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ABSTRACT
After injection of calcium carbide and magnesium during desulphurisation of hot
metal, the slag is normally solid and contains large amounts of iron. Besides the
enclosed iron droplets in the slag, drawn-off hot metal during slag skimming also
accounts for iron losses during desulphurisation of hot metal.
Iron losses during hot metal desulphurisation using both calcium carbide (monoinjection), and calcium carbide and magnesium (co-injection), have been studied
by large-scale investigations of slag from the slag pit as well as slag sampling
during the desulphurisation process at SSAB EMEA in Luleå.
An alkali-containing mineral, nepheline syenite, was mixed together with the
calcium carbide to facilitate slag formation during desulphurisation and to enhance
the separation of iron from the slag. Even though the addition of nepheline syenite
resulted in a more fine-grained slag, no reduction in the iron content in the slag
before slag skimming was observed.
The addition of 5 wt-% of nepheline syenite to the calcium carbide during monoinjection decreased the magnetic fraction of the slag from the slag pit from
2.5 wt-% to 1.9 wt-%. The decrease in the larger magnetic fractions combined with
the improved iron yield may arise from a more effective slag skimming due to the
change in slag consistency.
During co-injection with magnesium and calcium carbide, the magnetic fraction of
the slag from the slag pit decreased from 3.2 wt-% to 3.1 wt-% with the addition of
10 wt-% of nepheline syenite. Even though nepheline syenite has a positive effect
on the slag skimming, due to a decrease in larger magnetic fractions, the total
magnetic iron losses have not decreased significantly. A plausible explanation for
the lack of improved iron yield during co-injection in the present study could be
that the increased turbulence during injection of magnesium counteracts any
positive effect from addition of nepheline syenite on the slag properties.
Finally, no negative effect on the reagent efficiency was observed during the trials
with addition of nepheline syenite.
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INTRODUCTION

The importance of steels with high mechanical properties has increased rapidly
during the recent decades. To manage these new quality requirements the level of
impurities has to be low during steel production. One of the most important
impurities in steel is sulphur. During integrated steel production, sulphur is
transported from the coke and coal in the blast furnace to the hot metal. Sulphur is
normally removed from the hot metal before the steel is treated in the basic oxygen
furnace (BOF) during integrated steel production.
External desulphurisation of hot metal was established a few decades ago and the
process has constantly been developed to meet the demand for more efficient
sulphur removal. Initially, soda and burnt lime was used as desulphurisation agent
in the treatment of hot metal. Due to work environment problems, mainly with
soda, low reactivity and long treatment time, other desulphurisation agents, like
calcium carbide and magnesium or a combination of these agents, have become
more important. It is also important to create a large contact area between the
desulphurisation agent and dissolved sulphur in the hot metal in order to reach
maximal reagent efficiency and short treatment time. Today injection is the
dominating technology used for desulphurisation of hot metal and the process
vessels for injection of desulphurisation agents e.g., lime (CaO), calcium carbide
(CaC2) and magnesium (Mg), are torpedo cars or hot metal transfer ladles. During
normal praxis one agent, mono-injection, or a combination of different agents, coinjection, are employed during desulphurisation.
Besides the removal of sulphur, one other important issue during desulphurisation
of hot metal are iron losses, which has a large impact on the total iron yield. After
desulphurisation the slag is solid and in the form of gravel. Iron losses originate
mainly from metal droplets detained in the slag and as carry-over during slag
skimming. To facilitate the reduction of the iron in the slag different additives such
as e.g., soda, (Na2CO3), fluorspar (CaF2) and cryolite (Na3AlF6), are normally used
to improve the properties of the slag and thereby reduce iron losses.1-5
SSAB EMEA in Luleå is one of few steel companies in the world that desulphurise
the hot metal down to extremely low levels in the order of 10 ppm. Therefore, the
performance of the desulphurisation of hot metal is the most important factor
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influencing the final sulphur content in the steel. A further approach to attain low
sulphur content in the final product is to use internal clean scrap in the BOF. In the
present study, the iron losses during desulphurisation in the transfer ladle at SSAB
EMEA in Luleå (SSAB) have been investigated.
1.1

IRON LOSSES

The generated slag after desulphurisation is solid and contains a large amount of
iron. Iron losses in the range of 50-70% of the total slag amount before slag
skimming have been reported.1, 5-10 Tougher product requirements demand
desulphurisation to lower sulphur contents, thereby increasing the amount of
requested desulphurisation agents and, consequently, increased iron losses to the
slag. Iron losses during desulphurisation of hot metal can be in the order of
1.5-3.2% of the total processed hot metal from the blast furnace.6-8, 11-13 Besides the
metal droplets detained in the slag during injection, the slag skimming will also
result in iron losses. The metal droplets detained in the slag and the hot metal that
follows during slag skimming has an important effect on the total iron yield. A
further factor affecting the iron yield during the desulphurisation process is
turbulence, which results in splashing of iron due to an intensive injection of
reagents.
One factor that has been investigated with respect to iron losses is the formation of
stable titanium compounds such as titanium nitrides and titanium carbonitrides
during the injection of desulphurisation agents.7, 8, 14, 15 Street et al.7 reported that a
Ti content of 0.08-0.12 wt-% in the hot metal results in solid titanium compounds
in the slag that tend to form a thick slag which is difficult to skim and this will
result in increased iron losses to the slag. Ender et al.15 showed that the titanium
compounds surrounded the hot metal. The predominant share of the Ti(C,N)
compounds consisted of titanium nitrides and these prevented the separation of the
hot metal from the slag into the hot metal bath.
The melting points of the reaction products are high, and the formed slag is solid
and in the form of gravel. This is a disadvantage with respect to iron losses. To
facilitate the reduction of iron losses from the solid slag, the properties of the slag
have to be improved. An increased fluidity or a liquid slag would be optimal to
improve the drainage of entrapped iron in the slag to return to the hot metal bath.
However, the conditions for forming a liquid slag are limited or unfavourable
2

during desulphurisation of hot metal due to the relatively low temperature.
Furthermore, a fluid/liquid slag could have an impact on the slag skimming; it
could result in difficulties in separation between the slag and iron. This could lead
to increased iron losses and increased skimming time.
As mentioned earlier, a number of studies report the use of different fluxing
additives containing basic oxides to improve the properties of the slag during
desulphurisation.1-5 Besides these studies, a number of researchers have
investigated the effect of acidic-containing additions to the desulphurisation slag on
the iron losses and reagent efficiency. 1, 8, 16, 17 According to Freissmuth and Trout,16
additions of alkali-containing minerals e.g., albite or nepheline syenite, may lead to
improved desulphurisation efficiency as well as lower iron losses associated with
slag skimming. Diao et al.1 employed an acidic-containing slag modifying agent
that contained 50.7% SiO2, 2.5% Al2O3, 21.2% Na2O, 19.9% CaF2, 5.7% CaO
added to the ladle before co-injection of magnesium and lime, and no negative
effect on the desulphurisation efficiency were reported. Chiang et al.17 studied the
reagent efficiency during desulphurisation with calcium carbide and reported that
the efficiency increased from 17% with no top slag to 20% with a dry lime-silica
slag. The efficiency was further improved to 22% with addition of a liquid slag.
To improve the properties of the slag an alkali-containing mineral, nepheline
syenite, [Na,K(AlSiO4)], was used in the present study to investigate the iron
losses and the efficiency of the desulphurisation agent.
1.2

NEPHELINE SYENITE

Nepheline syenite is a natural mineral containing up to two-thirds feldspar
minerals, albite (Na2O·Al2O3·6SiO2) and microcline (K2O·Al2O3·6SiO2), and about
one-third nepheline (3Na2O·K2O·4Al2O3·8SiO2). The most common use of
nepheline syenite is in the glass industry. The use of nepheline syenite or nepheline
as a slag-modifying agent has been investigated by a number of researchers.2, 18-22
The primary objective of these studies has been to focus mainly on the rheology
and mineralogy of the slags.
According to Gitterle,8 has nepheline (3Na2O·K2O·4Al2O3·8SiO2) been used
successfully with a reduction in iron losses, particularly for desulphurisation with
stirrers.
3
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AIM AND SCOPE

The main objective of this thesis was to study the iron losses during
desulphurisation of hot metal in the transfer ladle at SSAB EMEA in Luleå. The
iron losses have been investigated both with injection of calcium carbide (monoinjection), and injection of calcium carbide and magnesium (co-injection), with
nitrogen as a carrier gas. Besides the iron losses, investigations of the efficiency of
the desulphurisation agents have also been performed.
The slag after desulphurisation is normally solid, in the form of gravel and contains
large amounts of iron. Iron losses originate mainly from metal droplets detained in
the slag and as carry-over during slag skimming. The iron losses during slag
skimming have a large impact on the total iron yield. To improve the properties of
the slag and enhance the separation of iron an alkali-containing mineral, nepheline
syenite, was mixed together with the calcium carbide. The hypotheses was that
nepheline syenite, which has a lower melting point than the generated slag during
desulphurisation, could lower the melting point of the slag and thus facilitate the
separation of iron from the slag.
In total, four campaigns have been conducted to investigate the iron losses during
normal practice and with addition of nepheline syenite. The iron losses have been
studied via large-scale investigation of slag from the slag pit as well as slag
sampling in the transfer ladle. Slag samples have been characterised with special
emphasis on the iron losses to the slag and compared with process data as well as
results from long-term trials of the iron losses.
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THEORETICAL BACKGROUND

In general, the desulphurisation process may be described as an exchange reaction
between dissolved sulphur in the metal phase and oxygen ions either in a chemical
compound or dissolved in a slag phase. This exchange reaction may be represented
by the following reaction:
[S] + (O2-) = (S2-) + [O]

(1)

The equilibrium constant for this reaction could be expressed as:
൫ୟ మష ൯ሾୟో ሿ
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Where ao and as are the activities of oxygen and sulphur in the metal phase, as2- and
ao2- are the ion activities of sulphur and oxygen in the slag phase. Fincham and
Richardson23 defined the sulphide capacity, Cs, of a slag to describe how this
general exchange reaction of sulphur and oxygen could be related to the sulphur
distribution, Ls, in a real system. The sulphide capacity is defined as
 ൌ
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The sulphide capacity describes the ability of a homogenous liquid slag to hold
sulphur and a slag with high Cs will hold sulphur more strongly. From the
definition of Cs it is clearly seen that a slag with high basicity will have a higher
sulphide capacity due to the increased activity of oxygen ions in the slag. From the
relation between Ls and Cs presented as
ୗ ൌ
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It is shown that high sulphur distribution is favoured also by a high activity
coefficient of sulphur in the metal phase and a low oxygen potential.
The concept of Cs is normally used to describe the transport of sulphur and oxygen
between a liquid metal and a liquid slag. However, this is not applicable in the case
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of desulphurisation of hot metal with a solid desulphurisation agent e.g., CaC2,
CaO or Mg combined with low oxygen potential.
3.1

DESULPURISATION AGENTS

Lime:
The reaction between lime and dissolved sulphur in the hot metal will take place by
one of the following reactions, depending on the hot metal composition. For hot
metal with low silicon content, reaction (5) will dominate and when the oxygen
potential in the hot metal is controlled by high concentration of silicon, reaction (6)
will dominate.
CaO + [S] + [C] Æ CaS + CO

(5)

4CaO + 2[S] + [Si] Æ 2CaS + 2CaO*SiO2

(6)

During the reaction the lime particle is covered with a layer of CaS and this layer
slows down the reaction. Since the reaction occurs at the interface between hot
metal and lime, the size of the interface between the phases and the diffusion in the
lime particles determines the reaction speed.
Calcium carbide:
The main reactions during desulphurisation of hot metal with technical calcium
carbide may be described as follows:
CaC2 + [S] Æ CaS + 2C

(7)

As technical carbide normally contains 25-30% CaO, either reaction (5) or reaction
(6) will also occur, depending on the hot metal composition. According to Talballa
et al.,24 the calcium carbide dissociates to calcium and graphite and the calcium
diffuses into the hot metal and reacts with sulphur to form CaS when the calcium
carbide is injected. The calcium sulphide and the graphite form a layer at the
reaction surface, which reduces the reaction rate. As in the case with lime, the
reaction between calcium carbide and sulphur is a solid-liquid reaction.
About 30-50% of the added amount of calcium carbide comes into contact with the
hot metal due to the poor wettability of the particles.25
6

Magnesium:
Due to the low boiling point of magnesium, the magnesium will evaporate when it
is injected into the hot metal. The sulphur in the hot metal is therefore removed by
magnesium vapour at the surface of the gas bubbles, according to reaction (8), 26-28
as well as by dissolved magnesium in the hot metal, according to reaction (9).26-30
A part of the injected magnesium is lost to the off gas by either unreacted Mg
vapour in gas bubbles leaving the bath or by residual magnesium in the hot metal
that vaporises at the bath surface.26 According to the Ellingham diagram, Figure 1,
it is clear that CaS is more stable than MgS at temperatures that occur during
desulphurisation of hot metal. Magnesium is a more efficient desulphurisation
agent as lower amount of reagent is needed, compared to lime and calcium carbide,
to reach the same final sulphur content. One reason for this could be the higher
solubility of magnesium in hot metal compared to calcium.
Mg (g) + [S] Æ MgS (s)

(8)

[Mg] + [S] Æ MgS (s)

(9)

According to Irons et al.,27 about 90% of the injected Mg dissolves in the hot metal
and then reacts with dissolved sulphur according to reaction (9).
Normally, magnesium is injected together with lime or technical calcium carbide
and, if there is a sufficient amount of CaO, the magnesium can react according to
reaction (10).1, 29, 31-33
MgS + CaO Æ MgO + CaS

(10)
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Figure 1. Standard free energies of formation of sulphides as a function of temperature.

