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Effect of White Mud Addition on Desulfurization Rate
of Molten Steel

TAE SU JEONG, MIN KYO OH, YONGSUG CHUNG, and JOO HYUN PARK

Fluorspar (CaF2) is commonly used to control the fluidity of slag in ladle-refining of steel.
However, because it is desirable to reduce CaF2 consumption because of its environmental
impacts, the industrial waste material such as white mud (WM) was investigated as a potential
substitute for fluorspar. Steel sample (Fe-0.3C-0.9Mn-0.3Si-0.03Al-0.05S, mass pct) was melted
in a high-frequency induction furnace, followed by additions of ladle slag
(CaO-Al2O3-SiO2-5MgO-xCaF2, CaO/Al2O3=3, x = 0 to 10 mass pct) and fluxing agent
(WM) at 1823 K (1550 �C). The desulfurization experiments were carried out by reducing CaF2

content in the ladle slag and increasing the addition of WM. Ladle slag with added WM showed
an overall mass transfer coefficient of sulfur (kO) equivalent to or higher than that of
conventional 10 mass pct CaF2-containing ladle slag. In a slag melting experiment based on
DIN 51730 standard, the melting rate of mixed slag increased with the amount of WM added,
which is considered to have a positive effect on the initial desulfurization rate. In addition,
adding WM provided sulfide capacity of the slag equivalent to that of CaF2-containing slag.
Consequently, the use of WM yielded slag having kO equivalent to or higher than that of
conventional ladle slag with 10 pct CaF2, and thus, WM shows promise as a partial replacement
for fluorspar.
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I. INTRODUCTION

IT is generally accepted that the lower the viscosity of
slag, the more positive its desulfurization effect in
ladle-refining process.[1] Putan et al.[2] reported that
steel–slag interfacial reaction rate decreased as the
viscosity of the slag increased. Fluorspar (CaF2) is one
of the materials commonly used as a fluxing agent in
ladle-refining stage to ensure a high liquid slag fraction
of low viscosity. Thus, many researchers have studied
the effects of CaF2 upon the viscosity of slag,[3–10] and
have explained that the fluoride ion depolymerizes
silicate networks, thereby increasing the fluidity of the
slag.[7–9] Park et al.[9] measured the viscosity of
CaO-SiO2(-MgO)-CaF2 slag and explained that the
effect of CaF2 upon slag viscosity can be understood

to arise from a decrease in polymerization degree by F�

ions and reported that the effect of CaF2 upon viscosity
was significant in the highly basic multiphase (i.e., solid
+ liquid coexisting) system. Kim and Park[10] observed
that the viscosity of low-silica (SiO2 £ 10 mass pct)
calcium aluminosilicate melts having fixed contents of
MgO (5 mass pct), representing the Al-killed slag,
decreased with increasing basicity (CaO/SiO2 or CaO/
Al2O3) and that the addition of a small quantity of CaF2

(5 mass pct) liberated the [SiO4]
4� silicate unit from the

aluminate network and thereby decreased the slag
viscosity. However, the additional effect was insignifi-
cant when more than 10 mass pct CaF2 was added.
Alternatively, the researchers have studied the melting

properties of slag with added CaF2.
[3,11,12] In general, as

CaF2 is added, the melting point of the slag decreases.[3]

Suk and Park[11] performed a slag melting experiment
using a cylindrical slag samples (CaO-SiO2-MgO-CaF2,
3 mm 9 3 mm) based on the DIN 51730 standard
method and observed that the sample height decreased
more rapidly as the CaF2 content was increased. Wang
et al.[12] performed a slag melting experiment using a
cylindrical slag sample (CaO-SiO2-Fe2O3-CaF2, 3 mm 9
3 mm), measuring the hemisphere temperature (Th), at
which the height of the slag sample was reduced to half
its original height, and the flow temperature (Tf), at
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which the height of sample was reduced to one-third its
original height. They observed that both Th and Tf

decreased with additional CaF2.
However, the addition of CaF2 can further accelerate

refractory degradation.[11–14] Han et al.[13] investigated
refractory degradation and slag penetration depending
on CaF2 content by using CaO-Al2O3-SiO2-MgO-x-
CaF2 (x = 0 to 15 mass pct) slag at 1823 K (1550 �C).
As the content of CaF2 increased, detachment of MgO
grains was observed, and the slag penetration into the
refractory increased. It was concluded that the addition
of CaF2 reduced the viscosity of the slag, which
accelerated the erosion of the refractory material. Also,
penetrated slag containing CaF2 reacts with the refrac-
tory binder and detaches MgO grains, damaging the
refractory material. Park et al.[11,14] found that when
CaF2 was added to calcium silicate slag, the slag fluidity
increased, and that the CaF2 accelerated the corrosion
of zirconia and magnesia refractories by promoting
dissolution of the intermediate CaZrO3 and of MgO.

