Sulfide Capacities of CaO-Al,O3-SiO, Slags in the Temperature
Range 1673 K to 1773 K (1400 °C to 1500 °C)
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With a goal to estimate the sulfide capacities of slags used in the pretreatment of hot metal, the
sulfide capacities of Ca0-Al,05-SiO, slags were measured at 1673 K to 1773 K (1400 °C to
1500 °C). The gas—slag equilibrium technique has been used for this measurement. From the
results obtained, it was found that the temperature dependence of the sulfide capacity of this
slag is independent of the slag compositions. Therefore, a new empirical model based on optical
basicity for sulfide capacity estimation of this slag was developed using the measured values of
the current work and literature. With the use of the new model, the isosulfide capacity curves at

1673 K (1400 °C) were mapped.
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I. INTRODUCTION

OVER the years, CaF,-containing fluxes had an
important role in desulfurization in steelmaking pro-
cesses including hot metal pretreatment. However, it has
become increasingly difficult to use CaF, because of the
environmental problems caused by fluoride emissions.
In the case of hot metal treatment, it is common practice
to employ CaO-based flux. In view of the fact that the
solubility of Ca$S in CaO is low,!" it is considered that a
molten slag that coexists with solid CaO has an
important role for the desulfurization reaction in the
hot metal pretreatment process, and the sulfide capacity
of the molten slag is one of the important properties that
must be considered. In view of the carryover of a certain
quantity of blast furnace slag in the hot metal ladle,
Ca0-Al,03-Si0, slag is likely to be formed during the
hot metal pretreatment. Whereas the experimental
studies of the sulfide capacity values for this slag are
abundant in the literature,* ') many previous works
focused on the refining process. To the knowledge of the
authors, no measurement of the sulfide capacity of this
slag at temperatures less than 1773 K (1500 °C) has
been reported. Therefore, in the current work, the
sulfide capacities of the CaO-Al,05-SiO, slags were
measured in the temperature range 1673 K to 1773 K
(1400 °C to 1500 °C).
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II. EXPERIMENTAL

The classic gas-slag equilibrium technique was
employed in the current study to measure sulfide
capacities. The schematic diagram of the experimental
setup is shown in Figure 1. A horizontal resistance
furnace with MoSi, heating elements was used for all
the measurements. The furnace was controlled by a
PID controller within £1 K using a Pt-30 pct Rh/Pt-
6 pct Rh thermocouple, fixed close to the heating
element, just outside the furnace tube. An alumina
reaction tube (outer diameter: 0.06 m, inner diameter:
0.05 m, length: 1.2 m) was positioned inside the fur-
nace. The even temperature zone of the furnace (with a
temperature fluctuation of +£2 K) extended over a
length of 0.1 m in a reaction tube. A separate
thermocouple was positioned just above the sample
to measure the sample temperature. The overall errors
in temperature control are considered to be less than
+3 K.

A gas mixture consisting of Ar, CO, CO,, and SO,
was used to impose predetermined sulfur and oxygen
partial pressures in the gas phase above the slag samples
equilibrated in the furnace. The flow rates of the gases
were controlled by mass flow meters F201C supplied by
Bronkhorst High-Tech. Suitable purification steps were
adopted for these gases before mixing. The schematic
diagram of the gas cleaning system is shown in Figure 2.
Silica gel and Mg(ClOy4), were used to remove the traces
of moisture (except in the case of SO, for which
Mg(ClOy4), was not used). Ascarite (sodium-hydroxide-
coated silica) was used to remove the CO, impurity, and
in the case of Ar gas, Cu and Mg chips that were kept at
773 K (500 °C) were used to remove the traces of
oxygen.

The slag samples were prepared by mixing appropri-
ate proportions of CaO, Al,O;, and SiO, reagent
powders. The oxide powders were calcined at 1273 K
(1000 °C) for 12 hours in a muffle furnace to remove
any trace of moisture before mixing. The samples were
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Fig. 2—Schematic diagram of gas-cleaning system.

