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ESTIMATION OF FLUORINE AND SULFUR BEHAVIORS
AFFECTED BY CONVERTER OFF-GAS DUSTS
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Converter steelmaking produces a large amount of high-temperature flue, which contains
pollutant gases (SO,, HF, etc.) and entrains fine dusts (Fe, FeO, Fe,0;3 CaO, etc.),
and fluovine and sulfur behaviors that were affected by dusts in off-gas are estimated by
chemical equilibrium method. The behaviors of fluorine and sulfur in off-gas are very differ-
ent at reducing and oxidizing atmospheres. At a reducing atmosphere, main fluorides in
off-gas are SiF,(g), CaF,(s), HF, and CaF,(g); the main sulfides are FeS>(s), FeS(s),
COS(g), SOx(g), and S>(g); and CaO can effectively defluorine at T < 1000 K. At oxidiz-
ing atmosphere, main fluorides are SiF,(g), HF, and CaF,(g); the main sulfides are
Fey(S04);3(s), CaSOy(s), SOx(g), and SO3(g); and defluorination and desulfurization
by dusts are completely effectively at MR> 1 and T < 1100 K.
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INTRODUCTION

A large amount of high-temperature flue is formed during converter steelmak-
ing, which is the major steelmaking method (Aleksashin et al., 2007; Feng, 2005),
and the flue is called converter off-gas, which contains CO, CO,, and pollutant gases
(80,, NO,, HF, etc.) and entrains a large amount of fine dusts (Fe, FeO, Fe,Os,
CaO, MgO, MnO, SiO,, etc.). During converter steelmaking, CO and CO, in off-gas
are formed from decarburization reaction in steel bath, pollutant gases (SO, and
HF) in off-gas are formed from metal materials (FeS,) and flux materials (CaF,),
and SO, and HF can reach 5-20 ppm and 35-200 ppm, respectively. The maximum
content of CO in the converter off-gas can reach 80% at an average content of about
60%, and the temperature can reach 1700 K. The amount of the dusts entrained by
off-gas is about 80-150 g/m>, and the typical chemical composition of dust con-
tained in converter gas is 72.0% Fe,O3, 0.80% Si0,, 9.04% CaO, etc. (Feng, 2005).

SO, is a known precursor to formation of ozone and acid rain. Hydrogen flu-
oride (HF) can damage human health, and an aqueous solution of HF is strongly
corrosive. CaO, Fe, and Fe,O5 are good desulfurization and defluorination agents
during coal combustion, and SiO, has a great influence on desulfurization (Cheng
et al., 2003; Qi et al., 2008a). CaO is also considered as an effective sorbent for
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HF, and Dehne (1987) verified that HF would react with CaCOj3 and CaO in soil and
might result in the decrease of fluoride emission during the firing of ceramic products
(Xie et al., 2003). Metallurgical dusts (MD) have strong abilities to absorb sulfides,
and they are used as sulfur absorbents in the FGD process (Guo et al., 1999; Ye et al.,
2000; Zhao et al., 2004).

The steelmaking industry must carry out the ecological and sustainable devel-
opment to control gaseous pollutants (SO,, HF, and other emissions). In order to
reduce gaseous pollutant emissions of converter off-gas, effective use of the desulfur-
ization and defluorination of dusts (CaO, Fe, Fe,O3, SiO,, etc.) is very necessary and
important. In the practical steelmaking process, converter off-gas discharge is inter-
mittent, its composition concentration and temperature frequently vary, and the
off-gas dust may become the ignition source during off-gas cooling, and then there
is potential explosion danger. At present, in order to prevent off-gas explosion and
ensure safety, dust precipitation and off-gas quenching are carried out by spraying a
large amount of water into the high-temperature off-gas, as dusts cannot play a role
in the desulfurization and defluorination of off-gas, and this wastes a large amount
of water and heat and causes secondary water pollution. With the technology devel-
opment of explosion protection, the dust precipitation and off-gas quenching by
spraying water can be cancelled, the sensible and chemical heats of high-temperature
converter off-gas can be effectively recovered, and the desulfurization and defluori-
nation of off-gas can be carried by dusts.

