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Abstract

Some empirical methods for the estimation of standard molar heat capacity (C,,,) of solid mixed oxides are reviewed and the
reliability of the obtained data in phase equilibria calculations is examined. Following the comparison of predicted values of
C,m(298.15 K) with more than 300 experimental data the most widely used Neumann—Kopp rule (NKR) is found to be very
universal but in some cases the mean deviation of 3.3% is too high, giving rise to a relatively large error in equilibrium
calculation results. On the other hand, the method based on binary oxide contributions proposed by Berman and Brown [Contrib.
Mineral. Petrol. 89 (1985) 168] for the estimation of temperature dependencies C,, (T) of silicates and other minerals formed by
Al,O3, CaO, FeO, Fe,03, K,0, MgO, Na,0, SiO, and TiO; is less general, but more accurate. In comparison with the NKR, the
most pronounced drawback of this method is the necessity to know the experimental values of C;, for a set of mixed oxides, so
that the individual contributions of constituent binary oxides can be evaluated.
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1. Introduction

The oxide based materials are presently used in a
large number of applications. Let us mention only
some of the most important ones in the following
outline:

e Glasses (system SiO,—Al,03-B,0;-MgO-CaO-
PbO-Na,0-K,0, special glasses for optical appli-
cations, optical fibers).

e Structural ceramics (system SiO,—Al,05;-MgO, zir-
conia ceramics, sialon).

* Corresponding author. Fax: +420-2-2431-0337.
E-mail address: jindrich.leitner@vscht.cz (J. Leitner).

e Composite materials (oxides are used as a reinfor-
cement in a metallic matrix or, alternatively, as a
matrix toughened by non-oxidic fibres).

e Coatings and thin films (protective coatings for gas-
turbine parts—system ZrO,—Y,0;—-CaO-MgO,
dielectric layers in electronics—SiO,, chemical
sensor active layers—ZnO, SnO,, Fe,03, etc.).

e Materials for magnetic recording (Fe,O3, CrO,,
mixed ferrites (Zn,Mn,Cu)Fe,0,).

e Structural elements of oxide fuel cells ((La,Ca)-
CrOs3, (La,Sr)MnO3, Y,05-Zr0,).

e High-temperature superconductors (YBaCuO,
BiSrCaCuO, HgBaCaCuO, T1BaCaCuO).

Chemical thermodynamics is frequently used in
systematic investigation of processes related with
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material synthesis and processing as the powerful tool
to understand the interrelationship between chemical
composition, structure and properties. The calcula-
tions of thermodynamic equilibria require knowledge
of input thermodynamic data for each substance
involved, namely the values of enthalpies of formation
and entropies at 298.15 K, as well as the coefficients of
temperature dependencies of isobaric molar heat capa-
cities. Alternatively, the parameters of temperature
dependence of molar Gibbs energy can be directly
employed. For a number of solid oxides, such data are
tabulated for a wide range of temperatures, see, e.g.
[2-9] or available in a form of computer databases. In
addition, comprehensive data files for silicates and
other oxidic minerals are disposable, e.g. [1,10-16].

The molar heat capacity (Cp,,) is one of the funda-
mental thermodynamic functions of solid substances.
Various calorimetric methods being presently applic-
able from very low temperatures (approx. 10~" K) up
to melting points are used for experimental determi-
nation of Cp,. The calorimetric measurements have
been taken for practically all binary oxides and a
considerable number of mixed oxides. The obtained
data are available in literature. However, in many
cases the experimental data are still missing. Hence,
a lot of empirical methods for estimation of Cp, of
inorganic compounds have been proposed in order to
overcome this lack. These methods are described in
some review papers [7,17,18].

The aim of this paper is to summarize the as yet
proposed methods for estimation of molar heat capa-
cities of solid mixed oxides,' to verify their credibility
and to examine the reliability of estimated values in
equilibrium calculations in oxide systems. The paper
follows the previous study [19] focused to prediction
of C,, for binary oxides.

2. Method description

Let us consider the formation of a ternary
oxide A,,B3,0O, from binary oxides A,O,, and B,0,,

"The term “mixed oxides™” stands here for ternary or higher
compounds of oxygen (as an anion O*~) with two or more cations,
as well as for compounds consisting of complex anions, which can
be considered as salts of oxidic acids (chromates, wolframates)
including those cases when the anions form chains, sheets of three-
dimensional networks (e.g. silicates).

(x = 2m + 3n) according to the following equation:
2A,0,,(s) + 3B,0,(s) — Az,B3,04(s) (R1)

The change of isobaric heat capacity accompanying

the reaction, AC;m(ox), can be expressed as:

AC;, (0x) = C;,, (A2aB3,0,) — 2G5, (ALO,)
—3C,,(By0y) (1)

The values of AC;m(ox) for more than 300 mixed
oxides evaluated from the experimental (calorimetric)
data of Cp, using Eq. (1) are plotted in Fig. 1. The
dispersion of the obtained values falls roughly in the
interval of 30 J K~ ' mol ™ and their average is close
to zero. All below-mentioned methods can be classi-
fied into two essential groups according to whether the
condition AC,,(ox) = 0 is fulfilled or not.

2.1. AC;,(0x) =0

2.1.1. Neumann—Kopp rule

The Neumann—Kopp rule (NKR) represents pre-
sumably the simplest approach for estimation of
C,m(298.15) as well as for temperature dependence
C,m(T). Based on this method, the molar heat capacity
of a mixed oxide is calculated as a weighted sum of
heat capacities of the constituent binary oxides. For
example, the heat capacity of the above-mentioned
ternary oxide with the stoichiometry A,,B;,0, reads

C;m(AZaB%Ox) = ZC;m(AaOm) + 3C;m(BbOn) (2)
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Fig. 1. Heat capacity change, AC;m(ox), accompanying the forma-

tion of mixed oxides from constituent binary oxides at the
temperature of 298.15 K.
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Such an approximation results in the case of silicates
and other natural minerals in the average estimation
error of approx. 5% [20]. The main advantage of the
NKR lies in the availability of experimental tempera-
ture dependencies of C, (T) for the respective binary
oxides.

As an improvement of basic the NKR let us mention
the procedure proposed by Helgeson et al. [20] for the
estimation of C,, of silicates and other oxide miner-
als. This method is based upon the assumption of zero
change of heat capacity in the course of an exchange
reaction

ABO(s) + C.O,(s) = ByO,(s) + A,CcOy iy
(R2)

between structurally similar substances. The unknown
data for a ternary oxide A,C.O,,_, can be thus
obtained directly from the data of binary oxides B,O_,
C.O,, and a mixed oxide A,B,O,. The accuracy of
estimation may be increased to about 2% in this manner.

AC,,,(0x) according to Eq. (1), the estimated (not
experimental) values of Cj, of constituent binary
oxides must be used).

Based on the method proposed by Kellogg [22] and
later extended by Kubaschewski and Unal [23], the
particular contributions to C;m(298.15 K) were eval-
uated for 25 different complex anions constituted
from oxygen and another element (Al, B, Cr, Fe,
Ge, Hf, Mo, Nb, Se, Si, Ti, U, V, W, and Zr) [18].
As the complex anion contributions differ from the sum
of contributions of respective cations and the anion
0%, the resulting value AC;jm(ox) = 0 in such a case.
The evaluated contributions are listed in Tables 1 and 2.

Kubaschewski and Unal [23] have further proposed
the method for estimation of parameters A, B, and Cina
simple temperature dependence of C,, (T) in the form

] C
Com =A+BT + 3)

The parameters A and B are estimated using the
relations

_ o -2
Lo STn[C5(298.15K) + 4.7n] — 1.25n x 10%(T) > — 9.05n

However, the substantial drawback of this method
inheres in the dependence, in many cases very impor-
tant, on the choice of the given exchange reaction (R2).

A method analogous to that of Helgeson has been
proposed by Ukleba et al. [21] for the estimation of
C;m(298. 15), in which the exchange reaction between
two ternary oxides is considered. The mean estimation
error for the set of 124 selected ternary oxides amounts
to approx. 3%. In case of more possible exchange reac-
tions, averaging of the relevant values is recommended
[21].

2.2. AC;,(ox) #0
2.2.1. Contribution methods—atomic and
ionic contributions

For the estimation of molar heat capacities of mixed
oxides, several contribution methods can be used,
which have been reviewed in the previous paper
[19] dealing with binary oxides. In cases when the
contributions of individual cations (atoms) and the
anion 0%~ (atom O) are considered, the obtained value
corresponds to AC,, (ox) = 0 (for the calculation of

10737, — 0.298

5 256n+42m % 103(T) 2 = €5,,(298.15K)
10-3T,, — 0.298

S

where n is the number of ions (contributions) in the
formula unit. The generalized value of the third para-
meter was set to C = —4.2n. The described approach
can be employed only for substances whose melting
temperature T, is lower than approx. 2300 K.

