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ABSTRACT 

The present study aims at investigating the desulfurization process in 

hot metal and sulfide capacity of slags. 

The missing experimental data of sulfide capacities in Al2O3-CaO-

MgO-SiO2 system at 1713 K, 1743 K, 1773 K, 1823 K, 1873 K and in 

the Al2O3-CaO-SiO2 system at 1873 K were investigated under well-

controlled oxygen potentials. These data along with the reliable and 

accurate data carefully selected from the literature were employed for 

KTH model optimization. The model was successfully optimized and 

produced good predictions of sulfide capacity between 1700 K and 

1873 K for all liquid slags in the Al2O3-CaO-MgO-SiO2 system, 

especially for ladle slags and blast furnace slags, with an average 

relative deviation of approximately 15%.  

The partition of sulfur in the blast furnace at tapping was investigated. 

The results of re-melted slag and hot metal at temperatures of 1743 K 

and 1773 K showed that the two phases were not in equilibrium with 

respect to sulfur at tapping. Furthermore, about 30 min was required to 

reach equilibrium. The optimum equilibrium sulfur partition in the 

range of blast furnace slag was determined using sulfide capacity data 

calculated with the newly-optimized model. The results showed clearly 

that the best area which provides a good equilibrium sulfur partition is 

between 10 to 14 mass% MgO. 

The effect of aged CaC2 on the desulfurization of hot metal was 

investigated at 1673 K and 1773 K. The results show that the use of 

aged CaC2 does not have significant effect on the desulfurization 

process since all the samples used exhibited almost the same 

performance, despite being subject to different aging treatments. 

The possibility of re-sulfurization during the long waiting time in the 

transfer ladle before the BOF was investigated. From the results, 
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different solid phases were found present in the slag along with small 

portion of liquid slag. In addition, majority of sulfur in the slag is in the 

solid phase in the form of CaS, which is only a small fraction of the 

slag. The liquid slag and solid CaS was found to have a limited contact 

with the hot metal leading to very poor kinetics for re-sulfurization. 

Therefore, the amount re-sulfurization that is observed in the transfer 

ladle was found to be very low. 
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SAMMANFATTNING 

Studien avser att undersöka avsvavlingsprocessen för råjärn och 

svavelkapaciteten för slagger. 

Avsaknad experimentell data för svavelkapaciteter i Al2O3-CaO-MgO-

SiO2 systemet vid 1713 K, 1743 K, 1773 K, 1823 K, 1873 K och i 

Al2O3-CaO-SiO2 systemet vid 1873 K har undersökts vid 

välkontrollerade syrepotentialer. Dessa data tillsammans med välvalda 

data från litteraturen användes för optimering av KTH-modellen. 

Modellen optimerades tillfredsställande och gav god prediktering för 

svavelkapaciteter mellan 1700 K och 1873 K för alla flytande slagger 

i Al2O3-CaO-MgO-SiO2 systemet; speciellt för slagger från skänk och 

masugn, med ca 15% relativ avvikelse. 

Svavelfördelningen vid tappning i masugnen undersöktes. Resultaten 

för omsmält slagg och råjärn vid temperaturerna 1743 K och 1773 K 

visade att de två faserna ej var i jämvikt med avseende på svavel vid 

tappning. Vidare behövdes ca 30 min för att nå jämvikt. Den optimala 

svavelfördelningen i sammansättningsintervallet för masugnsslagg 

bestämdes genom att data för svavelkapaciteten beräknades med en ny 

optimerad modell. Resultaten visade tydligt att det bästa området, som 

ger en fördelaktig svavelfördelning vid jämvikt, ligger mellan 10 och 

14 mass% MgO. 

Effekten av åldrad CaC2 på avsvavlingen av råjärn undersöktes vid 

1673 K och 1773 K. Resultaten visar att användning av åldrad CaC2 

inte har någon signifikant inverkan på avsvavlingsprocessen eftersom 

alla prover visade snarlik prestanda, oavsett vilken åldringsbehandling 

som utförts innan. 

Möjligheten för återgång av svavel till råjärnet under väntetiden i 

transportskänken innan konvertering undersöktes. Resultaten visar på 
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att olika fasta faser hittades i slaggen tillsammans med små mängder 

av flytande slagg. Vidare återfanns majoriteten av svavlet i den fasta 

slaggfasen CaS, vilken bara utgör en liten fraktion av slaggen. Flytande 

slagg och fast CaS visade sig ha begränsad kontakt med råjärnet vilket 

leder till dålig kinetik för överföring av svavel. Följdaktligen 

observerades svavelåtergången till råjärnet vara låg. 
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1 INTRODUCTION 

In recent years the demand of high quality steel has grown sharply. 

However, a constant innovation in the entire steel production chain is 

required in order to guarantee high market share. The impurity contents 

in the steel, for instance sulfur strongly influence the mechanical 

properties, such as: impact toughness, ductility, weldability and 

corrosion resistance. [1-3] The removal of sulfur from liquid steel has 

been a challenging task for the steelmakers.  

Nowadays, roughly two-thirds of the world's production is via the 

integrated blast furnace-basic oxygen furnace (BF-BOF) route. [1-3] The 

reduction of iron ore takes place in the blast furnace and coke is the 

main reductant and energy source for the process. Coke is also the main 

source of sulfur in the blast furnace, accounting for approximately 90% 

of the total input, which is distributed between the hot metal and slag. 
[4, 11] The slag plays an important role on the control of the sulfur level 

in the molten metal: when the molten metal is in contact with slag, 

sulfur is transferred to slag. [2, 4-39] Therefore, a slag with high basicity, 

high temperature and long contact time between the hot metal and the 

slag all greatly favor the transfer of sulfur to the slag. The power of a 

slag to capture sulfur is commonly measured by its sulfide capacity. 

The concept of sulfide capacity was first introduced by Richardson and 

Frinchan. [14] In view of great importance of sulfide capacities, 

tremendous efforts have been made by many researchers to provide 

accurate sulfide capacities for many of the slags used in the 

pyrometallurgical industries. [12-38, 40-44] However, in spite of this effort, 

very few data of experimental sulfide capacity data of slags with more 

than 12 mass % magnesia are available in the literature. For example, 

at SSAB, Oxelösund, use slags with higher MgO contents in the range 

14 -18 mass%. This suggests the need for more experiments to cover 

such compositions. Beside the experimental data reported on sulfide 

capacity in the literature and in view of great importance of the Al2O3-
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CaO-MgO-SiO2 system in both ironmaking and steelmaking, several 

empirical models [40-44] such as the KTH model [15, 29] developed at KTH 

are available. Due to the strong dependence of the models on the 

experimental data, the availability of reliable and accurate 

experimental data is needed so that the model can predict sulfide 

capacities with high accuracy for both blast furnace and ladle slags. For 

instance, according to Allertz et al. the predictions of sulfide capacity 

made using the KTH model were found considerably lower compared 

with the experimental data. [27] The use of such underestimated sulfide 

capacities would make it impossible to correctly optimize the slag 

system. 

The equilibrium sulfur partition is closely linked with sulfide capacity 

of slag phase. Actually, in the hearth of the blast furnace, sulfur is 

controlled mainly by the partition of sulfur between slag and hot metal. 
[6-10] The compositions of both hot metal and slag play important roles 

on the partition of sulfur, as does temperature. If the hot metal and blast 

furnace slag are very close to equilibrium at tapping, the power of the 

slag to perform desulfurization can be efficiently utilized reducing the 

cost in raw materials and energy. Several investigations on the sulfur 

partition have been carried out. [5-11] Meraikib, [6] Turkdogan, [7] 

Shankar, [8] Venkatradi & Bell [9] and Young & Clark, [10] investigated 

the compositions of tapped hot metal and blast furnace slag. Based on 

thermodynamic calculations, the majority of these authors [6,8-10] 

concluded that the hot metal and blast furnace slag were close to 

equilibrium, while Turkdogan [7] from the investigation of Kawasaki 

Steel data together with mean daily data from three US Steel furnaces 

concluded that sulfur partition was not at equilibrium. Hot metal and 

slag were reported to deviate from equilibrium following experimental 

investigation. [5,11] Hatch & Chipman [5] and Filer & Darken [11] re-

melted collected samples of hot metal and slag during tapping in a 

graphite crucible under a carbon monoxide atmosphere. According to 
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their findings, the two phases were not in equilibrium with respect to 

sulfur at tapping. The contradiction between the above conclusions [5-

11] suggests the need of further systematic investigation. The content of 

sulfur in the hot metal leaving the blast furnace is still high for the 

requirements of the steel plant. Hence, desulfurization is still needed 

and is continued before the BOF process by using different reagents.  

