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Isopiestic vapor press ure measurements have been made on the system water-potass ium 
chloride-barium chloride. The d ata h ave been used to evaluate t he activity coeffi cient of 
each salt in the presence of the other. Two condi t ions are considered ; in one, the solution 
is m aintained at cons t ant total ionic concentration ; in the other, at constant t otal ionic 
strength. The excess free energy of mixing is calculated and compared with similar dat a 
for t he water-hydrochloric acid-barium chloride and water-sodium chloride-barium chloride 
systems. 

1. Introduction 

The use of the isopiestic vapor pressure method to 
determine some thermodynamic properties of the 
ternar y system water-sodium chloride-bariumchlo
ride h as been described recently (1).1 This system 
has ' everal features of simplicity. Thus, the iso
pies tic ratio (R) of a series of mixed salt solutions is 
a linear function of the ionic fraction ex); here R is 
defin ed as M B/ (mB + 1.5 mJ and x as 1.5 rn ,/(mB + 
1.5 me), where ]JiB is the molali ty of the reference 
solu tion of sodi1ll11 chloride and mB, m, are the 
molalities of sodium chloride and barilUll chloride, 
re~pectively, in t he mixed solution in isopiestic 
(v,apor-phase) equilibrium with the reference solution. 

The ionic fraction, x, defined in this way, is a 
convenient meaSlll'e of the solution composition in 
isopiestic work because, in the limiting case of ideal 
solutions, all solutions with the same value of 
(mn+ 1.5 m e) would have the same aqueous vapor 
pressure. For example, four solutions, one of 1.5 m 
sodium chloride only, another of 1.0 m barium 
chloride only, the third 0.75 m to sodium chloride 
and 0.5 m to barium chloride, and the fourth 0.3 m 
to sodium chloride and 0.8 m to barium chloride, 
would all have the same vapor pressure if they be
haved ideally. This would not be true for solutions 
of the same total ionic strength (mB + 3m ,), even 
if t hey were ideal. 

The lineal' relation between isopiestic ratio and 
ionic fraction for the sodium chloride-barium chloride 
system enabled us to equate the integral in the 
McKay-Perring equation [2] to zero and provided 
a further simplification in the subsequent calcula
t ions. Such calculations showed that the equations 

log 'YB = log 'Y~- aBmC (1) 

(2) 

1 Figures in brackets' indicate the literature references at the end of this paper. 

described the behavior of the system at constant 
total ionic concentration, i.e. , constant (mn+ 1.5m,) ; 
thus the chemical potential of each salt is a lineal' 
function of the concentration of the other salt in a 
system kept at constant total ionic concentration. 
Similar relations were found to hold for systems of 
constant total ionic s trength (mB + 3m,), witb , of 
course, different numerical values of the a n and a , 
parameters. 

This paper describes similar work on the system 
water-potassilUll chloride-barium chloride. The be
havior of this system is somewhat more complicated. 

2. Definitions 

The definitions and symbols of the previous paper 
[1] will be retained except that D will be used to 
designate potassium chloride in place of B for 
sodium chloride. Thus eq (1) becomes 

(3) 

3. Experimental Procedure 

The procedure was as in the previous work [1] 
except that potassium chloride was used as the ref
erence salt . The potassium chloride was a portion 
of that used in a study of the system water-potas
sium chloride-glycine [3] . 

4 . Results 

4.1. Isopiestic Data 

The experimental results are given in table 1. 
The second column gives the molality (kID) of the 
reference solution of potassium chloride; the third 
and fourth columns give the molalities of potassium 
chloride (mD) and of barium chloride (m ,) in the 
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TABLE 1. I sopiestic data fOT the system H20 -KC1- BaCI2 
at 25 °Ga 

_s~l J .r o mo m, x R Il-

-------
0.7723 0.6309 0.09985 0. 1919 0.9892 -0.06 

. 4178 .2482 .4712 . 9775 -.06 

. 1967 .3994 .7528 . 9705 +.03 
. 5313 1.0 .9691 +. 10 

0.7786 0.3099 0. 3280 0.6135 0.9709 +0.07 
.2308 .3814 .7125 .9697 -.01 
. 1411 .4423 .8246 .9677 +. 05 

. 5358 1.0 .9688 -. 10 
0.7899 0.5789 0.1491 0.2787 0.9842 +0.01 

. 4185 .2603 .4827 .9764 +. 01 

.2048 . 4060 .7483 .9706 +. 02 
.5425 1.0 .9706 -.03 

0. 7924 0.6644 0.09088 0.1 702 0.9864 +0.02 
.5072 .2007 .3725 .9803 +. 01 
.3186 .3302 .6086 .9736 -.03 

