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Sulfide capacity of the MnO-SiO2-Al2O3-Ce2O3 system was measured at 1873 K (1600 �C), and
the structural analysis was carried out using micro-Raman spectroscopy to understand the role
of Ce2O3 in the sulfur dissolution behavior. Sulfide capacity of the basic melts (MnO/
SiO2 = 2.2(±0.14)) decreased with increasing content of Ce2O3 to approx. 4 mol pct, beyond
which it increased. Sulfide capacity continuously decreased in the less basic system (MnO/
SiO2 = 1.0(±0.15)), whereas it was hardly affected by Ce2O3 in the relatively acidic
composition (MnO/SiO2 = 0.3(±0.05)). There was a significant increase in the intensity of
Raman band at 600 cm�1 by Ce2O3 addition in high MnO/SiO2 (=2.2) system, which originated
from the transition from [(Al,Mn0.5)O4]-tetrahedron to [(Al,Ce)O6]-octahedron due to strong
attraction between Al2O3 and Ce2O3. Combining thermodynamic and structural information,
the effect of Ce2O3 on the sulfide capacity of Mn-aluminosilicate melts can be explained by the
following factors: (1) Activity of MnO in the melts decreased by addition of Ce2O3; (2) Free
oxygen was consumed in the structure modification from [(Al,Mn0.5)O4] to [(Al,Ce)O6] unit by
addition of Ce2O3; and 3) When the Ce3+ content was greater than critical value (approx. 4 mol
pct) in high MnO/SiO2 (=2.54) melts, excess Ce3+ and Mn2+ ions competitively reacted with
S2� ions, resulting in an increase of sulfide capacity.
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I. INTRODUCTION

It is well known that sulfur is harmful to the
mechanical properties of steel product such as strength,
ductility, toughness. Also, sulfide or oxy-sulfide inclu-
sions deteriorate the corrosion resistance and oxidation
resistance of stainless steels, and thus it is desirable that
these harmful inclusions should be effectively
removed.[1,2] However, sulfur is contained as an impurity
in various alloying materials such as ferroalloys. The
formation of rare earth sulfide or oxy-sulfide inclusions in
molten steel is unavoidable due to high affinity between
rare earth elements and sulfur at steelmaking tempera-
tures. Therefore, the sulfur absorption ability of the oxide
system containing rare earth elements should be neces-
sarily investigated at high temperatures.

Recently, Kwon et al.[3,4] investigated the thermody-
namic behavior of Ce in austenitic stainless steel melts in
terms of Ce yield and inclusion evolution procedure as well
as interfacial reaction between alumina refractory and
molten steel. Looking at the behavior of the inclusions, the
Mn(Cr)-silicate inclusions were initially formed, followed
by a transformation to the MnO-SiO2-Al2O3 ternary

system by an Al deoxidation. Finally, the MnO-SiO2-
Al2O3-CeOX complex oxides were partly formed after Ce
was added, which was well agreed to the results observed
by Jeon et al.[1,2] Therefore, the sulfide capacity of the
MnO-SiO2-Al2O3-CeOX melt needs to be measured to
figure out the sulfur absorption ability of this quaternary
oxide system.
The sulfide capacity of the MnO-SiO2-Al2O3 ternary

system is well known from the previous articles.[5–7]

Sharma and Richardson described the iso-sulfide capac-
ity contours from the measured capacity results at the
compositions of XSiO2

£ 0.5 and XMnO £ 0.8 using
gas-slag equilibration method at 1923 K (1650 �C).[5]
Nzotta calculated the iso-sulfide capacity contours using
the mathematical model at 1873 K (1600 �C), and the
model predictions were agreed well with the measured
results in the composition ranges of 0.3 £ XSiO2

£ 0.6
and 0.3 £ XMnO £ 0.6.[6] Recently, Kang and Pelton
calculated the iso-sulfide capacity contours in the
MnO-SiO2-Al2O3 system using the modified quasichem-
ical model based on the quadruplet approximation at
1923 K (1650 �C) and compared the calculated results
with the experimental data measured by Sharma and
Richardson.[7] From these previous results, it is gener-
ally known that the sulfide capacity increases with
increasing content of MnO in the MnO-SiO2-Al2O3

ternary system.
On the other hand, the activity of each component in

the MnO-SiO2-Al2O3 system is of essential importance
in evaluation of sulfide capacity. Woo et al.[8] reported
the iso-aMnO contours in the MnO-SiO2-Al2O3 system
using the quadric formalism at 1823 K (1550 �C) by
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equilibrating the MnO-SiO2-Al2O3 melts of different
compositions with the Pt-Mn alloys, from which it is
known that the activity of MnO is strongly dependent
on the mole fraction of MnO and SiO2 rather than that
of Al2O3. These tendencies are also found in Ohta and
Suito,[9] and Fujisawa and Sakao’s works.[10]