3.2

TURBULENCE

As mentioned earlier, iron losses during desulphurisation of hot metal is an
important issue to consider. The entrapment of metal in the slag depends on a large
number of variables; besides the chemistry of the reagent and the amount of
desulphurisation agent, the duration and degree of process turbulence are important
factors to consider.22 The turbulence of the injection is influenced by the carrier gas
flow and the rate of injection of the desulphurisation agent. The carrier gas will
contribute to the turbulence and the volume of the carrier gas introduced to the melt
may be calculated according to Equation (11):
VCarrier gas = (P0 ·V0 ·T)Τ(P·T0 )

(11)

VCarrier gas is the volume of carrier gas in the melt (m3 min-1), V0 is the injected
volume of carrier gas (m3 min-1), T0 is the temperature of injected carrier gas 293
(K), P0 is the pressure at the hot metal surface (atm), P is the pressure at the lance
tip in the melt (atm) and T is the temperature (K) of the hot metal. The gas volume
at the immersed lance depends on the immersion depth (ferro-static pressure) and
the pressure at the atmosphere.

8

Besides the carrier gas, the magnesium vaporisation could result in a high degree of
turbulence due to the higher gas volume.34, 35 The volume of magnesium vapours
that enters in the metal bath at the lance tip can be calculated according to Equation
(12):
 ൌȀ

(12)

Where P is the pressure of the gas at the lance tip (atm), VMg is the gas volume of
magnesium vapours (m3 min-1), n is the amount of injected magnesium (kmole
min-1), R is the ideal gas constant (m3·atm K-1 mol-1) and T is the temperature of the
melt (K).
The alkali oxides contained in nepheline syenite will decompose and contribute to
the gas amount during desulphurisation of hot metal. However, it is possible to
neglect this contribution, as nepheline syenite is only used in small quantities as an
additive for calcium carbide. Additionally, the relatively low concentration of
alkali in the nepheline syenite will further lessen the contribution to the gas
amount.

4

EXPERIMENTAL PROCEDURE

4.1

HOT METAL DESULPHURISATION

At SSAB EMEA in Luleå the hot metal (HM) is transported from the blast furnace
in a torpedo car, and then transferred to a hot metal ladle. The process layout is
illustrated in Figure 2. Sometimes slag skimming is performed before
desulphurisation to remove slag generated during filling of hot metal from the blast
furnace into the torpedo car and also during the pouring process of hot metal from
the torpedo car into the transfer ladle. The desulphurisation of hot metal is
thereafter performed by injection of desulphurisation agent by a submerged lance
with nitrogen as a carrier gas. The desulphurisation agents used can be calcium
carbide (mono-injection), or calcium carbide and magnesium (co-injection). After
the desulphurisation process the slag is skimmed off with a slag rake before the
ladle is transported to the BOF.

9

Figure 2. Schematic layout of desulphurisation process at SSAB EMEA.

4.2

PLANT TRIALS

In total four campaigns have been conducted to investigate the iron losses with
different additives to facilitate slag formation during desulphurisation of hot metal.
During the first and third campaign, 2 wt-% of cryolite was added to the calcium
carbide and this corresponds to the normal practice at the time of the investigations.
In the second and fourth campaign, 5 wt-% and 10 wt-%, respectively, of nepheline
syenite was added to the calcium carbide. The chemical composition of nepheline
syenite is as follows: 52 wt-% SiO2, 21.5 wt-% Al2O3, 7 wt-% Na2O, 8.2 wt-%
K2O, 4.5 wt-% CaO, 1.1 wt-% TiO2 and other oxides (SrO, BaO, MgO, Fe2O3)
<0.5 wt-% each. The addition of nepheline syenite replaced the normal addition of
cryolite. During campaigns 1 and 2 all of the heats were conducted by monoinjection. In campaigns 3 and 4, both mono-injection with calcium carbide and coinjection with calcium carbide and magnesium have been conducted. Therefore, the
amounts of desulphurisation agents used during campaigns 3 and 4 are separated in
heats with mono- and co-injection. Table 1 presents the average amount of
desulphurisation agents added, excluding the additions of cryolite and nepheline
syenite.
It should also be mentioned that normally, during co-injection soda is added at the
end of the desulphurisation process and the reason for this is to improve the
properties of the slag. To simplify the study of the effect of nepheline syenite
without the influence of other additives, soda was not injected during the
campaigns.
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Table 1. Average amount of reagent (kg t-1 HM), R=Reference, NS=Nepheline syenite.

Campaign
1 (R, mono-inj.)
2 (NS, mono-inj.)
3 (R, mono-inj.)
3 (R, co-inj.)
4 (NS, mono-inj.)
4 (NS, co-inj.)

no of
heats
26
35
3
18
5
18

Calcium
Carbide
3.6
5.3
6.0
4.0
4.2
3.6

Mg

Cryolite
(wt-%)
2
2
2
-

0.3
0.3

NS
(wt-%)
5
10
10

During campaign 1 and at one specific heat, slag samples were collected several
times with intermediate calcium carbide injections to study the iron losses during
injection. In total, 5 slag samples were collected and the amount of calcium carbide
prior to each sampling is shown in Table 2.
Table 2. Average amount of calcium carbide (kg t-1 HM).

Sample number
Amount of calcium carbide

4.3

1
1.5

2
3.0

3
4.6

4
6.1

5
6.8

ANALYSIS OF COLLECTED SAMPLES

Hot metal samples were collected before and after injection of the desulphurisation
agents. The hot metal samples were analysed with x-ray fluorescence and
combustion analysis (Leco) and the average hot metal analysis and average
temperature of the campaigns conducted are presented in Table 3-4.
Table 3. Average hot metal analysis and temperature.
Before desulphurisation
Campaign
No of
heats
1 (R, mono-inj.)
26
2 (NS, mono-inj.)
35
3 (R, mono-inj.)
3
3 (R, co-inj.)
18
4 (NS, mono-inj.)
5
4 (NS, co-inj.)
18

C
(wt-%)

Si
(wt-%)

S
(wt-%)

Ti
(wt-%)

Temp.
(°C)

4.81±0.16
4.71±0.13
4.74±0.11
4.69±0.09
4.51±0.18
4.54±0.42

0.35±0.07
0.60±0.14
0.52±0.20
0.47±0.09
0.36±0.08
0.48±0.12

0.026±0.007
0.044±0.005
0.028±0.007
0.027±0.006
0.037±0.010
0.032±0.010

0.14±0.03
0.14±0.02
0.14±0.03
0.13±0.02
0.10±0.03
0.11±0.03

1370
1370
1384
1383
1364
1370
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Table 4. Average hot metal analysis and temperature.
After desulphurisation
Campaign
No of
heats
1 (R, mono-inj.)
26
2 (NS, mono-inj.)
35
3 (R, mono-inj.)
3
3 (R, co-inj.)
18
4 (NS, mono-inj.)
5
4 (NS, co-inj.)
18

C
(wt-%)

Si
(wt-%)

S
(wt-%)

Ti
(wt-%)

Temp.
(°C)

4.75±0.25
4.70±0.13
4.69±0.02
4.68±0.06
4.57±0.17
4.51±0.41

0.35±0.07
0.57±0.14
0.49±0.13
0.47±0.08
0.38±0.07
0.46±0.13

0.0051±0.004
0.0037±0.003
0.001±0.001
0.001±0.001
0.003±0.004
0.001±0.001

0.13±0.04
0.13±0.02
0.11±0.01
0.11±0.02
0.09±0.03
0.10±0.03

1355
1350
1348
1351
1322
1330

Slag samples were collected with a slag scoop from the top of the ladle directly
after the injection of the desulphurisation agents and before slag skimming. The
slag samples were air-cooled and analysed with x-ray fluorescence (samples
prepared by fusion with LiB4) and combustion analysis (Leco), and Table 5
presents the average slag composition.
Table 5. Average slag compositions (wt-%).
Campaign
1 (R, mono-inj.)
2 (NS, mono-inj.)
3 (R, mono-inj.)
3 (R, co-inj.)
4 (NS, mono-inj.)
4 (NS, co-inj.)

Fe
60.5
68.7
61.3
70.8
73.5
71.3

CaO
24.1
17.5
21.8
15.0
13.3
12.6

MgO
0.16
0.07
0.10
1.12
0.19
1.72

SiO2
2.7
2.9
3.5
2.9
3.3
5.0

Al2O3
1.2
1.0
0.7
0.7
0.9
1.5

K2O
0.043
0.064
0.051
0.030
0.071
0.091

Na2O
0.000
0.004
0.031
0.030
0.040
0.051

Ti
0.70
0.46
0.78
0.66
0.42
0.54

C
11.0
8.0
9.5
7.1
6.9
6.4

S
1.7
1.5
1.1
1.2
1.4
1.2

A number of slag samples have also been studied with a Scanning Electron
Microscope (SEM) equipped with an Energy Dispersive Spectrometer (EDS) both
at the Royal Institute of Technology and at LKAB.
During campaigns 3 and 4, a number of dust samples were collected. Table 6
shows the average analysis of the collected samples for both mono- and coinjection.
Table 6. Average composition of dust (wt-%).
Campaign
3 (R, mono- and
co-inj.)
4 (NS, mono- and
co-inj.)

CaO
6.1

MgO
14.9

SiO2
0.43

Al2O3
0.2

TiO2
0.2

K2O
0.3

Na2O
20.3

SO3
6.8

Fe2O3
49.8

17.2

11.0

0.93

0.4

0.14

5.9

10.2

8.9

44.1
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4.4

IRON LOSSES AFTER SLAG SKIMMING

During the campaigns all slag was collected from the desulphurisation process in
special areas at the slag pit for large-scale investigation of the iron losses. Table 7
shows the number of heats collected for each campaign. In Tables 1-5, the heats
conducted with mono- and co-injection during campaign 3 and 4 are separated. The
slag collected after slag skimming at the slag pit has not been separated in these
campaigns. About 25% of the heats collected at the slag pit for each campaign have
been conducted with mono-injection.
All the slag from the different campaigns was crushed, weighed and separated into
magnetic and non-magnetic fractions. Samples from the different fractions were
collected for campaigns 1 and 2 to investigate the iron content in the different
fractions. No chemical analysis of the largest magnetic fractions was possible.
Furthermore, it must be mentioned that the chemical analyses of the different
fractions for campaign 1 were determined after the actual trials of 410 heats
gathered at the slag pit. It may be assumed that this will have a negligible influence
on the analysed results, as the first campaign corresponds to the normal operating
practice. The samples were analysed with x-ray fluorescence and combustion
analysis.
Table 7. Number of heats.

Campaign
1
2
3
4

Number of heats
410
30
80
105
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5

RESULTS

5.1

SEM CHARACTERISATION

Slag samples after injection of desulphurisation agents and before slag skimming
have been studied in the SEM. Figure 3 shows an iron droplet with slag phase
surrounding it and the slag consisted mainly of calcium sulphide and calcium
silicates. Titanium compounds with a significantly higher amount of nitrogen,
possibly TiN, were found in the slag samples, Figure 4.

Figure 3. Slag phase surrounding a metal droplet, sample from campaign 1.

Figure 4. Titanium nitrides in droplet-slag interface, sample from campaign 1.

14

Figure 5 shows a typical SEM image of a slag sample collected from co-injection
and in Table 8 the results from the point analysis are presented. The analysis of the
elements is not normalised and the absolute levels of the individual elements may
vary depending on the elements selected at the point analysis. The analysis of
oxygen and nitrogen is often uncertain, as they are light elements, but the analysis
can be used to indicate whether a compound is an oxide or a nitride. It should be
pointed out that analysis of small particles can be disturbed by radiation emitted
from the surroundings and by underlying layers.

Figure 5. SEM image of typical co-injection slag, sample from campaign 3.
Table 8. Not normalised point analysis (wt-%).

