
Lawrence Berkeley National Laboratory
Recent Work

Title
THERMODYNAMIC PROPERTIES OF IONIC FLUIDS OVER WIDE RANGES OF TEMPERATURE

Permalink
https://escholarship.org/uc/item/711878d8

Author
Pitzer, K.S.

Publication Date
1986-07-01

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/711878d8
https://escholarship.org
http://www.cdlib.org/


LBL-21799 
<:"'.~ 

Lawrence Berkeley LabmatQry 
LAWRENCE 

UNIVERSITY OF CALIFORNIA BERKELEYLABORATORY 

1986 Materials & Molecular 
Research Division 

LIBRARY AND 
DOCUMENTS SECTION 

Presented at the IUPAC International Union of 
Pure and Applied Chemistry on Chemical 
Thermodynamics, Lisbon, Portugal, 
July 14-18, 1986; and to be published in 
the Proceedings 

THERMODYNA!v1IC PROPERTIES OF IONIC FLUIDS OVER 
WIDE RANGES OF TEMPERATURE 

K.S. Pitzer 

July 1986 TWO-WEEK LOAN. COP 

Thi~ is a Library Circulating Copy 
which may be borrowed for two 

- .. )I A. ..,. __ :::.. ·-:...._ " ~ -""7~· ;::: ,, - ,..._ ~:::-:·-:__:-;.""';,_""":_ .:...;:._ _, 

Prepared for the U.S. Department of Energy under Contract DE-AC03-76SF00098 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



/"', . . 

THERMODYNAMIC PROPERTIES OF IONIC FLUIDS OVER WIDE RANGES 
OF TEMPERATURE 

Kenneth S .. Pitzer 

Department ·of Chemistry and Lawrence Berkeley Laboratory, 
University of California, Berkeley, California 94720, U.S.A. 

Abstract - The principle of corresponding states is valid in reasonable 
approximation for ionic fluids but the quantitative behavior differs 
considerably from that for neutt·al-molecule fluids. The role of a 
dielectric is such as to make the ET product the effective temperature. 
Thus aqueous electrolytes near room temperature have very high reduced 
temperatures on a corresponding states basis. The status of knowledge 
for various aqueous solutes is summarized. The critical region for an 
ionic system is difficult to treat theoretically and is out-of-range 
experimentally for simple substances such as NaCl. Current best approxi
mations are discussed. A model, two-component ionic system with an 
experimentally convenient critical temperature has been found and its 
properties investigated. The role of long-range fluctuations on 
properties in the critical region is considered for ionic systems. Fused 
salts (without solvent) have low reduced temperatures and they follow 
corresponding states quite well as has. been shown by Reiss and others. 
Fused salts have a -remarkably large coefficient of expansion; its cause 
is discussed. At low reduced temperature an ionic-particle vapor is 
largely associated to neutral clusters -- pairs, quartets, etc. An 
interesting system of considerable engineering and geological importance 
is NaCl in steam which has been treated in terms of successive hydration 
equilibria for the ion-pair. 

INTRODUCTION 

There are many interes~ing differences between ionic and nonionic fluids. Those related to 
dilute aqueous electrolytes were of primary interest to physical chemists about six decades 
ago and were explain·ed by Debye and Hi.ickel. But there are other ranges of concentration and 
effective temperature which have only recently been explored where there are also distinct 
and interesting properties of ionic fluids. 

The concept of corresponding states is useful for ionic systecs in providing a seci-quanti
tative correlation of properties in terms of reduced temperature and volume. The essential 
requirement for corresponding states behavior is similarity of shape of the interparticle 
potential subject to both energy and distance ~caling factors (ref. 1). For· the ionic case 
the similarity of shape is clear; it is the r- denendenc·e of the electrostatic potential 
combined with a sudden repulsive potential. But the ionic case also involves the change in 
sign for the potential between like-charged particles as compared to that between particles 
of opposite sign of charge. Reiss et al. (ref. 2) noted these aspects and co~pared fused 
salt properties on a corresponding states basis. Subsequently Blander (ref. 3) extended the 
dimensional theory, while Friedman and Larsen (ref. 4) have considered ionic fluid properties 
very generally from a corresponding states vi~Jpoint. 

