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Abstract: In the Selective Crystallization and Phase Separation (SCPS) process, manganese oxide 
is used as an additive to promote the precipitation of perovskite. However, the influence of 
manganese oxide on the liquid domain of the perovskite primary phase field is still unclear. In the 
present work, the liquid-perovskite equilibrium with the addition of 0 - 15 wt.% Mn3O4 was 
experimentally determined using a high-temperature isothermal equilibration-quenching technique, 
combined with X-Ray Diffraction (XRD), X-ray Photoelectron Spectroscopy (XPS) and Scanning 
Electron Microscopy-Energy Dispersive X-ray Spectroscopy (SEM-EDS). It was confirmed that 
manganese was mainly existed as Mn2+ and Mn3+ in the molten phase, whereas titanium existed as 
Ti4+. Within the composition range of the present study, the 1400 °C liquid compositions varying 
from 0 wt.% to 15 wt.% Mn3O4 overlapped significantly, mainly located at w(CaO)/w(SiO2) ratios 
between 0.9 and 1.1. The isotherms simulated by FactSage, as well as the data from the literature, 
generally agreed well with the present experimental results. The calculated 1400 °C isotherms at 
different Mn3O4 levels indicated that perovskite precipitation by manganese oxide was mainly 
promoted by increasing the Mn3O4 concentration to expand the primary phase field of perovskite 
toward both higher and lower TiO2 content areas. 
Keywords: Titania-bearing slag, equilibrium, perovskite, phase diagram, recovery 
 
Introduction 
The comprehensive recovery of multiple metals from primary or secondary resources is an 
important aspect of the circular economy [1]. Vanadium titano-magnetites are typical multiple metal 
complex ores, due to their high content of Fe, V, and Ti [2], and are widely distributed in for example 
Australia, South Africa, Canada, Russia, Finland, and China [3]. During the smelting of magnetite 
ore in the blast furnace, V is reduced into molten iron, while most of the Ti is transferred into slag, 
known as titania-bearing blast furnace slag, with more than 20 wt.% TiO2 [4]. Thus, it is certainly a 
valuable secondary source of titanium. However, this kind of TiO2 is very difficult to recover due 
to the fact that the Ti is finely distributed in different solid solutions, e.g., perovskite, titanaugite 
(Ca(Mg,Fe,Ti)(Si,Al)2O6, a variety of augite), titanium spinel ((Mg,Fe2+)(Al,Cr,Fe3+)2O4), and TiC 
[5]. Recently, the Selective Crystallization and Phase Separation (SCPS) process [6] was proposed 
and intensively investigated as a promising method for the disposal of Ti-bearing slag. 

The SCPS method was first proposed by Sui et al [7] for disposal of boron slag [8] and copper slag [9]. 
Later, it was developed to deal with P-, Ti-, and V-bearing slags [10, 11, 12]. There are three main steps 
in the SCPS process [13], of which the first and most important one is to find a suitable enrichment 
phase, while the following steps are crystal growing and separation. For titania-bearing slag, the key 
to the SCPS process is to enrich the Ti element into a certain phase, e.g., rutile (TiO2) [14], perovskite 
(CaTiO3) [15], or pseudo-brookite (Fe2TiO5) [16]. Perovskite has been regarded as a promising Ti-
enrichment phase, and different additives have been studied to promote the precipitation of 
perovskite from titania-bearing slag. The addition of MnO [17], P2O5 [18], CaO [19], and Fe2O3 [20] 
proved to be favorable for the crystallization of perovskite. The influence of temperature, time, and 
composition on the precipitation of perovskite was extensively investigated [21, 22], and the 
corresponding TTT (Time–Temperature–Transformation) curve was constructed using the Single 
Hot Thermocouple Technique (SHTT). However, most of the previous studies have focused mainly 
on the kinetic aspects of the additives, while little attention has been paid to determining the 
influence of additives on the coexisting liquid-perovskite phase equilibrium, which is the basis of 
the SCPS process for Ti-bearing slags. 



