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Thermodynamics of Aqueous Sodium Chloride to 823 K and l ~bar 

(Electrolytes/activity coefficients/Gibbs energy/enthalpy) 

* Kenneth S. Pitzer and Yi-gui Li 

Department of Chemistry and Lawrence Berkeley Laboratory, University of 
California, Berkeley, CA 94720 

Abstract 

It is shown that a very simple semi-empirical equation represents 

quite accurately the thermodynamic properties of aqueous sodium chloride 

fr.om 373 K to 823 K. The equation comprises one Margules term and a 

Debye-Hlickel term. Just the one Margules parameter is freely adjustable 

since the Debye-Hlickel parameter is determined by the properties of water. 

The equation is valid from the saturation composition down to infinite 

-3 dilution for solvent density above 0.75 gem but at lower density only 

above a solute mole fraction of about 0.1 on an ionized basis. Both 

solute and solvent activity coefficients are fitted from the lowest 

pressure of solution existence up to 1 kbar. Derivation of enthalpy 

and other related functions is discussed 

*On leave from Tsinghua University, Beijing, People's Republic of China 



The thermodynamic properties at high temperature for aqueous 

sodium chloride are important for many industrial and gec"!.c3ical systems 

as well as having theoretical interest. These properties are now quite 

well-kriown to 573 K, and a comprehensive equation of state is now available 

to that temperature (1,2). In extending the treatment of the thermo-

dynamic properties of aqueous NaCl above 573 K, it is apparent that most 

of the experimental data are both less. complete and less accurate. Thus 

the vapor pressures and density measurements above 573 have a precision 

of the order of one or a few percent whereas the lower temperature data 

are more precise and are supplemented by heats of dilution and heat. 

capacities. The most extensive and self-consistent array of measurements 

are those of Urusova (3-5) and our treatment is based primarily on her 

data but with use of other measurements (6-13) where available and ac-

curate. Urusova (14) made some calculations of the activity coefficients 

of water on the basis of her measurements, but these are given only for a 

single pressure at a given temperature. We consider the activity coeffi-

cient of NaCl as well as that for H2o and each as a function of P as well 

as T. 

This effort toward an equation for the thermodynamic properties of 

NaCl-H2o at very high temperature was initiated by a study of dilute NaCl 

in steam (15) which uses mass spectrometric data to calculate properties 

of individual ion hydrates. Next an equation for the dielectric constant 

of water (16) was developed which should yield valid predictions when 

extrapolated to very high temperature. 

In this paper we show that the composition dependence of the pro-

perties of aqueous NaCl over the full range of solubility and from about 

.373 to 573 K conforms to a very simple equation developed previously (17 ,18) 

for systems continuously miscible to the fused salt. This form of equation 
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should remain valid for NaCl-H
2
o to higher temperatm:es, at least at 

liquid-like densities. Since it has only one empirical ~arameter, ~ne 

can hope to complete its evaluation, as a function of T and P, from the 

sparse experimental data available. The resulting equation will then 

predict various properties over a wide range of conditions. 

It is now established(l7,18) that systems ~vhere the pure solute is 

ionic and the solvent has a high dielectric constant behave as completely 

ionized at all concentrations. For a somewhat smaller dielectric constant, 

there is an ion association phenomenon, which begins as the concentration 

rises above a very small value and typically reaches a maximum at x
2 

near 

0.01. At higher concentration there is an apparent redissociation which 

is essentially complete by mole fraction 0.1 or less. Above that con-

centration the system behaves as a fused salt with solvation of the ions. 

Aqueous sodium chloride may be regarded as fully ionized at all concen-

trations up to 573 K. at saturation pressure and at higher temperature if 

the pressure is great enough. The dielectric constant decreases rapidly 

with increase in temperature, however, and NaCl-H
2
o is known (19) to 

3 

show association into ion pairs at low concentration in the range 700-1000 K 

-3 and density below 0.75 gem • The redissociation at higher concentration 

has been observed for several alkali halides by Hwang, et al. (20), who 

conclude that "at concentrations .?. 7 molar the solutions seem to be 

completely dissociated over the entire investigated pressure and temperature 

range". Their measurements extend to 873 K; then 7 molar corresponds to 

x 2 = 0.13. This redissociation phenomenon, noted by Davies (21) and others 
(22) is discussed in structural terms elsewhere (23). 

Our equations, based on complete dissociation, are not expected to 

be valid for the range where ion association is significant. Thus the 

immediate objective is a treatment for NaCl-H20 at liquid-like densities 

and at mole fraction of NaCl above about 0.1 or that of the critical 

point whichever is higher. At sufficiently high density, 

.... 
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the equations should be valid over the entire composition range a~ hig~er 

temperature just as they are below 573 K. 