.5442 1.0 .9707 0 
O. 7958 O. 7074 0.06345 O. U 86 0.9916 +0. 13 

.6163 . 1269 .2360 .9865 +. 04 

I 

.5063 .2028 .3753 . 9819 -.07 

. 4067 .271 2 .5001 .9782 -. 10 

2 1. 0743 0.8081 0.1 856 0.2562 0. 9889 0 
.5648 .3514 .4827 . 9839 +0.07 
. 3064 .5228 . 7191 .9851 +.04 

. 7197 1.0 .9951 -. 11 

3 1. 5519 0.6330 0. 6110 0.5915 1. 0015 +0.07 
.4063 . 7535 .7356 1. 0100 +. 04 
.2358 .8588 .8453 1. 0184 +. 04 

.9999 1.0 1. 0347 -. 13 
1. 5837 I. 3606 0. 1526 0. 1440 0.9954 - 0.05 

1.1475 .2965 .2786 .9955 -. 06 
1. 0259 .3772 .3.\54 .9950 +. 05 
0.8270 .5066 .4788 .9978 +. 06 

4 2.2466 1. 9274 0.2142 0. 1429 0.9991 - 0.01 
L 4671 .5127 .3439 1. 0047 +. 05 
0.8579 . 8894 .6086 1. 0249 +. 07 
.3443 1. 1881 .8381 1. 0565 -. 09 

2.2611 1.3394 0.6012 0.4024 1. 0089 +0. 03 
0.6887 .9968 .6846 1. 0353 +. 07 

.2503 1. 2482 .8821 L 0653 -.05 
1. 3874 1.0 1. 0865 -.05 

2.2788 1. 8961 0.2554 O. 1681 0.9998 -0. 01 
1. 1888 .7051 . 4708 1. 0144 +.01 
0.5955 1. 0604 .7276 1. 0424 0 

1. 3970 1. 0 1. 0875 - 0.01 

5 2.4938 1. 6329 0.5589 0.3393 1. 0091 -0.07 
1. 2541 . 7931 .4868 1. 0205 - . 02 
0.3002 1. 3455 .8705 1. 0756 -.01 

1. 5101 1.0 1.1009 +. 10 

6 2.7188 1. 8855 0.5384 0.2999 1. 0095 -0. 12 
0.5746 1. 3145 .7743 1. 0677 +. 03 

.2539 1. 4896 .8980 1. 0926 +.04 
I. 6244 1.0 1. 1159 +. 07 

2.7661 2.5365 O. 1524 0.0827 1. 0004 -0.02 
2.2111 .3630 . 1976 1. 0038 - .04 
L 7890 .6282 .3450 1. 0127 - .01 
1.1054 1. 0339 .5850 1. 0388 + . 06 

2. 7763 2.3901 0.2521 O. 1366 L 0029 +0.22 
1. 5011 .8090 .4470 1. 0227 +.06 
0.4287 1. 4251 .8330 1. 0818 - . 09 

1.6547 1.0 1. 11 85 - . 14 
2.8600 2.3016 0.3635 0.1915 1. 0046 - 0.18 

1. 3772 .9332 .5041 1. 0299 - . 03 
0.9462 1. 1832 .6523 1. 0511 +. 02 

1. 6966 1. 0 1.1238 +.14 

a D = K CI, C=BaCI, X is the "ionic fraction" of BaCl" 1.5m,/(mD+1.5m,) 
R is the isopiestic ratio, o'vfD/(mo+1.5m,). 
Il- is the percentage difference between R calcul ated by eq (4) with the param

eters of table 2 and R (obs), the latter being given in column 6. 

mixed solution in isopiestic equilibrium with the 
reference solution of potassium chloride at molality 
Mn- The fifth column gives values of the ionic 
fraction, X= l.5m c/ (mn+ l.5mc) and the sixth 
column values of the isopiestic ratio, R = }.l{n/ 
(mD + l.5mJ. 

Fig-me 1 is a plot of isopiestic ratio versus ionic 
fraction for some sets of results recorded in table l. 
Unlike the plots for sodium chloride-barium chloride 
mi..\:tures, where R was found to be linear in x, the 
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FIGURE 1. I sopiestic ratio of potassium chloride-b(<1'ium 
chloride solutions versus ionic fmction. 

plots for these potassium chloride-barium chloLide 
mixtures show marked curvat ure. They can, how
ever, be represented adequately by a qu adrat ic 
equation 

(4) 

The last column of table 1 gi Ires the percentage 
difference between t.he obser ved isopiestic ratios 
and those calculated by eq (4 ), using the numerical 
values of a and b given in table 2. 

