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A comprehensive equation of state was developed to represent the phase equilibria 
and volumetric properties of aqueous calcium chloride solutions at temperatures above 
523 K The equation consists of a reference part and a perturbation contribution. The 
reference function is developed from the statistical mechanical theory for mixtures of 
dipolar and quadrupolar hard spheres, which agrees well with the Monte Carlo simula- 
tion results. In this treatment, calcium chloride is described by the completely undissoci- 
ated model. The empirical perturbation function is a truncated series of virial expansion 
terms. Thus, mixing rules are guided by those of virial coeficients, which are derived 
rigorously from statistical mechanics. The equation reproduces experimental saturated 
vapor pressures and volumetric data within experimental uncertainty for temperatures to 
623 K A t  higher temperatures, few and less accurate experimental data are available, 
but values of the saturated vapor pressures of the liquid have been reported and are 
represented satisfactorily. 

Introduction 
Calcium chloride (CaCl,) is a major constituent of natural 

waters and is important in many industrial fluids. In addition, 
CaCl, is the premier example of an electrolyte of the 2-1 
charge type and its aqueous solution has been used consider- 
ably as an isopiestic standard. Therefore, understanding of 
the behavior of the system CaC1,-H,O over wide ranges of 
temperature and pressure is important. 

The thermodynamic properties of aqueous CaCl, have 
been measured over a wide range of temperature. Reviews of 
experimental results below 373 K were given by Gamin et al. 
(1987) and Ananthaswamy and Atkinson (1985) together with 
equation-of-state representations based on excess Gibbs en- 
ergy models. Pitzer and Shi (1993) presented a treatment for 
CaC1, that extended to saturated solution and equilibrium 
with hydrated crystals for the temperature range to 373 K. 
Holmes et al. (1994) presented a comprehensive equation of 
state, which gives an accurate representation of various prop- 
erties to 523 K and 4.75 molal, while Pitzer and Oakes (1994) 
proposed a thermodynamic treatment in the range from 4.75 
molal to saturation and from 323 to 523 K. The combination 
of the equations of Holmes et al. (1994) and Pitzer and Oakes 
(1994) yields a complete treatment for aqueous CaCl, below 
523 K. 

Correspondence concerning this article should be addressed to K. S. Pitzer. 

Saturated vapor pressures of aqueous CaCl, solutions were 
measured by Wood et al. (1984), Zarembo et al. (1980), and 
Crovetto et al. (1993) from 423 to 623 K up to 6 molal. There 
is an important set of vapor pressure measurements by Ket- 
sko et al. (1984) from 523 to 673 and up to saturation molali- 
ties (as high as 51.0 molal at 673 K). Densities of CaCl, solu- 
tions in the one-phase region were measured by Oakes et al. 
(1995), Gates and Wood (19891, Tsay et al. (19891, and 
Crovetto et al. (1993) from 323 to 643 K and at pressures up 
to 400 bar. Compositions of coexisting vapor and liquid were 
measured by Tkachenko and Shmulovich (1992), Tkachenko 
(personal communication), and Bischoff and Rosenbauer 
(personal communication) between 673 and 873 K. There is 
only one set of density measurements of coexisting vapor and 
liquid available in the literature between 523 and 613 K 
(Rodnyanskii et al., 1962). However, their data were found to 
be fairly unreliable, especially above 573 K (Potter and Brown, 
1976). Aqueous CaCl, was also studied by Zhang and Frantz 
(1987, 1989) using the synthetic fluid inclusion method up to 
973 K and 3,000 bar. 

