
ORIGINAL RESEARCH ARTICLE

Insights into Interfacial Structure of Slag–Metal
Interface During Desulfurization Through XPS
and DFT Simulations

XIAOBO HE and LIJUN WANG

Ultra-low sulfur steel has excellent resistance to pitting and hydrogen-induced cracking, and is
mainly used for gas pipeline steel, drilling steel and steel for structural parts of offshore
platforms. This study reveals the limiting aspects of desulfurization at slag–metal interface from
the perspective of experimental and theoretical calculations. Based on XPS results, the
quantitative analysis shows that the relative contents of Si and O are decreasing and that of Ca,
Mn and S are increasing as the etching depth increases at the slag–metal interface. Mn exists
mainly as a divalent (Mn2+), S exists as a negative divalent (S2�), and Fe exists as a Fe–O and
Fe–S at the same time. Under the conditions in this study, the analysis shows that the slag–metal
interface is mainly composed of bridged oxygen (BO) and non-bridged oxygen (NBO), and the
content of BO gradually decreases and that of NBO gradually increases as the depth deepens.
With increasing basicity, the interfacial bridged oxygen gradually decreases and the NBO
gradually increases. The increase in basicity leads to faster diffusion of sulfur and therefore to a
decrease in Fe–S at the interface. Based on the experiment and simulation results, in this system,
two main exchange reactions occur at the slag–metal interface, one is the exchange reaction
between Fe and Mn/Si, and the other is the exchange of sulfur with oxygen. Afterwards, the
Sulfur enters the slag and forms stable sulfides with Ca/Mn at the interface.
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I. INTRODUCTION

SOCIO-ECONOMIC development has put forward
higher standards for the performance of steel and
high-grade pipeline steels, offshore platform steels,
pressure vessel steels, high-quality electrical steels and
bearing steels have extremely high requirements for
sulfur content.[1] Understanding the desulfurization
mechanism and dynamics of the interaction between
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metal and slag phases in high-temperature processes can
help improve desulfurization efficiency and product
quality.[2,3] During the whole process sulfur first
migrates from the metal phase to the slag–metal
interface, followed by an interfacial chemical reaction,
and finally migrates from the interface to the slag, and
the actual industrial process even involves reactions at
the gas interface and gas-phase mass transfer of the
species involved.[4] The dissolution and removal of
sulfur mainly occur at the slag–metal interface, and
the interface is in dynamic change, so the distribution
and migration of sulfur at the interface is the focus and
difficulty of the interface research.

According to the exchange reaction equation for
sulfur proposed by Richardson,[5] desulfurization is
closely related to the oxygen structural unit in the slag
at the interface. Previous studies[6] have shown that the
slag consists of three different types of oxygen [free
oxygen, non-bridged oxygen (NBO) and bridged oxygen
(BO)] and the ratio of the three affects the desulfuriza-
tion. Park et al.[7] gave a linear relationship between the
sulfide capacity and O2�. Wang et al.[8] indicated that
there is a linear relationship between sulfur capacity and
average oxygen in Cr-containing slags, not only free
oxygen, indicating that the magnitude of sulfur capacity
is closely related to the slag structure and the form of
oxygen in the slag. Kang[9] showed that sulfur displaces
three different types of oxygen in the slag by thermo-
dynamic analysis, but the type and order of substitution
were not investigated. Our group recently resolved the
structural characteristics and charge distribution infor-
mation of the simple binary silicates system based on
first principles of molecular dynamics (AIMD),[10,11]

elucidating the different replacement order of oxygen in
the desulfurization process, and laid a reliable founda-
tion for the later in-depth understanding of the existence
and migration forms of sulfur in different systems and
the explanations of desulfurization.

Despite the extreme importance of structural infor-
mation, the interfacial phenomena and their structure
are still not well understood due to the complexity of the
slag interface, the high temperature and the various
chemical compositions involved in the process, which
explains the difficulty in performing proper experiments
and clarifying these phenomena. Furthermore, the
nature and exact mechanisms by which the interfacial
structure controls the reactions of these processes are
complex and not yet understood. At present, the
researches on interfacial phenomena mainly focus on
the surface/Interfacial tension of slag, slag–metal inter-
facial tension. The great efforts have been made by
researchers[12–15] on measuring surface tension by digital
image processing analysis based on the droplet shape
and X-ray method. In addition, Coley[16,17] and Toshi-
hiro Tanaka[18,19] studied the dynamics of interfacial
phenomena and the interfacial oxygen potential based
on kinetic data. However, the above studies have rarely
examined the essential structure of the interface.
Recently, our group has developed a novel method to
study the gas-slag interfacial structure,[20,21] presenting
the interface structure and element distribution. It
provides a very useful tool for insight into the

slag–metal interface. Meantime, advances in computa-
tional methods offer the possibility to simulate and
predict slag structure and interfacial interactions.[22–25]