Anacleto et al.[11] measured the sulfur partition ratio
(LS) between CaO-SiO2-Ce2O3 slag and carbon-
saturated iron at 1773 K (1500 �C) and found that LS

increased with increasing amount of Ce2O3 in the slag.
They tentatively concluded that Ce2O3 decreased the
activity coefficient of SiO2 in the CaO-SiO2-Ce2O3 slag.
However, they did not provide any clear thermodynamic
analysis for the increase in LS by increasing the content
of Ce2O3. Furthermore, there is no experimental study
on the sulfide capacity of manganese aluminosilicate
melts containing cerium oxide. Consequently, in the
present study, we measured the sulfide capacity of the
MnO-SiO2-Al2O3-Ce2O3 quaternary system by gas-slag
equilibration method at 1873 K (1600 �C), and the
structural analysis was also carried out using micro-
Raman spectroscopic method to understand the role of
Ce2O3 in the sulfur dissolution behavior in the present
oxide system because none of thermodynamic informa-
tion (activity of each component, phase equilibria, etc.)
of the MnO-SiO2-Al2O3-Ce2O3 system is available.

II. EXPERIMENTAL

A super-kanthal vertical electric furnace was used for
the equilibration between the MnO-SiO2-Al2O3-Ce2O3

melt and gas phase at 1873 K (1600 �C). The temper-
ature was controlled within ±2 K (±2 �C) using an
installed B-type (Pt-30Rh/Pt-6Rh, mass pct) thermo-
couple and a proportional integral differential con-
troller. The furnace temperature was also calibrated
using an external B-type thermocouple before experi-
ment. As shown in Figure 1, the effect of Ce oxide on
sulfide capacity was evaluated by adding reagent-grade
CeO2 at marked composition A (66(±2) mol pct SiO2),
B (43(±2) mol pct SiO2), and C (26(±1) mol pct SiO2) at
fixed alumina content (14(±1) mol pct) in the MnO-
SiO2-Al2O3 phase diagram.

The slag samples were prepared using reagent-grade
MnO, SiO2, Al2O3, and CeO2. The slag sample of 1.2 g
was maintained in a platinum crucible which was held in
the porous alumina holder under the CO-CO2-SO2-Ar
gas mixture for 12 hours. A constant flow rate of
400 mL/min was maintained during the equilibration of
the slag with gas mixture at the experimental temper-
ature. The schematic diagram of the experimental
apparatus is shown in Figure 2. Each gas was passed
through the purification system to remove the impuri-
ties. The flow rate of each gas and the calculated oxygen
and sulfur potentials are listed in Table I. The more
detailed experimental conditions and procedure are
available in our previous articles.[12–14]

After equilibration, the sample was quickly drawn
from the furnace and then quenched by dipping it into
brine. The quenched samples were crushed to less than
100 lm using crusher for chemical analysis. The content

of sulfur and each component in the slag were deter-
mined by combustion analyzer (LECO, CS-250) and
X-ray fluorescence spectroscopy (XRF, Bruker, S4
Explorer), respectively. The experimental compositions
and the results are listed in Table II. All the samples
were sent to X-ray diffraction (XRD) analysis to
confirm the samples were glassy (amorphous) state.
The spectra for the binding energy of Ce3d were

measured using an X-ray photoelectron spectroscopy
analyzer (XPS, K-alpha by Thermo UK) in order to
confirm the electronic state of Ce in the quenched glass
samples. A monochromatized Al-Ka radiation
(1486.6 eV) was used as the X-ray source, which was
operated at 3 mA and 12 kV. The rod shaped samples
were fractured in ultrahigh vacuum (4.8 9 10�7 Pa).
The surface charging was neutralized by flooding
electrons. In order to correct the charging effects, the
measured binding energies were calibrated using the
binding energy of the adventitious C1s line assuming
that the C1s core level is 284.6 eV.
Finally, the micro-Raman spectroscopic analysis was

carried out using a ‘LabRamAramis’ Horiba JobinYvon
spectrometer. The 514 nm line of an Ar-ion laser was
used for the measurements of Raman scattering of the
quenched glass samples. The more details for the
preparation, measurement procedure, and data process-
ing are available in our previous articles.[15–17]