Additionally, the fluorine in CaF2 is released from
industrial slag as fluoride silicate gas, which is well
known to be harmful.[11,14–18] When the fluorine-con-
taining slag is dumped, high-fluorine soil can be formed,
and the fluorine is dissolved in rain or groundwater,
which pollutes the environment.[19,20] So, the amount of
CaF2 used industrially should be decreased for environ-
mental reasons. Moreover, because the price of fluor-
spar is also increasing,[21] it is also required to reduce the
amount of fluorspar used for economic reasons.

Previous researchers have investigated several sub-
stances to replace the fluorspar used in the desulfuriza-
tion of hot metal.[8,16,22–24] They concluded that
labradorite, potassium feldspar, nepheline syenite, and
ilmenite minerals could be used as alternative fluxing
agents. Choi et al.[24] conducted a desulfurization
experiment of hot metal at 1623 K (1350 �C) using the
CaO-SiO2-Al2O3-Na2O slag without CaF2, and Tong
et al.[25] conducted a desulfurization experiment of hot
metal at 1773 K (1500 �C) by using the CaO-SiO2-A-
l2O3-Na2O-MgO-TiO2 slag. Both groups observed
appropriate desulfurization efficiency. Fundamental

studies on fluorspar substitutes have been conducted
by previous researchers, but most have focused on
fluidity rather than the refining efficiency of slag and
have been carried out at relatively low temperatures to
simulate hot metal pretreatment conditions.
In our previous study,[26] desulfurization experiments

of molten steel were conducted at 1823 K (1550 �C)
while reducing the CaF2 content and adding industrial
wastes (FeMn slag and red mud). FeMn slag (FMS) and
red mud (RM) contain approx. 40 mass pct MnO or
Fe2O3, respectively. However, the addition of small
amounts of FMS or RM did not produce large changes
to the slag composition and provided desulfurization
efficiency equivalent to that of conventional 10 pct CaF2

ladle slag. McLean et al.[27] conducted a desulfurization
experiment on hot metal at 1673 K (1400 �C) using
white mud (WM) and observed high desulfurization
efficiency. WM is the industrial waste of alumina
production by means of the lime sintering process,
consisting of CaO, Al2O3, SiO2, MgO, and Na2O. WM
is a calcium aluminate-based flux as similar as ladle slag
and does not contain Fe2O3, a reducible component.
Hence, it is expected that the addition of WM will
promote the desulfurization efficiency of molten steel.
Therefore, in the present study, slag melting and

desulfurization experiments were conducted to reduce
the consumption of fluorspar used relative to conven-
tional ladle-refining slags. WM was added as a fluxing
agent to determine whether this material can be used as
a fluorspar substitute for desulfurization reactions.

II. EXPERIMENTAL PROCEDURE

The experimental apparatus used to observe melting
behavior of mixed slags is shown in Figure 1. The
sample was heated by a horizontal tube furnace and
images of the sample during melting were obtained using
a charge-coupled device (CCD) camera. Based on the
standard method (DIN 51730 and KS E ISO 540),
temperatures were measured when the shape of the
sample began to change (= deformation temperature;

Fig. 1—Schematic diagram of the horizontal furnace for slag melting experiments.
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Td) and when the sample decreased to half (= hemi-
sphere temperature; Th) and one-third (= flow temper-
ature; Tf) of its original height. A cylindrical pressed
pellet of 6 mm diameter 9 6 mm height made of slag
powder was put onto a platinum plate (20 mm 9 20 mm
9 2 mm thickness), installed in the furnace, and then
heated to 1873 K (1600 �C) at a rate of 5 K/min (5 �C/
min) in a chemically purified argon atmosphere.