In present study, X-ray photoelectron spectroscopy
was used to resolve and characterize the slag–metal
interface structure of slag. The main objective of this
work is to gain a deeper understanding of the interaction
between slag and metal phases, with emphasis on the
interfacial slag structure and the variation of elemental
distribution with depth. Simulation studies of slag–me-
tal interface interactions and elemental valence distri-
butions using the AIMD method have also been carried
out to lay the foundation for efficient desulfurization
and slag system design.

II. METHODS

A. Experimental Methods

The samples of slag and metal in the experiment were
prepared from CaO, SiO2, MnO, Al2O3, iron powder,
and distilled sulfur powder. All materials are reagent-
grade samples produced by Sinopharm Corporation.
CaO was obtained by sintering CaCO3 at 1000 �C for
8 hours, and all other samples were dried in an oven to
remove moisture. Table I listed the initial composition
of slag and metal. S-A,S-B,S-C represent three different
basicity slags. Mix the iron powder and sulfur powder in
the agate mortar for half an hour according to the ratio
in Table I, and then put them into the bottom of the
alumina crucible. For the slag sample, the four oxides
were mixed in the agate mortar in the proportions
shown in Table I and then pressed into a cylindrical
sample in the crucible.
The experimental equipment (Vertical furnaces pro-

duced by Henan Bleimant, China) and sample arrange-
ment have been shown in Figure 1. Firstly, the crucible
is placed in the bottom of the furnace tube and heated
up to 1000 �C with a heating rate of 5 �C/min and then
to the target temperature of 1600 �C with a heating rate
of 3 �C/min. The whole process is protected by the flow
rate of 400 mL/min argon gas. After that, the sample
was held at 1600 �C for 30 minutes. After the experi-
ment is completed, the crucible is quickly removed and
quenched in water. Finally, the slag and Fe–S melt are
separated for testing. The photo of the slag–metal
separation is shown in Figure 1, the metal liquid will
agglomerate into a sphere, so the slag–metal interface is
arc-shaped, take a small piece of this region directly for
X-ray photoelectron spectroscopy test, so as to get the
information of the interface. The above steps were
repeated for samples of different basicity.
The physical phases of the samples were detected by

an X-ray diffractometer (the Dutch brand PANalytical
X ’Pert). The bulk structure was subjected to Raman
testing (HORIBA Scientific LabRAM HR Evolution)
and XRF (PANalytical Axios). The high-resolution
spectra of Fe, Mn, O and S elements at the slag–metal
interface were detected using X-ray photoelectron spec-
troscopy (Thermo Fisher ESCALAB 250Xi). The XPS
device used is an X-ray source with an aluminum target
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and a spot size of 500 lm. For the tests at different
depths, the argon-ion etching technique was used to etch
six times, with each etching lasting 60 seconds for a total
of 360 seconds.

During the XPS analysis, the peaks of all elements
were calibrated with peaks in the C1s (284.8 eV) orbit.
Since the outer surface of the sample may be contam-
inated between the experiment and XPS detection, the
data is processed with the analysis after 60 seconds.
AVANTAGE software was used for split peak fitting of
different elements and quantitative analysis of the full
spectrum. All the details of the analysis are mentioned in
the previous literature.[21]

B. Computational Simulation Methods

In current work, the first-principle calculation was
performed in the framework of density functional theory
(DFT) via Vienna ab-initio simulation package (VASP)
code.[26,27] All calculations use projector augmented
wave (PAW)[28] datasets supplied in the VASP-PAW
package and the Perdew–Burke –Ernzerhof (PBE)[29]

exchange–correlation functional. All simulations were
performed in a canonical ensemble (NVT: constant
number of particles, volume, and temperature), with
temperature controlled by a Nosé thermostat.

