up to 
temperatures of 1350–1450 ◦C (Table 5). 

Fig. 2A shows a back-scattered electron image of the Kiviniemi 
concentrate, with the darkest gray particles representing plagioclase and 
potassium feldspar, medium gray amphibole, clinopyroxene and garnet 
and lightest gray/white zircon, fayalite, ilmenite, sulfides and iron ox-
ides. Fig. 2B presents recorded mass changes of the concentrate samples 
during the first four experiments and Fig. 2C shows large metal accu-
mulation and slag after the experiment conducted up to 1450 ◦C. The 
mass change curves (Fig. 2B) for the Kiviniemi concentrate are similar in 
each experiment due to a similar heating rate. According to these mass 
change curves, temperatures close to ~ 950 ◦C represent the beginning 
of the main reduction stage. During the final isotherm at target 

temperatures, the mass loss is generally decelerated. However, the mass 
loss curve with the highest target temperature (1500 ◦C) is significantly 
different, indicating on-going reduction reactions even during the final 
isotherm until the end of experiment. 

Fig. 3 A-D present the back-scattered electron images of slag after 
experiments to various final isotherms. According to microscopic ex-
amination, the slag appears to be homogeneous after each experiment 
with abundant metal droplets; at temperatures of 1350 ◦C and 1400 ◦C 
(Fig. 3A and 3B), very small (<5 µm) metallic iron droplets were 
particularly abundant in slag with occasional larger accumulations. Very 
small (<5 µm) metal droplets tend to accumulate more as the viscosity of 
the slag is decreased with increasing temperatures up to 1450 ◦C and 
1500 ◦C (Fig. 3C and 3D). However, metal droplets were persistent 
feature in the slags after all experiments. Furthermore, in all tempera-
tures, larger multiphase metal accumulations occurred at the bottom of 
the graphite crucibles as presented in Fig. 2C. 

The two experiments conducted with a prereduction stage (120 min 
isotherm at 1100 ◦C) did not show significant differences in the total 
mass loss as compared with the dynamic heating experiments until the 
same target temperatures (Table 4). The mass loss curves of the two 
prereduction tests are identical, deviating only at the final isotherm to 
various final temperatures (Fig. 4A). However, as presented in Fig. 4B, 
very small metal droplets within the slag appear to be even more pro-
nounced with the prereduction stage and more so with the lower final 
isotherm. This indicates that the more extensive FeO reduction during 
the 1100 ◦C prereduction isotherm increases the viscosity of the forming 
slag; accumulation of metal formed prior to complete melting of the slag 
is inhibited and more metal is entrapped in high-viscosity slag even 
when the temperatures are increased after the prereduction isotherm. 

Table 5 
Average chemical compositions of slag after reduction based on EPMA point analysis; Sc2O3 in ppm, other components in wt%. N = number of EPMA analysis points, 
conc. = concentrate, SD = standard deviation.    

SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 ZrO2 Sc2O3 

Experiment N/conc.  39.1  2.38  10.6  27.9  0.62  1.03  8.87   1.16  0.39  324 
1 avg. 14  55.7  2.89  13.4  6.02  0.82  1.43  12.3  2.21  1.57  0.04  0.61 391 
SD   0.33  0.14  0.10  0.53  0.04  0.04  0.18  0.06  0.03  0.01  0.06 110 
2 avg. 14  56.2  2.94  13.6  5.50  0.80  1.47  12.4  2.15  1.57  0.02  0.64 411 
SD   0.16  0.10  0.07  0.25  0.05  0.05  0.19  0.06  0.03  0.02  0.07 112 
3 avg. 14  58.9  3.04  14.3  1.87  0.76  1.50  12.8  2.26  1.70  0.00  0.67 405 
SD   0.79  0.08  0.21  0.86  0.04  0.05  0.22  0.06  0.06  0.01  0.08 119 
4 avg. 14  59.0  3.00  15.0  0.16  0.67  1.58  13.5  2.18  1.74  0.01  0.72 391 
SD   0.36  0.12  0.11  0.03  0.03  0.04  0.10  0.06  0.03  0.01  0.07 88 
5 avg. 14  57.6  3.11  14.1  3.28  0.78  1.48  12.7  2.22  1.62  0.08  0.60 412 
SD   0.37  0.10  0.08  0.32  0.04  0.04  0.08  0.08  0.04  0.02  0.08 72 
6 avg. 14  58.5  3.08  14.4  1.65  0.76  1.54  13.1  2.28  1.66  0.01  0.69 391 
SD   0.11  0.10  0.08  0.06  0.04  0.03  0.10  0.05  0.03  0.01  0.06 132  

