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ABSTRACT  
As a result of the globally increasing consumer use of electronic devices, it is expected that pressure 
will increase on the supply chain of precious metals. Hence, recycling of these electronics becomes 
increasingly important, as well as optimizing the current processes. One major issue in metallurgical 
processes is the amount of metal that is lost into the slag. This metal loss is inherent to the production 
process and therefore, additional processing steps such as slag cleaning may be required. Slag 
cleaning can be done in electrical resistance furnaces where heat is produced using the Joule effect, 
making the slag’s electrical conductivity an important operating parameter. Since slags are ionic 
liquids, the electrical conduction happens via the movement of ions which is called ionic conductivity. 
However, within the presence of transition metal oxides, a second mechanism of conductivity occurs 
as electrons are able to hop from one transition state to another, which is known as electronic 
conductivity. As ‘FeO’ is a common slag component in the non-ferrous pyrometallurgical industry, 
both mechanisms are present, but their proportions vary with the respective amounts of the two 
forms of the multi-valent ions and hence, with the oxygen partial pressure. The goal of the present 
study is to develop an experimental setup and methodology for measuring the electrical conductivity 
of synthetic SiO2 – CaO – AlO1.5 – ‘FeO’ slags at various oxygen partial pressures. 
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INTRODUCTION 
One of the major current challenges within the metallurgical industry is the reduction of CO2 
emissions or so called decarbonization. To achieve decarbonization, the typical paths being explored 
are the use of green hydrogen as alternative for fossil based reductants and/or the electrification of 
production processes (Dalvi, 2023). In addition to decarbonization, reduction of metal losses during 
primary production and recycling should also be taken into account to optimise resource efficiency. 
During pyrometallurgical processing, metal is frequently lost to the slag (metal oxide) phase as either 
a dissolved oxide or entrained droplets (Bellemans et al., 2018). One way to target both challenges 
is the use of submerged electric arc furnaces which operate as a decantation furnace to allow metal 
droplets from the slag to settle and be recovered while heat is generated via the conversion of 
electricity using the slag’s resistance (Joule heating) (Friedrich et al., 2018). As a result, the 
modelling, dimensioning and operating of these furnaces require knowledge on the electrical 
conductivity of the used slag (Karalis et al., 2016).  
The present study focusses on silicate slags containing CaO, AlO1.5

1 and ‘FeO’2 and thus current 
will be carried via both ionic and electronic conduction. The ionic mechanism involves the movement 
of cations (Ca2+, Fe2+) throughout the (alumino)silicate network (Mills et al., 2013). The main factors 
affecting the ionic conductivity are the amount of network forming oxides (SiO2, AlO1.5

3), the size of 
the mobile/network breaking cations and their valence. Electronic conduction within slags requires 
the presence of transition metal oxides in different oxidation states which allows electrons to hop 
from one oxidation state to the other (Barati and Coley, 2006a). As this second mechanism is highly 
dependent on the iron oxidation state, the electrical conductivity of ‘FeO’-containing slags is rather 
sensitive to the applied gas atmosphere, i.e. the oxygen partial pressure (Hundermark, 2003; Barati 
and Coley, 2006a).  
In order to obtain more insight in both mechanisms and to construct a predictive model, a lot of 
accurate data on both contributions is required. This in turn demands experimental techniques to 
distinguish between both contributions. One such experimental method is stepped potential 
chronoamperometry which was proposed by Fried et al. for BaO-‘TiO2’ slags (Fried, Rhoads and 
Sadoway, 2001). This technique was applied by Barati and Coley (Barati and Coley, 2006a) for SiO2 
– CaO – ‘FeO’ slags and recently by Liu et al. on the SiO2 – CaO – AlO1.5 – ‘FeO’ system (Liu, Zhang 
and Chou, 2015; J. H. Liu et al., 2016; Liu et al., 2018). In each study, the oxygen partial pressure 
(pO2) was varied to study its effect on the slag’s electrical conductivity.  
However, neither study verified the slag’s chemical composition or microstructure after the 
experiment. In addition, the influence of the crucible was also not reported in any studies. For the 
study of Barati and Coley, zirconia (ZrO2) crucibles were used and thus there could be an influence 
of zirconia dissolution within the slag. Liu et al. used Pt crucibles of which is known that they can 
react with FeO at sufficiently low pO2 values which results in the uptake of Fe in the Pt crucible 
(Schupsky et al., 2020). Also, it is unclear for both studies whether they targeted a similar bath 
volume/bath height for each experiment and between the high temperature experiments and room 
temperature calibrations. Thus, in order to further improve the methodology of high temperature 
conductivity experiments, an experimental setup was developed that allows quenching of the slag 
and crucible after each experiment for microstructural analysis. The aim of the present paper is, on 
the one hand, to verify that our electrical conductivity apparatus provides reliable experimental data 
and, on the other hand, to further contribute to the experimental methodology within the field.  
  

