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Freezing point depressions of dilute KCl solutions were computed by means of the
best activity coefficient equations. In the calculations the equations of Hiickel,
Hamer and Pitzer were used for the activity coefficients. All these equations have
been determined from experimental data measured at the temperature of 298.15 K. It
is confirmed in this paper that with any one of these three equations, the existing
freezing point data available in the literature can be predicted within experimental
error. The freezing point depressions tabulated in this paper at rounded molalities
can be highly recommended, because the activity coefficient equations used in the
evaluation also explain almost all electrochemical data at 298.15 K.

The determination of freezing point depressions of aqueous
solutions has been highly developed since Roloff! in 1895 as
the first investigator abandoned the original super-cooling
method of Raoult.? Roloff determined by analysis the com-
position of solutions in equilibrium with a large amount of
ice which had been frozen out of the solutions. The use of
thermocouples instead of mercury thermometers by Haus-
rath? and Osaka* in 1902 is likewise an important improve-
ment, especially in the cryoscopy of dilute electrolyte so-
lutions. The difference between the freezing point of pure
water and of a dilute aqueous solution can be measured
using thermocouples with an uncertainty not greater than
0.0001 K. The experimental error with mercury thermome-
ters has seldom been smaller than 0.001 K.

The most significant innovations in the determination of
the freezing points of dilute solutions were made around
the turn of the last century. Therefore old measurements
contain reliable data of the cryoscopy of different sub-
stances. For example, in potassium chloride solutions the
freezing point depressions reported by Jahn® appear to be
entirely reliable, although this set was measured as early as
in 1904. After the first paper of Jahn several accurate
studies of the cryoscopy of dilute KCl solutions have been
published.®'? In addition, there are papers containing cryo-
scopic results where at least some points have been deter-
mined in dilute KCl solutions.”*'® According to the litera-
ture cited above, a great deal of research has been concen-
trated on the cryoscopy of KCl solutions. For this reason,
KCI solutions were chosen for the calculations of the pre-
sent paper.

It is well known (see, for example, Spencer®) that the
activity coefficients of KCl (or of many other correspond-
ing electrolytes) at 298.15 K can be calculated from the
freezing point results in the case of very dilute solutions
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(i.e. at molalities less than about 0.01 mol kg™') without
making any temperature corrections. In less dilute so-
lutions these corrections become more important, but they
can be accurately made only when there are enough calo-
rimetric data available about the solutions. At present the
activity coefficients determined from the freezing point
measurements cannot be changed with appropriate calo-
rimetric data to correspond to the temperature of 298.15 K
without losing some of the accuracy.

The most accurate activity coefficients of dilute KCl so-
lutions can be obtained without question from the results of
electromotive force measurements by galvanic cells with
transference. At 298.15 K the most reliable study with this
kind of cell is probably the one by Hornibrook et al.* The
author? has shown that the activity coefficients obtained
from that study can be predicted within experimental error
by a two-parameter equation of the Hiickel type. More-
over, the author has shown that the freezing point depres-
sions of several of the abovementioned investigations can
be predicted within experimental error with the Hiickel
equation determined from the EMF measurements of
Hornibrook et al. No corrections due to differences in the
temperatures were needed in those calculations.

The freezing point depressions of the dilute KCl so-
lutions determined by the different authors introduced
above do not agree with each other as well as desired (see
for example Randall and White?). Therefore some obscu-
rity still exists as to the exact freezing point lowerings of
dilute KCl solutions expressed as accurately as it is possible
to verify experimentally. In this paper these values are
presented at several rounded molalities. The freezing point
depressions of this paper are based on the activity coeffi-
cient equations determined primarily for the temperature
of 298.15 K. In addition to the Hiickel equation mentioned
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above, the equations of Pitzer* and of Hamer and Wu® are
also used in the calculation of the freezing point depres-
sions. Because all these three equations predict the experi-
mental cryoscopical data equally well, and so that the er-
rors appear to be random, it is very likely that the correct
freezing point depressions for dilute KCl solutions can be
calculated with these equations.

Results

The following dependence can be derived for the freezing
point depression (AT;) of a solution of a uni-univalent
electrolyte on the molality (m) of the electrolyte.