Desulfurization experiments of molten steel were
conducted using a high-frequency induction furnace,
which was employed in the authors’ previous
works.[13,26] To remove impurities from the quartz
reaction chamber, a rotary vane pump was used, and
then the chamber was filled with a high-purity Ar-3 pct
H2 gas mixture, using a mass flow controller. The steel
(Fe-0.9Mn-0.3Si-0.3C-0.05S-0.03Al, mass pct, 600 g)
was located in a fused magnesia crucible (outer diam-
eter: 60 mm, inner diameter: 50 mm, and height: 120
mm) for induction heating with a graphite heater (outer
diameter: 80mm, inner diameter: 65mm, and Height:
120 mm), which was surrounded by an insulating
material. Impurities in the gas mixture were removed
by purification system through Drierite (W.A. Ham-
mond Drierite Co. Ltd., Xenia, OH), soda lime, silica
gel (medium granular, 5 to 10 mesh), and Mg turnings at
723 K (450 �C).

The experimental temperature was 1823 K (1550 �C),
which was kept within ±2 K (±2 �C) using a B-type
(Pt-30Rh / Pt-6Rh, mass pct) thermocouple and a
proportional integral differential controller. After the
temperature stabilized, the mixed slag (pre-fused master
slag + WM; 60 g) was added onto the surface of the
molten steel through the quartz tube under an Ar-3 pct
H2 gas atmosphere. The synthenic slag was prepared by
melting reagent-grade CaO, Al2O3, SiO2, MgO, and
CaF2 in a vertical resistance tube furnace in the purified
Ar atmosphere. CaO was prepared by calcination of
CaCO3 in air at 1273 K (1000 �C) for 12 h. The
compositions of the initial ladle-refining slags with
different CaF2 contents and composition of WM are
listed in Table I, and the initial compositions of

WM-fluxed (mixed) slags are listed in Table II. The
CaO-SiO2-Al2O3-5MgO-10CaF2 (mass pct) pseudo-
ternary phase diagram calculated using FactSageTM

software (ver. 7.3) is shown in Figure 2.
Suction sampling and water quenching were con-

ducted with a quartz tube ([ID]: 4 mm) to obtain steel
samples, and slag samples were obtained using a
stainless steel rod combined with nuts. All samples were
collected at varied times (0, 5, 10, 15, 20, 30, and 60
minutes). After the experiments were finished, the sulfur
content of the metal and slag samples were obtained
using a combustion analyzer (ELTRA, CS-800). The
compositions of the steel and slag samples were deter-
mined by means of X-ray fluorescence spectroscopy
(XRF; ZSX Primus IV, Rigaku) and inductively coupled
plasma atomic emission spectrometry (ICP-AES;

Table I. Compositions of Slag and White Mud Used in the Current Study (Mass Pct)

CaO SiO2 Al2O3 MgO CaF2 Na2O

Ladle Slag (LS) 10CaF2 LS 56.2 10.0 18.8 5.0 10.0 —
7CaF2 LS 58.5 10.0 19.5 5.0 7.0 —
3CaF2 LS 61.5 10.0 20.5 5.0 3.0 —
0CaF2 LS 63.8 10.0 21.2 5.0 — —

White Mud (WM) 46.8 2.5 40.7 1.0 — 9.1

Table II. Initial Compositions of Mixed Slags Used in the Current Study (Mass Pct)

CaO SiO2 Al2O3 MgO CaF2 Na2O

WM-Fluxed Slag 3CaF2 LS + 5WM 60.8 9.6 21.5 4.8 2.8 0.5
3CaF2 LS + 10WM 60.0 9.3 22.5 4.6 2.7 0.9
7CaF2 LS + 10WM 57.3 9.3 21.6 4.6 6.3 0.9
7CaF2 LS + 20WM 56.2 8.5 23.7 4.2 5.6 1.8
7CaF2 LS + 30WM 55.0 7.8 25.8 3.8 4.9 2.7

Fig. 2—Experimental composition of the mixed slag used in the
current study, as represented in the CaO-Al2O3-SiO2-5MgO-10CaF2

(mass pct) phase diagram at 1823 K (1550 �C), calculated using
FactSageTM 7.3 software.
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Spectro Arcos,). The final compositions of the mixed
slags and sulfur distribution ratio after 60 min experi-
ments are listed in Table III.