If we limit our consideration to symmetrical electrolyt~s 2 and assume a hard-core inter
particle distance ~ then the energy scaling factor is Z e /(4nr

0
Ea) while the distance factor 

is a and the volume factor a3. Here Z is the number of charges on an ion and s is the 
relative permittivity or dielectric constant. The permittivity of free space is ~ 0 . Much of 
the literature on electrolytes is written in e.s.u. whereupon the factor 4~c 0 is omitted; 
also the dielectric constant is often represented by D. 

The reduced variables are T • T/T 
above relationships indicae~ that c 

and V "' V/V . r c 
For cocparison of different systems, the 

') 

T" • T '(Z"/Z')~(t.'a' /c"a") 
c c 

(1) 

and 

V " "' V ' (a" I a') 
3

. 
c c 

( 2) 



2 
From the temperature relationship we note that if Z and a remain the same T"e:" = T'e:', in 
other words the effective temperature is the dielectric constant-temperature product. With 
the large value e: = 80 for water near room temperature, sin~ly charged aqueous electrolytes 
are at a v_ery high reduced temperature. 

Figure 1 gives an overvieu based on the properties of pure NaCl for which statistically 
guided extrapolations of experimental data to higher temperatures (refs. 5,6) yield 

.Tc = 3900 K, Vc = 490 cm3·mol-l. The approximate reduced temperatures for 1:1 aqueous elec
trolytes at 300 K and 573 K and for 2:2 aqueous elec-trolytes at 300 K are shown on Fig. 1. 
Also indicated is the curve for SO% ion pairing for NaCl vapor. 
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Fig. 1. The phase boundaries and critical point for an ionic fluid (NaCl) 
on a corresponding states basis. Also shown are the region of 
ion pairing in the vapor and the approximate reduced temperatures 
for aqueous electrolytes. 

In the following. sections, recent advances for various ranges of reduced temperature and 
reduced volume will be reported. 

AQUEOUS ELECTROLYTES AT HIGH TEMPERATURE 

While there is an extensive data base concerning aqueous electrolytes at or near 298 K, it is 
only recently that there have been substantial studies at temperatures ranging above 473 K 
(refs. 7-11). Since e: decreases faster than T increases, the effective temperature sT is 
lower at higher T. There are semi-empirical equations that very successfully represent 
experimental thermodynamic data for mixed as well as pure electrolytes at 298 K (refs. 12,13) 
and are currently being tested as measurements become available at high temperature (ref. 15). 
Once the parameters have been determined, these equations-will yield predictions of activity 
coefficients for mixed electrolytes at various temperatures. I will discuss solubilities of 
salts in mixed electrolytes at the Second IUPAC Symposium on Solubility Phenomena later this 
summer, and the paper will appear in this Journal. Hence, this type of ionic fluid wi-ll not 
be considered further here. 

CRITICAL REGION: FLUCTUATION EFFECTS 

Particularly interesting are the properties of an ionic systems in the critical region. ~ear 

the critical point the gradient of the chemical potential with density or comoosition 
decreases to zero and fluctuations of density for single-component systems or of composition 
for two-component systems can become important. It is known that these fluctuations affect 
the shape of the two-phase equilibrium curve for neutral-molecule fluids. This is usually 
discussed in terms of the exponent ~ in the exoressions 

(;"-,. ') z B[ (T -T) IT ( 
c c 

(3) 

(x"-x') • B[(T -T)/T ]:o 
c c 

(4) 

where . "-.' is the difference in densfty bet\leen liquid and vapor or x"-x' is the difference 
in mole fraction between the more and less concentrated phases at equilibrium. B and " are 
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constants 'and thes.e simple expressions become valid in the limit as the critical point is 
approached. It is the exponent 6 which is of general significance. B is specific to the 
particular system, although B-values for one-component systems should follm• corresponding 
states principles where appropriate. 

Any reasonable analytic equation of state will yield 0.50 for 8. whereas the observed values 
for neutral-molecule fluids are in the range 0.30 to 0.35. There is now an extensive theory 
of the long-range fluctuations which yields the smaller exponent. The basic concept is that 
the dimension of the fluctuations exceeds that of the interparticle forces for a substantial 
region near the critical point. 

-1 -6 The r potential between ions, however, has a much longer range than the r potential 
between neutral molecules. Hence, this fluctuation effect is expected to be much smaller and 
possibly negligible for ionic systems. An early study of this question is that of Buback and 
Franck (ref. 15) on NH4Cl. The phase equilibrium curve fits the "classical" value of 
8 = 0.50 to within a reduced temperature difference of 0.012. 

