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Abstract In the process of hot metal pretreatment desulfurization, it is necessary
to add desulfurizer to promote the desulfurization reaction. At the same time, as the
key to measure the sulfur content in molten iron, the study of sulfur distribution
ratio is of great significance to achieve the goal of desulfurization. Based on the
theoretical sulfur ratio of desulfurization molecules and the theoretical sulfur ratio
of ions, this paper analyzes the factors affecting the sulfur content in molten iron,
and concludes that the suitable desulfurization conditions are high temperature, low
oxygen level and high oxygen anion concentration. Thermodynamic analysis and
related introduction of common desulfurization are carried out, and it is pointed
out that CaO-Mg composite desulfurizer has the highest removal efficiency and the
lowest consumption, which is conducive to desulfurization.

Keywords Desulfurizer - Desulfurization mechanism - Ion theoretical sulfur ratio

Introduction

In the desulfurization process of hot metal pretreatment, a certain amount of desul-
furizer is often added to promote the desulfurization reaction. The desulfurization
reaction is the interface reaction between desulfurizer and hot metal. When the two
phases are in contact, the desulfurization reaction occurs [1-5]. In the process of
using desulfurizer, it is necessary to overcome the surface tension, resistance and
buoyancy of molten iron. In order to meet the requirements of steel-making for
sulfur content, desulfurizer suitable for steel smelting and desulfurization objectives
should be selected. This can only improve the desulfurization efficiency, and the
use of cost-effective desulfurizer can also reduce the consumption of desulfurization

L. Tian - W. Jiang (&) - S. Hao - Y. Zhang

College of Metallurgy and Energy, North China University of Science and Technology, Ministry
of Education Key Laboratory of Modern Metallurgy Technology, Tangshan 063210, Hebei, China
e-mail: jwufeng@163.com

© The Minerals, Metals & Materials Society 2023 815
The Minerals, Metals & Materials Society, TMS 2023 152nd Annual Meeting

& Exhibition Supplemental Proceedings, The Minerals, Metals & Materials Series,
https://doi.org/10.1007/978-3-031-22524-6_75


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-22524-6_75&domain=pdf
mailto:jwufeng@163.com
https://doi.org/10.1007/978-3-031-22524-6_75

816 L. Tian et al.

powder and save production costs. There are many kinds of desulfurizers, four of
which are widely used, namely CaC,, CaO Na,CO3; and Mg.

Thermodynamic Analysis of Desulfurization

Sulfur partition ratio is one of the key factors to determine the sulfur content in
molten iron. The molecular reaction process of desulfurization is as follows [6]:

[FeS]+ (CaO) = (CaS) + [FeO] (1)
The equilibrium constant of the reaction is:
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The sulfur distribution ratio is:
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According to the molecular reaction process of desulfurization, the low FeO reac-
tion proceeds to the right. At the same time, increasing the alkalinity in the slag
and reducing the oxygen potential in the slag are conducive to the desulfurization
reaction, resulting in the increase of sulfur distribution ratio Is.

According to the ionic structure theory of molten slag, the desulfurization reaction
between desulfurized slag and molten iron is carried out by diffusion on the slag iron
interface. O®~ in the desulfurized slag combines with s in molten iron to form S?~
and enters the slag to maintain balance with cations such as Ca*, Mg* in molten iron
[7]. The schematic diagram and process of desulfurization ion reaction are as follows
(Fig. D).

The reaction process is:

[S1+ (0%) = ($*7) + (0] 4)

AG® = 12455 — 50.26T (5)

Its equilibrium constant is:

Ks= 20 (6)

aop2- - dg

The sulfur distribution ratio is:
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Fig.1 Schematic diagram
of desulfurization reaction

Graphite tube

Slag iron reaction
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Ks, ys are the equilibrium constant and sulfur partition coefficient of the reaction
in turn;

w(S), w[S], w[O] are sulfur content in slag, sulfur content in molten iron, and
oxygen content in molten iron;

dcao, ArFeo] are the activity of CaO in slag and the activity of ferrous oxide in
molten iron respectively;

ap>-, as- are the activity of 0>~ and S?~ in the slag in turn;

fg is the activity coefficient of sulfur in molten iron;

Ls is the ratio of sulfur content in slag to that in molten iron, i.e. sulfur distribution
ratio.