III. RESULTS AND DISCUSSION

A. Predominant Ionic Speciation of Cerium in
MnO-SiO2-Al2O3-CeOx System

In general, the most of rare earth oxides are stable as
sesquioxides ([M3+]2[O

2�]3), nonetheless, cerium oxide
is stable as CeO2 at room temperature and oxygen
enriched atmosphere. However, it is known to be
reduced to Ce2O3 under reducing atmosphere.[18] Thus,
it is important to investigate the stable ionic speciation
of Ce in the Mn-aluminosilicate melts under the present

Fig. 1—Experimental composition in the MnO-SiO2-Al2O3 phase
diagram at 1873 K (1600 �C) (calculated using FactSageTM7.0).
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experimental conditions to understand the interaction
between Cen+-O2� and Cen+-S2� pairs in structural
view. Here, we employed the spectroscopic analysis (via
XPS) to confirm the ionic state of Ce in the present
system as follows.

A-Rivera et al.[19] and Sekita et al.[20] have confirmed
trivalent cerium from XPS analysis in oxide glasses.
Similarly, it was also confirmed that cerium mainly
exists as Ce3+ in the Mn-aluminosilicate system as
shown in Figure 3. Makishima et al.[21] observed that
Ce3+/Ce4+ ratio in the Ce-containing aluminosilicate
glass prepared at 1823 K (1600 �C) for 3h in air was 89/
11 from wet chemical analysis. Even though there is a
small peak at 916 eV (corresponds to Ce4+) in Figure 4,
the relative intensity of Ce3+ peaks (886.4 and 904.3 eV)
is much greater than that of Ce4+. Therefore, it is
confirmed that the cerium is stabilized as Ce3+ in the
Mn-aluminosilicate system under the relatively reducing
atmosphere at 1873 K (1600 �C).

B. Effect of Ce2O3 on Sulfide Capacity of
MnO-SiO2-Al2O3-Ce2O3 System

Sulfide capacity (CS2�) of the molten slag was origi-
nally defined by Finchan and Richardson as given in
Eq. [2] deduced from the desulfurization reaction
(Eq. [1]) based on a slag-gas equilibrium.[22]

1

2
S2ðg)þ ðO2�Þ ¼ ðS2�Þ þ 1

2
O2ðg); ½1�

CS2� �
K½1� � aO2�

fS2�
¼ ðmass pct S2�Þ � pO2

pS2

� �1
2

; ½2�

where Kð1Þ : equilibrium constant of Eq. [1], aO2� :
activity of O2� ion in slag (=basicity of slag), fS2� :
activity coefficient of sulfide ion (S2�) in slag, pi: par-
tial pressure of gaseous component i, atm.
From Eq. [2], the sulfide capacity is known to be a

function of basicity, the stability of sulfide ion in molten
slag, and temperature. Thus, it is a unique function of
melt composition at a given temperature and can be
experimentally determined from the sulfur content, and
gaseous oxygen and sulfur potentials.
The effect of MnO on the sulfide capacity of the MnO-

SiO2-Al2O3 (XAl2O3
¼ 0:15) system at 1873 K (1600 �C) is

shown in Figure 4, wherein the experimental results
measuredbySharmaandRichardson [at 1923K (1650 �C)],
andNzotta [at 1873K (1600 �C)] are also compared.[5,6] The
sulfide capacity of the MnO-SiO2-Al2O3 (XAl2O3

¼ 0:15)
system increase with increasing content of MnO, i.e.,
MnO/SiO2 ratio, indicating that the MnO behaves as a
basic oxide which directly contributes to an increase in
basicity (aO2� ) of the aluminosilicate melts based on
Eq. [3].[12–14] This tendency is in good agreement with the

Fig. 2—Schematic diagram of the experimental apparatus.