III. RESULTS AND DISCUSSION

A. Effect of White Mud on Melting Behavior of Ladle
Slag

The melting temperature and solid phase fraction of
the WM-fluxed (mixed) slags at 1823 K (1550 �C)
calculated from FactSageTM7.3 software are shown in
Figure 3 vs. the amount of added WM. Both the melting
temperature and solid phase fraction of the mixed slags
tended to decrease with increasing WM content. These
properties are important parameters affecting the desul-
furization rate by accelerating the initial fluxing to form
a liquid slag. The effect of the addition of WM on the
melting behavior of mixed slag during heating cycle is
shown in Figure 4. It was observed that Th and Tf

decreased with increasing WM content. Wang et al.[12]

explained that Th and Tf symbolize the transition points
of sluggish flow and liquid mobility, respectively.
Therefore, the observed decreases in Th and Tf with
increasing WM content represent slag fluidity starting at
lower temperatures.

The height of the slag sample during heating as a
function of time (i.e., temperature) is shown in Fig-
ure 5(a). The sample height was constant until reaching
the deformation temperature (Td), above which it rapidly
decreased (SectionA). This tendencywas also observed to
accelerate with increasing WM content. The maximum
slope of the lines in section A (= �dRH=dt, melting rate)
vs. the WM content is shown in Figure 5(b). The melting
rate increased with increasing WM content. Considering
that the slag–metal reaction occurs at the slag–metal
interface under the steady state condition without
slag–metal emulsification due to vigorous stirring, the
present results indicate that the reaction area of themixed
slag increases more rapidly in cases in which more WM
has been added. Therefore, we consider the addition of
WM to have a positive effect on the slag–metal reaction
by ensuring fluidity of the slag at a lower temperature.

The snapshot images acquired 5 minutes after the
WM-fluxed slag was added in the molten steel during
desulfurization experiments are shown in Figure 6. When
WM is added, a noticeable fume was emitted. Considering
the final slag composition after the experiment (Table III) in

the present study and previous works conducted at high
temperatures in the References 24, 25, 28 and 29 the fume
generated during the experiment was expected to be a gas
containing sodium. Na2O is well known as a material that
volatilizes at high temperatures, andmany studies have been
conducted regarding changes in the physicochemical prop-
erties of slag due to the volatilization of Na2O.[24,25] In the
present study, the Na2O content of the mixed slag was
relatively low (less than 3mass pct, in Table II), and lower in

Table III. Final Compositions of Mixed Slags (Mass Pct) and Sulfur Distribution Ratio at 60 Min

Slag ID CaO SiO2 Al2O3 MgO CaF2 Na2O [%S]metal (%S)slag LS

10CaF2 LS 56.7 11.2 17.6 5.2 9.3 — 0.0008 0.66 810(±5)
7CaF2 LS 59.2 10.3 18.6 5.4 6.5 — 0.0009 0.57 610(±6)
3CaF2 LS 60.3 10.6 21.0 5.2 2.9 — 0.0009 0.92 990(±3)
0CaF2 LS 63.4 9.1 21.4 6.1 — — 0.0015 0.95 650(±5)
3CaF2 LS + 5WM 61.1 9.7 21.6 4.7 2.8 0.1 0.0009 0.75 890(±10)
3CaF2 LS + 10WM 60.3 9.4 22.6 4.9 2.7 0.2 0.0011 0.80 760(±9)
7CaF2 LS + 10WM 57.6 9.3 21.7 4.8 6.3 0.2 0.0012 0.72 600(±3)
7CaF2 LS + 20WM 56.5 8.5 23.8 5.3 5.6 0.2 0.0012 0.70 610(±7)
7CaF2 LS + 30WM 55.4 7.9 26.0 5.8 4.9 0.3 0.0012 0.69 560(±11)

Fig. 3—(a) Melting temperature and (b) solid fraction of the mixed
slags at 1823 K (1550 �C) vs. white mud content (Calculated from
FactSageTM7.3 software).
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the final slag (Table III). Also, mixed slags were multiphase,
i.e., solid CaO (approx. 10 pct) was present in all conditions.
This means that the activity of CaO, a representative basic
component that dominates the desulfurization reaction, was
unity. Therefore, it is considered that the effect of Na2O,
which was easily volatilized during experiments, on the
desulfurization efficiency is not significant, and the effect of
Na2Oon the refractorywear is also not able to be significant.
A degradation behavior of refractory material due to the
addition of WM will be investigated further in the future.

