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The heats of solution of 7-C2S and /3-C2S at temperature 298 К have been measured to reach the 
consistency of the values of relative enthalpy of melts in the CS—"C2S—C2AS system determined 
by two different methods: combination of measurements with the drop and solution calorimeters 
and the method of inverse drop calorimetry. Assuming that the athermic solutions are formed 
on the connecting line CS—C2S, the temperature—composition dependence of relative enthalpy 
in the CS—C2S—C2AS system has been determined by regressive analysis. On the basis of this 
dependence the enthalpies of mixing on formation of melts in part of the CS—C2S—C2AS system, 
i.e. the C3S2—CS—C2AS subsystem, from the melts of CS, C2S, and C2AS at temperature 1873 
К were calculated. The obtained values point to exothermic character of reactions on formation of 
the melts of this subsystem from the CS, C2S, and C2AS melts. 

The experimental base of the enthalpic analysis 
of the melts in the CaO • Si0 2—2CaO • Si0 2—2CaO 
AI2O3 • SÍO2 system are the values of the relative en­

thalpy of melts determined by two different calorimet-
ric methods: double calorimetry from one sample [1— 
5] and inverse drop calorimetry [6, 7]. In further text, 
the symbols C, A, and S will be used for the CaO, 
AI2O3, and SÍO2 oxides, respectively. 

The relative enthalpy value of the silicate melt 
(#rei) at chosen temperature Tc determined by the 
method of double calorimetry from one sample equals 
(except of the sign) the sum of the enthalpy change on 
cooling the sample of melt from Tc to 298 К (measured 
in a drop calorimeter) and of the heat of solution of the 
products of cooling of the melt in a mixture of inor­
ganic acids at 298 К (measured in a solution calorime­
ter). The necessity to measure the heat of solution of 
products of cooling of the melt is due to the poorly re­
producible state of the products of cooling. Cooling of 
the silicate melt in a drop calorimeter can be accompa­
nied by an incomplete vitrification or crystallization. 
When using the method of inverse drop calorimetry 
the relative enthalpy value of the silicate melt at Tc 

is equal to the measured change of enthalpy on heat­
ing the sample of crystalline phase or the mixture of 
crystalline phases from 298 К to Tc. At this temper­
ature the melt is formed directly in the calorimeter. 
The reference states used in both these methods are 
different. In the first case it is the state of solution 
of the products of cooling of the melt in the mixture 
of aqueous solutions of hydrofluoric and hydrochloric 
acids at 298 К and in the second case it is the state 
of the mixture of crystalline phases at 298 K. 

The mutual consistency of relative enthalpies' of 
melts in the CS—C2S—C2AS system determined by 
these two methods is the prerequisite for their utiliza­
tion in enthalpic analysis of this system. Therefore, 
it was necessary to calculate the values of relative 
enthalpies determined by the second method to the 
reference state corresponding to the first method, us­
ing the measured heats of solution of some crystalline 
phases. 

The aim of the present work is to determine the 
temperature—composition dependence of the consis­
tent values of relative enthalpy of melts of the CS— 
C2S—C2AS system and to determine the values of 
enthalpy of mixing on formation of the melts of this 
system from the melts of pure components at 1873 K. 

E X P E R I M E N T A L 

The values of the relative enthalpy of the ternary 
eutectic melt in the C3S2—CS—C2AS system and 
those of the ternary peritectic melt in the CS—C2S— 
C2 AS system related to the reference state of the me­
chanical mixtures of crystalline phases of 7-C2S, CS, 
C2AS and JÖ-C2S, CS, C2AS, respectively, at temper­
ature 298 К were measured in previous works [6, 7] by 
the method of inverse drop calorimetry. The mechani­
cal mixtures of crystalline phases were prepared in the 
ratio necessary for formation of eutectic or peritectic 
melt. 

Because the values of the heats of solution of crys­
talline phases of CS (pseudowollastonite) and C2AS 
(gehlenite) have already been determined [2, 5], it was 
necessary to measure only the heats of solution of crys-
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talline phases 7-C2S and /3-C2S at temperature 298 К 
on the solution calorimeter. The purity of both crys­
talline phases (OZNC, Podolsk, Russia) was verified 
by X-ray diffraction analysis. The aqueous solution of 
hydrofluoric acid (w(HF) = 40 %) and hydrochloric 
acid (1 volume part of HCl (ЦНС1) = 35—38 %) and 
1 volume part of H 2 0 ) in the volume ratio 2 1, sat­
urated with CaF 2 (p(CaC0 3 in dissolving mixture) = 
150 mg d m - 3 ) was used as the solvent. 