Among others, CaC2 is commonly used due to its high efficiency in the 

process. CaC2 reacts readily with humidity to form Ca(OH)2, C2H2 and 

heat. Therefore, the quality of the reagent is one of the issue to be 

considered in order to not compromise the desulfurization performance. 

1.1 Scope of the Present Study 

The focus of the present study is presented in the following sequence: 

1. Sulfide Capacity  

The availability of data of sulfide capacity are essential to optimize the 

process. Among others, KTH model can be used to estimate sulfide 

capacities for both blast furnace and ladle slags. The accuracy of the 

model depends greatly on the accuracy of the experimental data used 

for the model. Since the available experimental data of sulfide capacity 

do not cover all the relevant slag range in pyrometallurgical industries, 

more experimental data of sulfide capacities are required. The 

experimental data of sulfide capacities in Al2O3-CaO-MgO-SiO2 

system at 1713 K, 1743 K, 1773 K, 1823 K, 1873 K and in the Al2O3-

CaO-SiO2 system at 1873 K, which were not available in the literature 

were investigated by equilibrating the slag with copper under well 

controlled oxygen potential.  In Supplement I, some of these data were 

used to investigate blast furnace slags with high MgO contents. 

Whereas in supplement II, all the present experimental data along with 

the reliable and accurate data carefully selected from the literature were 

employed to re-optimize the parameters of the KTH model. 
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2. Equilibrium Sulfur Partition in the Blast Furnace 

If, in the blast furnace, the slag and hot metal are in equilibrium at 

tapping, specifically with respect to sulfur, the slag will be efficiently 

utilized. This, in turn, reduces the cost of the process. One of the 

methods used to investigate the equilibrium of sulfur partition is by re-

melting the blast furnace slag and hot metal and follow the trend of 

sulfur in both phases as a function of time. In Supplement III the sulfur 

partition between the hot metal and blast furnace slag taken from 

SSAB-Oxelösund is investigated. 

3. Effect of Aged CaC2 on the Hot Metal Desulfurization 

CaC2 is highly sensitive to humidity and so the handling of CaC2 in 

industry practice is performed under a (dry) nitrogen atmosphere. Even 

though precautions are taken, it is still difficult to keep total control of 

the process and ensure the quality of calcium carbide. CaC2 inevitably 

reacts with water in the atmosphere to produce an outer layer of 

Ca(OH)2. This might affect the efficacy of CaC2 to remove sulfur from 

the hot metal. Although the kinetics and reaction mechanism of hot 

metal desulfurization employing CaC2 have been investigated by many 

researchers, no studies were found in the literature regarding the effects 

of aged CaC2 on the desulfurization. In Supplement IV, the effect of 

aged CaC2 on the hot metal desulfurization is investigated. 

4. Possibility of Re-sulfurization of Hot Metal in the Ladle 

After the desulfurization has finished in the torpedo, the hot metal is 

analyzed for its final sulfur content, and then moved to the transfer 

ladle to be sent to BOF. In industrial practice due to many reasons, it 

often happens that the transfer ladle along with the hot metal has to 

wait for long period of time to be sent to BOF. Therefore, at this stage, 

sulfur would be possible to go back into the hot metal since the system 

would have higher oxygen potential and lower temperature. In 

Supplement V the extent of re-sulfurization of hot metal in the transfer 

ladle is investigated during the waiting time prior to the metal being 

sent to BOF. 
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2 EXPERIMENTAL  

2.1  Control of Oxygen Potential 

In all the laboratory experiments carried out in this work, there was a 

need to set the oxygen partial pressure. Both graphite and molybdenum 

crucibles were employed in the experiments. In order to simulate the 

blast furnace conditions, specially the range of oxygen partial pressure, 

pure CO gas was employed to promote the equilibrium with the 

graphite crucible in order to set the oxygen potential according to 

reactions (1). 

(g)2(g)(S) COO
2

1
C →+      (1) 

52.4
5903

log 1 +=
T

K  [20, 32]    (2) 

When molybdenum crucible was employed, different CO-CO2 

mixtures were used to set the oxygen partial pressure at different 

experimental temperature according to reaction (3). 

2(g)2(g)(g) COO
2

1
CO →+     (3) 

47.4
14722

log 3 −=
T

K  [20, 27]    (4) 

Different oxygen partial pressures were set by adjusting the ratio of 

 CO-CO2.   

2.2 Sulfide Capacity Measurements 

Sulfide capacities of slags, especially relevant to blast furnace and ladle 

furnace were investigated in the current study. The experimental setup 

used for sulfide capacity measurements is depicted in Figure 1. The 

setup consisted of a graphite resistance heating element furnace along 
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with an alumina reaction tube. The reaction tube was directly 

connected to the water cooled quenching chamber above and a water-

cooled cap below. A set of O-rings were used to seal the reaction 

chamber from the heating element chamber and the surroundings. The 

reaction gas was introduced through the bottom of the furnace and 

exited from the top. The quenching chamber had an additional 

quenching gas inlet. The pushrod, which was connected to a hydraulic 

lifting system, was used to hold and position the samples in the hot 

zone of the furnace. The temperature of the furnace was controlled by 

an Eurotherm controller together with an optical pyrometer (Raytek 

Thermoalert ET). An alumina sheathed thermocouple (T/C) of type B 

(6% Rh-30%Rh) was used for measuring the equilibration temperature 

with accuracy. The tip of the thermocouple was positioned just below 

the bottom of the holding crucible.  

 



7 

 

Figure 1. Schematic illustration of the experimental setup employed for 

sulfide capacity measurement. Different gases the flow rate of which 

was controlled by digital gas flow meters (Bronkhorst ±0.5%) were fed 

in to a mixing column containing silica beads which was connected 

directly to the gas inlet.  

2.2.1 Materials Preparation 

Molybdenum crucible and crucible holder were used in the present 

investigation. Moreover, the gases and other materials used to 

investigate the sulfide capacity in the blast furnace and ladle furnace 

are presented in Table 1.  

Table 1. List of materials used in the present study. 

Chemical Purity [%] Supplier 

Al2O3 >99.90 Alfa Aesar 

CaO >99.95 Alfa Aesar 

MgO >99.00 Alfa Aesar 

SiO2 >99.80 Alfa Aesar 

Cu2S    99.50 Alfa Aesar 

Cu powder >99.80 LTS chemicals 

CO gas 99.999 AGA 

CO2 gas 99.700 AGA 

 

Powders of Al2O3, CaO, MgO and SiO2 were calcined at 1173 K for 

about 10 hours in a muffle furnace and then allowed to cool in a 

desiccator. The powders were individually weighed and vigorously 

mixed to prepare different synthetic slag samples. About 0.25 g of Cu2S 

powder, which acted as a source of sulfur in the system, was also mixed 

well with 6 g of copper powder and then placed in a Mo crucible 

( 180 mm  inner diameter and inner height of 49 mm ). The mixed 
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oxides were put on the top of copper/Cu2S mixture in the molybdenum 

working crucible. The amount of slag in each working crucible was 6 

g. Then, three working crucibles with different slag compositions were 

placed into molybdenum crucible holder. 

2.2.2 Experimental Procedure 

The molybdenum crucible containing samples was positioned in the 

even temperature zone of the furnace. The furnace was completely 

sealed, and the reaction chamber was evacuated for about 30 min 

before the reaction gas mixture of carbon monoxide and carbon dioxide 

was introduced at a flow rate of 100 ml min
−1

 . The system was 

carefully inspected for possible leakage under vacuum. Then, the 

furnace was heated up at 2 K min
−1

 to the desired temperature and kept 

at the experimental temperature for 24 h. After the equilibration time 

had been reached, the samples were quickly transferred to the 

quenching chamber and a high flow rate of quenching gas (argon) was 

immediately injected over the samples. The samples were taken out 

from the furnace once they had cooled to room temperature. To point 

out that the crucible with sample were weighed before and after each 

experiment, and no appreciable variation in weight was noticed, 

indicating therefore a negligible mass exchange between the gas phase 

and sample. The slag was carefully separated from the copper and the 

molybdenum crucible and samples of copper and slag were then sent 

for analysis. 

2.3  Sulfur Partition in the Blast Furnace 

2.3.1 Industrial Trials 

The investigation of slag-metal equilibrium with respect to sulfur took 

place in blast furnace No. 4 at SSAB, Oxelösund, Sweden. Three heats 

were assessed for sampling the hot metal and slag. Assessment of both 

the hot metal and slag, as well as temperature measurements were 

performed in the blast furnace runner shown in Figure 2. One set of 
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samples was taken at each every 10 min. Simultaneously, a steel scoop 

was employed for slag sampling, a sampler was vertically immersed 

into the hot metal runner for to approximately 25 s collect the hot metal 

samples and the temperature measurement took place by using a 

temperature probe. Efforts were made to keep the same conditions 

during the sampling process. Both hot metal and slag samples were left 

to cool to room temperature and then sent for chemical analysis. 

