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The use of recycled wastes and fluxing agents in hot metal desulfurizing
mixtures aims to recover potential abilities from residues and to improve the
reaction kinetics. Therefore, this work’s aim is to propose calcitic lime partial
replacement by limestone waste and slag from desulfurization in the Kambara
Reactor. Likewise, it is proposed that fluorspar (CaF,) is replaced by boron
oxide (B,0O3), sodalite and aluminum dross. Experimental tests were carried
out in a resistance furnace at 1350°C in an inert atmosphere with constant
stirring. Simulations were carried out with the FactSage software in order to
obtain the phases present in each mixture at the working temperature. The
most efficient mixtures formed a liquid phase above 20 wt.%, indicating that
the dissolved CaO also desulfurizes hot metal. Limestone waste and the fluxes
generated a positive effect on the desulfurization kinetics. It was possible to
develop an empirical parameter called the global desulfurization factor

(FGDeS)-

INTRODUCTION

Large quantities of solid wastes are generated
annually in iron and steelmaking. In recent dec-
ades, efforts have been made to reintroduce these
by-products as substitutes for the raw materials, in
order to reduce production costs, to decrease slag
generation, and to give them a more appropriate
destination.’

Kambara Reactor (KR) slag recycling as part of a
hot metal desulfurizing mixture has been devel-
oped. However, the slag amount that can be recy-
cled is limited due to the build-up of sulfur and the
possibility of metal resulfurization. Nevertheless
recent studies have tested KR slag for this purpose.

Nakai et al.? developed a recycling method for the
desulfurization of slag. The recycled slag had a 70%
desulfurization capability compared with that of
virgin flux. According to the authors, the slag silica
content was responsible for this difference due to
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the formation of solid phases. Tong et al.* carried
out studies on KR slag. According to them, about 56
wt.% of the KR slag can potentially be used as an
iron-bearing raw material for the steelmaking pro-
cess. The non-magnetic part was characterized and
tested as desulfurization flux. Their results showed
that the KR slag still has a desulfurization ability.
Matsui et al.? reused previously desulfurized KR
slag as a hot metal desulfurizing agent. Lime was
completely replaced by KR slag, which resulted in a
final sulfur content similar to that obtained with
lime utilization (25 ppm, efficiency of 90%). The
desulfurization rate in the first 4 min was slightly
higher with lime utilization. The authors speculated
that it is possible to recycle KR slag as a CaO source
in desulfurization.

The limestone calcination for lime production in
steel mills generates a particulate by-product called
limestone waste. This residue is captured by the
furnaces’ dust filter collectors. Its chemical compo-
sition may vary depending on limestone type, kiln,
fuel used, and the kiln operating parameters. It
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usually contains a high content of CaO.? Studies
using this residue as a substitute for lime in hot
metal desulfurization are still difficult to find in the
literature. However, Seshadri et al.° and Vuolio
et al.” used calcium carbonate (CaCOs3) in their
desulfurizing mixtures, and the increase in effi-
ciency obtained was attributed to the increase in the
reaction surface generated by the limestone decom-
position and COy release, which promotes greater
bath stirring.

The formation of solid phases around the lime
particles is one of the main controller mechanisms
in hot metal desulfurization. Those solid products
(CaS, 2Ca0-Si0,;, and 3Ca0-SiO;) control the
kinetic process s1nce they hinder the sulfur mass
transfer into lime.* Equatlon 1 shows the desulfu-
rization reaction with silicon:®

4Ca0,) + 28 + Si = 2CaS, + 2Ca0 - SiOy(

1
AG® = —488,680 + 161.26T <i> @
mol

The effect of the solid phases on the desulfuriza-
tion process can be decreased using a fluxing agent,
since it dissolves the solid compounds into liquid
slag. Fluorspar (CaF3) has been reported in several
papers as an effective fluxing material.®!%!! How-
ever, the use of fluorspar presents both environ-
mental and operatlonal problems. Also, it is known
that ﬂuorspar increases the refractory wear.’