 
1 The authors prefer the use of AlO1.5 over Al2O3 for the alumina content in the slag system as this gives an 
easier visualization of the amount of cations in the slag, which are the main contributors to the ionic 
conductivity. 
2 ‘FeO’ is used throughout the text as a representation of iron oxide regardless of the iron oxidation state. 
3 AlO1.5 is technically an amphoteric oxide, meaning that it can both have a network forming and network 
breaking role in the slag. 
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METHODOLOGY 

Electrical conductivity measurements 
A detailed overview of general electrical conductivity measurements by the present authors was 
already published before (Boeykens et al., 2023b) and as such a summary of the measurement 
technique is given. The electrical conductivity of a material is derived from the resistance according 
to equation 1) in which σtot is the total conductivity (S·cm-1), R is the measured resistance (Ω), l is 
the length of the current path (cm) and A is the cross-section of the current path (cm2). The length l 
and the area A are typically grouped together in a geometric constant G which is known as the cell 
constant (cm-1). For a solid material, the geometry of the sample can be measured and thus, the cell 
constant is easily determined. However, as a slag is a liquid/suspension, it needs to be put in a 
container and electrodes have to be submerged into the liquid. As a result, the current can travel 
throughout the entire volume of the container and therefore, a calibration is necessary to take into 
account the geometry of the current path. Typically, calibration procedures are carried out with 
aqueous solutions of which the conductivity is well known. During the calibration, the temperature is 
also carefully recorded, as the electrical conductivity has an Arrhenian temperature dependency as 
shown in equation 2) in which Ea is the activation energy (J·mol-1), R the universal gas constant 
(J·mol-1·K-1), T the temperature (K) and σ0 a pre-exponential factor (S·cm-1). 

𝜎𝜎𝑡𝑡𝑡𝑡𝑡𝑡 =
𝑙𝑙
𝐴𝐴
∗
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𝑅𝑅
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𝐺𝐺
𝑅𝑅

 1) 
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Second, a slag is an ionic liquid and therefore, the current is (partially) carried via the movement of 
ions. As such, direct current (DC) resistance measurements are impossible due to polarization of 
the ions at the electrodes which blocks the current (Fried, Rhoads and Sadoway, 2001). Therefore, 
an alternating current (AC) needs to be applied and the slag’s resistance/conductivity needs to be 
derived from the impedance Z (Ω). As the current is applied as a sine wave with a certain frequency 
f (Hz), capacitive and inductive responses of the melt/measurement set-up are measured as well 
and thus, the impedance is divided in a real Zreal (Ω) and imaginary part Zim (Ω), as shown in equation 
3), which are both frequency dependent (Bard and Faulkner, 2001).  

