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Abstract: ZnO-containing slags are common in pyrometallurgical processing of the base metals and steel. This caused the interest to
the thermodynamics of the ZnO—SiO, system. A complete literature survey, critical evaluation of the available experimental data and
a thermodynamic optimization of the phase equilibria and thermodynamic properties of the system ZnO—SiO, at 1.013x10° Pa are
presented. The molten oxide was described as an associate solution. The properties of liquid were reassessed and enthalpy term of the
Gibbs energy of solid Zn,SiO, was re-fitted to be compatible with the new data in the willemite primary phase field. The
thermodynamic data set agrees well with the recent experimental observations. It can be used for predicting, e.g., the thermodynamic
properties and the domains of the phase diagram, like critical point of the liquid miscibility gap, with a better accuracy than using the
previous assessments. A set of optimized model parameters were obtained, reproducing the reliable thermodynamic and phase
equilibrium data within their experimental errors from 298 K to liquidus temperatures, over the entire composition range. The created
database can be used in a 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 material systems due to its unique
electrical and physical properties [5—7]. Zinc is also a
common impurity element in copper ores and thus its
detailed chemistry in silicate systems is of interest when
smelting complex raw materials [8]. The purpose of this
paper is to present a critical review of the available
experimental thermodynamic and phase equilibrium data
for the binary ZnO-SiO, system, and to obtain an
updated set of self-consistent thermodynamic model
parameters to describe the system properties.

The binary ZnO-SiO, system has been
experimentally studied [9—15] and thermodynamically
assessed by a few researchers [16,17]. ZnO—SiO, was
studied, because it is a part of PbO—ZnO—FeO—-Fe,05—
Ca0-Si0, zinc/lead smelting slags and sinter [15]. ZnO-

containing slags are also commonly formed in the
pyrometallurgical processing of zinc, lead, copper and
steel [15].

BUNTING [9] measured the ZnO-SiO, phase
diagram features using an equilibration-quenching-
optical microscopy analysis technique and found a large
liquid immiscibility region on the SiO,-rich side at
elevated temperatures, one compound (willemite or zinc
orthosilicate Zn,Si0,4), and two eutectic reactions (L—
Si0,+Zn,Si04 and L — ZnO+Zn,Si04). A monotectic
equilibrium of two immiscible liquids in equilibrium
with cristobalite was reported to extend mole fraction of
ZnO from 0.02 to 0.35, and the compound to melt
congruently at (1785+3) K. Eutectic points were
determined to be 1705 K and mole fraction of ZnO of
0.491 on SiO, saturation side, and 1780 K and mole
fraction of ZnO of 0.775 on ZnO saturation side.
However, the compositions of the liquidus line in the
paper of BUNTING [9] were reported as the initial
compositions of the samples, prior to equilibration.
Impurities in the starting materials as well as evaporation
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of ZnO at elevated temperatures [18] did bring about
unpredictable errors to his results.

WILLIAMSON and GLASSER [10], and WEBER
et al [11,12] re-investigated experimentally the
Zn0O-Si0O, system. Their data agreed well with the
findings of BUNTING [9] at the eutectic point in the
silica-rich region. The eutectic point between Zn,SiOy4
and ZnO, however, was much lower than the value
proposed by BUNTING [9], and the location of the
liquidus was not well explained in their studies.
RINGWOOD and MAJOR [19], SYONO et al [20],
AKAOGI et al [21] and LIU et al [22] used high-
temperature X-ray techniques for measuring the (P, 7)-
phase diagrams of zinc silicates.

REYES and GASKELL [13] measured the activity
of ZnO in the ZnO-SiO, melts at 1833 K using a
transpiration technique with CO—-CO, mixture as the
carrier gas. The measured Gibbs energies of formation of
Zn0O-Si0, melts were significantly more negative than
the estimated value [9,11,12], indicating that ZnO is a
relatively basic oxide. ITOH and AZAKAMI [23]
conducted EMF measurements in the solid mixtures of
the system oxygen concentration cells.
Calorimetric measurements are also available on the zinc
orthosilicate—metasilicate transition pressure [24].

