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Abstract 

A complete literature review, critical evaluation of the available data and thermodynamic optimization of 

the phase equilibria and thermodynamic properties of oxide phases in SiO2-ZnO system at 1 atm pressure 

are presented. The molten oxide phase is described with an associate solution model. A set of optimised 

model parameters of all phases was obtained which reproduces all available and reliable thermodynamic 

and phase equilibrium data within their experimental error limits from 298 K to above the liquidus 

temperatures over the entire composition range. The created database of the model parameters can be 

used in the Gibbs energy minimization software to calculate the thermodynamic properties and the phase 

diagram sections of interest. 
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1. Introduction 

Considerable interest has been directed towards the development of advanced materials based on zinc 

oxide over the years [1-4]. Zinc silicate is one of the most promising new systems due to its unique 
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electrical and physical properties [5-7]. Zinc is a common impurity element in copper ores and thus its 

detailed chemistry in silicate systems is of interest [8]. 

The purpose of this paper is to present a critical review of the available experimental thermodynamic and 

phase equilibrium data for the binary SiO2-ZnO system, and to obtain a set of self-consistent 

thermodynamic parameters to describe the system properties. 

2. Literature on the ZnO-SiO2 system 

The binary SiO2-ZnO system has been experimentally studied [9-13,16,17] and thermodynamically assessed 

[14,15] by a few researchers. Bunting [9] measured the SiO2-ZnO phase diagram features using an 

equilibration-quenching-optical microscopy analysis technique and found a large liquid immiscibility region 

in the SiO2 rich side at elevated temperatures, one compound (willemite or zinc orthosilicate Zn2SiO4), and 

two eutectic reactions ( L→SiO2+Zn2SiO4 and L→ZnO+Zn2SiO4 ). A monotectic equilibrium of two immiscible 

liquids in equilibrium with cristobalite was reported to extend from 0.02 to 0.35 mole fraction of ZnO, and 

the compound to melt congruently at 1785 ± 3 K. Eutectic points were determined to be at 1705 K and 

0.491 mole fraction of ZnO at SiO2 saturation side and at 1780 K and 0.775 mole fraction of ZnO at ZnO 

saturation. However, the compositions of the liquidus line in the paper of Bunting were estimated from the 

initial compositions of the samples prior to equilibration. Impurities in the starting materials as well as 

evaporation of ZnO at elevated temperatures [18] did bring unpredictable errors to his results.  

Williamson & Glasser [10] and Weber et al. [11-12] re-investigated experimentally the SiO2-ZnO system. 

Their data agreed well with the findings of Bunting [9] on the eutectic point at the silica-rich region. The 

eutectic point between Zn2SiO4 and ZnO, however, was much lower than the value proposed by Bunting, 

and the location of the liquidus was not well explained in their studies. Ringwood & Major [19], Syono et al. 

[21], Akaogi et al. [21] and Liu et al. [22] used high-temperature X-ray techniques for measuring the (P,T) -

phase diagrams of zinc silicates. 

Reyes & Gaskell [13] measured the activity of ZnO in the SiO2-ZnO melts at 1833 K using a transpiration 

technique with CO-CO2 mixtures as the carrier gas. The measured Gibbs energies of formation of SiO2-ZnO 

melts were significantly more negative than the estimated value [9, 11-12], indicating that ZnO is a 
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relatively basic oxide. Itoh & Azakami [23] conducted EMF measurements in the solid mixtures of the 

system using oxygen concentration cells. Calorimetric measurements are also available on the zinc 

orthosilicate-metasilicate transition pressure [24]. 

Björkman [14] initially assessed the SiO2-ZnO system by treating the liquid oxide mixture as an ideal 

solution but he considered the formation of Zn2SiO4 as an associated species which reduces the 

concentration and thus activity of ZnO. The calculated phase relations as well as the activity of ZnO were 

found to be in a good agreement with the available data. Jak et al. [15, 25] optimised the SiO2-ZnO system 

by employing the quasi-chemical model and least-squares optimisation module of the F*A*C*T software 

package [26]. The thermodynamic properties of SiO2 were taken from the F*A*C*T database, and the 

properties of ZnO from Barin [27]. Thermodynamic information about Zn2SiO4 was insufficient in the 

literature [28-32]. Therefore, Jak et al. [15] adopted the standard entropy of Zn2SiO4 from the compilation 

of Barin [27], and optimized the other thermodynamic properties of Zn2SiO4. The experimental phase 

diagram points used in the optimisation [9-12] were well re-produced by the assessed parameters in their 

study. 

The development of advanced experimental apparatus and analytical techniques makes it possible for the 

researchers to control the experimental conditions and achieve results efficiently and in more reliable way. 