𝑍𝑍𝑡𝑡𝑡𝑡𝑡𝑡(𝑓𝑓) = 𝑍𝑍𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑓𝑓) + 𝑗𝑗 ∗ 𝑍𝑍𝑖𝑖𝑖𝑖(𝑓𝑓) 3) 

To isolate the resistance corresponding to the slag’s electrical conductivity, a frequency sweep is 
carried out to locate a frequency f0 for which Zim = 0. Typically though, a region of frequencies is 
found where the impedance is frequency independent and Zreal (f) = Zreal (f0). 
Third, the aim of the current work is to measure the conductivity of ‘FeO’-containing slags for which 
it is known that they exhibit both ionic and electronic conduction (Hundermark, 2003; Barati and 
Coley, 2006a, 2006b; Liu, Zhang and Chou, 2015; J. H. Liu et al., 2016; Liu et al., 2018). From AC 
impedance measurements, the total conductivity of the slag can be derived which includes the 
contribution of both ions and electrons as charge carriers. To measure the contribution of each 
charge carrier, Fried et al. (Fried, Rhoads and Sadoway, 2001) proposed a method to determine the 
electronic transference number te (-) from stepped potential chronoamperometry (SPC) 
measurements. In their work, they laid the theoretical foundations of this technique applied for a 
binary BaO – ‘TiO2’ system. The SPC technique has since been used in several slags containing 
transition metals such as Fe, Mn and Ti (Barati and Coley, 2006a; Pomeroy et al., 2012; Liu, Zhang 
and Chou, 2015; J. H. Liu et al., 2016; Jun Hao Liu et al., 2016; Liu, Zhang and Wang, 2017; Liu et 
al., 2018; Martin-Treceno et al., 2022; Boeykens et al., 2023a).  
The basic idea of SPC is that a small DC voltage is applied to the slag and that the responsive 
current is recorded as a function of time. If the applied voltage is sufficiently low so that no faradaic 
reactions occur, then polarization of the ions occurs and as a result ionic conduction will cease to 
happen at a certain time. On the contrary, electrons will continue to hop from one oxidation state to 
the other. The resulting current as a function of time will therefore have a current peak at the start 
and will decay to a stable, lower value. An example of such a voltage step and corresponding 
decaying current is provided in FIG - 1. Assuming a homogeneous spread of the cations within the 
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slag before the voltage step, the initial current response or the current peak Ipeak corresponds to both 
ions and electrons moving within the slag. Due to the current decay, after a sufficiently long time, 
only electrons will continue to pass on current and this corresponds to I∞. 

 
FIG - 1 a) Example of the applied voltage step versus open circuit potential (OCP) and b) example of the 

current response for stepped potential chronoamperometry (SPC). 

The relative contribution of each charge carrier to the total current is denoted as the transference 
number. Thus, from the SPC measurement, the electronic transference number is equal to the ratio 
of the stable current over time, I∞, over the initial peak current, Ipeak as shown in equation 4). 
Correspondingly, the ionic transference number ti can be derived from te as the sum of both equals 
unity by definition (equation 5)). 

𝑡𝑡𝑒𝑒 =
𝐼𝐼∞
𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

 
4) 

 
𝑡𝑡𝑖𝑖 + 𝑡𝑡𝑒𝑒 = 1 5) 

The transference numbers can then be utilized to determine the ionic σi and electronic conductivity 
σe of the slag via multiplying the respective transference number with the total conductivity obtained 
from AC impedance measurements as given in equations 6) and 7). This is, however, on the 
assumption that the charge carriers are homogeneously distributed within the melt and that each 
charge carrier is similarly affected by the applied potential. 

𝜎𝜎𝑖𝑖 = 𝑡𝑡𝑖𝑖 ∗ 𝜎𝜎𝑡𝑡𝑡𝑡𝑡𝑡   6) 

 
𝜎𝜎𝑒𝑒 = 𝑡𝑡𝑒𝑒 ∗ 𝜎𝜎𝑡𝑡𝑡𝑡𝑡𝑡   7) 