At present, the study on desulfurization and defluorination of converter off-gas
by dusts is rare, and the temperature and atmosphere of converter off-gas have influ-
ences on desulfurization and defluorination. In this article, the behaviors of fluorine
and sulfur are estimation using the NASA-Glenn CEA2 (Chemical Equilibrium and
Applications 2) equilibrium code (McBride et al., 2002), and the influences of tem-
perature and atmosphere of converter off-gas on desulfurization and defluorination
are investigated.

CALCULATION METHOD

The Chemical Equilibrium for Applications (CEA), developed at NASA’s
Glenn Research Center, is a program that calculates chemical equilibrium product
concentrations from any set of reactants and determines thermodynamic and trans-
port properties for the product mixture (McBride, 2002; Sanford and Bonnie, 1994).
Although this type of equilibrium calculation assumes that the residence time of the
reactants is infinite, CEA code calculates mixture properties and equilibrium concen-
trations for a wide variety of applications, and the ability to calculate chemical equi-
librium is a useful approximation for many engineering applications (Alfonso and
Sung, 2006; Mjaanes et al., 2005; Vican et al., 2002). For combustion processes, it
represents complete chemical reaction and the conversion of all available fuel to
energy. The CEA version 2.0 code is called SUBEQ, and it is a callable subroutine
that can be used within a calling program to calculate mixture properties and equi-
librium concentrations for a wide variety of applications.

CEA code was employed to predict equilibrium compositions by conventional
thermodynamic calculations based on the minimization of the free Gibbs energy, and
it does not take kinetic phenomena into account. A closed system under constant
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temperature and pressure is adopted, it is assumed that all gases are ideal and that
interactions among phases may be neglected, and stable solids are considered as con-
densed phase which are pure. Any condensed species are assumed to occupy a neg-
ligible volume relative to the gaseous species, and this is assumed to be correct even
when small amounts of condensed species (up to several percent by weight) are
present. The diffusion of the gas species to dust surfaces and the dust size are not
considered in the CEA code. The default library provides property values for tem-
peratures up to 6000K for all data in the CEA database, and 258 species are
involved in the equilibrium calculation.

CaO is an effective sorbent for SO, and HF sorbent, and its abilities to desul-
furize and defluorinate are influenced by temperature and the composition of flue
gas. The desulfurization and defluorination products are CaSOy(s)/CaS(s) and
CaF,(s). In order to investigate the influence of CaO content in dusts on desulfuriza-
tion and defluorination, the relative mole content of calcium is defined as (MR):

Mcao

MR=—"59_
MH]:/2 + ]\4502

()

where Mc,0, Mur, and Mso, are the mole numbers of CaO, HF, and SO,, respect-
ively. MR also can be expressed as
1

MR = 1/(2Rcasr) +1/Reays @

where Rc,/r is the molar ratio of calcium to fluorine and Rc, s is the molar ratio of
calcium to sulfur.

RESULTS AND DISCUSSIONS

In the chemical equilibrium calculation, the compositions of converter off-gas
are 65% CO, 0.1% H,0, 25ppm HF, 150 ppm SO,, and the residual gas CO,. The
dust content is 120 g/m’ in converter off-gas.

The Influence of Air Stoichiometric Ratio on the Behaviors
of Fluorine and Sulfur During Off-Gas Combustion

Air stoichiometric ratio [SR, (actual air supplied)/(stoichiometric air demand
of fuel)] influences combustion atmosphere. Converter off-gas contains high-
concentration CO, and the off-gas is often recovered or partially combusted in the
cooling stack at SR <1 where the combustion atmosphere of off-gas is reducing.
In order to utilize the energy of off-gas, off-gas can be completely combusted to heat
water vapor in the cooling stack at SR> 1 where the combustion atmosphere of
off-gas is oxidizing. During off-gas combustion, HF and SO, in off-gas occurs in
complex chemical reactions with off-gas dusts in the cooling stack.

