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There exists a class of systems, in which a salt in its molten state exhibits continuous miscibility
in a solvent. This situation is different from preparing a solution of salt in its solid state in a sol-
vent, which restricts the solubility of the salt and forms a biphasic system. In the case of continuous-
ly miscible systems, a single phase is observed, as the salt is in its molten phase, dissolved in a li-
quid. Organic salts, in general, have low melting points and thus, can offer easier experiments' con-
ditions compared to the inorganic salts. The properties of such systems display some interesting fea-
tures, such as anomalous viscosity behaviour, ion-pairing and predominant role of short-range inter-
action forces in determining the behaviour of these systems. Thermodynamic, surface, volumetric
and transport behaviour of such systems are described with a view to exposing their peculiar charac-
teristics. An application of Scaled Particle Theory for estimating the surface tension and compressib-
ility of these systems is explored with a reasonable degree of success. It is hoped that the analysis of
such systems as described herein, will throw light on the connectivity likely to be present between
molten and ordinary liquid phases.
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Since the development of Debye+Hiickel theory
some 70 years ago ', a large number of experi-
mental data on thermo dynamic and transport
properties of aqueous electrolytes have been col-
lected ', This experimental work led to the modif-
ications of the Debye-Hiickel theory applicable to
very dilute solutions}. Empirical, semi-empirical
md theoretical treatments have been limited to
the moderate concentrations of ionic solids in
aqueous and nonaqueous media. However, in last
two decades, a few operational approaches:' have
been found successful in describing the thermody-
namic properties of nearly concentrated solutions.
It is the role of solvent on the solute, which has
gained the attention of several workers in describ-
ing the thermodynamic properties of such sys-
terns>". Besides these developments, there exists a
class of systems comprised of salt and solvent
present in the liquid phase, which has not attract-
ed attention of workers. Since both the compo-
nents are in liquid state, it is possible to have a
system with a single liquid phase existing through-
out the composition ranges. Such systems are pri-
marily comprised of salts of organic compounds
and a few nitrates in nonaqueous solvent and wa-
tern. In a broader sense, salt mayor may not be
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Fig. I-Conductance, A(O) and ATJ(6) against XI for n-

butanol TP system at 364K; ref. 11.

fully ionized in the solvent depending upon the
dielectric constant of the solvent. Such territory of
the systems is of considerable theoretical interest,
particularly, if the dielectric constant of the sol-
vent is too low, in which the process of ion-pair-
ing occurs", A full miscibility still exists in the
range starting from an organic liquid to organic
ionic melt. A systematic investigation of these sys-
tems is expected to be useful in obtaining deeper
understanding of interactions present between a
pure organic liquid and a molten salt. Such sys-
tems are continuously miscible from pure organic
liquid to molten salts in a single liquid phase.
Three regions, which warrant these studies are
solvent rich, solvent poor and solute-solvent mid-
dle zones. On this account, an attempt has been
made to discuss the thermodynamic, transport,
surface and other related properties of such sys-
tems. It has also been shown that this class of sys-
tems is useful in organic reactions, electrochemi-
cal processes and crystallization.

Two properties, which are of immediate use in
this connection are conductance and viscosity.

Conductance and viscosity
The solution properties conductance, A and

visocisity, 'YJ are important tools to identify the
characteristics of such molten salt in solvent sys-

X,

Fig. 2-Plots of solvent activity a, for the (Ag, TI)NO),
NH4NOJ, LiN03, (Li, K)N03 and LiCI systems; ref. 9, lOb

terns. In the case of an organic salt with organic
solvent, ion-pairing is identified by the conduct-
ance, viscosity, and the Walden product A'YJ. In
general, an initial rapid decrease in A'YJ followed
by a more gradual decrease as a function of con-
centration are noted. Experimental data on con-
ductance-":'" have shown that incomplete disso-
ciation of such salts takes place at least in the di-
lute range. Ion-pairing in systems with monovalent
salts and organic solvent with low dielectric con-
stant is electrostatic in nature. The variation of A
and Ln with the solvent mole fraction Xl have
been shown in Fig. 1. The solute fractions of ion
pairs calculated by Davies theory 10 show a maxi-
mum and then decrease with respect to concen-
tration. In aqueous electrolyte solutions, ion-pair-
ing may occur only at higher temperature, as the
dielectric constant of water decreases sharply with
increase in temperature.