With added WM, it was observed that more liquid
slag was produced compared to the case for conven-
tional ladle slag containing CaF2 at the same time (5
min). These results are in good agreement with the
findings discussed above that WM has a positive effect
on the melting rate of mixed ladle slag (Figures 4 and 5).
In conclusion, because the addition of WM has a
positive effect on initial melting rate of the slag, it is
advantageous for producing the liquid slag rapidly after
the slag is added. Therefore, it can be predicted that
increasing the amount of added WM will have a positive
effect on the initial desulfurization rate of molten steel.

B. Effect of White Mud on Desulfurization Kinetics
of Molten Steel

The desulfurization ratio, i.e.,
mass pct S½ �t¼t= mass pct S½ �t¼0, in the molten steel as a
function of reaction time at different fluxing conditions
is shown in Figure 7. In most cases, a large amount of

sulfur was removed within 10 minutes, and the sulfur
concentration remaining in the molten steel after the
30-minute experiment was very low, approx. 11(±3)
ppm. The initial sulfur removal rate of the CaF2-free
slag was relatively lower than the others. The desulfu-
rization index at 10 min after slag addition is shown in
Figure 8, including for comparison data on ferroman-
ganese slag (FMS) and red mud (RM) fluxing from our
previous report.[26] The initial desulfurization index is
defined as

Desulfurization index pctð Þ

¼ mass pct S½ �0 � mass pct S½ �t¼10min

mass pct S½ �0
� 100;

½1�

where [mass pct S]0 is the initial sulfur concentration
in the molten steel and [mass pct S]t = 10 min is sulfur
concentration in the steel at time t ¼ 10 minutes. In
most cases, more than 90 pct of the sulfur was
removed from the molten steel within 10 minutes, and
the corresponding desulfurization indexes were equiva-
lent to that of the conventional ladle slag with 10 pct
CaF2. However, in the CaF2-free case and the FMS
and RM excessive addition cases, the desulfurization
index significantly decreased, while in the case of
excessive addition of WM, the desulfurization index
increased.
The desulfurization flux equation is given in Eqs. [2]

through [4].[26,30–32] The overall mass transfer coefficient
calculated based on flux equation is shown in Figure 9.

Fig. 4—Images of samples at Td, Th, and Tf: (a) 3 CaF2 ladle slag, (b) 3 CaF2 ladle slag + 5 WM, and (c) 3 CaF2 ladle slag + 10 WM.
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J ¼ kO Cb
m � Cb

s

LS

� �
½2�

kO ¼ 1
1
km

þ qm
qsksLs

½3�

LS ¼
mass pct Sð Þslag
mass pct S½ �metal

½4�

where J, Cb, LS, q, and kO, respectively, represent the
molar flux of S (mol m� 2 s�1), the molar concentra-
tion of S in the bulk phase (mol m� 3), the S distribu-
tion ratio, the density (kg m� 3), and the overall mass
transfer coefficient (m s� 1). Subscripts m and s,
respectively, refer to the metal and slag phase. Here,
km and ks were calculated by using Eqs. [5] and
[6].[26,30–32]

� Wm

qmA

� �
pct S½ �0� pct S½ �eq

pct S½ �0

� �
ln

pct S½ �t � pct S½ �eq
pct S½ �0� pct S½ �eq

 !

¼ kmt

½5�

Fig. 5—(a) Sample height ratio (H/Ho) vs. time and temperature; (b)
melting rate of each slag sample in Section A.

Fig. 6—Snapshot images of initial slag (5 min) during
desulfurization experiment at 1823 K (1550 �C).

