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Introduction 

For a good number of years GTT is now involved in the development of a high-

component oxide database GTOx which is relevant for diverse fields of application as 

development and production of refractories, metallurgical slags, glass processing, 

coal combustion and gasification, and many others. Recently, vanadium has come 

into the focus of our work. It is used as alloying element in steel products for 

improving their tensile strength, fatigue performance and heat resistance. Besides, 

vanadium-titanium alloys are employed as new electrode materials in hydrogen 

storage batteries. Because of the high value of vanadium its recovery from 

metallurgical but also from other slags, e.g. from the gasification of PET coke, is of 

high importance. Thermodynamic calculations for oxide systems containing 

vanadium are a useful tool for the understanding of such recovery processes. 

vanadium oxides, mainly V2O5 and V2O3, have so far been integrated into the reduced 

core system CaO-MgO-Al2O3-FeOx-Cr2O3-MnO-Mn2O3-NiO-SiO2-TiO2-Ti2O3 of the 

already existing database and is therefore now available in the thermodynamic 

modelling software packages FactSage, ChemApp, SimuSage and ChemSheet. This 

work resulted in the thermodynamic assessment of 16 binary and 12 ternary systems 

based on the presently available experimental data.  

Thermodynamic models 

The Gibbs energy of the liquid phase has been modelled using a non-ideal associate 

solution model. The compositions of the pure liquid oxide species as well as the 

associates have been chosen to have two moles of cations per associate thus keeping 

the successful method of Spear and Besmann1. For systems of the type MeO-V2O3 

one associate species MeO.V2O3 was included. Solid solutions are usually treated 

using the multi-sublattice approach. Vanadium was also introduced into the 

thermodynamic description of solid solution phases such as MeO, Spinel, Corundum, 

Ca2SiO4-α and Pseudobrookite using available experimental information. In the 

vanadium oxide containing systems particular attention was given to the phase Spinel 

which forms the wide completely miscible solid solution Fe3O4-FeV2O4-MgV2O4-

MnV2O4. The cation V+3 was introduced on the second sublattice of the present 

description of the Spinel phase (see Table 1). In total, there are 16 vanadium 
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containing solution phases which allow to describe the experimentally determined 

wide solubility with respect to vanadium oxides and therefore also the equilibria 

involving solid, liquid and gas phases. 

 

Table 1: Modelling of the complex vanadium oxide-containing solution phases 

Phase Description 

Slag Non-ideal associate species model 

Spinel (Al+3,Fe+2,Fe+3,Mg+2,Mn+2,Ti+4)(Al+3,Fe+2,Fe+3,Mg+2,Mn+2,Mn+3,Va, Ti+3, 
V+3)2(O-2)4 

PSbrookite-Ti3O5 (Al, Mg, Fe, Mn, Ti, V)(Al,Ti, Fe)(Ti)(O)5 

C2S-C3P (Ca+2,Cr+2,Mg+2,Mn+2)3(Ca+2, Va)(P+5,Si+4, V+5)2(O-2)8 

Corundum (Al+3, Cr+2, Cr+3, Fe+3, Mn+3, Ti+3, Fe0.5Ti0.5
+3, Mg0.5Ti0.5

+3, Mn0.5Ti0.5
+3, V+3, 

V+4)2(Cr+3,Va)(O-2)3 

MeO (Al+3,Ca+2,Cr+3,Fe+2,Fe+3,Mg+2,Mn+2,Mn+3,Ti+4,Ti+3,V+2,V+3,V, Zn+2,Va)(O-2) 

Garnet (Ca,Mg)0.5(Ca)1.5MgV2O8 

 

Assessed binary and ternary systems are collected in Table 2. 

 

Table 2: Assessed binary and ternary systems 

Binary systems Ternary systems 

V-O 2  Al2O3-Fe2O3-V2O5 
Al2O3-V2O5, Al2O3-V2O3 Al2O3-FeO-V2O3 

CaO-V2O5 Al2O3-V2O5-SiO2 
Cr2O3-V2O5 CaO-NiO-V2O5 

FeO-V2O3, Fe2O3-V2O5 CaO-SiO2-V2O5 
MgO-V2O5, MgO-V2O3 TiO2-Ti2O3-V2O3 

MnO-V2O5, Mn2O3-V2O5 FeO-Fe2O3-V2O3 
NiO-V2O5 MgO-SiO2-V2O5 

TiO2-V2O3 
3 MgO-SiO2-V2O3 

Ti2O3-V2O3 3 CaO-SiO2-V2O30 
SiO2-V2O3, FeO-SiO2-V2O3 
SiO2-V2O5 CaO-MgO-V2O5 

Binary systems with participation of V2O3 and V2O5 

The V-O binary system contains five solid solution phases and 13 stoichiometric 

compounds. The thermodynamic assessments of the V-O system2 and of the Ti-V-O 

system3 were taken into account. The liquid phase was re-optimised in this work 

using the non-ideal associate solution model1 with the associates V2O2, V2O3, V2O4 

and V2O5 taken from the SGPS database4. Calculated phase diagram is given in Figure 1. 