AT =TT 2RT* M, (m+ 1)
T T T ORM, (m + ) + AHJT?

ACAT; + AC(TF — ATy In[(T¥ — AT)/ITY] :
+
2RM\(m + I) + AHJT¢ )
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In Y+
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In eqn. (1) T} is the freezing point of pure water (i.e.
273.15 K) and T; that of the solution, AH,, is the molar
enthalpy of fusion of water at T¢ (6008 J mol ™), AC, is the
difference between the molar heat capacities of water as
liquid and as solid at the pressure of 101.3 kPa (this differ-
ence is 38.07 J K~! mol™! and it is assumed to be independ-
ent of the temperature), M, is the molar mass of water (=
0.018015 kg mol™") and R is the gas constant (= 8.31451J
K™ mol™"). In eqn. (2), y. is the mean activity coefficient
of the electrolyte on the molality scale, and it can be
calculated from the molality with any of the activity coeffi-
cient equations studied in this paper. When the values of
AT; are computed from eqn. (1), iterative calculations are
needed because the second term on the right-hand side
contains this quantity.

In the beginning of the calculations of this paper the
experimental AT; values of dilute KCl solutions will be
compared with the values obtained from eqn. (1). Three
sorts of values of AT; are calculated for these comparisons.
These differ from each other in the formula used for the
activity coefficients in the calculations. As mentioned
above, these formulae have been determined on the basis
of the experimental data measured at 298 K. Of these
equations the simplest one is the Hiickel equation, and it
takes the form of eqn. (3) for uni-univalent electrolytes, in
which m° = 1 mol kg™! and a and B are the constants of
Debye and Hiickel [at 298.15 K o = 1.1762 (kg mol~')12

amuz

Iny,=- 1+ Ba*mm

~In(1 +2M,m) + bym/m® A3)
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and § = 3.287 (kg mol™)"”> nm~'] and where for KCl
solutions the author® has determined the following values
for the other parameters: a* = 0.37 nm and b, = 0.097.
The second equation used in the calculations has been
presented by Hamer and Wu.” In the case of KCl solutions
it can be expressed in the form of eqn. (4) where A =

Amuz
5 1+ C(m/m®)

ng¢=]010th=—1+Bm,

+ D(mim°)* + E(m/im°)? 4

0.5108 (kg mol™)"? (= o/In 10), B = 1.295 (kg mol™)!?,
C = 0.00007, D = 0.003599 and E = —0.00019540. The
third equation has been presented by Pitzer.* It has the
form of eqn. (5) for uni-univalent electrolytes.

Iny, = f' + BY(mim°) + C(m/m°)? &)
where
m” 2 In (1 + bm'? 6
YV = — — —_ +
fr= AR\ T 0 (L F b ©

v 0 26‘ —am12 12 a_z
B=ZB+@ 1—e 1+ am —5m )
and

C = (312) ¢ (8)

The parameters A, b and o in these equations do not
depend on the electrolyte, and Pitzer has presented the
following values for them: A, = 0.392 (kg mol™")"?, b = 1.2
(kg mol™")"? and o = 2.0 (kg mol™!)"2. Parameters B°, B!
and C® depend on the electrolyte, and Pitzer and May-
orga® have tabulated the following values of them for KCI:
B° = 0.04835, B! = 0.2122, and C* = —0.000 84.

The results of the comparison of the theoretical freezing
point depressions with the experimental values are shown
in Figs. 1 and 2. The theoretical depressions have been
consequently calculated from eqn. (1) by means of eqns.
(3), (4) or (5). In both figures the differences between the
experimental and theoretical values are presented as a
function of the molality. This difference (or error) e(AT;)
is therefore defined by eqn. (9).

e(AT,) = AT(observed) — AT(predicted) )

The results of the dilute solutions are included in Fig. 1. In
the graphs of the figure the errors of the predicted values of
the different activity coefficient models are denoted by
different symbols.

The results for stronger solutions are shown in Fig. 2.
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Fig. 1. Differences between the measured and predicted freezing point depressions as a function of the molality in the sets containing
dilute KCI solutions. The errors of the different activity coefficient equations are denoted by the symbols shown in the graphs. Each
graph contains the results of the measured sets noted in the graphs. In the fourth graph a point in the Jahn’s set (3) is outside the
ranges of the scale of (AT, axis; the errors of this point are denoted numerically using the same scale as on the &(AT)) axis.

