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ABSTRACT

Freezing point depressions (ATy) of dilute solutions of several alkali metal
chlorides and bromides were calculated by means of the best activity coefficient
equations. In the calculations, Hiickel, Hamer and Pitzer equations were used for
activity coefficients. The experimental ATy values available in the literature for
dilute LiCl, NaCl and KBr solutions can be predicted within experimental error by
the Hiickel equations used. The experimental ATt values for dilute LiCl and KBr
solutions can also be accurately calculated by corresponding Pitzer equations and
those for dilute NaCl solutions by the Hamer equation for this salt. Neither Hamer
nor Pitzer equations predict accurately the freezing points reported in the literature
for LiBr and NaBr solutions. The ATt values available for dilute solutions of RbCl,
CsCl or CsBr are not known at the moment accurately because the existing data for
these solutions are not precise. The freezing point depressions are tabulated in the
present study for LiCl, NaCl and KBr solutions at several rounded molalities. The
ATy values in this table can be highly recommended. The activity coefficient
equations used in the calculation of these values have been tested with almost all
high-precision electrochemical data measured at 298.15 K.

INTRODUCTION

In a previous paper [1], it has been shown that the freezing points of dilute KCl
solutions can be predicted within an experimental error by using in the calculation
the best activity coefficient equations available in the literature. The most accurate
equations for activity coefficients have been determined from experimental data
measured at a temperature of 298.15 K. Nevertheless, they predict almost all
experimental freezing points for KCI solutions up to a molality of 0.1 mol kg
within 0.0005 K. In this study, the cryoscopy of dilute solutions of the other alkali
metal chlorides and bromides was studied by using the best activity coefficient
equations for these electrolytes. As in the previous study [1], Hiickel, Hamer and
Pitzel equations were here used for activity coefficients.

The experimental data used in this study were taken from the literature.
Freezing point depressions (A7) in dilute NaCl solutions were measured by
Hausrath [2], Osaka [3], Jahn [4, 5], Fliigel [6], Rivett [7], Harkins and Roberts
[8], Scatchard and Prentiss [9], Momicchioli et al [10], and Gibbard and
Gossmann [11]. Jahn [4, 5], Scathard and Prentiss [9] and Momicchioli et al. [10]
investigated cryoscopically dilute LiCl solutions. Freezing point depressions of
RbCI and CsCl solutions were studied by Momicchioli et al. [10] and Karagunis et



al. [12], and of CsCl solutions additionally by Jahn [4]. Scathard and Prentiss [9]
and Damkohler and Weinzierl [13] measured in this way ATt values for LiBr, NaBr
and KBr solutions. Finally, Jahn [4] studied LiBr and NaBr solutions and
Damkohler and Weinzier[13] CsBr solutions.

It is shown here that the experimental ATt values for LiCl, NaCl and KBr
solutions can be accurately predicted by means of the activity coefficient equations
used in calculations. In the best cases, these values can be predicted within
experimental error. As for KCI solutions, therefore, it is probable that the most
reliable freezing point depression at any dilute solution of these electrolytes can be
obtained by the means of the best activity coefficient equations at 298.15 K. At
several rounded up molalities, the recommended ATt values are tabulated below
for the solutions of LiCl, NaCl and KBr.

RESULTS

The following equation can be derived between the freezing point depression (AT¥)
and the molality (m) for a pure solution of uni-univalent electrolyte:

2RT; M, (m+1)

ATf= Tf* -Tf = *
2RM (m+ 1)+ (AH, /T))

AC, AT, + AC, (T} — AT, In[(T; - AT,)/T; ]
2RM (m+1)+(AH,, /T})

(1)

fus

where
In(y+)

I= [ mddny,) )

In eqn. (1), T} is the freezing point of pure water (= 273.15 K) and T that of the

solution, AHy, is the molar enthalpy of fusion of water at 7} (= 6008 J mol'l), AC,
is the difference between the molar heat capacities of water as liquid and as solid
at a pressure of 101.3 kPa (this difference is 38.07 J K™ mol” and it is assumed to
be independent of the temperature), M, is the molar mass of water (= 0.018015 kg
mol™), and R is the gas constant (= 8.31451 J 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 by any of the activity coefficient equations considered
in this study. The use of eqn. (1) for ATt requires iterative calculations because the
second term on the right-hand side contains quantity.