 

Figure 2. Sampling positions of hot metal and slag along with 

temperature measurement at tapping.   

2.3.2 Laboratory Study 

The sulfur partition between hot metal and slag during tapping of the 

blast furnace was also examined in the laboratory. The detailed 

description of the experimental setup has been published elsewhere [23] 

and is also given in supplement III. The main features of the 

experimental setup are shown in Figure 3. A high temperature furnace 

with super kanthal heating elements was used. Two thermocouples 

Type B (Pt-6% Rh/Pt-30% Rh) were used, one to measure the sample 

temperature and the other for the furnace temperature control. The 

reaction tube was interconnected to a water-cooled cup below and a 

water cooled quenching chamber above. Carbon monoxide or argon 

gas was introduced from below and let out through the outlet connected 

to the quenching chamber. The quenching chamber had two additional 
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gas inlets used for injection of argon as a quenching gas over the 

samples at high flow rate, allowing the samples to cool down rapidly. 

 

Figure 3. Schematic illustration of the experimental setup used to 

investigate the equilibrium sulfur partition. 

 

2.3.2.1 Material Preparation 

Samples of blast furnace slag and hot metal taken from production were 

used in the present laboratory study. Hot metal samples, each with a 

total weight of approximately 250 g, were cut in to small pieces to fit 

into the graphite crucible ( 380 mm  diameter, 114 mm  length and 

3 mm  wall thickness), while approximately 40 g  of the slag was 

ground to form powder and then mixed with the hot metal in the 

crucible for each experiment. 
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2.3.2.2 Experimental Procedure  

The graphite crucible containing samples was placed in the graphite 

crucible holder and connected to a long steel tube which was attached 

to the lifting system. This arrangement enabled the quenching of the 

samples in a very short time. The graphite push rod was screwed into 

one end of the steel tube and the graphite impeller, which was used to 

stir the bath, was placed in to the opposite end. The graphite impeller 

was positioned 1.5 cm  above the crucible assembly. The crucible 

assembly containing the samples was positioned in the quenching 

chamber before the whole system was sealed. Thereafter, the reaction 

tube was evacuated for approximately 30 min and then backfilled with 

argon gas. The same procedure was performed three times and 

throughout the process the furnace was checked for leaks when under 

vacuum pressure. Prior to start each experiment, the reaction chamber 

was re-filled with pure carbon monoxide gas and then the furnace was 

ramped up to the desired temperature. The crucible assembly was 

slowly moved down in the reaction zone in order to prevent thermal 

shock with the aluminum tube and then kept for about 30 min to ensure 

that slag and hot metal are in liquid phase. Then, the impeller was 

quickly pushed down, and the stirring started at 100 rpm . After the 

desired reaction time, the samples were quickly transferred to the 

quenching chamber and high flow rate of argon gas was injected.  Once 

the sample had cooled to room temperature, the sample was removed 

from the furnace. The slag and hot metal were separated from each 

other, and then sent for chemical analysis. 

2.4 Effect of Aged CaC2 on the Hot Metal Desulfurization 

2.4.1 Industrial Trials 

Trials were performed at SSAB, Oxelösund, Sweden. The 

desulfurization of hot metal took place in the torpedo car by the 

injection of differently-aged CaC2 through a refractory lance inside the 
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hot metal. Nitrogen was used as a carrier gas and to provide mixing in 

the metal bath. To ensure the target sulfur level, sulfur analysis is done 

before and after the desulfurization process. Table 2 shows the typical 

composition of the hot metal before desulfurization in the torpedo. For 

the present investigation, samples were named as fresh, normal and 

aged for samples stored for 5-8 days , 1-2 weeks  and 3-4 weeks 

respectively. For each experiment, the process was stopped when the 

sulfur content in the hot metal was < 50 ppm. 

Table 2. Typical composition of hot metal 

 C Si Mn S P 

Mass % 4.529 0.659 0.265 0.049 0.032 

Std 0.081 0.080 0.008 0.007 0.001 

 

2.4.2 Laboratory Study 

The setup used in the present investigation is the same used on the 

investigation of equilibrium sulfur partition (Figure 3), apart from a 

minor adaptation to the stirrer: a small cavity (8 mm in diameter and 

4 mm in depth) created at the bottom of the graphite stirrer to add a 

CaC2 cube (the “agent”) to the hot metal bath. 
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Figure 4. Stirrer design used to study the mechanism of aged CaC2. 

2.4.2.1 Material Preparation 

The pig iron used in the present study was provided by the Swedish 

steel industry (SSAB-Oxelösund) and the main composition are 

presented in table 3. Cubes of CaC2 (2.8 mm × 2.8 mm ×  2.8 mm ) 

weighing approximately 0.06 g  were prepared for the present 

experiments by grinding 240-grit silicon carbide paper. The whole 

grinding process was carried out in a dry box to avoid the moisture 

pickup during the preparation. Two samples were prepared for each 

experiment.  Samples were held in air at a room temperature under the 

conditions shown in Table 4. 
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Table 3. Typical composition of the pig iron 

 C Si Mn S P 

Mass % 3.9 0.23 0.21 0.046 0.047 

 

Table 4. Conditions used for sample preparation 

Sample 𝑇/ ℃ Humidity [%] 
Exposure time 

in air / min 

CaC2-00 - - 0 

CaC2-05 23.4 26.0 5 

CaC2-10 23.8 25.8 10 

CaC2-20 23.0 28.2 20 

 

2.4.2.2 Experimental Procedure 

Approximately 250 g of pig iron with initial sulfur content of 460 ppm 

was kept into a graphite crucible. The small CaC2 cube was placed in 

the cylinder cavity at the bottom of the impeller and a thin sticky tape 

was used to hold the reactant in place. The stirrer and CaC2 cube were 

positioned in the cold zone, 1.5 m above the crucible. The crucible was 

slowly moved to the hot zone and held there for 30 min to stabilize. 

The graphite push rod and CaC2 cube was quickly moved down into 

liquid melt, and immediately the stirring was started at a speed of 

100 rpm  for all experiments. After predefined reaction time, the 

crucible along with the stirrer was moved to the quenching chamber in 

a very short time and quenched by argon with a high flow rate. Samples 

were then taken out of the furnace at room temperature and prepared 

for subsequent analyses. 
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2.4.3 Possibility of Hot Metal Re-sulfurization  

2.4.4 Industrial Trials  

Since the level of sulfur in the hot metal leaving the blast furnace is too 

high to satisfy the steel plant requirements, additional desulfurization 

processes are needed. At SSAB-Oxelösund, CaC2 is used as 

desulfurization agent. The desulfurization agent is injected in the hot 

metal bath using nitrogen as a carrier gas. The solid flow rate is 48-54 

kg/min. The temperature and content of sulfur are measured before 

desulfurization to decide the amount of agent to be used. After the 

desulfurization has finished, the final content of the melt is assessed 

and is usually below 50 ppm. The hot metal is then poured into the 

transfer ladle which has a capacity of approximately 200 ton. Therefore, 

the ladle is not fully filled and approximately 155-170 ton of hot metal 

are transferred, with the rest remaining in the torpedo. Usually, the 

remaining of hot metal which is kept in the torpedo is not enough to fill 

the next ladle and has to wait long time for the next torpedo, about 90 

min in the full operation. Prior to being sent into the converter, the hot 

metal in the transfer ladle is slag skimmed and analysis of the hot metal 

is performed, as well as a temperature measurement are performed. 

During the prolonged time in the torpedo, the hot metal temperature 

decreases substantially. As has already been stated, the hot metal in the 

transfer ladle is to be sent to BOF and it often happens that the 

converter is busy and because of this, or due to another process-related 

reason, hot metal is forced to wait for long time in the ladle. The 

possible re-sulfurization of the hot metal during the waiting time in the 

transfer ladle was investigated. The sampling of the hot metal, slag and 

the temperature measurement took place in the transfer ladle every 

7 min . The hot metal was collected by inserting a sampler for 

approximately 30 s in the hot metal bath, while for slag sampling a steel 

scoop was employed. A temperature probe was used to measure the 

temperature. Both hot metal and slag were sent for chemical analysis. 
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2.5 Analysis 

The content of sulfur was analyzed with a LECO CS-600 instrument 

(in accordance with ASTM E1019) with the detection limits of sulfur 

10 ppm in the hot metal, 100 ppm in the slags and 50 ppm in copper. 