In the chemical equilibrium calculation, the compositions of dust are 0.58% Fe,
72.00% Fe,03, 0.80% Si0», and 9.04% CaO. The equilibrium calculation results of
fluorine and sulfur in off-gas indicate that the influence of SR on the distribution
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Figure 1 The equilibrium distributions of fluorine and sulfur in off gas at SR=0.8.

of fluorine/sulfur is negligible when SR is less than 1 at a given dust composition.
Here, the distributions of fluorine and sulfur are only presented at SR=0.8, as
shown in Figure 1. In the temperature range of 373-1973 K, the main fluorides are
SiF4(g) (T < 600K), CaF(s) (T < 1300K), HF, and CaF,(g) (T > 1600 K), and the
main sulfides are FeSy(s) (T <600K), FeS(s) (500<T<1100K), COS(g)
(600 < T< 1500K), SOx(g) (T>1100K), and Sy(g). The equilibrium calculation
results of fluorine and sulfur in off-gas indicate that the influence of the air stoichio-
metric ratio on the distribution of fluorine/sulfur is also negligible when SR is larger
than 1 at a given dust composition. Here, the distributions of fluorine and sulfur are
only presented at SR=1.1, as shown in Figure 2. In the temperature range of
373-1973K, the main fluorides are SiF4(g) (T <600K), HF, and CaF,(g)
(T>1600K), and the main sulfides are Fe;(SOy4)s(s) (T <500K), CaSOy(s)
(T <1200 K), SO5(g), and SO3(g). The results indicate that the behaviors of fluorine
and sulfur during off-gas combustion are very different at reducing and oxidizing
atmospheres. The detailed behaviors of fluorine and sulfur are discussed in the
following sections.
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Figure 2 The equilibrium distributions of fluorine and sulfur in off gas at SR=1.1.

The Behaviors of Fluorine and Sulfur in Converter Off-Gas Under
Reducing Atmosphere

The behavior of fluorine in converter off-gas under reducing
atmosphere. Figure 3 shows the equilibrium calculation results of fluorine in
off-gas at reducing atmosphere, and the results indicate that the distributions of flu-
oride at reducing atmosphere are very similar at MR > 0.0909, and main species con-
taining fluorine are HF(g), SiF4(g), CaF,(s), and CaF»(g). As can be seen in Figure 3,
the behaviors of fluorine in off-gas indicate that the defluorination product is
CaF,(s) at T <1400 K, which indicates that CaO is an effective sorbent for HF.
At T > 1400K, the main fluoride is HF; at MR =0.0455, the mole ratio of CaO to
HF is 0.25; CaO is not enough to defluorinate at T < 1400 K; and then HF reacts
with SiO, to form gaseous SiF4 at T <600 K. The fluorine retention reaction of
CaO is

CaO(s) + 2HF(g) = CaF,(s) + H,O(g) (3)
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Figure 3 The equilibrium calculation results of fluorine in off-gas at reducing atmosphere (SR =0.8).

Since CaO in off-gas dusts is the only sorbent for HF, CaO content is crucial to
defluorination. As can be seen in Figure 3, at T > 1100 K, HF releases rapidly with
the increase of temperature, which means that rising temperature is unfavorable for
fluorine to undergo retention reaction (forward reaction). Experiments of the clay
brick process demonstrated that HF releases at T > 1100 K, and the defluorination
sorbent, CaO, is ineffective for defluorination at T > 1250 (Gonzalez et al., 2002;
Wau et al., 2001). Studies on high-temperature stability property of analytical pure
CaF, by Byer et al. (1983) and Qi et al. (2002) show that the CaF, hydrolytic reac-
tion takes place for CaF, at high temperature. These experiment results are approxi-
mate to the equilibrium calculation of fluorine, and thus the equilibrium calculation
is effective to analyze the influence of temperature on the defluorination of converter
off-gas dusts.

