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a b s t r a c t

The desulfurization behavior of 316L stainless steel (STS316L) melt with the CaO-SiO2-CaF2-

Al2O3-MgO slag was investigated with different CaO/SiO2 (¼C/S) ratio and CaF2 content at

1873 K. As the C/S ratio increased, the sulfide capacity increased, whereas the sulfide ca-

pacity of the high C/S (¼1.7) slag was not affected by CaF2 content. The overall mass

transfer coefficient (kO) increased with C/S ratio, but was constant above a critical C/S

value, and it was also constant across varied CaF2 content at relatively high C/S (¼1.7)

condition. Since the metal condition of the present study was constant, the change in kO

was caused by slag phase mass transfer coefficient (ks) and sulfur distribution ratio (LS),

which were affected by the physicochemical properties of the slag. Since desulfurization

reaction requires consideration of both kinetic and thermodynamic factors, the ‘log CS2� �
log h’ (where CS2� is sulfide capacity and h is viscosity), was proposed as a meaningful

physicochemical parameter. If the slag basicity is relatively high, at which the kO is

equivalent regardless of slag compositions, the desulfurization reaction is controlled by

metal phase mass transfer. However, if the slag basicity becomes lower, at which the kO

significantly decreases, the desulfurization reaction is assumed to be controlled by slag

phase mass transfer and/or mixed controlled process.

© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Due to their high corrosion resistance, stainless steel products

arewidely used across industries frommanufacturing process

to construction and transportation. However, the product

performance can be significantly affected by the steel clean-

liness, e.g., the nonmetallic inclusion number density, size

distribution, morphology and chemistry [1,2]. Since sulfur in
J.H. Park).

y Elsevier B.V. This is
).
steel hardly dissolves in austenitematrix at low temperatures,

most of it is precipitated as sulfides (Fe, Mn)S at grain

boundaries. When the sulfur concentration in the steel in-

creases, the quantity of sulfides segregating at grain bound-

aries inevitably increases, and thus the hot workability,

corrosion resistance and impact toughness of the steel are

reduced, which adversely affects the quality of the steel [3e5].

Therefore, it is essential to control the concentration of sulfur
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in molten steel, and slag chemistry is also very important

since sulfur is removed via slag-metal reaction.

The desulfurization reaction by slag proceeds by a reducing

reaction in which S in molten steel is replaced with S2� ion in

the slag through an electrochemical reaction with oxygen ion

in the slag and can be expressed as Eq. (1) [6,7].

½S� þ �O2�� ¼ ½O� þ �S2�� (1)

Typically, the CaO-SiO2-Al2O3ebased slags are used and

MgO is added to prevent excessive corrosion of the MgO(eC)

type ladle lining [8e10]. Since CaO, a representative basic

oxide, predominantly participates in desulfurization of

molten steel, the relationship between empirical basicity

index (CaO/SiO2 or CaO/Al2O3 ratio) and desulfurization effi-

ciency has been studied by many researchers [6,7,11e15].

Fincham and Richardson [6] defined the sulfide capacity (CS2� )

and plotted the relationship between the sulfide capacity and

themolar fraction of basic oxides (CaO, MgO or FeO) inmolten

slags, and drew the iso-sulfide capacity contour on the CaO-

SiO2-Al2O3 phase diagram at 1923 K. Their results indicate that

the sulfide capacity increases with CaO content. Similar re-

sults were reported by Hino et al. [13] The sulfide capacity

increased with temperature, whereas it decreased with the

increase of SiO2 content even in CaO-saturated slag.

Andersson et al. [14] calculated the sulfide capacity of the

CaO-Al2O3-8%MgO-7%SiO2 slags by using the KTH model and

concluded that the sulfide capacity as well as sulfur distribu-

tion ratio (LS) increasedwith an increase of the CaO/Al2O3 ratio

in the slag. Bronson and Pierre [11] determined the sulfide

capacity of the CaO-SiO2-CaF2 (or B2O3) slags by the encapsu-

lation method at 1773 K and concluded that the sulfide ca-

pacity increased with increasing content of CaF2, whereas it

decreased with increasing content of B2O3. In their work, CaF2
was believed to depolymerize silicate network as given in Eq.

(2) for example, resulting in an increase of free oxygen (O2�) in
the slag [11,15e17].