Fig. 2. A) Back-scattered electron image of the Kiviniemi concentrate used in experiments. Mineral abbreviations: AM = amphibole, CPX = clinopyroxene, CFS =
clinoferrosilite, PLG = plagioclase and ZRN = zircon. B) Mass change curves for the first four experiments of Kiviniemi concentrate. C) Polished block prepared from 
the sample after smelting reduction at 1450 ◦C with large metal accumulation at the bottom of the graphite crucible. 
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3.3. Effect of temperature and prereduction stage on metal properties 

Back-scattered electron images from large metal accumulations from 
the bottom of the crucibles are presented in Fig. 5A-D with analysis 
details also provided in Fig. 5D. The amount of silicon in the metal is 
practically non-existent until 1450 ◦C, but at 1500 ◦C the silicon content 
in the main phase of the large metal accumulations is increased to 

approximately 5 wt% (Fig. 5D). Details on all metal analyses are pre-
sented in electronic supplementary data (Table S-3). The reduction of 
silica at this temperature is supported by a higher mass loss, which is 
otherwise unexplained considering the oxides included in the calcula-
tion (Table 4). Another feature specific to the highest temperature ex-
periments is the formation of Fe2P in large metal accumulations as 
indicated by analysis points 7 and 9 in Fig. 5D, which also contains some 

Fig. 3. A-D) Back-scattered electron images of slag after reduction up to 1350, 1400, 1450 and 1500 ◦C, respectively.  

Fig. 4. A) Mass-loss curves for two tests with a prereduction stage of 120 min at 1100 ◦C. B) Back-scattered electron image of the produced slag after the final 
isotherm of 1450 ◦C. 
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Ti. The analytical results for Sc in metal are usually below the detection 
limits of EPMA (~100 ppm), as expected by the differences in the 
thermodynamic properties for various components and high stability of 
Sc2O3 (Gupta and Krishnamurthy, 2005; Faris et al., 2017). 

A back-scattered electron image from the large metal accumulation 
at the bottom of the crucible after the pre-reduction experiment con-
ducted to 1450 ◦C is presented in Fig. 6, also with EPMA analysis points 
and corresponding analytical results. Furthermore, EDS results from 

Fig. 5. A-D) Back-scattered electron images of large metal accumulations after reduction up to 1350, 1400, 1450 and 1500 ◦C, respectively. Also results of analysis 
points shown for various phases in metal at 1500 ◦C. 

Fig. 6. Back-scattered electron image from the middle part of a large metal accumulation at the bottom of the crucible after experiment 6 with EPMA analysis results 
of the various phases. Furthermore, EDS (energy-dispersive X-ray spectroscopy) results provided from the black areas of graphite. 
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black areas are presented. Although the EDS results indicate the pres-
ence of iron, and due to the carbon coating of the polished epoxy buttons 
carbon is not analyzed, black areas in the images are interpreted as 
graphite. Free graphite is a characteristic constituent of cast iron (Rad-
zikowska, 2017) and appears to occur both as flake graphite and inter-
dendritic segregations between ferrite dendrites according to textures 
presented in Fig. 5B, 5C and 6. Furthermore, a common constituent in 
gray iron microstructures is the phosphorus eutectic known as steadite. 
Analysis points 4 and 6 (Fig. 6) are interpreted to represent a steadite 
Fe3P eutectic structure with ferrite and Fe3C. This type of eutectic ap-
pears in the microstructure of cast irons already at a P content of 0.07 wt 
% (Radzikowska, 2017). According to Radzikowska (2017), in irons 
with an average tendency to graphitization and a phosphorus content of 
approximately 0.4 wt%, the fine-grain ternary eutectic solidifies from 
the liquid and consists of ferrite + Fe3P + Fe3C. In gray iron with a 
strong tendency for cementite solidification and with carbide-forming 
elements, the ternary eutectic may also contain large columnar pre-
cipitates of cementite. WDS (wavelenght dispersive X-ray spectroscopy) 
analysis points 1 and 5 (Fig. 6) are interpreted to represent ferrite, 
whereas analysis points 2 and 3 are interpreted to represent cementite 
Fe3C. The deviation of the analytical total from 100 % is due to the 
occurrence of carbon, which is not analyzed with EPMA due to the 
carbon coating of the polished epoxy buttons, as mentioned earlier. 