Due to the fact that metal oxidation and desulfuriza-
tion mainly occur at the slag–metal interface, while
previous studies[21] have shown that Ca is not an
interfacially active element, on the other hand, due to
the limitations of first principles calculations and the
lack of computing power, this study only simulates the
desulfurization process of the Mn–Si–O containing
system and the slag–metal interface. The initial structure

of MnSiO3 was reported in the literature.[30] The lattice
parameters of the solid MnSiO3 are a = 9.79 Å,
b = 10.51 Å, c = 12.23 Å, a � 108.5 deg, b � 103.2
deg, and c � 82.3 deg. Due to the need for interface
modelling, MnSiO3 is sectioned to give three termina-
tion layers, as O-termination layer, Mn-termination
layer and Si-termination layer. Structural optimization
of the three termination layers reveals that the O
termination layer has the lowest energy, followed by
the Mn-termination layer and the Si-termination layer,
as shown in Figure 2(a). Therefore, for the calculation
of the slag–metal interface, this study focuses on the
O-termination layer.
For the slag–metal interface, the four sulfur atoms of

the interface are replaced and the two different termi-
nation surfaces are shown in Figure 2(b). The start
structure is a cubic cell of 116 atoms, including 41 Fe
atoms, 20 Mn atoms, 10 Si atoms, 41 O atoms and 4 S
atoms. Firstly, the system was heated to 1873 K, after
which it was held at 1873 K for 5 ps with a timestep of
1.0 fs. And the last 5.0 ps was employed to extract the
required properties. For charge analysis, perform charge
calculation after melting the calculation result. Then the
Bader charge analysis method was utilized to clarify the
valence situation of the slag melt. Bader analysis result is
obtained from charge density generated by first-princi-
ples DFT calculations. Charge calculation analysis using
the VASPKIT[31] and VESTA.[32]

III. RESULTS AND DISCUSSIONS

A. Elemental Distribution and Present State of Sulfur
and Metal Cations at the Slag–Metal Interface

Sulfur removal is mainly accomplished through
exchange reactions at the slag–metal interface. It is
interested to figure out how the different elements are
distributed in the slag side when interacting with Fe–0.5
wt pct S melt. This section discusses the interfacial
element distribution using a slag system with a basicity
of 0.5 as an example. Firstly, the slag-A has confirmed
the glass state by XRD analysis, as shown in Fig-
ure 3(a). The full XPS spectrum of various elements
present in Figure 3(b), Sulfur has been detected in slag
phase, which means the S has transferred through
slag–metal interface. Figure 3(c) shows the quantitative
results of the elements of Ca, Si, Al and O, except for
Mn, S and Fe due to their low content in slag phase. As
can be seen from Figure 3(c), with the increase of
etching depth, the content of Ca keeps increasing, the
content of Si keeps decreasing, and the relatively steady
state is reached after 180 seconds. While the relative
content of oxygen is constantly decreasing, the content
of Al remains unchanged. At the same time, the
composition of the bulk slag after the experiment is
shown in Table II. The results show that part of the
Al2O3 dissolved into the slag partly due to the presence
of the alumina crucible. The comparison revealed some
differences between the XPS interfacial quantification
results and the bulk results obtained by XRF, which is
since XPS is a semi-quantitative method whose main

Table I. The Initial Composition of Slag and Metal (Wt Pct)

CaO SiO2 MnO Al2O3 Fe S B

Slag-A(S-A) 28.33 56.67 5 10 — — 0.5
Slag-B(S-B) 37.78 47.22 5 10 — — 0.8
Slag-C(S-C) 46.36 38.64 5 10 — — 1.2
Metal — — — — 99.5 0.5 —

Fig. 1—Experimental equipment diagram.
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purpose is to analyze elemental valence and oxygen
structure, on the other hand, since Al is not an
interfacially active element, it is less present in the
XPS quantification. However, in this study, the focus is
on the elemental distribution pattern with depth at the
slag–metal, and the elemental variation pattern obtained
by XPS at different depths is accurate. Therefore, it can
be obtained that the relative content of Si and O is

relatively high at the slag–metal interface, which proves
that the interface is dominated by highly polymerized
Si–O units.
To determine the distribution of sulfur and metal

cations, the peaks were analyzed for different etching
time. For the quantification of trace elements, the
intensity of the peaks at different etching time was
analyzed. Figure 4 shows the high-resolution core spec-
tra of S2p, Fe2p and Mn2p with different etching time.
As shown in Figures 4(a) and (b), the peak intensity of
S2p increases continuously from 60 to 240 seconds,
while the peak intensity of sulfur slightly decreases and
stabilizes after 240 seconds. Figures 4(e) and (f) show
that the peak intensity of Mn2p increases gradually with
the increase of etching depth, indicating that the relative
content of Mn gradually increases. However, due to the
existence of different valence states in the peaks of Fe2p,
the relative content of Fe2p is obviously different from

Fig. 2—(a) Energy at different termination levels; (b) O-termination layer in slag–metal interface.