142
143
144
145
146
147
148

5.2

Ca
5.8
8.1
4.1
37.3
36.8
36.9
14.8

S

22.8
23.1
23.7
9.5

Mg
20.0
16.2
15.8
0.04
0.1
0.2
7.2

O
12.7
16.1
13.4
6.1
5.9
6.1
12.9

Fe
14.4
3.4
6.6
0.7
0.8
0.8
11.8

Ti
3.8
2.8
7.4

N

10.8

7.0

FACTSAGE CALCULATIONS

The cooling course from 1600 down to 1000°C of the slag samples from the heat
with intermediate carbide injection in campaign 1 was simulated with FactSage,
Figure 6. Table 9 shows the compositions of the slag samples and the cooling
15

course was similar for all slag compositions. All slag components were solid under
~1350°C. Tri-calcium silicate, 3CaO·SiO2(s) was present at temperatures between
1500°C and 1280°C, where a transformation to di-calcium silicate and calcium
aluminates takes place. Calcium sulphide and oxide were present at all simulated
temperatures.
Table 9. Slag composition (wt-%) and metal composition (wt-%) used in FactSage.

Slag sample 1
Slag sample 2
Slag sample 3
Slag sample 4
Slag sample 5

CaO
64.21
73.57
73.74
83.59
83.46

CaS
20.21
17.34
18.94
9.15
9.35

SiO2
11.87
6.45
5.00
4.93
4.68

MnO
0.51
0.40
0.20
0.30
0.36

P2O5
0.12
0.14
0.10
0.14
0.11

Al2O3
2.95
1.95
1.88
1.89
1.84

MgO
0.12
0.15
0.14
0.00
0.20

Metal sample

Fe
93.97

C
4.88

Si
0.35

Mn
0.32

V
0.34

Ti
0.14

S
0.001

Figure 6. Cooling course of slag components (slag sample 1).
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5.3

SLAG SAMPLES AFTER INJECTION OF DESULPHURISATION AGENT

The slag had a dry consistency and was in the form of gravel, as is clearly seen in
Figure 7, both with mono-injection and co-injection in campaigns 1 and 3. In the
campaigns with addition of nepheline syenite, the consistency of the slag changed.
In the heats with mono-injection and nepheline syenite, the slag was more finegrained compared to the reference heats and the effect of nepheline syenite is
shown in Figure 8. During co-injection and addition of nepheline syenite, the
consistency of the slag varies significantly between different heats. The slag
consistency varies from fine-grained slag similar to the heats with mono-injection,
Figure 8, to a slag that has the same consistency as the reference heats, Figure 7.

Figure 7. Slag after injection of desulphurisation agents.

Figure 8. Slag after desulphurisation with addition of nepheline syenite.
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5.4

IRON LOSSES BEFORE SLAG SKIMMING

Iron losses have been investigated in slag samples collected from the transfer ladle
after the injection of the desulphurisation agent and before slag skimming. Based
on the chemical analysis of these samples combined with the amount of injected
desulphurisation agent, the slag amount before slag skimming has been calculated.
Figure 9 shows the iron losses to the slag for the two first campaigns and Figure 10
shows the iron losses for campaigns 3 and 4. The iron losses to the slag before slag
skimming are proportional to the amount of added desulphurisation agent and
consequently to the generated slag amount. The calculated iron losses from the heat
with intermediate calcium carbide injection are also marked in Figure 9.

Figure 9. Amount of iron in the slag before slag skimming, campaigns 1 and 2.
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Figure 10. Amount of iron in the slag before slag skimming, campaigns 3 and 4.

5.5

IRON LOSSES AFTER SLAG SKIMMING

After slag skimming all the slag from the transfer ladle was collected at the slag pit.
The slag from the different campaigns was crushed, weighed and separated into
magnetic and non-magnetic fractions. Figures 11 and 12 show the amount of the
magnetic and non-magnetic fractions of the slag collected during the different
campaigns.
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Figure 11. Fractions of the post-treated slag, campaigns 1 and 2.

Figure 12. Fractions of the post-treated slag, campaigns 3 and 4.
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5.6

REAGENT EFFICIENCY

The efficiency of the desulphurisation agents has been investigated and calculated
according to Equation (13):

Ș

(Sbefore  Safter )  m HM
Ms
M
 m Mg  s
m CaC 2 
M CaC
M Mg

(13)

2

where MS, MCaC2 and MMg are the molecular weight of sulphur and the used
desulphurisation agents. Sbefore and Safter are the initial and final sulphur content in
the hot metal after desulphurisation, mHM is the amount of hot metal and mCaC2 and
mMg are the used amount of desulphurisation agents. Figures 13 and 14 present the
reagent efficiency as a function of initial sulphur content in the hot metal and the
efficiency increase with the initial sulphur content.

Figure 13. Reagent efficiency for campaigns 1 and 2.
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Figure 14. Reagent efficiency for campaigns 3 and 4.
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6

DISCUSSION

The iron content in the slag after desulphurisation and before slag skimming is
high, as seen in Table 5. The higher the demands on the final sulphur content in the
hot metal, the more desulphurisation agent is injected during longer treatment time
with same initial sulphur content. A larger slag amount results in higher iron losses
to the slag, which is clearly seen in Figures 9 and 10, where the iron losses to the
slag are proportional to the calculated slag amount. The calculated iron losses from
the heats with intermediate calcium carbide injection do not differ from the other
heats, Figure 9.
It has been suggested that one factor influencing the iron losses to the slag during
desulphurisation is the formation of titanium compounds in the slag.7, 8, 14, 15
According to Street et al.,7 Ti levels of 0.08-0.12% in the hot metal will result in a
thick slag during desulphurisation which is difficult to skim off and this results in
iron losses. The titanium content in the hot metal from the blast furnace at SSAB is
relatively high due to the high titanium content in the iron ore, Table 3. Therefore,
the effect of titanium compound on the iron yield with nitrogen as a carrier gas has
been investigated in the present study. Titanium compounds with a significantly
higher amount of nitrogen, possibly TiN, with its characteristic form, were found in
the slag samples surrounding the hot metal, see Figure 4. These compounds were
normally found in the interface between the iron droplets and the slag phase, and
this is in accordance with the results presented by Ender et al.15 It is most likely
that these TiN compounds are formed when the iron droplets in the slag are
solidified, since the solubility of nitrogen in iron decreases markedly during
solidification. These TiN compounds will then crystallise at the interface between
iron and slag.
The investigation in the SEM further showed that the slag consists of high melting
phases of mainly calcium sulphides and calcium silicates, Figure 3. Graphite
precipitations were found in the slag surrounding the iron droplets as well as in the
droplets, as shown in Figure 15. The graphite appears both as lamellar grains
cutting through the slag and as precipitated graphite in the metal droplets. Graphite
precipitates when the liquid metal solidifies and during further cooling of the
metal. The metal with a carbon content of 4.7-4.9 wt-% starts to solidify at
~1270°C. According to the appearance of graphite, cutting through the slag grains,
the slag has solidified before these graphite precipitations. The SEM examination
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and FactSage cooling calculations has shown that the slag generated during
desulphurisation will solidify before the iron droplets start to solidify.

Figure 15. Graphite precipitations, sample from campaign 1.

As mentioned earlier, the slag collected after desulphurisation is dry and in the
form of gravel, which further indicates that the slag has a high melting point, see
Figure 7. Due to the high melting point of the slag, the appearance of the titanium
compounds found in the slag, surrounding the iron droplets as shown in Figure 4,
could not fully explain the iron losses to the slag. Adjustments of the slag
properties are essential to enhance the drainage of iron droplets from the slag but
also to facilitate slag skimming, due to the high melting point of the slag. An
alkali-containing mineral, nepheline syenite, was mixed with the calcium carbide,
replacing the normal addition of cryolite to investigate the effect on the iron losses.
During the trials with addition of nepheline syenite the consistency of the slag
changed; the slag became more fine-grained. This is true for mono-injection, as
seen in Figure 8, but the consistency during co-injection varies from more finegrained slag to a slag that is similar to that of the reference case, Figure 7.
In Figures 11 and 12 it is clearly seen that the finest magnetic fraction (0/5 mm)
after slag skimming has increased with the addition of nepheline syenite,
campaigns 2 and 4, compared to the reference campaigns 1 and 3. Despite this, the
iron content in the slag before slag skimming has not decreased with the addition of
nepheline syenite. Instead, the iron content in the slag increases, especially for
heats with mono-injection, Table 10. The calculated slag amount during campaign
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2 compared to campaign 1 is higher due to the higher demand for desulphurisation
agent and the amount of metal in the slag increases as a result of the increased slag
weight, Figure 9. Due to the large difference in amount of sulphur removed in
campaign 2 compared to campaign 1, it is difficult to quantify the iron yield during
mono-injection from the slag samples taken before slag skimming. The limited
number of heats during campaigns 3 and 4 with mono-injection may not be
representative. There is no large difference in the amount of removed sulphur
between campaigns 3 and 4 both for mono- and co-injection. The iron content
during co-injection is relatively equal between the campaigns (Table 10) and the
addition of nepheline syenite has not resulted in an improved iron yield before slag
skimming, according to Figure 10.
Table 10. Average iron content in slag before slag skimming and amount of sulphur removed.

Campaign
1 (R, mono-inj.)
2 (NS, mono-inj.)
3 (R, mono-inj.)
3 (R, co-inj.)
4 (NS, mono-inj.)
4 (NS, co-inj.)

No of
heats
26
35
3
18
5
18

Fe

S removed

(%)

(kg t-1 HM)

60.5
68.7
61.3
70.8
73.5
71.3

0.19
0.39
0.27
0.27
0.31
0.32

Even though the iron content in the slag before slag skimming is higher during
campaign 2 compared to campaign 1 (Table 10), the magnetic iron losses to the
slag after slag skimming have decreased from 2.5% to 1.9% with the addition of 5
wt-% of nepheline syenite, Figure 11. The different fractions from campaigns 1 and
2 have been analysed, except for the largest magnetic fractions, and Tables 11 and
12 show the amounts of iron in the different fractions.
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Table 11. Slag after slag skimming at the slag pit, campaign 1.

Magnetic fraction

Total
Non-magnetic fraction

Fraction
(mm)
0/5
5/75
75/300
+300
0/50
+50

Total

Amount
(kg t-1 HM)
7.25
7.13
4.00
6.24
24.62
3.29
0.19
3.48

Fe analysis
(wt-%)
46.2
46.2*
94.0×
94.0×
35.6
35.6˚

Amount of Fe
(wt-%)
3.35
3.29
3.76
5.87
16.27
1.17
0.07
1.24

*Estimated analysis based on the analysis for the fraction 0/5 mm magnetic
×Pure hot metal with 94% iron (Fe)
˚Estimated analysis based on the analysis for the fraction 0/50 mm non-magnetic

Table 12. Slag after slag skimming at the slag pit, campaign 2.

Magnetic fraction

Total
Non-magnetic fraction
Total

Fraction
(mm)
0/5
5/75
75/300
+300
0/50
+50

Amount
(kg t-1 HM)
10.58
3.41
0.96
3.64
18.59
3.87
2.67
6.54

Fe analysis
(wt-%)
53.6
48.5
94.0×
94.0×
36.5
22.1

Amount of Fe
(wt-%)
5.67
1.65
0.90
3.42
11.64
1.41
0.59
2.00

×Pure hot metal with 94% iron (Fe)

With the addition of nepheline syenite the total amount of iron in the slag after slag
skimming decreased from 17.5 to 13.6 kg t-1 hot metal during mono-injection. It
has been reported by Gitterle8 that the iron content in the post-treated slag mostly
originates from the coarser magnetic fractions (> 4 mm), which could indicate that
a large part of the iron losses originate from the slag skimming. This is in line with
the present results, due to the decrease of the larger magnetic fractions with the
addition of nepheline syenite. The improved iron yield may arise from more
effective slag skimming, due to the change in slag consistency.
Figure 16 shows the magnetic iron losses after slag skimming for all of the
campaigns. The magnetic iron losses during reference campaign 3 are higher, 3.2
wt-%, compared to reference campaign 1, 2.5 wt-%. Soda is normally injected
during co-injection to improve the properties of the slag and the higher iron losses
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during campaign 3 could to some extent depend on the absence of soda during the
trials.
The measured magnetic iron losses during co-injection decreased from 3.2 wt-% in
campaign 3 to 3.1 wt-% in campaign 4 with the addition of 10 wt-% of nepheline
syenite. The amount of added calcium carbide is unchanged between campaigns 3
and 4, which mean that the total amount of desulphurisation agents was 10% higher
for campaign 4. This may have a small impact on the measured magnetic iron
losses at the slag pit after slag skimming. In campaign 2, with addition of 5 wt-%
of nepheline syenite to the calcium carbide, the magnetic iron losses decreased
from 2.5 wt-% to 1.9 wt-%, even though the added amount of desulphurisation
agent was on average twice as high compared to campaign 1.
The smallest magnetic fraction (0/5 mm) increased and the coarsest magnetic
fractions (75/300 and +300 mm) decreased with the addition of nepheline syenite
in both investigations compared to the reference campaigns. The difference
between the campaigns with nepheline syenite is that the magnetic fraction 5/75
mm increases during co-injection with 10 wt-% of nepheline syenite in campaign 4
compared to the decrease with mono-injection and 5 wt-% of nepheline syenite in
campaign 2.