It is desirable to have a comprehensive equation of state 
describing thermodynamic properties of aqueous CaCl, soh- 
tions over a wide range of temperature and pressure. Over 
the full range of temperature, pressure, and composition, 
CaC1, shifts from a fully ionized state in dilute solutions at 
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temperatures below 523 K to that of nearly complete ion 
pairing at higher temperatures as the dielectric constant of 
H,O decreases. At high concentration this picture becomes 
ambiguous because a given ion can have several near neigh- 
bors of the opposite sign. While it is possible to include an 
ion-association equilibrium in a comprehensive treatment, we 
have chosen to use the fully associated basis for the present 
treatment. This precludes accuracy in the dilute region at high 
pressure when dielectric constant is large enough to allow 
substantial dissociation, but is quite satisfactory for more 
concentrated solutions and for dilute solutions at saturation 
pressure. Therefore, at higher temperatures (e.g., above 523 
K), the CaC1, is treated approximately as a linear molecule 
with a very large quadrupole, while the solvent molecules can 
be approximated by dipoles. A reference function was devel- 
oped from thermodynamic perturbation theory for mixtures 
of dipolar hard spheres and quadrupolar hard spheres. Then, 
an empirical perturbation function was added to obtain accu- 
rate agreement with various experimental data. The empiri- 
cal perturbation function was based on a truncated virial ex- 
pansion, and mixing rules were thus based on the rigorously 
known composition dependence of virial coefficient as pro- 
posed by Anderko and Pitzer (1991). Similar treatments in- 
volving reference and perturbation functions were successful 
for NaCl-H,O and KC1-H,O (Anderko and Pitzer, 1993a, b). 

Thermodynamic Model 
At higher temperatures an excess Gibbs energy model be- 

comes inconvenient, especially for the vapor-liquid phase 
equilibria and the near-critical region where the condition of 
mechanical stability cannot be derived from the excess Gibbs 
energy surface. A residual Helmholtz energy model is more 
suitable (Levelt-Sengers, 1991). The molar residual Helmholtz 
energy is defined as the difference between the molar 
Helmholtz energy of the system and that of an ideal gas mix- 
ture at the same ( p ,  T ,  x): 

It is useful to divide the molar Helmholtz energy into a 
reference term and a perturbation term: 

(2 )  ares = aref + 

The reference term is modeled by mixtures of dipolar hard 
spheres and quadrupolar hard spheres. The dipolar hard 
spheres are the reference for water, while the quadrupolar 
hard spheres are the reference for calcium chloride. The per- 
turbation contribution is given by a truncated virial expan- 
sion. 

With a mixture of dipolar hard spheres and quadrupolar 
hard spheres as the reference system, the molar Helmholtz 
energy can be expressed as 

ahs + aes (3 )  aref  = 

where ahs is the residual Helmholtz energy of mixtures of 
hard spheres and aes is the electrostatic contribution to the 
Helmholtz energy (or the excess Helmholtz energy relative to 
simple hard sphere mixtures). For mixtures of dipolar hard 
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spheres and quadrupolar hard spheres, the electrostatic in- 
teraction includes dipolar-dipolar, dipolar-quadrupolar, and 
quadrupolar-quadrupolar interactions. 

Repulsive contribution 
The residual Helmholtz energy with respect to a mixture of 

ideal gas at the same ( p ,  T ,  and x) of a mixture of hard 
spheres was given by Boublik (1970) and Mansoori et al. 
(1971) 

ahs (3DE/F)v-(E3/F2)  E3/F2 
_-  R T -  1-7 +-(: ,+ 7 - 1  ) In(l-v),  

(1 - 7 7 )  

ahs (3DE/F)v-(E3/F2)  E3/F2 
_-  R T -  1-7 +-(: ,+ 7 - 1  ) In(l-v),  

(1 - 7 7 )  

(4) 

where 

n 

D =  c x iu i  
i = l  

n 
E = c xiui2 

i- 1 

n 
F = xiq3. 

i = l  

(6) 

(7) 

The reduced density 17 and the van der Waals covolume pa- 
rameter b (for simple hard sphere mixtures) are given by 

and 

2 
b = -  aN,F. (9) 

For mixtures of equal-sized spheres, the Boublik-Mansoori 
form is identical to that of Carnahan and Starling (1969). 
However, for other mixtures, the Boublik-Mansoori form is 
superior as demonstrated by Dimitrelis and Prausnitz (1986). 

Electrostatic contribution 
In thermodynamic perturbation theory, first proposed by 

Pople (1954), the Helmholtz energy is expanded in powers of 
the penarbing potential 

a,  + a,  + a3 + ..., (10) ares = 

where a,, is the value for the reference system, a, is the sec- 
ond-order perturbation term, and so on (the first-order term 
a ,  vanishes). General expressions for a,  and a3 for an arbi- 
trary intermolecular potential have been worked out by Fly- 
tzani-Stephanopoulos et al. (1975). When Eq. 10 is termi- 
nated at the third-order term, it is found to give good results 
for moderately polar fluids, but fails for strong dipoles. Simi- 
lar results are found for quadrupole forces. The slow conver- 
gence of Eq. 10 for strong multipole strengths led Stell et al. 