Electrical conductivity apparatus 
Electrical conductivity measurements were performed in a high-temperature setup similar to the one 
developed and described in an earlier article (Zhao et al., 2009). A schematic drawing of the 
apparatus is shown in FIG - 2. The setup can be divided into three parts: 1) A Pyrox vertical tube 
furnace (resistive heating up to 1650 °C) with a temperature controller, 2) a steel chamber at the top 
which houses three vertically moving platforms and the electrode holder and 3) a stainless steel 
guiding tube at the bottom of the furnace which is placed in a bucket containing water. Optionally, a 
stainless steel tip can be placed inside the bucket as well. The furnace was made gas-tight via 
sealing of the top steel chamber with a plastic window and via submerging the quench-guiding tube 
in the quenching water. 
An alumina crucible was used to contain the slag and this crucible was positioned within the 
isothermal zone of the furnace via an alumina suspension tube which is connected to the suspension 
platform. To ensure the connection between the crucible and the suspension tube, both the crucible 
and the tube have four holes through which Pt – 13% Rh wires were inserted. The electrodes were 
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placed within an electrode holder on the electrode platform. A digital displacement sensor with a 90 
mm stroke and 0.01 mm precision was placed on the movable electrode platform to monitor the 
movement of the electrodes. To quench the crucible from the furnace, two alumina plunger rods 
were positioned on the plunger platform inside the suspension tube so that they touch the top of the 
crucible. Via lifting up the suspension platform and keeping the plunger platform stationary, the 
plunger tubes push on the crucible which shears/breaks the Pt wires allowing the crucible to fall into 
the quenching water. When the stainless steel tip is placed inside the quenching water, the alumina 
crucible will shatter on impact. This causes direct contact between the hot slag (1310 °C) and the 
water (25 °C) to ensure fast quenching. This quenching procedure allows to freeze the sample 
microstructure at high temperature which subsequently can be analysed via microscopic techniques 
to verify the slag composition, the presence of any solids, etc. However, the quenching procedure 
with the stainless steel tip cannot provide information on the location and distribution of eventual 
solids within the slag. Therefore, some experiments were also carried out without the steel tip which 
allows the crucible to be quenched as a whole. A microscopic analysis was then carried out on the 
crucible cross-section instead.  
The temperature of the furnace in the hot zone was calibrated using a type B thermocouple at 
different heights, while the oxygen partial pressure (pO2) was controlled via controlling the ratio of  
(CO + Ar)/CO2 gas inside the furnace. The ratio of both gas mixtures was adjusted to meet the 
desired target pO2 using a similar procedure as the small scale equilibrium experiments. A total flow 
rate of 1 l/min was used. To verify the current setup, three pO2 values were chosen: air (0.21 atm),  
10-5 atm and 10-7.92 atm which correspond to Fe3+/Fetot ratios of 0.89, 0.51 and 0.20, respectively, as 
predicted by FactSage (UQPY database (Evgueni et al., 2022)) 
Given the high conductivity of ‘FeO’-containing slags, a four-electrode setup was utilised to measure 
the electrical conductivity as this method omits the need for cable corrections and the potential errors 
associated with two-electrode set-ups (Boeykens et al., 2023b). The electrodes were made of 25 
mm long 1 mm diameter Pt – 30% Ir tips which were welded to a long thin (0.3 mm diameter)  
Pt – 30% Ir wire. The electrodes were sheathed into a single bore alumina tube  
(inner diameter = 1 mm). The tips were positioned 5 mm inside the alumina tube to fix their position. 
In addition, the position of the tubes with respect to each other was fixed via three ceramic spacers 
along the length of the alumina tubes. A detailed schematic of the electrode positions with respect 
to each other and the crucible is provided in FIG - 2. The thin wires were connected via electrical 
connectors to electrically isolated steel bolts which protrude the top steel chamber. As a result, 
alligator clips were clipped to these bolts to make the electrical connection between the Gamry 
1010E Interface potentiostat and the electrodes. A potentiostat was utilised as both AC and DC 
measurements are needed to fully describe the electrical conductivity of ‘FeO’-containing slags. 