3.4. Mass change rates 

Derivative plots showing the rate of mass change as a function of 
temperature were calculated to provide more insight into the main 
stages of reduction during the experiments. First, fractional extent of 

reactions – or degree of conversion (α) – was calculated (Brown, 2004; 
Cai et al., 2018) as follows: 

α = (m0 − m)/
(
m0 − mf

)
(1) 

in which m0 = initial mass, m = mass at each stage of the experiment 
and mf = mass at the end of the experiment. 

The degree of conversion was used in calculating the derivate con-
version curve to provide information about the conversion rate as a 
function of temperature. It is acknowledged that the calculated con-
version factor does not necessarily represent the actual thermodynamic 
equilibrium state of all the reactions involved by the end of the exper-
iments. In other words, the complete conversion for each possible 
reduction reaction in the system is not assumed by the end of an 
experiment. However, this type of processing of the data is used to aid in 
detecting details that are not necessarily detectable from mass loss 
curves only and to allow comparison between experiments conducted in 
this study. As derivative plots show increased noise, smoothing was 
applied by using averages of 10 measurements. To calculate the deriv-
ative conversion curves by means of the central difference, the following 
formula was used: 

(dα/dT)i = 1/2(αi − αi− 1)/(Ti − Ti− 1)+ 1/2(αi+1 − αi)/(Ti+1 − Ti)

(2)  

Where αi and (dα/dT)i are the conversion and derivative conversion of 
the ith point, respectively (Cai et al., 2018). The derivative conversion 
curves for the first four experiments are presented in Fig. 7A-D. 

In all the first four experiments, conversion rates increased slightly 
first at 440–480 ◦C and more distinctly between 730 and 820 ◦C, after 
which the conversion rates decreased. The first, slight acceleration is 

Fig. 7. Derivative conversion curves for experiments conducted up to A) 1350, B) 1400, C) 1450 and D) 1500 ◦C.  
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interpreted to originate from potential indirect reduction reactions of 
iron oxides as well as the beginning of dehydroxylation reactions, 
although the latter, more pronounced acceleration may represent the 
main dehydroxylation stage of hydrous minerals (Hodgson et al., 1965) 
and decomposition of carbonates in addition to iron oxide reduction. 
Conversion rates accelerated again from 950 ◦C onwards with a sharp 
increase in the rates between 1050 and 1170 ◦C. This main reduction 
stage with relatively high rates of conversion lasts until ~ 1250 ◦C, after 
which the derivative conversion rates decrease sharply. The conversion 
rate is relatively stable and low during the final isotherms with experi-
ments conducted up to 1350 and 1400 ◦C (Fig. 2B and 7A-B). The 
experiment with final isotherm at 1450 ◦C (Fig. 7C) exhibits higher 
conversion rate until reaching the set temperature. The experiment with 
highest final isotherm at 1500 ◦C (Fig. 7D) indicates another accelera-
tion stage, which begins approximately at 1450 ◦C. The recorded tem-
peratures (Fig. 2B) indicate an “overshoot” at the highest temperatures, 
which affects the conversion rates. This overshooting originates from the 
difficulty of maintaining the controlled temperature in the higher range 
of experimental conditions with the applied heating rate. As presented in 
Fig. 2B and 7D, the overshoot accelerates the rate of reactions with 
recorded temperatures of > 1500 ◦C. 

According to the derivative conversion rates of the prereduction 
experiments, the initiation of the main reduction stage is similar during 
dynamic heating (950 ◦C). However, due to the isotherm at 1100 ◦C, 
although the conversion rates exhibit rapid acceleration in these ex-
periments starting at 1030 ◦C, the main stage also decelerates quickly 
after reaching the pre-reduction isotherm at 1100 ◦C (Fig. 8A and B). 
According to EPMA analysis (Table 5), there seems to be a slightly less 
amount of the ferrous oxide component in the slag with a pre-reduction 
stage included, particularly with a lower final temperature. Although 
the reduction of ferrous oxide is more extensive with the pre-reduction 
isotherm, more metal appears to be trapped in the highly viscous slag by 
the end of the experiments (Fig. 4B). According to the derivative con-
version rates (Fig. 8A and B), after the prereduction isotherm, the rates 
of reactions increase with increasing temperature until the temperatures 
of ~ 1300 ◦C. 