Fig. 3—(a) XRD pattern of slag-A; (b) Full spectrum for different etching time in slag-A; (c) relative content of elements in slag-A.

Table II. The Final Composition of Slag (Wt Pct)

CaO SiO2 MnO Al2O3 FexO

Slag-A(S-A) 22.974 31.523 4.179 29.326 11.998
Slag-B(S-B) 29.366 25.91 4.137 31.828 8.759
Slag-C(S-C) 36.438 20.953 4.607 30.345 7.657
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that of the two elements. Figures 4(c) and (d) show that
the intensity of peak between 706 and 708 eV increases
continuously with the etching depth, while the peak
intensity does not change after etching for 300 seconds.
However, the peak intensity between 708 and 712 eV
decreases with increasing depth. The valence state of Fe
corresponding to the two will be discussed in the
following fitting analysis.

The reference XPS peaks for all elements are listed in
Table III. For the Mn2p peak, the literature[33,34] shows
that there are multiple split peaks, while at 641 eV there
are peaks of both MnO and Mn2O3, as a result,

distinguishing the peaks of different valence states is
difficult, whereas the Mn3s peak can be used to clearly
differentiate the valence state of Mn. XPS-related
literature[33,35] shows that the Mn3s peak with a differ-
ence of 6 eV between the two peaks is the MnO peak,
and the one with a difference of about 5.3 eV is the
Mn2O3 peak, while a satellite peak exists for MnO at
about 647 eV, while Mn2O3 does not exist. Since there is
only an intensity change of the peak of Mn with depth,
the results of 180 seconds are analyzed and discussed.
The fitting results of the Mn peak are shown in
Figures 5(a) and (b), and the results show that a satellite

Fig. 4—XPS spectra of different etching time in slag-A: (a, b) High-resolution core-level spectra of S2p and enlarged image; (c, d)
High-resolution core-level spectra of Fe2p and enlarged image; (e, f) High-resolution core-level spectra of Mn2p and enlarged image.
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peak exists at 647 eV, while the difference of the Mn3s
peak is 6 eV, thus indicating that Mn is mainly present
in the divalent form at the slag–metal interface. For the
Fe2p peaks, the peaks at 706.7 eV, 709.6 eV are Fe–S
and Fe–O peaks, respectively.[34,36–38] As shown in
Figure 5(d), Fe is mainly dominated by Fe–O and
Fe–S, combined with Figures 4(c) and (d), with the
increase of depth, the peak of Fe–S gradually enhances,
while the peak of Fe–O decreases, indicating the
existence of both Fe–S and Fe–O at the slag–metal
interface. For the S2p peak, the literature[39–41] show
that the negative divalent peak of S is in the range of 160
to 162 eV, and the tetravalent and hexavalent peaks of S
are in the range of 168 to 172 eV. Figure 5(c) shows that
the peak of S2p only exists as a negative divalent peak,
so sulfur exists only as S2� at the slag–metal interface.
Based on the results of the elemental distribution, the
possible reactions are further discussed.

Firstly, due to the contact between the slag and metal,
the main reaction is the oxidation of the metal. The
presence of Fe–O is due to the contact of the metal with
the oxide slag. From the slag–metal interface reaction in
Table IV, it can be obtained that MnO in the slag is
more preferential for the oxidation of Fe in metal. The
following two reactions may occur

[Fe]+Mn2þ ¼ ðFe2þ)+[Mn] ½1�

[Fe]+1/2(Si4þ) = (Fe2þ)+1/2[Si] ½2�
However, due to the high SiO2 content, the main

reaction that takes place at the interface is Eq. [2]. In
addition to the oxidation reactions, the elemental
distribution results indicate that the sulfur removal
reactions occur at the interface, the main reactions are
as follows

