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ABSTRACT

A theory of surface tension developed by using the approximation that

surface of liquids consists of 2 monomolecular layer has been applied to the

molten salts (NaCI, KCI, NaBr, KBr) and the strong electrolyte solutions,

By considering that the ionic forces are the long-range forces and with the

use of the partition functions developed, the surface tension of molten salts and

strong electrolyte solutions has been calculated.

The results show good agreement between theory and experiment at various

temperatures and over a wide concentration ranges (0.1-4,0m)

but a few approaches (4,5) have been offered

I. Introduction . theoretically toward an understanding of the

surface tensions of them.

Up to now, a number of studies have been To evaluate the surface tensions of liquids,
carried out concerning the experiments of molten Kirkwood and Buff (6) used the radial distri-

salts and strong electrolyte solutions (1,2,3), bution function method, whereas others (7-12)
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used approximate models to simplify the
calculations.

Chang et al (13) proposed the theory of
surface tension on the basis of significant
structure theory of liquid and calculated suc-
cessfully the surface tensions of simple liquids
by iteration method. On the other hand, Ree,
Ree, and Eyring (14) developed a simple
equation in closed form to calculate the surface
tension by assuming a monomolecular layer
approximation.

However, this equation includes the Len-
nard-Jones 6-12 potential, whose characteristic
constants are only available for simple liquids.

IL. Theory

A. Partition Function of Bulk Liquid

Recently Lu, Jhon, Ree and Egyring (15)
have derived a new simple equation of surface
tension by introducing the menolayer appro-
ximation and applied to simple liquids, polar
liquids, and molten metals. The applications
of the above theories, however, result in very
large deviation with the observations for the
surface tension of molten salts and electrolyte
solutions.

In this paper, with the use of the partition
functions for the molten salts and electrolyte
solutions, we evaluate the surface tensions by
considering that the forces hetween ions are

the long-range forces.

According to the significant structure theory of liquids, the partition function for

a bulk liquid (16-18) is given by

aE, V,

fn= [f, {1 +n(~\%)exp(

(V—=VRT

)}]NV, /V(f,)N(V—V‘ YV (1)

wheref, and f, are the partition functions of the solidlike and gaslike mole-

cules, respectively, V is the molar volume of the liquid, V, is that of the solid at

the melting temperature, N

is Avogadro’s

number, E; is the sublimation

energy per mole at the melting point, R is the gas constant, T is absolue temperature,

n and a are the constants which are evaluated theoretically.
The partition functions, f; and f;, are written as follows;

fi= exp(E./RT)
T T (1—exp(—8/T))®
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Here, J(T) is the partition function for internal degrees of freedom, @ is the
Einstein characteristic temperature, k is the Boltzmann constant, h is the Planck

constant, and m is the mass of the molecule,
B. Partition Function Involving the Liquid Surface
In accordance with Ree, Ree, and Eyring(14), the partition function involving

the liquid surface is given by

f’N=f’ . fB tevvasERTIINOIRIARERASEOONITAEOI Y
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where f’ is the partition function for the surface molecules, and f5 is that
for the bulk liquid molecules, The {' and fz are written as follows;

£ (Y Yous{ — BN WPV (LN VN )

fa= [fs {1 + n( VV': v )exp( -(T‘ﬂ:q'{_}%_ﬁ)}]l\fsvs /V(fs )NB(V —VaVv,., ®

Here, N, the total number of liquid molecules is equal to N’, the number of surface

liquid molecules plus N, the number of bulk liquid molecules and the prime denotes
the values for surface liquid molecules,
From Egs, (4) to (6), one obtains

Infy=N "X'— [Inf : {1+ﬁ’(V—V, )/V, « exp(—a’E}V, /(V—V,)RT)}

—Inf, {1 +a(V—V,)/V, + exp(— aB, V, /(V =V, )RT)}] S Infpeeenenns 7

C. Derivation of the Surface Tension Equation
According to the thermodynamic definition of surface tension,

_/BA
,}._(_a_g_ LY, T s 8

where @ is the surface area, and A is the Helmholtz free energy, ie., A=—kTlfy
Assuming a random distribution of fluidized vacancies, Nc, the total number of

sites available for molecules on the liguid surface, is given as Ne,= \‘; ).'I”here-
fore, =wNe, where w is the area occupied by one molecule,
Then, Eq. (8) may be written as
L OA - 0A
Y= I(“S_N?)N,V,T_ - 1( )(8N’ )N N T (9
With Egs.(2) through (9), one obtains
y= m“(¥ ) BT [Inf, —Inf,qIngy Jrreconrsronesmisnn. ao
whete
V-V, aE,V,
147 exXpP\ — 7T o }
lngr =in { ( Vs ) ( V=V, )RT) ................................. (11)