The compositions of the slags were determined by X-ray fluorescence 

spectroscopy (XRF). The structure of selected samples of slag was 

investigated employing a scanning electron microscope (SEM) 

equipped with energy-dispersive X-ray spectroscopy (EDS) to perform 

element mapping. SEM and EDS were also used to analyze the cross-

section through the calcium carbide particles. 
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3 EXPERIMENTAL RESULTS 

3.1  Sulfide Capacity Measurements 

Experiments to determine the sulfide capacities in the Al2O3-CaO-

MgO-SiO2 system at 1713 K, 1743 K, 1773 K, 1823 K, 1873 K and in 

the Al2O3-CaO-SiO2 system at 1873 K, were carried out in the present 

study. For this purpose, the liquid copper was equilibrated with 

different slag compositions for 24 hours under a well-controlled 

oxygen partial pressure. The experiemental conditions and  results for 

slags typical of those used in the blast furnace are shown in Table 5. A 

mixture of 98.1%CO-1.9%CO2 was used for the experiment at 1713 K 

to generate an oxygen partial pressure of 2.16  10-12 atm., a gas 

mixture of 98.7%CO-1.3%CO2 at 1743 K to generate an oxygen partial 

pressure of 1.97  10-12 atm., and a gas mixture of 99.0%CO-1.0%CO2 

to generate an oxygen partial pressure of 2.23  10-12 atm. at 1773 K. 

The measurement of sulfide capacity in the Al2O3-CaO-MgO-SiO2 

system at 1823 K and 1873 K as well as in the Al2O3-CaO-SiO2 system 

at 1873 K for slags typical of those used in the ladle furnace were also 

carried out. The experimental conditions and results are presented in 

Table 6 for the ternary system and in Table 7 for the quaternary system. 

For both the quaternary and ternary systems a gas mixture of 99%CO-

1%CO2 was used to set the partial pressure of oxygen of 1.72  10-11 

atm. and 6.39  10-12 atm. at 1873 K and 1823 K, respectively. The 

analyzes of sulfur in both slag and copper are also included in the Table 

5, 6 and 7. In order to examine experimental reliability, some samples 

such as SC7, SC8, SC9, 13, 15, 16, 17, 18 were repeated. The results 

of the two runs for different pairs of samples were found to exhibit 

excellent agreement. These data of sulfide capacity were used later for 

optimization of the KTH model. All the slag compositions were chosen 

within the homogeneous liquid phase field, according to the phase 

diagram of the Al2O3-CaO-MgO-SiO2 system. [49,50] In addition, the 
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samples were to be found glassy after quenching, indicating that the 

samples were liquid during the experiments. It is noted that all the 

compositions of all the slags investigated are the weigh-in 

compositions. Some selected samples were analyzed for their final 

compositions which are also included in the relevant tables. The 

analyzed compositions were normalized  to 100 mass%. The 

reproducibility of the experiments was also investigated in Table 6 for 

samples T2, T3, T5 and T8 and the results were found to be in very 

good agreement with each other. 
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Table 5. Experimental conditions in the CaO-SiO2-MgO-Al2O3 system 

for slags having 10 and 15 mass % Al2O3 along with calculated sulfide 

capacity based on the sulfur content in both slag and copper. 

  Slag composition (Weighed in/Analyzed) 

[mass %] 

 Sulfur 

[mass %] 

  

Sample T [K] CaO SiO2 MgO Al2O3  Slag Copper  CS104 

SC1 1713 28 39 18 15  0.08 0.74  0.4 

SC2 1713  35 36 14 15  0.14 0.60  0.9 

SC3 1713  38 37 10 15  0.13 0.64  0.8 

SC4 1713  34 38 18 10  0.15 0.58  0.9 

SC5 1713  38 38 14 10  0.16 0.57  1.0 

SC6 1713  42 38 10 10  0.17 0.58  1.1 

SC7 1743  32 35 18 15  0.18 0.66  0.8 

SC7* 1743  32 35 18 15  0.14 0.55  0.7 

SC8 1743  38 33 14 15  0.26 0.45  1.6 

SC8* 1743  38 33 14 15  0.26 0.45  1.6 

SC9 1743  42 33 10 15  0.27 0.45  1.7 

SC9* 1743  42 33 10 15  0.27 0.45  1.7 

SC10 1743  37 35 18 10  0.31 0.41  2.2 

SC11 1743  41 35 14 10  0.33 0.40  2.4 

SC12 1743  45 35 10 10  0.34 0.36  2.7 

SC13 1773 35/35.8 32/31.9 18/18.5 15/13.8  0.30 0.38  2.1 

SC13* 1773  35 32 18 15  0.32 0.40  2.1 

SC14 1773 40/40.4 31/31.3 14/14.4 15/13.9  0.39 0.36  2.8 

SC14* 1773  40 31 14 15  0.39 0.36  2.8 

SC15 1773  44/44.4 31/30.8 10/10.3 15/14.5  0.41 0.35  3.1 

SC15* 1773  44 31 10 15  0.43 0.32  3.5 

SC16 1773  37 35 18 10  0.31 0.34  2.4 

SC16* 1773  37 35 18 10  0.34 0.38  2.3 

SC17 1773  41 35 14 10  0.34 0.38  2.3 

SC17* 1773  41 35 14 10  0.36 0.42  2.3 

SC18 1773  45/44.2 35/34.5 10/11.5 10/9.8  0.36 0.35  2.7 

SC18* 1773  45 35 10 10  0.37 0.38  2.6 

SC19 1773  41/41.7 39/37.5 10/11.1 10/9.7  0.18 0.57  0.9 

SC20 1773  32 35 18 15  0.18 0.61  0.8 

SC21 1773 43/44 30/29.2 12/12.7 15/14.1  0.40 0.43  2.4 

SC22 1773  43 34 13 10  0.41 0.31  3.4 

SC23 1773  43 37 10 10  0.28 0.40  1.8 

SC24 1773  43/42.7 27/25.1 20/21.9 10/10.3  0.52 0.27  4.9 

SC25 1773  28 39 18 15  0.11 0.57  0.7 

SC26 1773  35 36 14 15  0.21 0.57  1.0 

SC27 1773  38 37 10 15  0.19 0.54  0.9 

SC28 1773  34 38 18 10  0.22 0.47  1.2 

SC29 1773  38/40.2 38/35.3 14/15.2 10/9.3  0.21 0.53  1.1 

SC30 1773  42 38 10 10  0.21 0.41  1.4 

                * Repeated samples 
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Table 6. Experimental conditions in the Al2O3-CaO-SiO2 system along 

with calculated sulfide capacity based on the sulfur content in both slag 

and copper. 

  Slag composition (weighed 

in/analyzed) [mass %] 

  

Sulfur [mass %] 

  

Sample T [K] CaO SiO2 Al2O3  Slag Copper  Cs×104 

T1 1873 59 11 30  0.92 0.10  40.00 

T2 1873 59 6 35  0.88 0.08  48.60 

T2* 1873 59 6 35  0.76 0.07  47.90 

T3 1873 52/51 11/11 37/38  0.75 0.18  18.80 

T3* 1873 52 11 37  0.73 0.19  17.40 

T4 1873 43 47 10  0.13 0.65  1.03 

T5 1873 41/40 46/47 13/13  0.12 0.68  0.90 

T5* 1873 41 46 13  0.11 0.62  0.88 

T6 1873 50 45 5  0.23 0.43  2.53 

T7 1873 38 34 28  0.14 0.59  1.20 

T8 1873 38 27 35  0.16 0.63  1.30 

T8* 1873 38 27 35  0.16 0.64  1.28 

T9 1873 46 24 30  0.40 0.44  4.37 

T10 1873 44 34 22  0.23 0.53  2.13 

T11 1873 46 21 33  0.44 0.42  4.99 

T12 1873 44 30 26  0.26 0.53  2.38 

T13 1873 35 25 40  0.11 0.60  0.92 

T14 1873 40/40 20/22 40/38  0.20 0.64  1.58 

T15 1873 45 15 40  0.34 0.48  3.43 

T16 1873 40 15 45  0.25 0.48  2.50 

T17 1873 38 20 42  0.18 0.54  1.67 

T18 1873 42 27 31  0.20 0.50  1.95 

                * Repeated samples 
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Table 7. Experimental conditions in the Al2O3-CaO-MgO-SiO2 system 

and calculated sulfide capacity based on the content of sulfur in both 

slag and copper. 