ðSi3O9Þ6� þ ðF�Þ¼ ðSi3O8FÞ5� þ �O2�� (2)

Susaki et al. [12] also measured the sulfide capacity of the

CaO-CaF2-SiO2 slag at 1573 K through metal-slag-gas equilib-

rium experiments and found that the sulfide capacity

increased with increasing Al2O3 content by substituting SiO2

because SiO2 was more acidic than Al2O3 in the CaO-based

slag. The structure of aluminosilicate melts with or without

CaF2 was thoroughly investigated by the present authors

[16e19].

Meanwhile, the desulfurization kinetics has been investi-

gated by several researchers [13,20e25]. In general, when the

desulfurization of molten iron is performed using highly basic

slags with high sulfide capacity, the mass transfer of sulfur in

themetal phase is known to be a rate controlling step (RCS) for

desulfurization because of the high sulfur distribution ratio as

well as the relatively fast interfacial chemical reaction at

steelmaking temperatures [20e23]. However, several re-

searchers have suggested that the slag phase mass transfer

can be the RCS for desulfurization process [24,25]. Jung and

Pak [25] conducted a desulfurization experiment of carbon-

saturated iron using the CaO-SiO2-CaF2 slag at 1623 K and

concluded that the sulfur removal reaction was controlled by
the slag phase mass transfer. They explained that as the CaO/

SiO2 ratio increased, high sulfide capacity in conjunction with

low viscosity slags were secured and the desulfurization rate

improved. The similar results were reported by Choi et al. [24]

from the desulfurization experiments of molten pig iron using

the CaO-SiO2-Al2O3-Na2O quaternary slag at 1623 K.

Alternatively, Kang et al. [26] conducted a desulfurization

experiment of (Al-killed) molten steel using the CaO-Al2O3-

SiO2-MgO-CaF2 slag at 1823 K and observed that the sulfur

distribution ratio increased with increasing CaO/SiO2 or CaO/

Al2O3 ratios of slag. It was found that when highly basic slags

having a sulfur distribution ratio of 400 ormorewere used (i.e.,

LS � 400), the metal phase mass transportation of sulfur was

found to be the RCS for sulfur removal process. However,

when the relatively less basic slagswere employed, the overall

mass transfer coefficient of sulfur significantly decreased due

to poor physicochemical properties of slag such as low sulfur

distribution ratio in conjunction with high viscosity, and thus

the transition of RCS for sulfur removal reaction occurred

frommetal phasemass transfer to slag phasemass transfer or

mixed phase controlled process.

A desulfurization experiment of (Al-killed) molten steel

was also conducted by the present authors using the CaO-

Al2O3-SiO2-MgO slag at 1823 K to compare the influence of

various fluxing materials such as fluorspar, red mud, ferro-

manganese slag and white mud [27,28]. It was proposed that

‘logCS2� � logh’ index could be a good parameter to evaluate the

combinatorial effect of the physicochemical properties of slag

on the desulfurization rate.

Although the desulfurization behavior of hot metal and

carbon steel using various slags has been investigated by

many researchers, there are few studies on the desulfuriza-

tion kinetics of Si-killed stainless steel melts. Yan et al. [29]

conducted desulfurization experiments of austenitic stainless

steel using CaO-Al2O3ebased slags from 1873 to 1923 K. They

observed that the sulfur distribution ratio and average S

removal rate increased with the CaO/Al2O3 ratio and devel-

oped a desulfurization kinetic model based on the two film

theory. Nevertheless, it is hard to find the fundamental

studies regarding the effect of slag composition on the

desulfurization kinetics of Si-killed stainless steel melts, even

though there are bunch of studies on the cleanliness and in-

clusion engineering in stainless steels [1,2,30e33].

Therefore, in the present study, a desulfurization experi-

ment of Si-killed stainless steel (STS 316L grade) melt using

CaO-SiO2ebased slags (i.e., CaO-SiO2-CaF2-5%Al2O3-5%MgO)

was performed. In order to consider thermodynamic and

thermophysical properties of slag, the CaO/SiO2 ratio and CaF2
content were set as experimental variables, respectively.

Thereafter, the influence of the physicochemical properties

according to the slag composition on the desulfurization ef-

ficiency of STS 316L melt was investigated.