The ionic contributions of complex anions consist-
ing of oxygen and other elements (Al, B, Cr, Fe, Ge,
Mn, Mo, Nb, Re, Se, Si, Ta, Tc, Ti, U, V, W, and Zr), as
well as the contributions of individual cations (in this
case differing for unlike valencies) were also evalu-
ated by Kumok [24].

2.2.2. Contribution methods—structural and
simple oxides contributions

A number of contribution methods has been
developed directly for mixed oxides. The values of
Com(298.15K) or the parameters of C,,(T) depen-
dence are additively calculated from contributions of
constituent oxides or from structural contributions.
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Table 1

Cationic contributions to heat capacity at 298.15 K
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Cation Contributions to Cation Contributions to Cation Contributions to
Cpn(298) UK~ mol™") Cpn(298) J K" mol™") Cpn(298) UK~ mol™")
[18,23] [17,24] [18,23] [17,24] [18,23] [17,24]

Ag*" 25.73 28.60 Ho?* 23.01 26.10 Se®* 21.34

AP 19.66 17.60 Ho* 23.01 29.60 Sitt 12.10
As*F 25.10 26.70 In* 2427 23.70 Sm>* 25.10 35.70
As>t 25.10 In** 24.27 26.50 Sm** 25.10 34.40
B3+ 6.10 In** 24.27 25.70 Sn>* 23.43 27.80
Ba>* 26.36 28.40 It 23.85 Sn** 23.43 25.80
Be?t 9.62 12.60 Ir*t 23.85 Sr*t 25.52 29.30
Bi** 26.78 29.00 K" 25.94 28.00 Ta3+ 23.01 27.70
Ca>t 24.69 27.30 La*" 25.52 29.50 Ta*t 23.01

cd*t 23.01 28.00 La’" 25.52 29.30 Ta>*+ 23.01 26.30
Ce?t 23.43 27.60 Lit 19.66 20.70 Tb>+ 2430
ce3t 23.43 31.40 Lu*t 28.70 b+ 33.00
Ce*t 23.43 28.20 Mg** 19.66 22.20 T 30.50
Co** 28.03 31.30 Mn>* 23.43 27.90 Th** 25.52 26.10
Co*" 28.03 12.40 Mn?* 23.43 25.00 Th3* 25.52 29.70
crt 23.01 21.00 Mn** 23.43 21.20 Th** 25.52 28.20
crt 23.01 29.10 Mo>" 23.60 Ti** 21.76 21.30
crtt 23.01 21.80 Mo** 21.40 Ti* 21.76 23.30
crét 23.01 Na‘t 25.94 26.80 Ti*" 21.76 25.50
Cs* 26.36 31.10 Nb3+ 23.01 23.00 Ti*+ 21.76

Cu* 25.10 25.50 Nb** 23.01 23.50 TI* 27.61 30.90
Cu** 25.10 25.00 Nb>+ 23.01 26.70 TP+ 27.61

Dy*" 84.00 Nd** 24.27 28.30 Tm?* 33.30
Dy** 31.00 Ni*" 27.61 26.70 Ut 30.00
Er** 29.10 p3t+ 14.23 Ut 26.78 34.10
Eut 29.10 Pb>* 26.78 29.30 U+t 26.78 30.80
Eu*t 33.30 Pb** 26.78 47.30 Ut 26.78 33.80
Fe* 25.94 28.70 Pd>* 20.60 Ut 26.78 34.20
Fe3* 25.94 26.20 Pm>* 31.40 v+ 22.18 21.60
Fr™ 29.50 prit 24.27 31.50 V3t 22.18 27.10
Ga* 20.92 23.90 pr*t 24.27 vt 22.18 26.90
Ga*" 20.92 2275 ptt* 24.20 Aok 22.18

Ga®* 20.92 21.60 Pu>* 40.70 W 21.60
Gd*+ 23.43 27.80 pu’* 28.40 Y2+ 25.10 22.50
Ge*" 20.08 25.80 pu** 35.10 Y3+ 25.10 24.00
Ge*t 20.08 23.00 Ra** 29.60 Yb** 29.00
Hf*" 25.52 Rb* 26.36 30.80 Yb*t 32.60
HF 25.52 Sb3* 23.85 30.30 Zn** 21.76 25.50
Hf*" 25.52 20.20 St 21.20 Zrt 23.85 24.70
Hg* 25.10 26.30 Se*t 21.34 7t 23.85 25.00
Hg*" 25.10 27.70 Se’* 21.34 7t 23.85 22.90

These methods are confined to a certain family of
mixed oxides, though.

Several different methods have been brought in for
the estimation of C;m(T) of silicates and other oxide
materials. Robinson and Haas [25] suggested a model
based on structural contributions corresponding to

individual cations in particular coordination (number
of the nearest neighbors O%"). The parameters of the
temperature function

o __ c 2
Com = a+bT + 5 +/T° +

&
T1/2

(6)



J. Leitner et al./ Thermochimica Acta 395 (2003) 2746 31

Table 2 Table 3
Anionic contributions to heat capacity at 298.15 K Contributions of binary oxides to heat capacity at 298.15 K [1]
Anion Contributions Anion Contributions Oxide Contributions C,‘,’m(298) Difference
to C;,,,(298) to C;,,(298) to Cp,,,(298) (K "' mol™) (%)
(K "mol™") (UK "mol™") (K "mol™") of binary oxide
[18,23] [17,24] [18,23] [17,24] Al,O3 77.41 79.01 —2.03
- ’ CaO 43.18 42.42 1.80
(A102)37 49.26 47.40 (5603)27 73.32 72.50 Fe,O, 105.17 104.77 0.39
(AlO;)™  67.73 (Se04) ™ 86.60 FeO 4338 48.04 ~9.69
(B02)37 41.19 40.30 (S¥03)47 62.93 59.30 K,O 71.70 84.53 _15.17
(BO; 5560 5200 (SiOp' 7834 7350 MgO 3731 3796 015
(B4O7)7 134.26 (51205)7 106.79 103.80 Na,0O 69.18 68.56 0.91
(Cr02)37 62.67 52.40 (TaO3)7 79.80 Sio, 43.95 44.42 _1.05
(€103’ 8490 (TcOy) 95.30 TiO, 55.44 55.10 0.61
(CrO*~ 9227 8640  (TiOy)>~ 7445 71.90
(Cr,07)*~ 166.50  (TiO,)*~ 92.52 85.90
(FeO,)~  63.03 59.70  (Ti,05)%  124.69  120.80
(0?03)22: 7208 6820 (UOy) 82.10 formed by Al,03, Ca0, Fe,03, MgO, Na,0, SiO, and
(HfOs) _ 7847 (UO4) - 107.11 97.90 TiO,, the values predicted by the Berman—-Brown
(MnOy) 91.10 (U,07) 171.40 hod will b 1 h btained fi
(MnO,)> 8680  (VOs)~ 7154 70.90 method will be very close to those ones obtained from
(MnO,)*~ 9750  (VO,)*~ 8920  87.74 the NKR.
(MoO»)>~ 92.77 89.80  (V.0)*~  163.50 158.90 Another significant family of mixed oxides is repre-
2— 2— .
(Mo,07) 16360 (WO," 9749 89.70 sented by high-temperature superconductors and
(NbO3)~  78.00 7490  (W,0.)> 161.30 - L
related phases. The contributions to the estimation
(ReOy)~ 96.40 (Zr03)27 75.06 73.40 P

are calculated additively from such structural contri-
butions. A set of 20 different contributions has been
assessed from the available experimental data for 61
minerals. The original experimental values have been
reproduced with an accuracy higher than 2%.

For the estimation of the temperature dependence
Con(D of minerals formed from binary oxides Al,O3,
Ca0, FeO, Fe,03, K,0, MgO, Na,0, SiO, and TiO, in
the form

ki | ky k3

C;m=k0+—+ 2+F

T1/2 T_ (7)

Berman and Brown [1] evaluated the contributions of
the binary oxides to parameters ky, k1, k, and k3. They
employed the calorimetric data for 101 minerals for
the least square fitting of contributions. The estimation
error did not exceed 2% for a large majority of
substances even in this case. The calculated values
of contributions at 298.15 K for the above-mentioned
oxides along with the respective experimental data
C,m(298.15 K) and the relative differences are given
in Table 3. These differences are substantial only for
FeO and K,O. Consequently, for the mixed oxides

of parameters k, k1, and k; to the temperature depen-
dence of C,,(T) according to Eq. (7) have been
proposed by Voronin and Uspenskaya [26] for mixed
oxides in the system Y-Ba—Cu-O. Analyzing the
experimental data for five mixed oxides, they evalu-
ated the contributions for binary oxides Y,03, BaO,
CuO, and Cu,0 and predicted the parameters of Eq. (7)
for another seven ternary and quaternary oxides.