Table I. Mass Flow of Each Gas and Calculated Oxygen and Sulfur Partial Pressure

Mass Flow of Gas Phases (mL/min) Gas Potential (atm)

CO CO2 SO2 Ar Total p(O2) p(S2)

125 160 15 100 400 2.8 9 10�7 4.7 9 10�3
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literature data even though there are some experimental
scatters.

MnOð Þ ¼ Mn2þ
� �

þ O2�� �
; ½3�

The effect of Ce2O3 on the sulfide capacity of the
MnO-SiO2-Al2O3-Ce2O3 system (XMnO=XSiO2

¼ 0:3

ð�0:05Þ,1:0ð�0:15Þ,2:2ð�0:14Þ) at 1873 K (1600 �C) is
shown in Figure 5. It is very interesting that the
influence of Ce2O3 on the sulfide capacity exhibits a
different tendency according to the MnO/SiO2 (=M/S)
ratio. The sulfide capacity of the oxide melts with highly
basic composition, i.e., M/S = 2.2, decreases with
increasing content of Ce2O3 to approx. 4 mol pct,
beyond which the sulfide capacity increases by increas-
ing the Ce2O3 content. The sulfide capacity continuously
decreases as the Ce2O3 is added to the Mn-aluminosil-
icate melts in the less basic system, i.e., M/S = 1.0,
whereas it is hardly affected by Ce2O3 in the relatively
acidic (high silica) composition, i.e., M/S = 0.3.
Therefore, it is not easy to explain these complicated

phenomena in regard of the role of Ce2O3 in the sulfur
dissolution into the Mn-aluminosilicate melts using
simple terminology, e.g., basic, acidic, and amphoteric
behavior of Ce2O3. Actually, Ce2O3 can be considered
as an amphoteric oxide based on the ion-oxygen
attraction (IMO) parameter calculated from coulombic
force between cation and oxygen, i.e., IMnO ¼ 0:83,
ICe2O3

¼ 1:03, IAl2O3
¼ 1:66, and ISiO2

¼ 2:44,[23] indicat-
ing that Ce2O3 is less basic than MnO and is more basic
than Al2O3 and SiO2. Hence, the more systematic
discussions are needed to understand the effect of
Ce2O3 on sulfide capacity of the MnO-SiO2-Al2O3-
Ce2O3 system based on the relationship between ther-
modynamic and structural properties.
It is known that the affinity between Ce3+ and S2� is

greater than that of Mn2+ and S2� in view of the Gibbs
free energy of the formation of Ce2S3 and MnS based on
Eqs. [4] and [5].[24,25]

MnO sð Þ þ 1

2
S2 gð Þ ¼ MnS sð Þ þ 1

2
O2 gð Þ;

DGo ¼ 93; 190 ðJ/molÞ at 1873K;
½4�

Ce2O3 sð Þ þ 3

2
S2 gð Þ ¼ Ce2S3 sð Þ þ 3

2
O2 gð Þ;

DGo ¼ 22; 273 ðJ/molÞ at 1873K:
½5�

Also, it can be reasonably assumed that the basicity of
the MnO-SiO2-Al2O3-Ce2O3 system is dominantly

Table II. Experimental Compositions and Sulfide Capacities of the Slags

Mol Pct MnO Mol Pct SiO2 Mol Pct Al2O3 Mol Pct Ce2O3 Mass Pct S log CS

57.4 26.6 16.0 0.0 1.701 �1.88
57.8 26.2 14.8 1.2 0.333 �2.59
58.7 23.6 15.1 2.7 0.298 �2.64
54.4 26.5 15.4 3.7 0.254 �2.71
55.1 24.8 14.5 5.6 0.582 �2.35
40.6 44.9 14.5 0.0 0.142 �2.96
45.0 40.9 13.0 1.1 0.156 �2.91
46.5 39.5 11.6 2.4 0.096 �3.13
36.3 46.1 14.0 3.6 0.074 �3.24
37.5 44.3 13.1 5.0 0.077 �3.22
21.3 65.0 13.7 0.0 0.016 �3.91
16.1 68.9 14.0 0.9 0.012 �4.01
22.1 62.6 13.1 2.3 0.011 �4.06
15.0 68.4 13.7 2.9 0.016 �3.90
19.2 62.9 13.3 4.6 0.012 �4.01

Fig. 3—The Ce 3d photoemission core level spectra of the quenched
glass sample showing the spin-orbit doublet Ce 3d3/2 and Ce 3d5/2.