Silica gel

pressed into small pellets of 1 g and placed in Pt crucibles
positioned on an alumina boat. The Pt crucibles were
made of 1.27 x 107* m thickness Pt (99.9 mass pct
[metal basis]) foil.

In a general run, two to four Pt crucibles with the slag
samples were pushed inside the furnace at 1673 K
(1400 °C) and kept for 12 hours in Ar (99.999 pct,
AGA) gas stream for premelting. The Ar-CO-CO,-SO,
gas mixture was then introduced into the reaction tube,
and the temperature was changed to the target value. A
constant flow rate of 400 mL/min was maintained
during the equilibration of the slag with the gas mixture
at the experimental temperature for at least 6 hours.
This soaking time was found to be sufficient for the slag
to reach the equilibrium with the gas phase.l'>"?! After
the equilibration, the samples were pulled out toward
the cold end of the furnace and quenched with the gas
mixture flowing. The gas atmosphere was changed to
Ar, and the samples were taken out and subjected to a
chemical analysis. The sulfur content was analyzed using
a LECO combustion-infrared spectrometer (LECO
Corporation, St Joseph, MI).
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III. RESULTS AND DISCUSSION

The concept of sulfide capacity as expressed by
Richardson and Fincham! is as follows:
1/2
_ P,
Cs = (masspctS) - T/ 1]
Pg,

where (mass pct S) is the mass pct of the sulfur content
in slag, and Po, and Ps, are the partial pressures of
oxygen and sulfur gas, respectively, in the gas phase.

In the current experiments, the partial pressures of
sulfur and oxygen were calculated using Thermo-Calc
version R with the SSUB3 database (Thermo-Calc
Software, Inc., McMurray, PA). To check the reliability
and accuracy of the SSUB3 database, a comparison of the
sulfide capacities has been made between the reported
values by Hino er al'® and those calculated by the
database. The calculated values agree well with their
results. The partial pressure of oxygen in the gas mixture
just above the sample was maintained between 3.5 x 10~*
and 2.6 x 107° Pa, and the partial pressures of sulfur
were found to vary between 1.2 x 107 and 1.5 x 10° Pa.

The experimental compositions and results are sum-
marized in Tables I and II. The values of optical basicity
were calculated using the following data reported by
Sosinsky and Sommerville!'¥: CaO = 1.0, ALO; =
0.61, and SiO, = 0.48. The error ranges of log Cg are
mainly the result of standard deviations in the chemical
analysis of sulfur. The experimental compositions of this
work are shown in Figure 3. The dashed lines in this
figure indicate the liquidus line of this slag at 1673 K
(1400 °C). It is observed that this slag system has two
liquidus phase areas at 1673 K (1400 °C): one in the
high SiO, concentration corresponding to the upper
liquid region in Figure 3 and the other in the low SiO,
concentration corresponding to the lower liquid region
in the same figure.

A. Sulfide Capacity in High SiO, Concentration

The sulfide capacities of Ca0O-Al,05-SiO, slags in
the high SiO, concentration region were determined first
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at 1773 K and 1923 K ngOO °C and 1650 °C) by
Richardson and Fincham™ in the 1950s. Their results
were later corrected by Abraham and Richardson.”
Kalyanram ez al."* measured the activity of CaO in this
slag at 1773 K (1500 °C). The sulfide capacity was not
calculated directly in their work, but can be calculated

Table I. Experimental Compositions

Initial Slag
Composition (mass pct)

from their results. Kérsrud!” (1773 K [1500 °C]) as well
as Gornerup and Wijk!! (1823 K, 1873 K, and 1923 K
[1550 °C, 1600 °C, and 1650 °C]) also reported the
values. However, Drakaliysky e al.'” published larger
values than the former researchers in 1997. To obtain a
reasonable description for this slag system, it is impor-
tant to check the accuracy of the reported values. Thus,
the measurement at 1773 K (1500 °C) was rechecked in
the current work. The values of log Cg at 1773 K
(1500 °C) in high SiO, concentration are plotted against
(pct CaO) in Figure 4. The literature data at 1773 K