Vol. 42, No. 2 AIChE Journal 



(1974) to suggest the simple Pad6 approximation for the 
Helmholtz energy. For mixtures of dipolar hard spheres and 
quadrupolar hard spheres, the Pad6 approximation for the 
electrostatic contribution to the Helmholtz energy is given by 

aes=a2[  1 1, 
1 - (a3 /a2)  

( 1 1 )  

where a3 can be divided into the two-body and three-body 
terms 

a3 = a 3 , 2  + ‘ 3 , 3 .  (12) 

Explicit expressions for a2, a3,2, and q 3  are given by (Gub- 
bins and Twu, 1978) 

Table 1. Coefficients of the Extended Virial Series Approxi- 
mation for Z;‘( p * )  and Z&,e( p * )  (Eq. 16)’ 

m J 0 . m  J l , m  J 2 , m  J 3 ,  m J4, m J5,  m 

6 4.1888 2.8287 0.8331 0.0317 0.0858 -0,0846 
8 2.5133 2.1795 1.0423 0.2596 0.1097 -0.0573 
10 1.7952 1.7551 1.0376 0.3890 0.1561 -0.0082 
15 1.0472 1.1631 0.8552 0.4506 0.1913 0.1465 
ddd 16.4493 19.8096 6.3321 -0.0932 - 1.1741 -0.8321 
ddq 139.4906 241.9354 163.9581 57.0537 13.2686 - 22.3827 
dqq 139.4906 298.9225 283.4908 161.7222 81.7788 - 35.8868 
qqq 532.9586 1287.3491 1447.9762 1026.3847 608.4235 - 20.5065 

“Taken from Larsen et al. (1977). 

It has been shown (Jiang and Pitzer, 1994) that the pertur- 
bation theory based on the Pad6 approximation yields good 

If;( p* 1 (14) agreement in compressibility factor, chemical potential, 
Helmholtz energy, and configuration energy for a mixture of 
dipolar hard spheres and quadrupolar hard spheres with 
Monte Carlo calculations. 

a3,2 3 P  36X,’Q;6bz 
RT 27r 245 
-=- 

2 

RT 

x:x2 p*,4Q$2b;fiby Perturbation contribution Z&( P* 1 480b:f Following Dohrn and Prausnitz (1990), and Anderko and 
Pitzer (1993a), a generalized van der Waals attractive term 

I:&( p* 1 + - 

, (15) using a truncated virial expansion is used 1 x&‘% 
( p * )  

x,x,” pL;2Q;4blby 
640b;g 

Z&( p* ) + ___ 6,400 4q4 
+ 

where Zk( p*)  and p*)  are the pair and triple inte- 
grals of the hard sphere distribution function. An approxima- 
tion for Zk( p*)  and Z$,J p*)  was constructed in the form 
of the extended virial series 

(k = 6,8,10,15, ddd, ddq , dqq , 1. (16) 

The coefficients were given by Larsen et al. (1977) and are 
listed in Table 1 .  For mixtures, these integrals are evaluated 
using the van der Waals one-fluid theory (Gubbins and Twu, 
19781, 

where b is the van der Waals covolume and the perturbation 
term parameters a, c, d,  and e are required to represent the 
properties of pure water. For pure CaCl,, only two parame- 
ters ( a  and b )  are needed to describe vapor pressures and 
molar volumes of pure liquid CaCI,. 