[S] +(O2�)=[O]+(S2�) ½3�
The elemental distribution indicates that sulfur has

entered the slag, but that it will later form stable com-
pounds with cations. In previous studies by our
group,[10,11,42] it was shown experimentally and compu-
tationally that sulfur is present in the slag mainly around
the metal cations Mn or Fe. At the same time, the
cations will have an aggregation effect, thus affecting the
desulfurization. The removal of sulfur is mainly related
to the stability of the sulfide and the structure of the
oxygen. In the slag–metal reaction, sulfur is dissolved
into the molten oxide by Eq. [3] after which sulphides
are formed and interconverted. As shown in Table IV,
the stability of sulfides calculated by FactSage indicates
that CaS is the most stable sulfide, followed by MnS and
FeS. Although CaS is thermodynamically the most
stable sulfide, our previous studies[10,11,42] have shown
that Mn and Fe have a greater influence on sulfur
uptake and dissolution due to the presence of d electrons
in their transition metal elements. The literature[43,44]

shows that the content of SiO2 and Al2O3 affects the
stability of sulfides, under low basicity conditions (high
SiO2 and Al2O3), FeS or MnS are more stable than CaS,

while the opposite conclusion is reached under high
basicity conditions. Thus, at the interface, due to
contact with the metal, sulfur will form FeS with iron
and be stable, In the discussion of this manuscript, the
samples have low basicity, so FeS and MnS are
relatively more stable. The results show that there is
relatively more Si and O at the interface, so that the
basicity at the interface can be considered lower than
that in the bulk. In addition, the atoms of Mn, Fe have
small radius and they can aggregate at the interface, but
the atoms of Ca have larger radius and do not aggregate
at the interface. In summary, with the increase of depth,
it can be assumed that the basicity is increasing, so the
FeS at the interface will be partially converted to MnS
or CaS.
For different basicity, the XPS spectra of the elements

are shown in Figures S1–S4 in supplementary material.
As shown in Figure S1, the spectrum of Fe2p is
significantly different at 706 eV, indicating above that
the peak is the Fe–S bond, and therefore the intensity of
the Fe–S bond is weakening with increasing basicity,
suggesting a decrease in Fe–S bonding. Figure S2 shows
that the peak of Mn is not very sensitive to basicity,
since the MnO content in the slag system does not
change. Figure S3 shows that the peak of O1s shifts
towards lower binding energies with increasing basicity,
due to the increase in basicity leading to depolymerisa-
tion of the structure and as a result the interfacial
structure also changes. For the sulfur peak, Figure S4
shows that the position of the peak does not change
much with increasing basicity, but the signal intensity of
the peak is becoming noisier, indicating a weakening of
the interfacial sulfur content, which is consistent with a
reduction in Fe–S bonding. The distribution of elements
at this interface is due to the influence of basicity. The
literature[45] shows that the higher the basicity, the
higher the sulphide capacity and the higher the sulfur
diffusion coefficient. Therefore the sulfur at the interface
will be reduced and thus the Fe–S bond will be reduced.
In the next section, further analysis is carried out in
conjunction with the structure.

B. Slag–Metal Interface Structure and Sulfur Removal
Mechanism

As mentioned above, the transfer of sulfur from the
metal liquid to the slag phase occurs through an
exchange reaction with oxygen, so the form of oxygen
at the interface is critical to the absorption and
dissolution of sulfur. A detailed fitting analysis of the
peaks of O1s was carried out. As reported in the
literature[46–48] about O1s, the peaks between 532 and
532.6 eV are BO, while the peaks between 531 and
531.5 eV are NBO peaks. Figure 6(a) shows the O1s
spectrum for different etching time in slag-A, and the
results show that the oxygen peak gradually migrates to
the low binding energy direction with increasing depth.
Figures 6(b) and (c) show a typical fit and the quanti-
tative results in slag-A. The results show that there are
mainly bridged and NBO at the slag–metal interface, the
BO content is above 60 pct, while the NBO content is
less than 40 pct. As the etching depth increases, the

1048—VOLUME 54B, JUNE 2023 METALLURGICAL AND MATERIALS TRANSACTIONS B



Table III. Reference XPS Peaks of Mn, Fe, S and O

DE References

Mn3s Mn2+ 6 eV — 14,15
Mn3+ 5.3 eV —

position satellite peak
Mn2p Mn2+ 641 eV 647 eV 16,17

Mn3+ 641 eV —
Fe2p Fe–S 706.7 eV — 17–20

Fe–O 709.6 eV —
S2p S2� 160 to 162 eV — 21–23

S4+ 166–168 eV —
S4+ 168–170 eV —

O1s free oxygen 528 eV — 24–26
non-bridged oxygen 531 to 531.5 eV —
bridged oxygen 532 to 532.6 eV —