Vapour pressure and thermodynamic activity
In aqueous phase as a simplest case here, salts

like lithium and porassium nitrates have been
studied for their vapour pressures", For the sake
of illustration, these precise results on vapour
pressure are shown in Fig. 2 as the plots of activ-
ity of water over water-salt solutions through out
the composition ranges". In the present work,
mole fraction scale is preferred over other con-
centration scales. An examination of Fig. 2 shows
a vapour pressure curve analogous to vapour
pressure curves observed in the solution of non-
electrolytes". This is contrary to the observations
made in aqueous electrolyte solutions under nor-
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Fig. 3-Experimemal al against calculated al by PSM for n-
butanol-TP ( t::. ); anisole-TP (0) systems; ref. 11, 13

mal conditions3. Similar trends have been ob-
served for other salts as well. In these systems,
positive and negative deviations from the Raoult's
law are observed. In view of the analogy in the
shapes of the vapour pressure curves with those
generally found in non-electrolytic mixtures, it
may be possible to treat them by simple expres-
sions like van laar or Margules etc. tor lithium
and potassium nitrates, no ion-pair formation is
noted. As a matter of fact, a Debye Hiickel term
(DHT) for the long range interactions (Ir) and van
Laar or Margules terms for describing short range
interactions (sr) have been noted to be useful in
this regard6.11.lz. The equations are:

In al=lnxI+wlz~

In a2 = v(ln Xz +w2z1)

z, = nl1nl +vn2(b/bl)]

Z2 =vn21[nl(b/b2) +v~l
= l-zi

W2 = (bzlbl)wI

... (ta)

... (lb)

... (2a)

... (2b)
... (3)

..

In these equations XI and Xz are mole fractions
of solvent and salt, and a refers to the activity of
component. Parameter w indicates the non-ideal-
ity of the system arising from the differences be-
tween the intermolecular attraction for pairs of
like species and z is a van Laar parameter varying
with compositions of the mixture. In the above
equations, thed ratio indicated by bzl b, is the vo-
lume ratio of components. v is the sum of number
of cation and anion. If (b/b2) is unity, ZI and Z2

reduce to the mole fractions XI and Xz. The result-
ant expressions are given as:

In al = In Xl + WI rz
In Gz = v(ln Xz + w2x1)

... (4a)

... (4b)

t·o, ..~
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Fig. 4-Plots of activity, a, and solvent mole fraction XI for
the n-butanol-TP (t::.) (ref. 11) and anisole-TP (O)·(ref. 13)

systems: solid lines are calculated by PSM

Figure 3 depicts the experimental versus pre-
dicted activities of water in several systems at dif-
ferent temperatures. In addition to these equ-
ations, an interesting method called Brunauer-
Emmett-Teller (BET) has been proposed by
Stokes and Robinson". The central idea of this
isotherm is that a fused or molten salt can attract
water molecules presumably to the surface of
cations, much as water is attracted to the surface
of a crystal. As more water is added, the binding
energy per molecule decreases slowly and gradu-
ally to that of pure water in a solution or with a
multi-layer film. Unfortunately, this equation has
failed to reproduce experimental activity data
above XI= 0.65 in these systems. On the other
hand, the conventional equations like van Laar or
Margules offer greater convenience of a simple
form expressing the activity as an explicit function
of the mole fraction. This is equally true for the
activity of fused salt component. With this guid-
ance in mind, a search for a complete equation
required for nonaqueous system is followed. The
above sets of equations can describe the vapour
pressures of such systems, but for more rigorous
treatment as pointed above, the DHT should be
included in the model. The DHT useful in the
present case can be writtenas'? given in Eq. (5)
In al = (5001 Ml)O.5~ XlX~·5 l(t + pg.5xg·5) ... (5)

where MI, ~ and p represent molecular mass of
solvent, Debye-Hiickel slope and quantity calcu-
lated from hard-core diameter of salt, respect-
ively".

Equation (5) has been noted'? to be accurate in
representing the solvent activities in systems, like
(Ag, Tl )N03-H20 and (Li, K)NOr H20. Depar-
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Table I-Summary of results on the solvent activities analyzed by the PSM without and with ion-pairing

System TIK w, b/ bz 0 Ref.

(Ag,Tl)NOJ - H20
(Li, K)NOJ - H20
TP"-butanol

371.6
373.0
373.0

1.02 0.5
-0.89 1.2
-0.419 1.46
(-0.453) (1.25)
-1.437 0.27

(- 1.820) (0.25)
• tetra-n-butylammonium picrate; values in the parenthesis are obtained with ion-pairing.