Sample Pct CaO/  Optical
No. CaO Al,O4 SiO, pct SiO, Basicity A Sio
1
400 55.00  36.07 8.93 6.16 0.757 ?
401 52.08  39.88 8.04 6.48 0.748
402 5098  45.00 4.02 12.68 0.752
403 50.04  49.96 0 — 0.757
404 44.98 15.01 40.01 1.12 0.664
405 49.98 10.05  39.97 1.25 0.679
405-2 48.02 10.02  41.97 1.14 0.670
406 40.08 1997  39.94 1.00 0.650
407 40.00 14.99  45.01 0.89 0.641 e
408 3498  25.00  40.02 0.87 0.636 <
409 3498  20.01 45.01 0.78 0.628
410 35.01 15.00  49.99 0.70 0.620
411 30.00  20.00  50.00 0.60 0.607 80 amgg;‘ﬁgg a :g;g‘fmd 113K 20
412 30.06 15.03 54.92 0.55 0.600 A Measured at 1673, 1723 and 1773K
413 29.96 10.02  60.01 0.50 0.592
451 45.00 15.03 39.97 1.13 0.664
452 35.02 15.01 49.97 0.70 0.664 CaO 20 40 60 80 Al,O4
501 44.97 15.03  40.00 1.12 0.664 ALO, (mass%)
502 35.01 15.03  49.96 0.70 0.620 23 AT
503 47.98 10.02  41.99 1.14 0.670
504 35.01 25.01 39.99 0.88 0.636 Fig. 3—Slag compositions of the current work plotted in CaO-
Al,03-SiO, phase diagram at 1673 K (1400 °C).
Table II. Experimental Results
Inlet Gas Ratio
Temperature, Log Log S

Sample No. K (°C) Ar CO CO, SO, (Po,/Pa) (Ps,/Pa) (mass pct) —log Cs
400* 1673 (1400) 0.391 0.315 0.254 0.039 -3.45 3.09 — —
401 1673 (1400) 0.391 0.315 0.254 0.039 -3.45 3.09 0.844 + 0.015 3.35 £ 0.01
402 1673 (1400) 0.425 0.25 0.275 0.05 -3.16 3.09 0.540 £ 0.003 3.39 £ 0.01
403 1673 (1400) 0.425 0.25 0.275 0.05 -3.16 3.09 — —
404 1673 (1400) 0.4 0.3 0.25 0.05 -3.34 3.18 0.080 % 0.002 4.36 £ 0.01
405" 1673 (1400) 0.4 0.3 0.25 0.05 -3.34 3.18 — —
405-2 1673 (1400) 0.4 0.3 0.25 0.05 -3.34 3.18 0.091 £ 0.003 4.31 £ 0.02
406 1673 (1400) 0.4 0.3 0.25 0.05 -3.34 3.18 0.034 £+ 0.001 4.74 £ 0.01
407 1673 (1400) 0.4 0.3 0.25 0.05 -3.34 3.18 0.045 £ 0.000 4.61 = 0.00
408 1673 (1400) 0.4 0.3 0.25 0.05 -3.34 3.18 0.026 £ 0.000 4.85 £ 0.00
409 1673 (1400) 0.4 0.3 0.25 0.05 -3.34 3.18 0.019 + 0.001 4.99 + 0.02
410 1673 (1400) 0.4 0.3 0.25 0.05 -3.34 3.18 0.012 £ 0.000 5.19 £ 0.01
411 1673 (1400) 0.4 0.3 0.25 0.05 -3.34 3.18 0.009 £ 0.000 5.30 £ 0.02
412 1673 (1400) 0.4 0.3 0.25 0.05 -3.34 3.18 0.012 £ 0.000 5.16 £ 0.01
413 1673 (1400) 0.4 0.3 0.25 0.05 -3.34 3.18 0.009 + 0.001 5.29 £ 0.01
451 1723 (1450) 0.375 0.325 0.25 0.05 -2.95 3.15 0.092 + 0.004 4.09 £ 0.02
452 1723 (1450) 0.375 0.325 0.25 0.05 -2.95 3.15 0.020 +£ 0.000 4.75 £ 0.01
501 1773 (1500) 0.35 0.35 0.25 0.05 —2.58 3.11 0.074 £+ 0.005 3.98 £0.03
502 1773 (1500) 0.35 0.35 0.25 0.05 -2.58 3.11 0.013 £ 0.002 4.73 + 0.06
503 1773 (1500) 0.35 0.35 0.25 0.05 -2.58 3.11 0.087 £ 0.000 3.91 £ 0.00
504 1773 (1500) 0.35 0.35 0.25 0.05 -2.58 3.11 0.034 £ 0.000 4.32 + 0.00

*Solid phase was observed.