4.2. Activity Coefficients at Constant Total Ionic 
Concentra han 

The M cKay-Perring equflJ,ion [2] can be written 

r j \1D'I' 

In 'YD = ln r n+ln R+ J o f(m, M D, x)d(JviD«J) (5) 

where 

(6) 
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TABLE 2. Parameters oJ eq (4) R = 1 - ax- bX2 

Set k(f) 

0.7723 
.7786 
.7899 
. 7924 
.7958 

1. 0743 

1. 551 9 
1. 5837 

2.2466 
2.2611 
2.2788 

2.1938 

2.7188 
2.7661 
2.7763 
2.8600 

a 

0.0661 
.0687 
. 0667 
.0665 
.0642 

.0563 

.0394 

.0390 

.0220 

.0200 

.019.5 

.01.51 

. 0109 

.0083 

.0095 

.0089 

- 0.0362 
-.0365 
- .0370 
-.0372 
- .0373 

-. 0503 

-.0728 
-.0743 

- .10M 
- .1060 
- .1069 

-.1170 

-. 1275 
-. 1297 
-. 1302 
-.1341 

If the isopiestic ratio is quadratic in x, 
eq (4), then eq (6) becomes 

according to 

(7) 

and the integral in eq (5) becomes 

In the particular case of potassium chloride-bari um 
chlori.de mixtures, i t so happens that b can be 
represented as a linear function of M D , 

b= - O.0469Mn (8) 

and the integral in eq (5) can be evaluated as 

- 0.0469x2.1VIn'P 
or 

- 0.0204x21l/D'P 

if eq (5) is converted into decadic logarithms. 

TABLE 3. Parameters oJ eq (3) and eq (2) 

Set 1I1u (mean) aD a, (ao+ 1.5a,) 

1 0.7858 0.0484 0.0029 0.0527 
2 1. 0743 .0301 . 0173 . 0.161 
3 1. 5678 .0152 .0304 .0608 
4 2.2622 .0053 . 0403 .0658 
5 2.4938 .OO3[) .0421 .0667 
6 2.7803 .0018 . 0440 .0678 

The activity coefficients of potassium chloride and 
barium chloride in the mixed solutions have been 
calculated by eq (5). Then, asslUning that eq (3) 
and eq (2) were valid for this system, as they were 
for the sodium chloride-barium chloride system, 
values of aD and a c were calculated. For example, 
at Mn = 1.0743, - log rn = 0.2217 l4]; for mD= 0.3064, 
mc= 0.5228, x = O.7191 , it was found that R = O.9851 
or log R = - 0.0065. Moreover, at this value of 
.L11n, - 0.0204 MD'P = - 0.0196 so that - 0.0204x2Mn 
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= -0.0101 ; this is tLe contribution of the integral 
term in eq (5) to log 'Yn. Thus log 'YD= - 0 .2383. 
But the total ionic concentration of this mixed 
solution is (mD + 1.5mJ = 1.0906 and a solu tion of 
potassium chloride only at this concentration bas 
log 'Y~= - 0.2225. Hence aDmc= 0.0158 and an= 
0.0302. Using all the data in table 1, the vaJues of 
an and ac given in table 3 were calculated. 

It was shown in the appendix to the previolls 
paper [1] that, if eq (3) and eq (2) do indeed de
scribe the behavior of this system, then (an -l- 1.5ac) 
must be constant at all values of .1VIn. The last 
column of table 3 gives values of (aD + 1.5ac) which 
are also plotted as the lower curve of figure 2. It is 
clear that, in the present instance, (an + 1.5ac) in
creases with Mn. This implies that there are terms 
in higher powers of mD and mc in eq (3) and eq (2) 
such as 

(9) 

(10) 

where the a and f3 terms must be related by the 
eq uation 

where m = (mn + 1.5mJ. From the slope of the plot 
in figure 3 we calculate 

or 

if f3n = O. 

008 

0.07 
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(2f3n + 4.5f3c) = - 0.0117 

f3 c= -0.0026 
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FIGUHE 2. (aD+ 1.5ac) versus MD 
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FIGURE 3. Variat ion of the activity coeffic ient of potassium 
chloride on addition of barium chloride. 

m~0.8 

We now examine the data for the most concen
trated solutions (set 6), because it is here that square 
terms in eq (9) and eq (10) will be more readily 
discerned. But in these concentrated solutions, the 
activity coefficient of potassium chloride is almost 
constant; log 'YD changes by only 0.0031 at the most 
and aD = 0.00l8 gives an adequate description of the 
change in log 'YD with a change in me as demanded by 
eq (3). It is, therefore, unlikely that there is a 
significant term in m; in eq (9). 

Moreover, we can use the data for the activity 
coefficient of potassium chloride derived from the 
more dilute solutions (set 1); we find ·that log 'YD 
changes by a larger amount- as much as 0.0263. 
These values of log 'Y;hD have been plotted in figure 
3; there is no indication of curvature and hence a 
linear term only is needed as in eq (3) . 