Figure 16. Magnetic fractions of the post treated slag.
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From Figure 8 and Figure 16, with nepheline syenite, the slag changes in
consistency and the finest magnetic fractions are increased. This could be
explained by the reaction between nepheline syenite and calcium carbide. The
alkali oxides, Na2O and K2O, in nepheline syenite are reduced by the calcium
carbide when the reagent is injected into the hot metal, according to Equations 1415.
Na2O (s) + CaC2 (s)Æ 2Na (g) + CaO + 2C (s)

(14)

K2O (s) + CaC2 (s) Æ 2K (g) + CaO + 2C (s)

(15)

The reactions and the gas evolution will result in dispersion of calcium carbide and
formed lime and, instead of large agglomerates of reaction products a more finegrained slag is obtained. After the reaction the alkalis will end up in the dust, which
is shown in Tables 5-6. The content of K2O increases and Na2O decreases. The
decrease in Na2O content is due to the elimination of cryolite and one further
positive effect regarding the cryolite is the elimination of fluorides.
It was assumed that the fine-grained slag from the reduction of alkali oxides in the
nepheline syenite would facilitate the separation of iron droplets from the slag into
the hot metal. Despite the more fine-grained slag obtained with addition of
nepheline syenite the amount of iron in the slag samples collected before slag
skimming has not been reduced in comparison to the reference campaigns, see
Table 10 and Figures 9-10. Despite this, the total magnetic iron losses after slag
skimming have decreased in campaign 2 with the addition of 5 wt-% of nepheline
syenite to the calcium carbide and mono-injection compared to the reference
campaign. It was concluded that the improved iron yield mostly arises from a more
effective slag skimming, due to the reduction of the coarsest magnetic fractions
with the addition of nepheline syenite. During campaign 4 with the addition of 10
wt-% of nepheline syenite the amount of the coarsest magnetic fractions has
decreased. Even though nepheline syenite has a positive effect on the slag
skimming, the total magnetic iron losses have not decreased significantly during
co-injection.
According to Gitterle,8 the addition of flux to magnesium impairs the effectiveness
and normally flux is usually added to calcium carbide or lime. Gitterle conducted
trials which did not result in positive effects during co-injection with magnesium
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and nepheline (3Na2O·K2O·4Al2O3·8SiO2), which is in line with the present results.
A conclusion for the unexpected results conducted by Gitterle was that the
magnesium surface was possibly bonded by the glass melt produced.
During co-injection will magnesium vaporise in contact with the hot metal and
react with dissolved sulphur according to Equations 8-9. All of the injected amount
of magnesium will however not react with sulphur. The unreacted magnesium may
therefore result in turbulence and iron losses to the slag, due to an increased gas
volume when unreacted magnesium reaches the hot metal surface. This increased
gas volume and turbulence may be a possible explanation for the lack of improved
iron yield during injection of nepheline syenite in campaign 4. Lindström et al.36
investigated the mechanism of desulphurisation using Mg and Mg-CaO additions
in laboratory scale. It was found that 90% of the added magnesium escaped as gas.
According to Irons and Guthrie,27 about 90% of the injected Mg dissolves in the
hot metal and reacts with dissolved sulphur. The difference between the two
investigations can to some extent be explained by the low ferro-static pressure
during the laboratory study conducted by Lindström et al. Further, if the
mechanism according to Irons and Guthrie is dominating, one should expect to find
some MgS particles in the slag samples. In the samples investigated in the SEM in
the present study no MgS particles were found, Figure 5 and Table 8. This is in line
with the thermodynamic conditions; i.e., if there is sufficient amount of CaO
available, Equation 10 is valid.1, 29, 31-33
On basis of the results reported by Irons and Guthrie,27 a calculation of the gas
volume during co-injection can be conducted according to the following:
Nitrogen carrier gas flow during co-injection:
Magnesium mass flow:
Hot metal temperature:
Injection time of magnesium:
Immersion depth of the injection lance:

0.85 m3 min-1
8 kg min-1
1400°C
7.5 min
5.4 m

The gas volume of nitrogen is 1.0 m3 min-1 according to Equation 11. According to
Equation 12, the total volume of Mg(g) in the hot metal at the lance tip is 9.7 m3
min-1 and if it is assumed that 90% of the total amount of magnesium is dissolved,
the total gas volume at the lance tip is 2.0 m3 min-1. This gives a gas volume that is
twice as high compared to injection of calcium carbide if the carrier gas flow is
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equal. The gas volume at the lance tip together with the ferro-static pressure gives a
total gas volume at the hot metal surface of 9.4 m3 min-1. This gas volume during
co-injection would result in increased turbulence and hot metal splashes.
As mentioned, the alkali oxides contained in nepheline syenite will decompose and
contribute to the gas amount during desulphurisation of hot metal. However, it is
possible to neglect this contribution, as nepheline syenite is used in small quantities
as an additive for calcium carbide. Additionally, the relatively low concentration of
alkali in the nepheline syenite will further lessen the contribution to the gas
amount.
Yang et al.37 studied the iron droplets in the slag phase and found different types of
iron droplets and classified them according to morphology; spherical to irregular
shaped droplets. Spherical metal droplets were liquid and could keep their spherical
form in the slag phase. Irregular shaped iron droplets were explained to be formed
by the splashing of hot metal due to an intensive injection of reagents. Also in the
present study, iron droplets with different shapes were found in the slag phase, see
Figure 17.
Further, Yang et al.38 investigated the impact of nepheline syenite on the iron
droplets in the slag. They found that irregular shaped iron droplets significantly
increased with the addition of nepheline syenite, while spherical droplets
decreased. Yang et al. concluded that this is due to the addition of nepheline
syenite, which results in an increased intensity of gas stirring and the fluidity of the
slag.
A plausible explanation for the lack of improved iron yield during co-injection in
the present study could be the increased turbulence during injection of magnesium,
which prevents any positive effect from nepheline syenite additions on the slag
properties, which is in agreement with the results presented by Yang et al.

30

Iron

Figure 17. Different types of iron droplets in the slag phase.

One other important issue to consider during desulphurisation of hot metal is the
efficiency of the desulphurisation agent with the addition of nepheline syenite. It is
clear that the addition of 5 wt-% of nepheline syenite has no negative impact on the
efficiency as shown in Figure 13. However, it should be mentioned that the
difference in initial sulphur content between campaigns 1 and 2 makes it somewhat
difficult to quantify the impact of additions of nepheline syenite on the reagent
efficiency. The smaller discrepancies in initial sulphur content in campaigns 3 and
4 in Figure 14 show that the addition of 10 wt-% of nepheline syenite has no
negative impact on the reagent efficiency.
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CONCLUSIONS

Iron losses during desulphurisation of hot metal originate from enclosed iron
droplets in the slag and from drawn-off hot metal during slag skimming. The iron
losses to the slag before slag skimming are proportional to the amount of added
desulphurisation agent and, consequently, to the generated slag amount.
The SEM examinations have shown that titanium nitrides and carbides form in the
slag, surrounding the iron droplets, but not to an extent that fully explains the iron
losses to the slag. The slag after desulphurisation has a dry consistency in the form
of gravel. The non-liquid slag indicates a high melting temperature.
An alkali-containing mineral, nepheline syenite, was mixed together with the
calcium carbide to enhance the separation of iron droplets from the slag. Even
though the addition of nepheline syenite resulted in a more fine-grained slag, no
reduction in the iron content in the slag before slag skimming was observed.
During mono-injection with calcium carbide and 5 wt-% of nepheline syenite the
magnetic fraction of the slag from the slag pit decreased from 2.5 wt-% to 1.9
wt-%. The decrease in larger magnetic fractions combined with the improved iron
yield may arise from a more effective slag skimming, due to the change in slag
consistency.
During co-injection the magnetic fraction of the slag from the slag pit decreased
from 3.2 wt-% to 3.1 wt-% with the addition of 10 wt-% of nepheline syenite. Even
though nepheline syenite has a positive effect on the slag skimming, due to the
decrease in larger magnetic fractions, the total magnetic iron losses have not
decreased significantly. A plausible explanation for the lack of improved iron yield
in the present study could be that the increased turbulence during injection of
magnesium counteracts any positive effect from nepheline syenite additions on the
slag properties.
The addition of nepheline syenite does not have a negative influence on the reagent
efficiency.
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FUTURE WORK

To facilitate the reduction in iron losses from the solid slag, the properties of the
slag must be improved. A basic slag is required for desulphurisation, but the slag
must be fluid enough to separate the iron droplets from the slag into the iron bath.
The most effective chemical method of reducing iron losses is by increasing the
fluidity of the slag. Further work needs to be conducted to investigate the addition
of different fluxing agents on the fluidity of the slag. It is also important to consider
the slag skimming process with a fluid slag, since slag skimming has a large impact
on the total iron yield.
The addition of nepheline syenite has an impact on the slag skimming, due to the
reduction in the larger magnetic fractions; however, the iron losses to the slag
before slag skimming have not been reduced. Gitterle8 reported that addition of
fluxes normally added to calcium carbide or lime will impair the effectiveness of
the desulphurisation when added to magnesium. This should be investigated
further.
In the present investigation it has been found that iron losses to the slag before slag
skimming are proportional to the amount of added desulphurisation agent and,
consequently, to the generated slag amount. Therefore, it would be important to
investigate possibilities to improve the reactivity of the desulphurisation agents,
thereby lowering the iron losses to the slag.
Finally, it is important to investigate process parameters like carrier gas flow and
flow rate of injected desulphurisation agents in combination with a fluid slag for
the best desulphurisation conditions. These parameters are important factors to
consider for the desulphurisation efficiency, due to the increased stirring, although
the latter also results in increased turbulence and iron losses.
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ABSTRACT
In an integrated steel plant the iron losses during desulphurisation of the hot metal in
the transfer ladle may be extensive and the losses may be in the order of 2.5% of the
total processed hot metal from the blast furnace. During the desulphurisation process
the hot metal is treated with injection of a reagent material, normally calcium carbide or
magnesium powder before the hot metal is transferred to the BOF. When desulphurisation
to low sulphur content the consumption of the reaction reagent will increase and thereby
as a consequence this leads to higher iron losses.
The slag formation has been investigated during normal operations of the
desulphurisation station using nitrogen as a carrier gas. During the trials slag samples
have been characterised with special emphasize on iron losses to the slag. One hypothesis
is that the formation of titanium nitride may affect the iron losses to the slag. Earlier
studies have shown that titanium nitrides may form a thin layer around the iron droplets
in the slag and therefore prevent the iron droplets from going back to the iron bath.
The characterisation of slag samples have been compared with process data as well
as results from long term trials of the iron losses. A trial with consecutive slag sampling
during desulphurisation has been also accomplished. The paper describes the conclusions
from the investigation.
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INTRODUCTION
Desulphurisation agents, e.g. lime, calcium carbide and magnesium, are injected by submerged lances into the metal bath in modern hot metal treatment. Process vessels can be
torpedo cars or hot metal ladles. The generated slag is skimmed off after the injection.
Metallic iron will be removed together with the slag as metal droplets arrested in the slag
and as carry-over during the slag skimming. The total iron losses during desulphurisation
can be as large as 1.5 to 2.5% and more of the total hot metal produced by the blast furnace. This fact has an important effect of the total iron yield.
[1] and [2] have reported about the impact of titanium content in hot metal on metal
losses during desulphurisation. A hypothesis is that titanium nitrides forms and attach
to iron droplets and thereby capture iron droplets in the slag phase. Ender et al. found
titanium carbonitride surrounding a hot metal granule. The predominant share of the
Ti(C,N) solid solutions consisted of titanium nitride and these surface precipitations prevented the re-absorption of the granules to the hot metal bath. [2] have reported that
solid Ti compunds in the slag tend to form a thick slag, difficult to skim, increasing the
iron losses to the slag pot with hot metal Ti levels of 0.08-0.12 wt-%.
The main reaction during desulphurisation with calcium carbide is [3]:
CaC2 + S → CaS(s) +2C

(1)

At SSAB Strip Products, Luleå works, the hot metal is transported from the blast furnace
with a torpedo car and is thereafter tapped from the torpedo in to the hot metal ladle.
Sometimes skimming is performed before injection. The hot metal is treated with calcium carbide injection in the ladle with nitrogen as carrier gas. Calcium carbide is normally
injected during a period of 10-15 minutes, depending on the sulphur level required and
initial sulphur content of hot metal. The slag is skimmed off with a slag rake after injection. Hot metal sampling and temperature measurement is performed before the hot
metal is transported to the BOF. The average hot metal composition consists of 4.7 wt-%
carbon, 0.35 wt-% silicon and 0.1 wt-% titanium. The average hot metal temperature is
1370-1380°C.
The objective of this study was to investigate the cause for the iron losses to the slag
during desulphurisation of the hot metal.