BJORKMAN [16] initially assessed the ZnO—SiO,
system by treating the liquid oxide mixture as an ideal
solution, but he considered the formation of Zn,SiO, as
an associated species, which reduced the concentration
and thus the activity of “free” 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 [17,25] optimized the ZnO—-SiO, system by
employing the quasi-chemical model for the liquid
silicate and least-squares optimization module of the
F*A*C*T software package [26]. The thermodynamic
properties of SiO, were taken from the F*A*C*T
database, and the properties of ZnO from BARIN [27].
The thermodynamic information about Zn,SiO, was
insufficient in Refs. [28—32]. Therefore, JAK et al [17]
adopted the standard entropy of Zn,SiO4 from the
compilation of BARIN [27], and optimized the other
thermodynamic properties of Zn,SiO4. The experimental
phase diagram points used in the optimization [9—12]
were reproduced well 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 [14] experimentally studied the phase
equilibria and liquidus temperatures of the ZnO—-SiO,
system equilibration-quenching-EPMA
(electron probe X-ray microanalysis) technique [33].

using

using  an

Two binary eutectics points involving congruently
melting willemite (m.p. (1785+3) K) were ascertained to
be (1721£5) K and mole fraction of ZnO of 0.52+0.01,
and (1775+5) K and mole fraction of ZnO of 0.71+0.01,
respectively. XIA et al [15] studied the ZnO—SiO, 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 [14] and expanded the experimental
data range.

A few experimental attempts have also been made
on re-determining the thermodynamic properties of
Zn,Si04 [23,24,34]. Also, a first principles study about
the stability of zinc silicates in high pressures has been
carried out [35]. BEKTURGANOV et al [36] calculated
the low-temperature ¢, function (c, is the specific heat
capacity) of willemite by ab initio techniques.

2 Critical review of experimental data

The experimental phase diagram measurements of
the ZnO—SiO, system and the available thermodynamic
data of Zn,SiO, from the literature were compiled
and evaluated critically. The recent phase diagram
studies [14,15] 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 obtained by REYES and GASKELL [13] using
vapor pressure transpiration measurements seem to be
too low at small zinc oxide concentrations, i.e., in the
silica-rich compositions obviously due to systematic
errors in their experimental method. The transpiration
method may have faced problems in attaining
equilibrium between the flowing CO—-CO, gas and
molten sample, due to the small reaction interface. Due
to large differences between the recent experimental data
by HANSSON et al [14] and XIA et al [15] and the
computational phase diagrams from the 20th century, the
system was found to require reassessment.

3 Thermodynamic modelling

The thermodynamic modelling and the model
parameter optimization were carried out using the
Calphad technique in the Thermo-Calc software
environment [37].

3.1 Unary phases
The Gibbs energy of a component i in phase ¢,

©GP =GY(T)-H'™ (i=ZnO and SiO, ) was expressed
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by the following equation:

OGP =a+bT+cT InT+dT *+eT '+ T+gT+hT° (1)
where H>™® is the sum of enthalpies of the elements at
298.15 K and 1.013x10° Pa in their stable states (stable
element reference, denoted as SER); 7T is the
thermodynamic temperature (K) and parameters a—/ are
substance specific coefficients. In this work, the Gibbs
energy functions used for pure ZnO are consistent with
MTDATA [38] and the Mtox oxide database [39]. The
Gibbs energy expression for pure SiO, was taken from

SGTE_SUB database by MTDATA [40].

3.2 Solution phases

An associate solution model was employed to
describe the liquid oxide phase [41] which was assumed
to consist of three species: ZnO, Zn,Si0,4and SiO,. The
molar Gibbs energy of liquid oxide solution can thus be
expressed as follows:

Li SER 0 ~Li 0 ~Li

Gl =H™ = y700° G b + sio, GSigz +
O L
Yzn,si0, GZ:iSiOzt + RT (Y200 I Y700 +

Ysio, In Ysio, + Yzn sio, 10 Yzn,si0, )+ G (2)

where y represents the mole fraction of an associate ZnO,
SiO, and Zn,SiO, 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 GG;:quio was
2 4

described as

© ~Liq _ HLiq Liq
Gzn25i04 = 2GZnO + GSiOZ +a+bT+cTInT (3)

© ~Liq 0 ~Liq . .
where “G, ¢ and GSiO2 are Gibbs energies of

liquid ZnO and SiO,, respectively, and a and b are the
enthalpy and entropy of formation of zinc orthosilicate
(Zn,Si0,) associate, respectively.