The main reason that the calcium-based sorbent fluorine retention effects
reduce under the conditions of high temperature is that the fluorine retention pro-
duct decomposition action at very high temperature is strengthened (Qi et al.,
2008b). The thermodynamic analysis of Equation (3) is useful to investigate the influ-
ences of temperature on the fluorine retention. The temperature has the notable
action on its reaction balance movement. For the reversible Equation (3), Gibbs
energy A,GO(T) and the reaction equilibrium constant K®(T) can be calculated,
as shown in Table 1. The thermodynamic analysis shows that the fluorine retention
in Equation (3) is the exothermic reaction. A,G®(T) gradually increases, and K°(T)
drastically decreases with rising reaction temperature, and this means that rising
temperature is unfavorable to for the fluorine reaction (forward reaction) to proceed.
Therefore, from the angle of the thermodynamics, in order to enhance the defluor-
ination rate, the defluorination reaction should be controlled in relative low tempera-
ture conditions.
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Table 1 The standard Gibbs energy and equilibrium constant of fluorine retention Equation (3)

T (K) 373 473 573 673 773 873
A:G8 (T) —240.4 —227.7 —-215.0 —202.5 —190.07 -177.8
K® (1) 47E+33 1.4E+25 4.0E +19 52E+15 7.0E +12 43E+10
T (K) 973 1073 1173 1273 1373 1473
AGS (T) —165.6 —153.6 —141.8 —130.217 —119.0 —108.5
K° (D) 7.8 E+8 3.0E+7 21E+6 22E+5 34E+4 71E+3

As known from Figure 3, at MR < 0.0909, where the mole ratio of CaO to HF
is less than 0.5, the amount of CaO is not enough to completely defluorinate at
T < 600K, and the residual HF can react with SiO, to form gaseous SiF,.

SiO(s) + 4HF(g) = SiF4(g) + 2H,0(g) (4)

SiF, is a corrosive chemical, it is toxic, and it can severely irritate and burn the skin
and eyes. The equilibrium constant of Equation (4) is 1.50 x 10°~4.28 x 10'° at
400 < T < 600K, and the equilibrium constant decreases with the increase of tem-
perature. The equilibrium calculation results of the fluorine behaviors indicate that
gaseous SiF4 does not occur at Rc,/p>0.5 where the amount of CaO is enough
to defluorinate.

As known from Equation (3), H,O has promoting effects on the release of HF.
When the initial content of moisture increases, it is unfavorable for the forward reac-
tion in fluorine Equation (3) to proceed, and then the release amount of HF
increases. During converter off-gas recovery, ambient air inevitably leaks into
off-gas through the moveable hood mouth of the steelmaking converter, and H,O
vapor in the leaking air makes the H,O concentration in off-gas is 0.1-0.4%.
Figure 4 shows the influences of the moisture content and temperature on the profiles
of CaF,(s) and HF(g). The results indicate that HF rapidly releases when the tem-
perature is higher than 1000 K, and CaO as sorbent for HF is completely ineffective
at T> 1500 K.

When the moisture content of the off-gas is larger than 0.4%, the influence of
moisture content on the ability of off-gas dust fluorine retention is almost similar.
With the increase of temperature at 1000 < T < 1500 K, solid CaF,(s) profiles drasti-
cally decreases, and gaseous HF increases, which means that the defluorination reac-
tion should be controlled at T < 1000 K.

As known from Equation (3), at T > 1500 K, gaseous CaF, releases, and its
amount increases with the increase of temperature, which leads to the decrease of
HF. At high temperature, CaO(s) begins to vaporize; CaO(g) easily reacts with
HF to produce CaF,(g) and H,O(g) [see Equation (5)]; and the increasing tempera-
ture makes H,O(g) decompose into H and OH ions [see Equation (6)] that are
rapidly consumed to form H,, Fe(OH),, Ca(OH), [see Equations (7)-(9), which
are favorable to the undergoing of the fluorine reaction, the forward reaction of
Equation (5)]. Therefore, at T > 1500 K, increasing the temperature causes more gas-
eous CaF, to release (see Figure 3).

