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ELECTROLYTES: FROM DILUTE SOLUTIONS TO FUSED SALTS
~ Kenneth S. Pitzer

Contribution from Department of Chemistry and
Lawrence Berkeley Laboratory,
University.of California

Berkeley, CA 94720

ABSTRACT: Solutions with compositign extending coﬁtinuously'
from molecular liquids such as water to‘fused salts are
relatively unusual but of considerable interest. Conductance
and thermodynamic properties are considered for several
examples. New equations for the activities of the respective
components represent the data more accurately than previous |
treatments and délinéate the'simiiarities and differences

between such systems and nonelectrolyte solutions.



Electrolyte systems extending in the 1iquid phase.from
a dilute solution in a polar molecularvsolvent (éuch.as water
or an alcohol) to a pure fused salt constitute an interesting
but infrequently studied type. In aV1954 article with the ' _ A

1 summarized the information.

same title as this paper, Kraus
then available concerning sucﬁ éystems_‘Kraus'emphasized
-measurements of conductance but also considered the few
thermodynamic data then available for such systems. In the

- following 25 years, the vapof pressure and thereby the activity
of water has been measured for the sYstems (Li,K)NOS-HZO

-H,0 over the entire range from pure water to

3 :
- : . . nearly .
fused salt. In each case there is a fixed,/equal ion fraction

and (Ag,TL)NO

of cations éb that either can be regarded as a two-component
MNOSFHZO system. The mixing of the salts .reduces the melting
point and allows the experiments to be carried out at low
pressure near 100°C. | | | |

With the avéilability of these thermodynamic data it
seemed worthwhile to examine again the nature of these novel
systems. A new interpfétation will be given to the thermo-
dynamic data whichvhés many advantages over that-previously
presented; although it uses a fdrm-of equatibn'which has been

commonly used for nonelectrolytes. _ : ' ' : A

Conductance

Before dealing in detail with the thermodynamic data,
it is desirable to review the situation with respect to con-
ductance, both as Kraus described it and as it has changed

since. The appropriate function giving a simple picture of



the character of. the solution is the product of the equi-

“valent conductance and the viscosity, nA. Figure 1 shows

the results for two systems from the measurements of Campbell
and Paterson2 and Campbell, Debus and Kartzmark.3 - In the
dilute aqueous solution the well-known electrostatic effects

cause a reduction in conductance from its limiting value as

-explained by Debye and Hiickel4 and Onsager.5 These data

follow the theoretical?equations-for a fully ionized solute

as far as they are valid, ahd it now appears to me, as it
did_to'Kraus, that there is no reason to assume other than
complete ionization at higher concentration. In the middle
range the nA product passes through a shallow minimum bﬁt, in .

the absence of an exact theory, it is not possible to draw

‘any precise conclusions. The near constancy of the nA

- product, however, suggests continued full ionization. The

increase in nA in approaching the'pure fused LiClO3 is
striking;. For the addition of a little watér to the fused
salt, the;visc0§ity decreases faster than the'conductance
increaéesd_ The writer is not aware of any theoretical analysis
of this region; such a.study’would be interésting.

There are also organic systems which have been investi-

gated over the full range from dilute electrolyte solution to

~fused salt. An‘exampie is tetra-n-butylammonium picrate in

n-butyl alcohol, measured by Seward6 and discussed by Kraus.1
In this case there is ion-pairing in the dilute solution range
with a sharper drop in the nA product. The minimum in nA

occurs at about 5% salt after which that product rises to



about the same value as it had at infinife dilution in the
alcohol solvent. Thus there appears to be a re-dissociation
in the intermediate composition range. This redissociation
puzzled Kraus but it is explained by Davies.7 : _b S .
With this brief review of the sitﬁation with respect to

conductance, we turn to the thermodynamic data.