METHODOLOGY
A test campaign at SSAB Strip Products Luleå works was performed. The hot metal was
sampled in the ladle prior to and after calcium carbide injection. All relevant process data
during the campaign was collected. Slag samples from 33 heats were collected before slag
skimming. At one specific heat the slag was sampled several times with intermediate calcium carbide injections to study the slag formation and the iron losses during injection.
Totally 5 slag samples were collected from this particular heat. Calcium carbide amounts
prior to each sampling can be found in Table 1.
Table 1: Injected amount of calcium carbide (kg/ton hot metal)
Sample number
Injected amount of calcium carbide

A

B

C

D

E

1.53

3.04

4.55

6.07

6.84

The chemical composition of the hot metal and slag samples from the process were analysed with X-ray fluorescence (samples prepared by fusion with LiB4). Special investiga896
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tions were performed to analyse the iron oxidation state of the slag samples with wet chemical analysis methods. Microscopy characterisation was performed with SEM, equipped
with EDS. The characterisation of the samples has been compared with process data.
All slag from the desulphurisation station during the test campaign, totally 410 heats,
was processed separately to weigh the magnetic and nonmagnetic fractions.
The slag compositions of the heat with intermediate injection were used for thermodynamic calculations with FactSage version 5.5 with the databases Fe(l) and Fact-slagA.

RESULTS AND DISCUSSION
The special investigation of the metal droplets in the slag samples concludes that almost
100% of the iron in the slag consisted of metallic iron. The metallic share of the slag samples, including dissolved carbon, silicon etc, was calculated to 62 weight percent in average. The remaining part consisted of 8 weight percent graphite and 30 weight percent
oxides and sulphides.
From the slag analysis and injected amount of calcium carbide the slag amount has
been calculated. Figure 1 shows the calculated slag amount as a function of injected calcium carbide. The slag amount is calculated from the calcium content of the slag samples
and the injected amount of calcium carbide. The sampling during intermediate injection
is specially marked in the figure. The slag amount is constant between 2.5-4.0 kg injected
calcium carbide per ton of hot metal. Above this level the slag amount continues to increase with the amount of injected calcium carbide.

Figure 1: Calculated slag amount versus amount injected calcium carbide (kg per metric ton hot metal)

Figure 2 illustrates the calculated iron losses as a function of the slag amount. The iron
losses are calculated from the iron content of the slag samples and the calculated amount
of slag. The iron losses are proportional to the slag amount and amount of injected calcium carbide. The calculated iron losses from the heat with intermediate calcium carbide
injection are also marked in the figure and do not differ from the other heats.
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Figure 2: Iron losses to the slag versus calculated slag amount (kg per metric ton hot metal)

The calculated titanium losses increase also with the slag amount, but with a larger variance than the iron losses, c.f. Figure 3. The titanium losses are calculated from the titanium content of the slag samples and the calculated slag amount.

Figure 3: Titanium losses to the slag versus calculated slag amount
(kg per metric ton hot metal)

Iron in the Slag Samples
During the test campaign, totally 410 heats, 28 kg slag per ton hot metal was generated
in average. The iron content of the slag after desulphurisation was in average 60%. This
implies that 1.7% of hot metal after desulphurisation exists in the slag. The iron losses are
higher because the slag skimming also brings some hot metal to the slag ladle.

SEM-EDS Characterisation
SEM-EDS microscope was used to study the slag formation and the iron droplets in slag
samples. The slag phase surrounding the iron droplets, c.f. Figure 4, consisted mainly of
calcium sulphide and calcium silicates.

898
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Figure 4: Slag phase composition surrounding metal droplets

Titanium compounds with a significant higher amount of nitrogen, possible TiN, were
found in the slag samples, c.f. Figure 5. The appearance of these Ti-nitrides was not to the
extent to fully explain for the iron losses to the slag accordingly to the hypothesis suggested by [1] and [2].

Figure 5: Titanium nitrides in droplet-slag interface

Graphite precipitations were found in the slag surrounding the iron droplets as well as in
the droplets, c.f. Figure 6. The graphite appears both as lamellar grains cutting through
the slag and as precipitated graphite in the metal droplets. A plausible explanation is that
the graphite origins mainly from the dissolved carbon in the liquid metal and from the
calcium carbide reaction with dissolved sulphur, c.f. Equation (1).
Graphite precipitates when the liquid metal solidifies and at further cooling of the
metal. The metal, with a carbon content of 4.7-4.9 wt-%, starts to solidify at ~1270°C.
According to the appearance of graphite, cutting through the slag grains, the slag
have solidified before this precipitation. This means a solidification temperature of
the slag above 1154°C.
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Figure 6: Graphite precipitations in slag

Factsage Calculations
The cooling course between 1600 down to 1000°C of the slag samples from the heat with
intermediate carbide injection was simulated with FactSage, c.f. Figure 7. The slag compositions of the slag samples are compiled in Table 2. The cooling course was similar for
all slag compositions. All slag components were solid under ~1350°C. Tri-calcium silicate,
3CaO·SiO2(s) were present between 1500°C down to 1280°C where a transformation to
di-calcium silicate and calcium aluminates takes place. Calcium sulphide and oxide were
present at all simulated temperatures.
Table 2: Slag composition (wt-%) and metal composition (wt-%) used in FactSage calculations
CaO

CaS

SiO2

MnO

P 2O 5

Al2O3

MgO

Slag A

64.21

20.21

11.87

0.51

0.12

2.95

0.12

Slag B

73.57

17.34

6.45

0.40

0.14

1.95

0.15

Slag C

73.74

18.94

5.00

0.20

0.10

1.88

0.14

Slag D

83.59

9.15

4.93

0.30

0.14

1.89

0.00

Slag E

83.46

9.35

4.68

0.36

0.11

1.84

0.20

Metal

Fe

C

Si

Mn

V

Ti

S

93.97

4.88

0.35

0.32

0.34

0.14

0.001

Figure 7: Cooling course of slag components, slag composition A
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During the slag sampling during the campaign the slag had a dry consistence in the form
of gravel. The non-liquid slag indicates a high melting temperature.

CONCLUSIONS
This study has shown that iron losses to the slag during de-sulphurisation process are
proportional to the generated slag amount. The iron losses to the slag in the examined
slag samples from the test campaign were 62 wt-% in average. The titanium losses to the
slag correlates also to the generated slag amount, but the agreement is not as strong.
The SEM-EDS examinations and FactSage cooling calculations have shown that the
generated slag during the de-sulphurisation will solidify before the iron droplets starts
to solidify. The slag will be nearly completely solidified at the de-sulphurisation process
temperature of 1370-1380°C.
The SEM-EDS examinations have also shown that titanium nitrides and carbides form
in the slag, surrounding the iron droplets, but not to the extent to fully explain the iron
losses to the slag.
The most plausible explanation for the iron losses to the slag is the high melting temperature of the slag. The more or less solid slag arrests the liquid iron droplets. During
the further cooling graphite will precipitate from the solidifying metal, penetrating the
solid slag that surrounds the droplets.
To enhance the metal separation from the slag, the slag properties must be adjusted
e.g. by decreasing the viscosity.
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Investigation of iron losses during
desulphurisation of hot metal utilising
nepheline syenite
M. Magnelöv*1, J. Eriksson1, J. Drugge2, J. Björkvall1 and B. Björkman3
Iron losses during calcium carbide based hot metal desulphurisation have been studied via large
scale investigations of slag from the slag pit as well as slag sampling during desulphurisation at
SSAB EMEA in Luleå. The desulphurisation slag, after injection of calcium carbide, is normally
solid and contains large amounts of iron. An alkali containing mineral, nepheline syenite, was
mixed together with the calcium carbide to form a more fluid slag as the iron losses originate from
enclosed metal droplets in the slag as well as drawn off hot metal during slag skimming. The slag
amount after slag skimming decreased from 28?1 to 25?1 kg t21 hot metal with addition of 5 wt-%
nepheline syenite to the calcium carbide, and the magnetic fraction of the slag from the slag pit
decreased from 2?5 to 1?9%. Finally, no negative effect on the reagent efficiency was observed
during the trials with addition of nepheline syenite.
Keywords: Iron losses, Desulphurisation, Hot metal, Calcium carbide, Nepheline syenite, Reagent efficiency

Introduction
The importance of steels with better mechanical properties has increased rapidly during recent decades. To
manage these new quality requirements, the level of
impurities has to be low during steel production. During
integrated steel production, sulphur is transported from
the coke and coal in the blast furnace to the hot metal.
In the course of steel production, sulphur is normally
removed from the hot metal before the steel is treated in
the basic oxygen furnace (BOF). The performance of the
desulphurisation of hot metal is generally the most
important factor inﬂuencing the ﬁnal sulphur content in
the steel. A further approach to attain low sulphur
content in the ﬁnal product is to use internal clean scrap
in the BOF.
Earlier, burnt lime was normally used as a desulphurisation agent in the treatment of hot metal. Owing to the
low reactivity and long treatment time associated with
the use of burnt lime, other desulphurisation agents, like
calcium carbide and magnesium or a combination of
these agents, have become more important. The rapid
development of injection technologies in liquid metal
coincides with the use of more efﬁcient desulphurisation
agents, and injection is now the dominating technology
used for desulphurisation of hot metal. The process
vessels can be torpedo cars or hot metal transfer ladles.
In the present study, desulphurisation in the transfer
ladle at SSAB EMEA in Luleå has been investigated.
1
2
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During normal praxis, one agent, monoinjection or a
combination of different agents, co-injection, are employed during desulphurisation. Different additives such as,
e.g. soda, ﬂuorspar and cryolite are normally used to
facilitate slag formation during desulphurisation.1–5
The generated slag is skimmed off after the injection.
Unavoidably, some metallic iron will be removed
together with the slag as metal droplets detained in the
slag and as carryover during the slag skimming. Iron
losses during desulphurisation of hot metal in the transfer
ladle may be extensive, and losses may be in the order of
1?5–2?5% of the total processed hot metal from the blast
furnace.6–9 Naturally, the iron losses during desulphurisation have an important effect on the total iron yield.
Tougher product requirements demand desulphurisation
to lower sulphur contents, thereby increasing the amount
of requested desulphurisation agents and as a consequence, raising the iron losses to the slag.
The formation of stable titanium compounds such as
titanium nitrides and titanium carbonitrides during the
injection of desulphurisation agents has been investigated
previously with respect to iron losses.8–10 The present
authors studied the effect of stable titanium nitrides on the
iron yield with nitrogen as a carrier gas.11 It was found that
the formation of titanium compounds could not fully
explain the iron losses to the slag. However, the results
showed that the slag has a high melting point and consisted
mainly of calcium sulphides and calcium silicates. It was
further concluded that in order to enhance the metal
separation from the slag, the slag properties must be
adjusted, to facilitate both the slag skimming and the
drainage of iron from the slag. According to Freissmuth
and Trout,12 additions of alkali containing minerals, e.g.
albite or nepheline syenite, may lead to improved
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Iron losses during desulphurisation of hot metal

1 Schematic layout over desulphurisation station at SSAB EMEA

desulphurisation efﬁciency as well as lower iron losses
associated with slag skimming.
In the present study, nepheline syenite [Na,K(AlSiO4)]
was mixed together with calcium carbide, replacing the
normal addition of cryolite (Na3AlF6). A comparison of
the two different additives has been investigated with
respect to iron yield and desulphurisation efﬁciency.
Nepheline syenite is a natural mineral containing up to
two-thirds feldspar minerals, albite (Na2O.Al2O3.6SiO2)
and microcline (K2O.Al2O3.6SiO2), and about one-third
nepheline (3Na2O.K2O.4Al2O3.8SiO2). The most common use of nepheline syenite is in the glass industry. The
use of nepheline syenite or nepheline as a slag modifying agent has been investigated by a number of
researchers.2,13–17 The primary objective of these studies
has been to focus mainly on the rheology and mineralogy of the slags.
Gitterle9 has reported an investigation of the iron
content in different size fractions of the post-treated slag
from desulphurisation after slag skimming. To the
knowledge of the present authors, this is the only
available study of post-treated slag from desulphurisation of hot metal presented in the literature. In addition
to the comparison of different additives to the calcium
carbide in the present study, the iron losses during hot
metal desulphurisation have been studied. Iron losses
have been studied via large scale investigations of slag
from the slag pit combined with slag sampling from the
transfer ladle before slag skimming.