1. Equations and Definitions 

For dilute ionic solutions it is customary to express the composition 

in molality, but that quantity becomes infinite for the fused salt. Thus, 

for concentrated ionic solutions a mole fraction is the preferable. Since 

it is assumed that the salt is ionized, the mole fraction should be on 

an ionized basis (in contrast to much of the present literature). Thus 

we define 

(la) 

(lb) 

where n
1 

is the number of moles of water, n
2 

the number of moles of salt, 

and v the number of ions into which the salt dissociates (2 for NaCl). 

In some cases it is desirable to, use a more flexible measure of 

composition, analogous to that of vari Laar, with z1 = n
1

/(n1 + 2n2b 2/b1). 

The ratio b
2

/b
1 

can be regarded as a volume ratio or just an empirical 

parameter. The full set of equations on the van Laar basis is given 

elsewhere (17). We explored the use of these more flexible equations for 

NaCl-H
2
o but found the best value of b

2
/b

1 
to be very close to 1.0.~ ---'---Hence , we adopt the simpler equations 

on the mole fraction basis. 

For the Gibbs energy of mixing, we assume (17). 

.C:. G 
m 

I = ..!. \' z 2x 
X 2 f i i 

l+pi ~ 
X 

( -!.,) 
l+p2 • 

(2) 

(3) 
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Here the first two terms give the ideal Gibbs energy of mixing while the 

third term has the form familiar for regular solutions of nonelect~0lytt~. 

It arises from the difference between the average energy of ion-solvent 

attraction and the average for ion-ion and solvent-solvent. As shown in Ref. 

(17), this is valid for ionized systems at high concentration because the 

long-range coulombic.forces have been screened by the alternating charge 

pattern of th~ concentrated electrolyte and only the short-range 

component need be considered. 

The long-range aspect of the interionic forces does lead to the 

Debye-Hlickel term, the last term in Eq. 2. The ionic strength on a mole 

fraction basis is defined by Eq. 3, where xi is the mole fraction of ion i of 

charge zi. For NaCl this yields Ix = x 2/2. A is the Debye-Htickel 
X 

parameter converted from the familiar molality basis to the mole fraction 

basis. 

(4) 

Here d
1

, ~ and D are the density, molecular weight, and dielectric 

constant,respectively, of the solvent, and the other symbols have their 

usual meaning. The density is obtained from the equation of Haar, et al., 

( 24); the dielectric constant below 6.00 K from the equation of Bradley 

and Pitzer (25) and above 600 K from the new equation (16). The "inter-

ionic diameter" parameter p has a magnitude in the range 12-25 on a mole 

fraction basis and the particular form of the Debye-HUckel term in Eq. 2 

is one that has proven to be satisfactory in other aqueous ionic systems 

at high temperature (1,17). 

On this basis the activity coefficients are 

lriyl 
2 ZA I 312/(l+pi ~) = wx2 + 

X X X 
(5) 

1 

I "-2I 3/2 ) 
2 { 2 

l+pi ~ 
X + X. X 

1"( ± = wx - A (-) ln ( -~) 1 X p 1+ I 1/2 l+p2 p X 

(6) 
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with the activities 

(7) 

(8) 

Here y± has been defined to become unity for the pure fused salt. 

Equations 2 and 6 are based on the pure fused salt as the reference 
. 

state for component 2. T!.:is has the advantage of avoiding the extreme 

behavior of the infinitely dilute standard state for an ionic solute 

near the critical point of the solvent. But it does involve supercooled 

liquid NaCl. The JANAF tables (26) give values for supercooled liquid 

NaCl which are q~ite accurately defined by the heat of ·fusion for a 

considerab-le range .below the melting point. Our calculations for the range 

373-573 K do not fit the JANAF values exactly, but it ·is possible to 

interpolate an essentially unambiguous curve between the JANAF values at 

higher temperature and.the results consistent with Eq. 6 and solution 

properties below 573 K. 

2. Calculations for 373-573 K 

The data for the activity of water are commonly given as osmotic 

coefficients, but these are readily converted to values of a1 and y1 . In 

the r~nge 373-573 K and at the saturation pressure the osmotic coefficients 

up to 4 mol kg-l were taken from a comprehensive thermodynamic treatment (1). 