  Slag Composition (Weighed 

in/Analyzed) [mass %] 

 Sulfur 

[mass %] 

  

Sample T [K] CaO SiO2 MgO Al2O3  Slag Copper  CS104 

Q1 1873 55/53 15/16 5/6 25/25  0.86 0.12  20.0 

Q2 1873 58 12 5 25  0.95 0.06  70.0 

Q3 1873 51/50 18/19 6/7 25/24  0.71 0.17  19.0 

Q4 1873 53 15 7 25  0.94 0.09  46.0 

Q5 1873 49 18 8 25  0.80 0.20  18.0 

Q6 1873 49 21 5 25  0.66 0.33  9.4 

Q7 1873 59 12 4 25  0.74 0.06  54.0 

Q8 1873 57 13 5 25  0.88 0.20  32.0 

QS-1 1823 55 10 5 30  0.77 0.08  32.0 

QS-2 1823 53 14 3 30  0.81 0.20  14.0 

QS-3 1823 50 16 4 30  0.73 0.26  9.7 

QS-4 1823 45/46 18/19 7/7 30/29  0.51 0.29  6.1 

QS-5 1823 48 20 2 30  0.48 0.32  5.3 

QS-6 1823 48 17 5 30  0.56 0.24  8.1 

QS-7 1823 58 9 3 30  0.77 0.04  53.0 

QS-8 1823 46 14 10 30  0.64 0.20  11.0 

QS-9 1823 52/51 16/18 2/2 30/29  0.64 0.21  10.0 

 

3.2 Sulfur Partion in the Blast Furnace  

The investigation of the partition between blast furnace slag and hot 

metal in regards sulfur was carried out in the present work. The hot 

metal analysis along with its temperature at tapping of the blast furnace 

are presented in the Table 8. Some slags were also analyzed and the 

results are included in the table. The samples S17 and S24 with 

respective slags (Table 8) were chosen for laboratory investigation 

since both represent well all the compositions of the melts at tapping.  
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Table 8. Chemical analysis of hot metal and slag collected at SSAB, 

Oxelösund, blast furnace no. 4 as well as the temperature measurement 

of the hot metal. 

 Time Hot metal analysis, [mass%] Slag analysis, [mass%] T 

 [min] C Si Mn S CaO SiO2 MgO Al2O3 S [K] 

Heat-1            

S1 38 4.77 0.772 0.285 0.046 - - - - - 1756 

S2 48 4.73 0.825 0.281 0.049 - - - - - 1752 

S3 58 4.73 0.741 0.290 0.047 - - - - - 1743 

S4 68 4.62 0.697 0.293 0.047 31.8 34.9 18.4 14.9 1.39 1754 

S5 78 4.71 0.783 0.298 0.036 31.7 34.8 18.5 15.0 1.36 1763 

S6 88 4.66 0.783 0.283 0.030 32.0 34.5 18.5 15.0 1.46 1764 

Heat-2            

S7 55 4.52 0.663 0.273 0.058 31.0 35.0 18.1 15.5 1.32 1751 

S8 65 4.50 0.586 0.262 0.063 - - - - - 1762 

S9 75 4.58 0.636 0.267 0.059 - - - - - 1760 

S10 85 4.61 0.704 0.273 0.054 31.3 35.3 18.3 15.1 1.33 1761 

Heat-3            

S11 15 4.62 0.654 0.264 0.048 - - - - - 1736 

S12 25 4.63 0.682 0.277 0.047 - - - - - 1743 

S13 35 4.61 0.682 0.272 0.051 - - - - - 1743 

S14 45 4.65 0.778 0.286 0.048 - - - - - 1750 

S15 55 4.64 0.804 0.286 0.048 - - - - - 1755 

S16 65 4.62 0.733 0.270 0.057 - - - - - 1760 

S17 75 4.67 0.765 0.289 0.052 31.2 35.3 18.2 15.3 1.35 1755 

S18 85 4.60 0.736 0.302 0.047 - - - - - 1761 

S19 95 4.70 0.710 0.305 0.043 - - - - - 1765 

S20 105 4.68 0.778 0.291 0.043 - - - - - 1765 

S21 115 4.70 0.774 0.284 0.044 31.6 35.0 18.3 15.1 1.39 1767 

S22 125 4.70 0.756 0.284 0.046 - - - - - 1769 

S23 135 4.64 0.724 0.268 0.050 - - - - - 1776 

S24 145 4.60 0.703 0.256 0.059 31.6 35.0 18.2 15.2 1.36 1770 

Aver. - 4.65 0.728 0.285 0.049 31.5 35.0 18.3 15.1 1.40 1758 

Normalized values to 100 mass% 

Both hot metal and blast furnace slag were remelted  at 1743 K and 

1773 K and stirred (100 rpm) for different lengths of time. The present 

experimental temperatures, were chosen considering both high and low 

temperatures in the temperature range of operation listed in Table 8. 

The concentrations of sulfur in the hot metal and slag are plotted in 

Figure 5. It can clearly be seen that, in both samples S17 and S24, the 

sulfur contents in both hot metal and slag vary with time showing 
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evidently that the two phases were not in equilibrium at tapping. For 

both temperatures of investigation, the equilibrium between hot metal 

and slag is reached at about 30 min. 

 

Figure 5. Content of sulfur in the slag and hot metal as a function of 

time at 1743 K and 1773 K. 

3.3 Aged CaC2 Ability on the Hot Metal Desulfurization 

Both laboratory study and industrial trials were carried out to 

investigate the effect of aged CaC2 on the hot metal desulfurization. In 

the laboratory, the formation of Ca(OH)2 was promoted by keeping in 

contact cubes of CaC2 with air at different lengths of time according to 

the following reaction (5) 

2(g)22(S)(moisture)22(S) HCCa(OH)O2HCaC +→+  (5) 

For each experiments, samples were duplicated and prepared under 

identical conditions. One of the sample without  desulfurization 

reaction, was only used to measure the outer layer thickness of 

Ca(OH)2 over the cross section of the cube of CaC2 by using a scanning 

electron microscope (SEM, HITACHI S-3700N) attached with energy 

dispersive spectrometer (EDS). During the preparation of the samples, 

some layers were partially destroyed, and about 10 measurements were 

made considering the thickest parts of the samples. Therefore, the 

averages values was determined based on the large number of 
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measurements made and the results are plotted Figure 6. According to 

the results, due to higher sensitivity of CaC2 to moisture, the product 

layer of Ca(OH)2 increased sharply with time. All cubes of CaC2 with 

different outer layers of Ca(OH)2 were immersed in the hot metal bath 

and stirred at 100 rpm for 8 min at 1673 K and 1773 K. 

 

Figure 6. Layer thickness of Ca(OH)2 (prior to desulfurization), CaS 

and graphite (desulfurization product layers) as funtion of exposure 

time of the sample in air at room temperature. 
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Figure 7. Element mapping over the cross-section of sample CaC2-10 

at 1773K. 

The morphologies of the samples after the desulfurization were 

analysed by SEM and the results were found very similar in both 

temperatures of study (as can be seen in Supplement IV). The element 

mappings over the cross-section of sample CaC2-10 (prepared under 

conditions presented in Table 4) after reaction at 1773 K is shown in 

Figure 7. Although EDS analysis of light element such as carbon, 

involves great uncertainties,[20] from the result of the Figure 7 there is 

no doubt about the presence of graphite layer between the CaS layer 

and unreacted CaC2. The element mapping of Silicon shows clearly 

that Ca2SiO4 is not present which is in accordance with the observation 

from previous study.[23] Moreover, the calcium mapping reveals two 

layers with distinct intensities of calcium. From the oxygen mapping, 

it is concluded that the layer in contact with the graphite layer 

corresponds to CaO layer, while the other corresponds to CaS layer that 

is in contact with the hot metal. The presence of CaO can be attributed 

to the decomposition of Ca(OH)2 at high temperature according to 

reaction (6). 

(vapor)2(S)2(S) OHCaOheatCa(OH) +→+   (6) 
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TG −= 130.325102524Δ
O

6   J mol-1 [21]   (7) 

The partial pressure of water vapor due to reaction (6) can be estimated 

from equation (8).  In fact, according to the calculations the water vapor 

reaches the equilibrium pressure at 1 atm, and above 790 K the 

Ca(OH)2 decomposes to form CaO. 

)
5.12331

exp(10 2.64  5

OH2 T
p −= , atm [21]  (8) 

At 1673 K and 1773 K, the equilibrium pressure of water is about 4040 

atm. and 6151 atm., respectively. The thicknesses of some 

desulfurization products  layer were carefully measured and the results 

are also plotted in the Figure 6. The results show clearly that the 

thickness of graphite and CaS product layers did not show appreciable 

variation after desulfurization.  

 

Figure 8. Sulfur content of hot metal as a function of treatment time. 

The desulfurization was also conducted in the torpedo car by using 

calcium carbide stored at different lengths of time in the temperature 

range between 1705 K and 1619 K. Samples of calcium carbide were 
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named according to the storage period as fresh (5-8 days), Normal (1-

2 weeks), and Aged (3-4 weeks). All the experiment results are 

presented in Figure 8. 