Grillo et al.'® determined that fluorspar is a better
fluxing compound than sodalite, since the synthetic
slag using sodalite contains a higher percentage of
Si0y. Other researchers have used mixtures of a
Ca0-Al system in the desulfurization process.'®:'*
The results indicated that the optimum percentage
of aluminum was between 0.15 and 0.30 wt.%. The
authors reported the formation of a liquid film of
calcium aluminate around the lime particles, which
improved the desulfurization rate. On the other
hand, the excess of aluminum formed the solid
phase of calcium aluminate that decreased the
desulfurization rate.'® Mitsuo et al.'* reported that,
when no aluminum was used, calcium silicates
(2Ca0-Si0y, and 3Ca0-Si0,) having a high melting
point and a low sulfur solubility were formed on the
lime surface, and thereby sulfur transfer was
retarded. When aluminum was added, a layer of
Ca0-Al;03-FeO(Fes03)-based slag of low melting
point and high sulfur solubility was formed on the
lime surface, and sulfur could transfer through it
and reach the lime. In this case, desulfurization
efficiency was improved by 30% compared to no
aluminum addition. Equation 2 displays the desul-
furization reaction using aluminum:

4Ca0(s) +3S+2Al = 3CaS(s) + CaO - A1203(S)

2
AG® = —898,964 + 291.5T <i> @)
mol
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Yang et al.’® used aluminum dross as fluxing in
the hot metal desulfurization process. The authors
reached desulfurization efficiency between 80 and
90% after 40 min under calc1um—alum1nate top slag
refining, without stirring. Moreira et al.'® investi-
gated fluorspar, sodalite, aluminum dross, ulexite
(NaCaB506(OH)6-5(H20), which contains B,03),
and ilmenite as fluxing agents in hot metal desul-
furization. The authors determined that a mixture
containing 10.97 wt.% of ulexite reached 73.33% of
desulfurization efficiency. On the other hand, the
use of sodalite reached a desulfurization efficiency
of 30.77%. In addition, the ulexite mixture pre-
sented lesser refractory wear than mixtures con-
taining ﬂuorspar and aluminum dross.

Wang et al.'” investigated the boron oxide effect
instead of fluorspar in slags from the CaO-Al;O;
system in steel desulfurization by top slag without
stirring. The authors mention that slags containing
4 wt.% of boron oxide presented better results than
slags containing CaF,, reaching final sulfur con-
tents of between 20 and 40 ppm for a mass ratio of
CaO/Al,03 in the range of 1.5-7.0, while, in the case
of CaF'y, the final sulfur content was between 50 and
80 ppm for a ratio of CaO/Al,O3 in the range of 1.2
and 3.0.

Several papers have demonstrated that the slags
used in the hot metal desulfurization process pre-
sent thermodynamic conditions to obtain lower the
sulfur contents, which denotates that kinetics
parameters (such as phases formed, percentage of
solid and liquid phases, and viscosity) may limit the
desulfurlzatlon reaction. Zhang et al.'® and Tong
et al.'® studied the hot metal desulfurization kinet-
ics by Ca0-Si05-Al;,03-Nay0O-TiO, and Ca0-Al,O3-
Si05,-MgO-Ti05-NayO slags. The authors indicated
that the sulfur mass transfer coefficient increases as
the temperature increases and the slag viscosity
decreases. Both the melting effect and the fluidity of
the slag are enhanced when the temperature
increases, and the controlling step is the mass
transfer of sulfur in the slag phase Concernmg the
stlrrlng influence, Nakai et al.?® argue that increas-
ing the impeller rotatlon speed causes the reaction
rate to increase, since it promotes particle disper-
sion, which enhances the reaction surface area and
avoids particle aggregation.

The desulfurization rate is controlled by sulfur
diffusion of the CaO particles (Eq. 3): 21

d[Z(;S] =k’ x <Vim> X ([%S]t_[%S]BQ) (3)

where A is the surface area between the CaO and
the liquid metal (m?), k is the global coefficient of
mass transportation (m/min), V is the hot metal
volume, [%S]; is the sulfur percentage at time t, and
[%S]eq is the equlhbrlum sulfur percentage.
Takahashi et al.?? investigated the role of solid
lime and liquid slag during hot metal desulfuriza-
tion. The reaction rate of solid CaO was low owing to
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the formation of a solid interfacial layer. On the
other hand, when solid lime and liquid slag act
together, the desulfurization occurs by the liquid
slag while the solid lime only supplies CaO for the
liquid phase. In addition, the authors indicated that
the dicalcium silicate phase decreases the reaction
rate since it hinders the sulfur mass transfer while
tricalcium aluminate does not hinder the mass
transfer and hence increases the rate. Thus, the
solid phases formed around the CaO particles (CasS,
2Ca0-Si0,, and 3Ca0-SiO3) hamper the mass trans-
port of the desulfurization process, which decreases
both the efficiency and the desulfurization rate.
Therefore, studies of desulfurizing mixtures and
phases formation are fundamental to a better
understanding of the desulfurization process.