 
FIG - 2 Schematic overview of the high temperature electrical conductivity setup and detailed close-up of the 

electrode and crucible geometry. Dimensions are in mm. 
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Measurement procedure 

Cell calibration 
As mentioned earlier, the geometry of the current path or the cell constant G needs to be determined 
in order to convert resistances to electrical conductivities. As the cell constant is (strongly) dependent 
on the cell construction in terms of electrode geometry, electrode immersion depth, crucible material, 
solution, etc. (Gruener et al., 1998; Schiefelbein et al., 1998; Boeykens et al., 2023b), the calibration 
was done as a function of the electrode immersion depth himm  
(3 mm – 15 mm) for different bath heights hbath (21 mm, 23 mm, 25 mm and 27 mm). An aqueous 1 
D (demal) KCl conductivity standard (111.3 mS/cm at 25 °C, Radiometer analytical) was chosen as 
the calibration liquid.  
The bath surface was located via lowering the electrodes and simultaneously measuring the 
impedance. In air, the impedance was of the order kΩ/MΩ and strongly fluctuated, whereas when it 
touched the conductive liquid, the impedance dropped to an order of Ω and was stable. This process 
was done via a two-electrode configuration using multiple electrode combinations (A-B, A-C and A-
D in FIG - 4). The bath surface was set to be the displacement sensor reading for which all electrodes 
touched the bath surface. The electrodes were subsequently lowered to an immersion depth of 10 
mm for calibration impedance measurements.  
These measurements were done galvanostatically using an excitation current of 100 µA. For each 
experiment, a frequency sweep was first carried out at a 10 mm immersion depth to determine the 
frequency at which the solution’s resistance can be extracted. The real impedance was found to be 
frequency independent between 10 kHz and 100 kHz at 10 mm insertion for different bath heights 
and calibration solutions. Thus, single frequency measurements were done at 20 kHz for 3 minutes. 
After the single frequency measurement, the electrode’s position was changed to vary the immersion 
depth and the single frequency measurement at 20 kHz was repeated. During each measurement, 
the temperature was recorded using a type-K thermocouple next to the crucible. The temperature 
dependency of the conductivity standards was fitted to equation 2) from data provided by the 
suppliers. From this fit, the electrical conductivity at the measured temperature was determined and 
multiplied by the measured real impedance at 20 kHz to obtain the cell constant G. The measured 
cell constant as a function of the immersion depth and bath is shown in FIG – 3. 

 

FIG - 3. Cell constant G (cm-1) as a function of the electrode immersion depth himm (mm) for different bath 
heights. 

High temperature measurements 
For the high-temperature conductivity measurements, a bath height of 25 mm was desired. The 
amount of slag needed was calculated based on the density/molar volume model of Thibodeau et 



7 

al. (Thibodeau, Gheribi and Jung, 2016a, 2016c, 2016b). The slag mixture was prepared in two 
steps. First, a sinter of CaO – AlO1.5 – SiO2 (CAS) was prepared via mixing high-purity powders of 
CaCO3 (99.9%), Al2O3 (99.7%) and crushed SiO2 glass (99.999%) together to match the 
compositions in TABLE 1. Fe and Fe2O3 were added to create the predicted amount of FeO 
according to calculated via FactSage 7.3 (database UQPY 2023) (Bale et al., 2016) in the slag 
assuming a stoichiometric reaction as shown in equation 8).  

𝐹𝐹𝐹𝐹2𝑂𝑂3 + 𝐹𝐹𝐹𝐹 → 3 𝐹𝐹𝐹𝐹𝐹𝐹 8) 

TABLE 1 - Starting composition of the slag for electrical conductivity measurements (in mol%). 