4. Discussion 

Although TG curves of complex materials such as represented by the 
Kiviniemi concentrate are not directly interpretable or easy to finger-
print in terms of specific reduction reactions, some of the potential main 
reactions contributing to the measured mass loss are summarized in 
Table 6 and discussed below. Because the experimental setup includes 
not only the CO atmosphere but also solid graphite, reduction reactions 
in these experiments include both indirect reduction reactions occurring 

at lower temperatures, and direct reduction reactions, which dominate 
the high-temperature reactions (Yang et al., 2014). Furthermore, iron as 
the product of the carbothermal reduction may catalyze the Boudouard 
reaction (also known as solution loss reaction) (Eq.1 in Table 6) with an 
effect also on other reduction reactions as discussed below (Xiaoyang, 
1996). The evolved CO2 component could be reduced by the graphite 
particles on its path depending on the equilibrium of the Boudouard 
reaction, resulting in an increased partial pressure of CO within the 
sample. The reversed Boudouard reaction could also take place when the 
partial pressure of CO is higher than at equilibrium (Yu et al., 2014). 

During dynamic heating stage in these experiments, the first reduc-
tion reaction expected to occur is the indirect gas–solid reduction re-
action of magnetite (3.0 wt-% in the concentrate) with CO (Eq. (2)) at 
temperatures below 570 ◦C, which could contribute to the observed 
increase in the conversion rates at 440–480 ◦C (Fig. 7). The reduction of 
magnetite with CO above 570 ◦C is presented in Eq. 3. As reported for 
the reduction of iron concentrate and Fe-Ni oxide residue, indirect 
reduction with carbon monoxide occurs at lower temperature ranges, 
below 890 and 800 ◦C respectively, after which reduction reactions are 
hindered due to sintering and consequential difficulty of CO gas diffu-
sion (Abolpour et al. 2018; Yu et al., 2014). A higher temperature 

Fig. 8. Derivative conversion curves for pre-reduction experiments conducted up to A) 1350 ◦C and B) 1450 ◦C.  

Table 6 
Summary of potential reactions contributing to the measured mass loss in TG 
experiments.   

Reaction No. T range Reference 

C CO2(g) + C(s) = 2CO(g) 1  Yang et al., 2014 
Fe Fe3O4(s) + 4CO(g) = 3Fe(s) +

4CO2(g) 
Fe3O4(s) + CO(g) = 3FeO(s) +
CO2(g)  
FeO(s) + CO(g) = Fe(s) + CO2(g)  
Fe2SiO4(l) + 2CO(g) = 2Fe(s,l) +
SiO2(s) + 2CO2(g)  
Fe2SiO4(l) + 2C(s) = 2Fe(s,l) +
SiO2(s) + 2CO(g)  
FeO(l) + (1 + x)C(s) = Fe-Cx(l) +
CO(g) 

2 
3 
4 
5 
6 
7 

<570 ◦C 
>570 ◦C 
>570 ◦C 
>1200 ◦C 
>1200 ◦C 
>1400 ◦C 

Yang et al., 2014 
Yang et al., 2014 
Yang et al., 2014 
Yu et al., 2014 
Yu et al., 2014 
Sarma et al., 
1996 

Si SiO2(l) + C(s) = SiO(g) + CO(g)  
SiO2(g) + 2C(s) + Fe(l) = FeSi(l) +
2CO(g) 

8 
9 

>1400 ◦C 
>1500 ◦C 

Maroufi et al., 
2016 
Ray et al., 2018 
Tangstad, 2013 

Ti FeTiO3(s) + CO(g) = Fe(s) +
TiO2(s) + CO2(g)  
FeTiO3(s) + C(s) = Fe(s) + TiO2(s) 
+ CO(g)  
TiO2(s) + 3C(s) = TiC(s) + 2CO(g) 

10 
11 
12 

>850 ◦C 
>850 ◦C 
>1300 ◦C 

Xiaoyang, 1996 
Hu et al., 2013 
Xiaoyang, 1996 
Gou et al., 2017 
Gou et al., 2017 

Mn MnO(l) + C(s) = Mn(l) + CO(g) 13 >1400 ◦C Kennedy et al., 
2017  
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(>800 ◦C) was required to initiate the reduction using graphite as 
reductant, compared with the reduction using CO only (Yu et al., 2014). 