Hansson et al. [16] studied experimentally the phase equilibria and liquidus temperatures of the SiO2-ZnO 

system using an equilibration-quenching-EPMA (Electron Probe X-ray MicroAnalysis) technique [33]. Two 

binary eutectics involving congruently melting willemite ( m.p. 1785 ± 3 K ) were ascertained at 1721 ± 5 K 

and 0.52 ± 0.01 mole fraction ZnO, and at 1775 ± 5 K and 0.71 ± 0.01 mole fraction ZnO, respectively. Xia et 

al. [17] studied the SiO2-ZnO system using an equilibration and quenching technique in a wide temperature 

range from 1703 to 1963 K. Their results obtained by EPMA confirmed the findings reported by Hansson et 

al. [16] and expanded the experimental data range.  

A few experimental attempts have also been made on re-determining the thermodynamic properties of 

Zn2SiO4 [23-24, 34]. Also a first principles study about the stability of zinc silicates in high pressures has 
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been carried out [35]. Bekturganov et al. [36] calculated the low-temperature cp function of willemite by ab 

initio techniques. 

3. Review of Experimental Data 

The experimental phase diagram measurements of the SiO2-ZnO system and the available thermodynamic 

data of Zn2SiO4 were compiled from the literature and evaluated critically. The recent phase diagram 

studies [16, 17] deviate systematically from the older observations [9-12] which involve systematical errors 

and uncertainties. An additional problem with the experimental phase diagram and liquidus data is that the 

measurements have been made at relatively low temperatures. No experimental data about the critical 

point of the molten-state miscibility gap at silica-rich compositions could be found. The zinc oxide activity 

data by Reyes & Gaskell [13] obtained by vapor pressure transpiration measurements seem too low at 

small zinc oxide concentrations, i.e. in the silica-rich compositions obviously due to systematic errors in 

their experimental method. Due to the large differences between the recent experimental points and the 

computational phase diagrams from the 20th century and those from Hansson et al. [16] and Xia et al. [17], 

the system was found to require reassessment. 

4. Thermodynamic Modelling  

The thermodynamic modelling and the model parameter optimization was carried out using the Calphad 

technique in the Thermo-Calc software environment [37]. 

4.1 Unary phases 

The Gibbs energy of a component i in phase 𝜑𝜑, 𝐺𝐺𝑖𝑖
𝜑𝜑0  = 𝐺𝐺𝑖𝑖

𝜑𝜑(𝑇𝑇) - 𝐻𝐻𝑖𝑖𝑆𝑆𝑆𝑆𝑆𝑆  ( i = ZnO and SiO2 ) was expressed by 

equation: 

 °𝐺𝐺𝑖𝑖
𝜑𝜑(𝑇𝑇) = a + b·T + c·TlnT + d·T2 + e·T-1 + f·T3 + g·T7 + h·T-9                                               (1) 

𝐻𝐻𝑖𝑖𝑆𝑆𝑆𝑆𝑆𝑆  is the sum of enthalpies of the elements at 298.15 K and 1 atm in their stable states (Stable Element 

Reference, denoted as SER); T is the absolute temperature (K) and a-h are substance specific coefficients. In 

this work, the Gibbs energy functions used for pure ZnO are consistent with MTDATA [38] and the Mtox 
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oxide database [39]. The Gibbs energy expression for pure SiO2 was taken from MTDATA SGTE SUB 

database [40]. 

4.2. Solution phases 

An associate solution model was employed to describe the liquid oxide phase [41] which was assumed to 

consist of three species: ZnO, Zn2SiO4 and SiO2. The molar Gibbs energy of liquid oxide solution can thus be 

expressed as follows: 

𝐺𝐺𝑚𝑚
𝐿𝐿𝑖𝑖𝐿𝐿 − 𝐻𝐻𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑦𝑦𝑍𝑍𝑍𝑍𝑍𝑍 𝐺𝐺𝑍𝑍𝑍𝑍𝑍𝑍

𝐿𝐿𝑖𝑖𝐿𝐿 + 𝑦𝑦𝑆𝑆𝑖𝑖𝑍𝑍2 𝐺𝐺𝑆𝑆𝑖𝑖𝑍𝑍2
𝐿𝐿𝑖𝑖𝐿𝐿 + 𝑦𝑦 𝐺𝐺𝑍𝑍𝑍𝑍2𝑆𝑆𝑖𝑖𝑍𝑍4

𝐿𝐿𝑖𝑖𝐿𝐿00 +0 𝑅𝑅𝑇𝑇(𝑦𝑦𝑍𝑍𝑍𝑍𝑍𝑍𝑙𝑙𝑙𝑙 𝑦𝑦𝑍𝑍𝑍𝑍𝑍𝑍 +

𝑦𝑦𝑆𝑆𝑖𝑖𝑍𝑍2 ln 𝑦𝑦𝑆𝑆𝑖𝑖𝑍𝑍2) + 𝑅𝑅𝑇𝑇(𝑦𝑦𝑍𝑍𝑍𝑍2𝑆𝑆𝑖𝑖𝑍𝑍4𝑙𝑙𝑙𝑙 𝑦𝑦𝑍𝑍𝑍𝑍2𝑆𝑆𝑖𝑖𝑍𝑍4) + 𝐺𝐺𝑚𝑚𝑆𝑆                                                        (2) 

where y represents the mole fraction of an associate ZnO, SiO2 and Zn2SiO4 in the liquid oxide solution. The 

symbol y was used for the associate concentrations in order to distinguish from the macroscopic 

component concentrations in figures denoted as x. The Gibbs energy of molten zinc orthosilicate associate 