Activity-Preliminary Survgx_-

The activity of water is given by its vapor pressure
'above.the solution; this has been measured for (Li,K)NO,-
_ HZO by Tripp and Braunsteing8 for that'system, for LiNOS—HZO,
and for several others by Braunstein and Braunﬁtein,g for
: LiC1-H,0 by Gibbard and Scatéhard,10 and for '(Ag,TZ)NOS-HZO
bvarudelle, Abraham,@ndSangster.11 Robinson and Stokes12
summarize eaflier results for‘other systems including
NH4N03—H20. The act1v1ty of water for many of these systems
is Shown in Fig. 2. The comp051t10n Varlable is the mole
fraction on an ionized basis, i.e., xX; = nl/(n1 + vnz),where
ny and n, are moles of.water'and Salt, respéctively, and v
is the number of ions in the salt. On this basis Raoults
law appliés in the very dilute range, with the Debye-Hlckel
(1923) coxrection applicable as the concentéétion incréases.
The similarity of the curves on Fig. 2 to those for non-
electrolyte solutions is striking. The dashed line represen—'
ting a; = Xx; can be called "ideal-sblution:behavipf".for these
systems, as it is for nonelectrolytes; but it is realized that

a statistical model yielding that result would be ﬁore,complex



for the ionic case. Also the Debye-Hiickel effect is a
departure from this ideal behavior. Nevertheless, it seems
worthwhile to explore the use for these systems of the simple
equations for nonelectrélytes. One df the simplest and most
successfui had its origin in the work:of van Laa_r13 and has
been widely used since. Prausnitzl_4 discusses this and
related equatibns as'well as the'contributions/of Margules,
Hildebrand, Scatchard, Guggenheim, and others.to this topic.

For the activity of either‘compdnent, referenced to the pure

- liquid, one has

2 . 1
n gl = 2n Xy * WyZ, : | | (1a)
" &n a., = in X, + W 2.2 ‘ (1b)
2 2 T WP - |
?1 = nl/[n1+vn2(b2/bl)] o | (1;)
‘2, = vn,/[ny(by/b,) + vn,] =1z (1d)
WZ = (bz/bl)wl‘ . - : | (1e)

Note first thaf,if (bl/bz) is unity, 21 and zZ, reduce to the
mole fractions Xy and'xz. ‘Then one has the even simpler'
equations

2n X; + W X, (2a) .

in al

o | n a, = Qn X, + W oxy" (2b)

~In either equations (1) or (2) the non-ideality parameter w

(sometimes written w/RT) arises from the difference between

the intermolecular attraction of unlike species as compared



to the mean of thé~intermolecu1ar attraction for pairs of iike
speciés. The second parameter in équation (1), (bl/bz), is
sometimesvascribed to the ratio of the volumes of the molecules
or to the ratio of molal Volﬁmes in the liquid. (Originally
van Laar related'bl and Bz’to the b quantity in the van der waals
equation, which is in turn feléted to the volume of the
molecules,.but this relationship to an approximate equation
for the imperfect gas is less useful.) In somé systéms,
especially.metallic solutions, equafion (1) is still quite
satiéfactory but (bi/bz) departs greatly from the ratio of
‘molal or atomic volumes. For fused salt-water mixtures it
seems best to regard (bllbz) as a freely adjustable‘parameter
and subsequently.to compare the values with ratios of“molal
volumes. ‘ |

Eqﬁation tl) was fitted to the two systems remaining
liquid over the full range of comﬁosition with the results
wy = 1.02, (bl/bz) = 0.50 for (Ag,TL)NOS—HZO and Wy = -0.89,'

(bl/bz).= 1.2 for (Li,K)NOs-H 0. Water is component 1 and

2
. the Salt component 2. For the latger system the simpler
equation (2) serves élmost as well Withrw = -0,80 (this implies
bl/b2 = 1.0). The calculated curves based 6n‘equation (1) afe_
.compared with the experimental data in Fig. 3 where it is- |
apparent that the agreement is excellent.

| This treatment of very concentrated eléctrolytes in a
manner analogous to that of nonelectrolytes seems to me to be

the simplest and most useful initial approach, but it has not

been used to the writers knowledge. A favorite method has:

R



been the use of the Brunauer-Emmett-Telier adsorption isotherm
as proposed Ey Stokes and Robinson.15 Here the rationale is
that the fused salt can attract water moleéules, presumably
to_fhe surfaces of the cations, much as water is attracted to
the surface of a cryStal. As more water is addéd, the bindingA
energy per molecule décreases gradually to that of pure water
in a dilute solution or with a multilayer film. Braunstein
and Braunstein9 and Trudglle, Abfaham,_and Sangstefll sum-
mérize the results of fitting seferal sets of recent data to.