In view of the lack of key thermodynamic data for the SCPS process, we have investigated high-
temperature equilibrium phase relations for TiOx multiple oxide systems extensively in our former 
studies under both reducing conditions and in air [2,4,23-26]. The addition of 10 wt.% to 30 wt.% Al2O3 
on the phase relations were experimentally determined in air using a combination of the Single Hot 
Thermocouple Technique (SHTT) and high-temperature equilibration experiments [23-25]. The 
distribution of the primary crystal fields for perovskite, anosovite, diopside, melilite, and spinel 
were projected onto the quasi-ternary phase diagram of the CaO-SiO2-TiO2 system with fixed 5 wt.% 
MgO and 10 wt.%, 20 wt.%, 30 wt.% Al2O3. Regarding the reducing atmosphere, the 1400 °C 
equilibrium phase relations for the CaO-SiO2-TiO2 system at an oxygen partial pressure of 10-10 atm 
were confirmed [27]. The results revealed that the lower oxygen partial pressure had an obvious effect, 
leading to shrinkage of the rutile and wollastonite primary phase areas. In addition, the influence of 
the w(CaO)/w(SiO2) ratio and Al2O3 content on the location of the primary phase region of anosovite 
was studied more deeply by Wang et al [6,16,28] for the CaO-SiO2-MgO-Al2O3-TiO2 system. Whereas 
almost all of the studies have focused on illustrating the influence of the w(CaO)/w(SiO2) ratio and 
the concentrations of Al2O3, or TiO2, or MgO on the equilibrium phase relations of the TiOx multiple 
oxide system, no thermodynamic studies have been conducted for the addition of manganese oxide. 
For effective use of the SCPS process, it is fundamentally important to understand the enrichment 
of Ti in the perovskite phase. 

In the present study, we investigated the influence of MnO with varying content from 5 wt.% to 15 
wt.% on the thermodynamic relations of liquid-perovskite in the CaO-SiO2-TiO2 system at 1400 °C 
in air. The speciations of Mn and Ti were determined by XRD (X-Ray Diffraction) and XPS (X-ray 
Photoelectron Spectroscopy), while the equilibrium phase compositions were analyzed by SEM-
EDS (Scanning Electron Microscopy - Energy Dispersive X-ray Spectroscopy). In addition, the 
predictions by FactSage 8.0 with the ‘‘FactPS’’ and ‘‘FToxid’’ databases were also projected for 
comparison with the present experimental results. The present results are expected to provide new 
insights into the extraction of Ti from titania-bearing slag, as well as new thermodynamic data for 
the optimization of TiO2-containing oxide systems. 

Experimental 
Materials 
High purity oxide powders of CaO (99.99 wt.%), SiO2 (99.99 wt.%), TiO2 (99.8 wt.%) from Sigma-
Aldrich and MnO (99.99 wt.%) from Alfa Aesar were used as the initial materials to synthesize the 
samples. Each oxide was weighed in varying proportions and then placed into a desiccator to avoid 
water absorption from air. The initial compositions were designed to achieve the two-phase liquid-
perovskite equilibrium at 1400 °C. The MnOx content varied from 0 wt.% to 15 wt.% with the aim 
of reflecting the influence of MnOx on the equilibrium relations. A total weight of 0.15g of sample 
mixture was accurately mixed with the designed ratios, and then the blend was pressed into a small 
cylinder and stored in a desiccator for further use. 

High-temperature equilibration experiments 
A vertical corundum tube furnace heated by MoSi2 heating elements (Nabertherm RHTV 120-
150/18) was employed for the high-temperature equilibration experiments [23, 24], as shown in Figure 
1. The pressed cylinder mixture sample was placed inside a platinum foil, and suspended by a 
platinum wire in the hot zone of the work tube under air atmosphere. The sample temperature was 
monitored by an S-type thermocouple, which was regularly calibrated with an accuracy of ± 3 °C. 