2.2.3. Empirical rules in homological series and
groups of chemically related substances (oxides)
Goncharov and Vorobev [27] developed the method
for estimation of temperature dependency C,,(T) for
garnets of Fe, Al and Ga with rare earth (RE) elements
starting from an assumption of AC (0x) being equal
for the same family of substances (e.g. REszFesO,,
RE;Al504,, RE3Gas0,,) irrespective of the particular
RE element. Such assumption was found to be well
satisfied with the experimental data for ferrogarnets
of Y, Sm, Eu, Gd, Tb, and Lu yielding the error did
not exceed 2%. Accordingly, the generalized tem-
perature dependence of AC;m(ox) for RE3AlsOq,
and RE;Gas0;, has been obtained from data for
Y3Al50;, [28] and Gd3GasO,, [29], respectively.
The prediction method of C; (298.15 K) using ionic
contributions brought in by Aldabergenov et al. [30,31]
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was based on the idea that in homological series like
A,,(B,O,),, the molar heat capacity is a linear function
of coefficient n specifying the number of complex
anions (B,O,)°” in the formula unit. Thus for alkaline
aluminates, the series

_+AlOy~

A10,~ MY ALO,2 TS

A]3063— ..

is considered, in which each higher anion differs from
the previous one in an increment (AlO,) . The higher
anion contributions are considered as n-multiples of
the primary anion (AlO,) ", whose value is determined
from the available experimental data of C,m(298.15 K)
for KAlO,, LiAlO, and NaAlO, as well as from
the ionic contributions for the respective cations

K™, LiTand Na™ obtained from their standard molar
entropies in an infinitely diluted solution.

3. Comparison of selected methods

In the following part three selected methods,
namely the NKR, the Kellogg’s method of ionic
contributions [22] with ionic contributions taken from
Spencer [18] (KK), and the binary oxide contribution
method by Berman and Brown [1] (BB) are compared.
The values of C;m (298.15 K) for binary oxides used in
the NKR are listed in Table 4. The methods are
examined both in terms of their universality, i.e.
according to the number of mixed oxides whose

Table 4
Selected values of heat capacity of solid binary oxides at 298.15 K [19]
Oxide Phase Con(298) Oxide Phase Com(298)
(K "mol™ (TK "mol™
Ag,0 Sol 66.32 MgO Sol 37.26
Al O3 Sol 79.01 Mn,0; Sol 99.04
B,0; Sol 62.98 MnO Sol 44.76
BaO Sol 47.06 MnO, Sol 54.42
BeO Sol-A 24.98 MoO, Sol 55.99
Bi,03 Sol-A 112.13 MoO; Sol 75.14
CaO Sol 42.42 Na,O Sol-A 68.56
CdO Sol 44.16 Nb,Os Sol 132.13
Ce,05 Sol 117.05 Nd,O5 Sol-A 111.34
CeO, Sol 61.53 NiO Sol-A 44.29
CoO Sol 55.22 PbO Red 45.74
Cr,05 Sol 114.26 Pr,0; Sol 116.63
CrO; Sol 79.12 Rh,0; Sol 89.12
Cs,0 Sol 75.90 Sc,05 Sol 93.94
Cu,0 Sol 62.47 SiO, Quartz(L) 44.42
CuO Sol 42.26 Sm,0; Sol-A 115.82
Dy,0; Sol-A 116.26 SrO Sol 45.15
Er,0; Sol 108.49 Ta,Os Sol 131.48
Eu,04 Cubic 124.68 TeO, Sol 63.88
Fe,05 Sol-A 104.77 TeO; Sol 71.47
FeO Sol 48.04 TiO, Rutile 55.10
Ga,0; Sol 93.86 TLO0; Sol 105.46
Gd,0; Cubic 105.51 Tm,05 Sol-A 116.72
GeO, Hexagonal 51.95 U0, Sol 63.59
HfO, Sol-A 60.26 U0; Sol 81.19
HgO Sol 43.89 V,05 Sol 127.37
Ho,0; Sol 114.96 WO; Sol-A 72.80
K,O Sol 84.53 Y,0; Sol-A 102.51
La,0; Sol 108.78 Yb,03 Sol-A 115.36
Li,O Sol 54.25 ZnO Sol 41.07
Lu,04 Sol 101.76 71O, Sol-A 56.21
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C;m(298.15 K) and/or Com(D) can be obtained, and
concerning credibility of the predicted values as well.

3.1 C;m(298.]5 K) experimental data set

The predicted values of C;m(298.15 K) were com-
pared with available experimental data in order to
qualitatively compare the selected estimation meth-
ods. 326 mixed oxide phases formed by 71 binary
oxides of 57 elements were included into the data set
given in Table 5. The values of C;m(298.15 K) were
taken from more than 100 literature sources—data
collections, review articles and original papers. The
presented data come in all cases either from direct
(calorimetric) experiments or from simultaneous pro-
cessing (optimization) of more experimental data. The
accuracy of the calorimetric data depends on the
particular method used. The most precise values were
obtained by direct measurements of C in adiabatic
calorimeters (the determination error does not exceed
0.2-0.5% at an ambient temperature). The experimen-
tal error of C;m(298.15 K) measured in DSC calori-
meters (in continuous or stepwise mode) is higher,
about 1-2%. Even the higher error (2-3%) must be
taken into account in case of heat content measure-
ments, Hy — Hryer, using drop calorimeters. The direct
result here is the temperature dependence of the
integral function, relative enthalpy, usually measured
above 450 °C. The C;m(T) dependence is then
obtained by differentiating it with respect to tempera-
ture and C},,(298.15 K) by extrapolation.

In some cases, the available experimental data were
not taken into account for assessment of the reliability
of the estimation methods. For instance, the values of
C;m(T) above 400 K and extrapolated C;m(298.15 K)
reported by Gospodinov et al. for ternary oxides
formed by TeO, and MnO [32], MgO [33], AL,O3,
Ga,03, In,O5 and T1,05 [34], or CuO [35] are not
treated as much reliable. Indeed, their data of
C,m(298.15 K) for ternary oxides BaZrO;, CaZrOs;
and SrZrO; [36], measured on the same calorimeter
and evaluated using the same procedure, are obviously
quite different from values reported by other authors
[37], and, moreover, some errors have been found in
the evaluation of experimental results [38]. Similarly,
the data for ternary oxides of Sb,Os, BaO, CaO and
SrO [39], CoO, NiO and ZnO [40], all reported by
Kasenov et al., as well as for quaternary oxides of type

RE,AE;Mn Oy, (RE: Gd, AE: Ba) [41], (RE: Dy,
AE: Sr) [42], (RE: Er, Gd, Ho, La, Lu, Nd, AE: Sr)
[43], (RE: La, AE: Ca) [44], and (RE: Er, Gd, Nd, AE:
Ca) [45] were not included in the experimental data
set. In all latter studies, the conventional calorimeter
ICT-400 has been employed for C;, measurements
providing the results with the relatively large error of
about 10%. For example, the average value of
181 £ 17 JK " mol ™" resulting from five measure-
ments of NiSb,Og is referred in [40], which exceeds
severalfold the errors of other data and would there-
fore, depreciate the comparison of experimental and
estimated values.

In addition to complex mixed oxides, the oxides of
Me;0O, type with a cation of one element in two
valence states, Me>*and Me”(Me: Co, Cr, Fe, Mn,
Pb), have been also included in the experimental data
set. For the sake of completeness, even those mixed
oxides are listed in the Table 5, which C;m cannot be
predicted by any of the tested methods.

3.2. Neumann—Kopp rule (NKR)

The NKR is the most universal from all considered
methods—within the given experimental data set the
total number of 295 values of €7, (298.15 K) can be
estimated using this rule. The NKR cannot be applied
only in the following cases:

e The experimental values of C,m(298.15 K) for bin-
ary oxides forming a particular mixed oxide are not
available. So far the experimental data for Co,03,
CrO,, MnOs, Rb,0, RuOj3 and Tb,0O5 are missing,
and thus only their estimated values are reported in
thermodynamic tables. Since the mean prediction
error of contribution methods for binary oxides
varies by 5% (for C[‘,’m(298.15 K)) [19], the applica-
tion of the estimated data could significantly
decrease the quality of NKR results.

e A given mixed oxide cannot be obtained from a
chemical reaction of bare solid binary oxides. Let us
mention a quaternary oxide YBa,Cu3;0O; as the
example, which formation can be described as

1Y203 +2Ba0 4 3Cu0 + 10,
— YB32CU.307 (RS)

Here the gaseous oxygen occurs as one of the
starting compounds. The NKR is based on a simple