(In a ,)
0.003
0.002
0.0091

(0.0089)
0.009

(0.008)
13TP"-anisole 373.0

lOb
9

11

ture from a random distribution of ions through-
out the composition range except in the limit of

. infinite dilution is caused by electrostatic forces.
Such a departure from the random distribution
does not vary with the composition in general ex-

Icept in very low ionic concentrations.
It has been noted that many salts, like quater-

nary ammonium salts are generally fully ionized
in several organic solvents, but some of them do
exhibit strong ion-pairing in the solvent rich re-
gion5•7•JO,II,I3. In true sense, a model incorporating
the effects accounting for long and short range
forces should be built up. Confirmatory evidences
for the strong ion-pairing, as pointed out above,
are available from accurate 't1 and A data. Some
examples are already shown in Fig. 1. The 'lA
product, though a microscopic property, can be
the best measure for degree of ionization over
wide ranges of composition in the case of LiCI04-

H20 at about 404.9K. Very moderate reduction
in the Walden product was shown to follow from
the dilute to concentrated solution. In the case of
fused organic melts, like tetra-n-butylammonium
picrate (TP) in n-butyl alcohol!', anisole 13, etc. at
364.1 K, a different trend is noted. In these sys-
tems, the viscosity changes less rapidly near TP
and A is almost constant. Due to n-butanol (die-
lectric constant = 9.4) an incomplete ionization in
salt poor solutions occurs. For the anisole based
system, strong ion-pairing is observed in view of
its very low dielectric constant!'.

Considering the importance of ionic interac-
tions in such systems, we undertook a systematic
collection of experimental data on transport, volu-
metric, thermodynamic and surface properties of
a system comprised of TP and anisole. The va-
pour pressure data showed positive deviation
from the Raoult's law as the case of Tl-butanol
system at the same temperature. It is important to
know that dielectric constant of anisole is three
times lower than that of butanol. The results on
vapour pressure of TP with n-butanol and anisole

are shown in Fig. 4. A recent model proposed by
Pitzer and Simonson II can be used for analyzing
the vapour pressure data. The main equation is,

!1mG/RT= !1mOr / RT+!1m o- / RT ... (6)

where the Gibbs energy of mixing term, !1Glr I RT,
of solute in solvent is given as a sum of long
range (lr) and short range (sr) contributions. The
long range or electrostatic contribution is calculat-
ed from van Laar or Margules equation as the
case may be. The equations for the fully ionized
system thus can be written as:

!1mG/RT= nl In Xl + 2~ In X2 + WI nlZ2

+4~(A/p)ln [(1 +pI/J5)/(1 +p/ 2:0.5)]
... (7)

where nl and ~ are the number of moles for
components 1 and 2 respectively. A,. is Debye-
Hiickel slope on the basis of mole fraction. Appli-
cation of the PSM has successfully demonstrated
the fitting of vapour pressure data for n-butanol
and anisole-TP systems shown as plots of al ver-
sus Xl in Fig. 4. Considering strong ion-pairing in
very dilute solution and for a rigorous account,
three factors i.e. Ion-pairing or association, De-
bye-Hiickel and, short range forces should be
considered in a thermodynamics model. Most ac-
curate evidence for the ion-pairing is obtained by
conductance data. Ion association constant, K x for
the ion-pairing is given by expression (8).

K x= (~/ xT) exp ((2,,[(2/ p) In (1 + plxo.S)
+(t;5)-r.,S)/{1+pll.5)]} ... (8)

The revised expression based on for estimating
the solvent activity as obtained from the use of
Eq. (7) and from the knowledge of Kx, is given by
Eq.(9)

In al = In Xl + WI z~+ (2AxP.·s /1 + pll'S) ••• (9)

Using the K, value estimates of mole fractions
are given by Eq. (lOa)
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Fig. 5-Change in viscosity ~)l as a function of X2 for ani-
soie-TP system at 364 and 383K; ref. 13

... (lOa)

Xp= n2/[n1 +(2-a)n2l

x Ip = n/[nl + (2 - a)n2l

where a as degree of ion pair formation
The mole fractions calculated from Eq. (10) are

inserted in Eq. (9) to account for ion-pairing, the
original mole fraction values appear in the calcul-
ations. The values of K, are taken from the listed
conductance data", The calculated results for
several systems obtained from the PSM are listed
in Table 1, where the calculations are performed
both with and without ion-pairing process. It is,
however, recommended that a full version of the
PSM' be used for the calculations of thermody-
namic parameters of such systems. Depending up-
on a system contribution of the long and short
range terms may vary, but the most important fact
is the net effect of short range forces, which is the
primary determinant of the thermodynamic pro-
perties of these solutions'",