Tetra-n-butylammonium picrate is a well-investigated fused salt melting at 9l°C. We found 
that its mixture with 1-chloroheptane shows a critical point at 141.2°C (414.4 K) and mole 
fraction 0.08

5 
picrate (ref. 16). Figure 2 shows the determination of the critical exponent 

with the line corresponding to 8 • 0.50. Evidently the measurements are consistent with this 
value down to a reduced temperature difference of only 0.003. 

-
-~ I ·-...! 
CJ' 
0 

-1.0 

-1:5 L-!:~=::!-...J... __ ...._ _ __,JL.....J 
-3 -2 _, 

109 (CTc- T)/T cJ 

Fig. 2. Logarithmic .plot to show the critical exponent 2 for the system 
tetra-n-butylammonium picrate: 1-chloroheptane. The line shows 
e • o.5o. 

A third ionic critical system is NaCl-H2o for which there are measurements at 3ao•c, just 
above the critical point of pure H

2
o at 374"C. For isothermal measurements on a system 

including a volatile component, equations (3 and 4) may be recast to make pressure the 
independent variable. Also it is convenient to make additional rearrangements to linearize 
the dependence on pressure. 

( " ')1/5 ; -o . B(Pc-P) (5) 

(x"-x')l/2 . B(P 
c -P) (6) 

Figure 3 shows a plot of the density difference vs the pressure (with ,::., = P "-.:: ') for both 
pure water and the ~aCl-H?O mixture. The ordinate is uo 2 corresponding to 8 = 0.50. Thus 
the data for ~aCl-H2o (refs. 17,18) show little curvature and a finite slope and are 
consistent with 8 • 0.50. In contrast, the data for pure H

2
0 (ref. 19) show substantial 

curvacure and an infinite slope in the limit of ao • 0. Thus 6 < 0.50 for pure water as is 
well known. The older measurements of mole fraction for ~aCl-H?O at 3ao•c are not precise 
enough to be definitive. They suggest a value of 6 larger than-0.50, but this seems most 
unlikely. Recently Bischoff and Rosenbauer (ref. 20) have marle more precise measurements on 
the composition of the equilibrium phases of NaCl-H?O at 380°C with the results shown on 
Fig.. 4. Here it is apparent that the data indicate-a finite slope at x"-x' = 0, indicatin·g 
~ ~ 0.50. Also, the curvature is the opposite of that for pure H?O in Fig. 3. This is 
consistent with the older data in the characte~istic that ~ increases above 0.5 as x"-x' 
becomes large. 

The general structural picture is clear for both the ionic liauid and the ionic vapor. The 
liquid has an alternating charge pattern with several ions of the opposite charge around a 
given central ion. There are no clearly ideritifiable ion pairs. The electrical conductance 
is l.:1rge. 

,.. .... 
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Fig. 3. Estimation of the large-scale fluctuation effect; see eouation 
(5) and the text. 
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Test of the large-scale 
fluctuation effect for 
NaCl-~20 at 380°C; see 
equatl.on (7). 

The satur~ted vapor of a simple ionic system is very largely ion-oaired with substantial 
further association to neutral quadruples, etc. This is known both fro~ theory for the hard 
core ionic model (Gillan, ref. 21) and experimentally for various alkali halides, etc. (ref. 
22). There is some dissociation to separate ions and there are so~e charged clusters; hence, 
the vapor shows some electrical conductance. 

~H4Cl is an exception to this pattern; its vapor, is a mixture of HCl and ~H 3 . Since this 
vapor has much lower chemical potential than the normal ion pairs, quadruples, etc., the 
critical temperature of NH4Cl is much lower than that of an alkali halide with the same 
radii (KCl) and other critical properties are also affected. It is known that the electrical 
conductance of liquid NH 4Cl remains high to within 30°C of the critical point; hence, this 
liquid appears to be a nor~al fused salt. 