We return to the data for set 6 and examine the 
variation of log 'Ye with mD' Figure 4 is a plot of 
log 'Y:he against mD; some curvature is apparent 
and the best fit to the data is found, by the method 
leas t squares, to be log 'Y~he= 0.0496 mD- 0 .0025 mt. 
The data for set 4 also show slight curvature when 
log 'Y~h c is plotted against mD, the curvature corre
sponding to f3 e= - 0.0032. We now try a value 
between these two, say f3 e= - 0.0030. 

Table 4 gives the activity coefficient of barium 
chloride in the solutions of se t 6 calculated from the 
isopiestic data. The fourth column gives calculated 
values assuming that eq (2) holds, with only one 
parameter, a e =0.0441. The last cohunn gives values 
calculated by the two-parameter equation (10) with 
a e= 0.0508, f3e = - 0.0030. Inspection of the last 
two columns shows that, in general, the two-param
eter equation is superior to the one-parameter 
equation. The average difference between log 'YD 
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FIGURE 4. Variation of the activity coefficient of barium 
chloride on addition of potassium chloride. 

m~2.8 

observed and that calculated by the linear equation 
is 0.0025, between log 'YD observed and that calcu
lated by the quadratic equation is 0.0009. T he data 
for the other five sets of results in table 1 have been 
recalculated ass luning f3 e= - 0.0030 throughout. 
The best values of ae, together with the aD values of 
table 3 and values of (aD+ 1.5aJ , are given in table 
5. This table also gives average differences between 
"observed" values of log 'Y e and those calculated by 
the a e parameters of table 4 and f3 e= - 0.0030. 

These values of (aD + 1.5ae) are plotted as the 
upper line in figure 2. The slope of the line, accord
ing to eq (11) corresponds to f3 e= - 0.0036 if f3D =='~ O. 
This is in reasonable but not very good agreement 
with the value of f3 c= - 0.0030 which we used above . 

TABLE 4. Activity coefficient of barium chloride in potassium 
chloride solutions 

m~2.S. 

log- 'Y~/'Yc 
mD me 

obs cales caleb 

0.2539 1. 4896 0. 0124 O. 0112 0.0127 
.5746 J.3145 .0276 . 0254 .0282 

1. 8855 0.5384 . 0829 .0832 .0851 
2.7188 - ---- --- . 114R . 1199 .1159 
1.1054 1. 0389 0.0532 0.0487 0.0524 
1. 7890 0.6282 . 0816 . 0789 .0813 
2.2111 .3630 .0986 . 0975 .0976 
2.5365 . 1524 . 1104 . 1119 . 1096 
2.7661 ------ -- .1189 . 1220 . 1175 
0.4287 1. 4251 0. 0196 0. 0189 0.0213 
1. 5011 0.8090 .0680 .0662 .0695 
2.3901 .2521 .1027 . 1054 . 1043 
2. 7763 ----- --- . 1179 . 1224 .1179 
0.9462 1. 1832 0.0456 0.0417 0.0454 
1. 3772 0.9332 .0644 . 0607 .0643 
2.3016 .3635 .1013 . 1015 . 1010 
2.8600 ----- - - - . 1230 . 1261 .1208 

• Calcula ted by eq (2) with a ,=0.0441. 
b Calculated by eq (10) with a, = 0.0508 and {J , = -0.0030. 
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Th~ discrepancy may be due to a small f3D term 
whlCh would. be di~cu~t to detect; it may also be 
due .to a po~slble vanatIOn of f3 c with 111D. 
. Flgure 5 lllustrates the variation of activity coeffi

, Clent at constant total ionic concentration. The 
,plots on the left refer to a total ionic concentration 
,of 1, those on the right to a total ionic concentration 
lof 2.5. The data for N aCI-BaCI2 were taken from 
It,he previous paper [l J. 

TAB IJE 5. Pm'amete1'S of eq (9) and eq (10) 
----, 

8~et 
\ 

JI9 (mean) aD a , (a8+ 1.5a , ) ", . 

j' 0.7858 0.0484 0.0046 0.0553 0.0006 
1> 
:l' 

1. 07·13 .0301 .0194 .0592 .0001 

4' 
1. 5678 . 0152 .0337 .0658 .0005 
2. 2622 . 0053 .0455 .0736 .0004 

~ 2. 4938 .0035 .0477 .0751 .0004 
2.7803 . 0018 .0508 . 0777 . 00ll 

I 

\ 

I {j o=O, {j, =-0.0030 

~:----------------------------------------
( a)", .is the average iliiferenee between log 'Y , (obs.) and that calculated by eq 
10. , \~smg the recorded values of a , and {j , = -0.0030. 