An intriguing situation has been noted with re-
spect to the viscosity behaviour of this system.
The viscosity of the solution reduces dramatically
about 100 times, when very few moles of solvent
are added inionic melt. This observation shows
anomalous behaviour as normal equations of vis-
cosity cannot account for it. No theoretical analy-
sis exists for such a drop in viscosity. Attempts
are being made in this direction. Results on ex-
perimental data for several other systems in this
laboratory have conformed this observation. In

... (lOb)

... (lOc)

,·°r-----------"J:l"Ci'<:IXl3

o
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Fig.6 - Plots of activity and activity coefficients on surface, as!
and Y'l as a function of XI for anisole-TP system 0'1(0); y'l( t:,. )
and AgNO, - TINO, - Ca(N03)1 - H20 (D); ref l Oc.

Fig. 5 the viscosity behaviour of anisole-TP sys-
tem, for example, is depicted in the form of plots
between n and x2• It has been noted that the acti-
vation energy decreases nonlinearly upon the ad-
dition of TP in different solvents. In literature,
several theoretical equations have been used to
account for the variation of 'l1 with concentra-
tiorr", In a recent work 13 reported from this la-
boratory, a modified equation based upon the ex-
pression of Mahiuddin and Ismail!" has been ap-
plied successfully. The equation is of the form

'l1 = 1'] exp (box~+ b!x~ + b2X'd) ... (11)

Where bo, b, and b2 are adjustable constants and
'l1 t is viscosity of pure solvent. The viscosity data
for such system can be fitted to within 1.6%. An-
other property of considerable importance to ar-
rive at structural information on the interactions
of the salt solvent system is surface tension of the
system. The surface tension data of these systems
do not exhibit any peculiar behaviour. These data
at different temperatures can be used to yield en-
tropy and enthalpy of surface. The activity of sol-
vent in the surface phase are calculated using va-
pour pressure data 15.16. The activity and activity
coefficient of solvents in the surface phase for a
few systems are shown in Fig. 6.

In terms of theory of hole formation in
liquids 17, the free energy of hole formation calcu-
lated from surface tension data should be equal to
the molar free energy of activation of viscous
flow. An example is depicted in Fig. 7, where I:!J.G
calculated from surface tension at constant com-
position is plotted against x}, the mole fraction of
liquid solvent. The agreement indicates that the
formation of hole is an essential step for the viscous
flow in systems.
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1'0

Fig. 7 - Plots of l'lG calculated from surface tension data
against Xl. System anisole-TP(o) (ref. 13); AgN03-TL.'l"DJ-
HAl'l) ref. (lOc).

A possibility of applying Scaled Particle Theory
(SPT) to the systems

With regard to the theoretical treatment of such
systems, it is of interest to consider the Scaled
Particle Theory (SPT), which has found many ap-
plications in quantifying energetics of mixture of
hard spheres, real fluids, surface tension, solubilit-
ies, microemulsions, liquid crystals 18, etc. For the
systems comprised of two components of very
different sizes, the hard sphere model normally
used for pure liquid molecules yields inaccurate
estimations of the energetics. A mixing rule based
on mole fractions of the components is necessary
to calculate the mixture property. The linear mix-
ing rule, however, is not a rigorous approach. Le-
bowitz et al.19 and later Kumar" extended the
pure component theory of hard sphere systems to
calculate surface tensions of real systems. The
theory is based on the consideration of an ap-
proximate expression for the work of adding an
additional hard sphere to a mixture. Thus, the ex-
pression relating (J to the coupling parameters

(J = W"(O)/83t

= (3kTI23tX2[~1 /(1- ~3)] + 3[~2/(1- ~3)]21
... (12)

In Eq. (12) W'(O) arises out of the cubic ex-
pression of W(R), i.e. the change in the configura-
tion part of Helmholtz free energy upon adding
the solute hard sphere particles of radius r to the
system. The term 0 is

m

b1 = 1/6" L pi'(2r;)1
i-I

... (13)

The radius r, signifies that a fluid' particle of spe-
cies i can come only as close as (r+ r;) to the cen-
tre of a solute particle. The reduced density,

•
',2 •
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Fig. 8-Excess surface tension, aU versus Xl for TP-anisole
system. Lines are predicted values; ref. 13

p;=N;lQI ... (14)

where N; and Q are the number of particles and
volume, respectively.