𝐺𝐺𝑍𝑍𝑍𝑍2𝑆𝑆𝑖𝑖𝑍𝑍4
𝐿𝐿𝑖𝑖𝐿𝐿0  was described as: 

𝐺𝐺𝑍𝑍𝑍𝑍2𝑆𝑆𝑖𝑖𝑍𝑍4
𝐿𝐿𝑖𝑖𝐿𝐿0 = 2 · 𝐺𝐺0 𝑍𝑍𝑍𝑍𝑍𝑍

𝐿𝐿𝑖𝑖𝐿𝐿 + 𝐺𝐺° 𝑆𝑆𝑖𝑖𝑍𝑍2
𝐿𝐿𝑖𝑖𝐿𝐿 + 𝑎𝑎 + 𝑏𝑏 · 𝑇𝑇 + 𝑐𝑐 · 𝑇𝑇 · ln (𝑇𝑇)                                           (3)  

where °GLiq
ZnO and °GLiq

SiO2 are Gibbs energies of liquid ZnO and SiO2 and a as well as b are the enthalpy and 

entropy of formation of zinc orthosilicate (Zn2SiO4) associate, respectively.  

In eq. (2), 𝐺𝐺𝑚𝑚𝑆𝑆  is excess Gibbs energy of the liquid oxide phase which was described in this study by 

Redlich-Kister polynomials [42], as: 

 𝐺𝐺𝑚𝑚𝑆𝑆 = 𝑦𝑦𝑍𝑍𝑍𝑍𝑍𝑍𝑦𝑦𝑆𝑆𝑖𝑖𝑍𝑍2� 𝐿𝐿0 𝑍𝑍𝑍𝑍𝑍𝑍,𝑆𝑆𝑖𝑖𝑍𝑍2 + 𝐿𝐿1 𝑍𝑍𝑍𝑍𝑍𝑍,𝑆𝑆𝑖𝑖𝑍𝑍2�𝑦𝑦𝑍𝑍𝑍𝑍𝑍𝑍 − 𝑦𝑦𝑆𝑆𝑖𝑖𝑍𝑍2��  

+ 𝑦𝑦𝑍𝑍𝑍𝑍𝑍𝑍𝑦𝑦𝑍𝑍𝑍𝑍2𝑆𝑆𝑖𝑖𝑍𝑍4 � 𝐿𝐿0 𝑍𝑍𝑍𝑍𝑍𝑍,𝑍𝑍𝑍𝑍2𝑆𝑆𝑖𝑖𝑍𝑍4 + 𝐿𝐿1 𝑍𝑍𝑍𝑍𝑍𝑍,𝑍𝑍𝑍𝑍2𝑆𝑆𝑖𝑖𝑍𝑍4�𝑦𝑦𝑍𝑍𝑍𝑍𝑍𝑍 − 𝑦𝑦𝑍𝑍𝑍𝑍2𝑆𝑆𝑖𝑖𝑍𝑍4� +   𝐿𝐿2 𝑍𝑍𝑍𝑍𝑍𝑍,𝑍𝑍𝑍𝑍2𝑆𝑆𝑖𝑖𝑍𝑍4�𝑦𝑦𝑍𝑍𝑍𝑍𝑍𝑍 −

𝑦𝑦𝑍𝑍𝑍𝑍2𝑆𝑆𝑖𝑖𝑍𝑍4�
2� + 𝑦𝑦𝑆𝑆𝑖𝑖𝑍𝑍2𝑦𝑦𝑍𝑍𝑍𝑍2𝑆𝑆𝑖𝑖𝑍𝑍4 � 𝐿𝐿0 𝑆𝑆𝑖𝑖𝑍𝑍2,𝑍𝑍𝑍𝑍2𝑆𝑆𝑖𝑖𝑍𝑍4 + 𝐿𝐿1 𝑆𝑆𝑖𝑖𝑍𝑍2 ,𝑆𝑆𝑖𝑖𝑍𝑍4�𝑦𝑦𝑆𝑆𝑖𝑖𝑍𝑍2 − 𝑦𝑦𝑍𝑍𝑍𝑍2𝑆𝑆𝑖𝑖𝑍𝑍4� +