R E S U L T S A N D D I S C U S S I O N 

D e t e r m i n a t i o n of t h e T e m p e r a t u r e — C o m p o s i ­
t ion Dependence of Relative Enthalpy of Mel t s 
in t h e C S — C 2 S — C 2 A S System 

The values of relative enthalpy of seven melts in 
the CS—C2S—C2AS system (its phase diagram is in 
[8]) determined with the exception of one composi­
tion at five temperatures are given in Table 1 and the 
compositions of pertinent melts are in Fig. 2 marked 
by circles. The composition of the melts is expressed 
in mole fractions of CS and C2AS (я(CS), x(C2AS)) 
and the values of molar relative enthalpy of melts are 
related to 1 mol of the CS—C2S—C2AS system. To 
calculate the values of molar relative enthalpy of the 
melts 2, 3, 5, and 6 from the measured values of their 
specific relative enthalpy, it was necessary to know 
their molar masses M(CS—C2S—C2AS). These were 
obtained from the relation 

Table 1. Database for Calculation of Regression Function # r e i (CS—C2S—C2AS) = 

No. z(CS) z(C 2 AS) T 

К 

= /(x(CS), z(C 2 AS), T) 

tfrei(CS—C2S—C2AS) 

kJ m o l " 1 

1.0 

0.8751 

0.8078 

0.0 

0.7559 

0.0 

0.1249 

0.1922 

1.0 

0.1707 

0.6682 0.1777 

0.0 0.0 

1830 

1850 

1875 

1900 

1950 

1707 

1745 

1768 

1798 

1819 

1622 

1667 

1724 

1767 

1823 

1873 

1888 

1908 

1932 

1948 

1653 

1675 

1701 

1722 

1748 

1773 

1624 

1654 

1684 

1714 

1775 

1600 

1700 

1800 

1900 

2000 

550.8 
553.9 
557.6 
561.3 
568.9 

619.7 ± 2.2 
627.7 ± 3.1 
630.2 ± 1.2 
638.0 ± 2.9 
642.8 ± 2.3 

651.7 ± 5.1 
663.5 ± 5.4 
673.2 ± 2.6 
684.1 ± 3.6 
696.7 ± 4 . 1 

1482.2 ± 16.1 
1487.1 ± 9.6 
1501.5 ± 16.0 
1513.6 ± 14.8 
1519.1 ± 7.1 

670.2 ± 5.2 
676.8 ± 4.9 
684.2 ± 6.9 
689.2 ± 5.4 
693.5 ± 5.7 
703.2 ± 5.7 

681.7 ± 8.0 
690.1 ± 7.8 
698.6 ± 7.6 
706.8 ± 7.5 
723.8 ± 7.5 

829.9 
850.8 
871.7 
892.6 
913.6 
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Table 2. The Values of the Heat of Solution of 7-C2S and /3-C2S and the Values of their Arithmetic Mean 

x* 

7-C2S 

/?-c
2
s 

2956 

2908 

2900 

2902 

-A
sol
/i(X

fc
;298K) 

Jg"
1 

2933 2903 2911 

2885 2874 2909 

2945 

2864 

2950 

-Л
5о1)ф

/1(Х
А:
;298К) 

J g"
1 

2928 ± 22 

2890 ± 20 

M(CS—C2S—C2AS) = x(CS) M(CS) + 
+ z(C2S) M(C2S) + x(C2AS) M(C2AS) (1) 

where x and M are mole fractions and molar masses of 
pure components CS, C2S, and C2AS in the pertinent 
mixtures, respectively. 