2. Experimental procedure

The experimental apparatus used to study desulfurization

behavior of stainless steel melt are shown in Fig. 1. To remove

impurities from the quartz reaction chamber, a rotary vane

pump was used. The chamber was then filled with a high-
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Fig. 1 e Schematic diagram of the experimental apparatus.
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purity Are3%H2 gasmixture, using amass flow controller. The

STS 316L (Fee16Cr e12Nie2Moe0.3Sie0.5Mne0.03S, wt%,

600 g) was loaded in a fused magnesia crucible (outer diam-

eter, OD: 60 mm, inner diameter, ID: 50 mm, and height, HT:

120 mm) for induction heating with a graphite heater (OD:

80 mm, ID: 65 mm, and HT: 120 mm), which was surrounded

by an insulating material. Impurities in the gas mixture were

removed by purification through Drierite (W.A. Hammond

Drierite Co. Ltd., Xenia, OH), soda lime, silica gel (medium

granular, 5e10 mesh), and Mg turnings at 723 K.

The experimental temperature was 1873 K, whichwas kept

to within ±2 K using a B-type (Pte30%Rh/Pte6%Rh) thermo-

couple and a proportional integral differential controller. After

the temperature stabilized, the pre-fused slag was added onto

the surface of the molten steel through the quartz tube under

an Are3%H2 gas atmosphere. The synthetic slag was prepared

by melting reagent-grade CaO, SiO2, CaF2, Al2O3, and MgO in a

vertical resistance tube furnace in purified Ar atmosphere.

CaO was prepared by calcination of CaCO3 in air at 1273 K for
Table 1 e Compositions of slag used in the present study (wt%

Slag conditions CaO SiO2

Fixed CaF2 (¼10wt%) C/S ¼ 1.0 40 40

C/S ¼ 1.3 48 32

C/S ¼ 1.7 50 30

C/S ¼ 2.3 56 24

Fixed C/(S þ A) ratio (¼1.5) 15 CaF2 47 28

20 CaF2 44 26

25 CaF2 41 24

30 CaF2 38 22
12 h. In order to understand the effect of basicity on the

desulfurization efficiency, CaO/SiO2 (¼ 1.0 to 2.3) ratio was

considered to be an experimental variable. Also, the content of

CaF2 (¼ 10 to 30 wt%) was examined to confirm the effect of

slag fluidity on desulfurization kinetics. The compositions of

the slags are listed in Table 1 and shown in the CaO-SiO2-CaF2-

5%Al2O3-5%MgO pseudo-ternary phase diagram calculated

using FactSage™ software (ver. 7.3) as shown in Fig. 2.

Suction sampling to obtain steel samples and water

quenching were conducted with a quartz tube (ID: 4 mm), and

slagsampleswereobtainedusingasteel rodcombinedwithnuts

during the metaleslag reaction at 1873 K. Samples were

collected at several times (0, 5, 10, 30, and 60 min). After the ex-

perimentswerefinished, thesulfurcontentof themetal andslag

sampleswereobtainedusingacombustionanalyzer (ELTRA,CS-

800). The compositions of the steel and slag samples were

determined bymeans of X-ray fluorescence spectroscopy (XRF;

ZSX Primus IV, Rigaku) and inductively coupled plasma atomic

emission spectrometry (ICP-AES; Spectro Arcos).
) and solid fraction.

Al2O3 MgO CaF2 Mass fraction (Solid phase)

5 5 10 e

5 5 10 e

5 5 10 0.08 (Ca2SiO4)

5 5 10 0.02 (Monoxide)

5 5 15 e

5 5 20 e

5 5 25 e

5 5 30 e
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Fig. 2 e Experimental composition of the mixed slag used in the current study with iso-activity of CaO, as represented in the

CaO-SiO2-CaF2-5%Al2O3-5%MgO phase diagram at 1873 K, calculated using FactSage™ 7.3 software.
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3. Results and discussion

3.1. Thermodynamics of the effect of CaO/SiO2 ratio and
CaF2 content on desulfurization efficiency of STS316L melt

The desulfurization ratio, i.e., ½wt%S�t¼t=½wt%S�t¼0, in the

molten steel was determined as a function of reaction time for

various slag conditions such as CaO/SiO2 (¼C/S) ratio

(Fig. 3(a)), and CaF2 content (Fig. 3(b)). In most cases, a large

amount of sulfur was removed within 15 min, and the sulfur

concentration remaining in the molten steel after the 60 min

experiment was low, approx. 14 (±4) ppm as listed in Table 2.