Broseghini et al.?® and Pezzin et al.** studied
dephosphorant and desulfurizing mixtures for the
removal of phosphorus and sulfur from hot metal
and steel by applying computational thermodynam-
ics. The authors determined the slag properties
such as the liquid and solid phases mass fractions,
CaO and FeO activities in the liquid phase, liquid
phase percentage, and slag viscosity, and used these
data to develop expressions that were then related
to dephosphorization and desulfurization efficiency.

Thus, the aim of this paper is to determine the
desulfurization efficiency of mixtures containing
sodalite, aluminum dross, and boron oxide, compar-
ing them to fluorspar in order to replace it. Then,
the partial replacement of lime by waste produced
in steelmaking companies, such as limestone waste
and slag from the desulfurization process in Kam-
bara Reactor, was investigated. The phases present
in the slag as well as the percentage of both solid
and liquid phases were determined via FactSage 7.0
software. A new parameter to evaluate and predict
the desulfurization efficiency of the mixtures has
also been demonstrated and is called the desulfur-
ization factor (Fpeg).

MATERIALS AND METHODS
Raw Materials Chemical Composition

The raw materials used in the experimental tests
are the following: calcitic lime (C), limestone waste
(L), KR slag (K), fluorspar (F), standard flux (SF),
sodalite (S), boron oxide (B), and aluminum dross
(A). The letters in parentheses represents the
acronym for each one and will be used to name the
desulfurization mixtures. See supplementary
Table S-I to check the raw materials chemical
composition (refer to online supplementary mate-
rial). Calcitic lime, limestone waste, KR slag, and
standard flux were provided by ArcelorMittal
Tubarédo, fluorspar and sodalite were provided by
Tecnosulfur, hot metal was provided by Senai, and
boron oxide and aluminum dross were produced at
IFES. The particle size of all the materials was the
same: between 0 and 2 mm.

The hot metal contained 94.6 wt.% of Fe, 4.77
wt.% of carbon, 0.042 wt.% of sulfur,0.29 wt.% of
silicon, 0.23 wt.% of manganese, and 0.060 wt.% of
phosphorus.

Desulfurization Mixtures

The mixtures were prepared in order to study the
calcitic lime replacement for alternative raw mate-
rials (group I) and to study the influence of different
fluxes (group II) on the desulfurization efficiency.
Thus, two groups of mixtures were defined.

Table I shows all the mixtures studied in this
work. For group I mixtures, the standard flux was
used as the fluxing agent, always at 12 wt.% to fix
its influence on the process. The mixtures were
prepared so that the CaO mass was practically the
same. For mixtures from group II, there was
emphasis on the fluorspar and boron oxide.

The standard mixture was CgsF5, containing
5 wt.% of fluorspar. It belongs to both groups.
According to Niedringhaus and Fruehan '°, a
percentage in the range between 5 wt.% and
10 wt.% of fluorspar increases the desulfurization.
To explain the mixtures’ nomenclature, mixture
Cgs5F'5 is taken as an example. The letter C repre-
sents the acronym of calcitic lime. The subscript
number in the letter C (95) means the mass
percentage of that raw material in the mixture,
i.e., 95 wt.%.

Determination of the Phases Present
in the Mixtures Heating

The simulation of the equilibrium phases was
carried out by FactSage 7.0 software. The equilib-
rium phases of the mixtures and slags used the
FactPS, Ftoxid, and FTMisc databases. The Pure
Solids sub-database in the FactPS database was
used to determine the solid phases formed in the
mixtures. The SlagH sub-database in the FToxid
database was used to determine the liquid phases
formed in the mixtures containing fluorspar. The
SlagA sub-database was used in mixtures without
fluorspar. The FTmisc database was applied to
determine the equilibrium sulfur percentage using
the Liquid sub-database. All simulations occurred
at 1350°C and 1 atm. Table II displays the input
data used in the thermodynamic programming.

Desulfurization Tests

The desulfurization tests were accomplished in an
electric resistance furnace. Figure la shows the
schematic representation of the experimental appa-
ratus, while Fig. 1b demonstrates the stirring
mechanism used in the experimental tests.

The solid mass of hot metal was put into the MgO
crucible (80 mm OD x 70 mm ID x 100 mm height)
and heated up 1350°C in an electric resistance
furnace (model MEV 1500/V ; FORTLAB). The tests
were conducted under an argon (99.997% Ar) flow of
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Table I. Proportion of materials used for mixtures from groups I and II

Percentage (wt.%)