Theoretical background
In general, the desulphurisation process may be described
as an exchange reaction between dissolved sulphur in the
metal phase and oxygen ions either in a chemical
compound or dissolved in a slag phase. This exchange
reaction may be represented by the following reaction
½Sz(O2{ )~(S2{ )z½O

metal with a solid desulphurisation agent, e.g. CaC2 or
CaO, combined with low oxygen potential.
When describing the desulphurisation process of hot
metal utilising technical calcium carbide as the desulphurisation agent, it is important to consider that this
agent normally contains 25–30%CaO.
The main reactions during desulphurisation of hot
metal with technical calcium carbide may be described
as follows
CaC2 z½S?CaSz2C

(3)

Depending on the composition of the hot metal, one of
the following reactions will also take place. For hot
metal with low silicon content, the ﬁrst reaction will be
dominating. When the oxygen potential in the hot metal
is controlled by high concentration of silicon, the second
reaction will be dominating
CaOz½Sz½C?CaSzCO

(4)

4CaOz2½Sz½Si?2CaSz2CaO SiO2

(5)

As mentioned earlier, a number of studies report the use of
different additives containing no acid oxides to facilitate
the slag formation during desulphurisation.1–5 Besides
these studies, a number of researchers have investigated
the effect of acidic containing additions to the desulphurisation slag.1,9,12,19 For example, Diao et al.1 employed
an acidic containing slag modifying agent that contained 50?7%SiO2, 2?5%Al2O3, 21?2%Na2O, 19?9%CaF2
and 5?7%CaO added to the ladle before co-injection
of magnesium and lime, and no negative effects on
the desulphurisation efﬁciency were reported. Chiang
et al.19 studied the reagent efﬁciency during desulphurisation with calcium carbide and reported that the reagent
efﬁciency increased from 17% with no top slag to 20%
with a dry lime–silica slag. The reagent efﬁciency was
further improved to 22% with addition of a liquid slag.

(1)

Fincham and Richardson18 deﬁned the sulphide capacity
of a slag to describe how this general exchange reaction of
sulphur and oxygen could be related to the sulphur
distribution Ls in a real system. The sulphide capacity is
deﬁned as


K1 aO2{
PO2 1=2
~ð%SÞ
(2)
CS ~
fS2{
PS2
The sulphide capacity describes the ability of a homogeneous liquid slag to hold sulphur, and a slag with high
Cs will hold sulphur more strongly. The concept of Cs is
normally used to describe the transport of sulphur and
oxygen between a liquid metal and a liquid slag. However,
this is not applicable in the case of desulphurisation of hot

Experimental
Two industrial research campaigns have been performed at SSAB EMEA, Luleå works. The hot metal is
transported from the blast furnace in a torpedo car and
then transferred to a hot metal ladle. The process layout
is illustrated in Fig. 1. The desulphurisation of the hot
metal is thereafter performed at the desulphurisation
station by injection of calcium carbide with nitrogen
as a carrier gas. Calcium carbide is normally injected
during a period of 10–15 min, depending on the
sulphur level required and the initial sulphur content
of hot metal. After the injection, the slag is skimmed off
with a slag rake before the ladle is transported to the
BOF.
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During the ﬁrst campaign, 2 wt-% cryolite was added
to the calcium carbide. This corresponds to the normal
praxis at the time of the investigation. In the second
campaign, 5 wt-% of nepheline syenite was added to
the calcium carbide, and the mineral replaced the
normal addition of cryolite. The chemical composition
of nepheline syenite is as follows (in wt-%): 52 SiO2, 21?5
Al2O3, 7 Na2O, 8?2 K2O, 4?5 CaO, 1?1 TiO2 and other
oxides (SrO, BaO, MgO, Fe2O3) ,0?5 each. Besides the
addition of nepheline syenite during the second campaign, additional amounts of nepheline syenite were
injected to ﬁve heats, corresponding to a total addition
of 9?3–17?2 wt-% (see Table 1). In Table 1, the corresponding amount of calcium carbide per tonne of hot
metal (kg t21 HM) is also presented.
Slag and hot metal samples were collected for 26 heats
during campaign 1 and 35 heats during campaign 2. The
hot metal was sampled in the ladle before and after
calcium carbide injection in both campaigns. The hot
metal samples were analysed with X-ray ﬂuorescence
and Leco, and the average hot metal analyses of the two
campaigns are summarised in Table 2.
The average amount of technical calcium carbide
injected without including the additions of cryolite and
nepheline syenite was 3?6 kg t21 HM for campaign 1
and 5?3 kg t21 HM for campaign 2. During campaign 2,
the average ingoing sulphur content increased by 70%
from an average value of 260 ppm in campaign 1 (see
Table 2). The ﬁnal average sulphur content was somewhat higher in the ﬁrst campaign compared to the
second campaign. The ingoing hot metal temperature
was on average 1370uC in both campaigns.
During both campaigns, slag samples were collected
in the ladle before slag skimming. The slag samples were
Table 1 Additional amount of nepheline syenite

I
II
III
IV
V

Amount of calcium
carbide/kg t21 HM

Nepheline
syenite/wt-%

2.5
7.5
7.1
7.0
6.3

9.3
16.7
16.4
17.0
17.2

analysed with X-ray ﬂuorescence (samples prepared by
fusion with LiB4) and Leco at the laboratory at SSAB
EMEA, Luleå. The average slag compositions are
presented in Table 3 for both campaigns.
In connection with the ﬁrst research campaign, all slag
from the desulphurisation station (total of 410 heats)
was collected in a special area at the slag pit for large
scale investigation of the iron losses. All the slag from
the campaign was weighed and separated into magnetic
and non-magnetic fractions. During campaign 2, all the
slag from 30 heats were treated in a similar manner.
The calcium carbide used in the campaigns was
supplied by SKW Metallurgy Sweden AB (formerly
Carbide Sweden AB), and the nepheline syenite was
supplied by Sibelco Nordic AS.

Results
A typical physical appearance of the slag from the slag
sampling in the ladle is presented in Fig. 2 for the two
campaigns. When calcium carbide was injected with
additions of cryolite, the slag had a dry consistency and
was in the form of gravel, as clearly seen in Fig. 2a. The
addition of nepheline syenite during campaign 2 resulted
in a slag that was more ﬁne grained compared to
campaign 1 (see Fig. 2b). The ﬁne grained slag was easier
to skim off during slag raking.
A further observation was that the addition of nepheline syenite in campaign 2 seemed to produce more fume
during slag skimming compared to campaign 1, as shown
in Fig. 3. No difference in the work environment during
injection, with or without nepheline syenite, was observed.
As mentioned before, all the slag after slag skimming
was collected in special areas at the slag pit for both
campaigns to study the iron losses after slag skimming.
After cooling, the slag was crushed and magnetically
separated, and both the magnetic and non-magnetic
fractions were weighed. In Fig. 4, the amounts of
different fractions including both the magnetic and nonmagnetic parts of the total slag amount are presented.
The amount of the ﬁnest magnetic fraction (0/5 mm)
increased, and the other magnetic fractions decreased
when nepheline syenite was mixed with calcium carbide
instead of cryolite. The non-magnetic fraction also
increased when nepheline syenite was used.

Table 2 Average hot metal analysis
Ingoing hot metal analysis/%

Campaign 1
Campaign 2

C

Si

S

Ti

4.81¡0.16
4.71¡0.13

0.35¡0.07
0.60¡0.14

0.026¡0.007
0.044¡0.005

0.14¡0.03
0.14¡0.02

Outgoing hot metal analysis/%

Campaign 1
Campaign 2

C

Si

S

Ti

4.75¡0.25
4.70¡0.13

0.35¡0.07
0.57¡0.14

0.0051¡0.004
0.0037¡0.003

0.13¡0.04
0.13¡0.02

Table 3 Average slag composition/%

Campaign 1
Campaign 2

438

Fe

CaO

SiO2

Al2O3

60.5
68.7

23.7
17.3

2.7
2.9

1.21
0.98
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Na2O

K2O

TiO2

C

S

0
0.004

0.042
0.063

1.17
0.77

11.0
8.0

1.7
1.5
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2 Calcium carbide with a cryolite and b nepheline syenite

3 Slag skimming during a campaign 1 and b campaign 2

The amount of slag after slag skimming was on average
28?1 kg t21 HM for campaign 1, and the magnetic
fraction of the slag was 2?5% of the total processed hot
metal. During campaign 2, the slag amount per ton of hot
metal after slag skimming decreased to 25?1 kg t21 HM,
and the magnetic fraction to the slag was 1?9% of the
processed hot metal.
As a part of the study, slag samples were collected in the
transfer ladle after the injection of the desulphurisation

agent and before slag skimming. Based on the chemical
analysis of these samples combined with the amount of
injected calcium carbide, the slag amount before slag
skimming was calculated. The calculated slag amount is
higher in campaign 2 due to the higher amount of
desulphurisation agent used in comparison with campaign
1. The metal content in the slag increases as a result of the
increased slag weight. The amount of iron in the slag
before slag skimming is proportional to the calculated slag

4 Magnetic and non-magnetic fractions of post-treated slag
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5 Amount of iron in slag before slag skimming

amount, as clearly seen in Fig. 5. The trials with the
addition of extra nepheline syenite, according to Table 1,
are also shown in the ﬁgure. The average amount of iron
in the slag before slag skimming was 7?6 kg t21 HM in
campaign 1 and 17?8 kg t21 HM in campaign 2.
Finally, the efﬁciency of the desulphurisation agent
has been investigated and calculated according to the
following equation
g~

(Sbefore {Safter )|amount of hot metal

Amount of agent| Ms =Magent

(6)

where Ms and Magent are the molecular weight of sulphur
and the used desulphurisation agent respectively. The
reagent efﬁciency in campaign 2 is higher than the
calculated efﬁciency for campaign 1, as illustrated in Fig. 6.

Discussion
From the results, it is clearly seen that the magnetic iron
losses to the slag after slag skimming have been reduced
signiﬁcantly from 2?5 to 1?9% of the total amount of
treated hot metal by the addition of nepheline syenite.
Furthermore, the slag amount after slag skimming
decreased from 28?1 to 25?1 kg t21 HM with nepheline
syenite addition. This is in agreement with Freissmuth
and Trout,12 where it is suggested that additions of
nepheline syenite will reduce the slag amount after slag
skimming, thereby improving the iron yield.
However, the iron amount in the slag before slag
skimming increased with the addition of nepheline syenite,
as presented in Fig. 5. On average, the iron content was
60?5% for campaign 1 compared to 68?7% for campaign 2.

6 Reagent efﬁciency as function of injected amount of reagent
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In the literature, iron losses in the range of 50–70% before
slag skimming have been reported.1,5,6,8,9,20,21 The calculated slag amount before slag skimming is also higher in
campaign 2 due to the higher demand of desulphurisation
agent compared with campaign 1. This is due to the higher
amount of sulphur removed in campaign 2, on average
0?39 compared to 0?19 kg t21 HM for campaign 1. Owing
to the large difference between the amounts of removed
sulphur between the two campaigns, it is difﬁcult to
quantify the iron yield from the slag samples taken before
slag skimming. The trials with additional nepheline syenite
do not show any deviation compared to the trials with
addition of 5 wt-% of nepheline syenite, as shown in
Fig. 5.
Even though the iron content in the slag before slag
skimming is higher for campaign 2, the magnetic fraction
of the slag from the slag pit is signiﬁcantly lower
compared to campaign 1, as shown in Fig. 4.
A detailed compilation of the results from the size
fraction examination in Fig. 4 is presented in Tables 4
and 5 for the different campaigns, including chemical
analysis and Fe content of the different fractions. The
different fractions were analysed for both campaigns, but
no chemical analysis of the largest magnetic fractions was
possible. Furthermore, it must be mentioned that the
chemical analyses of the different fractions for campaign
1 were determined after the actual trials of 410 heats
gathered at the slag pit. It may be assumed that this will
have a negligible inﬂuence on the analysed results, as the
ﬁrst campaign corresponds to the normal operational
praxis.
From Tables 4 and 5, it is seen that even the nonmagnetic fractions contain a high amount of iron. The
results also show that total iron amount in the slag after
slag skimming decreased from 17?51 to 13?64 kg t21
HM with nepheline syenite addition, thus corresponding
to a decreased loss of iron by 22%. This is in agreement

Iron losses during desulphurisation of hot metal

with the lower magnetic iron losses based on the total
processed hot metal of 24% presented earlier. The
decrease in larger magnetic fractions in campaign 2
combined with the improved iron yield may arise from a
more effective slag skimming due to the change in slag
consistency. Gitterle9 reported that the iron content in
the post-treated slag is higher in the coarser fractions
(.4 mm), which may indicate that a large part of the
iron losses originates from the slag skimming. This is in
line with the present results.
As mentioned earlier, a number of studies have
investigated the effect of acidic containing additions to
the desulphurisation slag.1,9,12,19 It is clear that a number
of parameters such as initial sulphur and silicon content
in the hot metal differ considerably between the two
campaigns (see Table 2). In general, higher initial
sulphur content will give a higher reagent efﬁciency,
which is also seen in Fig. 7, where the reagent efﬁciency
is shown as a function of the initial sulphur content. The
difference between starting conditions for the two
campaigns makes it somewhat difﬁcult to quantify the
impact of additions of nepheline syenite compared to the
additions of cryolite. Despite the large discrepancies for
the ingoing hot metal compositions between the two
campaigns, it is concluded that the addition of nepheline
syenite does not have a negative inﬂuence on the reagent
efﬁciency.