However, the initial sulfur removal rate of the low basicity

conditions (C/S � 1.3) was relatively low compared to the rate
Fig. 3 e Desulfurization ratio as a function of reaction time for d

1873 K.
of the other conditions and the concentration of sulfur

remaining in the molten steel after the 60 min was relatively

high, i.e., about 40e90 ppm as listed in Table 2.

The sulfur distribution ratio (¼ LS ¼ ðwt%SÞslag=½wt%S�metal)

between STS 316L and slag melts at 1873 K are represented in

Fig. 4. The LS value sharply increases with increasing C/S ratio

greater than 1.7, whereas it is not affected by the content of

CaF2 at C/S ¼ 1.7 condition. The similar tendencies are also

available in the literature [26e28]. In the present study, the

high basicity slags are composed of multiphase system (Table

1), i.e., liquid þ solid (8 wt% Ca2SiO4 for C/S ¼ 1.7 or 2 wt% (Ca,

Mg)Omonoxide for C/S ¼ 2.3), calculated using the FactSage™

(ver. 7.3) with FToxid database, which is a commercial ther-

mochemical computing software widely used to predict the

solid-liquid-gas multiphase reaction equilibria in ferrous- and
ifferent (a) CaO/SiO2 ratio and (b) CaF2 content in the slag at

https://doi.org/10.1016/j.jmrt.2022.03.048
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Table 2 e Sulfur content in steel (0, 5, 10, 30 and 60 min) and slag (60 min), and sulfur distribution ratio at 60 min.

Slag conditions [%S]0 [%S]5 [%S]10 [%S]30 [%S]60 (%S)60 LS

Fixed CaF2 (¼10wt%) C/S ¼ 1.0 0.0290 0.0245 0.0200 0.0110 0.0090 0.196 20 (±2)
C/S ¼ 1.3 0.0270 0.0220 0.0150 0.0040 0.0040 0.269 65 (±6)
C/S ¼ 1.7 0.0290 0.0080 0.0040 0.0020 0.0020 0.399 210 (±15)
C/S ¼ 2.3 0.0280 0.0050 0.0020 0.0006 0.0006 0.412 710 (±42)

Fixed C/(S þ A) ratio (¼1.5) 15 CaF2 0.0280 0.0060 0.0030 0.0020 0.0015 0.343 230 (±27)
20 CaF2 0.0290 0.0055 0.0025 0.0010 0.0010 0.334 290 (±44)
25 CaF2 0.0285 0.0040 0.0020 0.0020 0.0020 0.330 170 (±24)
30 CaF2 0.0295 0.0040 0.0030 0.0015 0.0015 0.309 210 (±21)
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non-ferrous metallurgical processes [7e10,26e28,33e37]. In a

previous study [38], it was concluded that the desulfurization

rate by solid phase (CaO, etc.) was too sluggish to be compared

to the desulfurization rate by liquid slag. Therefore, the con-

centration of sulfur in solely liquid slag was deduced by

dividing sulfur content in bulk (solidþ liquid) slag by themass

fraction of liquid phase, i.e., 0.92 for C/S ¼ 1.7 and 0.98 for C/

S ¼ 2.3 system.

To quantitatively express the thermodynamic properties of

liquid slag, the sulfide capacity of the solely liquid slag (not the

bulk slag) was calculated using FactSage™ 7.3 software and is

shown in Fig. 5, which includes the experimental data from a

previous study for comparison [26]. The sulfide capacity (CS2� )

has been used to quantitatively represent the sulfur absorp-

tion ability of slag as a function of composition and temper-

ature from a thermodynamic point of view since Fincham and

Richardson originally defined it as given in Eqs. (3) and (4)

[6,7,11e15,26e28,39e41].

1
2
S2ðgÞþ

�
O2�� ¼ �S2��þ 1

2
O2ðgÞ (3)

CS2� ¼
Kð3Þ,aO2�

fS2�
¼ �wt%S2��, ffiffiffiffiffiffiffi

pO2

pS2

r
(4)

where Kð3Þ is the gaseslag equilibrium reaction constant of Eq.