 CaO SiO2 AlO1.5 ‘FeO’ 
Mol% 33.55 29.75 16.00 20.70 

This mixture was put in an alumina crucible inside a muffle furnace at  
1240 °C overnight. This CAS sinter was then added to Fe2O3 powder (99.8%) and Fe powder 
(99.9%). All powders were thoroughly mixed in a pestle and mortar before being pelletized. This 
powder mixture was then brought into the alumina crucible and put inside the furnace. The 
advantage of using the CAS sinter compared to the pure powders was that it aided the pelletizing 
procedure and that it prevented powder ejection/slag foaming due to a release of CO2 gas at elevated 
temperatures. After the furnace was completely sealed off from the surrounding atmosphere, it was 
flushed with the desired gas composition at a flow rate of 1 l/min for 9 hours. The temperature was 
subsequently increased to 1310 °C at a rate of 5 °C/min and kept for 6h to allow melting of the 
powder and homogenization of the bath.  
The bath surface was then determined in a similar way as for the calibration. However, it was found 
that the slag wetted the crucible significantly which resulted in the formation of a meniscus as 
illustrated in FIG - 4. To take into account this difference in bath geometry between high temperature 
experiment and low temperature calibration, a correction procedure for the slag meniscus was 
adopted which is schematically illustrated in the right side of FIG - 4. The idea is that the displacement 
sensor readings hsensor upon touching the slag surface for each electrode combination are recorded. 
Plotting the sensor reading as a function of the electrode positions allowed then to estimate the slag 
meniscus via a parabolic function to extract the bath surface which was defined as the minimum of 
the meniscus. The authors are aware that this method is only an approximation of the reality and 
that this fitting is influenced by the electrode spacing and deviations of the meniscus from a parabolic 
profile. However, since differences of 1 – 2 mm were found between positions hA,D and hA,B/hA,C it 
was deemed necessary to estimate the meniscus profile and to correct for the geometry difference 
at high temperature and calibration. 

 
FIG - 4 Schematic illustration of the fitting procedure for determining the bath surface at high temperature 

experiments. 
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After determination of the bath surface, the electrodes were lowered to an immersion depth of 10 
mm. Similar to the calibration, a frequency sweep was carried out. For the high temperature 
experiments, the real impedance was frequency-independent over a broad range from 100 Hz to 50 
kHz. Single frequency measurements were carried out at 10 kHz at immersion depths of 8, 9, 10, 11 
and 12 mm starting with the one at 10 mm. After the single frequency measurements, the electrode 
configuration was changed to a three-electrode configuration using electrode positions B, C and D 
for the counter, reference and working electrode, respectively, and the immersion depth was again 
placed at 10 mm. The open circuit potential of the system was then recorded for 10 minutes after 
which stepped potential chronoamperometry was executed. The system was held at OCP for 1 
minute prior to a voltage step of -10 mV (vs OCP) for 40 minutes during which the current was 
measured at a scan rate of 100 Hz. Preliminary experiments indicated that positive voltages, applied 
between working and reference electrode, would result in electrode plating at the counter electrode 
for low oxygen partial pressures. In addition, a long time for the voltage step was needed as the 
system progressed slowly to a stable current I∞. After stepped potential chronoamperometry, the 
configuration was switched back to the earlier four-electrode setup and single frequency 
measurements were done at the same immersion depths as before. Comparison of these values 
allowed to quantify any changes in the electrical conductivity as a result of crucible dissolution into 
the slag, which could have taken place during the stepped potential chronoamperometry. After this 
final measurement, the electrodes were lifted outside the slag and the crucible was quenched. The 
slag was then mounted in epoxy resin for electron probe X-ray microanalysis (EPMA) with 
wavelength dispersive detectors (JEOL 8200L EPMA, Japan Electron Optics Ltd., Tokyo, Japan). 
All elements were measured using the conventional EPMA technique. The conventional EPMA 
measurement was performed with an acceleration voltage of 15 keV, a beam current of 20nA and a 
probe diameter ranging from 5 to 30 µm depending on the specific phase being analysed. The 
following detectors and spectral lines were employed for elemental measurement: Al Kα – TAP, Fe 
Kα – LIF, Si Kα – PET J, Ca Kα – PET J. For the measurement of Al, Fe, Si and Ca cations, pure 
(synthetic) AlO1.5, Fe2O3, SiO2 and CaSiO3 standards were used, respectively, provided by Charles 
M. Taylor. Raw measured data underwent standard ZAF correction using the Armstrong/Love Scott 
approach. 