Fig. 4—Effect of MnO content on the sulfide capacity of the MnO-
SiO2-Al2O3 system.
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affected by the activity of MnO as mentioned above (in
Figure 4 and Eq. [3]). From the iso-activity contours of
MnO in the MnO-SiO2-Al2O3 system at 1823 K (1550
�C) measured by Woo et al.,[8] the MnO activity strongly
depends on the MnO content, i.e., MnO/SiO2 ratio as
shown in Figure 6, and it is less sensitive to the Al2O3

content. In the viewpoint of thermodynamics, this
means that MnO preferentially interacts with SiO2 in
Mn-aluminosilicate melts. When the mole fraction of
MnO exceeds about 0.5, the activity of MnO decreases
very rapidly by decreasing the concentration of MnO.

In the present MnO-SiO2-Al2O3-Ce2O3 system, the
concentration of MnO becomes slightly diluted as
Ce2O3 is added, by which the activity of MnO decreases.
A decreasing rate of MnO activity due to MnO dilution
is more significant at higher MnO region, i.e., M/
S = 2.2 than that of the lower MnO regions, i.e., M/
S = 0.3-1.0 at fixed temperature. Therefore, it is qual-
itatively concluded that the basicity of the oxide melts
decreased by addition of Ce2O3, resulting in a decrease
of sulfide capacity, and this tendency is more significant
in the more basic composition regions as shown in
Figure 5.

However, in Figure 5, the sulfide capacity of the basic
system (M/S = 2.2) rebounds at Ce2O3 content greater
than about 4 mol pct, which cannot be simply explained
by the dilution effect of MnO. In order to thermody-
namically understand these complicated phenomena,
both the activity coefficient of MnS (or Ce2S3) and the
activity of MnO (or Ce2O3) should be evaluated.
However, unfortunately, because none of thermody-
namic data (activity of each component, phase equilib-
ria, etc.) of the MnO-SiO2-Al2O3-Ce2O3 system is
available in the literature (actually, thermodynamic
databases for the MnO-SiO2-Al2O3 ternary and
Ce2O3-Al2O3 binary subsystems are available in Fact-
SageTM software and related literatures), the Raman
spectroscopic analyses for the influence of Ce2O3 on the
ionic structure of Mn-aluminosilicate system was
employed in the present study to reveal the Composi-
tion-Structure-Property relationship.

C. Structural Behavior of Ce3+ Ions in Aluminosilicate
Melts

In the viewpoint of the structural role of cations in
oxide melts and glasses, the role of cations is primarily
determined by the size and charge (i.e., ionic potential)
of them in the networks.[14–17,26] According to Lin
et al.,[26] because Ce3+ ion (r = 1.01 Å) has a radius
close to that of Ca2+ (r = 1.0 Å) or Na+ (r = 1.02 Å),
it is too large to be a (tetrahedrally coordinated)
network former like [SiO4] or [AlO4] units. Therefore,
they suggested that the Ce3+ conducts a role of charge
compensator or network modifier rather than network
former. Wu and Pelton reported the strong affinity
between Ce2O3 and Al2O3 through the coupled thermo-
dynamic-phase diagram analysis in order to refine the
assessments of thermodynamic properties of
R2O3-Al2O3 (R; Rare earth) binary systems.[27] Morita
et al.[28,29] found that the addition of Ce2O3 to the
CaO-Al2O3 system at 1773 K (1500 �C) decreases the
activity coefficient of Al2O3 in the melts because of the
strong attraction between Ce2O3 and Al2O3 based on the
following reaction.

CeO1:5 sð Þ þAlO1:5 sð Þ ¼ CeO1:5 �AlO1:5 sð Þ;
DGo ¼ �58; 730 J/molð Þ at 1873K:

½6�

Hence, there is a strong attractive force between
Ce2O3 and Al2O3 in the present Mn-aluminosilicate
system. In the viewpoint of the amphoteric behavior of
alumina in the aluminosilicate melts,[30,31] the aluminate
anion will exist as [AlO4]-tetrahedron, which is balanced
with the half mole of Mn2+ cations (expressed as
hypothetical [(Al,Mn0.5)O4]-unit as similar as [SiO4]-
unit) as schematically shown in Figure 7(a). However,
when the Ce2O3 is added, the [AlO6]-octahedron
becomes more stable than [AlO4]-tetrahedral unit due
to high attractive force between Ce3+ and [AlOn]-
units,[26] resulting in the formation of hypothetical
[(Al,Ce)O6]-unit, as shown in Figure 7(b). It is expressed
by the following Eq. [7].