Table 5
Comparison of experimental and estimated values of heat capacity at 298.15 K of solid mixed oxides
No. Mixed Binary oxides Phase Reference C;m(298) C;m(298)(NKR) ACZm C;m(298)(KK) AC;m C;m(298)(BB) AC;m
oxide combination (K 'mol™) (K 'mol™) (%) @K' 'mol™) (%) K 'mol™) (%)
1 Ag,WO, Ag,0-WO; Sol [47] 150.36 139.12 —7.48 148.95 —0.94
2 AlgB4Os3 9A1,05:2B,03 Sol [6] 823.19 837.05 1.68
3 AlLSiOs Al,05-Si0, Andalusite  [1] 123.40 123.47 0.06 121.36 —1.65
4 AlSiOs Al,05-Si0, Kyanite [1 122.19 123.47 1.05 121.36 —0.68
5  AlLSiOs Al,03-Si0, Sillimanite  [1] 122.93 123.47 0.44 121.36 —1.28
6  AlTiOs Al,05-TiO, Sol [6] 136.40 134.11 —1.68 132.85 —2.60
7 AlLB,Oy 2A1,03-B,03 Sol [6] 222.64 221.00 —-0.74
8  AlgSi,O3 3A1,05-2Si0, Sol [1 325.99 325.87 —0.04 320.13 —1.80
9  Ba,SizOg 2Ba0-3Si0, Sol [8] 224.60 227.38 1.24 22244 —0.96
10 Ba,TiO4 2Ba0O-TiO, Sol [6] 149.15 149.22 0.05 145.24 —2.62
11 Ba3B,04 3Ba0:-B,0; Sol [48] 215.01 204.16 —5.05 190.28 —11.50
12 BazLaNb3O;, (6BaO-La,Os- Sol [49] 387.61 393.77 1.59
3Nb,05)/2
13 BaAl,Oy4 Ba0O-Al,03 Sol [6] 113.70 126.07 10.88  112.28 —1.25
14 BaAl,Si,Og Ba0-Al,03-2Si0, Sol [50] 221.71 214.91 —-3.07 222.36 0.29
15 BaCeO; Ba0-CeO, Sol [51] 111.91 108.59 —-2.97
16  BaCuO, BaO-CuO Sol [52] 95.00 89.32 —5.98
17 BaCuO, g9 Sol [53] 96.89
18  BaMoO, Ba0O-MoO; Sol [54] 122.00 122.20 0.16 119.13 -2.35
19  BaSiO3 BaO-SiO, Sol [6] 89.02 91.48 2.77 89.29 0.31
20  BaSrFe,Og BaO-SrO-2Fe,05 Sol [55] 288.90 301.75 445  304.00 5.23
21  BaTiOs BaO-TiO, Sol [6] 102.45 102.16 —0.29  100.81 —1.60
22 BaUOy Ba0-UO; Sol [8] 133.50 128.25 —3.93 13347 —0.02
23 BaZrOs Ba0O-Zr0O, Sol [37] 101.71 103.27 1.53 10142 —0.29
24 Be,SiOy4 2Be0O-SiO, Sol [6] 93.48 94.38 0.96 87.96 —5.90
25  Be;3B,0g¢ 3Be0-B,0; Sol [6] 138.44 137.92 —0.37  140.06 1.17
26  BeAl,O4 BeO-Al,O3 Sol [6] 104.94 103.99 —-091 108.14 3.05
27 BeAlgOyg BeO-3A1,05 Sol [6] 261.92 262.01 0.03
28 BeWO, BeO-WO; Sol [8] 96.92 97.78 0.89 107.11 10.52
29  BiyCay0Os Bi,03-2Ca0 Sol [56] 197.44 196.97 —0.24
30 BiyCaOy4 Bi,03-CaO Sol [56] 151.32 154.55 2.13
31  Bi,CuOy4 Bi,03-CuO Sol [57] 151.73 154.39 1.75
32 BiSr,CuOg  Biy053-2SrO-CuO Sol [58] 241.30 244.69 1.40
33 Bi,Srp,Ca, Sol [59] 346.70
Cu,; g0g s
34 BipSr;Cu,0g  Biy03-3Sr0-2CuO Sol [58] 353.28 332.10 —6.00
35  BigCas043 3Bi,05-4Ca0 Sol [56] 504.06 506.07 0.40
36 CajppAlj4033  12Ca0-7A1,03 Sol [8] 1084.82 1062.11 -2.09 1060.03 —-2.29
37  Ca,Al,SiO, 2Ca0-Al,05-Si0, Sol [1] 205.51 208.27 1.34  210.83 2.59  207.72 1.08
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Table 5 (Continued)

No.  Mixed Binary oxides Phase Reference  Cp,, (298) Con(298)(NKR)  AC;, Con(98)KK)  AC;,,  C;,(298)(BB) AC;,
oxide combination @K 'mol™ (K 'mol™ (%) K 'mol™ (%) OK 'mol™ (%)

38 Ca,B,0s 2Ca0-B,0; Sol-A [6] 147.08 147.82 0.51  146.17 —0.62
39 CayFe,Os 2Ca0-Fe,05 Sol [1] 192.38 189.61 —1.44 191.53 —0.44
40  Ca,MgSi,0; 2Ca0-MgO-2Si0, Sol [1] 210.97 210.94 —0.01 21031 —031  211.57 0.28
41 Ca,SiOy4 2Ca0-Si0, Sol-A [60] 125.76 129.26 278 12772 156 130.31 3.62
42 CazAl,04 3Ca0-Al,05 Sol [1] 208.79 206.27 —121  209.53 035  206.95 —0.88
43 CazAl,Siz0p,  3Ca0-Al,05-3Si0, Sol [1] 333.15 339.53 1.92 34841 458  338.80 1.70
44 Ca3B,0q 3Ca0-B,0; Sol [6] 187.86 190.24 127 185.27 —1.38
45  CazFe,Si30y, 3Ca0-Fe,03-3Si0, Sol [15] 351.38 365.29 3.96  360.97 273 366.56 432
46  CazGa,Ges0;, 3Ca0-Ga,05-3GeO,  Sol [61] 379.50 376.97 —0.67
47  CazMgSi,0g  3Ca0-MgO-2Si0, Sol [8] 252.26 253.36 044 25041 —0.73  254.75 0.99
48  CasSi,0, 3Ca0-28i0, Sol [60] 211.51 216.10 217 21534 1.81  217.44 2.81
49 CasSiOs 3Ca0-Si0, Sol [60] 171.61 171.68 0.04 173.49 1.10
50  CasTi0, 3Ca0-2TiO, Sol [6] 239.59 237.46 —0.89  241.04 0.61 24042 0.35
51 CayTiz0 4Ca0-3TiO, Sol [6] 337.77 334.98 —0.83  340.18 071 339.04 0.38
52 CaALO, Ca0-AlLO; Sol [6] 120.60 121.43 0.69 12321 217 120.59 —0.01
53 CaAlLSi,0g  Ca0-AlL032Si0, Sol [8] 211.31 210.27 —049  220.69 444  208.49 —1.33
54 CaAlLSiOg Ca0-Al,05-Si0, Sol [1] 165.82 165.85 0.02 164.54 —0.77
55  CaAl,0, Ca0-2A1,0;4 Sol [6] 199.57 200.44 0.44 198.00 —0.79
56  CaB,0, Ca0-B,0; Sol (6] 103.99 105.40 136  107.07 2.97
57  CaB40O; Ca0-2B,0; Sol [6] 157.85 168.38 6.67 158.95 0.70
58  CaCrO, Ca0-CrO; Sol [62] 113.18 121.54 739  116.96 3.34
59  CaCr,0, Ca0-Cr,05 Sol-B [62] 139.31 156.68 12.47  150.03 7.70
60  CaFe,O, Ca0-Fe,05 Sol [61 153.65 147.19 —420 150.75 —1.89 14835 —3.45
61  CaFeSi,Oq Ca0-FeO-2Si0, Sol [15] 175.37 179.30 224 176.49 0.64  174.46 —0.52
62 CaHfTi,0,  CaO-Hf0,-2TiO, Sol [63] 206.90 212.88 289 21718 497
63 CaMgSi,04  CaO-MgO-2SiO, Sol [1] 166.63 168.52 1.13  170.21 2.15  168.39 1.06
64  CaMgSiOy Ca0-MgO-Si0, Sol [61 123.22 124.10 071  122.69 —043 12444 0.99
65 CaNb,Og Ca0-Nb,Os Sol [6] 177.34 174.55 —1.57  180.69 1.89
66  CaSiOs Ca0-Si0, Sol-A [60] 86.42 86.84 049  87.62 139  87.13 0.83
67 CaTiO; Ca0-TiO, Sol-A [6] 97.70 97.52 —0.18  99.14 148  98.62 0.95
68  CaTiSiOs Ca0-TiO,-Si0, Sol [11 139.11 141.94 203 14043 095  142.57 2.49
69 CaUO, Ca0-U0; Sol-A [6] 130.45 123.61 —524  131.80 1.04
70 CaWO, CaO-WO, Sol (6] 113.24 115.22 175 12218 7.90
71 CaZrOs Ca0-Zr0, Sol [37] 99.91 98.63 —128  99.75 —0.16
72 CaZrTi,0, Ca0-Zr0,-2TiO, Sol [64] 211.73 208.83 —1.37 21551 178
73 CdTiO; CdO-TiO, Sol-A [6] 98.50 99.26 077  97.46 —1.06
74 Ce,Si04 Ce,05-2Si0, Sol-B [65] 204.41 205.89 072 188.13 —~7.96
75  CeyZr,04 Ce,05-2710, Sol [66] 233.74 229.47 —~1.83
76 Co,Si0, 2C00-Si0, Sol [6] 133.95 154.86 15.61  134.40 0.33
77 Co,TiO, 2C00-TiO, Sol [6] 160.49 165.54 3.15 14858 —7.42
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Table 5 (Continued)