Results 
The measured compositions of the slag samples using EPMA for different conditions are provided 
in TABLE 2. Both CaO and SiO2 match the desired target composition, whereas for AlO1.5 and ‘FeO’, 
there seems to be respectively a 1% increase and decrease. The increase in AlO1.5 stems from a 
continuous dissolution of the crucible into the liquid slag. The decrease in ‘FeO’ on the other hand 
might stem from reactions going on between the crucible and the slag at the slag-crucible interface, 
such as dissolution of hematite (FeO1.5) into the alumina crucible and/or the formation of Fe/Al-
containing spinels. For pO2 values of 10-5 atm and 10-7.92 atm, a spinel layer covering the crucible 
was indeed observed. For the sample at 10-5 atm, an additional loose spinel layer was found up to 
about 1.57 mm above the crucible bottom where spinels are suspended in the liquid slag. However, 
it is expected for this layer to have a limited effect on the measurements as there always is around 
9 mm – 14 mm of fully liquid slag between the lowest points of the electrodes and the loose layer. 
Due to this relatively large distance, it is expected that only a minor fraction of the total current 
reaches this loose spinel layer. 

TABLE 2 - Measured slag compositions (mol%) after quenching for different oxygen partial pressures (pO2, 
log(atm)). 

pO2 Fe3+/Fetot SiO2 CaO AlO1.5 ‘FeO’ 
-0.67 0.89 29.78 ± 0.18 33.27 ± 0.14 17.46 ± 0.16 19.50 ± 0.11 
-5.00 0.51 29.95 ± 0.33 33.24 ± 0.31 17.02 ± 0.48 19.79 ± 0.20 
-7.92 0.20 30.02 ± 0.22 33.43 ± 0.18 16.69 ± 0.19 19.80 ± 0.12 

The total, electronic and ionic conductivity and the electronic transference number as a function of 
the predicted Fe3+/Fetot ratio is given in FIG - 5 and FIG - 6. The experimental reproducibility lies 
between 3% and 20% for the total electrical conductivity and below 3% on electronic transference 
numbers. The uncertainty due to crucible dissolution before and after stepped potential 
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chronoamperometry was below 5% on the total electrical conductivity. This mild effect of crucible 
dissolution is likely the result of working at near saturation conditions of the slag which was the target 
of the initial small scale experiments as well as the formation of this protective spinel layer at the 
slag-crucible boundary (Vergote et al., 2021). 

 
FIG - 5. Total, electronic and ionic conductivity (S/cm) as a function of the predicted Fe3+/Fetot ratio for the slag. 

 
FIG - 6. Electronic transference number as a function of the Fe3+/Fetot ratio predicted via FactSage UQPY 2023 
for our experimental data and data obtained from literature. The amount of Fe cations per 100 mol slag for 
each study is also included in the figure’s legend. 

Even from a limited number of experimental conditions, some trends can already be confirmed. First 
of all, both the total and electronic conductivity seem to exhibit a maximum between the two extremes 
of a pO2 of 10-0.67 atm and 10-8 atm or Fe3+/Fetot values of 0.89 and 0.20, respectively. This is expected 
as an equal number of Fe2+ and Fe3+ provides optimal conditions for electron hopping (Barati and 
Coley, 2006a, 2006b). Second, the ionic conductivity increases with decreasing Fe3+/Fetot ratio as 
the less mobile Fe3+ cations are replaced by more mobile Fe2+ cations.  

Finally, the obtained electronic transference number is compared with several reported literature 
values (Barati and Coley, 2006a; Liu, Zhang and Chou, 2015; J. H. Liu et al., 2016; Liu et al., 
2018). The Fe3+/Fetot ratios of these other studies are estimated via FactSage UQPY 2023 from the 
reported slag composition and conditions (gas flow rate, temperature). Since electronic transference 
numbers are independent of temperature, this value can provide a better means for comparing 
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electrical conductivity setups/measurements. Moreover, comparison of electronic transference 
numbers between different slag compositions is roughly possible on the condition that the 
concentration of the two Fe cations between both slags is of a similar magnitude. From equation 5), 
the electronic transference number is the ratio of the electronic conductivity over the sum of the 
electronic and ionic conductivity. The electronic conductivity, equation 9), is assumed to depend on 
the Fe2+ diffusion coefficient DFe2+ (cm2/s), the concentration of Fe cations [Fe] (mol/cm3) and the 
Fe3+/Fetot ratio y (-) (Engell and Vygen, 1968; Barati and Coley, 2006b). The ionic conductivity is 
typically described via the Nernst-Einstein equation (Thibodeau and Jung, 2016) which assumes 
that the total ionic conductivity is the sum of the contribution of each cation in the melt as shown in 
equation 10) in which zi is the charge of cation i, F is the Faraday constant, R is the universal gas 
constant, T is the temperature (K), [i] is the concentration of cation i (mol/cm3) and Di its diffusion 
coefficient (cm2/s). Therefore, the electronic transference number can be described according to 
equation 11). This equation shows that the electronic transference for slags with a similar Fe 
concentration has a more or less parabolic shape as a function of the Fe3+/Fetot ratio (y) with the 
maximum value being shifted according to the ionic conductivity of the other cations in the slag. FIG 
- 6 shows that the electronic transference number of the current study lies within the expected order 
of magnitude for slags with a similar ‘FeO’ content. 