-1 
Above 4 mol kg the values directly measured by Liu and Lindsay (27) were 

used. Equation 5 was fitted to these data for various assumed values of p 

ard the best value of w determined by least squares. Typical fits of £.na
1 

are £,hown in Fig. 1. Debye-Htickel theory indicates that p should vary in 
l 

pr ·tion to (d1 /DT)~ as density, dielectric constant, and temperature vary. 

..... 
I ·.' 
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We adopt this proportionality with an empirical coefficient selected in 

view of the fits to osmotic.data from 373 to 573 K, thus 

(9) 

-3 
('"\ with d1 in g em and T in K. 

• 

For the saturated solution at any temperature the activity of the 

solute equals that of the solid. If 6 G0 /RT is the Gibbs energy of 
s 

fusion or solution to the pure, supercooled liquid which is the standard 

state for NaCl, 

6 G0 /RT = 2 £n(x y ) s - 2,sat ±,sat · (10) 

Solubility values were given by Liu and Lindsay (27), and the resulting 

0 values of 6 G /RT are given in Table 1 together with the values of w 
s 

derived from the osmotic data. 

0 For various purposes the pressure dependence of 6 G /RT is needed. 
s 

It is given by· 

(11) 

Volumetric data for solid crystalline and liquid NaCl are available (28, 

2 9) and the latter were extrapolated. to lower temperature to allow 

integration of Eq. 11. 

0 Figure 2 shows the JANAF curve (26) for 6 G /RT at low pressure and 
s 

the calculated values below 573 K. The solid curve gives our adopted 

interpolation between the JANAF curve at high T where it is unambiguous 

and our calculated values. At the lower temperatures this curve has no 

abs,Jlute meaning for supercooled liquid NaCl; rather it is to be used for 

aq' ~us NaCl in connection with the present equations. But it is a 

sm< and reasonable curve and its use avoids the extreme behavior, 

7 



approaching infinity for some properties, of the infinitely dilute 

standard state near the critical point of the solvent. 

Calculations were also made for 373 to 573 K at higher pressures 

using the volumetric data of Hilbert (11) to convert the activi_~j~-?~~~--

water and NaCl from saturation pr~s~':lre ___ ~o th_~_ preseure of interest. 

.(_ The values of w are given 

in Table 1 and shown on Fig. 3. 

3. Calculations for Temperatures Above 573 K 

While the data are of somewhat lower accuracy than below 573, the 

two-phase, steam-liquid equilibrium is well established through 823 K 

(3-10). While the steam dissolves gradually more NaCl with increase in 

temperature and pressure, the activity of H2o is still very close to 

unity throughout this range. One can make a small correction assuming 
We take pure steam at P as the reference state. Then 

Raoult's law for the vapor phase./ for the saturated liquid solution at P 

y
1 

(sat,liq) = a
1

(vap)/x
1

(sat,liq) with a
1

(vap) = 1.0. To interpret 

these y
1 

values they must be converted to a constant pressure by inte

gration of the equation 

For pure steam we use the equation of state of Haar, et al. (24). 

(12) 

When V~ becomes very large it is more convenient to obtain the integral 

of that term from.the difference in Gibbs energy with pressure 

(13) 
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which is also given from the equation of state. For the ._elution v
1 

and 

v
2 

were obtained from the volumetric data of Urusova (3) 'Y finite dif

ference between values for adjacent mole fractions. The results were 

smoothed and interpolated graphically and inserted in Eq. 12, which was 

integrated graphically. 

The available. experimental information concerning the solute is 

the pressure and composition of the li~uid at the triple point where 
solution, 

steam, liquid/ and solid NaCl are in equilibrium. Thus Eq.~lO can be 

applied under these conditions with t::.. G0 taken from Table 1 or Fig. 2. 
s 

Then the resulting y± can be converted to higher pressure by integration 

of the equation 

where V~ is the molar volume of the supercooled liquid NaCl. 

While the accuracy of these vl and v2 values is not high, it is 

sufficient to maintain reasonable accuracy in the values of r 1 and y± 

up to 1000 bar at 723, 773, and 823 K. At 623 K and 673 K the data of 

Urusova extend only to 225 bar and 600 bar, respectively. 

(14) 

We expect Eq. 2-9 to apply at pressures high enough that pure water 

has a liquid-like density. Thus we first tested Eq. 5 and 6 on values 

of r 1 and Y± converted to the highest pressure of the volumetric data of 

·"' Urusova (1000 bar at 723,773,823 K, 600 bar at 673 K, 225 bar at 623 K). 