In Eq. (2), "Gy, is excess Gibbs energy of the liquid
oxide phase, which was described by Redlich—Kister
polynomials [42] as

EGm = YznoJsio, [OLGo,sl'o2 + ILZnO,SiOz (¥zao = Ysio, ]+
Y700 zn,8i0, [OLZnO,ZnZSiO4 + lLZnO,ZnZSiO4 (Yzno —
Yzn,sio, )+ Ysio, Yzn,sio, [ OLSiOZ, 7n,8i0, T
]Lsmz, Zn,Si0, (ySi02 = Yzn,si0, )+

2 2
Lsio,. zn,si0, Vsio, = Vzn,sio, )] (4)

where lLZnO,SiOZ’ lLZnO,anSi04 and lLSiOZ,ZnZSiO4 (=0,
1, 2) are the interaction parameters between different
species to be optimized in the present work. No ternary
parameters were needed. A general temperature

dependent form of the interaction parameters ! L;,=c+
dT was used.

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 SiO, (tridymite, cristobalite)
phases. Therefore, in the present work, the terminal
(solid) solutions (ZnO-based and SiO,-based solutions)
in the ZnO—Si0, system have been treated as pure oxides
in the parameter optimization.

3.3 Compounds

Based on the literature review, a solid orthosilicate
compound willemite (Zn,SiO,) has been confirmed to
exist in the ZnO—SiO, system at ambient pressure [24].
The molar Gibbs energy function of this olivine type
stoichiometric compound [20] was expressed as

(€] SER SER SER
GZnZSiO4 —2Hz," —Hgi~ —4H," =
A+BT+CT In T+DT*+FT "' 5)

where A—F are coefficients specific to Zn,SiO4. The
thermodynamic coefficients retrieved from the Mtox
oxide database [39] were employed to initially describe
the properties of solid and liquid Zn,SiO4. The zinc
metasilicate ZnSiOs crystallizing as pyroxene or ilmenite
structure is stable at elevated pressures only [20,24,43]
and thus it was not included in the present optimization.
The optimization of the thermodynamic parameters
was performed manually wusing the CALPHAD
technique [44] and the Thermo-Calc 2016a and
2016b [37] software package. A step-by-step
optimization procedure was adopted and the data of new
experiments [15] as well as selected literature data were

employed. Firstly, the binary parameters ZLSioz’anSiO4

)i .
and "Ly, 7n si0, Were evaluated. After achieving a

good fit with the experimental data for the liquid oxide
phase, the enthalpy parameter for solid Zn,SiO, (see
Eq. (5)), 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 [14,15] and the melting
point of willemite. The specific heat capacity parameters
were taken from Mtox database [39] as such.

4 Results and discussion

The thermodynamic assessment of the ZnO-SiO,
system was conducted with Parrot starting from zero;
however, the parameters for liquid L%nOZ,SiOZ and
LlZnO,SiOZ from MTDATA were used as such. The system
was treated as a true binary ZnO-SiO, system, even
though it is really 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, SiO, and Zn,SiO,4 which is a flexible
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model for liquid multicomponent silicates [45] compared
to ionic liquid model [41], and can reproduce properties
of acidic and basic slags with a single parameter set. No
adjustments to the primary data were made and they
were taken from the original literature sources with
appropriate inaccuracies.

Figure 1 shows the calculated phase diagram for
the ZnO-SiO, system. The experimental points
reproduced in the graph were taken from WILLIAMSON
and GLASSER [10], WEBER and GRAUER-
CARSTENSEN [11,12], HANSSON et al [14], XIA
et al [15]. 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 1947 K. The resulting critical temperature is
2145 K and its composition xz,0=0.176. 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 [46]. There is a
possible submerged metastable miscibility 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 [47].