According to the viewpoint of chemical equilibrium, when sulfur in slag is quan-
titative, its oxygen potential is inversely proportional to the concentration of oxygen
anion, that is, the lower the oxygen potential, the higher the concentration of oxygen
anion in slag. Therefore, the lower activity of sulfur ions in the slag, so as to promote
the chemical reaction, resulting in the easier s in molten iron to enter the slag, and the
increase of S. Because FeO appears in the numerator denominator, FeO decreases
and the numerator denominator decreases, which has a greater impact on the denomi-
nator, so the desulfurization effect can be improved. At the same time, the ion reaction
is an endothermic reaction. The increase of temperature and the addition of a certain
amount of FeO are conducive to the dissolution of CaO, improve the fluidity of slag,
and promote the desulfurization reaction. Therefore, high temperature, low oxygen
level, high oxygen anion concentration and low FeO content are required in hot metal
pretreatment desulfurization.
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Desulfurization Mechanism and Development
of Desulfurizer

CaO

CaOis adesulfurizer commonly used in hot metal pretreatment. It is rich in resources,
cheap, safe and pollution-free [8]. When using CaO for desulfurization, in order to
ensure the desulfurization efficiency, it needs to be ground into powder, but the
ground lime powder is prone to moisture deterioration, so it needs moisture-proof
storage. Its mechanism is to use CaO and sulfur in molten iron to form CaS. The
relevant chemical reaction formula is:

CaO(s) + [S] = CaS(s) + [O] (8)
AG? = 110000 — 31.1T 9)
K = a[o]/a[g] (10)

Formula 10 shows that the increase of temperature leads to the decrease of AG?,
and high temperature is conducive to lime desulfurization. The oxygen content
in molten iron plays a vital role in the desulfurization reaction. Low oxygen
concentration makes the desulfurization reaction more thorough.

When molten iron contains Al, the reaction formula of Al participating in
desulfurization reaction is:

CaO(s) + [S]1+42/3[Al]l = CaS(s) + 1/3AL,03(s) an

AGY = —292936 + 100.76T (12)

There is free oxygen in the product after the Cao desulfurization reaction, which
reacts with Si in molten iron to produce CaO-SiO; with higher melting point, forming
a dense film on the surface of CaO to prevent the desulfurization reaction from
continuing. The relevant chemical reaction formula is:

2Ca0(s) + [S]+ 1/2[Si] = CaS(s) + 1/2CaySi O4(s) (13)

AG°® = —251930 + 83.36T (14)

At 1350 °C, the equilibrium constant of molten iron treated with CaO is 6.489,
and the end-point sulfur content can reach 0.00037%. Moreover, the desulfurization
efficiency of CaO is lower than that of Mg, and the melting point of CaO is high.
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When it is used as desulfurizer in molten iron, it is solid. Flux CaF, is often added
to reduce the melting point and become liquid. After adding flux, the sulfur content
in molten iron will decrease significantly. Because CaO is easily hygroscopic and
converted into Ca(OH),, Ca(OH), will cause hot metal splashing during hot metal
pretreatment and desulfurization, resulting in the reduction of hot metal temperature.

Na,CO3

As the first desulfurizer used outside the furnace, Na, CO3 has strong desulfurization
ability and low melting point. At 1350 °C, soda is used in high-carbon molten iron for
desulfurization outside the furnace, and the equilibrium constant of desulfurization
reaction is 5 x 10?, the sulfur content in molten iron is 4.7 x 1077, the desulfuriza-
tion capacity is stronger than CaO. Only a part of sodium vapor participates in the
desulfurization reaction, and most of the remaining sodium vapor will be oxidized in
the air, releasing a large amount of smoke, causing serious environmental pollution,
which is inconsistent with the current carbon neutral carbon reduction emissions,
and is rarely used alone now. The chemical equation is:

Na>C 05(s) + [S]+ 2[C1 = Na>S(s) +3CO(g) (15)

AG® = 440979 — 366.54T (16)

Due to high temperature, Na,COj is rapidly decomposed into Na,O and CO,
after entering the molten iron, and then Na, O will continue to react with carbon and
silicon in the molten iron to generate CO and Na,SiO3 respectively.

NayO(l) 4 [S14 [C] = NaaS(l) + CO(g) (17)
AG® = —34828 + 68.52T (18)
2/3Na, O(l) + [S]+ 1/2[C] = Na»S(I) + 1/2Na,SiO3(1) (19)
AG? = —399804 + 64.17T (20)

The sodium oxide generated by the decomposition of soda at high temperature
is liquid, and its content in the slag is high. The fluidity of the slag is good, it is
difficult to scrape the slag mechanically, and it erodes the refractory materials in
the hot metal tank seriously. Above 1250 °C, Na,S will be oxidized by air, and the
generated Na, O may continue to be reduced to gas sodium. Sodium vapor and carbon
monoxide burn in the air, producing a large amount of smoke, causing great damage
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to the environment, which is inconsistent with the current carbon neutralization, so
its use should be reduced.