Conclusions
The demand for desulphurisation determines the amount
of desulphurisation agent needed, and this will have a
profound effect on the slag amount after desulphurisation. The increased need for desulphurisation in the
second campaign resulted in a higher consumption of
desulphurisation agent compared to the ﬁrst campaign.
The higher amount of desulphurisation agent results in a

Table 4 Slag pit investigation for campaign 1 with cryolite

Magnetic fraction

Non-magnetic fraction

Fraction/mm

Amount/kg t21 HM

Fe from analysis/%

Amount of Fe/kg t2-1 HM

0/5
5/75
75/300
z300
Total
0/50
z50
Total

7.25
7.13
4.00
6.24
24.62
3.29
0.19
3.48

46.2
46.2*
94{
94{

3.35
3.29
3.76
5.87
16.27
1.17
0.07
1.24

35.6
35.6{

*Estimated analysis based on the analysis for the fraction 0/5 mm magnetic.
{Pure hot metal with 94% iron (Fe).
{Estimated analysis based on the analysis for the fraction 0/50 mm non-magnetic.
Table 5 Slag pit investigation for campaign 2 with nepheline syenite
Fraction/mm

Amount/kg t21 HM

Fe from analysis/%

Amount of Fe/kg t21 HM

Magnetic fraction

0/5
5/75
75/300
z300
Total

10.58
3.41
0.96
3.64
18.59

53.6
48.5
94*
94*

5.67
1.65
0.90
3.42
11.64

Non-magnetic fraction

0/50
z50
Total

3.87
2.67
6.54

36.5
22.1

1.41
0.59
2.00

*Pure hot metal with 94%Fe.
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7 Reagent efﬁciency as function of initial sulphur content in hot metal

higher slag amount after the additions. Despite this, the
slag amount after slag skimming decreased from 28?1 to
25?1 kg t21 HM with addition of nepheline syenite to the
calcium carbide. The magnetic iron losses to the slag after
slag skimming decreased from 2?5 to 1?9% with addition
of nepheline syenite.
The addition of nepheline syenite to the calcium
carbide resulted in a more ﬁne grained slag after
desulphurisation compared to additions with cryolite.
The improved iron yield observed with addition of
nepheline syenite may therefore arise from a more
effective slag skimming. This is further indicated by the
decrease in the larger magnetic fractions when nepheline
syenite is used.
Finally, it may be concluded that the addition of 5 wt% nepheline syenite to the calcium carbide does not have
a negative impact on the reagent efﬁciency, even though
the initial conditions differ between the two campaigns.
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Abstract
Iron losses during hot metal desulphurisation using magnesium and calcium carbide has been
studied by large-scale investigations of slag from the slag pit as well as slag sampling during
desulphurisation at SSAB EMEA in Luleå. The desulphurisation slag after co-injection is
normally solid and contains a large amount of iron. An alkali containing mineral, nepheline
syenite, was mixed together with the calcium carbide to enhance the separation of iron from
the slag.
Even though the addition of nepheline syenite resulted in a more fine-grained slag, no
reduction of the iron content in the slag was observed before slag skimming. Nepheline
syenite has a positive effect on slag skimming; however, the total magnetic iron losses have
not decreased significantly. The increased turbulence during injection of magnesium could
explain the lack of improved iron yield.
The addition of nepheline syenite does not have a negative influence on the reagent
efficiency.

Keywords: iron losses, desulphurisation, hot metal, calcium carbide, magnesium, nepheline
syenite, slag skimming, turbulence, reagent efficiency

1

Introduction

The demand for high-performance steels with improved mechanical properties has increased
rapidly during recent decades. In order to produce steel with improved properties the amount
of harmful impurities such as sulphur or phosphorus has to be kept at a low level. The transfer
of sulphur from coke and coal to the hot metal (HM) during blast-furnace-based steel
production is unavoidable. This, in combination with the higher quality requirements with a
low level of sulphur, highlights the importance of desulphurisation of HM. During integrated
steel production the performance of the desulphurisation of HM is generally the most
important factor influencing the final sulphur content in the steel. Today, injection is the
dominating technology used for desulphurisation of HM and the process vessels for injection
of desulphurisation agents, e.g. lime, calcium carbide and magnesium, are torpedo cars or
transfer ladles.
Besides the removal of sulphur one other important issue during desulphurisation of HM is
iron losses. Iron losses originate mainly from metal droplets retained in the slag and as carryover during slag skimming. Iron losses in the order of 1.5-2.5 in percentages of the total
processed HM from the blast furnace have been reported.1-5 Different additives such as, e.g.
soda, (Na2CO3), fluorspar (CaF2) and cryolite (Na3AlF6), are normally used to improve the
properties of the slag and thereby reduce iron losses.6-11
The authors investigated the effect of nepheline syenite, (Na,K(AlSiO4)), additions to calcium
carbide and a more comprehensive description of nepheline syenite (NS) is presented in an
earlier publication.5 The project addressed the hypothesis that the addition of NS would
change the consistency of the slag and make it more fine-grained, which would facilitate the
reduction of the iron losses from the slag. It was found that the magnetic iron losses were
reduced from 2.5 wt-% to 1.9 wt-% with the addition of 5 wt-% NS to the calcium carbide
during mono-injection at SSAB EMEA, Luleå (SSAB). Furthermore, it was concluded that
the improved iron yield observed with addition of NS may arise from a more effective slag
skimming due to the change in slag consistency, which is in agreement with results reported
by Freissmuth12 and Gitterle.4
Due to the increased demand for high-quality steels, SSAB streamlined the desulphurisation
process by introducing injection with both calcium carbide and magnesium. The treatment
time has decreased by approximately 20% for heats with high demand on desulphurisation,
thereby improving the productivity of the desulphurisation process. Besides the
desulphurisation efficiency, the iron losses are, as mentioned, an important issue to consider
during desulphurisation of HM. In the present study, addition of 10 wt-% of NS to the
calcium carbide was used to investigate the impact of NS during co-injection of both calcium
carbide and magnesium in the transfer ladle at SSAB.
1.1

Theoretical background

During desulphurisation using one reagent, mono-injection, or a combination of different
reagents, co-injection, are employed. The desulphurisation product obtained with calcium
carbide and magnesium is solid and contains a large amount of iron. The concept of sulphide
capacity defined by Fincham and Richardson,13 which is often used to describe the transport
of sulphur and oxygen between a liquid metal and a liquid slag, is therefore not applicable
during desulphurisation of HM due to the lack of a homogenous liquid slag.5

The main reactions during desulphurisation of HM with technical calcium carbide may be
described according to the following reaction:
CaC2 + [S] Æ CaS + 2C

(1)

When calcium carbide is injected into the HM the calcium carbide dissociates to calcium and
graphite, and the calcium diffuses to the HM and reacts with sulphur to form CaS.14 The
calcium sulphide and the graphite form a layer at the reaction surface, which reduces the
reaction rate. The reaction between calcium carbide and sulphur is a solid-liquid reaction.
Magnesium has a low boiling point and when the magnesium is introduced into the HM it will
evaporate. The magnesium vapour may stay in gas phase or dissolve into the HM. The
sulphur in the HM is therefore removed by magnesium vapour at the surface of the gas
bubbles, reaction (2),15-17 as well as by dissolved magnesium in the HM, according to reaction
(3).15-19 A part of the injected magnesium is lost to the off gas by either unreacted Mg vapour
in gas bubbles leaving the bath or by residual magnesium in the HM that vaporises at the bath
surface.15
Mg (g) + [S] Æ MgS (s)

(2)

[Mg] + [S] Æ MgS (s)

(3)

During desulphurisation with co-injection, both magnesium and calcium carbide will react
with sulphur and form reaction products corresponding to CaS and MgS, according to
reaction (1-3). From the Ellingham diagram, Fig. 1, it is clear that CaS is more stable than
MgS at temperatures reached during desulphurisation of HM.13 Technical calcium carbide
contains about 25-30% CaO and if there is a sufficient amount of CaO, the magnesium can
react according to the following reaction:6, 18, 20-22
MgS + CaO Æ CaS + MgO

(4)

Figure 1 Standard free energies of formation of sulphides as a function of temperature

The turbulence during the desulphurisation process will result in HM splashes, which may
result in higher iron losses to the slag. The entrapment of metal in the slag depends on a large
number of variables; besides the chemistry of the reagent and the amount of desulphurisation
agent, the duration and degree of process turbulence are important factors to consider.23 The
carrier gas of the injected desulphurisation agent will give a degree of turbulence depending
on the injection rate. The volume of the carrier gas introduced to the melt may be calculated
according to equation (5):
 ൌ ሺͲ ήͲ ήሻΤሺήͲ ሻ

(5)

Where VCarrier gas is the volume of carrier gas in the melt (m3 min-1), V0 is the injected volume
of carrier gas (m3 min-1), T0 is the temperature of injected carrier gas 293 (K), P0 is the
pressure at the HM surface (atm), P is the pressure at the lance tip in the melt (atm) and T is
the temperature (K) of the HM. The gas volume at the immersed lance depends on the
immersion depth (ferro static pressure) and the pressure of the atmosphere. Besides the carrier
gas the magnesium vaporisation could result in a high degree of turbulence due to the higher
gas volume.24, 25 The volume of magnesium vapour that enters the metal bath at the lance tip
can be calculated according to equation (6):
 ൌȀ

(6)

Where P is the pressure of the gas at the lance tip (atm), VMg is the gas volume of magnesium
vapour (m3 min-1), n is the amount of injected magnesium (kmole min-1), R is the ideal gas
constant (m3∙atm K-1 mol-1) and T is the temperature of the melt (K).
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Experimental procedure

Two industrial research campaigns have been conducted at SSAB, where desulphurisation has
been executed in a transfer ladle. The HM is transported from the blast furnace in a torpedo
car and then transferred to the HM ladle. The desulphurisation agents used can be both
calcium carbide (mono-injection) and calcium carbide and magnesium (co-injection) with
nitrogen as a carrier gas. Most of the heats are conducted with co-injection. After the injection
the slag is skimmed off with a slag rake while tilting the HM ladle before the ladle is
transported to the BOF. A more detailed description of the desulphurisation process at SSAB
can be found in an earlier publication.5
During the first campaign, 2 wt-% of cryolite was added to the calcium carbide; this
corresponds to the normal practice at the time of the investigation. During the second
campaign, 10 wt-% of NS was added to the calcium carbide. This replaced the normal
addition of cryolite. The amount of calcium carbide used during the second campaign
corresponds to the amount of desulphurisation agents normally added. Table 1 presents the
average amount of desulphurisation agents added, excluding the additions of cryolite and NS.
Normally, SSAB injects soda at the end of the desulphurisation process during co-injection to
improve the properties of the slag. However, soda injection was omitted from both industrial
campaigns to simplify the study of the effect of NS without the influence of other additives.

Table 1 Average amount of desulphurisation agent (kg t-1 HM)
Reference, mono-injection
Reference, co-injection
Nepheline syenite, mono-injection
Nepheline syenite, co-injection

no of
heats
3
18
5
18

Calcium
carbide
6.0
4.0
4.2
3.6

Magnesium

Nepheline
syenite

0.3
0.3

10%
10%

HM samples were collected before and after injection of the desulphurisation agents. The HM
samples were analysed with X-ray fluorescence and Leco, and the average HM analysis and
average temperature of the campaigns conducted are summarised in Tables 2-3.
Table 2 Average hot metal analysis and temperature, mono-injection
Before desulphurisation
no of
heats
Reference
3
Nepheline syenite
5
After desulphurisation
no of
heats
Reference
3
Nepheline syenite
5

C
(wt-%)
4.74±0.11
4.51±0.18

Si
(wt-%)
0.52±0.20
0.36±0.08

S
(wt-%)
0.028±0.007
0.037±0.010

Ti
(wt-%)
0.14±0.03
0.10±0.03

Temp.
(°C)
1384
1364

C
(wt-%)
4.69±0.02
4.57±0.17

Si
(wt-%)
0.49±0.13
0.38±0.07

S
(wt-%)
0.001±0.001
0.003±0.004

Ti
(wt-%)
0.11±0.01
0.09±0.03

Temp.
(°C)
1348
1322

Table 3 Average hot metal analysis and temperature, co-injection
Before desulphurisation
no of
heats
Reference
18
Nepheline syenite
18
After desulphurisation
no of
heats
Reference
18
Nepheline syenite
18

C
(wt-%)
4.69±0.09
4.54±0.42

Si
(wt-%)
0.47±0.09
0.48±0.12

S
(wt-%)
0.027±0.006
0.032±0.010

Ti
(wt-%)
0.13±0.02
0.11±0.03

Temp.
(°C)
1383
1370

C
(wt-%)
4.68±0.06
4.51±0.41

Si
(wt-%)
0.47±0.08
0.46±0.13

S
(wt-%)
0.001±0.001
0.001±0.001

Ti
(wt-%)
0.11±0.02
0.10±0.03

Temp.
(°C)
1351
1330

The samples were analysed with x-ray fluorescence (samples prepared by fusion with LiB4)
and Leco. Slag samples were collected directly after the injection of the desulphurisation
agents and before slag skimming and Tables 4-5 present the average slag composition. A
number of slag samples have also been studied in the scanning electron microscope (Hitachi
S-3700N) at the Royal Institute of Technology. The microscope is equipped with an Energy
Dispersive Spectrometer (EDS).
Table 4 Average slag composition (wt-%), mono-injection
Reference
Nepheline syenite

Fe

CaO

MgO

SiO2

Al2O3

K2O

Na2O

TiO2

C

S

61.3
73.5

21.4
13.2

0.10
0.19

3.4
3.3

0.71
0.94

0.05
0.07

0.03
0.04

1.3
0.7

9.5
6.9

1.1
1.4

Table 5 Average slag composition (wt-%), co-injection
Reference
Nepheline syenite

Fe

CaO

MgO

SiO2

Al2O3

K 2O

Na2O

TiO2

C

S

70.8
71.3

14.8
12.4

1.1
1.7

2.9
4.9

0.70
1.50

0.03
0.09

0.03
0.05

1.1
0.9

7.1
6.4

1.2
1.2

During the trials a number of dust samples were collected. Table 6 shows the average analysis
of the collected samples for both mono- and co-injection.