To extend Eq. 19 to mixtures, we follow the technique de- 
veloped by Anderko and Pitzer (1993a). Equation 19 is 
rewritten in terms of density: 

aper acbp2 adb?p3 aeb3p4 
RT RT ( a p + T + -  16 64 -=- -  +-), (20) 

where a, acb, adb2, and aeb3 are related to the second, third, 
fourth, and fifth virial coefficients, respectively. According to 
statistical mechanics, the second virial coefficient of a mix- 
ture should be a quadratic function of composition, the third 
virial coefficient a cubic, and SO on. Therefore, the following 
m ~ n g  rules are adopted 

(17) 
p* = 2 Xixjb: = G b .  3P 

2Ti - I  j = 1  

It is important to note that the one-fluid assumption has been 
made here for the electrostatic term. The repulsive term is 
not based on a one-fluid assumption. Other reduced quanti- n ”  .. ,* 
ties and cross terms used in Eqs. 13-15 are defined as fol- 
lows 

(21) 
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n n n n n  

(24) 

The specific combining rules are needed to describe the 
cross terms from pure fluid parameters. For the van der Waals 
covolume parameters, the pair parameter blj is defined by 
Eq. 18 

bijk = [ (b,!/" + b;fi + b,")/3] (25) 

bijkl = [ ( b y  + b,!fi + bifi + br) /4]  (26) 

b i j k l m = [ ( b f / 3 + b , ~ + b ~ f i + b j / 3 + b ~ f i ) / 5 ] 3 .  (27) 

In our treatment, the parameters (c,, d,, and e2) for pure 
CaC1, are set to zero. Therefore, the combining rules origi- 
nally proposed by Anderko and Pitzer (1991, 1993a) are mod- 
ified. In the present study, the parameters a,,, ( u c ) , ] ~ ,  (ad)lJkr,  
and (ae)jlklm are related to pure fluid parameters according 
to the prescription of 

a. .= (a .a . ) "a . .  ' I  I ' I  (28) 

(29) 

where a,,, Y l l k ,  6rlkl ,  and E l l k / m  are parameters to correct for 
deviation from the combining rules for the cross terms. 

Equations for the other thermodynamic properties (e.g., 
compressibility factor and fugacity coefficients) can be readily 
obtained by applying the usual thermodynamic identities to 
the Helmholtz energy presented in the three previous subsec- 
tions on contributions. The compressibility factor is given by 

The fugacity coefficient is given by 

Explicit expressions for hard-sphere and perturbation con- 
tributions to the compressibility factor and fugacity coeffi- 
cient (or chemical potential) were given by Dimitrelis and 
Prausnitz (19901, and Anderko and Pitzer (1993a1, respec- 
tively. The expressions for the electrostatic contribution are 
given in the Appendix. 

Evaluation of Parameters 
Water 

The dipole moment of water ( p, = 1.85 D) was taken from 
McClellan (1963-1989). The parameters b,,  a , ,  c,, d,, and 
el, were fitted to data generated from the comprehensive 
equation of state of Hill (1990) by Anderko and Pitzer (1993a). 
The parameters are 

b,  = 28.4959 (cm3/mol) (34) 

a, = (1.718248 + 1 .828379/Tr + l.S46648/T: 

+0.107189/Tp. lo6 (bar-cm6/mol2) (35) 

c1 = 2.953548 -8.874823/Tr +3.179334/T: 

-0.168698/C4 (36) 

d ,  = 2.139339 + 9.442203/T, - 3.144017/T: 

+0.149539/TP (37) 

e, = - 9.0, (38) 

where T, is the reduced temperature: 

T, = T/Tc = T/647.067. (39) 

The equation with parameters listed in Eqs. 34-39 represents 
the properties of water with very good accuracy. The details 
were discussed in the original article by Anderko and Pitzer 
(1 993a). 

Calcium chloride 
The quadrupole moment for CaC1, is not available in the 

literature. It is estimated in this article by a method similar to 
that proposed by Rittner (1951) for estimating the dipole mo- 
ment of a molecule. For the linear molecule of CaCl,, the 
quadrupole moment is given by 

where r, is the equilibrium distanceobetween the Ca2+ and 
C1- nuclei; it has a value of 2.51 A taken from Kim and 
Gordon (1974). Ar is the change of the effective interatomic 
distance of the C1- charge due to polarization by the electric 
field and can be calculated from the induced moment (Ritt- 
ner, 1951) 

yhere p,, is the polarizability of C1-, and has a value of 3.69 
A3 taken from Pauling (1936). Ecr is the electrostatic field at 
the center of C1-. The expression for the electrostatic field 
was given by Guido and Gigli (1976). For the linear molecule 
of CaCI,, the expression for E,, can be simplified as 
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e +/r: 1 e-sin(8 + 0) 
4sin0, 

\ 

I I I I I 

where O and p are 90°C and 180°C for CaCI, (Guido and 
Gigli, 19761, respectively. 