• 
A good fit was obtained in all cases. Reasonably good fits were obtained 

at somewhat lower pressures varying from 215 bar at 623 K to 685 bar at 

823 K. The resulting values of w are summarized in Table 1 and ~re shown 

on figures 3 and 4. Above 573 K the uncertainty in w is about 0.05 at 

best and often 0.1 or more. Even sc £ny
1 

is determined to about 0.03 and 

sometimes much better throughout the range of solubility. The'uncertainty 

9 



in £ny± is, likewise, about 0.03 or less for the saturated solutioa but 

becomes larger for more dilute solutions. Since the uncercainties in 

individual points for w are as large as the difference between curves for 

adjacent pressures, the points are omitted on figures 3 and 4. 

shows typical fits of experimental values of £ny
1

. 

At 623 and 673 K values of w were estimated for higher. pressures 

(above 225 and 600 bar, respectively). Some guidance was obtained from 

the volumetric data of Hilbert (11) and Gehrig (12,13), but their measure-

ments do not extend near saturation composition. Thus the choice of these 

w values was guided primarily by the well-determined values at lower and 

higher temperatures. From figure 3 it is apparent that the w-values 

follow a reasonable pattern. 

In much of the range of very high temperature, this representation 

of the properties of NaCl-H
2
o is valid only at x

2 
values somewhat above 

that of the critical point at a given temperature. Consequently, one may 

question the appropriateness of the Debye-Huckel term. It was found that 

alternate equations without a Debye-Huckel term required additional empir-

ical parameters to provide an equally good representation of the data. 

Thus one can justify the retention of the Debye-HUckel term on a purely 

empirical basis. Also at pressures very substantially above the critical 

pressure the ion-pairing effect will become small and the present type 

of equation will then be valid down to zero x 2 • 

As the pressure is further reduced, however, the Debye-Huckel term 

based on the real dielectric constant of steam does become unsatisfactory. 

The concentrated solution is liquid-like even at the lower pressure and 

a "liquid-like" Debye-Huckel term is needed. While other methods were 

tested, our choice of procedure is to adopt at each temperature a refer-

ence pressure P and to use the sol'ent properties for that P for the 
r r 

10 
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Debye-Huckel term at all lower pressures. Correspondingly, the activity 

coefficients of water are modified to refer to a hypothetical 11 lic;.-..dd" 

H
2
0 retaining the volume for Pr at the lower pressures. This change in 

y
1 

is given by 

* JPr 
iny

1 
- iny

1 
= 

p 

(15) 

* where y
1 

is the modifiea activity coefficient. Since the hypothetical 

liquid water has higher activity than real steam at the same pressure, 

the activity coefficient is lowered by the correction. The modified 

* y
1 

values were fitted satisfactorily by Eq. 5 while the y± values were 

fitted by Eq. 6. Curves for w as a function of P for various temperatures. 

are shown in figure 4 as the solid curves above and to the left of the 

dotted curve which shows Pr. Table 2 gives values of Pr and of d1 at Pr. 

While it is certainly possible to develop an empirical equation for 

w, it would have to be quite complicated to represent the complex 

behavior. Thus it seems best to use ~raphical methods or simple inter-

polation formulas for w. 

4. Results and Discussion 

Such methods are also adequate for P • 
r 

From Fig. 3 it is apparent that w is large and negative at low 

temperature. This represents a dominance of ion hydration over the other 

interparticle interactions. But with increase in temperature w appears to 

approach a small ·and relatively constant value. Then the departure from 

ideal behavior arises primarily from the Debye-Hlickel term and, therefore, 

f1cm the long-range aspect of interionic forces. It appears possible that 

w lV remain small at still higher temperature, but that will remain a 

. Sf lation un:til further evidence becomes available.· 
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The equations and parameters described above provide a fullrepre-

sentation of various thermodynamic properties of NaCl-H
2
o fer the Lcnge 

373-823 K, 0-1 kbar, and composition to saturation except for dilute 

sol.utions above 573 K where ion-pairing is substantial. With one 

I 

exception, all of the equations are so simple that there seems to be 

no need for tabulation of numerical values of calculated properties. 

A simple programmable cal ~·.1lator is adequate for the calculations. The 

exception is the complex equ::1.tion of Haar, et al., (24) fpr the density 

of pure H
2
0. Molal volumes based on this equation are given in ref. (1) 

up to 573 K. For the convenience of users, Table 2 gives densities 

above 573 K for several pressures, including P r· The e.quations of this 

paper, together with those of ref. (16) and (25) for the dielectric 

constant, then yield the Gibbs energy and the activity coefficients 

directly. 

Whilethe present eq~ations fit the data below 573 K remarkably 

well in view of the· simplicity of the equations, the precision of fit is 

substantially less than that for the more complex equations of ref. (1). 