(3), aO2� is the activity of O2� ion in the slag (i.e., the basicity of

the slag), fS2� is the activity coefficient of sulfide ion in the slag

(i.e., the stability of sulfide in the slag), and pi is the partial

pressure of the gaseous species i. Thus, the sulfide capacity is

a characteristic function of basicity and sulfide ion stability in

the slag at a given temperature. In the present study, the
Fig. 4 e Sulfur distribution ratio as a function of (a) CaO/
oxygen partial pressure (pO2 ¼ 10�14 atm) and sulfur partial

pressure (pS2 ¼ 10�10 atm) were fixed by converting the equi-

librium sulfur and oxygen contents in the 316L stainless steel

melts from the following thermodynamic data and Wagner

formalism, Eq. (7), using interaction parameters listed in Table

3 [42].

1
2
O2ðgÞ¼ ½O�wt% DGo ¼ � 117;150� 2:9 TðJ =molÞ (5)

1
2
S2ðgÞ¼ ½S�wt% DGo ¼ � 135;100þ 23:4 TðJ =molÞ (6)

log ai¼O;S ¼ log fi¼O;S þ log½wt% i� ¼
X

eji¼O;S½wt% j� þ log½wt% i�
(7a)

where ai, fi, and eji represent the Henrian activity and activity

coefficient of component ið¼ O; SÞ with reference to 1 wt%

standard state, and the interaction coefficient between i and j

atoms.

In Fig. 5(a), as C/(S þ A) ratio increases, the sulfide capacity

increases, and previous study data also exhibit the same

tendency, whereas the sulfide capacity of slags which have

fixed C/(A þ S) ratio (¼1.5) does not vary according to the in-

crease of the CaF2 content as shown in Fig. 5(b). Therefore,

although 30 wt% CaF2 was added, since the sulfide capacity

(i.e., a driving force of sulfur removal) is constant, the effect of

the addition of CaF2 on the desulfurization efficiency was

considered insignificant in view of thermodynamics.

Additionally, despite the similar C/(S þ A) ratio, the sulfide

capacity of the slag in the previous study (Kang et al. [26]) is
SiO2 ratio and (b) CaF2 content in the slag at 1873 K.

https://doi.org/10.1016/j.jmrt.2022.03.048
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Fig. 5 e Sulfide capacity of the liquid slag as a function of (a) CaO/(SiO2þAl2O3) ratio and (b) CaF2 content within the slag at

1873 K.

Table 3 e Interaction coefficients eji used in the present
calculations [42].

eji (j/) Cr Ni Si Mn O S

i ¼ O �0.037 0.006 �0.14 �0.03 e �0.13

i ¼ S 0.011 e 0.063 �0.026 �0.27 �0.028
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higher than that of the present study. The slag in the present

study is calcium silicateebased melts containing 5 wt% Al2O3,

while the slag of the previous study (Kang et al. [26]) is calcium

aluminateebased melts containing 8 wt% SiO2. Because it is

well known that SiO2 is more acidic than Al2O3, the sulfide

capacity of the slags in the present study is lower than that of

the slags in previous work at a fixed C/(S þ A) ratio in Fig. 5.

Combining Eqs. (1) and (3)e(6), the following relationship

can be deduced:

CS2� ¼
K½1�,aO2�

fS2�
¼
�
%S2��
½%S� ,

aO

fS
¼ LS,

aO

fS
(7b)

Therefore, the sulfide capacity and sulfur distribution ratio

are expected to have a linear correlation to the activity of CaO

with a slope of unity on a logarithmic scale assuming that i)

the activity of CaO is in proportion to the activity of O2� ion in

the slag; and ii) the activity coefficient of sulfide in the slag is

not seriously affected by slag composition under dilute con-

dition at a fixed temperature. The sulfide capacity and S dis-

tribution ratio according to the activity of CaO is shown in

Fig. 6, wherein the logCs2� and logaCaO has a linear relationship

with a slope of 1.10 (r2 ¼ 0.96) and the same relationship with a

slope of 0.93 (r2 ¼ 0.95) is confirmed between logLs and logaCaO.

From the results shown in Fig. 6, it can be concluded that the

desulfurization reaction at the slag-metal interface is in good

consistency in view of thermodynamics.