TSlag crept out of the crucible during the experiment.
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(1500 °C) mentioned previously are also plotted for
comparison. As shown in the figure, the current results
increased with an increase in (pct CaO) and are in good
agreement with the data obtained by Kalyanram
et al.” Abraham and Richardson,” and Kirsrud.'” It
is also evident that the effect of (pct Al,O3) on sulfide
capacity is smaller than the effect of (pct SiO,).

The values of log Cg at 1673 K (1400 °C) in high SiO,
concentration are plotted against (pct CaO) in Figure 5.
The current results at 1673 K (1400 °C) also increased
with an increase in (pct CaO). The effect of (pct Al,O3)
and (pct SiO») on the sulfide capacity is similar to the
case at 1773 K (1500 °C).

Figure 6 shows the relationship between log Cg and
(pct CaO/pct SiO,). The calculated sulfide capacities
from the results of Kalyanram ez al.™*! are also plotted in
the figure. As shown in Figure 6, it is evident that at
fixed (pct CaO/pct SiO,), the values of log Cg are
independent of (pct Al,O;). This indicates that the
isosulfide capacity lines in high-SiO, concentration are
almost parallel to the lines that are drawn from the
Al,Oj3 corner to the binary CaO-SiO; side.

B. Sulfide Capacity in low SiO, Concentration

The sulfide capacities of CaO-Al,05-SiO, slags in
low-SiO, concentration have been studied by many
researchersl®®® 1% using the gas—slag equilibrium tech-
nique, and their results agree well with each other. Thus,
only the measurement at 1673 K (1400 °C) had been
carried out in this work. The values of log Cg at 1673 K
(1400 °C) in the low-SiO, concentration region are
shown in Figure 7. The values of log Cg in high-SiO,
concentration are also plotted for a comparison. As
shown in Figure 7, the sulfide capacity values in
low-SiO, concentration are higher than the values in
high-SiO, concentration. Furthermore, in the case
of low-SiO, concentration, it was found that the
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isosulfide capacity line is almost parallel to the liquidus
of 3Ca0-Al,0Os;. A similar tendency was reported for this
slag by Hino er al® at 1873 K (1600 °C). In a real
process, a large amount of solid CaO exists in the slag
phase. Thus, the composition of the molten slag is likely
to become saturated with 3Ca0O-Al,O; during the hot
metal pretreatment. This finding indicates that the effect
of SiO» on sulfide capacity in low-SiO, concentration is
almost negligible. Although SiO, is known to decrease
the sulfide capacity,® ! considering that the CaO-A1,0;
slag system has a small liquid phase area at 1673 K
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(1400 °C) and has no liquid phase below 1668 K
(1395 °C),M a small amount of SiO, is expected to be
useful for the stability of desulfurization.

C. Temperature Dependence

In the current work, the sulfide capacities of slags of
constant composition at different temperatures were
measured to investigate the effect of temperature. The
measured values were found to increase with increasing
temperature. Figure 8 shows the relationship between
log Cs and temperature. The results by Richardson and
Fincham,” and by Gérnerup and Wijk” are also
plotted in Figure 8 for a comparlson As shown in this
figure the slope of log Cs vs 10%/T measured in the
present work is agreed well with their results and it was
also found that the slope is virtually constant with the
slag compositions.