𝐿𝐿2 𝑆𝑆𝑖𝑖𝑍𝑍2 ,𝑍𝑍𝑍𝑍2𝑆𝑆𝑖𝑖𝑍𝑍4�𝑦𝑦𝑆𝑆𝑖𝑖𝑍𝑍2 − 𝑦𝑦𝑍𝑍𝑍𝑍2𝑆𝑆𝑖𝑖𝑍𝑍4�
2

+  𝐿𝐿3 𝑆𝑆𝑖𝑖𝑍𝑍2 ,𝑍𝑍𝑍𝑍2𝑆𝑆𝑖𝑖𝑍𝑍4�𝑦𝑦𝑆𝑆𝑖𝑖𝑍𝑍2 − 𝑦𝑦𝑍𝑍𝑍𝑍2𝑆𝑆𝑖𝑖𝑍𝑍4�
3�   + � 𝐿𝐿𝑒𝑒𝑒𝑒

𝑍𝑍𝑍𝑍𝑍𝑍,𝑍𝑍𝑍𝑍2𝑆𝑆𝑖𝑖𝑍𝑍4 ,𝑆𝑆𝑖𝑖𝑍𝑍2�                      

(4) 
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In eq. (4), 𝐿𝐿𝑙𝑙 𝑍𝑍𝑍𝑍𝑍𝑍,𝑆𝑆𝑖𝑖𝑍𝑍2 , 𝐿𝐿𝑙𝑙 𝑍𝑍𝑍𝑍𝑍𝑍,𝑍𝑍𝑍𝑍2𝑆𝑆𝑖𝑖𝑍𝑍4  and 𝐿𝐿𝑙𝑙 𝑆𝑆𝑖𝑖𝑍𝑍2,𝑍𝑍𝑍𝑍2𝑆𝑆𝑖𝑖𝑍𝑍4   ( 𝑙𝑙 = 0, 1, 2, 3 ) are the interaction parameters 

between different species to be optimized in the present work. A general temperature dependent form of 

the interaction parameters 𝐿𝐿𝑙𝑙 𝑖𝑖∙𝑗𝑗 = 𝑐𝑐 + 𝑑𝑑⋅𝑇𝑇 was used. The ternary parameter in eq. (4) will be expressed 

using the Muggianu formalism [43-46] as: 

𝐿𝐿𝑒𝑒𝑒𝑒
𝑍𝑍𝑍𝑍𝑍𝑍,𝑍𝑍𝑍𝑍2𝑆𝑆𝑖𝑖𝑍𝑍4,𝑆𝑆𝑖𝑖𝑍𝑍2 = 𝑦𝑦𝑍𝑍𝑍𝑍𝑍𝑍𝑦𝑦𝑍𝑍𝑍𝑍2𝑆𝑆𝑖𝑖𝑍𝑍4 𝑦𝑦𝑆𝑆𝑖𝑖𝑍𝑍2�𝑦𝑦𝑍𝑍𝑍𝑍𝑍𝑍 . 𝐿𝐿0 𝑍𝑍𝑍𝑍𝑍𝑍,𝑍𝑍𝑍𝑍2𝑆𝑆𝑖𝑖𝑍𝑍4 ,𝑆𝑆𝑖𝑖𝑍𝑍2 + 𝑦𝑦𝑍𝑍𝑍𝑍2𝑆𝑆𝑖𝑖𝑍𝑍4 . 𝐿𝐿1 𝑍𝑍𝑍𝑍𝑍𝑍,𝑍𝑍𝑍𝑍2𝑆𝑆𝑖𝑖𝑍𝑍4 ,𝑆𝑆𝑖𝑖𝑍𝑍2 +

                                     𝑦𝑦𝑆𝑆𝑖𝑖𝑍𝑍2 . 𝐿𝐿2 𝑍𝑍𝑍𝑍𝑍𝑍,𝑍𝑍𝑍𝑍2𝑆𝑆𝑖𝑖𝑍𝑍4 ,𝑆𝑆𝑖𝑖𝑍𝑍2�            (5) 

It should be pointed out on the basis of the literature review summarized above that no experimental data 

could be found on the mutual solubilities between the solid ZnO (wurtzite) and SiO2 (tridymite, cristobalite) 

phases. Therefore, in the present work, the terminal (solid) solutions (ZnO-based and SiO2-based solutions) 

in the ZnO-SiO2 system have been treated as pure oxides in the parameter optimisation. 