the BET equation which is
- aw(l-xw)/xw(lfaw) = 1/cr + (c-1) aw/cr. (3)

Here aw = a; is the activity of wéter, X, is its mole fraction
on an unionized basis and both c and r are émpirical_parameters.
While this equation fits reasonably well up to X, = 0,65, the

fit {svnot,as good as that for eqUatiOn (1). Above X, = 0.65

the B.E.T. equation is much less satisfactofy.' Also equations

(1) and (2) have the great convenience of a simple form expres-
sing the activity as an explicit function of the mole fraction

and an equally simple expression for the activity of thé fused

'salt component. With this preliminary survey, we now consider

a more completé equation ingluding a»Debyg-Hﬁckel term.

Activity-Further Consideration

Although equation (1) gives a remarkably accurate repre-
sentation over most of the compositibn range of the activity
of water in a water-fused salt system, it becomes somewhat in-

accurate for dilute solutions in water and it does not include



the Debye-Hiickel limiting léw. Clearly'electrostatic forces
cause a departure from a random distribution of ions throughout
the composition: range except in the 11m1t of infinite dilution.
Possibly this departure from randomness is nearly constant at
most compoéitions; this would be consistent with, but probably
is not required for; the observed agreement with equation (1).
In ény case, the iohic distributidn does become réhdom in

the 1limit of zero solute concentratidﬁ, and it is desirable
tovinclude this aspect in a moré complete eqUatioﬁ. This can
be accomplished by adding a Debye-Hiickel term to eqﬁation (1).
We wish to use mole fraction (on an ionized basis) as the
measure of composition. Also it seems best to adopt an exten-
ded foronf Debye-Hiickel equation which gives some recognition
to the repulSive forces between ions. The form'obtained'by

16,17

the writer from the pressure equation of stétistical

mechanics 1is espec1a11y simple for the solvent activity; with
’conver51on to a mole fractlon ba51s, the electrical contrlbutlon

to the act1v1ty coeff1c1ent of the solvent becomes

el 1/2

zn R 2(1000/M )1/2

3% asr,Yh @

Aylx

where A, is the usua1 Debye—Hﬁckel.parameter'(for molality

¢

and the osmotic coefficient)

A, = 1/3(2mN,d,/10000 2 e /miery 2 )

IX is the ionic strength on a mole fraction basis

I, =75 2% | | (6)

—
4
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‘the 1.2 by the factor (1000/M;)

where X5 is the mole fraction of ion i. Also p is a parameter
related to the closest approach of ions but increased by the

1/2 from the parameter b used on the molality

factor (1000/M,)
basis.

- For our case of a 1-1 electrolyte these equations reduce ‘:

: 1
to I =5 X, and

en yil = (500/M1j1/2 A¢x23/2/[1+(p/2

1/2 1/2

)x, 4] (7)

In our earlier work16 we found a value 1.2 was optimum °
for the '"closest approach" parametér for a variety of simple
electrolytes and with the use of particular forms for the terms
expressing the effects of short-rahge forces. Conversion of
1/2 yields p = 8.94 on the new
basis. But the expression for the effects of short range
forces is now different, equation (1), hence.it_seems reasonable
to allow p to be adjusted provided the result is of the same
generallmagnitude. Also to maintain'simplicity in equations |
for more ¢omp1ek mixed electrolytes, it is desirable that p

should have the same value for a wide variety of salts. For

the two examples considered here a somewhat larger value, 14.9

(corresponding to 2.0 on the old basis), seems quite satisfactory.

A:somewhat different choice may be desirable eventually, when
a larger body of data can be considered.
If this expression for the electrostatic contribution is

combined with equation (1), we have (for a 1-1 electrolyte)