In the present study, the experimental AT} values for all these chlorides and
bromides were first compared to the predictions obtained by the activity

coefficient equations used. The following equations were used:

In vy, =-am" /(1 +pa m"*) —In(1 +2Mm) + by(m/ m °) (3)



Ig v, = -Am"/(1+B m ") + Cy(m/m°) + Coy(m/m°)*

Cy(m/m°)’ + Co(m/m°)* + Cs(m/m°)’ + Co(m/m°)° (4)
In vy, =f + B (m/m°) + C'( m/mo)2 (5)
where

f=-Ao{m"[1 + 1.2(m/m°) "] + [2(m°) *1.2] In[1 + 1.2(m/m°)"?}  (6)
B =2B° + [B'/2(m/m")]{1 - exp[-2(m/m®)"*|[1+2(m/m°)"* — 2(m/m°)]} (7)
C'=3C"2 ()

The equations are given for a uni-univalent electrolyte, and eqn. (3) is the Hiickel
equation (see Ref. 14), eqn. (4) is the Hamer equation [15] and eqn. (5) is the
Pitzer equation [16]. The general parameters have in those the following values:
o= 1.1762 (mol kg'l)'m, B =3.287 nm™ (mol kg'l)'m, A4 = a/In(10), and 44 = /3.
The parameters depending on the electrolyte are shown in Tables 1 and 2 for the
electrolytes considered here. The parameters af the Hiickel equation have been
determined by the author [14] and those of the Pitzer equation by Pitzer and
Mayorga [17].

The results of the comparison between theoretical and experimental AT}
values for NaCl solutions are shown in Figs.1 and 2. In both figures, the difference

e(ATy) = ATr(observed) - AT¢(predicted) )]

is presented as function of the molality. The results for the dilute NaCl solutions
are shown in Fig. 1 and those for the stronger solutions in Fig. 2. The Hiickel-
equation results were omitted from Fig. 2 because this equation is usually not valid
at molalities larger than 0.1 mol kg (see Ref. 14). The results obtained from LiCl
solutions are illustrated in the same way in two graphs of Fig. 4. The results of the
other alkali metal bromides are reported in three graphs of Fig. 5. Only the errors
for the Hamer and Pitzer equations are presented in these graphs because no
reliable Hiickel equations are available for these bromides. The results for RbCl
and CsCl are shown in Fig. 6, and these figures show also errors obtained by using
the Hiickel equation determined for KCI (see Table 1). This model was included in
this figure because RbCl and CsCl in dilute aqueous solutions resemble
thermodynamically KCI (no reliable Hiickel equation is available in the literature
for RbCl or CsCl).



Table 1.
Parameters for the Hiickel equation [eqn. (3)] and the Pitzer equation [eqn (5)] of
the electrolytes considered in this study.

Electrolyte a /nm | b B° B! ct

LiCl 0.48 0.137 0.1494 0.3074 0.00359
NaCl 0.42 0.114 0.0765 0.2664 0.00127
RbCl1 0.37% 0.097* 0.0441 0.1483 -0.00101
CsCl 0.37% 0.097* 0.0300 0.0558 0.00038
LiBr 0.1748 0.2547 0.0053
NaBr 0.0973 0.2791 0.00116
KBr 0.41 0.030 0.0569 0.2212 -0.00180
CsBr 0.0279 0.0139 0.00004

) Determined in Ref. 14 for KCI.

Table 2.
Parameters for the Hamer equation [eqn. (4)] of the electrolytes considered in this
study.