4.3. Compounds 

Based on the literature review, a solid orthosilicate compound willemite (Zn2SiO4) has been confirmed to 

exist in the ZnO-SiO2 system under ambient pressure [24]. The molar Gibbs energy function of this olivine 

type stoichiometric compound [20] was expressed as: 

𝐺𝐺𝑍𝑍𝑍𝑍2𝑆𝑆𝑖𝑖𝑍𝑍4 − 2𝐻𝐻𝑍𝑍𝑍𝑍𝑆𝑆𝑆𝑆𝑆𝑆 − 𝐻𝐻𝑆𝑆𝑖𝑖𝑆𝑆𝑆𝑆𝑆𝑆 − 4𝐻𝐻𝑍𝑍𝑆𝑆𝑆𝑆𝑆𝑆 = 𝐴𝐴 + 𝐵𝐵 · 𝑇𝑇 + 𝐶𝐶 · 𝑇𝑇𝑙𝑙𝑙𝑙𝑇𝑇 + 𝐷𝐷 · 𝑇𝑇2 + 𝐹𝐹 · 𝑇𝑇−1           0     (6) 

where A to F are coefficients specific to Zn2SiO4. The thermodynamic coefficients retrieved from the Mtox 

oxide database [39] were employed to describe initially the properties of solid and liquid Zn2SiO4. The zinc 

metasilicate ZnSiO3 crystallising as pyroxene or ilmenite structure is stable at elevated pressures only [20, 

24, 47] and thus it was not included in the present optimisation. 

Optimization of the thermodynamic parameters was performed manually using the CALPHAD technique 

[48] and the Thermo-Calc 4.1 [37] software package. A step-by-step optimization procedure was adopted 

and the data of new experiments [17] as well as selected literature data were employed. First, the binary 

parameters 𝐿𝐿𝑙𝑙 𝑆𝑆𝑖𝑖𝑍𝑍2,𝑍𝑍𝑍𝑍2𝑆𝑆𝑖𝑖𝑍𝑍4  and 𝐿𝐿𝑙𝑙 𝑍𝑍𝑍𝑍𝑍𝑍,𝑍𝑍𝑍𝑍2𝑆𝑆𝑖𝑖𝑍𝑍4  were evaluated. Then the three ternary parameters 
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according to eq. (5) were assessed. After achieving a good fit with the experimental data for the liquid 

oxide phase, the enthalpy parameter for solid Zn2SiO4, see eq. (6), was calculated. Only the enthalpy of 

solid willemite was reassessed, for adjusting the liquidus line within the willemite primary phase field 

according to the recent liquidus measurements [16, 17] and the melting point of willemite. The heat 

capacity parameters were taken from Mtox database as such. 

5. Results and Discussion 

Since the Mtox oxide database [38, 39] has been well developed and widely applied in many industrial 

fields, the thermodynamic data in the present work were based on this database. With the newly published 

experimental observations of the molten phase in the ZnO-SiO2 system [16, 17], the improvement was 

made on the description of the liquid phase. The thermodynamic assessment of the ZnO-SiO2 system was 

conducted manually using the earlier work completed with MTDATA software [49] and its assessment 

module as the starting point. The system was treated as a true binary ZnO-SiO2 system, even though it 

really is a quasi-binary section of the ternary Si-O-Zn. In order to maintain compatibility with the Mtox 

database, the liquid oxide phase was modelled with species ZnO, SiO2 and Zn2SiO4, which is a flexible model 

for liquid multicomponent silicates [49] compared for instance to ionic liquid model [41]. No adjustments to 

the primary data were made and they were taken from the original literature sources with appropriate 

inaccuracies. 

Fig. 1 shows the calculated phase diagram for the ZnO-SiO2 system. The experimental points reproduced in 

the graph were taken from Xia et al. [17], Williamson & Glasser [10], Weber et al. [11, 12] and Hansson et 

al. [16]. There are no experimental data available concerning the critical point or tie-lines of the silica-rich 

miscibility gap, except the monotectic equilibrium. Monotectic temperature according to Bunting [9] is 

1968 K. The calculated monotectic temperature of this work is 1975 K. The resulting critical temperature is 

2345 K and its composition xZnO=0.141. The miscibility gap was assessed according to the existing data at 

much lower temperatures than the critical point. The liquidus curve on the ZnO rich side is S-shaped, 

suggesting that there is a metastable miscibility gap [50]. There is a possible submerged metastable miscibility 
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gap with a critical temperature just below the inflection point on the liquidus curve. Often the immiscibility 

domain is entirely metastable and is not present on the equilibrium diagram [51]. 

Fig. 2 shows a magnified phase diagram section around the willemite composition and its congruent 

melting point. The assessed melting point of willemite is 1512 °C (1785 K) and the experimental values of 

Bunting [9] and Segnit [52] are 1785 K and 1784.5 K, respectively. The calculated silica-rich eutectic point 1 

is located at xZnO=0.52 and T=1729 K. The experimental value by Xia et al. [17] is xZnO = 0.52 and T = 1718 K. 

The value obtained by Hansson et al. [16] is xZnO = 0.519 and T = 1734 K. The obtained fit is thus good 

between the experimental and assessed phase diagram values. The calculated zinc-oxide-rich eutectic point 

2 is located at xZnO = 0.71 and T = 1771 K. Xia et al. [17] obtained the value of xZnO = 0.716 and T = 1773 K. 