No.  Mixed Binary oxides Phase Reference C;m(298) C;’m(298)(NKR) AC;m C;m(298)(KK) AC;m C;m(298)(BB) AC;m
oxide combination K 'mol™ (@K 'mol™) (%) K 'mol™") (%) K 'mol™ (%)

78  Coz0, C00-C0,0; Sol (6] 123.42

79  CoFe,0, Co0-Fe,0; Sol [6] 152.58 159.99 486  154.09 0.99

80  CoTayOg C00-Ta,0s5 Sol [67] 175.59 186.70 6.33

81  CoTiO; CoO-TiO, Sol [6] 107.77 110.32 237 10248 —491

82  CoWO, CoO-WO4 Sol-A [61 129.94 128.02 —147 12552 —3.40

83  Cr;04 CrO-Cr,0; Sol [68] 135.64

84  CsBO, (Cs,0-B,05)/2 Sol (6] 69.48 69.44 —0.05  67.55 —2.77

85  Cs,Cr,0, Cs,0-2Cr05 Sol-A [54] 231.54 234.14 1.12

86  Cs,CrOy4 Cs,0-CrO; Sol-A [54] 146.06 155.02 6.13  144.99 -0.73

87  Cs,MnO, Cs,0-MnO; Sol-A [69] 149.24

88 Cs,Mo0,0; Cs,0-2Mo05 Sol [70] 224.14 226.18 091

89  Cs,MoO, Cs,0-Mo0O; Sol-A [6] 148.67 151.04 1.59 14549 —2.14

90  Cs,RuO, Cs,0-RuO5 Sol-A [69] 156.14

91  Cs,Sir0s Cs,0-2Si0, Sol [6] 176.73 164.74 —6.78 15951 —9.74

92 Cs,Si400 Cs,0-4Si0, Sol [6] 272.86 253.58 —7.06

93 Cs,SiO; Cs,0-Si0, Sol [6] 122.23 120.32 —1.56  115.65 —5.38

94 Cs,Te,0s5 Cs,0-2Te0O, Sol [54] 193.00 203.66 5.52

95  Cs,TesOrn Cs,0-Te0,-3Te0;5 Sol [54] 343.00 354.19 3.26

96  Cs,TesO Cs,0-4Te0, Sol [54] 318.20 331.42 4.16

97  Cs,TeOs Cs,0-TeO, Sol [54] 133.87 139.78 442

98  Cs,TeOy Cs,0-TeO5 Sol [54] 148.35 147.37 —0.66

99 Cs,U,0; Cs,0-2U004 Sol [54] 231.23 238.28 3.05

100 Cs,U40;, Cs,0-U0,-3U0; Sol-A [54] 384.01 383.06 —0.25

101 Cs,UO, Cs,0-UO5 Sol [6] 152.75 157.09 2.84  159.83 4.64

102 Cs,Zr0s Cs,0-Zr0, Sol [71] 129.79 132.11 179 12778 —1.55

103 Cs3CrOy4 (3Cs,0-CrO,-CrO3)/2  Sol-A [54] 179.92

104  CsAlO, (Cs,0-AL,05)/2 Sol [72] 79.76 77.46 -2.89  75.62 —5.19

105 CuFe,O, CuO-Fe,0, Sol-A [6] 148.81 147.03 —1.19 15116 1.58

106  CuFeO, (Cu,0-Fe,05)/2 Sol-A [6] 84.18 85.12 112 88.13 4.69

107 DysFesOq» (3Dy,05-5Fe,05)/2 Sol [73] 44272 436.32 —1.45

108 DysNbO, (3Dy,05-Nb,05)/2 Sol [74] 251.85 240.46 —4.52

109  DyCrOs (Dy,05-Cr,05)/2 Sol [75] 102.33 115.26 12.64

110 ErsFesO,, (3Er,05-5Fe,03)/2 Sol [76] 449.52 424.66 —5.53

111 ErsNbO; (3Er,03-Nby0s)/2 Sol [74] 233.02 228.80 —1.81

112 ErCrO; (Er,05-Cr,05)/2 Sol [75] 101.74 111.38 9.48

113 ErMnOs (Er,05-Mn,05)/2 Sol [77] 104.81 103.77 —0.99

114 EusFesO;, (3Eu,0;5-5Fe,05)/2 Sol [76] 462.89 448.95 —3.01

115  EuzNbO, (3Eu,05-Nb,05)/2 Sol [74] 251.01 253.09 0.83

116  Fe,AlSisO;g  2Fe0-2A1,05-5810,  Sol [15] 464.41 476.20 254 491.40 581  461.33 —0.66

117 Fe,SiO, 2Fe0-Si0, Sol [8] 132.90 140.50 572 13022 —2.02 13071 —1.65
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Table 5 (Continued)

No. Mixed Binary oxides Phase Reference Com(298) Com(298)(NKR) AC;m Com(298)(KK) AC;m Com(298)(BB) ACI‘jm
oxide combination K 'mol™ (K 'mol™ (%) K 'mol™ (%) K 'mol™ (%)
118  Fe,TiO4 2FeO-TiO, Sol [8] 142.30 151.18 6.24 14440 148  142.20 —-0.07
119 Fe,TiOs Fe,03-TiO, Sol [1] 163.85 159.87 —2.43 160.61 —1.98
120 Fe3AlSi301,  3Fe0-Al,05-3Si0, Sol [15] 342.74 356.39 398 352.16 2775 339.40 —0.97
121 Fe;04 FeO-Fe,03 Sol [6] 151.78 152.81 0.68  152.00 0.14  148.55 —-2.13
122 FeAl,O4 FeO-Al,O5 Sol [15] 131.40 127.05 —3.31 124.46 —-5.28  120.79 —8.07
123 FeCr,04 FeO-Cr,03 Sol [6] 133.81 162.30 21.29  151.28 13.06
124 FeSiO3 FeO-SiO, Sol [15] 88.12 92.46 4.93 88.87 0.85 87.33 —0.90
125  FeTa,Og¢ FeO-Ta,05 Sol [67] 184.87 179.52 —2.89
126 FeTiO3 FeO-TiO, Sol [6] 99.50 103.14 3.66 100.39 0.89 98.82 —0.69
127  GdsFes04, (3Gd,03-5Fe,03)/2 Sol [78] 433.06 420.19 —-2.97
128  Gd;Gas0;, (3Gd,03-5Ga,05)/2 Sol [61] 385.64 392.92 1.89
129  Gd3NbO, (3Gd,03-Nb,05)/2 Sol [74] 237.49 22433 —5.54
130 GdCrO; (Gd,03-Cr,03)/2 Sol [75] 99.52 109.89 10.42
131  Hgoor Sol [79] 189.53
Ba,CuOy4 05
132 HgBaO, HgO-BaO Sol [80] 103.48 90.95 —12.11
133 HgCaO, HgO-CaO Sol [81] 96.31 86.31 —10.38
134 HgSrO, HgO-SrO Sol [80] 89.90 89.04 —0.96
135  HozFesO,, (3H0,03-5Fe,03)/2 Sol [82] 451.52 434.37 —3.80
136 Ho3NbO, (3H0,03-Nb,05)/2 Sol [74] 252.14 238.51 —5.41
137  HogWO, 3Ho0,0;3-WO; Sol [83] 434.20 417.68 —3.80
138 HoCrO; (H0,05-Cr,05)/2 Sol [75] 101.60 114.61 12.81
139  K,;B405 K,0-2B,05 Sol [6] 170.30 210.49 23.60 186.14 9.30
140 K;B60q9 K,0-3B,0;5 Sol [6] 265.34 273.47 3.07
141  K;BgO0q3 K,0-4B,0; Sol [6] 319.06 336.45 545
142 K,CrOy4 K,0-CrO; Sol-A [6] 146.05 163.65 12.05 144.15 —1.30
143 K,Si,05 K,0-2Si0, Sol-A [6] 160.95 173.37 7.72  158.67 —1.41 159.60 —0.84
144 K;Si,O09 K,0-4Si0, Sol [84] 247.20 262.21 6.07 247.50 0.12
145  K,SiO3 K,0-Si0, Sol [6] 118.70 128.95 8.64 114.81 —3.28 115.65 —2.57
146 K,W,0, K,0-2WO0; Sol [85] 221.00 230.13 4.13
147  K,;W3049 K,0-3WO, Sol [85] 288.10 302.93 5.15
148  Ky;W,40q3 K,0-4WO0; Sol [85] 356.40 375.73 542
149  K,WO, K,0-WO3 Sol-A [6] 150.81 157.33 432 149.37 —0.95
150  KAI3Si30q; (K»0-3A1,05-6S10,)/2  Sol [1] 287.37 294.04 232 304.53 597  283.82 —1.24
151  KAISi,O¢ (K,0-Al,03-4S5i0,)/2  Sol [6] 164.30 170.61 3.84 17146 436 16246 —1.12
152 KAISizOg (K;,0-Al,03-6510,)/2  Microcline  [1] 202.84 215.03 6.01 21532 6.15  206.41 1.76
153  KAISi;Og (K;0-Al,03:6510,)/2  Sanidine [1] 205.28 215.03 475 21532 4.89 20641 0.55
154  KAISiO, (K,0-Al,03-25i0,)/2  Sol [6] 119.90 126.19 525 12394 337 11851 —1.16
155 KBO, (K,0-B,05)/2 Sol [6] 66.96 73.76 10.15 67.13 0.25
156  KDyMo,Og (K,0-Dy,05-4M005)/2  Sol [86] 235.90 250.68 6.26
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Table 5 (Continued)