Mg

The melting point of magnesium is low, only 650 °C, and the boiling pointis 1107 °C.
The desulfurization reaction is mainly the homogeneous reaction of molten iron. For
low-temperature molten iron, magnesium is one of the strongest desulfurizers. After
reacting with molten iron, the amount of desulfurization slag is small and the iron
loss is small [9]. Most of magnesium exists as magnesium vapor in molten iron, and
the other part of magnesium dissolves in molten iron and reacts with sulfur. The final
products of both are magnesium sulfide.

Mg(g) +[S]— MgS(s) (21

AG? = —404700 + 169.6T (22)

At 1350 °C and Py, = 0.1 MPa, apply AG® = —RT In K to calculate the sulfur
activity when the reaction reaches equilibrium as:

K, = 1/ay; = 1.46 x 10* (23)
a = 6.82 x 107 (24)
[Mg]+ [S] — MgS(s) (25)
AG® = —544767 + 212.0T (26)

According to the calculation of sulfur activity, it is very low, indicating that magne-
sium has strong desulfurization ability, and the end-point sulfur content after desulfu-
rization with magnesium is 1.6 x 107, its desulfurization capacity is far greater than
Ca0. Magnesium metal has high activity and is easily oxidized. It is flammable and
explosive. Magnesium particles can be safely transported and used only after surface
passivation treatment. After passivation treatment, a protective film is formed on the
surface of magnesium particles, which limits the activity of magnesium and enables
magnesium to smoothly participate in desulfurization reaction in molten iron. At the
same time, the price of magnesium is expensive, and the desulfurized slag after desul-
furization is thin, which brings the problem of slag removal and causes the pressure
of sulfur recovery to the converter. Therefore, when using magnesium desulfurizer,
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Table 1 Desulfurization effect of composite magnesium desulfurizer

Number | Desulfurizer composition | Primary Final Unit Desulfurization
sulfur/%S | sulfur/%S | consumption | rate/%
of Mg/(kg/t
iron)
1 100% Mg 0.0287 0.0067 0.710 77
2 50% Mg + 50% Al,O3 0.0259 0.0063 0.430 76
3 50% Mg + 50% Ca(OH); | 0.0204 0.0061 0.397 70
4 50% Mg + 40% CaO + | 0.0262 0.0046 0.556 82
10% CaF,
5 50% Mg + 50% CaO 0.0269 0.0045 0.550 83

some non-metallic magnesium mixed desulfurizer is often added. Table 1 shows the
desulfurization effect ratio of composite magnesium desulfurizer [10, 11].

It can be seen from Table 1 that the desulfurization effect of using metal magne-
sium desulfurizer alone is not the best, and the desulfurization rate of No. 4 and No. 5
metal magnesium mixed desulfurization slag is the highest. However, No. 4 contains
CaF,, which seriously erodes the ladle lining, so the use of CaO-Mg composite
desulfurizer is a more reasonable desulfurizer.

CaCz

The main component of calcium carbide powder is CaC,. Industrial CaC, is actually
used (containing about 80% of CaC,, 16% of CaO, and the rest is carbon), and the
price is relatively expensive. Its desulfurization rate can reach 90%, and the reaction
speed is fast. The reaction formula is:

CaCyr +[S]=CaS +2[C] (27)

AG® = —359245 4+ 109.5T (28)

The equilibrium constant of calcium carbide desulfurization reaction is usually
6.90 x 10°. When the reaction reaches equilibrium, the sulfur content in molten
iron can reach 4.9 x 1077. The desulfurization reaction with calcium carbide is
exothermic, which is conducive to reducing the temperature loss of molten iron. The
melting point of desulfurization product CaS is 2450 °C, so after desulfurization,
loose solid slag will be formed on the surface of molten iron to reduce the sulfur
recovery of molten iron. And the corrosion to the lining of molten iron tank is light,
which is convenient for slag removal. However, it is very easy to deliquesce and
deteriorate, and the following reactions are produced rapidly when it contacts with
water in the atmosphere:
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CaCy+ H,O =CaO + CrHy ¢ 29)

CaCy+2H,0 =Ca(OH), + C,Hy 4 30)

Acetylene (CyH») gas produced by this reaction is very explosive, so it needs to
be sealed during transportation and storage to prevent the occurrence of the above
reaction. In addition, when calcium carbide is mixed with other desulfurizers, it will
also absorb the above water and react, so calcium carbide should be mixed before
injection.

Conclusions

(1) Through thermodynamic analysis of desulfurization, it is found that hot metal
pretreatment desulfurization requires high temperature, low oxygen level, high
oxygen anion concentration and low FeO content.

(2) By analyzing and comparing the desulfurization efficiency of the three desulfur-
izers, it is concluded that mg has the highest desulfurization efficiency, followed
by CaC,, and CaO has the lowest efficiency. At the same time, it is pointed out
that CaO-Mg composite desulfurizer is an ideal desulfurizer.
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