3.4 Possibility of Hot Metal Re-Sulfurization in the Ladle 

3.4.1 Industrial Trials 

The sampling of hot metal and slag along with temperature 

measurement took place in the transfer ladle to investigate the 

possibility of re-sulfurization of  hot metal during the waiting time 

before the BOF. All the results are presented in the Table 9. The 

contents of sulfur and temperature after the desulfurization has finished 

in the torpedo are also included in the table. As can be seen from the 

results, the content of sulfur in the hot metal is almost constant in the 

charges investigated. The same trend is not observed from the slag 

analysis where the content of sulfur exhibit substantial fluctuation.  

The morphology of slags was investigated, and the results are presented 

in Figure 9. The results show clearly the presence of different solid 

phases distributed within the slag and small portion of the liquid phase. 

All phases are marked in the Figures. The solid phases found have been 

identified to be CaS, Ca2SiO4, CaO. Iron droplets are also found in the 

sample. It is interesting to see that the fraction of liquid slag is relatively 

small. Moreover, in some regions of slag from charge 2(B), only CaO 

was found and no trace of sulfur was detected as can be seen in Figure 

9C. This could be due to the extra amount of CaC2 addition in the 

torpedo car. The remaining CaC2 became CaO during the sample 

preparation.    
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Table 9. Chemical analysis of hot metal and slag collected at SSAB, 

Oxelösund, in the transfer ladle as well as the temperature 

measurement of hot metal. 

 Time HM composition [mass %]  Sulfur [mass %] Temp. 

Charge [min] C Si P  HM Slag [OC] 

Torpedo-1 - 4.53 0.54 0.039  0.010 3.05 1351 

 0 ̶ 0.54 0.040  0.002 2.28 1351 

Ladle-1 7 ̶ 0.53 0.038  0.002 1.90 1348 

 14 ̶ 0.55 0.037  0.006 3.06 1346 

 21 ̶ 0.54 0.039  0.002 1.93 1344 

Charge-2         

Torpedo-2 - 4.44 0.49 0.038  0.019 1.88 1271 

 0 ̶ 0.50 0.036  0.002 1.60 1271 

Ladle - 2 7 ̶ 0.517 0.037  0.002 1.92 1266 

 14 ̶ 0.479 0.037  0.002 1.85 1265 

 21 ̶ 0.504 0.039  0.002 1.66 1254 

Charge -3         

Charge         Torpedo-3 - 4.62 0.66 0.039  0.012 1.49 1344 

Ladle-3 0 ̶ 0.65 0.038  0.003 2.48 1344 

 

 

Figure 9. Morphology of slags from charge 1(A) and charge 2(B). 
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Figure 9C. Morphology of slag from charge 2(B) in different 

position. 

4  SULFIDE CAPACITY MODEL 

The KTH model was re-optimized in the present study to improve the 

accuracy on the prediction of sulfide capacity. The missing of 

experimental data in the blast furnace slag range at 1713 K, 1743 K, 

1773 K in the Al2O3-CaO-MgO-SiO2 system as well as in the ladle slag 

range for Al2O3-CaO-SiO2 system at 1873 K at high Al2O3 and SiO2 

content, and quaternary in the Al2O3(25 mass %)-CaO-MgO-SiO2 

section at 1873 K and in the Al2O3(30 mass %)-CaO-MgO-SiO2 section 

at 1823 K were generated in the present work and the results are 

presented in Table 5, 6 and 7, respectively. These data along with the 

reliable and accurate data carefully selected from the literature [12,15-

19,24,26-31,33] were employed for the model optimization. The concept of 

sulfide capacity was first introduced by Richardson and Fincham [14] 

and is derived from the following gas ion exchange reaction 

2(gas)

2

(slag)

2

(slag)2(gas) O
2

1
SOS

2

1
+→+ −−    (9) 

The equilibrium constant for equation (9) can be written as: 
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Where 9K    denotes the equilibrium constant for reaction (9),
2Sp  and 

2Op are the partial pressure of sulfur and oxygen, −2S
a and −2O

a are the  

activity of sulfur and oxygen in the slag. The sulfide capacity can be 

defined from the rearrangement of equation (10) as: 
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Where the activity of any element is defined in equation (12) as 

j)j%mass( fa j =                  (12) 

On the other hand, the sulfide capacity of the slag can also be expressed 

according to the equation (13). 
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    (13) 

where 0G is the Gibbs energy change of reaction (9) and could be 

calculated using experimental data of FeO. [52]  

 

10 molJT158.58118535 −−=G   (14) 

 

  in equation (13) could be expressed as a function of composition and 

temperature, the subscript i represents the component i, ix  represents 

the molar fraction of component i and mix   stands for mutual 

interactions between different components. An expression for mix  is 
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given in Equation (15), where 1Ciy  represents the fraction of the total 

population of cations  made up each individual cationic species 1Ci  

(Equation (17), where CiN  is the total number of cations of species 𝑖).  

The parameters 
)(2,1 2−OCiCi

L  in Equation (16) may be optimized using 

experimental data. 

 += mixix        (15) 

 

  ++= −− ...(
)(3,2,1321)(2,121 22 OCiCiCiCiCiCiOCiCiCiCimix LyyyLyy

       (16) 


=

Ci

Ci
Ci

N

N
y                 (17)  

4.1  Model Parameters 

The majority of binary parameters is taken from previous publication 
[15] and majority of these parameters are not re-optimized. Due to the 

lack of experimental data, the binary parameters for Al2O3-MgO were 

not optimized in the previous work. The ternary parameters for Al2O3-

CaO-MgO system were used for model calculation although not ideal, 

since it is preferred to use lower order parameters. The ternary 

parameters for Al2O3-CaO-MgO system were employed to optimize 

the binary parameters for Al2O3-MgO system. Meanwhile, the ternary 

parameters for Al2O3-CaO-MgO system were not employed in the 

present calculation. The ternary parameters were re-optimized based 

on experimental data from the present study as well as from the 

evaluated reference data. Based on carefully selected datasets, the 

parameter, 𝜉, for the Al2O3-CaO-MgO-SiO2 system and its subsystems 

are re-optimized. The resulting expression of ξ is given in Equation (18)  
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Note that  MgOx , 
32OAlx , CaOx , 

2SiOx  denote the molar fraction of  

MgO, Al2O3, CaO and SiO2, respectively. 
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5  DISCUSSION 

5.1 Sulfide Capacity Model Performance 

The re-optimized KTH model is employed to estimate the sulfide 

capacities for both blast furnace and ladle slags. The model is used to 

calculate the iso-lines for the sulfide capacity, 𝐶s, in both quaternary 

and ternary systems. The iso-lines are plotted and compared with the 

experimental results (Figures 10-12). In Figure 10, the calculated iso-

lines of sulfide capacities in the Al2O3-CaO-SiO2 system at 1873 K 

show a very good agreement with the experimental data reported by 

Hino et al. [28] as well as data from the present work. The same trend is 

also observed for the Al2O3-CaO-SiO2-MgO system, where the iso-

lines are calculated in the Al2O3(25 mass %)-CaO-MgO-SiO2 section 

at 1873 K (Figure 11) and in the Al2O3(30 mass %)-CaO-MgO-SiO2 

section at 1823 K (Figure 12). The results in Figures 10-12 cover ladle 

slag compositions and show a good agreement with majority of data 

reported in the literature.  

 

Figure 10. Experimental data and iso-lines calculated using the re-

optimized KTH model of sulfide capacities (CS  104) plotted against 

slag compositions in the Al2O3-CaO-SiO2 system at 1873 K. 
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Figure 11. Experimental data and iso-lines calculated using the re-

optimized KTH model of sulfide capacities (CS  103) plotted against 

slag compositions in the Al2O3(25 mass %)-CaO-MgO-SiO2 system at 

1873 K. 

 

Figure 12. Experimental data and iso-lines calculated using the re-

optimized KTH model of sulfide capacities (CS  103) plotted against 

slag compositions in the Al2O3(30 mass %)-CaO-MgO-SiO2 system at 

1823 K.  
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Therefore, the optimized model could be satisfactorily used as a tool in 

the optimization of ironmaking and steelmaking. As mentioned 

previously, the model calculations depend greatly on the accuracy of 

the experimental data used in the model and can only be used for pure 

liquid slag. The model provides good predictions of sulfide capacity 

between 1700 K and 1873 K for all liquid slags in the Al2O3-CaO-

MgO-SiO2 system, especially for ladle slags and blast furnace slags, 

with an average relative deviation of approximately 15%.  