No. Mixed Binary oxides Phase Reference C;’m(298) C;m(298)(NKR) AC;m C;’m(298)(KK) AC;m C;m(298)(BB) AC;’m
oxide combination UK 'mol™ (K 'mol™) (%) K 'mol™) (%) K 'mol™ (%)

157  KEtMo,Og  (K,O-Er,05-4M003)/2  Sol [87] 233.40 246.79 5.74

158 KGdMo,0s  (K»0-Gd»,034Mo05)/2 Sol-A [88] 233.20 245.30 5.19 23491 0.73

159 KHoMo,Os  (K»0-H0,05-4M005)/2 Sol [89] 232.50 250.03 7.54 23449 0.86

160  KLuMo0,Og  (K,O-Lu,03:4Mo0O5)/2 Sol [90] 234.70 243.43 3.72

161  KTbMo,Os  (K,O-Tb,05-4M003)/2 Sol [91] 236.80

162 KYbMo0,Os  (K»O-Yb,03-4M0O3)/2 Sol [92] 238.10 250.23 5.09

163 KYMo,Og (K»0-Y,03-4M003)/2  Sol [93] 232.10 243.80 5.04 236.58 1.93

164  La,CuO, La,05-CuO Sol [94] 151.30 151.04 —0.17

165 La,Mo0sOp,  Lay03-3Mo0O; Sol (6] 329.36 334.20 147 32935 0.00

166  La,NiOy4 La,05-NiO Sol [95] 159.14 153.07 —3.81

167  La,Si,0y La,05-2Si0, Sol-B [65] 195.18 197.62 125 19231 —1.47

168  La,Zr,0, La,052Zr0O, Sol [66] 223.05 221.20 —0.83

169  LasNbO, (3La,03:Nb,0s)/2 Sol [74] 235.68 229.24 —2.74

170 LaAlO; (La,05-A1,05)/2 Sol (6] 92.64 93.90 136 93.25 0.66

171  LaCoOs (La,05-C0,05)/2 Sol [96] 107.51

172 LaCrO; (La,05-Cr,05)/2 Sol [75] 111.20 111.52 0.29

173 LaFeO; (La,05-Fe,03)/2 Sol [96] 108.65 106.78 -172

174  LaMnOs (La,05-Mn,05)/2 Sol [97] 102.79 103.91 1.09

175  LaMnOj s Sol [80] 110.10

176  Li,B,O, Li,0-2B,0; Sol (6] 179.32 180.21 0.50 173.58 —3.20

177 Li,BgOy3 Li,0-4B,0; Sol [6] 324.23 306.17 —5.57

178  Li,Si,0s Li,0-2Si0, Sol-A (6] 138.77 143.09 3.11  146.11 5.29

179 LibSiOs Li,0-SiO, Sol [6] 100.00 98.67 —133  102.25 225

180  Li,TisO; Li,0-3TiO, Sol [98] 228.51 219.55 -3.92

181  Li,TiOs Li,O-TiO, Sol-A (6] 109.68 109.35 —030 113.77 3.73

182 Li,ZrOs Li,0-Z1O, Sol [99] 114.60 110.46 —361 114.38 —0.19

183 LisSiOy4 2Li,0-Si0, Sol [100] 155.23 152.92 —149  156.98 1.13

184  LiyTisO;» 2Li,0-5TiO, Sol [98] 361.54 384.00 6.21

185  LigZrOg 4Li,0-Zr0, Sol [99] 275.46 273.21 —0.82

186  LiAlO, (Li,0-ALO3)/2 Sol (8] 67.83 66.63 —177  68.92 1.61

187  LiAlSi»O¢ (Li,0-A1,05-4Si0,)/2  Sol-A [6] 158.92 155.47 —2.17 165.18 3.94

188  LiAlSiO, (Li,0-ALO;-2Si0,)/2  Sol-A [101] 111.15 111.05 —0.09 117.66 5.86

189  LiB;Os (Li,0-3B,05)/2 Sol [6] 145.52 121.60 —16.44

190 LiBO, (Li,0-B,05)/2 Sol [6] 60.44 58.62 —3.02  60.85 0.68

191  LiFeO, (Li,O-Fe,05)/2 Sol (6] 82.46 79.51 —358  82.62 0.19

192 LusFesO;, (3Luy035-5Fe,05)/2 Sol [102] 424.90 41457 —2.43

193 LusNbO, (3Lu,05-Nb,05)/2 Sol [74] 220.14 218.71 —0.65

194  LugWO,, 3Lu,05-WO; Sol [83] 393.75 378.08 —3.98

195  MgALSisO;s 2MgO-2A1,05:58i0,  Sol [1] 45238 454.64 0.50 478.84 585  449.19 —0.71

196  Mg,SiO, 2MgO-SiO, Sol (6] 118.43 118.94 043 117.66 —0.65 11857 0.12
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Table 5 (Continued)

No. Mixed Binary oxides Phase Reference Com(298) Com(298)(NKR) ACIfm Com(298)(KK) AC;m Com(298)(BB) ACIfm
oxide combination K 'mol™ (K 'mol™) (%) K 'mol™ (%) JK 'mol™") (%)