Electrolyte B? 10°C, 10°C, 10°C, 10°C, 10°C;s 10°C,
LiCl 1.305 116.03 | -7.7726 | 29579 | -319.53 | 14.068 | -224.98
NaCl 1.4495 20442 [ 5.7927 | -02886 |0 0 0
RbCl 1.1439 0.8100 | 3.2460 | -0.22672 | 0 0 0

CsCl 0.975 -8.5074 | 4.8702 | -0.40260 | 10.233 |0 0

LiBr 1.60 85.164 18335 | -2.5742 [ 2414 | -11.612 | 204.02
NaBr 1.49 35230 | 7.1023 | -0.32348 | -36.943 |2.6380 |0

KBr 1.35 3.9749 | 3.9450 | -0.29951 |0 0 0

CsBr 1.05 -26.208 | 8.75 0.71511 |0 0 0

%) Expressed in a unit of nm™ (mol kg™")™""
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Figure 1.

Difference between the measured and predicted freezing point depression e(ATY)
defined by eqn. (9), as a function of the molality for dilute NaCl solutions. The
data sets and activity coefficient equations (HI = Hiickel equation, Hr = Hamer
equation and Pr = Pitzer equation) are shown in the legends of graphs. Graphs C
and D are shown on the next page.
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DISCUSSION

According to Fig. 1, the experimental freezing points of dilute NaCl solutions can
be excellently predicted by means of the activity coefficient equations used in this
study. Most of those can be predicted within 0.0005 K. Only the following points
in the more precise data sets are exceptions: one point in the set of Harkins and
Roberts [8] (in that point m = 0.08360 mol kg™ and ATy / m = 3.435K kg mol”
and that point is not shown in graph A of Fig. 1; also Guggenheim [18§]
emphasized that this is probably an erroneous point) and three points in Jahn’s
more precise set [5] [this set is probably not reliable within its precision in the
same way as the corresponding KCI set (see Ref. 1)]. In Jahn’s older set [4] and in
the set of Momicchioli ef al. [10], several errors are larger than 0.0005 K but in
both sets the pattern formed by the errors (see graphs B and C) seems to be
random. Therefore the freezing points in these sets can also be predicted in dilute
solutions within the precision of measurements. There is no difference between
eqns. (3), (4) and (5) in the ability to predict the experimental data at molalities
less than 0.05 mol kg'. Above this molality, the Pitzer equation predicts smaller
values for ATt than the other two equations. According to Fig.1, the experimental
data can be slightly better predicted by the Hiickel and Hamer equations than by
the Pitzer equation, but the differences are probably not significant

The results of less dilute NaCl solutions are presented in Fig. 2. Because
the Pizer and Hamer equations predict too high values for the freezing points in
this figure, these equations do not apply to the accurate calculation of the freezing
point depressions of NaCl solutions above 0.1 mol kg

According to Fig. 3, the experimental freezing points of dilute LiCl
solutions can be predicted accurately up to molality of 0.06 mol kg by means of
the activity coefficient equations used. All three equations predict almost the same
values for AT; up to a molality of 0.05 mol kg”'. Above this limit, the Pitzer
equation applies better to the experimental data than the other two equations.

Of the three ATt data sets available in the literature for KBr solutions, only
the set of the Scatchard and Prentiss [9] is, according to Fig. 4, very precise and
reliable. The freezing points in this set can be predicted very accurately up to a
molality of 0.16 mol kg™ by means of the Hiickel equation for KBr. In this case,
unexpectedly, the applicability of this equation extends far beyond its normal limit
(i.e., far beyond 0.1 mol kg™, see Ref. 14).