During the experiments, the temperature was first increased to 50 °C higher than the experimental 
temperature and was held for at least 60 min to accelerate the dissolution of the oxides. Thereafter, 
the temperature was decreased to the equilibrium temperature of 1400 °C for a long enough time to 
guarantee the achievement of equilibration.  

The most credible way to prove the achievement of equilibrium is to hold the sample at a fixed 
temperature with different lengths of time. The reaching equilibrium state could be determined by 
evaluating the homogeneity of the phase compositions, i.e., the constitutions of perovskite and liquid 
phases at liquid-perovskite saturation in the CaO-MgO-SiO2-Al2O3-TiO2 system [2]. The results of 
the preliminary experiments with extended holding time (8h, 16h, 24h, 32h) for various Ti-bearing 
oxide systems at different temperatures and atmospheres [2, 23-25] proved that 24 h was sufficient to 
reach equilibrium and therefore, each mixture was annealed in the hot zone for at least 24 h to ensure 
the stable phase assembly.  

After equilibration, the sample was quenched by dropping it in ice water mixture placed just below 
the vertical work tube, allowing the quenching process to be finished within seconds and retaining 
the high-temperature phase assembly at room temperature. The quenched samples were then dried 
for further analysis. 

 
Figure 1 Schematic diagram of the vertical furnace for the equilibrium experiments. 

 
Analysis 
The quenched sample was mounted in epoxy resin, polished, coated with carbon, and then analyzed 
by SEM (Tescan, Brno, Czech Republic) coupled with an UltraDry silicon drift EDS (Thermo Fisher 
Scientific, Waltham, MA, USA) to characterize the equilibrium micrographs and compositions. The 
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standards (Astimex, Ontario Canada) utilized in the EDS analyses were rutile (Ti Kα), quartz (O Kα 
and Si Kα), anhydrite (Ca Kα), and metallic manganese (Mn Kα). The analyses were carried out 
using NSS microanalysis software. For each phase, at least six points were randomly selected to 
ensure high accuracy. The Proza (Phi-Rho-Z) matrix correction procedure was employed for raw 
data processing before normalizing the analysis results. 

To determine the oxidation states of Mn and Ti elements, XPS measurements were performed using 
a Kratos Axis Ultra system (Kratos Analytical Ltd, Manchester, UK), equipped with a 
monochromatic Al Kα X-ray source. All measurements were performed using an analysis area of 
0.3 mm × 0.7 mm. The measurements were performed with a 20 keV pass energy and 0.1 eV energy 
step. Individual regions of C 1s, Si 2p, Ca 2p, Ti 2p, O 1s, Mn 2p were recorded. Curve fitting of 
the XPS spectra was carried out using XPSPEAK vers. 4.1 software. 

In addition, the oxide powder was also characterized by XRD (PANalytical X’Pert Pro Powder, 
Almelo, Netherlands) using Co Ka radiation at a scan rate of 2°/min from 10° to 90° (acceleration 
voltage 40 kV, current 40 mA). The phase assembly of the XRD results was performed with 
HighScore Plus 4.1 software (PANalytical) using the Rietveld fitting, based upon the PDF2 powder 
database [29]. 

Thermodynamic calculation 
Nowadays, commercial thermodynamic software such as FactSage [30] has been developed to make 
equilibrium predictions for oxide and other systems. In the present work, the 1400 °C isotherms for 
CaO-SiO2-TiO2-Mn3O4-O2 systems with Mn3O4 varying from 0 wt.% to 15 wt.% were calculated 
by FactSage 8.0. For the FactSage predictions, the solution phases were described by the quasi-
chemical model, the ‘‘FactPS’’ and ‘‘FToxid’’ databases were used in the Equilib. module [31], and 
the oxygen partial pressure was set to 0.21 atm. 