Hansson et al. [16] reported the values xZnO = 0.72 and T = 1779 K. The obtained agreement of the assessed 

value with the 2nd eutectic point is very good, and the experimental values of Hanson et al. [16] and Xia et 

al. [17] are reproduced well by the optimized solution properties. 

Fig. 3 shows the calculated liquid oxide enthalpy plot as a function of composition at 2400 K. The curve 

obtained is compatible with the formation of miscibility gap in silica-rich compositions. No experimental 

data were available for comparison of the mixing enthalpy. 

Fig. 4 shows the assessed component activities of ZnO and SiO2 as a function of zinc oxide mole fraction at 

1833 K. The standard states used in the graph were pure, solid ZnO(s) and pure, solid SiO2(s). Fig. 5 shows 

the activities of ZnO and SiO2 as a function of zinc oxide mole fraction at 1833 K. Standard states were solid 

ZnO and cristobalite for SiO2. The graph indicates that the ZnO activity values of Reyes & Gaskell [13] 

measured at 1833 K were much too low in the low ZnO concentration region. When system was assessed 

according to the existing literature data, the zinc oxide activity data of Reyes & Gaskell [13] seems to be too 

low compared to calculated data. It seems to be incorrect if the other literature data are correct. The first 

three points of Björkman [14] agree well with the calculated curve of this study, but his two last points not 

so well. Barin’s data [53] were from 1773 K, because at 1833 K willemite is molten. Two experimental 

points by Itoh & Azakami at 973 and 1073 K [23] agree well with the assessed ZnO activity values of this 

study. 
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Fig. 6 displays the assessed activity plots of ZnO, with liquid ZnO as the standard state, as a function of 

composition at five temperatures from 1823 to 2023 K with steps of 50 K. The previously assessed values by 

Jak et al. [15] are in good agreement with this study. When the calculated activity of zinc oxide at 973 and 

1073 K at silica saturation according to this work was compared with the experimental values of Itoh & 

Azakami [23], it was found that the values are well in line with each other. The data were not used in the 

assessment. The EMF data by Itoh & Azakami [23] shows a slightly more negative enthalpy of formation of 

Zn2SiO4 from the component oxides than the other authors [29, 31-32].  

The solid line in Fig. 7 shows the assessed RTln ( PO2 ) for the equilibrium reaction (7) between willemite, 

silica and liquid zinc with pure gaseous 1 atm oxygen as standard state: 

2𝑍𝑍𝑙𝑙(𝑙𝑙) + 𝑂𝑂2(𝑔𝑔) + 𝑆𝑆𝑆𝑆𝑂𝑂2(𝑠𝑠) = 𝑍𝑍𝑙𝑙2𝑆𝑆𝑆𝑆𝑂𝑂4(s).   (7) 

Itoh & Azakami [23] measured the partial pressures of oxygen for equilibrium (7) by an EMF technique in 

the temperature range 973 to 1073 K. Their experimental results agree well with the calculated values of 

this study. This figure represents a straightforward validation for the current assessed data of the ZnO-SiO2 

system, as the experimental values by Itoh & Azakami [23] were not used as experimental points in the 

parameter optimisation. 

Table 1 presents the assessed thermodynamic parameters for the liquid phase and Gibbs energy of solid 

willemite obtained in this study. Table 2. shows the available literature data for the Gibbs energy of 

formation of solid Zn2SiO4. 

 

Table 1. The assessed model parameters of the ZnO-SiO2 system obtained in this study (T/K).  

Liquid oxide: 

𝐿𝐿0 𝑍𝑍𝑍𝑍𝑍𝑍,𝑆𝑆𝑖𝑖𝑍𝑍2 = +8183.41521 

𝐿𝐿1 𝑍𝑍𝑍𝑍𝑍𝑍,𝑆𝑆𝑖𝑖𝑍𝑍2 =  +70897.9728 

𝐿𝐿0 𝑆𝑆𝑖𝑖𝑍𝑍2,𝑍𝑍𝑍𝑍2𝑆𝑆𝑖𝑖𝑍𝑍4 = +295000 − 162.5𝑇𝑇 

𝐿𝐿1 𝑆𝑆𝑖𝑖𝑍𝑍2,𝑍𝑍𝑍𝑍2𝑆𝑆𝑖𝑖𝑍𝑍4 = +23000 

𝐿𝐿2 𝑆𝑆𝑖𝑖𝑍𝑍2,𝑍𝑍𝑍𝑍2𝑆𝑆𝑖𝑖𝑍𝑍4 = +25541.0194 

𝐿𝐿3 𝑆𝑆𝑖𝑖𝑍𝑍2,𝑍𝑍𝑍𝑍2𝑆𝑆𝑖𝑖𝑍𝑍4 = +24926.48 
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𝐿𝐿0 𝑍𝑍𝑍𝑍2𝑆𝑆𝑖𝑖𝑍𝑍4,𝑍𝑍𝑍𝑍𝑍𝑍 = +14000 