5.2 Sulfide Capacity for High MgO Blast Furnace Slags 

Data for the sulfide capacity of blast furnace slags with high MgO 

content, such as those used at SSAB-Oxelösund, Sweden, were 

investigated in the present study at 1713 K, 1743 K, 1773 K and the 

results are presented in the Table 5; and some results are plotted in 

Figures 13 and 14 at 1773 K. From the results in both Figures 13 and 

14, it can be seen that silica has a far more significant effect on the 

sulfide capacity than alumina: for instance, the variation of SiO2 

content from 35 mass% to 40 mass% substantially decreased the 

sulfide capacity in both Figures. Conversely, it is also observed that an 

increase of Al2O3 content from 10 to 15 mass % only causes a slight 

decrease in the sulfide capacity.  

The effect of MgO on the sulfide capacity has been investigated 

elsewhere. [17, 34, 35, 54, 55] From the results of previous studies, the effect 

of  MgO on the desulfurization process is not clear. Taniguchi et al. [35] 

stated that CaO and MgO have a very similar (but not identical) effect 

on sulfide capacity in the CaO-SiO2-MgO-Al2O3 system.  However, 

according to Osborn et al., [54] both MgO and CaO have equal efficacy 

in increasing the sulfide capacity of slag. Furthermore, Shankar et al, 
[34] reported that the increase of sulfur capacity in the CaO-SiO2-MgO-

Al2O3 system is evident when MgO content is >7 mass % and that no 

substantial effect was observed when MgO content was between 2 

mass% and 5 mass%. 
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Figure 13. Experimental and literature data of sulfide capacity  

(CS  104) in the Al2O3(10 mass %)-CaO-MgO-SiO2 system at 1773 K. 

 

 

 

Figure 14. Experimental and literature data of sulfide capacity  

(CS  104) in the Al2O3(15 mass %)-CaO-MgO-SiO2 system at 1773 K. 
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Conversely, Kalyanram et al. [17] suggested that the effect of increasing 

the mass fraction of MgO on the desulfurization power of blast furnace 

slags was less than that of an equivalent increase in the mass fraction 

of CaO. Holbrook [55] also concluded that an increase in MgO content 

is less efficient for the desulfurization process than an equivalent 

increase of CaO content. The blast furnace slag at Oxelösund-SSAB 

typically contains 15 mass% Al2O3, 32-34 mass% SiO2 and 14-18 

mass % MgO.  As seen in both Figures 13 and 14, the sulfide capacities 

from the present work and data from the literature both clearly show 

that the replacement of CaO by MgO in the slag leads to a decrease in 

sulfide capacity. The sulfide capacity iso-lines calculated from the 

present optimized model are also plotted in both Figures and 

consideration of these iso-lines leads to the same conclusion. Assuming 

that alumina and silica are present at typical levels, slags with high 

magnesia content (> 14 mass%) will be less efficient for removing 

sulfur inside the blast furnace. This is in very good agreement with the 

literature data included in both Figures. Hence, in the blast furnace 

operation, it is desired to keep the MgO below 14 mass%. Note that 

other parameters, for example the flux in the iron ore pellets, should 

also be taken into consideration when making the process optimization.  

5.3 Slag-Metal Equilibrium at Blast Furnace Tapping 

The calculation of sulfur partition based on the sulfide capacities was 

determined by considering the equilibrium between the slag and hot 

metal (Reaction (20)). The sulfide capacity and equilibrium sulfur 

partition can be related each other from the combination of reactions 

(9) and (20) to give reaction (21). 

slag

2

metalslag

2 )(SO)(OS −− +→+    (20) 

metal(gas)2metal(gas)2 OS
2

1
SO

2

1
+→+    (21) 
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The equilibrium constant of reaction (21) can be expressed either 

as Equation (22) or Equation (23). 

375.1
935

log 21 +−=
T

K  [8, 29, 32]   (22) 

  SmetalS

slagO

O
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      (23)           

Hence, the  sulfur partition 𝐿S, is expressed by equation (24), [8, 32] 
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935
logloglog

S%mass

S)%(mass
loglog OSS
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slag
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afCL  

      (24) 

The activity coefficient of sulfur, Sf  , in the metal can be evaluated 

using Wagner’s model (Equation (25)) 

  = jef j %masslog SS    (25) 

where [mass % j] refers to dissolved elements in the hot metal and 𝑒S
𝑗
 

is the interaction parameter for sulfur and each element being 

considered in the hot metal and may be taken from literature (Table 10). 
[8] The oxygen activity, Oa , in the hot metal can be determined from 

reaction (26), which has an equilibrium reaction constant given by the 

expression in Equation (27). 

 27

2(gas) OO
2

1
→     (26) 

151.0
6126

log 26 +=
T

K [27, 32]   (27) 
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Figure 15. The selected area represents the optimum composition for 

the equilibrium partitioning of sulfur within the blast furnace slag 

composition range in the Al2O3(10 mass%)-CaO-MgO-SiO2 system at 

1773 K. 

 

 

Figure 16. The selected area represents the optimum composition for 

the equilibrium partitioning of sulfur within the blast furnace slag 

composition range in the Al2O3(15 mass%)-CaO-MgO-SiO2 system at 

1773 K. 
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Table 10. Values of interaction parameters of elements dissolved in 

hot metal 

 𝑒S
𝑆𝑖    

0.11 0.063 -0.026 0.29 -0.028 

Since there was a need to simulate industrial conditions in the 

laboratorial study, the reaction (1) was considered to generate the 

oxygen partial pressure in the hearth of the blast furnace by assuming 

the partial pressure of CO as 1 atm and hot metal saturated with carbon. 

The same approach has been made by previous researchers. [5, 7, 9] From 

Figure 5, the variation of sulfur content with time in both the hot metal 

and the slag indicates that the two phases were not in equilibrium 

during the industrial process. This agrees with the findings of Hatch 

and Chipman, [5] Turkdogan [7] and Filer and Darken. [11] According to 

these researchers, the hot metal and slag were not in equilibrium at blast 

furnace at tapping since sulfur was transferred from the hot metal to 

slag. The equilibrium was reached after prolonged holding of between 

1 h and 2 h [11] or 7 h. [5] In this study, a holding time of approximately 

30 min was required for the hot metal reach the equilibrium with the 

slag (Figure 5). Although stirring at 100 rpm was used in the present 

work, Hatch and Chipman [5] used different higher stirring speeds and 

demonstrated that the equilibrium was less affected by the increase of 

stirring, which suggests that mass transfer was not the controlling step 

in their experiments.  

The equilibrium sulfur partition was calculated at 1773 K for the range 

of blast furnace slag compositions employing equation (24). The 

sulfide capacities were determined using the present optimized KTH 

model. The areas with high equilibrium sulfur partition were calculated 

and are presented in Figure 15 and 16. Sulfur was found to partition 

more strongly into slags with 10 mass% -14 mass% MgO. Burgess and 

Baldwin [53] demonstrated that slags with high magnesia content 

e
S

C e
S

Mn e
S

P e
S

S
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provide better equilibrium sulfur partition than those of typical 

composition. According to their results, the partition ratios obtained 

using slags with 12 mass% MgO content were four times better than 

those with 3 mass% MgO. Abraham et al. [22] reported that, using slags 

with high MgO content, equilibrium sulfur partitioning between the hot 

metal and slag are more closely approached in practice due to lower 

slag viscosities. 

5.4 Hot Metal Desulfurization 

As already stated, with the exception of some very specific steel grades 

where good machinability is required in the steel product, sulfur is a 

harmful impurity. It compromises the mechanical properties of steel 

and has to be reduced to the lowest possible level. Hot metal 

desulfurization before the BOF provides a low-cost route to achieve the 

required removal of sulfur. To a major extent, hot metal desulfurization 

takes place in the blast furnace due to favourable conditions: a highly 

reducing atmosphere and high temperature. Since the content of sulfur 

(0.05 mass %) leaving the blast furnace is still too high for subsequent 

processing, additional desulfurization processes outside  the blast 

furnace are required in order to further reduce the level of sulfur. Such 

processes may include the injection of desulfurization agents, such as 

CaC2, CaO, Mg into either torpedo ladles or open ladles and the 

addition of desulfurization agents into open ladles using the KR 

impeller stirring system. [60] 

 5.5 Effect of Aged CaC2 on the Desulfurization 

Desulfurization is continued in the torpedo car by the injection of 

reagents using nitrogen as transport gas. Among others, CaC2 is one of 

the most widely-used reagents due to its high efficacy. At this stage, the 

sulfur content in the hot metal should be below 0.002 mass %. The hot 

metal desulfurization using CaC2 have been broadly investigated by 

several researchers. [23, 45-48, 57-59] To mention that CaC2 reacts easily 
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with moisture as already stated, forming an outer layer of Ca(OH)2. 

Although precautions are taken in industrial practice, this reaction will 

occur in some extend, and the presence of Ca(OH)2 may reduce the 

efficacy of the CaC2 affecting the hot metal desulfurization process. 