The iso activity lines of CaO at 1873 K, which was calcu-

lated using FactSage™ 7.3 software, are shown in Fig. 2. As the

C/S ratio increases, aCaO increases, causing an increase in the

sulfide capacity and S distribution ratio. However, since aCaO
remains the same level evenwith increasing CaF2 content, it is

considered that this results in the constant Cs2� and Ls values

as shown in Figs. 4 and 5.

3.1. Effect of CaO/SiO2 ratio and CaF2 content on
desulfurization kinetics of STS316L melt

The overall desulfurization flux equation is given in Eqs. (8)

and (9) [22e28,43].
J¼ kO

 
Cb
m �Cb

s

LS

!
(8)

kO ¼ 1
1
km

þ rm
rsksLs

(9)

where, J, Cb, LS , r, and kO respectively represent themolar flux

of S (mol,m�2,s�1), the molar concentration of S in the bulk

phase (mol,m�3), the S distribution ratio, the density

(kg,m�3), and the overall mass transfer coefficient (m,s�1).

Subscripts m and s respectively refer to the metal and slag

phase. Here, km and ks were obtained from the experimental

data using Eqs. (10) and (11) [22e28,43].

�
�
Wm

rmA

��½%S�o � ½%S�eq
½%S�o

�
In

 
½%S�t � ½%S�eq
½%S�o � ½%S�eq

!
¼kmt (10)

�
�
Ws

rsA

��½%S�eq
½%S�o

�
In

 
½%S�t � ½%S�eq
½%S�o � ½%S�eq

!
¼kst (11)

whereW,A, ½%S�, and t, respectively, represent theweight (kg),

reaction area (m2), S concentration (wt%) and reaction time (s).

Subscripts o and eq represent initial (t ¼ 0) and equilibrium

(t ¼ teq) conditions, respectively. In the present study, sulfur in

molten steel was rapidly removed within the first 10 min, and

the same level of sulfur was observed from 30 to 60 min.

Therefore, the equilibrium concentration of sulfur, ½%S�eq in

molten steel was taken as an average value of the sulfur

concentration measured at 30 min and 60 min. The S con-

centration in metal and slag, and the S distribution ratio at

60 min are listed in Table 2 and the overall mass transfer

https://doi.org/10.1016/j.jmrt.2022.03.048
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Fig. 6 e Sulfide capacity of the liquid slag and S distribution ratio versus activity of CaO at 1873 K.
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coefficients obtained from the experimental data and Eqs.

(9)e(11) are shown in Fig. 7.

In Fig. 7(a), the overall mass transfer coefficient kO in-

creases with increasing C/(S þ A) ratio up to a specific level,

i.e., C/(S þ A) ¼ 1.5 for CaO-SiO2ebased slags from present

study, and C/(S þ A) ¼ 1.2 for CaOeAl2O3ebased slags from

previous work by Kang et al. [26] After achieving the specific

level, a plateau (approx. logkO ¼ � 4) was observed. The

similar trend is also observed in Fig. 7(b), i.e., the overall mass

transfer coefficient is nearly constant although CaF2 content

increases from about 5 to 30 wt% at a fixed C/(S þ A) ratio

(¼1.5) irrespective of slag systems.

From Eq. (9), kO depends on km and ksLS, where km is

approximated as Dm=d (Dm is diffusion coefficient of sulfur in

molten steel, and d is diffusional boundary layer thickness)

froma film theory and is affected by kinetic factors such as the

viscosity of steelmelt [25,44]. In the present study, because the

steel conditions (such as composition, inductive stirring,

temperature, etc.) were fixed, km was assumed to be constant.
Fig. 7 e Overall mass transfer coefficient as a function of (a) CaO/
Hence, a constant value of kO indicates that km is more

dominant factor than ksLS in Eq. (9), and the mass transfer of

sulfur in metal phase is closer to the desulfurization rate

controlling step (RCS). However, a decrease in kO value at C/

(S þ A) < 1.5 for CaO-SiO2ebased slags (or < 1.2 for CaO-Al2-
O3ebased slags) indicates that the sulfur removal reaction is

mainly controlled by slag phase mass transfer and/or metal-

slag mixed transportation process, which are strongly influ-

enced by the physicochemical properties of the slag such as

viscosity, capacity, etc.