Calcitic Limestone KR Standard Boron Aluminum
Group Mixtures Lime Waste Slag Fluorspar Flux Sodalite Oxide Dross
I 1I CosF5 95 - 5 - - - -
I CgsSF15 88 - - - 12 - - -
I CgoLgSF15 80 8 - - 12 - - -
I Cg2KeSF1 82 - 6 - 12 - - -
I Cr74LgKgSF15 74 8 6 - 12 - - -
I Cr3L155F 2 73 15 - - 12 - -
11 Cs1LgKgBs5 81 8 6 - - - 5 -
II CeoLi15K6S5F'5 69 15 6 5 - 5 - -
II CeoLi15K6S5B5 69 15 6 - - 5 5 -
1I Ce7L15K6SeAg 67 15 6 - - 6 - 6
11 CerL15KeSALF, 67 15 6 4 — 4 - 4
II Ce7L15K6S4A,B, 67 15 6 - - 4 4 4

4NI/min to prevent the metal oxidation. After the
metal melting, the initial sample was taken (time
zero) using a vacuum sampler, and the desulfuriza-
tion mixture was added to the liquid metal using a
stainless steel tube. The mechanical stirring speed
was 500 rpm. This speed was calculated in order to
obtain the same stirring energy as industrial reac-
tors. It started immediately after mixture charging,
as well as the measured reaction time. Then,
aliquots were removed from the bath at 3, 6, 9, 12,
15, and 25 min. Finally, the sulfur content was
determined by infrared analysis through direct
combustion of the samples in a LECO model CS-
444 LS.

Desulfurization Efficiency

The desulfurization efficiency (Eq. 4) was deter-
mined by the initial [%S;] and final [%S;] sulfur
content.

[%oSi]—[%¢]

’I(%) = [%Sl}

% 100 (4)

Determination of the Desulfurization Factor

Equation 3 demonstrated that the desulfuriza-
tion is controlled by the sulfur mass transport to
the lime. In addition, the solid phases formed
around the lime particles hinder the mass trans-
port. The desulfurization factor (Fp.s) was elabo-
rated to investigate the influence of those solid
phases on desulfurization efficiency. Thus, increas-
ing the Fp.s parameter also increases the desulfu-
rization efficiency (for the same conditions of
temperature and stirring). The Fp.gs will be deter-
mined using the phases obtained in the thermody-
namic simulation.

RESULTS AND DISCUSSION

Figure 2 displays the sulfur variations against
time for mixtures from groups I and II, as well as
their desulfurization efficiencies after 25 min.
Table III displays the phases formed at 1350°C by
Factsage software for both groups. The results are
presented and discussed in the following topics for
each one.

It can be seen from Fig. 2 and Table III that the
group II mixtures had a greater desulfurization
efficiency. Table III shows that these mixtures had
a percentage of liquid phase above 20 wt.% (except
for CgsF5). The results and discussion are presented
in the following topics for each group.

Influence of Lime Partial Replacement (Group
D

From Fig. 2a, it can be seen that mixture CgsF5
presented the highest value of desulfurization effi-
ciency (80.70%). It can also be seen that a decrease
of the desulfurization efficiency occurred, decreas-
ing the percentage of calcitic lime in the mixture
composition. The mixtures containing limestone
waste (CgoLgSF12 and Cr;3L5SF2) reached values
of desulfurization efficiency of 75.56 and 76.00%,
respectively. This was due to the decomposition of
limestone into CaO and CO,, which caused stirring
in the bath, increasing the reaction velocity. On the
other hand, the mixture C;4LgKgSF15 (containing
both limestone waste and KR slag) reached a
desulfurization efficiency of 65.12%, the lowest
one. Comparing it with the CgolgSF;5 mixture
shows that exchanging 6% of calcitic lime for KR
slag causes a decrease in efficiency. At the same
time, a comparison between the C;4LgKgSF5 and
Cr3L15SF 2 mixtures indicates that replacing 6% of
limestone waste for KR slag also decreases the
efficiency. In other words, it can be said that calcitic
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Table II. Chemical composition of the mixtures used as input data in the thermodynamic programming

Mass (g)