Thus the tables and equations of ref. (1) should still be used below 

573 K unless the simpler equation is adopted as an approximation. 

One example of the many possible applications of these equations 

is the calculation of the chemical potential of NaCl referred to the 

solid which is given by 

(16) 

Fi;nre 6 shows calculated curves for this quantity for two compositions 

at ~00 bar. The solubility of solid NaCl is x
2 

= 0.3 at 590 K as indi-

ca. by the zero difference in chemical potential at ·that point. 

12 
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.While the present equations can be differentiated to yield enthalpy, 

entropy, volume, and other functions, the resulting equations are .;:,~rr:pl'-:~<. 

To the limited accuracy of these results, it is easier to obtain enthalpies 

by calculation of differences in G/T for appropriate temperature intervals. 

Corresponding finite-difference methods can be used for other functions. 

As an example of ca!culated enthalpies figure 7 shows the partial 

molal enthalpy of NaCl re..:erred to the solid for two compositions and .two 

pressures. Consideration of the uncertainties in w and in the dielectric 

constant indicates that the enthalpies are uncertain by a few tenths of 

RT at the lower temperatures and as much as RT at the higher temperatures. 

The curve of x
2 

= 0.0348 at 400 bar shows a sharply increasing negative 

slope which implies an increasing negative partial molal heat capacity. 

This is the well-known behavior of dilute electrolytes as the critical 

point of water is approached. Of interest, however, is extent to which 

this effect is reduced by increase in concentration to x2 = 0.155. 

Increase in pressure shifts the region of negative slope to higher 

temperature which seems very reasonable. At the lower concentration the 

result for 1000 bar becomes uncertain above about 700 K because of ion 

pairing. The general pattern is probably valid, however. 

A comparison was also made of enthalpies of dilution calculated from 

our equations with those measured at approximately 400 bar and 623 and 

673 K by Busey and Mesmer (30). The temperature derivative of w is 

required for the calculation. At 673 K this derivative appears to be 

near zero but it is not well determined. With aw/aT = 0, our equation 

yields values within 5% of the measurements which is excellent agreement 

un• r these circumstances. At 623 K the calculated values are too small 

by mt 15%. The value of w is particularly uncertain near this 

13 



temperature. Also this is near the respective upper and _ower temperature 

limits of validity of the two equations for the dielectYlC constant. 

Hence the agreement is probably as good as could be expected. At each 

temperature the composition dependence of the heat of dilution is given 

quite accurately. 
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lie"", 

Table 1. Values of -wand t, G0 /RT 
s 

''1 

-w at P/bar t, G0 /RT 
s 

T/K p 
sat 

400 600 800 1000 at 1 bar p 
sat 1000 bar 

373 3.14 3.23 3.27 3.30 3.34 7.008 7.008 7.133 

423 2.72 2.79 2.82 2.85 2.88 6.207 6. 217 6.325 

473 2.11 2.15 2.18 2.20 2.22 5.147 5.149 5.261 

523 1.48 1.52 1.54 1.57 1. 59 4.084 4.088 4.193 

573 0.89 0.91 0.93 0.95 0.98 3.075 3.084 3.180 

623 0.5 0.53 0.56 0.59 2.32 2.455 

673 0.37 0.25 0.2 0.3 1.80 1.915 

723 0.25 0.15 0.1 1.40 1.53 

773 0.2 0.05 1.17 1.24 

823 0.3 0.05 0.92 1.005 

• 
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Table 2. Values of p • 
r' also of d1 at Various Pressures 

d
1 

at P/bar 

T/K P /bar p 200 400 600 800 1000 

623 215 0.6096 0.6008 0. 6721 0. 7109 0.7393 0.7622 

673 353 0.4785 0.1005 0.5237 0.6125 0.6593 0.6926 

723 490 0.3918 0.07873 0.2709 0.4799 0.5637 0.6138 

773 627 0.3585 0.06771 0.1780 0.3384 0.4570 0.5282 

823 686 0.3021 0 .. 06043 0.1434. 0.2529 0.3619 0.4444 

• 
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Figure 1. Comparison of calculated curves of water activity 
with experimental values • 
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Figure 1. The Gibbs energy of fusion of NaCl to the super
cooled liquid. 
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Figure 3. The parameter w as a function of T and P. 
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Figure 4. The parameters P (dotted) and w (solid). . r 
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Figure 5. Comparison of calculated curves for the activity coefficient 
of water with measured values. 
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Figure 7. The partial molal enthalpy of NaCl in H
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