From Eqs. 40-42, the quadrupole moment for CaCl, is 
obtained to be - 22.84 X loz6 esu. This value was used in our 
equation. 

Vapor pressures of pure liquid CaC1, above its melting 
point were measured by several workers whose results are 
summarized by Chase et al. (1985). Over the temperature 
range of our interest, the vapor pressures can be represented 
by the equation 

13,579 
log P (bar) = 6.3435 - - 

T(K) ’ 
(43) 

Molar volumes of pure liquid CaCl, can be represented by 
a linear function of temperature (Janz et al., 1974) 

u(cm3/mol) = 42.252+0.01054T(K). (44) 

The parameters c,, d,, and e2 were set to zero and the 
parameters a, and b,  were obtained by fitting vapor pres- 
sures and molar volumes of liquid CaC1, to the equation. 
The final parameters for pure liquid CaCl, are given below 

u2 = (5.834+0.007235T - 1.913x10-6T2)-107 

(bar * cm6/mo12 ) (45) 

b, = 138.810-0.005109T + 1.732x 10-6T2 (cm3/mol) (46) 

c, = 0.0 (47) 

e2 = 0.0. (49) 

d, = 0.0 (48) 

Figures 1 and 2 show comparisons of vapor pressures and 
molar volumes of pure liquid (and subcooled liquid) CaCI, 
from the equation of state with the smoothed experimental 
data from Eqs. 43 and 44, respectively. The melting point of 
pure CaCl, is 1,055.15 K taken from the CRC Handbook 
(1990). Both vapor pressures and molar volumes are well re- 
produced. The use of this equation below 1,055.15 K is an 
extrapolation into the subcooled range, however, and the ab- 
solute value of the fugacity of CaCl, becomes increasingly 
uncertain. 

Calcium chloride - water mixtures 
Preliminary trials showed that all eLlklrn coefficients are 0 

and six parameters (a1,, y112, 7122, %,I,, %I,, and 61222) 
are required to fit the following data of mixtures to the equa- 
tion. 

Saturated vapor pressures of aqueous CaC1, solutions 
between 523 and 623 K and up to 6 molal from Wood et al. 
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(1984) and Zarembo et al. (1980), and between 523 and 673 
K and up to saturation by Ketsko et al. (1984). 

Densities of CaCl, aqueous solutions in the one-phase 
region from Oakes et al. (1995) and Gates and Wood (1989) 
from 523 to 643 K and at pressures up to 400 bar. 

Compositions of coexisting vapor and liquid from 
Tkachenko and Shmulovich (1992), Tkachenko (personal 
communication), and Bischoff and Rosenbauer (personal 
communication) between 673 and 874 K. 

The Levenberg-Marquardt method was used in the non- 
linear least-squares fitting of the parameters. In the Leven- 
berg-Marquardt scheme, the steepest descent method is used 
far from the minimum, switching continuously to the 
inverse-Hessian method as the minimum is approached (Press 

56 
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E 

m‘ 

> 

h 

6 53 
v 
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51 

F;n 
t / ’  

I I I I I 

/ 
/ 

/ 
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/ 
/ 

/ 

“V 

800 900 1000 1100 1200 1300 

Figwe 2. Molar volumes of pure liquid CaCI, calcu- 
lated from the equation of state (-1 vs. 
smoothed experimental data from Eq. 44 (0). 

T(K) 

The molar volume of subcooled liquid CaCI, calculated from 
the equation of state is denoted by 

Vol. 42, No. 2 589 



et al., 1989). The resulting parameters for CaC1,-H,O mix- 
tures are 

a12 = 3.2768-0.0034513T +4.6766X 10-6T2 (50) 

yl12 = 0.57560+ 0.0021377T (51) 

yl,, = 5.0441 -0.013455T + 2.0706 X 10-'T2 (52) 

6,,,, = 0.3521+2.2826x10-9(T -523.15)3 (53) 

(54) 6,,,, = 6.2630-0.0248067' +3.2981 X 10-'T2 

S1222 = - 1.8157+0.005383T (55 )  