197  Mg,TiO, 2MgO-TiO, Sol (6] 128.17 129.62 113 131.84 287  130.06 1.48

198  Mg;ALSi;0;, 3MgO-AlLO;-3Si0, Sol [1] 324.76 324.05 —022 33332 264 321.19 —~1.10

199  MgALO, MgO-Al, O Sol (6] 115.96 116.27 027 11818 192 11472 —1.07

200 MgALSIOg  MgO-Al,05-8i0, Sol [15] 160.27 160.69 0.26 158.67 —1.00

201  MgCr,0, MgO-Cr,0; Sol (6] 126.80 151.52 19.50  145.00 14.36

202 MgFe,0, MgO-Fe,0; Sol [1] 142.94 142.03 —0.64 14572 1.94  142.48 —0.32

203  MgRh,0y MgO-Rh,05 Sol [103] 129.84 126.38 —2.66

204  MgSiO; MgO-SiO, Sol-A (6] 81.90 81.68 —027  82.59 0.84  81.26 —0.78

205  MgTa,O4 MgO-Ta, 05 Sol [67] 175.73 168.74 —3.98

206  MgTi,Os MgO-2TiO, Sol (6] 146.64 147.46 0.56 14435 —1.56  148.19 1.06

207  MgTiOs MgO-TiO, Sol (6] 91.19 92.36 128 9411 320 9275 171

208  MgUO, MgO-UO; Sol (6] 156.51 118.45 —2432 12677 —19.00

209  MgV,0q MgO-V,0s5 Sol (6] 156.35 164.63 530 162.74 4.09

210  MgWO, MgO-WO; Sol (6] 109.89 110.06 0.16 117.15 6.61

211  MnAlLSisO;s 2MnO-2A1,05-558i0,  Sol [15] 462.33 469.64 1.58  486.38 5.20

212 MmMosOg  2MnO-3MoO, Sol [104] 245.90 257.49 471

213 Mn,SiOy4 2MnO-SiO, Sol [6] 129.87 133.94 313 12520 —3.60

214  Mn,TiO, 2MnO-TiO, Sol (6] 144.60 144.62 0.01 13938 —3.61

215  Mn;ALSi;Op, 3MnO-Al,05-3Si0, Sol [15] 340.30 346.55 1.84 344.63 1.27

216  Mn;0, MnO-Mn,Os Tetra (6] 140.53 143.80 233

217  MnMoO, MnO-MoO; Sol [104] 115.77 119.90 3.57 11620 0.37

218  MnSiOs MnO-SiO, Sol (6] 86.39 89.18 323 8636 —0.04

219 MnTiOs MnO-TiO, Sol (6] 99.83 99.86 0.03  97.88 —1.95

220  MnWO, MnO-WO, Sol [6] 124.08 117.56 —525 12092 —2.55

221  Na,B,O, Na,0-2B,05 Sol (6] 186.92 194.52 407 186.14 —0.42

222 NaB;Os (Na,0-3B,05)/2 Sol (6] 121.84 128.75 5.67

223 Na,BgOi3 Na,0-4B,05 Sol (6] 304.89 320.48 5.11

224 Na,CrO, Na,0-CrO; Sol-A (6] 142.78 147.68 343 144.15 0.96

225  Na,Mo,0, Na,0-2Mo0O; Sol (6] 216.67 218.84 1.00

226  Na,MoO, Na,0-MoOs Sol-A (6] 141.46 143.70 1.58  144.65 2.26

227  Na,Si,Os Na,0-25i0, Sol-A (6] 156.50 157.40 0.57 158.67 139  157.08 0.37

228  Na,SiO; Na,0-Si0, Sol (6] 111.81 112.98 1.04 114.81 268 113.13 1.18

229  Na,TiOs Na,0-2TiO, Sol (6] 193.13 178.76 —7.44 17657 —8.57  180.06 —6.77

230 Na,Ti;0 Na,0O-3TiO, Sol 1] 249.66 233.86 —6.33 235.50 —5.67

231  Na,TigOi3 Na,0-6TiO, Sol [105] 397.23 399.16 0.49 401.82 1.16

232 Na,TiO, Na,O-TiO, Sol-A [1] 126.77 123.66 —245 12633 —035 12462 -1.70

233 Na,U,0; Na,0-2U0, Sol-A [106] 227.26 230.94 1.62

234 Na,UO, Na,0-UOs Sol-A (6] 146.74 149.75 205 158.99 8.35

235  Na,WO, Na,O-WO5 Sol-A (6] 141.77 141.36 —0.29  149.37 5.36

236 Na,W,0, Na,0-2WO0; Sol [107] 21422 214.16 —0.03
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Table 5 (Continued)

oy

No.  Mixed Binary oxides Phase Reference C;m(298) C;m(298)(NKR) AC;m C;m(298)(KK) AC;m C;m(298)(BB) AC;m
oxide combination K 'mol™ (K 'mol™) (%) K 'mol™ (%) K 'mol™ (%)

237  Na,W,0; Na,0-4WO, Sol [107] 354.45 359.76 1.50

238 NayZrOs Na,0-ZrO, Sol-A [6] 131.20 12477 —490 126.94 —3.25

239 Na,SiO, 2Na,0-5i0, Sol [6] 184.72 181.54 —1.72  182.10 —142 18231 —1.30

240  NaAlO, (Na,0-AlL,05)/2 Sol-A [6] 73.52 73.79 036  75.23 233 7330 —0.30

241  NaAlSi,Og (Na,0-Al,05-4510,)/2  Sol [6] 159.88 162.63 172 17146 725 161.20 0.83

242 NaAlSi;Og (Na,0-Al,05-6510,)/2  Sol-A [6] 204.85 207.05 1.07 21532 511  205.15 0.15

243 NaAlSiO, (Na,0-Al,05-2810,)/2  Sol [8] 115.81 11821 207 123.94 7.02  117.25 1.24

244 NaBO, (Na,0-B,05)/2 Sol [6] 65.85 65.77 —0.12  67.13 1.94

245  NaCrO, (Na,0-Cr,03)/2 Sol [6] 89.41 91.41 224 8861 —0.89

246  NaFeSi,Og (Na,0-Fe,05-4Si0,)/2  Sol [1] 170.17 175.51 3.14 17774 445  175.08 2.89

247  NaUO; (Na,0-UO,-U05)/2 Sol [108] 108.87 106.67 —2.02

248  Nd,NiOy4 Nd,0;-NiO Sol [109] 160.22 155.63 —2.86

249  Nds;NbO, (3Nd,05-Nb,05)/2 Sol [74] 243.89 233.08 —4.44

250  NdAIO; (Nd,05-Al,05)/2 Sol [110] 97.05 95.18 —1.93  92.00 —5.20

251  NdCrO; (Nd,05-Cr,05)/2 Sol [75] 106.48 112.80 5.94

252 NdGaO, (Nd,05-Ga,05)/2 Sol [111] 105.80 102.60 —3.02

253 Ni,SiO, 2Ni0-Si0, Sol [6] 127.02 133.00 471  133.56 5.15

254 NiTa,04 NiO-Ta,Os5 Sol [67] 171.15 175.77 2.70

255  NiTiO; NiO-TiO, Sol [6] 99.25 99.39 0.14  102.06 2.83

256 Pb,SiOy4 2PbO-SiO, Sol-A [61 136.92 135.90 —0.74  131.90 —3.67

257 PbsO, PbO-Pb,05 Sol [6] 154.94

258  PbsSiOg 4Pb0O-Si0, Sol [6] 229.73 22738 —1.02

259  PbSiO; PbO-SiO, Sol [6] 89.13 90.16 1.16  89.71 0.66

260  PbTiOs PbO-TiO, Sol-A [6] 104.40 100.84 —341 101.23 —3.04

261  PbWO, PbO-WO, Sol [6] 119.64 118.54 —0.92  124.27 3.87

262 Pr,NiOy4 Pr,0;-NiO Sol [95] 165.46 160.92 —274

263 Pr;NbO, (3Pr,05-Nb,05)/2 Sol [74] 250.21 241.01 —3.68

264  PrCrO; (Pr,05-Cr,05)/2 Sol [75] 108.92 115.45 6.00

265  Rb,Cr,0 Rb,0-2CrO5 Sol [112] 230.17 236.94 2.94

266  Rb,Mo,0; Rb,0-2M00; Sol [70] 209.72 228.98 9.18

267  Rb,Si,0s Rb,0-2Si0, Sol [6] 170.72 167.54 —1.86 159.51 —6.56

268  Rb,Si,0 Rb,0-4Si0, Sol [6] 270.89 256.38 —5.36

269  Rb,SiOs Rb,0-Si0, Sol [6] 117.45 123.12 483  115.65 —1.53

270  Rb,U,0; Rb,0-2U0; Sol [72] 258.24 241.08 —6.65

271  RbAIO, (Rb,0-AL,05)/2 Sol [72] 77.31 78.86 199 7562 -2.19

272 RbBO, (Rb,0-B,05)/2 Sol [6] 73.46 70.84 —3.57 6155 —8.05

273 ScMnOs (Sc,05-Cr,05)/2 Sol [113] 102.40 96.49 —5.77

274 SmyFesOp,  (3Sm,03-5Fe,05)/2 Sol [114] 447.10 435.66 —2.56

275  SmzNbO, (3Sm,05-Nb,05)/2 Sol [74] 240.06 239.80 —0.11

276 SmCrO; (Smy05-Cr,03)/2 Sol [75] 101.62 115.04 13.21
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Table 5 (Continued)

No. Mixed Binary oxides Phase Reference Cl‘jm(298) C;m(298)(NKR) AC;m C;m(298)(KK) ACI‘jm C;m (298)(BB) AC;m
oxide combination OK'mol™ (K 'mol™ (%) K 'mol™ (%) K 'mol™ (%)