Fig. 5—Typical fitted spectra in slag-A at 180 s: (a, b) Mn2p and Mn3s; (c) S2p; (d) Fe2p.
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proportion of BO declines whereas the that of NBO
increases, and tends to form a plateau after 180 seconds.
Compared with the gas-slag interface,[21,49] the slag–me-
tal interface structure of this system has more BO and
less NBO, which is partly due to the lower basicity of the
slag, and partly due to the addition of 10 wt pct Al2O3 to

the system resulting in more BO and less NBO in the
slag. At the same time, due to the presence of ferrous
oxide, the oxygen potential at the slag–metal interface is
higher, so there is more BO.
The results of the fit for different basicity slags are

shown in Figure S5 in supplementary material. As the
basicity increases, the content of BO decreases and that
of NBO increases, due to the increased basicity depoly-
merising the slag structure. However, at basicity 0.5,
equilibrium was reached after 180 seconds of etching, at
basicity 0.8, equilibrium was essentially reached after
120 seconds, and at basicity 1.2, there was essentially no
change in content. This suggests that the extent of the
boundary layer decreases with increasing basicity, which
is also consistent with the results at the gas-slag
interface.[49]

Table IV. The DG� for Different Reactions at 1873 K

Reaction DG� (J/mol)

[Fe]+(MnO)=(FeO)+[Mn] 94,182.8
[Fe]+1/2(SiO2)=(FeO)+1/2[Si] 139,972.2
CaS(l) + MnO(l) = MnS(l) + CaO(l) 28,699.7
MnS(l) + FeO(l) = FeS(l) + MnO(l) 5800.8

Fig. 6—(a) O1s spectrum for different etching time; (b) typical O1s fitting results at 180 s; (c) quantitative results of O1s spectra at different
etching time; (d) Raman results of the slag bulk.
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In order to obtain the structure of the body, the
crushed slag was subjected to Raman test. The litera-
ture[50–53] show that the bands at about ~ 870, ~ 910,
~ 960, and ~ 1050 cm�1 can be assigned to Q0(SiO4

4�),
Q1(Si2O7

6�), Q2(Si2O6
4�), Q3(Si2O5

2�). The fitting results
are shown in Figure 6(d) and Table V. The results show
that the Q2 structural unit in the bulk is the main
component, accounting for about 62.80 pct, while Q1 and
Q3 account for 15.02 and 22.18 pct, respectively. The
results of the Raman fits for different basicity are shown
in Figure S6 in supplementary material and Table V. As
basicity increases from 0.5 to 1.2, Q0 and Q1 increase to
11.99 and 49.23 pct, Q2 and Q3 decrease to 28.90 and 9.88
pct respectively. The structure of the body gradually
depolymerises with increasing basicity. The schematic
diagram of the bulk structure is shown in Figure 7(a).
The structure of the body is mainly composed of chain
and reticulated silicate structure. To analyze the differ-
ence between the slag–metal interfacial structure and the
body, the XPS results are compared with computed
results using the cell model,[54] as shown in Figure 7(b).
Combined with structural analysis, as shown in the
figure, the interface structure will deviate from the bulk
structure, but gradually converge to the bulk with
increasing depth, the structure at 360 seconds is essen-
tially the same as the body structure.

Traditionally, Sulfur first undergoes an exchange
reaction with free oxygen at the interface, as shown in
Eq. [3]. However, previous studies[11] in our group have
shown that not only free oxygen can absorb and remove

Sulfur atoms, but also non-bridging oxygen can do. Due
to a large number of electrons around the Fe, Mn
transition elements, their charge effect acts with oxygen
and completes the absorption of sulfur. As the content
of NBO at the interface gradually increases with depth,
so does the Sulfur, which is in good agreement with its
distribution. After entering the slag, Sulfur will combine
with Fe, Mn and other metal cations to form stable sul-
fides[10,11] and accumulate in the interfacial boundary
layer. To further reveal the physicochemical reactions
occurring at the interface, further analysis is carried out
in conjunction with the oxidation of iron and the
removal of sulfur, as follows.
Firstly, the sulfur removal and iron oxidation reac-

tions are Eqs. [1], [2] and [3]. The conversion reaction of
the three types of oxygen in the slag is