&n Yy < lez + (500/M1)1/2‘A¢X23/2/(1+p2—1/2ﬂle/2) (8a)

ap = Xqvy- S (8b)
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vThis expression fits the experimental data for the two systemé
(Ag,Tz)NOS-HZO and (Li,K)NO;-H,0 very well with standard
deviations in ay of 0.003 énd~0.002; respectively. The para-
meters ére Wy = 0.835, (bi/bz) = 0.56 for‘ (Ag,Tl)NOS-HZO 7 v
at 98.5°C. For (Li,K)NO;-H,0 the data are at {119°c near the
fused salt and at 100°C for the less concentrated solutions.
Since w represents an energy divided by kT, the w values were.
'adjusted correspondingly, with the result wy =‘-1;124 at
100°C, -1.070 at 119°C, (b;/b,) = 1.0. The Debye Hiickel
vparameter, A¢ = 0.461 at 100°C was taken from Bradley and
Pitzer.l8
. A few words are needed at this pbint concerning the
measure of composition of salt components and the definition
of their activities.and activity.ccefficienfs. One cannot
. use the familiar molality basis’' because the moiality becomes
ihfinite for the pure salt. vAlso.we wish.the sum of mole
fractions to be unity; hehce we include the number of ions
in thé salt in the definition of its mole fraction in contrast
to the practice for the molality of a salt, We use‘the mole
fraction for each ion as well a$ that for the complete salt

and for the molecular component. . Then if n, is the number of

moles of the ith ion'with'n1 the number of moles of molecular

[ 200

component,

= ni/(n1+2nj) - (9)

x; = nl/(n1+2pj), Xy

with the sums including all ionic”species. Also the moleV "

fraction of the salt is the sum over its constituent ions



X, = I X:. (10)
One then defines activities and activity coefficients as

al = X7Y4 _ (11a)
(11b)

However, one does not ordinarily measure the activity of an
jon but rather that of a neutral salt; hence one must define

for a simple neutral salt MX

) ) 2
ayx = awx = XExTmxe - a2

If there is but a single solute,.y+ = YMX<and Xy = Xy
1/2 Xy, consequently '

2 2 '
a; = ayx T Xy v, /4. - @3

Note that the factor of 4 arises because X, 1s the sum of

mole fractions Of_both jons whereas in the usual definition

m is the molallty of either ion.

For more complex types of salts such as CaC12, A1C13, etc.
the formulas become more complex but in a manner analogous to
those19 for the conventional mblality basis. ‘In.general for
three component systems MX-NX- 1, fhe activities and activity
coefficients can be measured separately for MX and NX if the
proportion of these components is varied. But the data we are
consideriﬁg is for fixed (and unit) ratio of Xy to xN;‘hence-
only the average chemical potential or the geometric mean of

activity can be determined. Thus for the apparent single salt

11
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1/2 _ 2
= (xMxNxX )

) C 2 172 '
a, = (ay@yax ) )

2 2,. | : i~
X2 Yy /8 A S , (14)

) 1 _ L | . ,
with X, = 5 Xy = 1/4 Xy 1/4 XN apd Y, is the geometric mean

" of the activity coefficients of MX and NX.
The expression for the-electrostatic contribution to the
activity coefficient of the water, equation (4), is consistent

with the following equation for the electrostatic excess Gibbs

energy.

¢l pr = - (z nk)(1000/M1)1/2(4A¢Ix/°) “ncl*plxllz) (15)

where the sum includes all species, neutral as well as ions.
- .The derivative yields for the activity coefficient of any

species .

tny, = -(1000/1\41)1/2 A¢{(2ziz/p) 1n(1+pIx1/2) .

M e M Y asery ) - (16)

which reduces to equation (4) for a neutral component wifh
z; =.0.' For various valence types of solutes, the result
given in equation (16) can be combined for the appropriate
charges of the ions to obtain the mean activity coefficient.

In the case of 1-1 salts, this is trivial and yields

en oy, = =500/ Y2 R, 0232 70) amuse2” M BTy

12

(le/z"xzs/z)/(1+02f1/2 le/z)}' ~oan
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For the complete expression for the activity coefficient

of the solute, alternate standard states must be considered.

If the pure fused salt exists at the temperature of interest,

it is usually preferable to take it as the standard state,

.yj = 1, at X, = 1, then for a-l-l electrolyte

1/2 1/2

SLn.Yir = WyZq —(SOO/M ) A¢{(23/2/p) zn[(lfpz 1/2 X, )/
@ V21 + V2w 0 ez 2 M Yy
(pure salt standard state). | - - (18)

The standard state based_on'the infinitely dilute solute
must be used if the pure solute is not liquid or may be desired

for comparatlve purposes. This basis, Yy = 1 at xz =0,

' requ1res Just a change in equatlon (18) by a constant and

YIGldS

in vy, = (2 7-1) - (s00/M)Y P A [(23/2/p) S VI 1/2) ;