2500
- v —BUNTING [9]
@ — WILLIAMSON et al [10]
2300l © —WEBER etal [11,12]
= —HANSSON et al [14] i
2200} a —XIA etal [15]
y + — SEGNIT et al [48]
» 2100
=
2
;i 2000
5 1900
18001 Liquid+cristobalite “; Liquid+ZnO
1700 -
Tridymite+Zn,SiO, Zn,Si0,+ZnO
1600 -
1500

NG 0.1 02 0.3 04 05 0.6 0.7 0.8 09 1.0
Mole fraction of ZnO

Fig. 1 Assessed binary phase diagram of SiO,—ZnO with

experimental data on liquidus lines superimposed

Figure 2 shows a magnified phase diagram section
around the willemite composition and its congruent
melting point. The assessed melting point of willemite is
1515.5 °C (1788.5 K) and the experimental values of
BUNTING [9], and SEGNIT and HOLLAND [48] are
1785 K and 1784.5 K, respectively. The calculated
silica-rich eutectic point 1 is located at x7,0=0.537 and
T=1727 K. The experimental values by XIA et al [15] are

Xxz,0=0.52 and 7=1718 K. The values obtained by
HANSSON et al [14] are x7,0=0.519 and 7=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 xz,0=0.711 and
T=1770 K. XIA et al [15] obtained the values of
xz,0=0.716 and 7=1773 K. HANSSON et al [14]
reported the values xz7,0=0.72 and 7=1779 K. The
obtained agreement of the assessed value with the second
eutectic point is very good, and the experimental values
of HANSSON et al [14] and XIA et al [15] are
reproduced well by the optimized solution properties.
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1880F @ — WILLIAMSON et al [10]
< — WEBER et al [11,12]
1860+ = —HANSSON et al [14]

a —XIA etal [15]

1840+ © — SEGNIT et al [48]
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X

Liquid+ZnO
Liquid

1800

1780

Temperature/K

1760

Point 2

1740 Liquid+Zn,Si0,

1720F & *

&> Tridymite+Zn,SiO, Zn,Si0,+Zn0O

1700 1 1 1 1 1
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Fig. 2 Detail of assessed binary phase diagram around
willemite and Zn,SiO, primary phase field

Figure 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.

Figure 4 shows the assessed activities of ZnO and
SiO, as a function of ZnO mole fraction at 1833 K. The
standard states used in the graph were pure, solid ZnO(s)
and pure liquid SiOy(1). Figure 5 shows the activities of

35
30
25
20
15
10

Enthalpy of liquid/(kJ-mol™)

_5 N N N N N N N £ N

A 0 0.1 02 03 04 0.5 06 0.7 08 09 1.0
Mole fraction of ZnO

Fig. 3 Assessed enthalpy of mixing of liquid for ZnO-SiO,

solution at 2400 K (standard states ZnO(1) and SiO(1))
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Fig. 4 Assessed activities of ZnO and SiO, in ZnO-SiO,
system at 1833 K (standard states: ZnO(s) and SiO(1))

Activity

0.1 0.2 0.3 04 0.5 06 0.7 0.8 09 1.0
Mole fraction of ZnQ

ZnO and SiO, as a function of zinc oxide mole fraction
at 1833 K. Standard states were solid ZnO and
cristobalite for SiO,. The graph indicates that the ZnO
activity values of REYES and 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 ZnO activity
data of REYES and GASKELL [13] seem to be too low
compared to calculated data. It seems to be incorrect if
the other literature data are correct. In their transpiration
method, systematic problems of attaining equilibrium
between the gas flow and slag sample may have occurred
due to the small reaction interface and open design of the
cell.

1.0
09 Sio,

0.8} |
0.7f = —REYES and

z GASKELL [13] .
= 0.6r = _BJORKMAN [16] .
3 05} ©—BARIN [52]

041

03+

02}

0.1

NP
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Mole fraction of ZnO

Fig. 5 Assessed activities of ZnO and SiO, in ZnO-SiO,

system at 1833 K with literature data (standard states: ZnO(s)

and SiO, (s, cristobalite))

The first three points of BIORKMAN [16] agree
well with the calculated curve of this study, but his two
last points are not so well. BARIN’s data [49] were from
1773 K, because at 1833 K willemite is molten. Two
experimental points by ITOH and AZAKAMI [23] at
973 and 1073 K agree well with the assessed ZnO
activity values of this study.