𝜎𝜎𝑒𝑒 = 𝐶𝐶1𝐷𝐷𝐹𝐹𝐹𝐹2+[𝐹𝐹𝐹𝐹]2𝑦𝑦(1 − 𝑦𝑦) 
 

9) 

𝜎𝜎𝑖𝑖𝑖𝑖𝑖𝑖 = �
𝑧𝑧𝑖𝑖2𝐹𝐹2

𝑅𝑅𝑅𝑅
[𝑖𝑖]𝐷𝐷𝑖𝑖

𝑖𝑖
 

 

10) 

𝑡𝑡𝑒𝑒 =
𝜎𝜎𝑒𝑒

𝜎𝜎𝑒𝑒 + 𝜎𝜎𝑖𝑖
=

𝐶𝐶1𝐷𝐷𝐹𝐹𝐹𝐹2+[𝐹𝐹𝐹𝐹]2𝑦𝑦(1 − 𝑦𝑦)

𝐶𝐶1𝐷𝐷𝐹𝐹𝐹𝐹2+[𝐹𝐹𝐹𝐹]2𝑦𝑦(1 − 𝑦𝑦) + 4𝐹𝐹2
𝑅𝑅𝑅𝑅 𝐷𝐷𝐹𝐹𝐹𝐹2+(1− 𝑦𝑦)[𝐹𝐹𝐹𝐹] + ∑ 𝑧𝑧𝑖𝑖2𝐹𝐹2

𝑅𝑅𝑅𝑅 [𝑖𝑖]𝐷𝐷𝑖𝑖𝑖𝑖,𝑖𝑖 ≠𝐹𝐹𝐹𝐹2+

 

 

11) 

CONCLUSION 
The aim of the present study was to validate and obtain a methodology for electrical conductivity 
measurements on CaO – AlO1.5 – SiO2 – ‘FeO’ slags for varying oxygen partial pressures in a newly 
built setup which allows quenching and post-experimental verification of the composition and 
microstructure. Experiments were carried out in three different atmospheres: air (pO2 = 0.21 atm) and 
two CO2/CO/Ar gas mixtures with an oxygen partial pressure of 10-5 atm and 10-7.92 atm. The 
electrical conductivity was found to be stable throughout the experiment due to saturation of the slag 
with AlO1.5 and the formation of protective layer at the slag-crucible interface for some conditions. In 
addition, microstructural analysis of the samples showed that an unexpected loose spinel layer 
formed during the experiment at pO2 = 10-5 atm. Although the effect of this layer was assumed to be 
negligible, it nonetheless shows the need for post-experimental microstructural analysis to confirm 
which phases were present during the effective measurement. Overall, the experimental 
reproducibility of the setup varied between 3% and 20%. From a limited set of conditions, the 
expected trends were confirmed: an increase in the ionic conductivity from more oxidizing (Fe3+ rich) 
to more reducing (Fe2+ rich) conditions. Also, a maximum in the electronic conduction is expected 
based on the observed peak at the predicted Fe3+/Fetot ratio of 0.5 within the other two conditions. 
Finally, it was proven that electronic transference numbers of the current study have a similar order 
of magnitude as those from earlier studies in literature. 
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