1/2 3/2

-X, )/(1+p2 -1/2 X, 1/2

(x, )] (infinitely dilute

standard state). _ 3 . - (19)

The attivity coefficient curves, including_thoée for the
electrosfatic terms separately, aré shown on Figures:4 and 5
for the two’systems (Li,K)NOS-HZO and (Ag,T2)NO;-H,0, respec-
tively. Experimental points for Yl arebshowh'(except those
at 119°C for which a separate curve wbuld be needed). It is'a

numerical accident that the two standard states for Y+’yie1d
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results so nearly the same as to be indistinguishable on
Figure 4. The meaning of these results is- discussed in the

next section.

" Discussion

[

‘Most apparent on Figures 4 and 5 is the large eleCtrb-
static effect for Yt‘as compared to the smail effect'for Yq
in the'region of dilute aqueous solution. Thus, without the
guidance from Debye-Hﬁékel theory, Qne’would not obtain even
approximately correét curves for thé‘activity‘of.the salt on
~the infinitely dilute standard state. However, on the fused
salt standard state;'where Yt’= i at‘x2.=-1, the major portion
ofAthe curve for y_ is reasonably‘well defined by the experi-
ments on water activity with the_siﬁple equations of the non-
- electrolyte type. |

*The postulate mentioned above, that the departure from
random distribution of ions is roughly constant from concen-
trated solutions through'to‘the,pure.fused salt, is Suﬁported} ‘u
by the relative cohstancy’of Yfl over that range of composition.
There'is, of course,.somé ambiguity in the separation of the
electrostatic effeét; henCe; this postulate cannot bé proven
exactly from data such as“théﬁe.-

It is interesting to compare volumetric datézo with the
ratjo (bi/bz) from the activity equations. For (Li,K)NO;-H,0
the ratio of molal vblume of water to the average volume per
ion is 0.87. The more exact equatiOn'with.the Debye4Hﬁcke1
tgrm was fifted with (bl/bz) = 1.0 whereas ﬁhe more approxi-

‘mate equation fitted rather well with either 1.2 or 1.0 for



i

]
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this ratio. For the system (Ag,TQ)NOS-HZO, the experimental
volume ratio is 0.82 while the (bl/bz) values are 0.56 from

equation (18) or 0.50 from equatipn (1). While the (bl/bz)

‘ratios are in the general vicinity of the volume ratios in

: [
each case they depart in opposite directions in the two examples.

Thus other factors in addition to molecular volumes affect
the (bl/bz).valﬁe fof these systems as is the case for inter-
metallic éblutions and to some extent even for organic
molecular solutions.

Further study bdth theoretical and experimental, of

these fused salt - molecular liquid systems will be interesting.
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Figure Captions:

Figure 1.
Figuré 2.
Figure 3.

'Figure 4.

Figure 5.

The conductance-viscosity product for water-salt

solutions over the full range of composition.

The activity of water for water-salt solutions

over the full range of composition.

_Comparison of the experimental activity of water

with that calculatéd'from Equation 1.

Act1v1ty coeff1c1ents for both water and salt for
the system (Li, K)NO HZO at 100° C | It is a
numerical accident that the curves for'y+»based

" on the pure 11qu1d or the infinitely dilute
standards states are 1nd15t1ngu15hable on the

scale of the graph.

Activity coefficiénts for both water and salt for
the system (Ag,TR)NOS-HZO'at 98°C;"Separate
curves'give Y, on the pure liquid standard state
(above) and.the infinitely'dilute standard state
(below).
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Figure 1. The conductance-viscosity product for
water-salt solutions over the full
range of composition.
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' Figure 3. Comparison of the experimental activity

of water with that calculated fro

- Equation 1.
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Figure 4. Activity coefficients for both water
and salt for.the system (Li,K)NOS-HZO
at 100°C. It is a numerical accident
that the curves for y, based on the
pure liquid or the -
standards states are indistinguishable
on the scale of the graph.

infinitely dilute
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(Ag,THNO3—H,0
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Figure 5. Activity coefficients for both water
and salt for the system (Ag,TQ)NOS-HZO
at 98°C. .Separate curves give y _“on”the
pure liquid standard state (above) and

the infinitely dilute standard state
(below).
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