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The composition dependencies of molar heat capacity, molar heat capacity oÍ mixing, partial molar heat capacity for
constituents and partial molar heat capacity oÍ mixing for constituents oÍ liquids in the CaSio'-Ca,A'l,Sio7_-CaAI2Si2o8
system were determined from experimental relative enthalpy data, The heat capacity values related to one atom of a formula
molecule in these liquids exceeds the 3R-value by about 5 to 16 J mollK|. The largest changes in the number and/or kind of
degrees of freedom of particles in the melt arise when the liquid of CarAlrSiO, or CaAIrSirO, is added to large amount of CaSiO t

liquid and when the liquid of CaSiO, or supercooled liquid of AlrO, is added to large amounts of CarA,lrSiO, or CaAIrSi.rO,

liquids.

INTRODUCTION

The heat capacity data of aluminosilicate liquids are

widely exploited in several fields of engineering as well
as in the geological sciences. Despite an expanding data

set of heat capacities on silicate melts additional data are

needed, especially on aluminosilicate liquids, to describe
satisfactorily their behaviour in more general form.

In recent time, Richet and Neuville Il] studied the

composition dependence of the heat capacity of
MAIO2-SiO2 aluminosilicate melts (M = Na, Cao.r,

Mg,,r). They found out that Co(l) varies linearly with
composition for magnesium aluminosilicates whereas
calcium aluminosilicates show deviations from linearity
smaller than sodium aluminosilicate melts. Ideal

behaviour of liquids in the system MgO-Al2O3-SiO2
with respect to the heat capacity was confirmed by

Courtial and Richet l2).
Molar relative enthalpy (H,") of melts in

CaSiOr-CarAlrSiOT-CaAl2SirO* system as a function
of temperature and composition within the temperature
range from 1600 to 1950 K was derived by Kosa et al.

[3], using experimentally determined relative enthalpies
of melts in this system. The relative enthalpy H.., was

obtained as

H,.'(l) = - (Á.ootH + Á.o,I|

Á.out H being the change in enthalpy on cooling of a
sample from a chosen temperature T to 298 K, measured
by the use of a drop calorimeter, and Á.ot H being the

change in enthalpy on dissolution of the products of
cooling in a mixture of inorganic acids at 298 K,
measured by the use of a solution calorimeter [4].

Determined relative enthalpies of liquids in CaSiOr-

-CarAlrSiO?-CaAl2Si2O8 
system were related to one

mole of the melt mixture of both mineral and oxide
components. Linear temperature dependence of relative
enthalpies of liquids in the investigated system implies
molar heat capacities Co(l) independent of temperature.

The aim of the present study is to determine the

molar heat capacities, molar heat capacities of mixing -

the changes in heat capacity on formation of I mol of a
solution from liquid components and partial molar heat
capacities of single constituents as functions of
composition using experimental results published
previously and to discuss the correlation between these
quantities and some structural properties of these liquids.

CALCULATIONS

Heat capacities and heat capacities of mixing

The function for the relative enthalpy of liquids in
the system CaSiOr-CatAltSiOT-CaAl2SirO* found out

by measurements of Kosa et al. [3] is written in the form

H,.l(l) = I Ái [x(C)]"i [x(A)]oi 7-i
j

x(C) and,r(A) in this equation are mole fractions of CaO
and Al,o, in both CaSio'-Ca'Al'Sio7-CaAl2Si'o* ař.{

Cao-Al'o3-sio2 systems, T is a temperature, Á,'s are

coefficients gained by multiple regression analysis, a, b,

and ci aÍe powers of variables x(C), Í(A) and T,

respectively.
The molar heat capacity of a liquid, CeG), is closely

connected with the kinds of motion of particles and

(2)

(1)
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therefore aiso with its structure. Composition de-

pendencies of Co(l) were calculated by the relation

Co0) = I Á, [;r(C)]1 [x(A)]bi (3)
I

obtained deriving equation (1) with respect to

temperature, at constant pressure and composition. The
values of Á,'s, c,'s and Ď,'s for both systems are given in
tables l and 2, Tbe values of Á.'s used in this work are

to a certain extent different with respect to those of Kosa
et al. [3] due to the modified statistical treatment of the

same input data set.