Al

MnO Na20

FeO B203

SiOz A1203 Can F9203 MgO K20

CaO

Mixture

16.25
17.06
16.20
16.99
17.79
17.31
17.76
17.77
17.85
17.80
17.90

16.31

0.00
0.30
0.32
0.30
0.32
0.33
0.00
0.00
0.00
0.39
0.26
0.26

0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01

0.00
0.00
0.00
0.02
0.02
0.00
0.02
0.02
0.02
0.02
0.02
0.02

0.01
0.01
0.01
0.03
0.03
0.01
0.03
0.03
0.03
0.03
0.03
0.03

0.00
0.51
0.54
0.51
0.54
0.56
0.00
0.12
0.13
0.15
0.10
0.10

0.00
0.01
0.01
0.02
0.02
0.01
0.01
0.01
0.01
0.01
0.01
0.01

0.00
0.00
0.00
0.00
0.00
0.00
0.87
0.00
0.89
0.00
0.00
0.72

0.00
0.00
0.00
0.45
0.47
0.00
0.48
0.49
0.49
0.49
0.49
0.49

0.01
0.06
0.06
0.06
0.06
0.07
0.00
0.07
0.06
0.07
0.06
0.05

0.03
0.06
0.07
0.08
0.08
0.07
0.05
0.06
0.06
0.06
0.06
0.06

0.05
0.01
0.01
0.01
0.01
0.01
0.01
0.08
0.05
0.05
0.07
0.04

0.59
0.00
0.00
0.00
0.00
0.00
0.00
0.64
0.00
0.00
0.51
0.00

0.05
0.44
0.47
0.48
0.50
0.49
0.05
0.30
0.25
0.96
0.69
0.65

0.20
0.62
0.65
0.69
0.73
0.69
0.19
0.76
0.66
0.77
0.66
0.58

15.35
13.56
14.21
15.54
15.60
15.15
15.12
14.84
14.83
14.88

14.21
14.91

CQSFS

CgsSF12
CSOLSSFlz
Cg2K6SF12
C74L8KGSF12
C73L15SF12
C811-'8I<6E"5
C69Ll5I<685F5
CGQLISKGSSBS
Ce7L15K6S6A6
CG7L15K6S4A4F4
Ce7Li15K6S4A4By
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lime and limestone waste are more appropriate than
KR slag for desulfurization.

The mixtures C82K68F12 and C74L8K6SF12 con-
taining KR slag reached the lowest desulfurization
efficiencies (67.57 and 65.12%, respectively), since
that residue presented only 36 wt.% of CaO, a high
content of FeO (46 wt.%), and sulfur. According to
Iwamasa and Fruehan 2°, the increase in FeO
content in the slag promotes a decrease in the
desulfurization rate, since the equilibrium sulfur
content increases. The oxygen potential at the
metal/slag interface is greater as the FeO content
increases. In this case, the driving force of the
desulfurization reaction decreases. Mathematically,
this is shown in Eq. 3. Figure 2a also demonstrates
that the addition of 5 wt.% of fluorspar was more
efficient than the addition of 12 wt.% of standard
flux.

From Table III, it can be seen that the most
efficient mixture, Cos5F'5, was the one with the lowest
solid phase formation (except for CaO). At the same
time, the mixtures with lower efficiencies were
those with the highest solid phase formation,
mainly tricalcium silicate (3Ca0-SiOy). McFeaters
and Fruehan ® indicated that this phase hinders the
reaction kinetics by precipitating around the CaO
particles, delaying sulfur diffusion. The mixtures
with the lower efficiencies are those that also have
the highest liquid phase amount and the lowest
solid CaO amount. In these cases, part of the CaO
particles form the liquid slag and the solid phases,
decreasing the amount available to react with the
sulfur. In addition, the equilibrium sulfur content
has no relationship to efficiency.

Fluxes Influence (Group II)

From Fig. 2b it can be seen that the mixture
CeoLi15K6S5B5 presented the highest desulfurization
efficiency. The mixtures CeoLi15K6S5Bs5,
Ce7L15K6S4A4By, CerLi15K6S4A4Fy, and
Ce7L15KsSeAg were more efficient than the mixture
containing calcitic lime and fluorspar, which sug-
gests that the use of those fluxing materials was
more effective than just using fluorspar. In addition,
this high efficiency was also due to the use of
15 wt.% of limestone waste, which contributes to
the reaction kinetics, as has been previously
discussed.