The relation between the mole fractions x (CS), 
x(C2S), and x(C2AS) and the mole fractions of ox­
ides x(C) and x (A) is expressed by the equations 

z(CS) = 

z(C2S) = 

x(C2AS) = 

2-
1 

1-

- 3x(C) -

- *(C) -

2ж(С) -

- x(C) -

x(A) 

- 2z(A) 

-x(A) 

1 
x(A) 

1 - x(C) - x{A) 

(2a) 

(2b) 

(2c) 

The molar relative enthalpies of the melts 1—4 were 
determined on the basis of enthalpic data measured 
by the method of double calorimetry from one sam­
ple in works [1—5]. The relative enthalpies of 1 (melt 
CS), determined from the enthalpic data in [1,2], were 
taken from [3], the relative enthalpies of 2 from [3], 3 
from [4], and 4 from [5]. To calculate the error of their 
determination, only the error of the arithmetic mean 
of the heat of solution, corrected by the Student's coef­
ficient on the level of reliability 0.95, has been consid­
ered. The error of one measurement of heat of cooling 
was in most cases several times smaller than the error 
of the determination of arithmetic mean of the heat 
of solution and, therefore, it was neglected. 

The values of molar relative enthalpy of melts 5 
(the ternary eutectic melt) and 6 (the ternary peri-
tectic melt) at temperature T were determined on the 
basis of the relation 

# r e i(melt,T) = M(CS—C2S—C2AS)-
" 3 

Х > ( Х * ) ( - Д 8 О 1 . Ф Л ( Х * , 2 9 8 K)) + /i r e U(melt,T) 

j fe=i 

(3) 
where ЦХ&) are the pertinent mass fractions of crys­
talline phases 7-C2S, CS, and C2AS and /?-C2S, CS, 
and C2AS in mechanical mixtures needed for the for­
mation of melts 5 and 6 [6, 7], Д801,ФА(ХА;, 298 К) are 
the values of arithmetic mean of the specific heat of so­
lution of the pertinent crystalline phases at tempera­
ture 298 K, and /irei,i(melt, T) are the specific relative 
enthalpy values of melt 5 or б at temperature T re­
lated to the reference state of the pertinent mixture of 

crystalline phases at temperature 298 K, determined 
by the inverse drop calorimetry method (SETARAM 
HTC 1800 K) in [6, 7]. The measured values of heat of 
solution of 7-C2S and /3-C2S at temperature 298 К as 
well as the values of their arithmetic means are given 
in Table 2. 

With regard to relatively high errors of the mea­
surement of the heats of solution, the difference be­
tween the values of the arithmetic mean of heat of 
solution of 7-C2S and /3-C2S is not significant. From 
the physical point of view, the enthalpy of /3-C2S is 
higher than that of 7-C2S. The values of the enthalpy 
of formation of /?-C2S and 7-C2S at 298 К confirm 
this fact. However, these values are similar and, thus, 
the enthalpy of transformation of /?-C2S to 7~C2S at 
298 K, calculated from the data of enthalpy of for­
mation of these phases according to [9], is relatively 
small (-10.4 kJ m o l - 1 ) . Errors of determination of 
relative enthalpy of melts 5 and 6 were calculated us­
ing the Gauss law of spreading of errors considering 
the Student's coefficient on the reliability level 0.95. 

The values of relative enthalpy of the undercooled 
melt C2S in the temperature interval 1600—2000 К 
have been calculated according to the relation 

tfrei(C2S,melt; Г) = M(C 2 S)(-A s o i^M7-C 2 S; 298 K)) 

T 

+ A f #(C 2 S, melt; T f u s) + ľ CP(C2S, melt; T)dT -

Tfus 

-A fff(7-C2S; 298 K) (4) 

on the basis of the measured specific heat of solution of 
7-C2S at 298 К and the data of molar enthalpy of for­
mation of 7-C2S at 298 К (A f#(7-C 2S; 298 K)), molar 
enthalpy of formation of the C2S melt at temperature 
of its fusion (Af#(C2S, melt; Tfus)), and molar heat 
capacity of the C2S melt (CP(C 2S, melt; T)) taken 
from [9]. The database of relative enthalpies of melts 
of the CS—C2S—C2AS system was thus completed, 
besides the values for the CS melt (1) and C2AS melt 
(4), with the values for the third component of the 
studied system (the melt 7). 