Table l. Powers a,, b, and coefficients Á, with standard deviations
o., in the equation (3) for the heat capacity of liquids in the

system CaS iOr-CarAirSiOr-CaAlrSitOr.

bj Áj (kJ mol-' K-|) Q (kl mol.' K-')
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Figure l. Map ofcomposition dependence of A*,-Cn(l) (J mol-t K-')
in the system CaSiOr-CarAlrSiOt-CaAlrSirO*. Heat capacities

relate to I mol of mixture of components CaSiO,, CarAlrSiO,
and CaAlrSirOr.

In this relation N denotes the number of atoms in the

corresponding formula molecule. For the system

CaSiOr-CarA\rSiOr-CaAltS irOt

Nr = Sx(CaSiOr\ + |2x(CatAltSiOr) +

+ l3x(CaAl2Si2OB)

and for the system CaO-AltO3-SiO2

Nz=Zx(CaO) + 5x(AlrOr) + 3x(SiOr)

The values of 'Co0) were used by Richet and Bottinga

t5] as a criterion to assess the structure of glasses

and liquids for some mineralŠ' Plots of lce(t) vs. com-
position for the studied systern are shown in figures 2

and 3.

The differences between the numbér and kind of
degrees of freedom of particles in liquid and crystalline
phases can be seen from the composition dependence of
a quantity ÁlCo which is given by the equation

Ltc,- 'co{t)- }r(t,)'{(X,,cr) 
(8)

where 'q(X, , cr) is molar heat capacity of pure

crystalline component X, per one atom of its formula
rnolecule. The plot of this dependence vs. composition
for the system CaSiOr-CarAltSiOT-CaAl2SitO* at the

ternperature of fusion of CaSiO 3, l82t K, can be seen
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Table 2' Powers a,, b,and coefficients Á, with standard deviations

o, in the equation (s,) to. the heat cápacity of liquids in the

system CaO-AlrO3-SiO2.

b,
I

Áj (kj mol.l K.') ot (kl mol-l Kr)aj (6)

(7)

10
20
3l
4l

0
a
J

2

3

0.0920
0.16?3
1.0200

-4.9082

0.007'7

0.0165
0.6t74
1.7182

The deviations of liquid systems from ideal behavior
are given by composition dependencies of molar heat

capacities of mixing Á,.'*Co():

A,"i.ceo) = cp(l) - 
? "(x,) 

q(x, , l) (4)

where q(X, , l) is moiar heat capacity of pure liquid
component X, . Plot of A",.Cp(l) vs. composition in the

system CaSiOr-CarAlrSiOr-CaAlrSirO, is shown in
figure 1.

The number and the kind of degrees of freedom of
particles in the considered phase affect the proportional
part of C"(l) per one atom of the formula molecule

,c"(l) - cP(l)

'N (s)
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Figure 2. Map of composition dependence of tq{t) 
{l mol'r K-t)

in the system CaSiOr-CarAlrSiOr*CaAlrSirOr. Heat capacities
relate to I mol of mixture of components CaSiO,, CarAlrSiO,
and CaAlrSirOr.
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Figure 3. Map of composition dependence of tq{t) 
{l mol't K-r)

in the system CaSiO,- -CarAlrSiOr-CaAlrSirOr. Heat capacities
relate to I mol of mixture of components CaO, Al2O3 and SiOr.

in figure 4. The data for 'q(X, , cr) calculation of
Xi = CEAl2SiOz, CaSiOr and CaAlrSi2Os were taken from
Saxena and Chatterjee [6], Holland and Powell [7] and
Richet and Fiquet [8], respectively.
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Figure 4. Map of composition dependence of 
^rce 

(J mol-tK't)
in the system CaSiOr-CarAlrSiOr-CaAlrSirO, at l82l K. Heat
capacities relate to I mol of mixture of components CaSiO,,
CarAlrSiO, and CaAlrSirOr.

Partial molar heat capacity
and partial molar heat capacity of mixing

The partial molar heat capacity of constituent X,,
q (Xt , l), is the change in the heat capacity of a large
amount of liquid when one mole of this constituent is
added. The values of this quantity for all constituents in
both mineral and oxide systems were calculated from the
following relations:

Qtx,, l) = qo) - x(Xr ) | 
ac'91

r Jc- (l) 
L Ex(X' ) I 

'tx' r

-x(x) l-+l tnl'\1Lz/ Larlxr) I,tx,r
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qtx, l)=q(l)-x(Xr)|Jc'(D I *