Fig. 7—Desulfurization ratio vs. reaction time for slags having
various CaF2 and WM contents at 1823 K (1550 �C).
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� Ws

qsA

� �
pct S½ �eq
pct S½ �0

� �
ln

pct S½ �t � pct S½ �eq
pct S½ �0 � pct S½ �eq

 !
¼ kst

½6�

where W, A, [pct S], and t ,respectively, represent the
weight (kg), reaction area (m2), S concentration (mass
pct), and reaction time (seconds). Subscripts 0 and eq
represent initial (t ¼ 0) and equilibrium (t ¼ teq) condi-
tions. In the present study, sulfur in molten steel was
rapidly removed within the 20 min, and the same level
of sulfur was observed from 30 to 60 minutes. There-
fore, the equilibrium concentration of sulfur, pct S½ �eq
in molten steel was taken as an average value of the
sulfur concentration measured at 30 and 60 minutes.

The equilibrium S concentration in metal and slag,
and the S distribution ratio are listed in Table III.
Additionally, data on FMS and RM fluxing from the
previous report were added for comparison.[26] In a
similar trend to that observed for the desulfurization
index (Figure 8), the overall mass transfer coefficient,
kO, of WM-fluxed slag was almost equivalent to or
higher than that of the conventional ladle slag contain-
ing 10 pct CaF2. However, in the CaF2-free case and
the FMS and RM excessive addition cases, kO
decreased.
From Eq. [3], kO depends on km and ksLS. km is

defined as Dm/d (Dm is diffusion coefficient of sulfur in
molten steel, and d is diffusional boundary layer
thickness) and is affected by kinetic factors such as the
viscosity of steel melt.[31] Therefore, in the present study,
because the steel conditions (such as composition,
inductive stirring, temperature, etc.) were fixed, km was
constant. Hence, constant kO means that km is more
dominant than ksLS in Eq. [3], and the mass transfer of
sulfur in metal phase is closer to the desulfurization rate
controlling step. However, a decrease in kO (in the
CaF2-free, and FMS and RM excessive addition condi-
tions) means that the desulfurization rate is controlled
by slag phase mass transfer and/or metal–slag mixed
transportation process, which are dominantly dependent
on the thermophysical properties of the slag such as
viscosity.[26]

Because the only independent variable in the current
study is the composition of mixed slag, as affected by the
addition of CaF2 and/or industrial wastes (FMS, RM,
WM), the effect of slag composition upon the physic-
ochemical properties of the slag should be considered.
Herein we consider the kinetic and the thermodynamic
factors of slag to understand the effects of the physic-
ochemical properties of slag upon the desulfurization
mechanism.[26] To quantitatively express the thermody-
namic properties of liquid slag, the sulfide capacity
(CS2�) of the liquid slag (not the bulk slag) was
calculated using FactSageTM7.3 software and is shown
in Figure 10, which includes for comparison data on
FMS and RM fluxing from the present authors’
previous study.[26] Even though the porous solid CaO
can absorb sulfur from molten steel via the so-called
‘Capillary refining’ mechanism,[33–36] it is generally
known that the solid CaO did not participate in the
desulfurization reaction in view of slag chemistry
theory.[37] Hence, in present study, it was assumed that
solid CaO [approx. 10 pct from Figure 3(b)] does not
participate in the desulfurization reaction.[37] The sulfide
capacity has been used as a characteristic property to
quantitatively represent the sulfur absorption ability of
a slag as a function of composition from a thermody-
namic point of view since Fincham and Richardson
originally defined it as given in Eq. [8].[38–42] This was
obtained from the desulfurization reaction (Eq. [7])
based on gas–slag equilibrium.

Fig. 8—Desulfurization index of mixed slags at 10 min (p.s.
represents present study).

Fig. 9—Overall mass transfer coefficient of sulfur vs. WM fluxing
addition at 1823 K (1550 �C) (p.s. represents present study).
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1

2
S2 gð Þ þ ðO2�Þ ¼ S2�

� �
þ 1

2
O2 gð Þ ½7�

CS2� ¼
K 7½ � � aO2�

fS2�
¼ ðmass pct S2�Þ � pO2

pS2

� �1
2

: ½8�

where K 7½ � is the equilibrium constant of Eq. [7], aO2�

is the activity of O2– ions in the slag (i.e., the basicity
of the slag), fS2� is the activity coefficient of sulfide ions
in the slag, and pi is the partial pressure of the gaseous
species i. Thus, the sulfide capacity is a characteristic
function of basicity and sulfide ion stability in the slag
at a given temperature. In current study, the oxygen
partial pressure (pO2

= 10�14 atm) and sulfur partial
pressure (pS2= 10�10 atm) were fixed by converting
the average sulfur and oxygen contents in the steel
sample, and the composition of the liquid slag was
taken as the input parameter in the calculation using
FactSageTM7.3 software. Compared to the use of 10
pct CaF2, the sulfide capacity of the liquid slag was
modeled to decrease with the addition of FMS and
RM, but remain equivalent with the addition of WM
in Figure 10.