Comparing the mixture CgglisKgSsF5 with
CGQL15K685B5 and C67L15K684A4F4 with
Ce7L15KsS4A 4By, it was noted that the use of boron
oxide reached better results for desulfurization
efficiency than mixtures containing fluorspar. This
indicates that the boron oxide is more effective in
dissolving the solid phases formed around the CaO
particles than fluorspar, since the boron oxide
decreases both the melting temperature and the
viscosity of the desulfurizing slags, as reported by
Wang et al.'”.
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Fig. 1. (a) Schematic of the experiments; (b) mechanical stirrer.
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Fig. 2. Sulfur variation [%S]/[%Si] against time. (a) Mixtures from group |; (b) mixtures from group II.
Table III. Phases formed in mixtures simulation for mixtures from groups I and II
% Solid phases
Group Mixture %Liq %Sol CaO CaS MgO 3Ca0-SiO; 3Ca0O-B3O;3 %Seq n(%)
II CgoL15K5S5B5 3145 6856 67.71 0.29 0.00 0.00 0.00 2.17E-05 9241
II Ce7L15KgS4A4B, 33.87 66.13 60.49 0.00 0.00 5.64 0.00 2.14E-05 91.14
II Ce7L15KsS,AF, 28.78 7122 70.88 0.34 0.00 0.00 0.00 2.15E—-05 89.68
II Ce7L15K6S6Ag 28.58 70.76 70.76 0.00 0.00 0.00 0.00 2.15E-05 86.67
IL1II Co5F5 8.60 9140 90.99 0.10 0.19 0.00 0.00 2.16E—-05 80.79
II CeoLi15KgSsF'5 2361 76.39 7569 036 0.13 0.00 0.00 2.22E-05 77.94
II Cg1LsKsB5 11.94 88.06 76.24 0.36 0.00 0.00 9.48 2.21E-05 71.74
I Cr3L15SF 12 14.85 85.15 7473 0.20 0.00 7.13 0.00 2.01E-05 76.00
I CgoLgSF15 15.48 84.52 77.06 0.18 0.00 7.06 0.00 1.93E-05 75.56
I CgsSF15 16.25 83.75 76.26 0.16  0.00 6.96 0.00 1.73E-05 69.70
I Cg2KeSF1o 17.71 8229 69.71 0.34 0.00 11.41 0.00 2.00E-05 67.57
I C74LgKgSFo 17.02 8298 69.94 0.36 0.00 11.09 0.00 2.08E-05 65.12

The mixture Cg;L15KgSgAg, containing sodalite
and aluminum dross, reached a desulfurizing effi-
ciency of 86.67%. On the other hand, regarding the
mixture with the lowest efficiency (Cg;LgKgB5), it is
noticed that even with boron oxide present probably

the low limestone waste amount (8 wt.%) impacted
the process kinetics compared to the others. It is
also noticed that the presence of 6 wt.% of KR slag
in the mixtures with efficiencies higher than 85%
has not affected their desulfurization ability, what
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make its use feasible without compromising the
process.

Table III shows that the mixtures Cggli15KgS5B5
and Cg;L15K6S4A4B,4 reached a desulfurization effi-
ciency of 92.41% and 91.14%, respectively, even
containing a smaller solid CaO percentage. In
addition, there was practically no solid phase for-
mation in the first one (except for CaO). Otherwise,
the mixture C67L15KGS4A4B4 formed 5.64 wt.% of
3Ca0-Si0,, which suggests that this phase may not
have affected the desulfurization efficiency, since
the content of the liquid phase was the highest
among all the mixtures (33.87 wt.%). This indicates
that the desulfurization also occurred by CaO
dissolved in the liquid phase, since its activity is 1
(in all cases there is solid CaO formation; that is, the
liquid is saturated with CaO). It is also noted there
are four mixtures with a high desulfurization
efficiency (above 85%) containing a liquid phase
percentage higher than 25 wt.%, indicating that
liquid phases present in an amount above this value
increase the desulfurization efficiency, since the
liquid-liquid reaction favors the mass transport of
sulfur. The mixture Cg;LgKgB5 presented the lowest
desulfurization efficiency since it has a low lime-
stone waste content. In addition, it formed 9.48
wt.% of 3Ca0-By;0Os3, which decreased the CaO
content available to the desulfurization reaction.

Determination of the Desulfurization Factor
(FDeS)

Equation 3 shows that the hot metal desulfuriza-
tion reaction depends on the sulfur mass transport
to the lime. In addition, the solid phases formed
around the lime particles hinder the mass trans-
port. As the desulfurization occurs by a direct
reaction between the CaO particles and sulfur in
hot metal, it should be considered that the CaO
particles are effectively available to react. The
presence of solid phases such as calcium sulfide
and calcium silicates hampers the reaction. Thus, it
is proposed that the efficiency depends on the free
lime percentage minus the solid phases sum, while
it is expected that the greater the solid phases
amount, the lower the lime available to react, and,
hence, the lower the efficiency. Based on this
concept and the phases obtained with the FactSage
software, a new parameter can be determined. It
was called the desulfurization factor (Fp.g) and was
related to the desulfurization efficiency. Increasing
this factor also increases the mixture efficiency, at
the same temperature and stirring conditions.
Table III shows the formation of CaS and 3Ca0-SiO,
in the mixtures studied in this work. Such phases
are reported in the literature as being formed
around the CaO particles. Therefore, Fp.g is defined
according to Eq. 5:

Fpes = (%CaOsg) — (%3Ca0 - SiOs + %CaS)  (5)