As mentioned above, the specific (or critical) level of C/

(S þ A) ratio, at which the transition of the RCS of sulfur

removal process occurs, is different in CaO-SiO2ebased slags

and in CaO-Al2O3ebased slags in Fig. 7(a). Since SiO2 is more

acidic and network-forming oxide compared to Al2O3, the

difference in critical level of C/(S þ A) ratio in different slags

originates from the changes in physicochemical properties of

the slags. The more quantitative analysis will be given as

follows. Herein the kinetic and the thermodynamic properties
(SiO2þAl2O3) ratio and (b) CaF2 content of the slag at 1873 K.

https://doi.org/10.1016/j.jmrt.2022.03.048
https://doi.org/10.1016/j.jmrt.2022.03.048


Table 4 e Viscosity of slags (dPa,s) at 1873 K.

Slag conditions Viscosity of pure
liquid slag, h0

Volume fraction
of Solid, f

Apparent viscosity
of slag, h

Fixed CaF2 (¼10wt%) C/S ¼ 1.0 0.94 e 0.94

C/S ¼ 1.3 0.63 e 0.63

C/S ¼ 1.7 0.56 0.092 0.84

C/S ¼ 2.3 0.48 0.034 0.53

Fixed C/(S þ A) ratio (¼1.5) 15 CaF2 0.48 e 0.48

20 CaF2 0.40 e 0.40

25 CaF2 0.34 e 0.34

30 CaF2 0.28 e 0.28
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are considered to understand the effect of the physicochem-

ical properties of slag upon the desulfurization mechanism.

The viscosity of liquid slag was calculated using FactSage™

7.3 software to account for the kinetic factor affecting the

desulfurization rate and is shown in Table 4. However,

because some slags contain solid phase, the apparent vis-

cosity was calculated using the Einstein-Roscoe equation (Eq.

(12)), which reflects the effect of solid particle (CaO, Ca2SiO4)

fractions on slag viscosity [26e28,45e47].

h¼ h0

ð1� afÞn (12)

where h is the apparent viscosity of multiphase (solidþ liquid)

slag (dPa,s, poise), h0 is the viscosity of pure liquid (dPa,s,

poise), f is the volume fraction of solid, and a and n are con-

stants. Here, the volume fraction of solid was calculated from

the following method: i) Calculate the equilibrium mass

fraction of each phase of the mixed slag at the experimental

temperature using FactSage software; ii) The density of liquid

slag, solid CaO, MgO, and Ca2SiO4 was assumed to be 2.65 g/

cm3, 3.34 g/cm3, 3.58 g/cm3, and 2.90 g/cm3, respectively

[25,48]; iii) Calculate the volume fraction of solid monoxide

(Ca,Mg)O phase (mainly CaO). In Eq. (14), it was assumed that

the spherically shaped solid particles were uniformly

dispersed, from which a ¼ 1:35 and n ¼ 2:5 could be taken

[26e28,45e50]. The apparent viscosity values calculated from

Eq. (12) are listed in Table 4 and Fig. 8.

The viscosity of the presentCaO-SiO2ebased slag decreases

with increasingC/(SþA) ratioanddata fromthepreviousstudy

for CaO-Al2O3ebased slag also exhibit the same tendency,
Fig. 8 e Apparent viscosity of the slag as a function of (a) CaO/(S
while the viscosity of the former is slightly higher than that of

the latter because of the higher content of SiO2 in the present

slagsystem.Also,as theCaF2 content increases, theviscosityof

the slagcontinuouslydecreasesdue to thedepolymerizationof

aluminosilicate network structure [16e19]. Comparing the re-

sults in Figs. 7(b) and 8(b), it is therefore concluded that CaF2
addition in the slag of which C/(Sþ A)¼ 1.5 does not affect the

desulfurization rate controlling step, i.e., metal phase mass

transfer. Consequently, the addition of fluorspar at C/

(SþA)¼ 1.5 condition does not helpful to desulfurization rate,

whereas the refractory degradation can be occurred, resulting

in an increase of operational cost as well as an environmental

problem due to fluorine emission [8e10].