CaO(g) + 2HF(g) = CaFs(g) + Hy0(g) (5)
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Figure 4 The profiles of solid CaF, and gaseous HF as a function of the initial content of moisture and
temperature.

H,O(g) = H+ OH (6)
H+H — H, (7)
20H + Fe — Fe(OH), (8)
20H + Ca — Ca(OH), 9)

The reaction paths of the fluorine species are summarized in Figure 5.

The behaviors of sulfur in converting off-gas at reducing
atmosphere. Figure 6 illustrates the equilibrium distributions of sulfur in off-gas
as a function of temperature at MR=0.0455 and 1. The equilibrium calculation
results indicate that sulfur species in off-gas are FeS,(s), FeS(s), CaS(s), COS(g),
S>(g), SO(g), and SO,(g) at reducing atmosphere, and the main sulfur-containing
species are FeSy(s) at T<473K, FeS(s) at 473<T<1000K, and CaS(s) at
1000 < T < 1400 K. Figure 7 shows the influences of MR and temperature on the
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Figure 5 The reaction paths of fluorine species.

main sulfur species in off-gas at reducing atmosphere, and the results indicate MR
and Rc,/s have little effects on the distribution of FeSy(s), FeS(s), and SOx(g),
and CaS increases with MR.

At reducing atmosphere, the desulfurization reactions must be considered:

Fe, O3 + 11C0(g) + 4SOz(g) = 2FeS; + 11C02(g) (10)

100
90 FeS

2

60+ FeS(s)
COs(g)

Sulfur distribution (%)

600 800 1000 1200 1400 1600 1800
T(K)
(a) MR=0.0455

Sulfur distribution (%)
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TK)

(b) MR=1

Figure 6 The equilibrium distributions of sulfur in off-gas at reducing atmosphere (SR =0.8).
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Figure 7 The influences of MR and temperature on main sulfur species in off-gas at reducing atmosphere
(SR=0.8).

Fe, 05 + 7CO(g) + 2SO0 (g) = 2FeS + 7CO,(g) (11)

CaO(s) + 3CO(g) + SO,(g) = CaS + 3CO,(g) (12)

For the reversible Equations (10)~(12), the Gibbs energy A,G®(T) and reaction
equilibrium constant K®(7) are calculated, as shown in Table 2. At T<473K,
Equation (10) has a very small Gibbs energy A,G®(T) and a very great reaction
equilibrium constant K®(7) (3.5 x 10'"7~2.4 x 10'*"), and thus the forward reac-
tion can autonomously happen and react. For Equation (11), at 573 <T <973 K,
the forward reaction can also autonomously happen and react. For Equation
(12), at 1073<T<1373K, A,G9(T) gradually increases and K®(T) drastically
decreases with rising reaction temperature, which means that rising temperature
is unfavorable for the desulfurization reaction (forward reaction) to proceed.
Therefore, under the reducing atmosphere, the desulfurization products of dusts
are iron sulfides [FeS,(s) and FeS(s)] at relative low temperature (T <1000 K).
When the temperature is larger than 1000 K, calcium sulfide [CaS (s)] is formed.
The increase of MR is conducive to the CaS(s) formation (see Figure 6). When
the temperature is higher than 1173 K (see Table 1), too low K®(T) makes Ca$ for-
mation drastically decrease (see Figure 7). CaS is an undesirable product; the
decomposition of CaS easily occurs when moisture is high, and the direct reaction
between CaS and H,O is

CaS + 3H,0—CaO + SO, + 3H, (13)
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Table 2 The standard Gibbs energy and equilibrium constant of fluorine retention Equations (10)—(12)

T/(K) AGR(T)/ (k) K(T)

Fe;05 + 11CO(g) + 4505 (g) = 2FeS, + 11CO,(g)