Results and discussion 
Oxidation states of Mn and Ti elements 
Both Mn and Ti are multi-valence elements in the system studied in the present work. In order to 
reveal the influence of temperature and oxygen partial pressure on the oxidation states of Mn and 
Ti, the Mn-O and Ti-O predominance phase diagrams were calculated by FactSage, as shown in 
Figure 2(a) and Figure 2(b). In the temperature range of 200 - 2000 °C and oxygen partial pressure 
range of 10-14 atm - 1 atm, Mn can be stable as MnO2, Mn3O4, and MnO, while Ti can exist as TiO2, 
Magneli phases, Ti3O5, Ti2O3, TiO, and Ti with decreasing oxygen partial pressure. Under the 
present experimental conditions of 1400 °C in air, the calculated results indicated that Mn and Ti 
would be stable as Mn3O4 and TiO2, respectively. Therefore, the high purity MnO and TiO2 powders 
were heated at 1400 °C for 24 h to verify the predictions. The corresponding XRD patterns are 
plotted in Figure 3(a) and Figure 3(b), respectively. Figure 3(a) shows that the MnO powder had 
oxidized to Mn3O4 (PDF No. 24-734), while TiO2 powder still existed as TiO2 (PDF No. 71-650), 
indicating that the experimental results agreed well with the predictions by FactSage for pure oxide 
powders. 

XPS analysis was employed to reveal the influence of other elements, e.g., Ca and Si, on the 
oxidation states of Mn and Ti. Typical XPS spectra are presented in Figure 4(a) and Figure 4(b) for 
Mn and Ti, respectively. Figure 4(a) shows that most of the Mn existed as Mn2+ and Mn3+, while 
only a small fraction of manganese was present as a higher valence of Mn4+, which demonstrates 



that it was easier to oxidize the Mn element to a higher valence with the coexistence of Ca, Si, and 
Ti. In addition, the XPS spectra in Figure 4(b) prove that titanium existed in the samples as Ti4+. 
According to the above results and discussion, the stable oxide form of Mn and Ti can be expressed 
as Mn3O4 and TiO2. Therefore, these oxidation states were adopted as the subject of discussion in 
the following sections. 

  

(a) Mn-O                                      (b) Ti-O 
Figure 2 Predominance phase diagrams of Mn-O and Ti-O system predicted by FactSage at 

different temperatures and oxygen partial pressures. 
 

    

(a)                                      (b) 
Figure 3 XRD patterns of high purity MnO (2a) and TiO2 (2b) powders after heating at 1400 °C 

for 24 h. 

   



(a)                                      (b) 
Figure 4 Typical XPS spectra of manganese and titanium elements for the quenched sample 

(sample M15-2). 
Equilibrium phases at 1400 °C 
Typical microstructures of the equilibrium phases at 1400 °C are shown in Figure 5(a) and Figure 
5(b), and the corresponding phase compositions are listed in Table 1. The phase relations at 1400 °C 
were relatively simple, as most of the samples were located within the liquid-perovskite primary 
phase field, as shown in Figure 5(a) for the equilibrium result of sample Mn5-5. This is consistent 
with the objective of the present study. In addition, only one sample presented the three-phase 
equilibrium of liquid-perovskite-wollastonite, as shown by sample Mn0-1 in Figure 5(b). It indicates 
that the primary phase fields of perovskite and wollastonite are adjoined to each other. 

Moreover, the equilibrium compositions in Table 1 show that, when the initial concentration of MnO 
in the sample increased from 0 wt.% to 15 wt.%, the corresponding Mn3O4 content in the 
equilibrium perovskite phases continued to increase from 0 wt.% to 2.1 wt.%. The corresponding 
relationship of the average Mn3O4 concentration in the perovskite phases with the initial MnO 
content in the sample is plotted in Figure 6; It can be found that a liner relation was observed in 
accordance to equation (1) for the composition range studied in present work as 

w(Mn3O4)perovskite=-0.04+0.11w(MnO)sample (R-square(COD)=0.994)                  (1) 

 

(a) Mn5-5         (b) Mn0-1 
Figure 5 Typical micrographs of the equilibrium phases at 1400°C in air. 