Fig. 5—Effect of Ce2O3 on the sulfide capacity of the MnO-SiO2-
Al2O3-Ce2O3 system with different MnO/SiO2 ratios at 1873 K
(1600 �C).

Fig. 6—Dependence of MnO activity on the content of MnO in the
MnO-SiO2-Al2O3 ternary system at 1823 K (1550 �C) (modified from
Ref. [8]).
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Al,Mn0:5ð ÞO4½ �4�þCe3þ þ 2O2� ¼ Al, Ceð ÞO6½ �6�þ0:5Mn2þ:

½7�
From the above reaction, the free oxygen is employed

to form [(Al,Ce)O6]-unit. According to the previous
researchers,[26–29] the addition of Ce2O3 to the aluminate
or aluminosilicate melts promotes the network depoly-
merization and decreases the activity of alumina. Based
on these thermodynamic (activity) and structural infor-
mation, the Composition-Structure-Capacity relation-
ship will be discussed in the following section.

D. Effect of Ce2O3 on Sulfide Capacity of
MnO-SiO2-Al2O3-Ce2O3 System; Structural
Understanding by Raman Spectroscopy

Park et al.[12–17] recently investigated the relationship
between structure and sulfide capacity of aluminosilicate
melts containing calcium and manganese oxides.
Because the sulfide capacity is function of basicity and
stability of sulfide ion in aluminosilicate melts at fixed
temperature, we considered that the activity of O2�

(basicity) and the activity coefficient of S2� (stability)
can be evaluated by the degree of polymerization (Q3/Q2

ratio, Qi represents the tetrahedral structure unit with
different number of bridging oxygen, i) of network
structure and the excess free energy (or activity coeffi-
cient) of MS (M = Ca or Mn), respectively.[12–17,32]

Succeeding this methodology, the sulfide capacity of the
MnO-SiO2-Al2O3-Ce2O3 system can be understood
based on the structure analysis using micro-Raman
spectroscopy.

The Raman spectra of the MnO-SiO2-Al2O3 ternary
system are shown in Figure 8 at different M/S ratios (2.2
and 1.0) in order to preliminarily confirm the influence

of the basicity on the structure of Mn-aluminosilicate
system. The Raman bands in the present ternary system
can be divided into two major sections, which are 400 to
800 and 800 to 1200 cm�1 range. Several authors
reported that the Raman band between 400 and
600 cm�1 has been associated with the bending motion
of bridging oxygen in T-O-T (T = Si or Al) link-
ages.[33–35] Thus, the band at about 500 cm�1 can be a
characteristic band of high silica, viz. highly polymer-
ized, system.
Okuno et al.[36] recently observed that the band at 600

to 700 cm�1 in quenched aluminosilicate glasses is
assigned to the symmetric stretching vibrations of [AlO6]
species. Moreover, we recently found that Raman
scattering at 700 to 850 cm�1 in the low silica calcium
aluminosilicate melts could be assigned as [AlO4]-units
with different NBOs.[37] Because the Al-O bond strength
in [AlO6]-unit is weaker than that in [AlO4]-unit,

[38] the
Raman scattering of [AlO6]-unit should be occurred at
lower wavenumbers than that of [AlO4]-units. There-
fore, we assumed that the band at about 600 cm�1

represents the [AlO6]-units in the present system.
The Raman scattering at 800 to 1200 cm�1 is assigned

to the asymmetric Si-O stretching vibration and shifts to
the higher wavenumber as M/S ratio decreases, indicat-
ing that the relative fraction of Q3

Si unit increases by
increasing the silica content.[14–17,34–36] From the change
of this asymmetric Si-O stretching vibration band as a
function of melt composition, it can be concluded that
the degree of polymerization (Q3