277 SmNiO; Sol [115] 110.58

278 Sr,CuO; 28r0-CuO Sol [116] 134.87 132.56 —1.71

279  Sr,Si0, 28r0-Si0, Sol (6] 130.80 134.72 3.00 12938 —1.08

280  Sr,TiO,4 28r0-TiO, Sol (6] 143.68 145.40 1.19  143.56 —0.09

281  Sr;MgSi,0g  3SrO-Mg0-2Si0, Sol [117] 257.35 261.55 1.63  252.90 -1.73

282 Sr3U;,0s3 38r0-3U0,-8U04 Sol [118] 1064.20 975.74 —8.31

283 Sr3U,04 38r0-2U05 Sol [118] 301.80 297.83 -1.32

284 Sr,TisO0pp 4S8r0-3TiO, Sol (6] 341.89 345.90 1.17 34350 0.47

285 Sr4Cus404 Sol [116] 1730.76

286 SrALO, Sr0-AlLLO; Sol-A (6] 119.03 124.16 431 124.04 421 =

287  SrALSi,O3  SrO-AlL,05-2Si0, Sol [50] 221.22 213.00 —371 221.52 0.14 5

288  SrCeO; Sr0-Ce0, Sol [119] 108.87 106.68 —2.01 3

289  SrCuO, Sr0-CuO Sol [116] 86.75 87.41 0.76 §

290  SrMnO; SrO-MnO, Sol (80] 108.73 99.57 —8.43 =y

291 SrMoOy SrO-MoO5 Sol (6] 117.06 120.29 276 11829 1.05 N

292 SrSiO; Sr0-Si0, Sol [120] 89.61 89.57 —0.04 8845 —1.29 g

293 SrTiO; SrO-TiO, Sol (6] 99.10 100.25 1.16  99.97 0.87 3

294 SrWO, SrO-WO; Sol (6] 131.43 117.95 —1026  123.01 —6.41 s

295  SrZrO; Sr0-Zr0O, Sol [37] 103.43 101.36 —2.00 100.58 —2.76 §f

296  SrZrSi,O; Sr0-Zr0,-28i0, Sol [121] 187.81 190.20 127 190.64 1.51 S

297  TbsFesO;, (3Tb,05-5Fe,05)/2 Sol [122] 444.40 42528 —4.30 §

298  TbsNbO, (3Tb,05-Nb,05)/2 Sol [74] 243.48 229.42 —5.78 o

299  TbFeO; (Tby05-Fe,05)/2 Sol [123] 105.02 106.84 1.73 S

300 TI,Ba, T1,05-2Ba0-2Ca0- Sol [124) 430.73 411.20 —4.53 N
Ca,Cus0 3CuO BN

301  Tl,Ba, Tl,05-2Ba0O- Sol [124] 338.70 326.52 —3.60 =
CaCu,04 Ca0-2Cu0 I\

302 Tl Ba, 1.05 T1,05-2BaO- Sol [125] 339.56 331.79 —2.29 >
CaCu,0g ;5 Ca0-2CuO

303 TI,Ba,CuOg  T1,05-2Ba0O-CuO Sol [124] 249.37 241.84 —3.02

304 TmsFesO;,  (3Tm,05-5Fe,05)/2 Sol [82] 458.98 437.01 —4.79

305  TmsNbO, (3Tm,05-Nby05)/2 Sol [74] 245.52 241.15 —1.78

306 TmBa,Cuz0, Sol [126] 288.80

307 Y,Cu,Os Y,05-2Cu0 Sol [127] 187.04 187.03 —0.01

308 Y3Al0, (3Y,05-5A1,05)/2 Sol [128] 348.13 351.29 091 35854 2.99

309 YsFesOq, (3Y,05-5Fe,03)/2 Sol [123] 426.77 415.69 —2.60

310  Y;NbO;, (3Y,05-Nb,05)/2 Sol [74] 224.85 219.83 —2.23

311 YbsNbO; (3Yb,05-Nb,05)/2 Sol [74] 24521 239.11 —2.49

312 YBa,Cu3045 Sol [129] 285.80

313 YBa,Cu3Ogs Sol [129] 285.80

4



Table 5 (Continued)

No. Mixed Binary oxides Phase Reference Com(298) Com(298)(NKR) AC;m Com(298)(KK) AC;m
oxide combination K 'mol™) (K 'mol™ (%) K 'mol™ (%)

314 YBayCu3Og9 Sol [130] 282.25

315 YBa,Cuz0g.96 Sol [131] 281.20

316  YBa,Cu,Og Sol [130] 320.10

317  YbMnOs; (Yb,03-Mn,05)/2 Sol [132] 108.70 107.20 —1.38

318  YCrO; (Y205-Cr,03)/2 Sol [75] 97.21 108.39 11.50

319  YMnO; (Y,03-Mn,03)/2 Sol [132] 98.37 100.78 2.45

320 Zn,SiO4 27n0-Si0, Sol [6] 121.83 126.56 3.88 121.86 0.02

321 Zn,TiO4 27Zn0O-TiO, Sol [6] 137.33 137.24 —0.06 136.04 —0.94

322 ZnFe,0,4 ZnO-Fe,05 Sol [6] 137.33 145.84 6.19 147.82 7.64

323 ZnMn,O, Zn0O-Mn,03 Sol [133] 140.30 140.11 —0.14

324 ZnWO, ZnO-WO; Sol [6] 125.50 113.87 —-9.27 119.25 —4.98

325  ZrTiOy Zr0,-TiO2 Sol [134] 114.03 111.31 —-2.39  116.37 2.05

326  ZrSiO4 Zr0,-Si0, Sol [6] 98.57 100.63 2.09 102.19 3.67

w
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assumption that the predominant contribution to
C,n of solids results from the lattice vibrational
contribution and does not practically alter during
the solid state reaction between the constituent
compounds. On the contrary, the translational
and, in case of polyatomic molecules, also rota-

tional contributions dominate in gaseous state.

The average error of the estimated values was found
3.3%, whereas for 74 substances (25%) the error did
not exceed 1%.

3.3. Kellogg’s method

From the ionic contributions proposed by Spencer
[18], the values of C[‘,’m(298.15 K) were estimated for
169 mixed oxides with the average error of 3.1%,
whereas for 47 substances (28%) the error did not
exceed 1%. The accuracy of this method is compar-
able to that of the NKR—using the same set of
substances the average error of the NKR was 3.2%
and for 44 compounds did not exceed 1%. As to the
universality, the NKR is better than the KK. Indeed,
the KK is inapplicable almost for one half of mixed
oxides included in the primary set.

3.4. Berman and Brown’s method (BB)

Using the BB method the coefficients of Cp, (T)
dependence in Eq. (7) were estimated and the values of
C;m(298.15 K) for 68 mixed oxides were evaluated
with the average error of 1.5%. For 31 compounds
(46%), the error did not exceed 1%. The higher
accuracy than for the NKR (average error 2.2% with
the same set) is due to smaller universality of the BB
method, which is applicable only for the one fifth of
substances from the primary set.

4. Influence of C°,,, estimation error on the
results of equilibrium calculations

Let us consider the formation reaction of the mixed
oxide RE,Cu,05 (RE, rare earth element) in order to
demonstrate the influence of molar heat capacity error
on the results of equilibrium calculations. The reaction
from binary oxides is described by the equation

2 CuO(s) + LnyO3(s) — Ln,Cu,0s5(s) (R4)

As all involved substances are single-species phases,
they can all coexist at certain equilibrium temperature,
at which AG°; (further denoted AG°(0x)) is equal zero.
Since in general

AG; = AH. — TAS; )]
this equilibrium temperature is given by the relation
AH®(0x)
Teg=—7— 9
“ ASe(ox) ©)

The standard enthalpy and entropy, AH°(ox) and
AS°(ox), respectively, of reaction (R4) are temperature
dependent:

T
AH°(ox) = AH"(0x)(298.15K) +/ AC,,(ox)dT
298
(10)
T AC;, (0x)
AS°(0x) = AS°(0x)(298.15K) +/ — 4T
03 T
(1D

For the numerical calculation, the experimental data
for Yb,Cu,Os5 reported by Jacob et al. [46] will be
employed. The standard Gibbs energy of reaction (R4)
has been obtained from the EMF measurements with
solid electrolyte in the form of the linear temperature
dependence

AG°(0x) = 9920 — 13.907(J)
(T = 970—1323K) (12)

The comparison with Eq. (8) yields for Yb,Cu,Os5 the
values of AH®(0x) =9920 J and AS°(0ox) =13.9 J. mol
which can be assigned to the mean temperature of
1146.5 K. Under the assumption of both AH°(ox)
and AS°(ox) being independent of temperature, i.e.
AC,,(0x) =0, the equilibrium temperature of
Teq = 714 K can be calculated from Eq. (9). For more
precise calculation, the temperature dependencies of
both AH°(0x) and AS°(ox) (Egs. (10) and (11), respec-
tively) are to be considered. As the experimental C,
data for Yb,Cu,Os are not available we have no
choice but to use the estimated value. If we use the
NKR Cp,, (YbyCup05)(298.15K) =199.9JK~' mol ™!
with the average estimation error 3.3%. We can
expect AC,, (ox) to fall in the interval (—6.6;
6.6) JK~' mol~'. Then, if AC;,,(0x) is temperature
independent we obtain T.q = 750 K and Tq = 654 K
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for the ultimate values of AC, (ox)=6.6 and
—6.6J K" mol ™!, respectively.

5. Conclusions

The detailed assessment of three selected empirical
methods applicable for prediction of heat capacities of
mixed oxides revealed that the NKR can be used for
rough estimates of C;m(298.15 K). This method is
highly universal, but in many cases the estimation
error can exceed 5% (60 from 278 tested oxides),
which is not acceptable in some types of thermody-
namic calculations. More accurate values can be
obtained using methods based on the individual con-
tributions of binary oxides forming a given mixed
oxide. The universality of such an approach is in the
first place due to the extent of the evaluated contribu-
tion set. For instance, from the file of contributions
assessed by Berman and Brown, a number of heat
capacities of silicates and other oxide minerals can be
predicted. The mean accuracy of such estimates is
nearly comparable with experimental errors of DSC or
drop calorimetry measurements of heat capacity. Thus
a further extension and generalization of this method
to other mixed oxide families like high-temperature
oxide superconductors and related mixed oxides seem
to be very promising. However, the oxygen non-stoi-
chiometry of some phases will have to be taken into
account (see Eq. (R3)) by evaluating the oxygen or
0" anion contribution.
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