Vanadium has several oxidation states. Depending on the partial pressure of oxygen 

the stable form of vanadium oxide changes. Consequently, the phase diagrams with 

the same oxide (e.g. MgO) change with oxygen partial pressure as shown in Figure 2. 
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Figure 1: Calculated V-O binary system with isobars 

 

 

 

 
Figure 2: MgO-VOx phase diagram in air (a) and under reducing conditions (b) 

Ternary systems 

Since experiments with vanadium are difficult to carry out and expensive, the existing 

database can be used to predict the behaviour of a slag. For example, using the 

experimental data10,11 for the ternary phases CaMgV2O7 and Garnet and also the 

mutual solubility of CaO and MgO in appropriate vanadates it is possible to predict 

an isothermal section or a liquidus surface in the CaO-MgO-V2O5 system as shown in 

Figure 3. 

 

 
Figure 3: Isothermal section at 550°C and liquidus surface of CaO-MgO-V2O5 

a) b) 
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Conclusions 

The self-consistent thermodynamic database for the system CaO-MgO-Al2O3-FeOx-

Cr2O3-MnO-Mn2O3-NiO-SiO2-TiO2-Ti2O3-V2O3-V2O5, integrated in GTOx, permits the 

calculation of phase diagrams and thermodynamic properties for any composition 

and temperature. Phase diagrams calculated using this database show generally good 

agreement with the experimental phase boundaries. All phase diagrams assessed are 

presented in a Slag Atlas provided by GTT-Technologies.12 The GTOx database is 

successfully used in a very wide range of applications (coal combustion and 

gasification, metallurgy, fluxing, viscosity modelling).  

Acknowledgements 

GTT-Technologies gratefully acknowledges financial support of the HotVeGas project 

by the Ministry of Economic Affairs of the Federal Republic of Germany under FKZ 

0327773L. The close collaboration with Elena Yazhenskikh and Michael Müller from 

Research Center Jülich during the development of GTOx is acknowledged. 

References 

1. T.M. Besmann, K.E. Spear, “Thermodynamic modelling of oxide glasses”, J Am Ceram Soc, 85 (12) 

2887-2894 (2002). 

2. Y. Yang, H. Mao, M. Selleby, “Thermodynamic assessment of the V-O system”, CALPHAD, 51 144-

160 (2015). 

3. Y. Yang, H. Mao, H.-L. Chen, M. Selleby, “An assessment of the Ti-V-O system”, J Alloy and Comp, 

722 365-374 (2017). 

4. SGTE Pure Substance database, SGTE, Grenoble, 2011. 

5. R. Wollast, A. Tazairt, “Phase diagram of the system MgO-V2O5”, Silic Ind, 34 (2) 37-45 (1969). 

6. E. I. Speranskaya, “System MgO-V2O5”, Izv. Akad. Nauk SSSR, Neorg Mater, 7 (10) 1804-1807 

(1971). 

7. R. C. Kerby, J. R. Wilson, “Solid-Liquid Phase Equilibriums for the Ternary Systems V2O5- Na2O-

Fe2O3, V2O5-Na2O-Cr2O3, and V2O5- Na2O-MgO”, Can J Chem, 51 [7] 1032-1040 (1973). 

8. L. Cini, “System V2O3-MgO under nonoxidizing conditions”, Radex Rundsch, 2 102-112 (1968) in 

Fig. 04335 in PED database, NIST, Version 4.2, 2019.  

9. M. S. Najjar, Texaco Inc., White Plains, New York; private communication, 1992. 

10. F. J. Parker, R.A. McCauley, “Investigation of the System CaO-MgO-V2O5: I, Phase Equlibria”, 

Phase Equilib, 7 349-351 (1982). 

11. I. A. Arapova, N. P. Tugova, N. G. Sharova, B. V. Slobodin, “System CaO-MgO-V2O5”, Zh Neorg 

Khim, 26 (1) 281-282 (1981). 

12. Slag Atlas on request available at GTT-Technologies, info@gtt-technologies.de.