The molar relative enthalpies of melts in the CS— 
C2S—C2AS system presented in Table 1 were pro­
cessed by multilinear regressive analysis based on the 
least-squares method. By comparison of statistical 
parameters several models of regression dependence 
# r ei(CS—C 2S—C 2AS) = /(z(CS), z(C2AS), T) in 
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Table 3. Exponents CLÍ, bi, C{ and Coefficients Bi for Individual Mixed Terms of Regression Polynomial # r e i(CS—C2S—C2AS) 
^.Bi(x(CS)ri(x(C2AS))biTci 

1 
2 
3 
4 
5 
6 
7 

<4 

0 
2 
0 
1 
2 
0 
1 

bi 

0 
0 
0 
0 
0 
2 
1 

0 
0 
1 
1 
1 
1 
1 

Bi 

kJ m o l " 1 K"c« 

461.8403 
-232.0578 

0.2273 
-0.1767 

0.1241 
0.3167 
0.2361 

a(Bi) 

kJ m o l " 1 K " c ' 

7.9717 
18.8824 
0.0044 
0.0027 
0.0103 
0.0010 
0.0044 

the form of polynomial HTe\(CS—C2S—C2AS) = 
Y:iBi{x(CS))ai(x(C2AS))biTCi were tested. The ex­
ponents di b{ were chosen as integer values < 3 and 
the exponent C{ < 1. 

However, the values of relative enthalpy in the bi­
nary CS—C2S system calculated according to these 
formal models were unreal and led to considerably 
high values of enthalpy of mixing in the region of 
composition of melts close to that of C3S2 (crystalline 
phase of this composition is rankinite). This was in­
consistent with the fact that the value of enthalpy of 
reaction at formation of rankinite from pseudowollas-
tonite and 7-C2S at temperature 298 K, determined 
from their enthalpies offormation according to [9], was 
small. The enthalpy of reaction at formation of ranki­
nite from minerals makes only approximately 0.5 % of 
the value of enthalpy of formation of rankinite from 
elements so that the enthalpy of reaction at forma­
tion of rankinite from pseudowollastonite and 7-C2S 
is neglected. Because on formation of rankinite from 
pseudowollastonite and 7-C2S reorganization of bonds 
is more extensive than on formation of C3S2 melt from 
the melts of CS and C2S, it can be assumed that also 
the heat effect of mixing of melts CS and C2S will be 
negligible and the melts in the CS—C2S system can be 
taken for athermic solutions. On the basis of this con­
sideration the database of relative enthalpies of melts 
in the CS—C2S—C2AS system has been completed 
with relative enthalpies of another nine melts on the 
connecting line CS—C2S with the mole fraction CS 
a;(CS) = 0.1,.. .,0.9. The relative enthalpy values of 
these melts at pertinent temperature (for each melt 
five temperatures were considered) have been calcu­
lated from the values of relative enthalpy of melts CS 
and C2S according to the relation 

# r e l (CS—C 2 S, melt; T) = s(CS) # r e i(CS, melt; T)+ 
+ (1 - x(CS)) # r e l ( C 2 S , melt; Г) (5) 

and with regard to the relation (7), they led to zero 
values of the enthalpy of mixing on the CS—C2S 
straight line (model for athermic solutions). 

From this extended database the values of relative 
enthalpy of the melts in the CS—C2S—C2AS system 

were processed again by multilinear regressive anal­
ysis. It was shown that the most convenient polyno­
mial for temperature—composition dependence of rel­
ative enthalpy of melts in the CS—C2S—Co AS sys­
tem is the model "2213" where the figures in the or­
der 2,2,1,3 designate the highest powers of variables 
z (CS), x(C2S), T and the maximum total degree (a; 
+ bi + Ci) at mixed terms of regression polynomial. 
The exponents â , bj, Q, the found coefficients Bi, and 
the standard deviations of these coefficients cr(Bi) for 
individual terms of the regression model "2213" are 
given in Table 3. 

Differentiating the temperature—composition re­
gression dependence of molar relative enthalpy of 
melts in the CS—C 2S—C 2AS system with respect to 
temperature the composition dependence of the molar 
heat capacity of melts of this system has been obtained 

CP(CS—C 2S—C 2AS, melt)/(kJ mol" 1 К " 1 ) = 
= 0.2273 - 0.1767 z(CS) + 0.1241 (z(CS))2 + 
+ 0.3167 (x(C2AS))2 + 0.2361 x(CS) x(C2AS) (6) 

The composition dependence of the values of molar 
heat capacity of melts in the binary C2AS—CS system 
calculated according to the relation (6) (solid line) and 
that obtained on the basis of the heat capacity data 
taken from [10] (dashed line) are illustrated in Fig. 1. 
In work [10] the heat capacity data of the melts in 
the binary C2AS—CS system are included in the heat 
capacity data of the melts in the ternary CS—CAS2— 
C2AS system. The agreement between both composi­
tion dependences of molar heat capacity of melts in the 
C2AS—CS system was found to be relatively good, 
although the values of molar heat capacity of melts 
in the C2AS—CS system calculated according to (6) 
were greater than those obtained from [10]. 