+ (l-x(X., )) [ 
ac' (l) I 

L dx(X' ) J xx' r

- 
L Dx(Xz) I,rx,r

qtx,,l) = q0) + (l-x(X,,, 
lr-ff]o*,, -

- x(x.) l. 
ic'!l 

I- 
L Dx(Xr) l<x,r

(10)

(11)

The value of q (X, , l) includes both the molar heat
capacity of added pure liquid constituent and changes in
the heat capacity of a liquid caused by differences in
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geometrical and energetic ÍuTangements inside and
outside the particles of this constituent. As an example
the plot of the partial molar heat capacity of the
constituent CaAl2Si2OB in the system CaSiOr-

-CarAlrSiOT-CaAl2Si2O8 
vs. composition is shown in

figure 5.
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Figure 5. Map of composition dependence of Q{CuntrSirOr, l)
(J mol-t K't) in the system CaSiOr-CarAlrSiOr-CaAlrSirOr.
Heat capacities relate to I mol of mixture of components CaSiOr,
CarAlrSiO, and CaAlrSirOr.
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The partial molar heat capacity of mixing of the
constituent X, is given by

4",, Co (X, , l) = Q {X, , l) - Cf (X, , l) (12)

This value is equal to the total change in the heat
capacity of a system caused by the changes in the
structure of added particles and particles around them as

a consequence of mixing of liquids. The composition
dependence of the partial molar heat capacity of mixing
of the constituent mentioned in the above paragraph is
shown in figure 6.

DISCUSSION AND CONCLUSIONS

The composition dependencies of q0) are not
planar which means that the molar heat capacities of
mixing are not equal to zero (figure 1). The same
conclusion also follows from the non-constant values of
q (xi , l), (co (& , t) * q(Xi , l)) (figure 5) and non-zero
values of 4n* q (Xt , l) (figure 6). Therefore the heat
capacity of liquids in this system is not an additive
function of the heat capacities of molten pure
constituents.

The quantities 'Ce(l) exceeds the 3R value
(24.9 J mol-' K-r), corresponding to the high temperature
limit of Cv (the isochoric heat capacity) for solids with
harmonic vibrations, by about 5 to 16 J mol-tK-r
(figure 4). This difference is caused both by the
appearance of additional degrees of freedom and by the
additional motion of particles the energy of which is no
longer a linear, homogeneous function of the squares of
their spatial and momentum coordinates. Such
phenomenon can be observed in the crystalline phases of
compeunds with the strong ionic bonds and, to a certain
extent, also in the pure crystalline constituents of the
investigated system. (tq (CaSiOr, cr) - 27.6 J mol-r K-l,

'Q {carRl2sio7, cr) = 27.2 J mol-r K-', 'q (CaAl2si2o',
cr) = 26.9 J mol-r K-r). As it can be seen in figure 4, both
influences are more exposed in the liquid than in
the crystalline phases (positive values of A'Co), the
largest value being at cotryositions close to_CqAlrSiOr.

Note that quantities Ce(Xr, l) and 4",_ Cn(X,, l) (see

figures 5 and 6) are mixed second derivatives so their
values could have quite large eÍTors especially in the
system CaO-AlrO3-SiO2 where additional data of
relative enthalpy for undercooled liquids of CaO, Al2O3,
and SiO, have been used.

Despite these limitations, the following qualitative
conclusions can be made:

The largest changes in structures of the melts occur
when the liquid of CqAlrSiO, or CaAl2Si2O* is put
into a large excess of CaSiO, liquid (figures 5

and 6) and when liquid CaSiO, or undercooled
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Figure 6. Map of composition dependence of 
^-i, 

Ce(CaAl25i2O8, l)
(J mol-t K-t) in the system CaSiOr-CarAlrSiOr-CaAlrSirOr.
Heat capacities relate to I mol of mixture of components CaSiOr,
CarAlrSiO, and CaAlrSirO*.
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liquid Al2O3 is put into a large excess of CarAltSiOt
or CaAlrSirO* liquid, provided that the

coÍTesponding molar quantities are related to one

mole of the mixture of CaSiO,, CarAlrSiOt and

CaAlrSirO* or to one mole of the mixture of CaO,
Al2O3 and SiOt.
It also follows from these figures that the

CarAlrSiOr-CaAlrSirO,. binary system behaves as

a mechanical mixture. Considering that the phase

diagram of this system does not correspond to the

ideal solutions and that Á.'*H is, within the limits of
experimental error, equal to zero over the entire

range of compositions and a wide range of
temperatures [9], the melts of this system can be

considered to be athermal solutions.