We have little definite knowledge of the structure of an ionic fluid at its critical point. 
The electrical conductance of the system tetra-n-butvl.::~mmonium picrate: 1-chloroheptane is 
now bein~ measured at its critical temperature (ref. 23) and the preliminary results are 
shown on Fi;:. S. At verv low concentration there is a r.1inimum in conductance with increasing 

!.'\ 
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Fig. S. Conductance near the critical 
temperature for tetra-n-butyl
ammonium picrate: 1-chloro
heptane. The critical 
composition is indicated. 

ionization at both lower and higher concentrations. At higher concentration there are triple 
ions and other charged clusters. This is a well-known phenomenon which has been represented 
quantitatively for dilute electrolytes at low reduced. temperature (refs. 24,25). In the 
range of the critical composition, the equivalent conductance increases steadily with mole 
fraction. This arises from a further decrease in the fraction of nonconducting neutral 
clusters with conversi.on ·to an expanded fused-salt pattern as well as to charged clusters. 
As the concentration increases, the distinctions between various clusters become ambiguous, 
and the "expanded fused-salt" description seems more appropriate. 

FUSED SALTS 

Fused salts, without a solvent and hence with ~ • 1, have low reduced temperatures. There 
are extensive reviews and properties have been compared on a corresponding states basis 
(refs. 2,3,26-28). I wish at this time only to call attention to one marked difference 
between fused salts and neutral-molecule liquids. This is the thermal expansion which is 
much larger for a fused salt. Kirshenbaum et al. (ref. 28) showed that the reduced density 
increases from 1.0 to about 3.0 for simple liouids such as argon as the reduced temperature 
drops from 1.0 to 0.5 but that the reduced density of fused salts such as NaCl increased 
from 1.0 to about 6.0 for the same temperature decrease. This rapid increase in reduced 
density continues for a fused salt down to the melting point. 

It is also noteworthy that this large volumetric expansion of an tonic liquid does not 
involve an increase in the nearest neighbor interionic distance. Indeed this distance 
dec~eases ~lightly from 2.82 to 2.781 on ~elting of NaCl (ref. 29). Ra~her, the expansio~ 
arises from a decrease in number of nearest neighbors from 6 in the solid to 4.0 in liquid 
NaCl near its melting point. Thus, fused salts expand by becoming more open structures with 
low average coordination numbers and subst.antial vacant space. The underlying cause is the 
presence of long-range repulsive forces. As has been shmvn in more detail elsewhere (ref. 6), 
the decrease in attractive interactions is largely compensated by decrease in repulsive terms 
as the coordination number decreases for an ionic system. Thus the energy cost of this 
expansion is relatively small and is overcome by the entropy increase arising from the less 
restricted motion in the low-coordination-number structure. 

VAPOR OF AN IONIC FLUID 

As noted above, ion pair molecules dominate the vapor of an ionic fluid such as ~aCl (ref. 
21), although there is a substantial population of dimers (quadruple ions such as ~a~Cl~). 
Of course, at very_ low density the ion-pairs dissociate to individual ions, and at higher 
densities there continu~ to be si~nificant proportions of single ions and increasing amounts 
of charged clusters such as Na

2
Cl , NaC1

2
-, etc. 

For the hard-core model, Gillan (ref. 21) has calculated the approximate fractions of various 
species up to the neutral hexamer in the saturated vapor and his method is readily extended 
to the unsaturated vapor. Gillan showed that the saturated vapor of the hard-core, ionic 
fluid has a much greater densitv than that given in earlier estimates where the various 
clusters were not treated explicitly. 
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For the alkali halide vapors the properties of the ion-pair molecules are well established 
from spectroscopy (ref. 22). The anharmonic parameters are known as well as the harmonic 

.frequencies and equi~ibrium distances. Thus, the thermodynanic properties of the monomeric 
ion-pair vapor can be calculated accurately for temperatures well above those of experimental 
measurement. Calculations are even more exact for the individual ions. AmonR larger 
clusters there are extensive spectroscopic data only for dimer (the neutral M

2
x

2 
cluster) 

and then only for the harmonic approximation (ref. 22). There are also measurements of the 
total vapor density. Thus the properties of the alkali halide vapors are quite well known 
in the temperature range of experimental measurement. With full use of statistical calcula
tions for the monomer, and with guidance from the calculations for the hard-core model, one 
can make a reasonably ~cod extrapolation to higher temperature (ref. 5). 