In the previous work,[26] it was concluded that when
FMS and RM were added, the composition of the mixed
slag changed with the reaction time (SiO2 increased) due
to the chemical reactions ([Si] + (MnO) = 2[Mn] +
(SiO2), [Si] + 2(FetO) = 2tFe(l) + (SiO2)) between
metal and slag, and thus the sulfide capacity decreased.
However, when WM was added in the present work,
because it does not contain reducible oxides such as
FetO and MnO, the composition of the slag did not vary
depending on the reaction time. As shown in Table II,
with the addition of WM, the content of CaO and SiO2

in the mixed slag decreased (but not significant) and the
content of Al2O3 increased. However, as mentioned
above, the mixed slag used in this study was a
multiphase slag, and solid CaO (approx. 10 pct) was
present in all conditions. This means that the activity of
CaO, a basic oxide that dominates the desulfurization

reaction, was unity and thus it can be assumed that the
effect of CaO on the desulfurization reaction is equiv-
alent under all experimental conditions. Therefore, the
observed change of the sulfide capacity was caused by
the changes in the contents of Al2O3 and SiO2.
It is known that as the content of Al2O3 and SiO2 in

slag increases, the sulfide capacity decreases.[3,26,38–42]

The iso-activity lines of Al2O3 and SiO2 at 1823 K (1550
�C) are shown in Figure 11. The activity of Al2O3

increased, while that of SiO2 decreased, respectively,
with increasing WM content. Therefore, despite the
increase in the amount of alumina according to the
amount of WM added, the almost equivalent sulfide
capacity observed was attributed to a counterbalancing
effects of increased Al2O3 activity and decreased SiO2

activity.
The effects of the activities of CaO, SiO2, and Al2O3

upon the sulfide capacity of liquid slag are shown in
Figure 12; for comparison, the sulfide capacity and
activity values of slags of similar composition carried

Fig. 10—Sulfide capacity of the liquid slag vs. WM fluxing addition
at 1823 K (1550 �C) (p.s. represents present study).

Fig. 11—Iso-activity contours of Al2O3 and SiO2 in the CaO-corner
of the CaO-SiO2-Al2O3-5MgO-10CaF2 slag at 1823 K (1550 �C).

Fig. 12—Sulfide capacity of the liquid slag vs. log aCaO �
log aAl2O3

þ log aSiO2
ð Þ at 1823 K (1550 �C) (p.s. represents present
study).
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out at the same condition, i.e., 1823 K (1550 �C) were
added.[26,32] The sulfide capacity of the slags increases
with increasing the activity ratio,
logaCaO � log aAl2O3

þ log aSiO2
ð Þ. In the previous

study,[26] a decrease of sulfide capacity was observed
due to a change of the slag composition (namely, due to
an increase in SiO2 content) under conditions of an
excess fluxing of RM or FMS. However, in the case of
WM fluxing, the slag had a logaCaO �
log aAl2O3

þ log aSiO2
ð Þ index ranging from 6.5 to 7.0,
almost equivalent to that of the conventional (10 pct)
CaF2-fluxed ladle slag, and representing sufficient sulfide
capacity for the intended purpose.