 
Figure 6 Concentration of Mn3O4 in perovskite phase vs. the initial MnO content in the sample. 

 
Table 1 Compositions of the equilibrium phases at 1400 °C 

No. 
Initial composition, wt.% Equilibrium 

phases 
Equilibrium compositions, wt.% 

TiO2 SiO2 CaO MnO TiO2 SiO2 CaO Mn3O4 
Mn0-1 20.00 33.33 46.67 0.00 Liquid 24.2 ± 0.9 36.6 ± 0.5 39.2 ± 0.4 0.00 

     Perovskite 59.2 ± 0.1 0.2 ± 0.0(4) 40.7 ± 0.1 0.00 
     Wollastonite 0.6 ± 0.1 50.7 ± 0.1 48.7 ± 0.2 0.00 

Mn0-2 25.00 31.25 43.75 0.00 Liquid 26.2 ± 0.1 35.8 ± 0.1 38.0 ± 0.1 0.00 
     Perovskite 58.8 ± 0.1 0.1 ± 0.0(2) 41.0 ± 0.1 0.00 

Mn0-3 30.00 29.17 40.83 0.00 Liquid 31.4 ± 0.1 32.9 ± 0.1 35.7 ± 0.1 0.00 
     Perovskite 59.2 ± 0.0 (4) 0.1 ±0.0(3) 40.7 ± 0.1 0.00 

Mn0-4 35.00 27.08 37.92 0.00 Liquid 37.7 ± 0.1 29.6 ± 0.1 32.7 ± 0.1 0.00 
     Perovskite 59.1 ± 0.1 0.1 ± 0.0(2) 40.8 ± 0.1 0.00 

Mn0-5 40.00 25 35 0.00 Liquid 38.6 ± 0.4 29.3 ± 0.2 32.1 ± 0.5 0.00 
     Perovskite 59.0 ± 0.2 0.1 ± 0.0(2) 40.8 ± 0.1 0.00 

Mn5-1 20.00 31.25 43.75 5.00 Liquid 19.6 ± 0.5 34.8 ± 0.4 40.0 ± 0.1 5.6 ± 0.1 
     Perovskite 61.8 ± 0.4 0.1 ±0.0(3) 37.6 ± 0.2 0.6 ± 0.2 

Mn5-2 25.00 29.17 40.83 5.00 Liquid 26.0 ± 0.2 32.9 ± 0.2 36.2 ± 0.1 4.9 ± 0.1 
     Perovskite 61.9 ± 0.3 0.1 ± 0.0(2) 37.5 ± 0.2 0.4 ± 0.1 

Mn5-3 30.00 27.08 37.92 5.00 Liquid 30.3 ± 0.1 31.2 ± 0.2 32.2 ± 0.1 6.3 ± 0.1 
     Perovskite 61.9 ± 0.3 0.1 ± 0.0(8) 37.5 ± 0.3 0.5 ± 0.1 

Mn5-4 35.00 25.00 35.00 5.00 Liquid 35.0 ± 0.3 30.2 ± 0.4 29.9 ± 0.2 4.9 ± 0.1 
     Perovskite 61.2 ± 0.2 0.3 ± 0.1 38.1 ± 0.3 0.4 ± 0.1 

Mn5-5 40.00 22.92 32.08 5.00 Liquid 40.7 ± 0.4 26.1 ± 0.5 28.2 ± 0.3 5.0 ± 0.1 
     Perovskite 61.5 ± 0.2 0.1 ± 0.0(3) 37.8 ± 0.3 0.5 ± 0.1 

Mn10-1 20.00 29.17 40.83 10.00 Liquid 16.4 ± 0.1 34.9 ± 0.1 39.0 ± 0.1 9.7 ± 0.1 
     Perovskite 61.0 ± 0.5 0.2 ± 0.0(7) 37.5 ± 0.3 1.3 ± 0.3 