P (57, )esol = S )

Since a’ and n’ are not very much different from a and n, and g, becomes quite

close to unity, Ing, is assumed to be zero.
Thus, Eq. (10) becomes

ry__.w—l(%)gk,r [Infs —Inf]] oreeererseencrtrmesniomisnionioninianienien st 12)

Introducing the partition function of the molten salts (19) into Eq. (12), the
surface tension of the molten salts is given as
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(V )1/3
Y= ( ‘{;’ ) kT[(E‘— igT +6ln{l —exp(—0'/T)}

—gln{l _e‘xp(_G/T)}] .......................................... (13

Putting the partition function of electrolyte solution (20), and that of the first
layer which considered the molecular orientation (See Eq. (14)), into Eq. (12),

fé=[ eXp( EI‘QS'GI]" ) Tn’N (K1) TR (Kg) Sea . lexp sil{*% ) .
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‘ {( h? ) N 2h% pX RTiul— e""‘"l/”
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The surface tension of the electrolyte solution becomes

vzm_l(%)kT[__L{E —E, + +6in(1—exp(—0'/T))

55.514+m RT
_ 55.51—m’ (V.Y ( Ewmo—Elno
—6In(1 —exp( Q/T))+‘W (V) { RT
+5 In(1 ~exp(~0'/T))~5 In(1~exp(— 8/ T) +InrL 5,
2r 2 1 ET)V2 2.9 SOOI
—in o F'X « sink 5T }] 15)
In Egs. (13) through (15), w in represented by the following equation;
— 5 273
@=%¢352 =_1{§3L(VM2/N) ................................................... 16

where b is the nearest-neighbor distance and is given by (V,4/2/N)t for close
packing,

II1. Calculations and Results

A. Determination of E, and ¢

In the molten salts and strong electrolyte solutions, the forces between ions are
long-range forces.
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Therefore, the potential energy can be determined by such sum of an infinite
geries as the calculation of the Madelung constants (21).
For the sodium chloride, the potential energy of the bulk liquid and the liquid

surface are written as follows, respectively;

E=w ®fa_12 ., 8 _ 6. 24 24 . N,

P.E, = ?‘(6 «/2+«/§ _2+'\/_5_ «/§+ ) an
(e 8 4 _ 5,16 12 . N ...

P.E, = r (5 2/ 2 +«\/§ 2+«/§ A6 ) (18)

The potential energies for other molten salts are evaluated by the same method
as for the sodium chloride.
Accordingly, the quantities E’; and & (22) are then given by

(5___8_-+—4'_——5+-—16_-.——Q_-
E'=E, V2 A3 2 A5 A6 L 19
IS U S .
VIV 25 TVE
8 4 _5..16 12 .. \1/2
9!-.9(5 i v s s sy Sl I 20
612+ 88, 2 _ 2 )
IV IVa S VA SV

B. Molten Salts

Using the experimental values of E,, V,, T
and d for molten salts, the surface tension is
<alculated from Eq. (13).

The obtained values are compared with the
.observed values (1) in Table 1.

The results of calculation I are obtained
from the assumption that the potential energy
‘between ions are due to Van der Waal’s force,
+while that of calculation Il is obtained by con-
sidering the long-range forces.

C. ‘Strong Electrolyte Solutions

In the calculation, the values of E’, and &

obtained from the molten salts have been
used. And using the experimental values of Es,

V,, T, 6, and m’ for the electrolyie solutions,
the surface tensions are calculated from Eq.
(15).

The obtained values are listed in Table IIL
Here, AY is the difference between the surface
tension of electrolyte solution and that of water,
Le., AY=7, '
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IV. Discussion

As may be seen from the results given in
Table I, the results of the calculation I show
better agreement than that of the calculation
II with the experimental values at the various
temperatures. .

The above facts confirm the correctness of
our assumption that the ionic forces are long-
range forces in molten salts and electrolyte
solutions.

In the Table II, the calculated surface tension
of strong electrolyte solutions are compared
with the observations.

These results show again good agreement
between theory and experiment over a wide
concentration ranges(0-4.0m), and also agree-
ment with the results by Onsager and Sam-
asras’ (5).

In very dilute concentration range, the vali-

* dity of Jones and Ray’s experiment (3) for
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aqueous KCl and KBr solutions is not yet
tested, but this may be explained by the
negative hydration effect based on Samoilov’s
work (23).
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