According to graphs A and B of Fig. 5, neither Hamer nor Pitzer equation
could predict within experimental error the freezing point depressions measured in
dilute solutions of LiBr or NaBr. Because the experimental freezing points of
Scatchard and Prentiss [9] seems to be entirely reliable and very precise also in
these cases, it is possible that the activity coefficients predicted by the Hamer and
Pitzer equations are somewhat erroneous for dilute solutions of these electrolytes.
Activity coefficients in dilute LiBr and NaBr solutions at 298.15 K are not known
very accurately because no one (as far as the author knows) has made precise
electrochemical measurements on concentration cells with transference in these
solutions.
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Difference between the measured and predicted freezing point depression e(ATf)
defined by eqn. (9), as a function of the molality for LiCl solutions. The data sets
and activity coefficient equations (HIl = Hiickel equation, Hr = Hamer equation and
Pr = Pitzer equation) are shown in the legends of graphs.
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Difference between the measured and predicted freezing point depression e(ATY)
defined by eqn. (9), as a function of the molality for LiCl solutions. The data sets
and activity coefficient equations (HIl = Hiickel equation, Hr = Hamer equation and
Pr = Pitzer equation) are shown in the legends of graphs. Graph C is shown on the

next page.
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This technique is the most reliable method to study thermodynamically
dilute electrolyte solutions (see Ref. 14). In the case of CsBr solutions (graph C),
the set of Damkdhler and Weinzierl [13] is not sufficiently precise for a critical
consideration. In addition, the Hamer and Pietzer equations for this electrolyte
predict completely different values for freezing point depressions.

The results of Fig. 6 show that the freezing points of RbCl solutions are not
known so precisely that the existing data can be used in very critical tests of
different activity coefficient equations. The freezing points calculated by means of
the Hiickel equation for KCI (see Table 1) are considerably different from those
obtained by either he Hamer or Pitzer equation near to the molality of 0.1 mol kg™
for both electrolytes. On the other hand, the latter equations give almost same AT}
values, and apply also slightly better to the data.

According to all conclusions presented above, the freezing points of dilute
LiCl, NaCl and KBr solutions can be predicted almost within experimental error
by means of eqns. (3), (4) and (5). Owing to the great amount of experimental
evidence presented in Figs. 1 - 4, it seems probable that accurate estimates for the
correct freezing-point depressions of LiCl, NaCl and KBr solutions at any dilute
molality can be calculated from these activity coefficient equations. The estimates
obtained in this way at several rounded molalities are shown in the Table 3.
Primarily the values in this table have been computed by using the Hiickel
equation [eqn. (3)] for the activity coefficients. For LiCl solutions, however, the
AT¢ values of the two strongest solutions shown in the table were calculated by
using the Pitzer equation [eqn. (5)]. The ATr values obtained from the Hiickel
equation for these two solutions differ from those in the table by only two or three
units in the last digit.
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Table 3.

Recommended freezing point depressions of LiCl, NaCl and KBr solutions at
rounded molalities.
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m / mol kg™ AT{LiCl) /K AT{NaCl) /K AT{KBr) /K
0.005 0.0182 0.01815 0.01815
0.01 0.0360 0.0360 0.0360
0.015 0.0538 0.0537 0.0537
0.02 0.0714 0.0713 0.0712
0.025 0.0890 0.0888 0.0887
0.03 0.1065 0.10625 0.1061
0.035 0.1240 01236 0.1234
0.04 0.1414 0.1410 0.14065
0.045 0.1588 0.1583 0.1579
0.05 0.1763 0.1755 0.1750
0.055 0.1937 0.1928 0.1922
0.06 0.2111 0.2099 0.20925
0065 0.2271 0.2263
0,07 0.2443 0.24335
0.075 0.2614 0.2604
0.08 0.2785 0.2773
0.085 0.2957 0.2943
0.09 0.3127 0.3112
0.095 0.3298 0.3281
0.1 0.3469 0.3450
0.11 0.3810 0.3788
0.12 0.4124
0.13 0.4460
0.14 0.4796
0.15 0.5131
0.16 0.5466

The freezing point depressions in Table 3 can be highly recommended.
They have been based on the activity coefficient equations that reproduce
accurately, in addition to the experimental ATy values, almost all high-precision
thermodynamic data measured at 298.15 K by different electrochemical techniques
(see Ref. 14).
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