Mn10-2 25.00 27.08 37.92 10.00 Liquid 32.1 ± 0.1 28.3 ± 0.1 30.7 ± 0.1 9.0 ± 0.1 
     Perovskite 58.9 ± 0.1 0.1 ± 0.0(1) 40.4 ± 0.2 0.7 ± 0.1 

Mn10-3 30.00 25.00 35.00 10.00 Liquid 20.7 ± 0.1 32.9 ± 0.1  36.4 ± 0.1 10.1 ± 0.1  
     Perovskite 58.6 ± 0.1 0.3 ± 0.1 40.3 ± 0.0(4) 0.8 ± 0.1 

Mn10-4 35.00 22.92 32.08 10.00 Liquid 38.7 ± 0.3 24.7 ± 0.1 27.4 ± 0.2 9.2 ± 0.1 
     Perovskite 58.9 ± 0.2 0.1 ± 0.0(1) 40.0 ± 0.1 1.0 ± 0.1 

Mn10-5 40.00 20.83 29.17 10.00 Liquid 42.0 ± 0.4 22.1 ± 0.8 23.9 ± 0.9 11.9 ± 0.4 
     Perovskite 59.0 ± 0.2 0.1 ± 0.0(2) 39.8 ± 0.1 1.2 ± 0.2 

Mn15-1 20.00 27.08 37.92 15.00 Liquid 27.1 ± 0.1 27.7 ± 0.1 28.9 ± 0.2 16.4 ± 0.2 
     Perovskite 60.4 ± 1.1 0.2 ± 0.0 (2) 37.3 ± 0.3 2.1 ± 0.8 

Mn15-2 25.00 25.00 35.00 15.00 Liquid 28.9 ± 0.5 26.7 ± 0.4 27.9 ± 0.4 16.5 ± 0.5 
     Perovskite 61.2 ± 0.4 0.1 ± 0.0(1) 37.1 ± 0.3 1.7 ± 0.3 

Mn15-3 30.00 22.92 32.08 15.00 Liquid 29.5 ± 0.7 26.3 ± 0.6 28.0 ± 0.3 16.2 ± 0.4 
     Perovskite 61.3 ± 0.3 0.1 ± 0.0(3) 37.1 ± 0.3 1.5 ± 0.1 

Mn15-4 35.00 20.83 29.17 15.00 Liquid 35.4 ± 0.3 23.5 ± 0.4 25.3 ± 0.5 15.8 ± 0.4 
     Perovskite 61.5 ± 0.3 0.1 ± 0.0(3) 37.0 ± 0.4 1.5 ± 0.1 

Mn15-5 40.00 18.75 26.25 15.00 Liquid 36.5 ± 0.6 23.1 ± 0.6 25.0 ± 0.2 15.5 ± 0.3 
     Perovskite 61.6 ± 0.5 0.1 ± 0.0(1) 36.8 ± 0.4 1.5 ± 0.1 

 



Construction of the 1400 °C isotherm 
As mentioned above, the manganese oxide content of the initial slag mixture was designed to be 
fixed at 0 wt.%, 5 wt.%, 10 wt.%, and 15 wt.%. However, during the equilibration process, the 
precipitation of solid crystals from the liquid oxide phase modified its composition. The manganese 
oxide content in the equilibrated molten liquid phase also varied to some extent from the initial 5 
wt.%, 10 wt.%, and 15 wt.% Mn3O4 planes. In order to reproduce the results graphically and plot 
the liquid composition on the CaO-SiO2-TiO2-Mn3O4 quasi-ternary phase diagram with a fixed 
manganese oxide concentration, the composition of the measured liquid phase had to be normalized 
before being depicted in the phase diagram. This was done by recalculating the measured manganese 
oxide content to 5 wt.%, 10 wt.%, and 15 wt.% Mn3O4, and the other three components were 
normalized to a total of 95 wt.%, 90 wt.%, and 85 wt.%, respectively, in their original proportions. 