The mixtures used in this paper were produced
with different raw materials. In this way, the
analysis of the desulfurization factor occurred in
groups similar to each other. This was due to the
chemical composition of Fp.s being considered. In
addition, the factors that affect the reaction kinetics
cannot be different between the mixtures. All
materials used in the tests have the same particle
size range, between 0 and 2 mm. In the present
work, limestone waste and KR slag are inputs that
affect the desulfurization kinetics. The first was
used in most tests in different proportions (15 wt.%,
8 wt.%, and 0 wt.%). Since the carbonate decompo-
sition affects the process kinetics, mixtures with
different levels of limestone waste cannot be com-
pared by the desulfurization factor. Also, mixtures
with different percentages of KR slag cannot be
compared since the CaO is present in other phases,
such as CaS and 3Ca0O-SiO,, as the KR slag is a
waste. In addition, the CaO reactivity in the KR slag
is probably less than the calcitic lime since that may
be sintered or hydrated. Therefore, the mixtures
were grouped with the same levels of both limestone
waste and KR slag to avoid the influence of the
inputs on the desulfurization factor. Thus, three
sets of samples were defined:

e Group 1 — without limestone waste and KR slag:
CosF5 and CggSFqo;

e Group 2 — 8 wt.% of limestone waste and 6 wt.%
of KR slag: CglL8K6B5 and C74L8K68F12;

e Group 3 — 15 wt.% of limestone waste and
6 wt.% of KR slag: C69L15K6S5F5, 069L15KGS5B5,
Ce7L15K6S4ALF Ce7Li15K6S4A4By, and
Ce7L15K6S6As.

The mixtures C73L15SF12, CgoLgSFlz, and
Cg2K6SF15 were not classified in any group, and
the desulfurization factor was not calculated. Equa-
tion 5 was used to determine the desulfurization
factor for groups 1 and 2. Table IV shows the Fp.g
and desulfurization efficiency for them.

It can be noted from Table IV that increasing the
Fpes also increases the desulfurization efficiency in
both groups. Therefore, Eq. 5 can be applied to
evaluate the mixtures’ efficiency with the charac-
teristics of groups 1 and 2.

Table III demonstrates that the mixtures from
group 3 formed the liquid phase between 23.61 and
33.87 wt.%. In addition, increasing the content of
liquid slag decreases the percentage of solid CaO,
since part of the CaO dissolves in the liquid, and the
desulfurization factor (Eq. 5) also decreases. How-
ever, the desulfurization efficiency of the mixtures
from group 3 (between 77.94 and 92.41%) was
higher than the efficiency of groups 1 and 2, which
disagrees with the decreasing of the desulfurization
factor.

The greater efficiency of the mixtures from group
3 may indicate that the CaO in the liquid part can
desulfurize hot metal, once the CaO activity in the



1916

Espirito Santo, Soares, Oliveira, Junca, Grillo, and Oliveira

Table IV. Desulfurization factor (Fpes, FPpes € FTpes) and desulfurization efficiency for mixtures from
groups 1,2 and 3

Group Mixture %CaOx, Niriq Fpes FPpe.s FTpes (%)
1 CosF5 - - 90.89 - - 80.70
1 CgsSFio - - 69.14 - - 69.70
2 Cg1LgKgBs - - 75.88 - - 71.74
2 Cr4LgKgSF 1o - - 58.49 - - 65.12
3 CeoLi15K6S5B5 19.55 0.3145 67.42 86.97 27.35 92.41
3 Ce7L15K6S4A4By 20.89 0.3387 54.85 75.74 25.65 91.14
3 CerL15KeS4ALF, 14.97 0.2878 70.54 85.51 24.61 89.68
3 Ce7L15K6S6Ag 15.00 0.2858 70.76 85.75 24.51 86.67
3 CeoLi15K6S5F5 11.06 0.2361 75.33 86.39 20.40 77.94
100 ” 2 100
, Bl R =g " y=2.191x + 33.87
90 - A \“~\~~\ A & R?=0.941 A
A \ 90 - A
= A o | B
80
w9 A Fpes -----: Linear (Fpes)
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Fig. 3. Relationship between the desulfurization factor versus efficiency for group 3 mixtures. (a) Fpes and FPpes, (b) FTpes.

liquid slag is 1. However, the desulfurization for
mixtures containing up to 20 wt.% of liquid phases
occurs predominantly by solid CaO.

Thus, Equation 6 demonstrates a new desulfur-
ization factor, called partial desulfurization factor
(FPpesg), proposed for mixtures with percentage of
liquid phase higher than 20 wt.%. FPp.s considers
the liquid CaO percentage (%CaOy,).