The viscosity of the liquid slag was calculated using
FactSageTM7.3 software to account for the kinetic
factor affecting the desulfurization rate and is shown
in Table IV. The viscosity of the liquid slag slightly
increased with the amount of WM added because WM
contains about 41 mass pct Al2O3 (Table I), which is
significantly higher than Al2O3 content of ladle slag
(about 20 mass pct).[3,10,43–45] However, as mentioned
earlier, the mixed slag used in the present study is a
highly basic multiphase slag (i.e., L+CaO; 10 to 15 pct
CaO); accordingly, the apparent viscosity was calculated
using the Einstein-Roscoe equation (Eq. [9]), which
reflects the effect of solid phase (CaO) fractions.[26,45–50]

g ¼ g0
1� afð Þn ½9�

where g is the apparent viscosity of multiphase slag
(dPa s, poise), g0 is the viscosity of liquid (dPa s,
poise), and f is the volume fraction of solid, and a and
n are constant. Here, the volume fraction of solid was
calculated from the following method: (i) calculate the
equilibrium mass fraction of each phase of the mixed
slag at the experimental temperature using FactSage
software; (ii) the density of liquid slag, solid CaO, and
MgO was assumed to be 2.65 g/cm3, 3.34 g/cm3, and
3.58 g/cm3, respectively.[31,51]; (iii) calculate the volume
fraction of solid monoxide (Ca,Mg)O phase (mainly
CaO). In Eq. [9], it was assumed that the solid parti-
cles were uniformly dispersed with a spherical shape,
from which a=1.35 and n=2.5 could be taken.[26,45–50]

The apparent viscosity values calculated based on
Eq. [9] are listed in Table IV. In the previous study,[26]

it was concluded that the CaF2-free condition

negatively affected the initial desulfurization reaction
due to the high viscosity caused by the existence of
solid CaO in the slag.
Contrastingly, with the addition of WM, the solids

fraction decreases, which is shown in Figure 3(b).
Although the viscosity of the liquid slag slightly
increases due to an increase in Al2O3 content, the
apparent viscosity of the slag is equivalent to that of the
conventional CaF2-containing ladle slag due to a
decrease in the solid fraction by WM fluxing.
In summary, the addition of WM is considered to

increase the initial desulfurization rate by promoting slag
melting and thus providing a favorable environment for
the initial slag–metal reaction. In addition, unlike FMS
and RM additives, WM does not change the composition
of ladle slag because it does not cause a chemical reaction
with the elements (i.e., Al and/or Si) of the molten steel,
so there is no change in sulfide capacity and viscosity over
time. Consequently, WM addition can provide desulfu-
rization rate equivalent to or higher than that of
conventional 10 pct CaF2-containing ladle slag, and
hence WM appears suitable to partially replace fluorspar
in secondary refining processes.

IV. CONCLUSIONS

In this study, the effects of the industrial waste white
mud (WM) upon the desulfurization kinetics of molten
steel were studied at 1823 K (1550 �C). The addition of
WM had a positive effect on desulfurization rate by
lowering the melting temperature and the solid phase
fraction of the slag at the experimental temperature. An
increase in the WM content increased the initial desul-
furization rate by decreasing Th (= hemisphere temper-
ature) and Tf (= flow temperature) allowing the slag to
melt rapidly and form a large amount of liquid slag
during the initial period of the reaction. Unlike other
industrial wastes such as ferromanganese slag and red
mud investigated earlier, WM did not change the slag
composition through chemical reactions with compo-
nents in the steel (i.e., maintaining an inert slag). When
WM was added, because the sulfide capacity and
viscosity were equivalent to that of CaF2-containing
multiphase slag due to less amounts of solid (CaO)
fraction, the overall mass transfer coefficient of sulfur

Table IV. Viscosity of Slags (dPa s) at 1823 K (1550 �C)

Viscosity of Liquid
Slag, go

Mass Fraction of Solid
Monoxide

Volume Fraction of
Monoxide

Apparent
Viscosity,

g

Ladle Slag
(LS)

10CaF2 LS 0.60 0.096 0.079 0.80
7CaF2 LS 0.65 0.126 0.100 0.94
3CaF2 LS 0.73 0.157 0.131 1.20
0CaF2 LS 0.80 0.198 0.159 1.47

WM-Fluxed
Slag

3CaF2 LS + 5WM 0.76 0.154 0.124 1.17
3CaF2 LS + 10WM 0.78 0.142 0.117 1.15
7CaF2 LS + 10WM 0.70 0.111 0.088 0.92
7CaF2 LS + 20WM 0.75 0.100 0.079 0.90
7CaF2 LS + 30WM 0.81 0.090 0.071 0.90
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(kO) was equivalent to or higher than that of (10 pct)
CaF2-containing multiphase ladle-refining slag.
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