Based on the present experimental results, the liquidus compositions at 1400 °C were projected onto 
the quasi-ternary phase diagrams of the CaO-SiO2-TiO2-(0-15 wt.%) Mn3O4 systems, as presented 
in Figure 7. When the Mn3O4 content was 0 wt.% in Figure 7(a), both the predictions by FactSage 
and the data from Slag Atlas [32] were projected for comparison with the present experimental results. 
It was found that the 1400 °C isotherm from Slag Atlas for the perovskite primary phase field agreed 
well with the liquid composition from the present work, whereas the calculated liquidus by FactSage 
expanded slightly to a lower w(CaO)/w(SiO2) ratios. In addition, the calculated liquidus domain 
extended significantly toward the area with the higher TiO2 contents and higher w(CaO)/w(SiO2) 
ratios. The liquid composition of the liquid-perovskite-wollastonite three-phase equilibrium 
determined in the present study, as shown by the solid square dots in Figure 7(a), shifted to a higher 
TiO2 contents compared with the calculations and literature data. For the Mn3O4 content varying 
from 5 wt.% to 15 wt.%, the calculated 1400 °C isotherms were plotted together with our 
experimental results in Figure 7(b), Figure 7(c), and Figure 7(d). It can be seen that there is a similar 
trend between the isotherms and liquid compositions, and both agreed well with each other. 

In Figure 8, all of the experimental liquidus compositions, coupled with the computational 1400 °C 
isotherms at different Mn3O4 contents, were projected for comparison. It was found that the liquid 
composition at different Mn3O4 contents overlapped significantly and was mainly located in the 
composition range with w(CaO)/w(SiO2) ratios between 0.9 and 1.1. This phenomenon was 
consistent with the computational isotherms from FactSage, which were extremely close to each 
other within the composition range studied in the present work. The predicted isotherms also 
indicated that an increase in Mn3O4 content was favorable for expanding the primary phase field of 
perovskite, by extending the isotherms to both the higher and lower TiO2 content areas. This resulted 
in an extended composition range for the precipitation of the perovskite phase from titania-bearing 
slags. However, more experimental results are needed to verify the predictions by FactSage. 

 
 



  
(a) CaO-SiO2-TiO2-0 wt.% Mn3O4 system      (b) CaO-SiO2-TiO2-5 wt.% Mn3O4 system   

 

  
(c) CaO-SiO2-TiO2-10 wt.% Mn3O4 system    (d) CaO-SiO2-TiO2-15 wt.% Mn3O4 system  
Figure 7 Comparison of the experimental liquid compositions with the calculations by FactSage 

and literature data in CaO-SiO2-TiO2-(0-15 wt.%) Mn3O4 quasi-ternary phase diagrams. 
 

            



Figure 8 Influence of Mn3O4 content on the isotherm for the perovskite primary phase field 
obtained in this study and the computational phase boundaries at 1400 °C. 

 
Conclusions 
In the SCPS process, different kinds of additives are added to titania-bearing slags to promote the 
precipitation of perovskite. However, few studies have been focused on clarifying the effect of the 
additives on the primary phase field of perovskite. In the present work, we studied the influence of 
manganese oxide on the 1400 °C isotherm of the primary phase field of perovskite experimentally 
using a high-temperature equilibration-quenching technique. It was found by XPS analysis that 
manganese and titanium mainly existed as Mn3O4 and TiO2, respectively, in the molten phase. For 
the composition range investigated in the present work, the 1400 °C liquid compositions varying 
from 0 wt.% to 15 wt.% MnOx overlapped significantly, mainly located within the w(CaO)/w(SiO2) 
ratios between 0.9 and 1.1. The computational isotherms and the data from the literature generally 
agreed well with the present experimental results. Moreover, the calculated 1400 °C isotherms from 
the 0 wt.% - 15 wt.% Mn3O4 levels indicated that the precipitation of perovskite by manganese 
oxide was mainly promoted by expanding the perovskite primary phase field toward both higher 
and lower TiO2 concentration areas through an increase in the Mn3O4 content. 
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