The equations are tested against compressibility
or surface tension data. The most difficult test for
the validity of these equations is to predict excess
surface tension, when hard sphere diameter for
TP and anisole are used. The hard core diameters
for TP and anisole are 7.2 A.. and 5.61A.., respect-
ively. The excess surface tension is defined by:

... (15)

In Fig. 8 are shown the numerical results on (Jex

as a function of ~ l' During the calculation suffi-
cient care is taken to ensure the use of correct ra-
dii. An examination of Fig. 8 shows that the sign
of the excess surface tension is correct. Secondly,
predictions in the solvent rich solutions is nearly
accurate. Our recent calculations have shown that
the proposed SPT is unable to describe the
symmetry of curve. The reasons for the deviations
in the symmetry region are currently being inves-
tigated.

Future work
Out of several aspects, one can investigate the

treatment of short range interaction forces and
how they influence the behaviour of the systems
discussed above. As noted earlier, the quantitative
explanations for the anomalous behaviour in
transport properties like viscosity warrant atten-
tion.



SEELAN et al. : TIffiRMODYNAMIC & TRANSPORT PROPERTIES OF IONIZED SOLlITES IN MOLTEN STATE 127

Acknowledgement
Authors are grateful to DST, New Delhi for the

support of this work through a research grant No.
SP/Sl/H-29/94.

References
I Debye P & Huckel E, Phys Z, 24 (1923) 185; 24 (1923)

305.
2 For summary see: (a) Pytkowicz R M, Activity coefficients

in electrolyte solutions, (CRC Press: Boca Raton, FL)
1979. and Horvath A L, Handbook of aqueous electrolyte
solutions, (John Wiley, New York) (1985), (b) Robinson
R A & Stokes R H, Electrolyte solutions (Butterworths,
London) 1959.

3 Harned H S & Owen B B, The physical Chemistry of
electrolytic solutions (Reinhold, New York), (1943).

4 (a) Pitzer K S, J phys Chern, 77 (1973) 268, (b) Fried
man H L, Ionic solution theory, (Wiley Inter-science, New
York), (1962), (c) Patwardhan Y S & Kumar A, AJChE J,
32 (1986) 1419; 1429 (d) Kumar A, Fluid Phase Equi/,
43 (1988) 21, (e) Kumar A, Chern Eng Comrn, 66 (1988)
201, (f) Kumar A, Can J Chern Eng, 71 (1993) 948,
(g) Stokes R H & Robinson R A, J Am chem Soc, 70
(1948) 1870.

5 (a) Seward R P, J Am chem; Soc, 73 (1951) 515, (b) Se-
ward R P, J phys Chern. 462 (1958) 758.

6 (a) Pitzer K S, J Am chem Soc 102 (1980) 2.902. (b) Pit-
zer K S, J phys Chern 88 (1984) 2689.

7 (a) Bien G S, Kraus C A & Fuoss R M, J Am chem Soc,
56 (1934) 1860 (b) Yao N P & Bennion D N, J phys
Chern, 75 (1971) 3586.

8 (a) Braunstein H & Braunstein J, J chem Thermodyn; 3
(1971) 419, (b) Trudelle M C, Abraham M & Sangster J,
Can J Chern, 55 (1977) 1713, (c) Abraham M, M-C
Abraham & Ziogas I, JAm chem Soc, 113 (1991) 8583.

9 Tripp T B & Braunstein J, J phys Chern, 73 (1969) 1984.
10 Davies C W, Jon association (Butterworths, London),

(1962) chapter 10.
11 Pitzer K S & Simonson J M, J Am chem Soc. 106 (1984)

1973.
12 Pitzer K S, Ber Bunsen-Ges Phys Chern, 85 (1981) 1952.
13 Kumar A. JAm chem Soc. 115 (1993) 9243.
14 Mahiuddin S & Ismail K, J phys Chern 87 (1983) 5241.
15 Guggenheim E A & Adam N K, Proc R Soc London

A139 (1933) 218.
16 Butler JAY, Proc R Soc London, A135 (1932) 348.
17 Furth R, Proc Cambridge Phi/os Soc 27 (1941) 252.
18 Reiss H, J phys Chern, 96 (1992) 4736, Reiss H, Frisch HL

& Lebowitz J L, J Chern, 32 (1960)1 19.
19 Lebowitz J L, Helfand E & Praestgaard E, J chem Phys,

43(1965)774.




