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Properties of Aqueous Mixtures of Pure Salts.
Thermodynamics of the Ternary System:
Water-Sodium Chloride-Calcium Chloride at 25 °C
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Isopiestic vapor pressure measurcmenla hare been made 1o derermine some thermodynamic
propertigs of ihe sysiem: water-sodium chloride-calcium chloride at 25 *C.  Equallons are derived
for the amiirity coefficiant of cach sall in the presence of the other when the total ionic strangih is kept
constant. ‘The limiling condidions in vary dilvic aolutions are considered and “trace™ activily coefli-
cienta calculated. A compardson with previcus work is made. The excass frec. energy of mixing 18

calculaled.
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1. Introduction

The application of the isopiestic vapor pressure
method of determining the activity coefficients of
twao salis in a2 mixed salt solution has been described
in two previons papers. In one of these [1]! the sys-
tem water-sodium chlonide-banom chloride was
described and in the other [2] the system water-
potassinm chiloride-bariom chloride. This paper is
concerned with the system water-sodium chloride-
caleium chlorids.

2. Definitions

The definitions and aymbols of the previous paper[1]
whi.]ll h{el retained except that C now designates calcium
chloride.

3. Experimental Procedure

The sodinm chlotide waz a portion of that used in
earlier work [1]. Calcium chloride was purified in
the manner already described [3]; the following im-
purities were detected by flame photometry: 2 sodium,
10 ppm; potassium, 10 ppm; strontinm, 300 ppm. A
stock aolution of sodium ehloride was made by dis-
solving a known weight of the salt in a known weight
of water. The stock solution of calcium chloride was
made by dissolving the salt in water te give a solution
approximately 4m in concentration; its exact composi-
tion was then determined by coulometrie Hiration.?

! Figures o brackets bndloave s Esanuues refiwveicos st the oid of this papar.
i i by B W. Barke of the Angl an] Porifuestion Sestion
* hnadyele by . BEacineube wf the win mnd Parificalion Seclion.

The stock solutione were used 1o prepare solutions
containing both sedium chloride and ealcium chloride
in known amounts. These solutions were equilib-
rated in an isopiestic apparatos contained in a thermo-
atat at 25 0.01 *C, The time of equilibration varied
from 3 days for the mosat comcenirated solutions
fMa ~ 5.8) (Me~ 2.9 to T days for the most dilute solu-
tions (Mg~ 0.5) (M~ 0.4). After equilibration, the
composition of the solutions at equilibrium was deter-
mined from the loas or gain of water by each aolution.

4. Isopiestic Data

The experimental results are given i table 1. The
second column gives the molality (M} of the reference
solution of sodium chloride. The next two columns
give the molalities of sodivm chloride (mg) and of
caleium chlotide (mc), respectively, in the mixed solu-
tipns. The Afth column gives valwes of the ionic
fraction, ¥¢ of calciom chloride in the mixed solution,
defined as vo=1.5mc/m, where m=mp+ Lom
The sixth column gives values of the isopiestic ratio,
defined as R = Mgpim.

Figure 1 is & plot of isopiestic ratie versus the jonic
fraction of calcinm chloride for some sets of results
in table 1. These isopiestic ratios are much higher
than those encountered in the sodium chloride-barium
chloride system. For example, in the latter ayatem,
a solution of 2.7147m sedium chloride was found to
be in isapiestic equilibrium with a solution of 1.7610m
barium chloride, B =1.0277; we now find that a solu-
tioh 2.7546m sodivin chloride has the same vapor
pressure as 3 solution of 1.5498m caleium chloride,
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R=1.1849. Moreover, a plot of isopiestic ratio versus
jonic fraction of barium chloride gave a straight line,
within expetimental error; the plot of isopiestic ratic
vetsus ionic fraction of calcium chloride {(hg. 1) may
appear to be linear but a closer examination, by the
method of least squares, reveals a slight curvarore.
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FicuRE 1. ltepieseic ratic of sodiom chlomds {B)—cafeium
chioride (C) solurions versus ionic froction,
B=Mom a=mp+ 1.5 me, yom= ] mefm

The isopiestic results can be represented by the
equation

R=Masim=1—ayc—byi. {1)
The parameters of this eqnation were obtained by the
method of least squares. The seventh column of
table 1 gives values of B calculated by this equation,
using the values of o and b given in table 2. The last
column of table 1 gives the differences between the
ohserved isopientic ratios and those caleulated using
eq {1}.