In this work, as mentioned, there were values only at
1673 K (1400 °C) in low-SiO; concentration. The values
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of —2.538 (52-Ca0, 40-Al,03, and 8-SiO, in mass pct)
and —2.567 (51-CaO, 45-Al,03, and 4-SiO, in mass pct)
at 1873 K (1600 °C) were predicted by Thermoslag
Software (Royal Institute of Technolo%/ Stockholm,
Sweden), based on the KTH model.l'* ic] ! Note that
the KTH model was optimized usmg the reported values
by Hino er al/® which are in general considered
reliable, and the dlfference between the predicted and
measured values especially near the compositions of the
current work are almost negligible as shown in Figure 9.
Thus, the model predictions in low-SiO, concentration
of the system CaO-Al,03-SiO, at 1873 K (1600 °C) is
most likely to be reliable.

D. Modeling of Sulfide Capacity

1. Comparison with the sulfide capacity models

A comparison of the current values of sulfide capacity
at 1673 K (1400 °C) along with the predlcted values of
sulfide capacny by Sommerville’s model!' Young S
model,'” and the KTH modell!>!316 s shown in
Figure 10. Figure 11 shows the relationship between
the sulfide capacity of the slag that has a composition of
52-Ca0, 40-Al,03, and 8-Si0, in mass pct predicted by
these models and temperature. The slope of the current
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work is shown also in this figure. As shown in Figure 10,
the predicted values of Sommerville’s model become
larger than the current values with decreasing the sulfide
capacity obviously because the temperature coefficient
of this model has an optical basicity term as shown in

Eq. [2].
Sommerville’s model!'#
22.690 — 54, 640A
log Cs = , 650 TS , 640 +43.6A-252 2]

The optical basicity of the current work varied from
0.592 to 0.752. The corresponding temperature coeffi-
cients of Sommerville’s model are —9,655 at A = 0.592
and —18,423 at A = 0.752. However, as mentioned in
the current work, the temperature dependence of the
sulfide capacity of the Ca0O-Al,03-SiO, slags is inde-
pendent of the slag composition as well as the optical
basicity. Unlike in the case of the Sommerville’s model,
the predicted values of Young’s model become smaller
than the current values with decreasing the sulfide
capacity.
Young’s model'”!

A<038
logCs = — 13.913 + 42.84A — 23.82A% — w
— 0.02223(pet Si0,) — 0.02275(pet ALO3)

B3]

The slope of log Cs vs 10%/T is almost the same with the
current work as shown in Figure 11; this may be because
the (pct SiO,) and (pct AlO3) terms of this model
(Shown in Eq. [3]) have a stronger effect on the predicted
value when the both concentrations are high. The
predicted values of the KTH model are larger than the
current values over the complete range of the measured
composmons Because this model has complex expres-
sions, it is impossible to derive the slope of log Cs vs 10%/
T mathematically. However, it can be observed in
Figure 11 that the slope is larger than in the current
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work. This could explain the difference between the
predicted and measured values at 1673 K (1400 °C). As
shown in the literature,'>'>'® the prediction of the
KTH model has achieved a good agreement with
the experimental values at 1873 K (1600 °C). In view
of the accuracy of this model at 1873 K (1600 °C), the
deviation is probably caused by the experimental error
of the values used to the optimization for lower than
1873 K (1600 °C). Thus, a new model for sulfide
capacity prediction was developed in this work.

E. New Sulfide Capacity Model

The concept of optical basicity was developed by
Duffy and Ingram!'® and was expressed as follows:

_ > (XimAy)
A= > (Xim;) 4

The values of log Cs are plotted against optical basicity
in Figure 12. From this figure, it can be observed that
sulfide capacity and optical basicity have a good
correlation in the CaO-Al,05-SiO, system. Thus, it
would be convenient to express this new model in terms
of optical basicity.