The overall mass transfer coefficient (kO) according to the

sulfide capacity of slag (CS2� ) is shown in Fig. 9(a). Data from

previous work are also added for comparison [26]. If the sulfide

capacity is above a certain value (i.e., log CS2� > � 2:8), the kO is

almost equivalent, i.e., logkO ¼ � 4:0ð±0:2Þ. However, when

log CS2� is lowerthan �2:8, thekO tendstodecreaseas thesulfide

capacity decreases. The kO values according to the apparent

viscosity of the slags are shown in Fig. 9(b). Inmost cases, the kO
is equivalent, whereas kO decreases as the viscosity increases

greater than a critical value, approx. 0.7 dPa,s (poise).

Meanwhile, the slag phase mass transfer coefficient ks can

be expressed as the following Eq. (13) [21e23,43]:

ks ¼D
d

(13)

where D and d respectively represent the diffusion coefficient

(m2,s�1) and diffusion boundary layer (m). Here, the diffusion
iO2þAl2O3) ratio and (b) CaF2 content of the slag at 1873 K.
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Fig. 9 e Overall mass transfer coefficient as a function of (a) sulfide capacity of the liquid slag and (b) apparent viscosity of the

slag at 1873 K.

Fig. 10 e Overall mass transfer coefficient as a function of

logCS2� � log h value at 1873 K.
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coefficient of sulfurD can be expressed as follows according to

the Stokes-Einstein equation (14) [51].

D¼ kBT
6phr

(14)

where kB is Boltzmann's constant (1.38 � 10�23 J,K�1), T is

temperature (K), h is the viscosity of slag (dPa,s), and r is the

radius of the spherical particle (m). From Eq. (14), diffusion

coefficient of sulfur D is inversely proportional to slag vis-

cosity at a given temperature, which means that the slag

phase mass transfer coefficient ks are also inversely affected

by slag viscosity from Eqs. (13) and (14).

Since the desulfurization process of molten steel has to be

considered from both thermodynamic (sulfide capacity) and

kinetic (viscosity) factors, the overall mass transfer coefficient

can be expressed as a function of ‘logCS2� � log h’ as shown in

Fig. 10. The calculated literature values are shown for the sake

of comparison [26]. The overall mass transfer coefficient (kO)

increases with the logCS2� � log h value. However, above a

critical value, the kO is constant.
In the current study, because the km is constant, the change

of kO is caused by kS and LS. Therefore, the decrease of kO when

the logCS2� � log h value is less than a critical value due to lower

slag basicity represents that the poor physicochemical prop-

erties (high viscosity and low sulfide capacity) of the slag

negatively affect the desulfurization rate, and the transition of

the RCS of the desulfurization reaction from the metal phase

mass transfer of sulfur to the slag phase mass transfer or

metal-slag mixed mass transfer. However, when the logCS2� �
log h value is greater than a critical value due to higher slag

basicity, because the physicochemical properties of slag are

satisfactory enough to promote the mass transfer of sulfur in

slag phase, the desulfurization reaction is mainly controlled

by the mass transfer of sulfur in metal phase.
4. Conclusions

In the present study, desulfurization behavior of Si-killed 316L

stainless steel melt with the CaO-SiO2-CaF2-Al2O3-MgO slag

with different CaO/SiO2 (¼C/S) ratio and CaF2 content at 1873 K

was investigated. As the C/S ratio increased from 1.0 to 2.3

(equivalent to C/(S þ A) ratio from 0.9 to 1.9), the sulfide ca-

pacity and S distribution ratio drastically increased. However,

the sulfide capacity and S distribution ratio were not varied

irrespective of CaF2 content at a fixed C/(S þ A)¼ 1.5 ratio. The

activity of CaO and sulfide capacity or S distribution ratio

exhibited a good linear relationship on a logarithmic scale

with a theoretical slope of unity, indicating that the activity of

CaO could be a good basicity index. In particular, the constant

sulfide capacity with CaF2 content was originated from the

constant activity of CaO as a function of CaF2 content.

The overall mass transfer coefficient (kO) increased with C/

S ratio but was constant above a certain C/S ratio. The kO was

also constant with variable CaF2 content. The change in kO
was caused by ks and/or LS variation, which was affected by

the physicochemical properties of the slag. The rate control-

ling step (RCS) for sulfur removal reaction via high basicity

(and CaF2-containing) slags was confirmed to be metal phase

https://doi.org/10.1016/j.jmrt.2022.03.048
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mass transfer, while the sulfur removal through low basicity

slagswas controlled by slag phasemass transfer and/ormixed

phase mass transportation.
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