373 11452 2.4E + 160
473 ~1064.27 35E+117
Fe;0;3 + 7CO(g) + 280,(g) = 2FeS + 7CO; (g)
573 -569.086 7.62E +51
673 -536.165 4.15E+41
773 -503.276 1.03E + 34
873 ~470.294 1.39E +28
973 -437.128 2.94E +23
CaO(s) + 3CO(g) + SO, (g) = Ca$ + 3CO,(g)
1073 ~195.984 3.48E+09
1173 -177.997 84528143
1273 ~160.13 3724843
1373 ~142.383 261391.6

At T > 573K, carbonyl sulfide gas (COS) begins to release (see Figure 5), and
the formation of COS is

3CO(g) + SOy (g) = COS(g) +2CO,(g) (14)

Carbonyl sulfide may decompose to carbon dioxide and hydrogen sulfide if off-gas is
exposed to high humidity (Protoschill-Krebsc and Kesselmeier, 1996).

COS(g) + H,0(g) = HyS(g) + CO,(g) 15

When the temperature is higher than 1600 K, the main sulfur species is SO, with
a bit of SO and COS, as shown in Figure 6. The main sulfides are gaseous SO», SO, and
COS at T > 1373 K, and off-gas dusts are ineffective to desulfurization. The reaction
paths of sulfur species at reducing atmosphere are summarized in Figure 8.

Defluorination and Sesulfurization at Oxidizing Atmosphere

The behaviors of sulfur in converter off-gas at oxidizing
atmosphere. Figure 9 illustrates the equilibrium distributions of sulfur at oxidizing

), FeS
¢
+CO, Fe,05 (473<T<1000K) _,
FeS
sof #€0.ca0 . +H,0
\1000<T<14OOK) S Tk €002
. +H,0
s K COS——H,8, Hy0

Figure 8 The reaction paths of sulfur species at reducing atmosphere.
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atmosphere at MR=0.0455 and MR >0.909. The equilibrium calculation results
indicate that, at MR < 0.909, sulfide distributions at different MR are similar, as
shown in Figure 10. Figure 10 shows the influences of temperature and MR on
the distribution of sulfur species in off gas at oxidizing atmosphere. At
MR <0.909 (Rcass < 1), sulfide distributions at different MR are similar. Sulfides
are Fey(S04)3(s) (T <773 K), CaSO4(s) (T <1500 K), SOz (673 < T < 1400K), and
SO, (T > 673 K); with the increase of MR, Fe,(SO4);(s), SOz, and SO, decrease,
and CaSOy(s) increases. At MR>0.909 (Rca/s>1), sulfides are only CaSOy(s)
and SO,. When the temperature is higher than 1473 K, sulfide is only SO,, and
off-gas dusts are ineffective to desulfurization, as shown in Figure 10.
At oxidizing atmosphere, SO, can be oxidized to SO3

SO, + 1/20, = SO; (16)
100 Cas0,) >
90
80
- s0,
& 70
S 60 so
=1 2
% 50k (50,)(5)
S 404
S
£ 30
(7]
20

104

0
4(IJO B(IJO 860 10|00 12l00 14100 16I00 18‘00
T(K)
(a) MR=0.0455

D N
o o
| I

1 S0,
404 CaSO,(s)

Sulfur distribution (%)
[¢)]
o

T T T T T T T T
400 600 800 1000 1200 1400 1600 1800
T(K)

(b) MR>0.909

Figure 9 The equilibrium distributions of fluorine and sulfur at oxidizing atmosphere (SR=1.1).
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Figure 10 The influences of temperature and MR on the distribution of sulfur species at oxidizing atmos-
phere (SR=1.1).

and SO; can react with Fe,O3; and CaO to form Fe(SO4); and CaSOy4
3S03 + Fe, 03 = Fey(S04),4 (17)
SO3; 4+ CaO = CaSOq4 (18)
Equations (16) and (17) can combine into
Fe;03 4 380, + 3/20, = Fe;(S04), (19)
Equations (16) and (18) can combine into

CaO + SO, (g) + 1/20,(g) = CaSO, (20)

At oxidizing atmosphere, at MR < 0.909, the R, /s is less than 1, the amount
of CaO is not enough to completely desulfurize, and the free SO, can react with
Fe,05 to form Fe,(SOy);. With the increase of MR, the amount of CaO increases,