FPp.s = %CaOg + %CaOy,
— (%3Ca0 - Si0, + %CaS)  (6)

Figure 3a presents the graphs that relate the
desulfurization factor (Fp.s and FPp.g) with the
efficiency of mixtures from group 3.

Figure 3a shows a low coefficient of determination
(R?% = 0.427 and 0.112) between the desulfurization
factor (Fpes and FPp.s) and desulfurization effi-
ciency for mixtures from group 3. A tendency to a
decrease in the desulfurization efficiency with an
increase of the desulfurization factor can also be
seen. Such results indicate that the Eqs. 5 and 6
should not be used to determine the desulfurization
factor of the mixtures from group 3.

This result prompted the search for a model that
is representative for mixtures with such character-
istics. Table III demonstrates that the mixtures
from group 3 presented a content of liquid phase
above 20 wt.%. Thus, a new term was added to the
FPpes. By multiplying the FPp.s by the mass

fraction of liquid (Nyiq), it was possible to obtain
the desulfurization factor for mixtures with liquid
formation above 20wt.%, called the total desulfur-
ization factor (FTpeg). Equation 7 presents this new
expression.

FTpes = [%CaOg + %CaOr, — (%3Ca0 - SiOz + %CaS)]
X Niiq

(7)

Table IV displays the values of the three models
for the mixtures from group 3, as well as the values
of the mass fraction of liquid (Niiq) and the liquid
CaO content (%CaOy,).

Figure 3b shows the linear regression between
FTp.s and the desulfurization efficiency.

Table IV and Figure 3b show that increasing the
FTpes also increases the desulfurization efficiency.
Therefore, it can be confirmed that the higher the
FTpes value, the more efficient the mixture.

The coefficient of determination of 0.941 indicates
that 94.10% of the efficiency variation can be
explained by the variation of the FTpes. This shows
that the linear regression model presented can
predict the desulfurization efficiency for this type
of mixtures. Thus, efficiency can be obtained by the
expression of Eq. 8.

(%) = 2.191 x (FTpes) + 33.87 (8)
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It is important to note that this model applies
only to mixtures with the same characteristics as
those used in this work and under the same
experimental conditions.

Although the mixtures from group 3 are more
efficient than those from groups 1 and 2, their FTp.g
values are lower than the Fp.g values shown in
Table IV, a fact that is not in agreement with the
purpose of creating this parameter, that is, increas-
ing the desulfurization factor also increases the
mixture efficiency. Considering that a standardiza-
tion of the desulfurization factor expression must be
made, that is, that the mixture with the highest
factor will always result in greater efficiency, a
general model for mixtures with liquid phase for-
mation above or below 20 wt.% is proposed. The
global desulfurization factor (FGp.g) is presented by
Eq. 9.

FGpes = [%CaO0g + %CaO01, — (%3Ca0 - SiOg + %CaS)]
X NLiq x k

(9)

For %Liquid<20 — k£ =1,
NLiq =1and
%CaOL = 0;

For %Liquid >20 — k& = 4.24,
Niiq = Liquid mass fraction and
%Ca0r, = %CaO of the liquid phase

where k is the desulfurization constant, which
adjusts the values of the desulfurization factor and
was obtained empirically. For the mixtures studied
in this work, the value of k is equal to 4.24.

Thus, the higher the FGp.g value, the greater the
desulfurization efficiency for all the mixtures, as
can be seen in Fig. 4.

The FGpes values presented in the graph above
correspond to those obtained by the models in Eq. 9,
which generalize the desulfurization factor for
mixtures with a quantity of liquid below and above
20 wt.%.

. x 115.97
s Efficiency 108.76

FGDes 103.92 10435

75.88

69.14

Fig. 4. Values of desulfurization efficiency and FGpes for the
mixtures studied in this paper

CONCLUSION

Increasing the percentage of limestone waste
favors the desulfurization process due to kinetic
factors caused by CaCOj; decomposition, which
indicates that this waste can be used to replace
part of the lime. On the other hand, the use of KR
slag has decreased the desulfurization efficiency,
which demonstrates that little content of this waste
can be used. However, when this residue is com-
bined with the fluxes, it has not affected the
desulfurization ability. The combined use of fluxing
materials in the mixtures generated greater desul-
furization efficiency. The comparison between fluor-
spar and boron oxide showed that the latter
promoted better results, with the Cggoli15KeS5Bs5
mixture reaching the highest efficiency (92.41%). A
liquid phase content higher than 20 wt.% increased
the desulfurization efficiency. The expression that
determines the global desulfurization factor (FGpeg)
is:

FGopes = [%CaOg + %CaOy, — (%3Ca0 - Si0y + %CaS)]
X NLiq x k
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