Figure 6 displays the assessed activity plots of ZnO,
with liquid ZnO as the standard state, as a function of
composition of ZnO at five temperatures from 1823 to
2023 K with steps of 50 K. The previously assessed
values by JAK et al [17] are in good agreement with this
study. When the calculated activities of ZnO at 973 and
1073 K at silica saturation according to this work were
compared with the experimental values of ITOH and
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 and AZAKAMI [23]
show a slightly more negative enthalpy of formation of
Zn,Si04 from the component oxides compared with
those obtained by the other authors [29,31,32].

The solid line in Fig. 7 shows the assessed R71n po,
for the equilibrium reaction (6) between willemite,

1.0
09r

0.81 2023 K
0.7+
0.6
0.5+

Activity of ZnO

04r
031

02f

0.1 -
A ° 0.1 02 03 04 05 06 07 08 09 1.0
Mole fraction of ZnO
Fig. 6 Assessed activities of ZnO in ZnO-SiO, system from
1823 to 2023 K at 50 K interval (standard state: ZnO(s))
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Fig. 7 Oxygen potential of Zn—SiO,~Zn,SiO, equilibrium

according to EMF data by ITOH and AZAKAMI [23] and

present assessment (—) and gaseous zinc (----) (standard states:

Zn(1), SiOx(s), Zn,SiOq(s))
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silica and liquid zinc with pure gaseous oxygen
(1.013x10° Pa) as standard state:

2Zn(1)+05(g)+Si0x(5)=Zn,SiOu(s) (©6)

The dashed line in Fig. 7 shows the area where zinc
is gaseous. ITOH and AZAKAMI [23] measured the
partial pressures of oxygen for Eq. (6) by an EMF
technique in the temperature range from 973 to 1073 K.
Their experimental results agree well with the calculated
values of this study. Figure 7 represents a straightforward
validation for the current assessed data of the ZnO—SiO,
system, as the experimental values by ITOH and
AZAKAMI [23] were not used as experimental points in
the parameter optimization.

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 experimental literature data for the Gibbs
energy of formation of solid Zn,SiOy,.

When the results from this work were compared
with the available literature data, it was found that the
formation enthalpy of Zn,SiO, 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 the obtained the formation entropy at 298 K
is compared to the experimental value of TODD [30],
it can be found that results are close to each other. This

Table 1 Assessed model parameters of ZnO—SiO, system obtained in this study

Material Model parameter
OLZHO,Si02 =8183.41521, lLZnO,SiOZ =70897.9728
Liquid oxide Lo, zn si0, = 249919.8=138.930466T , 'Lgio 7, si0, = 55025.0172-16.50422T . *Lgie, 7, si00, =35001.1539
Ly si0,.200 =9999=4.25T , 'Ly, i, 700 =—13920-3.31T
Willemite 2 .
. G, o, —2HSR — HSPR _4HSER = ~1700400+867.0657026727-144.89T In 7-0.018477 *+1514500T

Zn,Si04(s) 29104

Zn,Si04(1) Gy sio, —2Hon" — HY™ —4H™ =—1666364.73+1347.62917-215In T

Table 2 Thermodynamic parameters of formation of solid Zn,SiO, by different experimental reactions and authors