Table 3 The standard Gibbs energy and equilibrium constant of fluorine retention Equation (20)

T/(K) 373 473 573 673 773 873
AG® (T) —84.2 -777 ~71.2 —64.7 —58.4 —52.1
K° (T) 5.1E+33 1.9E + 26 7.0E+20 52E+16 3.0E+13 7.5E+10
T/(K) 973 1073 1173 1273 1373 1473
AG® (T) —458 ~39.7 ~336 ~27.6 217 ~159

K° (1) 5.48E +08 9.1E +06 2.8E+05 1.5E + 04 1.2E+03 1.3E+02
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+02, F6203 F (SO )
(T<T3K) | 2P043
SO;
+0,, CaO Caso, (T>1573 K) Ca0, SO,
(673<T<1400 K)

Figure 11 The reaction paths of sulfur species at oxidizing atmosphere.

the free SO, decreases after CaO desulfurization, and then the desulfurization pro-
duction [Fe>(SOy4);] of Fe,O5 decreases (see Figure 10). Figure 10 indicates that
Fe,(SO4); drastically decreases at T > 673 K, and this is because Fe,(SOy4); can be
decomposed. Experiments found that Fe,(SO,4); could be decomposed when tem-
perature was 800 K (Zboril et al., 2003). Therefore, the results of equilibrium calcu-
lation and the experiment are very agreeable.

For the reversible reaction, Equation (20), Gibbs energy A,G®(T) and reaction
equilibrium constant K®(7) can be calculated, as shown in Table 3. At T > 1273K,
A;GO(T) gradually increases and K®(7) drastically decreases with rising reaction
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Figure 12 The equilibrium distributions of fluorine and sulfur at oxidizing atmosphere (SR=1.1).
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temperature, and this means that rising temperature is unfavorable to the procession
of the desulfurization reaction (forward reaction). At T > 1573 K, the backward
reaction occurs, and CaSQO, is decomposed into SO, and CaO. Therefore, at
T > 1573 K, off-gas dust is ineffective to desulfurization. In comparison with Equa-
tion (3), the equilibrium constant of Equation (18) is larger than that of Equation (3)
at T< 873K (see Tables 1 and 3), thus desulfurization reaction first occurs when O,
is sufficient at oxidizing atmosphere. At MR < 0.909, the ratio of Ca:S is less than 1,
CaO reacts with SO5 to form CaSO,, and CaSO, increases with the increase of MR.
The reaction paths of the sulfur species at oxidizing atmosphere are summarized in
Figure 11.

The behaviors of fluorine in converter off-gas at oxidizing
atmosphere. Figure 12 illustrates the equilibrium distributions of fluorides at oxi-
dizing atmosphere at MR <0.909 and at MR>1. At MR <0.909, fluorides are
SiF4(g) (T<673K), CaFy(g) (T>1473K), and HF. At MR>1, fluorides are
CaF,(s) (T <1373 K), CaF5(g) (T > 1473 K), and HF(g).

Figure 13 shows the influence of temperature and MR on the distributions of
fluorine species in off-gas at oxidizing atmosphere. At MR < 0.909, the distribution
variations of fluorides with temperature are the same. The main fluorides are only
gaseous SiF; (T<673K) and HF, and CaO does not defluorinate. At
MR >0.909, fluorides are HF, CaF,(g), and CaF,(s), and CaF2(s) content increases
with MR at T < 1400 K. At oxidizing atmosphere, defluorination and desulfurization
by dusts are completely effective at MR>1 and T < 1100 K.