Although the progression of the reduction of the FeO component 
from the lattices of silicate minerals and slag in our study is more 
complex than iron oxide reduction reactions, the main reactions are 
considered essentially equivalent to those presented in Eqs. 4–7. Since 
the main deportment of FeO in the Kiviniemi concentrate is in amphi-
bole (34.5 % of the total FeO), it has the main effect on the reduction 
reactions and observed conversion rates (Figs. 7 and 8). For amphiboles 
containing divalent iron in their lattice, reduction reactions occur at 
higher temperatures than reported for amphibole containing trivalent 
iron (Brett et al., 1970). The kinetics are hindered by the mass transfer 
phenomena within the silicate lattices at lower temperature ranges. The 
observed increase in the conversion rates from 950 ◦C onwards is 
interpreted to signify the main reduction stage with a sharp increase in 
the conversion rates between 1050 and 1170 ◦C and continuing as the 
forming FeO-containing slag reacts with graphite with relatively high 
rates of conversion until ~ 1250 ◦C. Thus, the reduction reactions 
include smelting reduction reactions of the iron oxide component in the 
liquid slag with graphite. Yu et al. (2014) have suggested that the CO 
reduction of molten fayalitic slag above 1200 ◦C takes place according to 
Eq. 5, although the kinetics would be slow due to the slow diffusion of 
gases through the slag. However, with the presence of graphite, the 
reduction of FeO from the fayalitic slag may occur according to Eq. 6 (Yu 
et al., 2014). The overall reaction of an iron oxide containing slag with 
solid carbon is presented in Eq. 7 (Sarma et al., 1996), which is 
considered applicable to our study. 

Considering the prevalent silica component in the Kiviniemi 
concentrate and formation of SiO2-rich slag at increasing temperatures, 
the reduction of silica in the slag by solid carbon and iron at tempera-
tures above 1400 ◦C may proceed by Eqs. 8–9 (Maroufi et al., 2016; Ray 
et al., 2018; Tangstad, 2013). The SiO gas produced in reduction reac-
tion (Eq. 8) may partially escape as a gas phase from the system or react 
with carbon or dissolved carbon in the liquid metal. Furthermore, ac-
cording to Lee and Kolbeinsen (2021), regarding the behaviour of slag in 
ferromanganese and silicomanganese smelting process, the reduction of 
SiO2 takes place only after the main FeO reduction from the slag, as 
observed in this study. 

The most important minor oxide components in the Kiviniemi 
concentrate are titanium and phosphorus oxides with deportment in 

ilmenite and apatite, respectively. Suggested reduction reactions for 
ilmenite and titanium oxide are presented in Eqs. 10–12 (Xiaoyang, 
1996; Hu et al., 2013; Gou et al., 2017). However, based on metal and 
slag analyses, the extent of TiO2 reduction in our experiments was 
limited. Titanium carbides were not easily detected in our samples, and 
the slag composition exhibited increasing TiO2 with the progression of 
FeO reduction. Only at the highest temperature, Ti was observed in the 
Fe2P phase (Fig. 5D). In respect of phosphorus, Kennedy et al. (2017) 
have reported high temperatures (>1400 ◦C) for apatite reduction via 
solid carbon and metallic iron. However, phosphorus eutectic was pre-
sent in large metal accumulations in all the experiments of this study, 
indicating that the phosphorus reduction reactions occur already at 
lower temperatures. According to Yang et al. (2014) silica may help in 
breaking of the phosphate bond, releasing free P2O5 gas, which may 
react with carbon via Boudouard reaction or be directly reduced with 
carbon. A manganese oxide component may also contribute to the 
overall mass change; manganese oxide is distributed in small amounts in 
several silicates, including the main minerals amphibole and clinopyr-
oxene as well as fayalite and garnet. The MnO component in the liquid 
slag can be reduced with carbon according to Eq. 13 and also a mech-
anism involving metallic iron has been suggested (Safarian et al., 2009). 
Based on the analytical results from large metal accumulations, only the 
experiment conducted up to the highest temperature provided a small 
amount of Mn within all the phases of the metal accumulate. 

A calculation exercise with FactSage 7.2 was conducted to test 
whether theoretical equilibrium calculations would provide consistent 
results with our experimental data. In FactSage, multiple databases can 
be selected simultaneously for complex thermodynamic calculations. 
For these calculations, the FACT oxide database (FToxid) was used in 
addition to FSStel and FactPS. FToxid contains consistently assessed and 
critically evaluated thermodynamic data for pure oxides and oxide solid 
solutions formed by 23 elements (Jung and Van Ende, 2020). The core 
Al2O3-CaO-FeO-Fe2O3-MgO-MnO-SiO2 system has been fully optimized 
from 25 ◦C to above liquidus temperatures for all compositions and 
oxygen partial pressures (Penttilä, 2014). Furthermore, extensive (>80) 
solid solutions such as spinel, olivine, melilite, pyroxenes, monoxide, 
perovskite, wollastonite, etc. are modelled in the framework of the 
Compound Energy Formalism (CEF), which considers the crystal struc-
ture of each solution (Jung and Van Ende, 2020). Result of the equi-
librium calculation on the stability of crystalline phases and liquid slag 