Si=Q
2
SiÞ increases with

increasing content of SiO2 in conjunction with a
consumption of free oxygen ions. Consequently, sulfide
capacity of the melts decreases as indicated in Figures 4
and 8.
The Raman spectra of the MnO-SiO2-Al2O3-Ce2O3

systems (M/S = 2.2 and 1.0) are shown in Figures 9
and 10 in order to understand the relationship between
the structural change and the variation of sulfide
capacity of the oxide melts. From the Raman spectra
shown in Figures 9 and 10, it is commonly found that
the Raman band for the Si-O asymmetric stretching
vibration between 800 and 1150 cm�1 very slightly shifts
to the lower wavenumbers by increasing the content of
Ce2O3, indicating that there is no considerable change in
the environment of silicate units by the incorporation of
Ce3+ ions. In the Raman spectra of the M/S = 2.2
system shown in Figure 9, there is a significant increase
in the relative intensity of the scattering band at about
600 cm�1 with increasing content of Ce2O3. This means
that there are dramatic changes in the aluminosilicate
structure, even though the alumina and silica content
does not significantly change with increasing content of
Ce2O3. In the present study, it is reasonable that the
increase in the relative intensity of Raman band at
600 cm�1 is due to the [AlO6]-unit as mentioned by
Okuno et al.,[39] because of the strong attraction
between Al2O3 and Ce2O3 in the present system.[26–29]

However, a significant increase in the relative intensity
of [AlO6]-unit band at about 600 cm�1 due to Ce3+

addition was not observed in the less basic melts, viz.
M/S = 1.0 system as shown in Figure 10. These

Fig. 7—Schematics of the ionic structure of (a) [AlO4]-tetrahedron
balanced with 0.5Mn2+ ion (hypothetically shown as [(Al,
Mn0.5)O4]-unit) and (b) [AlO6]-octahedron balanced with Ce3+ ion
(hypothetically shown as [(Al,Ce)O6]-unit).
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complicated phenomena can be explained by consider-
ing the amphoteric behavior of alumina in the alumi-
nosilicate melts as follows.

Generally, the Al-O bond coordination is tetrahedral,
representing the network forming role of Al2O3 under
conditions of plenty of charge balancing cations, i.e., in
the highly basic (less silica) melts. However, the Al-O
bond has an octahedral coordination, representing the
network modifying role of Al2O3 under conditions of
deficiency of charge balancing cations, i.e., in the less
basic (high silica) melts.[30,31,39] Before adding Ce2O3,
the concentration of [AlO6]-unit in the M/S = 0.3-1.0
systems are larger than that in the M/S = 2.2 system.
Thus, Ce3+ ions added in medium (M/S = 1.0) and
high silica (M/S = 0.3) melts instantly interact with
large amounts of (pre-existing) [AlO6]-units to form
more stable [(Al,Ce)O6]-unit (Eq. [7]) as schematically
shown in Figure 11(a). Therefore, the structure of
aluminosilicate melts was not significantly disturbed by
addition of Ce2O3, resulting in the insensitive depen-
dency of sulfide capacity of the melts on the content of
Ce2O3 as shown in Figure 5. The sulfide capacities of
these systems are mainly affected by a dilution of MnO
as discussed in Section III–B.

On the other hand, in the low silica system (M/
S = 2.2), relatively large amounts of (pre-existing)
[(Al,Mn0.5)O4]-units should be converted to the
[(Al,Ce)O6]-unit with consumption of free oxygen
by addition of Ce3+ ions (Eq. [7]) as shown in
Figure 11(b), resulting in a decreases in sulfide capacity.
However, the sulfide capacity increases by addition of
Ce2O3 greater than about 4 mol pct because the excess
Ce3+ and free Mn2+ cations contribute to the stabi-
lization of S2� ions. This tendency was not observed in

Fig. 8—Effect of MnO/SiO2 ratio on the Raman scattering band of
the quenched MnO-SiO2-Al2O3 system.

Fig. 9—Effect of Ce2O3 addition on the Raman scattering band of
the MnO-SiO2-Al2O3-Ce2O3 system (MnO/SiO2 = 2.2).

Fig. 10—Effect of Ce2O3 addition on the Raman scattering band of
the MnO-SiO2-Al2O3-Ce2O3 system (MnO/SiO2 = 1.0).

Fig. 11—Schematics of the structural changes by addition of Ce3+

to the Mn-aluminosilicate melts (a) at high SiO2 (low MnO/SiO2)
system and (b) at low SiO2 (high MnO/SiO2) system.
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the M/S = 0.3-1.0 systems because the cations (Ce3+

and Mn2+) are still not free from a charge balancing
role with large amounts of silicate and/or aluminate
anions within the present experimental compositions.