CaO in off-gas dusts is sorbent for both SO, and HF. For a certain amount of
desulfurization and defluorination sorbent (CaQ), the desulfurization Equation (18)

~100 4 o EE—E—E—E—m
S 80 1 /A—A—A—A—A—A 4
= 60 ] /
L 40 J /L xoxxxxx—
I 20 ] /
0 T . A| * T l/0 T T T T
<100 -
< 80 % —n— MR=0.0455-0.9090
2 60 ] \ —Aa— MR=0.9273
ny 40 J * —*— MR=0.9673
@ 20 4 \ —e—MR=1
01 *% o 292290900088 84
< 20 o T T T T T T T
< 15 ]
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[T
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Figure 13 The influences of temperature and MR on the distributions of fluorine species in off-gas at
oxidizing atmosphere (SR=1.1).
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Table 4 Sulfur and fluorine species in off-gas under different combustion conditions

SR MR Sulfur species Fluorine species
0.8 >0.0909 CaFy(s) (T <1400K); HF FeSx(s) (T <473K); FeS(s) (473 < T <1000 K);
(T > 1400K) CaS(s) (1000 < T < 1400 K)

0.0455 SiF, (T < 600 K); CaFs(s)
(T < 1400K); HF (T > 400K)
1.1 >0.909 CaFa(s) (T < 1373K), CaFs(g) CaSO4(s) (T < 1500K) and SO, (T > 1300 K)
(T > 1473K) and HF(g)
<0.909 SiF4(g) (T<673K), CaFa(g)  Fea(SO04)s(s) (T < 773K), CaSO4(s) (T < 1500 K), SO;
(T > 1473K) and HF (673 < T < 1400K) and SO, (T > 673K)

and defluorination Equation (3) are competition reactions. The equilibrium constant
of Equation (18) is larger than that of Equation (3) at T < 873 K (see Tables 1 and 3)
at oxidizing atmosphere, then the desulfurization reaction first occurs. At
MR <0.909, although Rc,o/nr may be larger than 0.5, R¢,/s is less than 1, the
amount of CaO is not enough to completely desulfurize, and there is not CaO left
for defluorination. Therefore, at MR < 0.909, HF only can react with SiO, in off-gas
dusts to form gaseous SiF, at low temperature (T < 573 K), and a large amount of
HF releases at high temperature at 0.909 < MR <1. When Rc,/s is larger than 1,
the residual CaO after desulfurization can react with HF to form CaF,(s), the
residual CaO increases with the increase of MR, and then the defluorination pro-
duction [CaF,(s)] increases with the increase of MR at T<1400K. At MR>1,
the amount of CaO is enough to desulfurize and defluorinate, thus the distribution
variations of fluorides with temperature are the same, as shown in Figure 13.

As known from the discussion above, the results of chemical equilibrium cal-
culations of fluorine and sulfur behaviors are affected by converter off-gas dusts,
so at high temperature (T > 1500 K), the desulfurization and defluorination by dusts
are difficult. Under oxidizing atmosphere and reasonable temperature conditions
(i.e., MR>1 and T < 1100 K), defluorination and desulfurization by dusts are com-
pletely effective during converter off-gas combustion.

CONCLUSION

The desulfurization and defluorination of converter off-gas by dusts were esti-
mated using chemical equilibrium, and the influences of temperature and atmosphere
of converter off-gas on desulfurization and defluorination are investigated. The
results indicate that the behaviors of fluorine and sulfur during off-gas combustion
are very different at reducing and oxidizing atmospheres, as shown in Table 4.

At reducing atmosphere, the main fluorides in off-gas are SiF4(g), CaF»(s), HF,
and CaF,(g), and the main sulfides are FeS,(s), FeS(s), COS(g), SO,(g), and S,(g).
Also, CaO can effectively defluorinate at T < 1000 K. At oxidizing atmosphere, the
main fluorides are SiF4(g), HF, and CaF,(g); the main sulfides are Fe,(SOy4)s(s),
CaS0y4(s), SO5(g), and SO3(g); and defluorination and desulfurization by CaO are
completely effective at MR >1 and T < 1100 K. For the converter steelmaking busi-
ness, under oxidizing atmosphere and reasonable temperature conditions (i.e.,



Downloaded by [Institute of Mechanics] at 22:39 20 March 2012

1000 S. LI AND X. WEI

MR >1and T < 1100 K), defluorination and desulfurization by dusts are completely
effective during converter off-gas combustion.
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