I 

~t a to tal ionic concentration of 1 there is not 
mu ,h variation of. the activity coefficient of any com
po ent when one IS repla?ed by another; for example 
the tOP .cllTve at the left shows that - log 'YNaCl = 
0.1 e5 m a solu tion . containing sodium chloride 
only~ an~ ~.~929 when x= 0.5, mB= 0.5, m c= 0.333. 
In t lhe hmltmg case where the solution contains no 
sodi)\Lm chloride and the barium chloride concentra-
tiof is. 0 .667, - log 'YNac l= 0.?q32. . . 

l it will be seen that the addltIOn of barllUll chlonde 
~o la solution of sodium chloride decreases the activ
It .c?effici~nt . ?f sodium chloride; conversely, the 
a ~dltIOn ot soci wm chloride to a solu tion of barium 
c lor~de i!l crea es the activity coefficient of barium 
hlonc~e ; m o.ther words, on admixtLll'e, the activity 

coefficlents of the two solutes come closer too·ether. 
This occurs so often that it might be term~d the 
"expected" belu~vior. One of the few exceptions 
known occurs 111 the hydrochloric acid-li thium 
chloride system [5J at high concentrations where the 
addition of lithium chloride to a solution of hydro
chlori~ acid "unexpectedly" increases the activity 
coefficIent of hydrochloric acid. 

In the potassilUll chloride-barium chloride system 
at a total ionic concentration of 1, neither salt has 
much influence on the activity coefficient of the other. 
But each salt decreases the activity coefficient of the 
?ther, a.nd here we see an example of unusual salt 
mteractlOn. 

Turning now to a consideration of the systems ata 
tot~l ionic c?l1centration of 2.5, in the system 
sodmm chlonde-barilUll chloride, the activity co
efficient of sodium chloride is raised on admixture 
with barium chloride but that of barium chloride is 
lowered on admixture with sodimn chloride. The 
activity coefficien ts become more separated on ad
n:ixtur~ bu~ only by a small amount. The separa
tlOn ~ffect l~ much I~ore marked in the potassium 
chlonde-banUlll chlonde ystem. The effect of bari-
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FIGURE 5. Activity coe:(ficients of the systems NaCl-Ba C12 and 
KC1-BaCb 

urn chloride on the activity coefficient is "normal" 
l?wer.in~ the activity ~oefficient of potassiUlll chlo~ 
rIde 111 lts own solutlOn at 2.5m, 'YKCI = 0.569 to 
'YKCI = 0.562 in the limiting case where the solu'tion 
contains only barilUll chloride. But the effect of 
potassium chloride on the activity coefficient of 
barium chloride is marked. Thus 'Y c= 0 .446 for a 
solution cont,ain.in~ barium chlorid~ only at m=2.~, 
1~ c= 1.667. ~hIS IS decreased fLu,ther by the adclI
tlOn of potassmID chloride and in the limitino' case 
where the solut~on contains potassium chlorid~ only 
at a concentratlOn of 2 .5 m, 'Y c= 0. 354 . 

4.3. Activity Coefficients at Constant Total Ionic 
Strength 

The isopiestic method used in this work is well 

l:",dapted for a study of systems at constant total 
onic concentratio?- ~J1d not so suitable for systems 

at constant total lOlllc strenoth. Nevertheless it is 
of i~teres t to obtain some description, if only ap
proxlmate, of such systems. The procedure is as 
follows. By definition, 

I = mD+ 3mc 

and we have defined m as 

hence 

I =m+ 1.5mc=m(1+x) 

(12) 

(13) 

lvlD l +x 
= -R (1 + x) = M DI b 2 (14) - ax- x 

or 

Then, for any value of 1l.1D correspondino. to an 
entry in table 1 and for any selected valu: of I , x 



can be calculated using the values of a and b given 
in table 2. For example, if .LldD= 2.4938 , a = 0.0151, 
~= - 0.1170 , then the solution of eq (15) for 1 = 3.5 
IS x= 0.4241. By eq (4) , R = 1.0147 and so m = 
2.4577, mD= 1.4154, m c= 0.6949. For this value of 0 .03 
MD the integral term of eq (7) is - 0.0204x2MD4' =-
0.0085. At M D= 2.4938 , log r D = - 0.2448 [4] 
and log R = 0.0063 so that, by eq (5), log 'YD = -
0.2470. But at this total ionic strength, log 'YZ= - 0.02 
0.2427 and if the equations 

(16) 

(17) 

hold, then O'D = 0.0021. Note that, in order not to 
introduce too many symbols, O'D has been used with 
different meanings in eq (3) and eq (16) and also O' c 

in eq (2) and eq (17). 
In this way, values of O'D and O' c at various values 

of 1 ha.ve been evaluated and are given in table 6 
along wIth values of (20'v + O' c)' As was shown before 
[1] , if eq (16) and eq (17) hold, which means that 
there ar~ no terms such as {3v1~ , then (20'D+ O' J 
must be 111dependent of 1. It is clear from fio'ure 6 
that this quantity is not independent of 1.~ The 
dependence of (20'v + O' c) on 1 is given by 