El1112 = €11122 = €11222 = €12222 = 0.0 ( 5 6 )  

Results and Discussion 
Vapor - liquid equilibria 

Saturated vapor pressures in aqueous CaCl, solutions have 
been measured by Wood et al. (19841, Zarembo et al. (19801, 
and Ketsko et al. (1984) between 523.15 and 623.15 K. In this 
region the equation reproduces the data up to saturation with 
very good accuracy, as shown in Figures 3-5. At these tem- 
peratures, the vapor phase contains essentially pure water and 
the curves for xCaC,, in the vapor phase are not distinguish- 
able from zero on these figures. 

Vapor-liquid equilibrium data become scarce and much 
less precise above the critical point of water. There are ex- 
perimental data available from Ketsko et al. (1984) at 673.15 
K, and from Tkachenko and Shmulovich (1992), Tkachenko 
(personal communication), and Bischoff and Rosenbauer 
(personal communication) at several temperatures. The mea- 
surements of Bischoff and Rosenbauer (personal communica- 
tion) indicate increasing hydrolysis with decrease in pressure 
at 673 K and higher temperatures. Near the critical pressure 
this effect is negligible, but at lower pressure at a given tem- 
perature the analysis of the vapor shows more than 2 C1 per 
Ca. Indeed, at pressures half of the critical or less, the solute 

50 r----- 
40 

h 30 z s a 
20 

10 

I I I I " 
0.0 0.1 0.2 0.3 0.4 0.5 

XCaC12 

Figure 3. Saturated vapor pressures of aqueous CaCI, 
solutions calculated from the equation of state 
(-) vs. experimental data by Wood et al. (O), 
Zarembo et al. (m), and Ketsko et al. (A) at 
523.15 K. 

590 February 1996 

0 '  ' I I I I 
0.0 0.1 0.2 0.3 0.4 0.5 

Figure 4. Comparison of saturated vapor pressures of 
aqueous CaCI, solutions calculated from the 
equation of state (-1 vs. experimental data 
by Wood et al. (+) at 548.15 K, and by Wood 
et al. (01, Zarembo et al. (m), and Ketsko et 
al. ( A at 573.1 5 K. 

XCaClz 

in the vapor is primarily HCI. The resulting Ca(OH), must 
be in the liquid phase. However, the fraction Ca(OH), in the 
liquid remains small. 

The equation represents the saturated vapor pressures of 
liquid phase satisfactorily at 673.15 K where there are exten- 
sive data as shown on Figure 6, but fails to represent the 
vapor compositions and the near critical region. At higher 
temperatures the only experimental data for the liquid are at 
near-critical pressure, and reasonable agreement with the 
equation is shown on Figure 7. The vapor composition at 
near-critical pressure is fairly well represented, but some im- 
provements are needed. At lower pressures, hydrolysis be- 
comes a very serious problem. For the vapor at lower pres- 
sures, the measurements of the Ca content should constitute 

160 

120 
h 

2 
80 

40 

0 
0.0 0.1 0.2 0.3 0.4 0.5 

Figure 5. Saturated vapor pressures of aqueous CaCI, 
solutions calculated from the equation of state 
(-1 vs. experimental data by Wood et al. (+) 
at 598.15 K, and by Wood et at. (01, Zarembo 
et at. (m), and Ketsko et at. (A) at 623.15 K. 

XCaC12 
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0.0 0.1 0.2 0.3 0.4 0.5 

Figure 6. Vapor-liquid equilibria of aqueous CaCI, so- 
lutions calculated from the equation of state 
(-1 vs. experimental data by Tkachenko and 
Shmulovich (1992) (01, Bischoff et al. (1996) 
(m), and Ketsko et al. (1984) (A) at 673.15 K. 

X 

a first approximation for unhydrolyzed CaCI,, but the uncer- 
tainty is large and the differences from our equation become 
large on a percentage basis but very small as to the amount 
of CaCI,. Indeed, the vapor in this range is nearly pure H,O 
with HCI as the primary impurity. It remains for further re- 
search to fully represent the vapor in this range. 