To obtain a complete description of the CaO-Al,O3-
SiO, system, the corresponding binary systems must be
taken into account. The sulfide capacities of the CaO-
SiO, sla%s were determined by Richardson and
Fincham as well as Carter and Macfarlane.l’! Their values
were later recalculated by Abraham and Richardson.”!
Gornerup and  Wijkl! also reported the values.
Figure 13 shows the relationship between log Cg and
temperature in the CaO-SiO, sldg As shown in
Figure 13, the slope of log Cg vs 10%/T is also virtually
constant w1th the slag compositions. The sulfide capac-
ity of the CaO-Al,O; sld%s has been studied by several
researchers.!>3>-081119°22 The relationship between log
Cs and temperature in the Ca0O-Al,O5 slag is shown in
Figure 14. In this figure, the slopes were derived from
the data that were read off from Hino et al.’s paper®™
and agree well with the data measured at 1773 K
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Fig. 14—Relationship between log Cs and temperature in CaO-
Al,O5 slags.

(1500 °C) by Sharma and Richardson!"” as well as Kor
and Richardson.”” It is evident from Figure 14 that the
slope of log Cg vs 10*/T is also virtually constant with
the slag compositions. The temperature dependence of
the sulfide capacity in the Ca0O-Al,03-Si0,, CaO-SiO,,
and Ca0-Al,O; slags are summarized in Figure 15. The
data shown in the plot of the Figure 15 correspond to
the same data represented in Figures §, 13, and 14. As
shown in Figure 15, it was found that the difference
between the slopes of log Cg vs 10*/T in these slags is
almost negligible. Based on the preceding facts, a new
model for sulfide capacity prediction based on optical
basicity has been developed using the measured values
of the current work and literature,>>71%2% and it is
shown in Eq. [5]. The prediction of sulfide capacity by
this model is shown in Figure 16. It is evident from
Figure 16 that this model predicts sulfide capacity well
over the whole range of measured sulfide capacity for
the current slag system as compared with other models.
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Fig. 15—Relationship between log Cs and temperature in CaO-
Al,05-Si0,, Ca0-Si0, and Ca0-Al,Oj slags.
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Fig. 16—Comparison between the predicted and experimental sulfide
capacity for CaO-Al,05-SiO, slags.

11,889
logCs = 8.709 + 109.3logA — 7T

[5]
+0.2729(pct SiO;) + 0.1654(pct Al,O3)

This equation has been developed for slags having CaO
of 20 to 63 mass pct, Al,O3 of 0 to 65 mass pct, SiO» of
0 to 68 mass pct, and temperature of 1673 K to 1928 K
(1400 °C to 1655 °C). A total of 187 data points was
used for regression analysis, and the multiple correlation
coefficient was 0.99. Furthermore, this model has been
developed for slags with an optical basicity between 0.56
and 0.80, and a sulfide capacity between —5.3 and —1.9 in
logarithm. The range of optical basicity, sulfide capac-
ity, and temperature is applicable to iron making, hot
metal pretreatment, and as secondary refining slags.
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Fig. 17—Isosulfide capacity curves in CaO-Al,03-SiO, slags at
1673 K (1400 °C). The numerical values show log Cs.

The calculated isosulfide capacity curves at 1673 K
(1400 °C) using the current model were mapped in
Figure 17. The curves show a slightly different curvature
than the contours reported by Abraham and Richardson!™
at 1773 K (1500 °C) as well as Gérnerup and Wijk!™ at
1823 K, 1873 K, and 1923 K (1550 °C, 1600 °C, and
1650 °C).

IV. CONCLUSIONS

In the current work, the sulfide capacities of CaO-
Al,03-S10, were measured experimentally at 1673 K to
1773 K (1400 °C to 1500 °C) using the gas—slag equi-
librium method. The measured values at 1773 K
(1500 °C) were in good agreement with the reported
values by Kalyanram ez al.,”¥y Abraham and Richardson,™
and Kérsrud.[” In high-SiO, concentration, it was found
that at fixed (pct CaO/pct SiO»), the measured values are
fairly independent of (pct Al,O3). In low-SiO, concen-
tration, the isosulfide capacity line is almost parallel to
the liquidus of 3CaO-Al,O3. The temperature depen-
dence of sulfide capacity of this slag is independent of
the slag compositions. Based on the facts mentioned, a
new empirical model based on optical basicity for sulfide
capacity estimation of this slag was developed using the
measured value of the current work and the literature.
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This model is applicable to iron making, hot metal
pretreatment, and as secondary refining slags.
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