TaBLE 2. Fafues of the parameters of eg (1) and of the integral in (3)
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5. Calculation of Activity Coefficients

The immediate result of an isopiestic experiment is
the information that a set of selutions. one of which
contains only sodium chloride, another contains onl
calciom chloride, and the remainder contain butg
sodium chloride and caleium chloride in different pro-
portions, all have the same vaper pressure and the
same water activity, ay. 1t follows Lﬂz:

ZMapa = {2Zmg + 3mche = 3Mcopc, 2

where px is the ssmotic coefficient of the solution con-
taining sodinm chloride only at malality My, ¢c is the
osmetic coefficient of the solution containing calcium
chloride only at molality M¢, and ¢ is the csmotic coeffi-
cient of the solution containing both sodium chleride
at molality ma and calcium chloride at molality mc.

It is the activity coefficients of these two salks in the
mixed solutien that are vequired. These are ohtained
by means of the McKay-Perring equation [4):

L]
In ys=1In Ty+in R+ fo Fim, My, yoidiMog)  3)

where yg is the activity coefficient of sodium chloride
in the mixed aolution and Iy rhat of sedizm chloride

in the reference solution at molality Me. In eq (33,
=1 [ dm 1 1
f[mert J"C}" me (aln?p)su +m Mﬂ. [4.]

There are gimilar equations for In yc. It can be shown
that, if the isopiestic ratic can he represented by eq
(1), then the integral term in eq §3) reduces to:

L]
st T biMadMae). (5)

Figure 2 ia a plot of {5/M}) against (Maps). The amooth
curve is that of the squation

biMa=0.0075— 0.00243( M s0g) + 0.000234Mpep) . (B)

The integral in #q (3} hew becomes:

¥3{0.0075 — 0.00122(M s5)
+ 0.000078(M a0 a HM 212 (7}

or

¥3.{0.0033 — 0.00053(M 5s)
+0.00034Mpeal} (Megg)  (8)

if eq (3) is 1o be used with decadic logarithms.

There is =ome scatter of the points in figure 2 because
it i= not easy to get precise values of the & coefficient,
eapecially from measurements on the more dilute solu-
tions, But the maximum value of the integral that will

be used in subsequent calculations js only 0.0060;
this occurs in the computation of the activity coeffi-
cient of calcium chloride in a mixture of total fonic
strength J=4. Here the logarithm of the isopiestic
ratio is — 00691 and is therefore more important than
the integral termm. Consequently, we can tolerate
some uncertainty about the exact form of the curve in
figure 2. For example, had we considered the data
best represented by the dashed straight line shown in
figure 2, and carried out the integration of &8s with
respect 10 (Meps) accordingly, the value of the integral
would still have been 0.0060.

The calculation of an activity coefficient can be
itlustrated by the following example. The mean of
twa results in set 6 of table 1 shows that a solution of
2.7736m sodium chloride was in isopiestic equilibrium
with a solution of 1.558%9m caleium chioride; the iso-
piestic ratios of the mixed solutions could be expressed
as:

R=1+0.1909y;— 0.003%3. (%

It has been shown [eq (15) of ref. 2] that the composi-
tion of a mixed solution of total jonic strength f in
isopiestic equilibrium with a solution of sodiam chlo-
ride of molality Me can be obtained by solving the
quadratic equation:

bly3+ (af + Metyc=I—Mo. (10

Futting a=—0.1909, $=10.003%, I=4.5, we find tha
yo= 08594 and hence, by eq (%), R=1.1676, log
R=00673. But m=mp+ L.om¢c=Me/R=2.3755 and
therefore mp=0.2309, m:=1.4164. At Mz=2.7735,
log Fe=—0.1542 [3]; log R is 0.0673 and, from eq (8),
the integral contributes 0.0052. Hence, by eq (3}
log ye=—0.0817. This is the logarithm of the activity
coefhcient of sodium chloride in the mixed solution at
I=4.5, ye=0.8044,
The equation

logys =log % —asle (1

iz often valid for system= at constant ionic sirength.
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Here log vl =—0.0830) [5] is the logarithm of the
activity coefficient of sadivm chloride in i1z own =olu-
tion at a total ionic strength {or molality} of 4.5 and
Je=3mc=4.2492. Substituting in egq (11}, ace=—0.0013.

Sitnilar caleulations show that the activity coefficient
of calcium chlonide in this mixture is given by log ve
=—02065 But for a solutiorn of caleium chlotide
only at thiz total jomic sirength (f=4.5, 1.5m), log
v =—01222 [6]. Subatituting in the aquation

log o= log ¥ —adds, {12)

with Js= me=0.2509, gives a,=—0.1H47.

In this way, values of oy and o have been calew-
lated at ather values of the totel jonic strength.  They
are given in table 3. The AGgures in parentheses indi-
cate the set number in table 1 corresponding to the data
from which the calcolations were made. The values
of wsx and o are plotted in figure 3. They Lie on a
smooth curve except for the values at f=1{.75 and 1.0;
in these cases log ¥s and iog ¥} are very close together
and cg is the result of dividing a small quantity by fr,
so that it is not surprising that there is some scatter.
The same holds for the oy values. “Best™ values of
g and ac, read from figure 3, are given in the later
part of table 3 {the significance of the values at f=0
in fig. 2 is explained in sec. 6). Table 3 also gives
values of (2os+ o). Tt has been shown thar for a
system of this valence type (2o + ) 15 independeant
of Iif eq (11) and eq (12) are valid, that iz to =ay, no
terms in higher powers of 75 or I are needed.  Values
of 0.5(20 + @) are plotted in figure 3; there is a small
variation of (205 + o) with 7. It could be explained
by introducing Bef% and B-7% terms into eq (11) and eq
{12}, respectively, but @z and B- would be so small
that their effect on log yp and log yc would be beyond
the experimental error.
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6. Values of o5 and ar in Dilute Solutions

We now consider what values ax and o might
be expected to have when the total ionic strength
becomes very small, For this purpose we write for
E.he a]ctivity coefficient of the ith ion in a mixed solotion
7. 8]

log yi=log v+ Bym; (13)
Fi

Here ' ia the activity coefficient calculated on the
assumption thal the only interionic interaction is of
the Debye-Hiickel type; it can be expressed as

—zjdh=

gy =1 15r% (14

where z; is the valence of the ith wn. By is a coef
ficient characteristic of the interaction between an ith
ion and a jth ion and, in accordance with the Bronsted
Principle of Specific Interaction, the summation is
to be made over all pairs of oppasitely charged ions.
Thus, in a soletion containing both sodiem chloride
and calcium chloride,

log yor=log ¥+ Byo,comua + Beecies {15)

By




(16)

17

Writing Bwe, o= B and Beca oi= B¢ for brevity, and
remembering that 2 log vz =10g vYye +10g ¥or and 3 log
yo=log yrs + 2 log veu

log ¥ra= log 7™ + Bra,cficy

log voa=4 log ¥+ Bea, cimice.

log ya=log v*+ (ms+ me)Bz + d meBe {18

anid

log ye=2 log y*+2{3.mpBs+ 1{3.(mp +dme)Bc.  (19)

The activity coeficient of either salt in itz own solution
in the abzence of the other salt, at a total ionic strength
I, is now given as:

log v5=log v"*+ 1By

log ¥3=2 log =+ 4/9.1B,

(20)
(21)

where fp=my and fr=3m;. These equations enable
us 1o evaluate Bp and B from data on dilute single
aall solutions; wging the valwes of Janz and Gordon
[%] for sodium chloride and of McLeod and Gordon
[10] for calcium chloride, we find By=0007 and
Bo=0.176.