2ðO�Þ ¼ ðO2�Þ þ ðO0Þ ½4�

where O� is NBO (Si–O–M, M = Fe, Mn), O2� is
free oxygen and O0 is BO (Si–O–Si). Based on experi-
mental results, there is almost no free oxygen in the
slag, thus combining Eqs. [3] and [4], the desulfuriza-
tion reaction for this system can be written as

½S� þ 2ðO�Þ¼½O� þ (O0Þþ(S2�Þ ½5�
Therefore, the total reaction of desulfurization and

oxidation can be written as

½S� þ 2ðO�Þþ½Fe�þ(Mn2þÞ ¼½O�þ(O0Þþ FeSð Þþ½Mn�
½6�

½S� þ 2ðO�Þþ½Fe� þ 1=2ðSi4þÞ ¼½O�þðO0Þþ FeSð Þþ1=2½Si�
½7�

Table V. Fitting Quantitative Results of Raman Spectra

Samples Q3 (Pct) Q2 (Pct) Q1 (Pct) Q0 (Pct)

Slag-A 22.18 62.80 15.02 0
Slag-B 12.2 41.68 43.41 2.71
Slag-C 9.88 28.90 49.23 11.99

Fig. 7—(a) Schematic diagram of Raman results of the slag bulk; (b) comparison of simple bulk structure model and XPS results.
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The total reaction shows that FeS and BO are present
at the interface of the slag, and the results of this
experiment give consistent proof.

C. Computational Simulation of the Slag–Metal
Interface Based on the First Principle

In order to elucidate the slag–metal interaction
mechanism, the slag–metal interface was simulated
using the AIMD method, and the elemental distribution
and charge valence of the interface were extracted and
analysed after completion of the calculation.

Figure 8(a) shows a snapshot of the slag–metal
interface before and after melting and it can be seen
that at 0 ps, S is distributed at the slag–metal interface
and the oxygen termination layer is in contact with the
metal. After melting at 1600 �C for 5 ps, the metal liquid
and slag system becomes disordered, some of the O and
Mn atoms in the slag enter the ferric metal liquid and
some of the original Fe atoms are connected to oxygen,
this phenomenon proves the reduction of Mn at the
slag–metal interface and the oxidation of Fe, i.e. the
reaction Eq. [1]. For the distribution of sulfur atoms, as
sulfur is an interfacially active element, some of the
sulfur atoms migrate to a stable presence at the interface
between the metal liquid and the vacuum layer, while
one sulfur atom is absorbed at the slag–metal interface
and is linked to the Fe and Mn atoms. And due to the
size limitations of the system, the absorption of one
sulfur atom by the slag under this condition already
results in a high sulfur content in the slag and therefore
may not be able to absorb any more sulfur atoms,
resulting in their migration to the metal-vacuum inter-
face. Figure 8(b) shows the charge distribution before
and after melting. It can be clearly seen that there is very
little charge around the sulfur and the charge is mainly
concentrated around the oxygen and the transition
metals Mn or Fe. At 0 ps, the sulfur and oxygen at the

interface are in contact, at which point the charge
distribution of S has a regular spherical shape, indicat-
ing the uniformity of its charge distribution. At 5 ps
after melting, the sulfur undergoes an interfacial reac-
tion at the interface, where the sulfur is mainly linked to
Fe and Mn. At this point, the charge distribution of
sulfur becomes spindle-shaped, with the charge predom-
inantly biased towards Mn, further indicating that MnS
is more stable than FeS, and therefore FeS at the
interface is transferred to MnS, which is in good
agreement with the experiment. In order to quantify
the interfacial reaction process, the valence state of each
interfacial atom is analysed.
Figure 9 shows the valence distribution of each atom

before and after melting, while the specific valence states
of the atoms at the slag–metal interface are listed in
Table VI. A comparison of (a) and (b) in Figure 9 and
Table VI shows that the valence state of interfacial Fe
will partially increase, the valence states of Mn and S
will decrease and the valence state of oxygen is decreas-
ing. The change in valence of Fe and Mn indicates a
redox reaction at the interface, while the valence of
sulfur is decreasing, indicating an oxidative removal
process of sulfur, and the oxygen portion of the interface
is increasing, due to the oxidation of metallic iron which
results in some of the charge of iron giving O and
therefore an increase in the oxygen valence. Thus, the
calculations provide further evidence for the two reac-
tions postulated in the previous section in terms of
valence and charge, and are in good agreement with the
experimental results.
Therefore, combined with the experimental and sim-

ulation results, the slag–metal interface is schematically
shown in Figure 10. In the slag–metal interface, two
interfacial chemical reactions occur at the interface, one
is the oxidation of the metal and the other is the
dissolution and removal of Sulfur. As shown in Eqs. [6]
and [7], interfacial reactions lead to an increase in BO in

Fig. 8—(a) Snapshot before and after melting (0 and 5 ps); (b) interfacial charge distribution before and after melting (0 and 5 ps).
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Fig. 9—(a) Bader valence charge at 0 ps; (b) Bader valence charge at 5 ps.