TABLE 6. Pammeters of eq (16) and eq (1 7) 

I a D a , (2a D+a ,) 

1.0 - 0. 008 0. 033 0.017 
1.5 -. 003 . 025 . 019 
2. 0 -. 002 .022 . 018 
~. 5 0 . 021 . 021 
3.0 +0.001 . 021 . 023 
3.5 • ()I)2 . 020 . 024 
4. 0 . 003 . 021 . 027 

The variation of (2 O'D + O' c) with 1 (fig. 6) suggests 
that (2 {3D + (3 c) is about 0.0033. This would be 
consistent with both {3D and {3c havino' values about 
0.001 but in the absence of more exte~sive data it is 
not possible to assign an accurate value to (2{3D + 
(3 c) or to say how it is divided between {3D and {3 . 

The data i~ fig:ure 6 sugg;est that O' c may have "very 
large values 111 dIlute solutIOn and O'v large neo'ative 
values. This cannot be stated with certitude~ until 
more data are available in dilute solutions, but it 
would not be inconsistent with the behavior found 
in other systems, for example, hydrochloric acid
cesium chloride [6]. 

The. O'D and O' c parameters are small compared with 
those found for the hydrochloric acid-barium chloride 
system [7] , but comparable with those for the sodium 
chloride-barium chloride system [1]. There is one 
remarkable difference, however, in that O' c has 
positive values at all values of 1 accessible to cal
culation . This means that potassium chloride de
creases the activity coefficient of barium chloride in 
systems at constant total ionic strength. 

0.01 

\ 
( 

o I 
I 

( 

o 2 3 4 

FIGU RE 6. Pammeters of eq (1 6) and eq (1 7) . ~ 

,8honh. om al?d Gregor [8] hav~ made me~surem 'nts 
of the potasslLlm chlonde-banum chlorIde sys em 
using as one electrode multilayer membranes: of 
barium s tearate. They found O'D = - 0.044, tlxc = 
- 0.072 at 1 = 0.6 and O'v= - 0.058, O' c= - 0\;081 
at 1 = 1.5. These are very different to the va/lues 
we have found ; at this s tage we can do little ~ore 
than note the difference; we might perhaps say that 
the reversibility of this electrode to bnri urn il?ns 
could be questioned and suggest that measureme l tS 
on this system with a potassium glass electro 'Ie 
wo uld be usef ul. 

5. Excess Free Energy of Mixing 

By this we mean the excess free energy when a 
solution of potassium chloride and another solution 
of barium chloride are mixed under specified condi
tions.2 We are particularly interested in the condi
tion of constant total ionic concentration. This 
results if a solution of YD kg of water containing 
potassium chloride sufficient to give a molality m is 
mixed with a solution of Yc kg of water containing 
barium chloride sufficient to give a molality m/1.5, 
(YD + Yc= l). This gives a solution containing 1 
kg of water, Y D m moles of potassium chloride and 
Y c m/1.5 moles of barium chloride. For example, a 
solution containing 0.5 kg of water and 0.75 mole of 
potassium chloride (molality 1.5, total ionic con
centration 1.5) might be mixed with a solution con
taining 0.5 kg of water and 0.5 moles of barium 
chloride (molality 1.0, total ionic concentration 1.5) . 
The result would be a solution containing 1 kg of 
water, 0 .75 m to potassium chloride, 0.5 m to barium 
chloride, of total ionic concentration 1.50. 

2 The total free energy of mixing contains a term which , for I : l-electrolytes, is 
2RT Tn [y " In y B+Y , In y.J. Th is is ignored in calculat ing tbe excess free e" crgy 
of mix ing (see a ppend ix) . 
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~\ 
\ The general equati'Ons for the excess free energy of 

mixing are developed in the appendix to this paper. 

\ For the case where potassium chloride and barium 
. chloride solu tions are mixed without change in total 

\ 
ionic concentra tion and the final molali ties are s uch 
that mD= l.5me and i3D= O in eq (9), 

~~ . 
\ 2.303RT= - mDme(aD + 1.5ac) - 4.5mDm;:f3c 

f 
I 

\ 
\ 

I, Using values of (aD + l.5ae) interpolated at round 
va;lues of m from table 5, values of 6GE have been 
cal culated. These are given in table 7. They are 
rei;narkable in being comparatively large (and nega
tive) . In this respect they contrast with correspond
ing data for the mixture of solu tions of sodium 
chloride and barium chloride where no free energy of 
mi.{ing exceeding 1 cal mol- 1 is found. This is a 
consequen ce of the comparatively large values of 
(a p+ l.5a c) for the potassium chl'Oride-barium chlo
ride system and the almost negligible valu es of 
(aD + l.5ac) for the sodi um chloride-barium chloride 
sys tem. 