Densities 
Oakes et al. (1995) and Gates and Wood (1989) reported 

liquid density data in the one-phase region at temperatures 
between 523 and 623 K and pressures up to 400 bar. The 
equation of state represents these data essentially within ex- 
perimental uncertainty. Such comparisons are shown in Fig- 
ures 8-12 for temperatures between 523 and 623 K. 

1600 

1200 

h 

Y 5 800 
a 

400 

0 

I I I I I 

J I I I I 

0.0 0.1 0.2 - 0.3 0.4 0.5 

Figure 7. Vapor-liquid equilibria of aqueous CaCI, so- 
lutions calculated from the equation of state 
(-) vs. experimental data by Tkachenko and 
Shmulovich (1992) (01, Bischoff et al. (1996) 
( w )  at 773.15 K, and by Tkachenko and 
Shmulovich (1992) (A) at 873.15 K. 

X 
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20 

I I I 

I I I 

0.00 0.03 0.06 0.09 0.12 
XCaClz 

Figure 8. Molar volumes of aqueous CaCI, solutions 
calculated from the equation of state (-) vs. 
experimental data by Oakes et al. 525.36 K and 
75.0 bar (O), and at 522.46 K and 405.0 bar 
(m). 

Conclusions 
A comprehensive equation of state is developed to provide 

accurate representation of saturated vapor pressures and 
densities of aqueous calcium chloride solutions at tempera- 
tures from 523 to 623 K. At higher temperatures there are no 
density data and the P-T-x data are less precise, but the satu- 
rated vapor pressures of liquid are represented satisfactorily. 
The completely undissociated model has proved to be conve- 
nient and rather successful. 

However, the equation fails to represent vapor composi- 
tions in the range where there is substantial hydrolysis of the 
salt. A model, which takes this reaction into account, may be 
needed in order to accurately describe the vapor phase. On 
the other hand, more experimental data for vapor-liquid 

I I I 

0.00 0.03 0.06 0.09 0.12 
Xcac12 

Figure 9. Molar volumes of aqueous CaCI, solutions 
calculated from the equation of state (-) vs. 
experimental data by Gates and Wood at 
548.05 K and 108.6 bar (01, at 548.05 K and 
247.2 bar (m), and at 548.05 K and 372.6 bar 
(A). 
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Figure 10. Molar volumes of aqueous CaCI, solutions 
calculated from the equation of state (--) 
vs. experimental data by Oakes et al. at 
574.07 K and 104.0 bar (O), and at 572.05 K 
and 402.0 bar (m). 

equilibria and densities, especially above the critical tempera- 
ture of water, are needed for further development ‘of an im- 
proved equation of state, which will be more accurate for 
extrapolation to a wider range of conditions and for predic- 
tion of vapor compositions as well. 
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Notation 
ec ,e -  =charge on a positive, negative ion 

J =coefficient of the approximation for I 
n =number of component; number of moles 

P =pressure 
Q = quadrupole moment 
R =gas constant 
x =mole fraction 
Z =compressibility factor 
v =constant (3.1415926) 
p =density 
v = hard-sphere diameter 

Superscripts end subscripts 

N, = Avogadro’s number 

ig = ideal gas 
* =reduced properties 
c =critical 

ddd =triple dipole 
ddq = dipole-dipole--quadrupole 
dqq = dipole-quadrupole-quadrupole 
qqq =triple quadrupole 
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Appendix 
The electrostatic contribution to the compressibility factor 

for mixtures of dipolar hard spheres and quadrupolar hard 
spheres is given by 

where 
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d(a3,,/RT) 3 36~;Q;~b, 

8P* 2.rr 2456 
=- ( 1;; + p* - 2:) (A3) 

(dIL"/ap*) ( k  = 6,8, 10, 15, ddd, ddq, dqq, qqq) can be read- 
ily obtained by differentiating Eq. 16 with respect to the den- 
sity p* and coefficients of Eq. 16 are listed in Table 1. 

The electrostatic contribution to the chemical potential of 
component 1 is given by 

( k  = 6,8,10,15, ddd, ddq, dqq, qqq) (A91 

The electrostatic contribution to the chemical potential of 
component 2 is given by 

where 

where 

[ ( ;:)I 7ez4b2 2b:q 10 
+ x,Z,hs+xlx2 n- +- 

(All)  
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