By ¥ we designate the ‘trace’ activity coeflicient
of a salt, that i= the activity coefficient of a salt when
it j= present in vanishingly small amonnt in a solution

which contains virtually only the other salt. FEqua-
tion {18} gives
log vir=log ¥+ 1{3.5(By + $ Bc) 22
and eq (19)
log ¥ir=2 log v + 1/3.1(2Ba + B¢l {23)
Hence,
ap= Ul Jog ypivi =2/3.82—1/6.B¢ {24}
and |
“we=1/1. Yog yaivit=1.9.8; — 2/385. (25}

Substituting numerical values for 85 and 8-, we find
ap=—10.024, a,=0.015 These vaiues: are shown
in figure 3 at f=0, It will be seen Lthat they are con-
sistent with & reasonable extrapolation of the experi-
mental values at finite concentrations. But (Zag
+ a-)=—10.0165, which is in poor agreement with the
value of —0.0110 extrapolated from the experimental
values. This suggests that the behavior of this aystem
may be more complicated in more dilute solutions.

7. Trace Activity Coefficients

In the case when fc— f{mg— 0} in eq (11), the trace
activity coefficient of sodium chloride is given by

log v§ =log vt — aaf {26)

and similarly

log v = log ¥& —af. 27)
Using the values of &y and o in table 3, values of the
trace activity coefhicients have been calculated. They
are shown in Agure 4 along wirth plots of the activity
coefficients of each of the salts in its own solution
{*s+ ¥pr This figure 1= used to emphasize the fact
that, at constant tetal jonic strength, the addition of
calciom chloride has only slight effect on the activity
coeficient of sodium chloride. On the contrary,
addition of sodium chloride has considerable effect
ot the activity coeflicienl of caleium chloride.

0l -

Ficure 4. Activity coeficients of sodium chioride ard cafciem
chloride.

Aetivity coelbcient of a rall in fn awn odutios.
Trace acthvity cpafcisnr,
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8. Compuarisons With Previous Work

Lanier [11] has used the sodium iopn-sensitive glass
electrode to measure the activity coeffictent of sodium
chloride in calecium chloride solutioms. In table 4
we compare his values of o with those obtained in
the present work, and also values of log v§ calculated
therefrom. The agreement 13 excellent at f=3.0
and I=6.0. The agreement between the two values
of g at =10 i not so good, but the values of log
¥4 are in {air agresment,

TaBLE 4. Comparison of ap ond {og ¥T cafues

on —leg vr
T This work | Landar [1i) | This work | Lanler
10| —000%2 —0. 0040 L] L]
gl — .l — ) 1w 1
I O3 016 A4

9. Excess Free Energy of Mixing

It has been shown [2] that the excess free energy of
mixing 0.5 kg of water containing 0.5 f moles of a 1:}
salt and 0.5 kg of water containing 0.5(//3} moles of a
1:2 salt, giving a kilogram of water containing 0.5 1
moles of the first salt and 0.5(f{3} moles of the other, the
total ionic strength of all three sclutiens heing I, i
given by the expression:

AGE It
5.303RT 8§ e tec

provided that eq (11} and eq {12) hold. Using the
values of e and @~ in table 3, the excess free energy
of the sodium chloride-calcium chloride system can
be calenlated, giving the values shown in table 5.

{28}

Tasik 5. Exvess free energy of mixing gt 35 *C

I |35 1 13 F 3 41 5. & 7

ACEL X [ 4 | 9 5] 2 |51 & | w218

A F i expressed in caboris porr Klograns of water, 1 caborin=— 41840 ].

These values of the excess free energy of mixing are
opposite in sign but comparable in magnitede with
those for the sodium chloride-barium chloride and
potassium chloride-barium chloride ayatems.

Grateful acknowledgment ia made to the Office of
Saline Water for a grant in partial support of this work.
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