In summary, the sulfide capacity of Mn-aluminosili-
cate melts decreases by addition of Ce2O3 and this
tendency is more significant in the highly basic (high
MnO/SiO2) melts, which originated from the following
three thermodynamic and structural factors. First, the
activity of basic oxide, MnO in the oxide melts decreases
by addition of Ce2O3 and the activity decreasing rate is
more dominant in the high MnO/SiO2 melts, resulting in
a decrease in the basicity of the melts. Second, the free
oxygen is consumed in the structure modification from
[(Al,Mn0.5)O4]- to [(Al,Ce)O6]-unit (Eq. [7]) by addition
of Ce2O3, which is significantly occurred in the high
MnO/SiO2 melts, resulting in a decrease in the basicity
of the melts. Finally, when the Ce3+ content is greater
than critical value (approx. 4 mol pct in the present
system) in the high MnO/SiO2 (=2.2) melts, excess
Ce3+ and Mn2+ ions competitively react with S2� ions,
resulting in an increase of sulfide capacity due to a
decrease in the activity coefficient of S2� ions, fS2� in the
melts.

IV. CONCLUSIONS

We measured the sulfide capacity of the MnO-
SiO2-Al2O3-Ce2O3 quaternary system by gas-slag equi-
libration method at 1873 K (1600 �C), and the structural
analysis was also carried out using micro-Raman
spectroscopic method to understand the role of Ce2O3

in the sulfur dissolution behavior in the present oxide
system because none of thermodynamic information
(activity of each component, phase equilibria, etc.) of
the MnO-SiO2-Al2O3-Ce2O3 system is available. The
following conclusions could be made.

1. From the XPS analysis of the quenched glass sam-
ples, it was confirmed that Ce is stable as Ce2O3

(Ce3+) rather than CeO2 (Ce4+) in the MnO-
SiO2-Al2O3-CeOx system under the present experi-
mental conditions.

2. The influence of Ce2O3 on the sulfide capacity of the
MnO-SiO2-Al2O3-Ce2O3 system exhibited a different
tendency according to the MnO/SiO2 (=M/S) ratio.
The sulfide capacity of the oxide melts with highly
basic composition, i.e., M/S = 2.2, decreased with
increasing content of Ce2O3 to approx. 4 mol pct,
beyond which the sulfide capacity increased. The
sulfide capacity continuously decreased as the Ce2O3

was added to the Mn-aluminosilicate melts in the less
basic system, i.e., M/S = 1.0, whereas it was hardly
affected by Ce2O3 in the relatively acidic (high silica)
composition, i.e., M/S = 0.3.

3. There was a significant increase in the relative
intensity of the Raman scattering band at about
600 cm�1 with increasing content of Ce2O3 in the
high MnO/SiO2 system, which originated from the
transition from [AlO4]-unit balanced by
0.5Mn2+,i.e., [(Al,Mn0.5)O4]-tetrahedron to the Ce3+

incorporated [AlO6]-unit, i.e., [(Al,Ce)O6]-octahedron
because of the strong attraction between Al2O3 and
Ce2O3 in the present system. However, this structure
modification reaction was not observed in the less
basic melts, viz. M/S = 1.0 system.

4. The changes in the sulfide capacity of the Mn-
aluminosilicate melts by addition of Ce2O3 could be
explained by the following factors. First, the activity
of MnO in the melts decreased by addition of Ce2O3

and the activity decreasing rate was more dominant
in the high MnO/SiO2 melts, resulting in a decrease in
the basicity of the melts. Second, the free oxygen was
consumed in the structure modification reaction from
[(Al,Mn0.5)O4]- to [(Al,Ce)O6]-unit by addition of
Ce2O3, which was significantly occurred in the high
MnO/SiO2 melts, resulting in a decrease in the
basicity of the melts. Finally, when the Ce3+ content
is greater than critical value (approx. 4 mol pct in the
present system) in the high MnO/SiO2 (=2.2) melts,
excess Ce3+ and Mn2+ ions competitively react with
S2� ions, resulting in an increase of sulfide capacity
due to a decrease in the activity coefficient of S2� ions
in the melts.
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