T A B LE 7. Excess F ee energy of mixing · 

Constapt total 
ionic conceuw 

tratioTl 

0. 75 
LO 
1. 5 
2.0 
:? 5 
3. 0 

K CI· 
BaC I, 

- 7 
- 12 
- 30 
- 55 
-93 

-1 34 

I 

1.0 
1.5 
2.0 
2. 5 
3.0 
a.5 
4. 0 

Constant tota l ionic .strength 

K CI- N aC l- n Cl-
:l3aCI, B aC I, BaCI, 

- 3 -2 - 10 
- 7 - 4 

- 12 -7 -33 
- 22 - 11 
- 35 - 17 -72 
- 50 -26 
- 73 - 3S 

a In ea lories per kg o f water, 1 Cfl loric = 4.1840 J. 

It is also shown in the appendix that for a system 
with /3D = /3c = O, the excess free ener gy 'Of mixing at 
constant total ionic strength with 1/2= I D= I C) IS 

Values of ~GE have been calculated using (2aD + a C) 

valu es from table 6. The results are given in table 7 
along with values of ~GE for the hydrochloric acid
barium chloride [7] and sodium chloride-barium 
chloride [1 ] systems . It will be noted that in the 
potassium chloride-barium chloride system, the 
decrease in free energy on mixing is much larger at 
constan t total ionic concentration than at constant 
total ionic strength. At constant total ionic strength, 
the values are greatest in the hydrochloric acid
barium chloride sys tem and least in the sodium 

chlorid e-barium chloride system. This s Lwges ts 
that, with increasing atomic number of the uni;alent 
cation, there is a minimum in the free energy de
crease at the sodium chloride-barium system. 

These excess free energies of mixing, the onf) at 
constan t total ionic concentration, the other at 
constant total ionic strength, are not independent. 
This can be shown by the following example. Con
sider an admixture process represented sche
matically by: 

1 0.5 kg H 20 
l.333 moles of D 

+ 
2 0.5 kg H 20 

0.889 moles of C 

1 kg H 20 
1.333 moles of D 
0.889 moles of C 

Each of the single sal t solutions has a total ionic 
concentr ation of m = 2.667 and so has the solu tion 
formed after mixing . The excess free energy of 
mixing, in terpolated from table 7, is - 107 caJ pel' 
kg water. 

The same mixed solu tion could, however, be made 
by a process at constant total ionic s trength: 

3 0.333 kg H 20 
1.333 moles of D 

+ 
4 0.667 kg H 20 

0.889 moles of C 

1 kg H 20 
1.333 moles of D 
0.889 moles of C 

Each of the single salt solutions has a total ionic 
s trength 1 = 4 and so has the solu tion formed after 
mixing. The free energy of mIxing at 1 = 4 is 
r ecorded in table 7 as - 73 cal pel' kg of water. 
This, however, refers t'O mixing which prod uces a 
solu t ion in which potassium chloride and barium 
chloride are present at equal ionic s trength , the 
concentration of potassium chloride being 2m and 
that of barium chloride 0.667m. We are now dis
cussing the position when I D= m D = l.333 , m e= 
0.889, l c= 2.667. It is shown in the appendix to 
this paper that the excess free energy of mixin o' 

(if f3D = /3 c= O) is given by: ,.., 

~GE 1 
2.303RT= -2 1 D1c(2ao+ ae) 

or, using the valu es of aD and a c given in table 6 
at 1= 4, 

!1GE=-65 cal per kg of watcr. 

The excess free en ergy of the solutions in boxes 3 
and 4 above over that of the solutions in boxes 1 and 2 
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is given by: 

where the subscripts refer to the values of m, «J, 
and 'Y appropriate to the solutions represented by 
each of the four boxes. Substituting these values of 
m «J and 'Y [1 4), we find I1G= - 47 cal per kg of 
w~te~· . Thus ~ve could produce the mixed solution 
by two routes. The solutions represented by boxes 
1 and 2 could be mixed without change in total ionic 
concentr ation and with a decrease of free energy of 
107 cal per kg of water. Alternatively, they could 
be converted into the solutions represented by boxes 
3 and 4 and then mixed without change in total 
ionic strength. The decrease in free energy would 
be 65 + 47 = 112 cal per kg of water. The decrease 
in free energy should be the same by either route. 
Exact agreement cannot be expected because of 
errors due to interpolation and because of the possi
bility of a f3 term in eq (1.7) whic~ would affect the 
value of - 65 cal per kg of water for the free energy 
of mixing at constant total ionic strength. The 
agreement is good enough, however, to show that 
there is internal consistency between the results at 
constant total ionic strength and those at constant 
total ionic concentration. 

6. Appendix 

Equations for the excess free energy of a solution 
of two electrolytes are derived as follows [6, 9, 10, 11]. 