Fig. 9. A) Factsage 7.2 equilibrium calculation for average concentrate composition as a function of temperature, showing the stability of crystalline phases and the 
formation of liquid slag and metal. 
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formation as a function of temperature using the average concentrate 
composition from all composite samples included in our project is pre-
sented in Fig. 9 (100 g concentrate, 100 g CO and 5 g C in a temperature 
range of 500–1500 ◦C). The composition used in the calculation and 
end-compositions of resulting slag and metal are provided in Table 7. 

According to this calculation, the main crystalline phases at equi-
librium (temperature range 500–800 ◦C) are fayalite, hedenbergite and 
potassium feldspar in addition to the plagioclase end-members albite 
and anorthite. Considering the selected temperature region in this 
calculation, hydrous minerals are excluded, resulting in high amount of 
fayalite and feldspars and minor crystalline phases suggested by the 
calculation although not present in the concentrate. According to the 
calculation result, the formation of metallic iron would occur already at 
~ 820 ◦C. Although at equilibrium the reduction reactions and initiation 
of slag formation would occur at lower temperatures, they are consid-
ered reasonably coherent with experimental data. Furthermore, the 
calculation provides an insight into the expected behavior of non-ferrous 
silicate minerals, which affect the observed experimental phenomena 
such as wide temperature range for liquid slag formation. 

According to the calculation, as the temperature increases and the 
reduction of ferrous silicates progresses, intermediate crystalline phases 
are formed such as quartz (α and β), diopside and wollastonite, with 
similar results reported also in the experimental studies (Xiaoyang, 
1996; Massieon et al., 1992; Massieon et al., 1993). Hedenbergite is 
stable until ~ 820 ◦C after which it decomposes - as the ferrous oxide 
component is reduced to metallic iron - into crystalline diopside 
CaMgSi2O6 and wollastonite CaSiO3 which eventually melt at ~ 1100 
and ~ 1050 ◦C, respectively. Therefore, the appearance of diopside is 
due to consideration of hedenbergite-diopside solid solution in the 
calculation. 

The effect of non-ferrous gangue minerals without contribution to 
the mass loss via reduction reactions may have a hindering effect on the 
smelting reduction reactions. It is assumed that after the complete 
melting and formation of liquid slag the segregation and accumulation 
of metal is promoted in addition to the dissolution of unreduced FeO into 
the slag, in which it can be reduced by solid carbon. However, according 
to the results of our experiments, as the FeO component is reduced, the 
viscosity of the slag is increased hindering the diffusion of the remaining 
FeO, particularly at lower temperatures of our experiments and causing 
entrapment of small metal inclusions in the slag. The positive effects of 
temperature on the viscosity and FeO reduction in the slag are apparent 
as a steady decrease in the slag FeO content with increasing final 
temperature. 

5. Conclusions 

The reduction reactions of FeO in the Kiviniemi concentrate involve 
essentially smelting reduction in liquid slag, which is completed with 
graphite at the highest temperature (1500 ◦C) used in this study. Based 
on derivative mass change rates, the main reduction stage is initiated at 
~ 950 ◦C with a sharp increase in the derivative conversion rates be-
tween 1050 and 1170 ◦C and high rates until ~ 1250 ◦C. The produced 
slag appears rather homogeneous after each experiment, and usually 
large metal accumulations consisting of ferrite, Fe3C and Fe3P in addi-
tion to graphite were produced at the bottom of the crucible. However, 
due to the very high viscosity of the slag, metal entrapment even at the 
highest temperature appears prominent. Although most of the metal is 

accumulated and large metal accumulations would be easily benefi-
ciated from amorphous slag, promotion of the segregation of small metal 
droplets and separation of as much metal as possible would be prefer-
able prior hydrometallurgical processing. Therefore, further research is 
recommended to modify the slag composition to improve the viscosity of 
the resulting slag. By suitable modification without excessively diluting 
the Sc2O3 content, the liquidus temperatures may be lowered which 
could increase the rates of conversion at lower temperatures than 
observed in these first experiments. This will be studied in the next part 
of our on-going project. Furthermore, considering possible EAF route for 
the concentrate reduction, also the effect of higher experimental tem-
peratures could be tested. 
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