Table 6 Average composition of dust (wt-%)
Reference
Nepheline syenite

CaO

MgO

SiO2

Al2O3

TiO2

K 2O

Na2O

SO3

Fe2O3

6.1
17.2

14.9
11.0

0.43
0.93

0.2
0.4

0.2
0.14

0.3
5.9

20.3
10.2

6.8
8.9

49.8
44.1

During the campaigns all slag from desulphurisation was collected in special areas at the slag
pit for large-scale investigation of the iron losses. Slag was collected from 80 heats for the
reference campaign and 105 heats for the NS campaign. About 25% of the heats collected at
the slag pit for each campaign have been conducted with mono-injection. All the slag from
the different campaigns was weighed and separated into magnetic and non-magnetic fractions.

3

Results

As mentioned earlier, slag samples were collected directly after the injection and before the
slag skimming. The consistency of the slag was dry and in the form of gravel in the reference
campaigns for both mono- and co-injection. These results are in line with the previous
investigation.5 In the campaigns, with addition of NS, the consistency of the slag changed. In
the heats with mono-injection and NS, the slag was more fine-grained compared to the
reference heats and the effect of NS on the consistency of the slag with mono-injection has
been presented earlier.5 The consistency of the slag varies significantly between different
heats with co-injection and NS additions. This is clearly seen in Fig. 2, where the slag
consistency varies from fine-grained slag similar to the previous investigation with monoinjection and NS,5 Fig. 2a, to a slag that has the same consistency as the reference heats, Fig.
2b.

Figure 2a and 2b Slag from co-injection heats with NS
Fig. 3 shows the iron losses to the slag directly after injection of desulphurisation agents and
before slag skimming. The iron losses to the slag are proportional to the calculated slag
amount.

Figure 3 Amount of iron in the slag before slag skimming
Fig. 4 shows a typical SEM image of a slag sample collected from co-injection and in Table 7
the results from the point analysis are presented. The analysis of the elements is not
normalised and the absolute levels of the individual elements may vary depending on the
elements selected at the point analysis. The analysis of oxygen is often uncertain, as it is a
light element, but the analysis of oxygen can be used to indicate whether a compound is
oxidic or not. It should be pointed out that small particles can be disturbed by radiation
emitted from the surroundings and by underlying layers.

Figure 4 SEM image of typical co-injection slag

Table 7 Not normalised point analysis (wt-%)
Spectrum
142
143
144
145
146
147
148

Ca
5.8
8.1
4.1
37.3
36.8
36.9
14.8

S

22.8
23.1
23.7
9.5

Mg
20.0
16.2
15.8
0.04
0.1
0.2
7.2

O
12.7
16.1
13.4
6.1
5.9
6.1
12.9

Fe
14.4
3.4
6.6
0.7
0.8
0.8
11.8

Ti
3.8
2.8
7.4

N

10.8

7.0

After slag skimming in the transfer ladle all slag was collected at the slag pit. Fig. 5 shows the
amount of the different magnetic fractions of the slag for the two campaigns. When NS was
mixed with the calcium carbide the amount of the two finest magnetic fractions (0/5 mm and
5/75 mm) increased and the two coarsest magnetic fractions (75/300 mm and +300 mm)
decreased.

Figure 5 Magnetic and non-magnetic fractions of the post treated slag
The efficiency of the desulphurisation agents has been investigated and calculated according
to equation (7):

η

(Sbefore  Safter )  m HM
Ms
M
m CaC2 
 m Mg  s
M CaC
M Mg

(7)

2

where MS, MCaC2 and MMg are the molecular weight of sulphur and the used desulphurisation
agents. Sbefore and Safter are the initial and final sulphur content in the HM after
desulphurisation, mHM is the amount of HM and mCaC2 and mMg are the used amount of
desulphurisation agents. Fig. 6 presents the reagent efficiency and the efficiency increase with
the initial sulphur content in the HM.

Figure 6 Reagent efficiency as a function of initial sulphur content

4

Discussion

The desulphurisation agents form high melting compounds in the bath during desulphurisation
of HM. This is true both for desulphurisation with calcium carbide and magnesium. The high
melting compounds will agglomerate in the bath and can entrap iron, which will be
transferred to the slag phase. During the trials with NS the consistency of the slag changed,
the slag is more fine-grained but the consistency varies in samples between mono-injection
and co-injection.
There is an indication that the addition of NS might result in higher iron content in the slag
before slag skimming, especially for heats with mono-injection, Table 8. However, the limited
number of heats with mono-injection in the present investigation may not be representative.
Furthermore, the large difference in removed sulphur between the earlier campaigns5 may
also affect the results. In the present study there is no large difference in the amount of
removed sulphur between the reference campaign and the NS campaign for both mono- and
co-injection. The iron content during co-injection is relatively equal between the campaigns.
Table 8 Average iron content in slag before slag skimming and sulphur amount removed
Reference, mono-injection (present study)
10 wt-% nepheline syenite, mono-injection (present study)
Reference, co-injection (present study)
10 wt-% nepheline syenite, co-injection (present study)
Reference, mono-injection (earlier study)5
5 wt-% nepheline syenite, mono-injection (earlier study)5

Fe

S removed

(%)
61.3
73.5
70.8
71.3
60.5
68.7

(kg t-1 HM)
0.27
0.31
0.27
0.32
0.19
0.39

As mentioned earlier, the amount of added calcium carbide is unchanged between the
different experimental campaigns; the total amount of desulphurisation agents was therefore

10% higher for the NS trials compared to the reference campaign. This may have a small
impact on the measured magnetic iron losses at the slag pit after slag skimming. The magnetic
iron losses decreased from 3.2 wt-% to 3.1 wt-% with the addition of 10 wt-% of NS as seen
in Fig. 7. In Fig. 7 the results from the earlier study5 are also included. It is seen that the
present results differ from the earlier investigations, where the iron losses decreased from
2.5 wt-% to 1.9 wt-% with NS addition to the calcium carbide.
In the reference campaigns, the higher magnetic iron losses during co-injection, 3.2 wt-%
compared to 2.5 wt-% with mono-injection, could to some extent depend on the lack of soda
during the trials. Normally, during co-injection, soda is injected to improve the properties of
the slag and it has an impact on the slag skimming and the iron losses.
The smallest magnetic fraction (0/5 mm) increased and the coarsest magnetic fractions
(75/300 and +300 mm) decreased with the addition of NS in both investigations compared to
the reference campaigns, Fig. 7. The difference between the campaigns with NS is that the
magnetic fraction 5/75 mm increases during co-injection with 10 wt-% of NS compared to the
decrease with mono-injection and 5 wt-% of NS.

Figure 7 Magnetic fractions of the post treated slag
The results from the present study show that NS changes the consistency of the slag and also
gives an increase in the fine magnetic fractions after slag skimming. This could be explained
by reactions between the alkali oxides in the NS and the calcium carbide. The alkali oxides
Na2O and K2O are reduced by calcium carbide according to equations (8-9).
Na2O (s) + CaC2 (s)Æ 2Na (g) + CaO + 2C (s)

(8)

K2O (s) + CaC2 (s) Æ 2K (g) + CaO + 2C (s)

(9)

The reaction and the gas evolution results in dispersion of calcium carbide and formed lime
and, instead of large agglomerates of reaction products, a more fine-grained slag is obtained.
Furthermore, the studies have showed that a majority of the alkalis in NS after injection in the
HM end up in the dust, Tables 4-6. The content of K2O increases and Na2O decreases. The

decrease in Na2O content is due to the elimination of cryolite. One further positive effect
regarding the cryolite is the elimination of fluorides.
A hypothesis was that the fine-grained slag from the reduction of alkali oxides in the NS
would facilitate the separation of iron droplets from the slag into the HM. However, despite
the more fine-grained slag by addition of NS the amount of iron in the slag from the samples
collected before slag skimming has not been reduced in comparison to the reference
campaign, as shown in Fig. 3 and Table 8. During the earlier investigation,5 the iron content
increased with NS additions before slag skimming, as seen in Table 8. Furthermore, the slag
amount also increased during the NS campaign due to the larger amount of removed sulphur.
In spite of this the total magnetic iron losses to the slag after slag skimming decreased for the
NS campaign. It was concluded that the improved iron yield mostly arises from a more
effective slag skimming with NS addition. In the present study, even though NS has a positive
effect on the slag skimming due to the reduction of the coarsest magnetic fractions, the total
magnetic iron losses have not decreased significantly. A study conducted by Gitterle4 did not
result in positive effects during co-injection with magnesium and nepheline
(3Na2O·K2O·4Al2O3·8SiO2), which is in line with the present results and a conclusion for the
unexpected results was that the magnesium surface possibly was bonded by the glass melt
produced.
A possible explanation for the lack of improved iron yield in the present study can arise from
an increased turbulence during injection of magnesium. During co-injection, magnesium will
immediately vaporise in contact with HM and the reaction between magnesium and dissolved
sulphur is conducted according to equation (2-3). All of the injected magnesium will not react
with sulphur and therefore an increased gas volume could be anticipated when unreacted
magnesium reaches the HM surface. This may result in turbulence and iron losses to the slag.
According to Irons and Guthrie,16 about 90% of the magnesium injected is dissolved in the
HM and reacts with dissolved sulphur. If the mechanism according to Irons and Guthrie is
dominating, one should expect to find some MgS particles in the slag samples. In the samples
investigated in the SEM in the present study no MgS particles were found and this is in line
with the thermodynamic conditions, i.e. if there is a sufficient amount of CaO available,
equation (4) is valid.6, 18, 20-22 Recently Lindström et al.26 investigated the mechanism of
desulphurisation using Mg and Mg-CaO additions in laboratory scale. It was found that 90%
of the added magnesium escaped as gas. The low ferro static pressure during the laboratory
study can to some extent explain the differences between the two investigations.
On the basis of the results reported by Irons and Guthrie,16 a calculation of the gas volume
during co-injection can be conducted according to the following:
Nitrogen carrier gas flow during co-injection:
Magnesium mass flow:
HM temperature:
Injection time of magnesium:
Immersion depth of the injection lance:

0.85 m3 min-1
8 kg min-1
1400°C
7.5 min
5.4 m

The gas volume of nitrogen is 1.0 m3 min-1 according to equation (5). According to equation
(6), the total volume of Mg(g) in the HM at the lance tip is 9.7 m3 min-1 and if it is assumed
that 90% of the total amount of magnesium is dissolved, the total gas volume at the lance tip
is 2.0 m3 min-1. This gives a gas volume that is twice as high compared to injection of calcium

carbide if the carrier gas flow is equal. The gas volume at the lance tip together with the ferro
static pressure gives a total gas volume at the HM surface of 9.4 m3 min-1. This gas volume
during co-injection would result in increased turbulence and HM splashes.
In the earlier investigation5 it was concluded that the addition of 5 wt-% NS to the calcium
carbide does not have a negative impact on the reagent efficiency, even though the initial
conditions differ between the two campaigns. Similarly, no negative effect on the regent
efficiency could be observed with addition of 10 wt-% of NS, as seen in Fig. 6.

5

Conclusions

The desulphurisation slag after injection of calcium carbide and magnesium is normally solid
and contains a large amount of iron. To enhance the separation of iron from the slag, the
properties of the slag must be improved. Despite the fact that the addition of NS resulted in a
more fine-grained slag before slag skimming no reduction of the iron content in the slag was
observed. Even though NS has a positive effect on the slag skimming the total magnetic iron
losses have not decreased significantly.
A plausible explanation for the lack of improved iron yield in the present study could be that
the increased turbulence during injection of magnesium prevents any positive effect from NS
additions on the slag properties.
Finally, it may be concluded that addition of 10 wt-% of NS does not have a negative
influence on the reagent efficiency.
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