From the literature review, no studies were found reporting the effect 

of aged CaC2 on the desulfurization process. 

Therefore, to investigate this effect, CaC2 was allowed to react with 

moisture according to reaction (5).  The thickness of the Ca(OH)2 layer 

as a function of exposure time in air is shown in Figure 6, where it may 

be observed that the thickness increased proportionally to the time of 

contact with air. At the desulfurization temperature CaO formed via the 

decomposition of Ca(OH)2 (reaction (6)) reacts with dissolved sulfur 

in the hot metal to form CaS (reaction (28)) 

OCaSSCaO (S)(S) +→+    (28) 

Although reaction (28) takes place, a CaO layer is still detected 

between the graphite layer and CaS layer in all the samples. From 

Figure 6, the thickness of CaS is much greater than that of Ca(OH)2, 

which indicates that the desulfurization proceeds through another 

mechanism after initial stage of reaction (28). The presences of both 

layers of CaS and CaO above the graphite layers indicate that the 

growth of the CaS layer after the initial stage is due the transfer of Ca 

from the CaC2 to the surface of the cube, since the reaction of CaO with 

sulfur would consume the CaO layer. According to Talballa et al., [45] 

the solid CaC2 partially dissociates to graphite and calcium vapor at 

1623 K, and the desulfurization proceeds by the diffusion of calcium 

vapor through the product layers which allows reaction (29) can take 

place at the surface. 

(S)(S) CaSSCa →+     (29) 
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The partial pressure of calcium vapor must be high enough in order for 

reaction (29) to take place. The decomposition reaction of CaC2 is 

expressed by reaction (30), of which the equilibrium partial pressure of 

calcium can be calculated using thermodynamic data. [52] 

(S)(g)(S)2 2CCaCaC +→    (30) 

1O

30 molJ78.60217867 −−= TG   (31) 

At both temperatures investigated, the equilibrium partial pressures of 

calcium were found to be high enough to result in mass transfer of 

calcium vapor through the solid product layers to the CaC2 surface:  

2.36 × 10−4atm.  and 5.70 × 10−4atm.  at 1673 K and 1773 K, 

respectively. The presence of a graphite layer (Figure 7) between the 

CaO and CaC2 further confirm the proposed reaction mechanism. 

As mentioned previously, the use of aged CaC2 would affect the hot 

metal desulfurization. According to Figure 6, following desulfurization 

of hot metal for 8 min at 1773 K, the thickness of the CaS layer shows 

negligible variation regardless of the thickness of Ca(OH)2. The 

thickness of the CaS layer was found to be approximately 120 µm. A 

fresh CaC2 sample was also used for desulfurization under the same 

conditions and resulted in the same CaS layer thickness with is in 

accordance with the previous investigation. [23] Since desulfurization 

proceeds by the diffusion of calcium vapor through the product layers, 

it may be further concluded that the presence Ca(OH)2 outer layer is 

not a significant concern.  

In industrial trials, desulfurization of hot metal using CaC2 having 

different aging times were studied in the torpedo car at different 

temperatures. The results are presented in Figure 8. It can also be seen 

from Figure 8 that the effect of aging CaC2 on the desulfurization does 

not appear to be significant since all trials resulted in almost the same 

performance. From the data collected in both laboratory and industrial 
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trials, it is concluded that the supply of calcium for desulfurization is 

not rate-limiting and that the mass transfer of sulfur in the hot metal is 

the controlling step of the desulfurization process. 

5.6 Possibility of Hot Metal Re-sulfurization 

In the present work, the possibility of re-sulfurization of hot metal in 

the transfer ladle during the waiting time was investigated. Chemical 

analyses of both the slag and hot metal were performed. The results of 

the hot metal analyses are presented in Table 9. The slag analysis 

exhibited substantial inconsistency and so is not included in the table. 

In addition, the sulfur content in the slag exhibited high fluctuation, 

while the content of sulfur in the hot metal appeared to be stable. The 

reason of inconsistent trend of sulfur in the slag could be explained 

from the slag morphology as can be seen in Figure 9. According to the 

results, slag is no longer in liquid phase and different solid phases were 

found distributed within the slag, together with a small portion of liquid 

slag. The sulfur, which is solid in the form of CaS, is not uniformly 

distributed within the slag. For instance, in some areas of the slag from 

charge 2(B) only CaO was detected, no trace of sulfur was found 

(Figure 9C). Furthermore, sampling was performed at different times 

and positions, which may also contribute to inconsistency in the results 

of the slag analysis. 

During the time while the metal is waiting to be transferred into the 

BOF, it was expected that sulfur would go back to the hot metal due to 

the decrease in temperature and a limited increase in oxygen potential 

(the ladle is in contact with air, although the hot metal is protected by 

a thin layer of slag on top, which restricts the increase) according to 

equation (32). 

O

21SS
S

a

KfC
L


=     (32) 
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Rath and Hüsken, [60] claimed that when the hot metal is in contact with 

air, re-sulfurization will take place. In addition, the amount of sulfur 

expected in the slag decreases as the temperature drops.  This, along 

with the increase in oxygen potential is expected to lead to re-

sulfurization, according to equation (32). In practice, although the 

oxygen potential could be somewhat increased, and the temperature of 

the melt had decreased significantly (especially for charge 2), the level 

of sulfur in the hot metal did not increase, contrary to expectations. 

With respect to the oxygen potential, despite the contact of the melt 

with air, the oxygen activity is controlled by carbon in the hot metal. 

The slag morphology in Figure 9 shows that the slag is no longer 

completely molten in the transfer ladle. It consists of a mix of different 

solid phases and small portion of liquid slag. Almost all the sulfur in 

the slag was found in the solid phase in the form of CaS, which is only 

a small fraction of the slag. The presence of CaS is due to the 

desulfurization practice using CaC2.  From Figure 9A and B, it can be 

observed that the liquid slag and solid CaS have a limited contact with 

the hot metal. The limited contact area between the hot metal and the 

sulfur containing phases in the “slag” leads to very sluggish kinetics 

for the transfer sulfur back to the hot metal. Therefore, the amount of 

re-sulfurization that is observed in the hot metal due to the temperature 

drop and oxidation in the ladle is very low. 
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6 SUMMARY 

The desulfurization process and sulfide capacity of slag were 

investigated in the present study. 

6.1  Sulfide Capacity 

The unavailable data of sulfide capacity at 1713 K, 1743 K, 1773 K, 

1823 K and 1873 K were determined experimentally. The liquid copper 

was equilibrated with different slag compositions for 24 hours under a 

well-controlled oxygen partial pressure. These data together with the 

reliable data selected from the literature were employed for model 

optimization. The model was successfully optimized and produced 

good predictions of sulfide capacity between 1700 K and 1873 K for 

all liquid slags in the Al2O3-CaO-MgO-SiO2 system, especially for 

ladle slags and blast furnace slags, with an average relative deviation 

of approximately 15%. 

 6.2 Sulfur Partition  

The investigation of sulfur partition in the blast furnace at tapping was 

carried out. After re-melting slag and hot metal and stirring them for 

different periods of time, the results showed that the two phases were 

not in equilibrium with respect to sulfur at tapping. In the present 

laboratory experiment, approximately 30 min was required to reach 

equilibrium. The optimum equilibrium sulfur partition in the range of 

blast furnace slag was determined using sulfide capacity data 

calculated using the present optimized model. The results showed 

clearly that the best area which provides a good equilibrium sulfur 

partition is between 10 to 14 mass% MgO. 

6.3  Aged CaC2 on the Hot Metal Desulfurization 

The effect of aged CaC2 on the desulfurization of hot metal was 

investigated. According to the results from the industrial trials, the 

effect of aging CaC2 on the desulfurization does not appear to be 
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significant since all trials resulted in almost the same performance. The 

industrial observation was well explained by the results from the data 

of lab experiment. The experiments were conducted at temperatures of 

1673 K and 1773 K. The results showed clearly that the use of aged 

CaC2 does not have appreciable effect on the desulfurization process 

since all the samples used exhibited almost the same product layer 

thickness, despite being subject to different aging treatments. 

6.4 Possibility of Hot Metal Re-Sulfurization 

Experiments were carried out to investigate the possibility of re-

sulfurization in the case that the hot metal was subject to a long waiting 

time in the transfer ladle before the BOF. From the results, it was found 

in the slag the presence of different solid phases and small portion of 

liquid slag. Moreover, majority of the sulfur in the slag was found in 

the solid phase in the form of CaS, which is only a small fraction in the 

slag. The liquid slag and solid CaS therefore have a limited contact with 

the hot metal leading to very poor kinetics for re-sulfurization. 

Therefore, the amount re-sulfurization that is observed in the transfer 

ladle was found to be very low. 
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