Acknowledgments

This vvork was supported financially bv The Scientific Grant

Agency of the Ministrt' of Education of Slovak Republic and

Slovak Academt' of Sciences, Srant No 2/1170/97.

References

l. Richet P., Neuville D. R. in: Thermodvnamic Data

Svstematics and Estimation, p. 132, editor Saxena S.K.'
Springer-Verlag. New York 1992.

?, Courtial P., Richet P.: Geochim. Cosmochim. Acta 57,

tz67 0 993).
3. Kosa L'. Tarina I'' Adamkovičová K.' Proks I.: Geochim.

Cosmochim. Acta 56,2643 (1992).

4. Eliášová M., Proks I., Zlatovsk! I.: Silikáty 22,97 (l978).

(in Czech)
5. Richet P., Bottinga Y.: Rev. Geophys. 24, | (1986).

6. Saxena S. K., Chatterjee N.: J. Petrol.27,827 (1986).

7. Holland T. J. B., Powell R.: J. Metamorphic Geol. 8' 89

( 1990).

8. Richet P., Fiquet G. J.: J. Geophys. Res. 96 tBl).4;l-5
( 1991 ).

9. Proks I.. Streč!-o J., Kosa L., Nerád I', Adamkovičová K':

Chem. Papers 47. -1 (1993).

Submitted in English by the authors.

TEPELNE KAPACITY TAVENIN
V SÚSTAVE CaSio.-Ca,Al,Sio,-CaAl,Si,olt

IvnN NpnÁD, LADISLAV KoSA,
rRtRRÍNe ADAMKoV|ČovÁ,
IVO PROKS, ]OZEF STRECKO

Ú snv anorganickej chemie
Slovenskej akadémie vied,

D bravská cesta 9, 842 36 Bratislava'
Slovenská republikl

S použitím nameranych hodnÓt m lovej re|atívnej entalpie

[3] sa stanovili závislosti mÓ|ovej tepelnej kapacity' mÓlovej

zmiešavacej tepelnej kapacity, parciá|nych mÓlovlch tepelnlch
kapacít z|oŽiek a parciálnych mÓlovych zmiešavacích tepelnych

kapacít z|oŽiek tavenín v s stave CaSio'.-Ca'Al'Sio'-

-CaAl,Si,o, 
od z'|oženia, v tep|otnon] rozmedzí 1600 aŽ

1950 K.
Re|atívna entalpia je detlnovaná ako záporny sríčet

Zmeny entalpie pri ochladení vzorky z tep|oty T na 298 K,
narnerany vhadzovacím kalorimetrom a Zmeny entalpie pn

rozpustení ochladenej vzorky vo vhodnej zmesi anorganick;fch

kyselín, nameranej rozprišiacím kalorimetrom pri teplote 298 K
(l), [4].

MÓ|ová zmiešavacia tepe|ná kapacita je zmena tepelnej

kapacity pri vzniku l mÓlu roztoku z kvapalnych zložiek,

definovaná vzčahom (4).

Získané hodnoty tepelnych kapacít sa vztiahli na jeden mÓl

taveniny' počítan1f vzhiadom na minerálové i oxidové zložky.

\'fs|edky sa kore|ovali s počtom moŽnych stupĎov voinosti

pohybu častíc v tavenine. Tepelné kapacity, vztiahnuté na 1eden

atÓm fbrmálnej vzorcovej molekuly taveniny, prekračujti hodnotu

3R o 5 aŽ 16 J mol lK-l, čo svedčí o zvfšení počtu stupřov

voinosti, alebo druhov pohybu častíc v tavenine. Najváčšie

Z-meny v štrukt re častíc pridávanej z|oŽky a častíc v ich okolí
nastívaj pri pridávaní taveniny Ca,A|,Sio, alebo CaAl,Si,o' do

ueikého prebytku taveniny CaSio., resp. pri pridávaní taveniny

CaSio. alebo podchladenej taveniny Al2o3 do velkého mnoŽstva

tavenín Ca.Al,Sio, alebo CaAl,Si,o,, za predpokladu, Že

príslušné mÓlové veličiny sa vz[ahujri na jeden mÓl zmesi

CaSio-., Ca,Al,Sio, a CaAl,Si,o3, teSp. na jeden mÓl zmesiCao,
Al,O, a SiO,.
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