𝐿𝐿1 𝑍𝑍𝑍𝑍2𝑆𝑆𝑖𝑖𝑍𝑍4,𝑍𝑍𝑍𝑍𝑍𝑍 = −4000 

𝐿𝐿2 𝑍𝑍𝑍𝑍2𝑆𝑆𝑖𝑖𝑍𝑍4,𝑍𝑍𝑍𝑍𝑍𝑍 = +29000 − 2𝑇𝑇 

𝐿𝐿0 𝑆𝑆𝑖𝑖𝑍𝑍2,𝑍𝑍𝑍𝑍2𝑆𝑆𝑖𝑖𝑍𝑍4,𝑍𝑍𝑍𝑍𝑍𝑍 = +75000 − 55𝑇𝑇 

𝐿𝐿1 𝑆𝑆𝑖𝑖𝑍𝑍2,𝑍𝑍𝑍𝑍2𝑆𝑆𝑖𝑖𝑍𝑍4,𝑍𝑍𝑍𝑍𝑍𝑍 = +75000 − 55𝑇𝑇 

𝐿𝐿2 𝑆𝑆𝑖𝑖𝑍𝑍2,𝑍𝑍𝑍𝑍2𝑆𝑆𝑖𝑖𝑍𝑍4,𝑍𝑍𝑍𝑍𝑍𝑍 = +150000 − 110𝑇𝑇 

Willemite Zn2SiO4(s): 

𝐺𝐺𝑍𝑍𝑍𝑍2𝑆𝑆𝑖𝑖𝑍𝑍4 − 2𝐻𝐻𝑍𝑍𝑍𝑍𝑆𝑆𝑆𝑆𝑆𝑆 − 𝐻𝐻𝑆𝑆𝑖𝑖𝑆𝑆𝑆𝑆𝑆𝑆 − 4𝐻𝐻𝑍𝑍𝑆𝑆𝑆𝑆𝑆𝑆 =           0  

−1698000 + 867.065702672𝑇𝑇 − 144.89𝑇𝑇𝑙𝑙𝑙𝑙𝑇𝑇−0.01847𝑇𝑇2 + 151 4500𝑇𝑇−1 

Zn2SiO4(l):  

−1666364.73+1347.6291·T-215·T·ln(T) 
 

When results from this work were compared with the available literature data, it was found that enthalpy 

of formation of Zn2SiO4 obtained at 298 K is near the calorimetric values of King [28] and Todd [30]. The 

enthalpy value is almost exactly the same as adopted by Barin [27]. 

When obtained entropy of formation at 298 K is compared to the experimental value of Todd [30], it can be 

found that results are close to each other. This entropy value is almost exactly the same as compiled by 

Barin [27]. 

When results from this work are compared to literature, it was found that enthalpy of formation of Zn2SiO4 

from oxides at 298 K obtained in this work is near the value of Kubaschewski [54], King [28], Todd [30] and 

Navrotsky [31]. Entropy for formation from oxides at 298 K obtained in this work is close the value given by 

Todd [30]. 

When enthalpy values obtained by Kitchener & Ignatowicz [29] for formation of Zn2SiO4 from oxides at 

elevated temperatures are compared with the values of Kozlowska-Rog & Rog [32] and Navrotsky [31], it 

was found that they vary from -29.3 to -34.7 kJ/mol. The deviating value by Itoh & Azakami [23] is -46.6 

kJ/mol and it was obtained by EMF techniques over a narrow temperature interval. Value of this work at 

298 K is -31.4 kJ/mol, which is very well in the range of the experimental literature data.  

Table 2. Gibbs energy of formation of solid Zn2SiO4 by different experimental reactions and authors (T/K). 
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Reference Reaction Temperature 
region K 

∆RH 
kJ/mol 

∆RS 
J/(mol*deg) 

Tanaka et al. 
[34] 

Zn2SiO4+2CO(g) 
=2Zn(g)+2CO2(g)+SiO2(s) 

1423-1573 491 -273 

 2Zn(g)+Si+2O2(g)=Zn2SiO4 1423-1573 -1951  -613 
Kitchener & 
Ignatowicz 
[29] 

Zn2SiO4+2H2(g) 
=2Zn(g)+2H2O(g)+SiO2(s) 

1073-1275 495.3856 321.2057 

 2ZnO+SiO2=Zn2SiO4 1073-1275 -29.82774 -0.96232 
Itoh & 
Azakami [23] 

2ZnO+SiO2=Zn2SiO4 
 

900-1100 -758.470 -233.85 

 2ZnO+SiO2=Zn2SiO4 973-1073  -46.590 -16.79 
Kozlowska-Rog 
& Rog [32] 

2ZnO+SiO2=Zn2SiO4 953-1273 -34.6854 -5.8576 

Navrotsky [31]  2ZnO+SiO2=Zn2SiO4 298 
965 
965 
1000 
1173 

-29.288 
-32.6352 
-32.7607 
No data 
-29.7064 

 
 
 
-3.7656 

King [28] 2Zn+Si+2O2(g)=Zn2SiO4 
2ZnO+SiO2=Zn2SiO4 

298 
298 

-1584.481 
-29.2462 

n.a. 