Table VI. Bader Charge Distribution of Interface Atoms

Atoms 0 ps 5 ps Atoms 0 ps 5 ps

S1 � 0.24137 � 0.5388 Mn20 1.32048 1.01941
S2 � 0.25483 � 0.5852 O42 � 0.98149 � 0.95499
S3 � 0.11202 � 0.72243 O43 � 0.88407 � 0.91933
S4 � 0.21278 � 0.49665 O44 � 0.88161 � 0.76312
Fe2 0.52736 0.45901 O45 � 0.86369 � 0.86036
Fe7 0.64588 0.20507 O46 � 0.8317 � 0.92171
Fe12 0.68047 0.01551 O47 � 0.91123 � 0.92011
Fe17 0.39238 1.03394 O48 � 0.76457 � 0.87084
Fe30 0.53417 0.77864 O49 � 0.73292 � 0.90053
Mn6 1.31509 0.90632 O50 � 0.73939 � 0.86571
Mn7 1.37395 1.04962 O51 � 0.86733 � 0.87387
Mn8 1.36043 1.26893 O52 � 0.37249 � 0.86292
Mn9 1.37348 0.26557 O53 � 0.63736 � 0.81809
Mn10 1.31702 0.82741 O54 � 0.51935 � 0.94862
Mn17 1.36034 1.55325 O55 � 0.59206 � 0.97818
Mn18 1.34344 0.81262 O55 � 0.69888 � 0.90982
Mn19 1.36482 1.10078

Fig. 10—Schematic diagram of slag–metal interface.
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the slag–metal interface. Instantaneous contact of the
slag and metal leads to the oxidation of Fe and the
formation of Fe–O at the interface, as shown by the XPS
results. The gradual increase of Mn and O with depth
and the presence of Fe divalent confirm the occurrence
of redox reactions of Fe and Mn. Afterward, FeO can be
used as a carrier for the desulfurization reaction. The
distribution of Sulfur on the slag side confirms the
occurrence of Sulfur dissolution reactions, then Sulfur
migrates around elements such as Fe and Mn resulting
in the Fe–S and Mn–S appearing to aggregate in the
interfacial layer. The presence of FeO and the genera-
tion of BO during the desulfurization process both lead
to an increase in the interfacial oxygen potential.
Therefore, more BO and less NBO are present at the
interface. The method initially characterizes the struc-
ture and elemental distribution of the slag–metal inter-
face, and also further confirms the existence of
physicochemical reactions between the slag–metal inter-
face, laying the foundation for future studies on the
physicochemical properties of the slag–metal interface.

IV. CONCLUSIONS

This study proposed a method to directly characterize
the elemental distribution and structure of the slag–me-
tal interface and revealed the limiting aspects of desul-
furization at the slag–metal interface. In this paper, the
interfacial properties between the MnO-based slag
system and the sulfur-containing liquid metal were
characterized using XPS etching. The results show that
the relative content of Si and O gradually decreases with
depth and that of Ca, Mn and S increases as the etching
depth increases. Meanwhile, Mn exists in positive
divalent form, S in negative divalent form, and Fe in
both Fe–O and Fe–S forms. For the slag–metal interface
structure, the BO gradually decreases and the NBO
gradually increases as depth deepens. With increasing
basicity, the interfacial BO gradually decreases and the
NBO gradually increases. The increase in basicity leads
to a faster diffusion of sulfur and therefore to a decrease
in Fe–S at the interface. Based on the above experi-
mental and simulation results, two interfacial chemical
reactions are proposed. One is an oxidation reaction of
Fe with Mn/Si in slag. The other is the exchange
reaction between sulfur and oxygen, resulting in the
dissolution of sulfur. Then, Sulfur will form stable sul-
fides with metal elements such as Mn and Ca and
aggregate at the slag–metal interface.
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