Consider a solu tion of electrolyte B (giving Pn 
ions) at molality mn, and electro.lyte C (giying. Pc 
ions) at molality m e. Let t be a lmear combmatlOn 
of the form 

and let Yn, Ye be defined by 

Let the activity coefficients of Band C be given by 

subject to the condition that t is constant; here An, 
A e are functions of t but not of mB, m e independently 
and BB, B e are parameters independent of t, mB, and 
m e. If both electrolytes are of the 1: 1 type, PB = 
Pe= 2, i t is convenient to put kB = k e= 1 and t = m= 
mB+ m e. The change in free energy on mixing is 
that for a process which can be represented 
schematically: 

Yn kg H20 
YBm moles of B 

/ 
I 
I 

+ 
Ye kg H 20 

Yem moles of C 

1 kg H 20 
Ynm moles of B 
Yem moles of C ) 

With respect to B the increment in free energy i~ 
2RTmB In (mn'YB/m'Y;) and with respect to m e i t ~s 
2RTmc In (mc'Y c/m'Y:). Thus the increment due t o 
Band C can be written ! 

2RTm[YB In YB + Y, In y .] 
} 

+ 2RT[mB In 'YBh~+mc In 'Y cl~:]. , 

The first of these terms will occur in the express{ion 
for the free energy increment on mixing even ici,eal 
solutions and is not considered part of the excess 
free energy of mixing. An analogous term is found 
in the expression for the total entropy of mixing but 
not in the expression for the enthalpy of mixing. 

The second term, 

2RT[mB In 'Ynh~+me In 'Y ch:] 

=2RT[mB(ABme+BBm~) +m e(A emB+Bem'~)], 

is part of the free energy change resulting from de
partures from ideality. This, together with changes 
in the solven t free energy, constitutes the excess free 
energy of mixing. 

In the more complicated case of two electrolytes 
of different valence type, we can represent the 
mixing process as: 

YB kg H 20 

YBNkB moles of B 

+ 
Yc kg H 20 

YcNk e moles of C 

1 kg H 20 

YBNkB moles of B 

Yct /k e moles of C 

where all three solutions have the same value of t. 
With respect to B the excess free energy is 

PBRTmn In 'YBh~= PBRTmB(ABm e+BBm~) 

and with respect to C the excess free energy is 

As before, the free energy increment of the solvent 
remains to be computed. 

The solvent effect can be evaluated as follows. 
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The Gibbs-Duhem equation can be written: 

- 55.51d ln aw= vBmncl ln ma + vcm cdln m e 

+ vBmBcl ln 'YB + vem ecl ln 'Ye· 

rhe first two terms on the right can be written 

r he third term. is 

\ 
\ _VBYB \2 (AB+ 2BnYe I) dYB 

kake ke 

anq the fourth term 
I 
I 

I 
I 

Ccmsequently 

- 55.51d ln aw= 1 G;-~+,;;t A c) dYB 

where aw is the water activity of the mixed solution 
and a W(C) that of the solution containing Conly. 
On integration from YB = l to YB, 

l aw (v e VB V n A) -55.51 n --= \ -k - -k +k k 1 B Yc 
aw(B) , B B C 

where aw(B) is the water activity of the solution 
containing B only. 

The total excess free energy is 

l aw + ~ 1 a w + 55.51YB n - - 55.o1Ye n --
aw(B ) awle ) 

which reduces to 

t::.GE 12 
RT = 2kBke YBYe(vBAB + veA e) 

+k~;Ce YBYe {(~ YBBB+~: YeB e) 

Putting vn = ve= 2, kB = k e= l, 

and when Ya = Ye= 0.5 , A B=-2 .303aB, A e=- 2.303 
a c, 13a= - 2.303iJB, 13e= - 2.30313" 

For a mixture of sodium chloride and barium 
chloride at constant total ionic strength, we put 

vB = 2, ve= 3, kB = l , k e= 3, A B= - 3 X 2. 303aB, A e=-

2.303a c, 13B= - 9 X 2.303iJB' 13e= - 2 .30313 ., 1= 1= I B 

+ 1 e= mB + 3me, 

t::.GE 1 
2.303RT -"21n1e(2a B+ ac) 

( 2 ~ 
- IB1c i.2(3B1B + iJJe-3 (2iJn - iJ e)(I B-1 c) J 

and when 1B= l c, 1 /2= IB = l e, 

and when iJB = iJe= O 

For the condition of constant total ionic con
centration , we put vB= 2, ve= 3, kB = l, k c= 1.5, 
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I1GE 
2.303RT -mBmcCaB+ 105ac) 

- mBmc{ 1~5 mB(3B+ 4.5mc(3c 

-~ G~;-3(3c) (mB- 105mc) } 
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