Todd [30] 2Zn+Si+2O2(g)=Zn2SiO4 
2ZnO+SiO2=Zn2SiO4 

298 
298 

-1584.481 
-29.2462 

-380.744 
2.092 

This work 2Zn+Si+2O2(g)=Zn2SiO4 
2ZnO+SiO2=Zn2SiO4 

298 
298 

-1642.9999 
-31.3799 

-380.97 
2.6398 

Kubaschewski 
[54] 

2ZnO+SiO2=Zn2SiO4 
 

298 -32.6352 n.a. 

Barin [27] 2Zn(s)+Si+O2(g)=Zn2SiO4 
2Zn(g)+Si+2O2(g)=Zn2SiO4 
 

298 
1400 
1500 

-1644.412 
-1866.57 
-1861.13 

-380.996 
-573.931 
-570.181 

 

When entropy values from Kitchener & Ignatowicz [29] for formation of Zn2SiO4 from oxides at elevated 

temperatures are compared to Kozlowska-Rog & Rog [32] and Navrotsky [31], it was found that all values 

are from -5.86 to -0.96 J/(K·mol). Itoh & Azakami [23] obtained a much more negative value of -16.79 

J/(K·mol). Value from this work at 298 K is 2.66 J/(K·mol) which is not far from the literature values, but has 

opposite sign. 

6. Conclusions 

In this study, the ZnO-SiO2 system was reassessed using the description of Mtox oxide database as the 

starting point. SiO2 pure substance values were taken from the SGTE SUB pure substance database [40]. 

The properties of liquid oxide phase were reassessed totally and also the enthalpy term of the Gibbs energy 
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of solid Zn2SiO4. The new thermodynamic modelling agrees well with the recent experimental data and it 

can be used for predicting e.g. areas of the phase diagram without experimental points, like the critical 

point of the liquid miscibility gap, with better accuracy than using the previous assessments [15, 49].  

A thermodynamic re-assessment of the binary ZnO-SiO2 system was conducted using new experimental 

data about the liquidus lines in the silica, zinc oxide and willemite primary phase fields. Experimental 

oxygen activity data for willemite and zinc oxide data at 973 and 1073 K at silica saturation were used to 

validate the assessment. The oxygen potential RTln( PO2 ) for the invariant reaction between metallic zinc, 

willemite and silica was calculated from the optimized set of thermodynamic parameters, and agreement 

with the experimental values of Itoh & Azakami [23] was good. The assessed data also reproduces well the 

Gibbs energy of formation of willemite measured by Kitchener & Ignatowicz [29]. The obtained fit between 

the recent experimental data and assessed phase boundaries was good. Also, the experimental ZnO activity 

data from the literature were compared with the calculated results and agreement was good, except for 

the vapour pressure measurements by Reyes & Gaskell [13]. Their experimental ZnO activities were too low 

at low ZnO concentrations of the ZnO-SiO2 system. The present assessed activities in the liquid oxide phase 

are in good agreement with the calculated values from the optimisation by Jak et al. [15]. Mixing enthalpies 

of the liquid oxide phase were calculated at three temperatures and the results seem reasonable, but no 

experimental observations are available for validation of the results. 
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Figures and figure captions 

 

 

Figure 1. The assessed binary phase diagram ZnO-SiO2 with the experimental data on the liquidus lines 

superimposed. 
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Figure 2. A detail of the assessed binary phase diagram around the willemite Zn2SiO4 primary phase field. 
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Figure 3. The assessed enthalpy of mixing of liquid ZnO-SiO2 solution at 2400 K; standard states ZnO(l) and 

SiO2(l). 
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Figure 4. The assessed activities of ZnO and SiO2 in the system at 1833 K; standard states ZnO(s) and SiO2(s). 
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Figure 5. The assessed activities of ZnO and SiO2 in the system at 1833 K with the literature data; standard 

states ZnO(s) and SiO2(s, cristobalite). 
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Figure 6. The assessed activities of ZnO in the ZnO-SiO2 system from 1823 K to 2023 K at 50 K intervals; 

standard state ZnO(s). 
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Figure 7. Oxygen potential of Zn-SiO2-Zn2SiO4 equilibrium according to EMF data by Itoh & Azakami [23] and 

the present assessment ( — ); standard states Zn(l), SiO2(s), Zn2SiO4(s). 

 

 