The predicted values obtained with either Hamer’s or
Pitzer’s equation are identical within experimental error
and so the errors of any set in the figure can be described by
one symbol. The results of the Hiickel equation are not
included in Fig. 2, because the upper limit of applicability
of that equation is about 0.1 mol kg™!, and so it is not
interesting to use this equation in higher molalities than this
value.

Discussion

It can be seen in Fig. 1 that almost all experimental data
can be explained with the activity coefficient eqns. (3), (4)
or (5) within 0.0005 K. Only the three points of the most
concentrated solutions of Jahn’s newer set and the stron-
gest point of Fliigel’s set lay outside these ranges. Usually
the freezing point depressions in dilute electrolyte solutions
are not expressed in the literature more accurately than
with four digits. So with any one of the three activity
coefficient equations almost all observed AT; values can be
predicted so accurately that the last significant digit in the
predicted value is not more erroneous than by five units. At
molalities of about 0.1 mol kg™ the Hiickel equation pre-
dicts values that are slightly but systematically too high for
the freezing point depressions; the error is approximately
—0.0004 K.

From the results of the stronger solutions it can be first

concluded that the measured values of AT; are not known
as accurately as the freezing point depressions in the dilute
solutions. In most of the sets of the experimental data in
Fig. 2 the precision of the freezing point determination has
not been much better than 0.001 K. Probably only the sets
of Scatchard and Prentiss’® and of Damkéhler and Wein-
zierl"’ are exceptions, but unfortunately the results of these
sets do not agree well with each other. According to Fig. 2
it can be seen that the values of AT; for KCl solutions can

Table 1. Recommended freezing point depressions of KCl
solutions at several rounded molalities.

m/m° AT/K m/m° AT/ K

0.005 0.0181; 0.07 0.2432
0.01 0.0360 0.075 0.2601

0.015 0.08 0.2771 0.05365
0.02 0.0712 0.085 0.2940
0.025 0.0886, 0.09 0.3109
0.03 0.1060 0.095 0.3278
0.035 0.1233 0.10 0.3447
0.04 0.1406 0.11 0.378,

0.045 0.1578 0.12 0.411,

0.05 0.1749 0.13 0.445,

0.055 0.1921 0.14 0.479,

0.06 0.2092 0.15 0.512;

0.065 0.2262
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Fig. 2. Differences between the measured and predicted
freezing point depressions as a function of the molality in the
sets containing less dilute KCI solutions. The predicted AT,
values have been calculated by means of Hamer’s (or Pitzer’s)
equation for the activity coefficients (see text). Each graph
contains the results of the measured sets denoted by the
different symbols in the graphs.

be plausibly estimated within 0.001 K up to the molality of
0.15 mol kg™' using either Pitzer’s or Hamer’s equation.

According to the calculations presented above, the ex-
perimental freezing point depressions can be evaluated
within experimental error in dilute solutions of KCl with
the best activity coefficient equations available for the tem-
perature of 298 K. Therefore the values of AT for any
dilute molality of KClI can be reliably calculated from eqn.
(1) by means of eqns. (3), (4) or (5). In Table 1 these values
are presented at several rounded molalities.
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The AT; values of Table 1 have been calculated for the
molalities below 0.07 mol kg™' using the Hiickel equation
[eqn. (3)]. The predicted values of AT; which were calcu-
lated using the other two activity coefficient equations dif-
fer from the values of Table 1 at the most by two units in the
last digit. Above the molality of 0.07 mol kg™! the freezing
point depressions of Table 1 have been calculated by using
Hamer and Wu’s equation [eqn. (4)] for the activity coeffi-
cients. The results obtained with Pitzer’s equation [eqn.
(5)] differ from the values of Table 1 by no more than two
units in the last digit.

The freezing point depressions of Table 1 can be highly
recommended because they have been based on the activity
coefficient equations which explain, in addition to the ex-
perimental values of AT}, almost all existing electrochem-
ical data measured at 298.15 K. (See for example Ref. 22.)
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