AH/ AS/

Reaction Temperature/K (kJ-mol ) (Jmol K ) Ref.
Zn,Si0,+2CO(g)=2Zn(g)*+2CO0,(g)+SiOx(s) 1423-1573 491 -273 [34]
2Zn(g)+Si+204(g)=Zn,SiO, 14231573 -1951 -613 [34]
Zn,Si0,+2H,(g)=2Zn(g)*+2H,0(g)+SiO(s) 10731275 495.3856 321.2057 [29]
27Zn0+Si0,=Zn,Si0, 1073-1275 —29.82774 —0.96232 [29]
27Zn0+Si0,=Zn,Si0, 900-1100 —758.470 —233.85 [23]
27Zn0+Si0,=Zn,Si0, 973-1073 —46.590 -16.79 [23]
2Zn0+Si0,=Zn,Si04 953-1273 —34.6854 —5.8576 [32]
298 —29.288
965 —32.6352
27Zn0+Si0,=Zn,Si0, 965 —32.7607 —3.7656 [31]
1000
1173 —29.7064
27Zn+Si+20,(g)=Zn,Si04 298 —1584.481 n.a. [28]
27Zn0+Si0,=Zn,Si04 298 —29.2462 [28]
27Zn+Si+20,(g)=Zn,Si0, 298 —1584.481 —380.744 [30]
27Zn0+8S10,=Zn,Si0, 298 —29.2462 2.092 [30]
27Zn+Si+20,(g)=Zn,Si0, 298 —1645.400 —380.97 This work
27Zn0+Si0,=Zn,Si0, 298 —33.780 2.6398 This work
27Zn0+Si0,=Zn,Si0, 298 —32.6352 na. [53]
27Zn(s)+Si+20,(g)=7Zn,Si0, 298 —1644.412 —380.996 [27]
2Zn(s)+Si+20,(g)=Zn,Si0,4 1400 —1866.57 —573.931 [27]
27Zn(g)+Si+20,(g)=—7Zn,Si0, 1500 —1861.13 —570.181 [27]
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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 the formation enthalpy of
7Zn,S10, from oxides at 298 K obtained in this work is
near the values obtained by KING [28], TODD [30],
NAVROTSKY [31] and KUBASCHEWSKI and
ALCOCK [50]. 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
and IGNATOWICZ [29] for formation of Zn,SiO, from
oxides at elevated temperatures are compared with the
values obtained by NAVROTSKY [31] and
KOZLOVSKA-ROG and ROG [32], it was found that
they vary from —29.3 to —34.7 kJ/mol. The deviating
value by ITOH and AZAKAMI [23] is —46.6 kJ/mol and
it was obtained by EMF techniques over a narrow
temperature interval. The value of this work at 298 K is
—33.8 kJ/mol, which is very good in the range of the
experimental literature data.

When entropy values from KITCHENER and
IGNATOWICZ [29] for the formation of Zn,SiO, from
oxides at elevated temperatures are compared to
NAVROTSKY [31] and KOZLOWSKA-ROG and
ROG [32], it was found that all values are from —5.86 to
—0.96 J/(mol-K). ITOH and AZAKAMI [23] obtained a
much more negative value of —16.79 J/(mol-K). The
value from this work at 298 K is 2.64 J/(mol-K) which is
near the value of TODD [30] (2.09 J/(mol-K)).

5 Conclusions

1) ZnO—-SiO, containing slags are common in the
primary and secondary pyroprocessing of base metals
and steel. Therefore, the ZnO-SiO, system was
reassessed using the description of Mtox oxide database
as the starting point. SiO, pure substance values were
taken from the SGTE SUB pure substance database and
those for ZnO from Mtox. The properties of liquid oxide
phase were reassessed totally and also the enthalpy term
of the Gibbs energy of solid Zn,SiO,. 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.

2) The obtained fit between the recent experimental
data and assessed phase boundaries was good. Mixing
enthalpies of the liquid oxide phase at 2400 K were
calculated and the results seem reasonable, but no
experimental observations are available for the validation
of the results. Also, the experimental ZnO activity data
from the literature were compared with the calculated

results and the agreement was good, except for the
vapour pressure measurements by REYES and
GASKELL [13]. Their experimental ZnO activities were
too low at low ZnO concentrations of the ZnO-SiO,
system, and the obtained transpiration zinc activity data
seem to be fully incompatible with the other observations
as well as with the assessed properties of this study. The
present assessed activities in the liquid oxide phase at
five temperatures are in good agreement with the
calculated values from the previous optimization by JAK
etal [17].

3) Calculated oxygen chemical potential agrees
quite well with that from ITOH and AZAKAMI [23].
The obtained parameter set also contains less terms than
the Mtox description, i.e., 7 terms compared to the
original 11, with 11 adjustable parameters vs 17.
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