The alkali halide vapors follow corresponding states only approximately among themselves. 
Comparison with the hard-core model on a corresponding states basis shows a much larger 
difference (ref. 5). The largest discrepancies arise for t~e ion pair. The real ions are 
polarizable and the properties of the real ion pairs are very substantially affected by the 
polarizability. In an ion pair, one ion feels the full electrical field of the other ion. 
The resulting induced dipole contributes substantial bonding. In larger clusters there are 
several near neighbors located at different directions and their electrical fields tend to 
cancel one another at the site of a given ion. This cancellation is essentially complete for 
the solid and nearly so for the liquid. Thus it was found (ref. 5) that KCl and NaCl 
followed corresponding states quite closely for all properties exceot the reduced density of 
the ion pair in the vapor. At Tr ;;, 0.6 the density of the KCl molecule in its vapor is 35% 
lower than that of NaCl in its vapor whereas the densities of K2c1 2 and Na?c1 2 follow 
corresponding states quite accurately. The ion-pair density in the vapor of Ehe hard-core 
fluid deviates much more; indeed, it is only about one tenth that of NaCl at a reduced 
temperature of 0.8. 

NaCl in· steam 
The vapor pressure of pure sodium chloride is to low that one might think it would become 
appreciably soluble in steam only at very high temperature well above 1000 K. The NaCl 
molecular ion pair is strongly hydrated in high-pressure steam, however, at temperatures near 
the critical point of H2o. One does not expect the corresponding states principle to be 
followed with any accuracy for NaCl-HzO in this range. In contrast, it was found (ref. 6) 
that at higher temperatures and densities, a corresponding states treatment with the water 
represented as a dielectric was quite successful in fitting the two-component critical curve. 
But at lower densities the molecular nature of the water must be recognized. This was done 
(ref. 30).by considering successive hydration <quilibria 

(7) 

The corresponding successive hydration equilibria for ions were measured in detail by high
pressure mass spectrometry (Kebarle, ref. 31). For Na+ the 6Hj and 6Sj values are known for 
6 steps. The tlSj values for various steps and for various central ions are all rather near 
the value -11.0 R. It seems reasonable to assume this same 6Sj value for the hydration of 
the ion pair where mass spectrometry cannot .yield detailed data. 

The enthalpies of hydration were calculat·ed from experimental data on the solubility of solid 
NaCl in steam from 350 to 600°C and from 30 to 300 bars pressure. Assumptions were made 
concerning successive tlHj values to reduce the number of independent parameters. .Theory 
suggested a small positive 6Cp and the value 3R for all steps was selected to give the best 
fit over a wide range of temperature. Additional details are given in ref. 30. Certain 
experimental data show large divergencies, but new measurements of Bischoff et al. (ref. 32) 
were designed to resolve that problem. It was found that older measurements of Olander and 
Liander (ref. 17) and of Galobardes et al. (ref. 33) and those above 100 bar of Martynova 
(ref. 34) were all consistent with the new results and all were used to fit the parameters. 
As examples of the data, Fig. 6 shows the solubility values along the. three-phase line while 
Fig. 7 shows the data for 450°C. Measurements of Sourirajan and Kennedy (ref. 35) appear to 
be unreliable, although they agree at some particular conditions. 

Since the degree of hydration decreases with increase in temoerature at constant pressure, 
this model should give valid estimates at still higher temperatures. Figure 8 shows the 
isoplechal curve calculated for 0.4 wt% NaCl which is within this ran~e of validitv. 
Appropriate calculations were made for the fugacity of NaCl in the liquid phase for these 
conditions. This curve agrees with very recent measurements of Bodnar et al. (ref. 36) at 
800 and 825°C. In this. case again, the measurements of Sourirajan and Kennetv (ref. 35) 
appear to be unreliable. Other predictions of the model for temperatures in the range 800-
ll000C are of considerable geochemical interest and are discussed in ref. 30. 

t') 

/~ , 



• 

0 

50 0 

0 

.o 

7 

<l. Olander and L1onder (1950) 
o Soumojon crtd Kennedy ( 1962) 
• Mortynovo (1964) 
o Bischoff et ol (1986) 

300~~~~~~~~~~~~~~~~~~~~~ 
0 0.01 0 02 0.03 0.04 0.05 0.06 0.07 0.08 

wt% NoCI 

Fig. 6. Vapor phase composition of NaCl-H2o along the three-phase line. 
The curve is calculated fran the model. 
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Fig. 7. Vapor phase composition 
of NaCl-H2o in equilibrium with 
the solid at 450°C as a function 
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Fi~. 8. Isoplethal P-T diagram for the vapor phase comoosition of 0.4 wt% 
~aCl in H~O. The curve, which is in the vapor+ liauid region, 
is calculated above 600°C and connected smoothly to experimental 
data at lower temperature. Also shown is the P-T projection of 
the three-phase line. 
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