Enthalpy of Mixing on Format ion of t h e Melts 
in t h e C S — C 2 S — C 2 A S System 

The temperature—composition dependence of the 
molar relative enthalpy of the melts in the CS—C 2 S— 
C2AS system makes possible to calculate the enthalpy 
of mixing on the formation of melts in this system from 
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Fig. 1. The composition dependence of the molar heat capac­
ity of the melts in the C2AS—CS system calculated 

according to relation (6) ( ); calculated according 
to [10] ( - - - ) . 

Fig . 3. Enthalpy of mixing in the C2AS—CS system at tem­
perature 1873 К related to 1 mol of mixture of the 
C S — C 2 S — C 2 A S system. 

A m i x # ( C S — C 2 S — C 2 A S , m e l t ) = 

= # r e i ( C S — C 2 S — C 2 A S , m e l t ) -
3 

-X>(Yfc)#r°el(Yfc)melt) (7) 

where x(Yk) are the mole fractions of CS, C2S, 
and C2AS in the melt of pertinent composition and 
#r°el(Yfc, melt) are the molar relative enthalpies of 
melts of pure components CS, C2S, and C2AS at cho­
sen temperature Tc. 

The enthalpies of mixing in the C 3S 2—CS—C 2AS 

subsystem of the CS—C2S—C2AS system at chosen 
temperature Tc — 1873 К are drawn in Fig. 2. The 
composition dependence of enthalpy of mixing in the 
binary C2AS—CS system at the same temperature is 
illustrated in Fig. 3. As seen from Fig. 2, the enthalpies 
of mixing on formation of melts in the C3S2—CS— 
C2AS subsystem at 1873 К are, except for the straight 
line C3S2—CS, negative. Consequently, formation of 
melts of this subsystem from the melts of pure compo­
nents CS, C2S, and C2AS is accompanied by exother­
mic reaction between their structural particles. 

Acknowledgem,ents. The work: was financially supported by 

the Scientific Grant Agency of the Ministry of Education and 

Slovak Academy of Sciences; Grant No. 2/1170/97. 

REFERENCES 

C2S 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 CjAS 1 

Fig. 2. Enthalpy of mixing in the C 3 S 2 — C S — C 2 A S system at 
temperature 1873 К (parameter of curves: A m i x # ( 1 8 7 3 
K)/(kJ m o l - 1 ) related to 1 mol of mixture of the C S — 
C 2 S — C 2 A S system. 

the molten pure components. According to the Hess 
law, for the enthalpy of mixing the following relation 
is valid 

Adamkovičová, K., Kosa, L., and Proks, L, Silikáty 24, 
193 (1980). 

2. Adamkovičová, K., Kosa, L., Proks, L, and Žigo, O., 
Chem. Papers 42, 731 (1988). 

3. Kosa, L., Tarina, I. Adamkovičová, K., and Proks, L, 
Geochim. Cosmochim. Acta 56, 2643 (1992). 

4. Adamkovičová, K., Kosa, L. Proks, I. and Tarina, L. 
Chem. Papers 43, 17 (1989). 

5. Žigo, O., Adamkovičová, K., Kosa, L., Nerád, I. and 
Proks, L, Chem. Papers 41, 171 (1987). 

6. Kosa, L., Nerád, L, Adamkovičová, K. and Proks, I. 
Thermochim. Acta 302, 189 (1997). 

7 Kosa, L., Nerád, L, Adamkovičová, K. and Mikšíková, 
E., Chem. Papers 52, 725 (1998). 

8. Osborn,. E. F. and M u a n , A., Phase Equilibrium Dia­
grams of Gxide Systems, Plate 1. The System C a O — 
А 1 2 0 з — S i 0 2 . T h e American Ceramic Society, Colum­

bus, Ohio, I960. 

9. Barin, I., Thermo chemical Data of Pure Substances, 

pp. 326, 327, 329. V C H Verlagsgesellschaft, Weinheim, 

1993. 

10. Nerád, L, Kosa, L., Adamkovičová, K., Proks, I. and 
Strečko, J., Ceramics - Silikáty 42, 55 (1998). 

Chem. Papers 52 (6) 731—735 (1998) 735 


