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ABSTRACT: In previous articles (Partanen et al. J. Chem. Eng. Data 2019,
64, 16−33 and Partanenet al. J. Chem. Eng. Data 2019, 64, 2519−2535), we
presented traceable and transparent two-parameter Hückel equations (with
parameters B and b1) for the activity coefficients of the salt and for the osmotic
coefficients of water in aqueous KCl solutions in the temperature range of
273.15−383.15 K. The latter article is the first part (Part 1) of the calorimetric
study. We showed in these articles that our equations for these solutions
explain within experimental error the literature data on almost all
thermodynamic quantities including the partial molar enthalpies at least up
to a molality of 0.2 mol·kg−1 and up to 373 K. In this model, parameter B is
regarded as a constant but parameter b1 has a quadratic temperature
dependence. No calorimetric data were needed in the parameter estimation. In
the second part (Part 2) of the calorimetric study, now, the results obtained for
the heat capacity quantities of KCl (aq.) are considered. We show here that all heat capacity literature available for KCl
solutions at least up to 0.5 mol·kg−1 is possible to explain within experimental error using exactly the same Hückel equations as
those considered previously in our studies for dilute KCl solutions from 273 to 373 K. Because of the success of the used model,
we supplement the existing thermodynamic tables with new values for the relative apparent and partial molar heat capacities for
KCl solutions. It is likely that the new tables contain the most reliable values available for these heat capacity quantities.

■ INTRODUCTION

Due to its central role in biological and industrial systems,
potassium chloride is without question one of the most
important electrolytes on earth. Its thermodynamic properties
in aqueous solutions, such as activity coefficients, osmotic
coefficients, heats of dilution and solution, and molar heat
capacities of components, have been therefore thoroughly
determined in various temperatures, pressures, and concen-
trations (see the review of Archer1). Subsequently, these
measurements have been interpreted using different kinds of
models that enable the calculation of these properties in regions
where measurements are not yet carried out. The most
important of these models has been proposed by Pitzer.2 This
Pitzer model also serves as the basis of the multiparameter
equations of Archer.1 For practical treatment, however, these
equations are often overly complicated, containing numerous
fitting parameters connected to the three independent variables
(i.e., temperature, pressure, and concentration). In light of our
recent NaCl studies,3−5 and our other previous research, the
behavior of dilute electrolyte solutions can often be accurately
described by a much simpler Hückel-type equation requiring
only a few of estimated parameters.

To date, heat capacity data of pure aqueous solutions of
several uniunivalent electrolytes have been considered in the
reviews of Parker,6 Hepler and Hovey,7 and Criss and Millero.8

All of these reviews usually contain only results at the
thermodynamic reference temperature of 298.15 K. Heat
capacities in solutions of other valence-type electrolytes have
been treated in refs 7 and 9 at this temperature. Additionally, the
heat capacities of KCl solutions have been studied in the review
of Pabalan and Pitzer10 at various temperatures. Both studies by
Criss and Millero8,9 utilized Pitzer formalism2 in the
interpretation of their experimental data.
In ref 5 and in Part 1 of this study,11 we demonstrated that the

Hückel equation with the two parameters, denoted B and b1, is
the most accurate equation to date for predicting the
thermodynamic properties of dilute KCl (aq.) at various
temperatures. In the present part (Part 2), we have observed
that our previous value for parameter B and the quadratic
equation with respect to temperature for parameter b1 also apply
very well to almost all heat capacity literature available for dilute
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KCl solutions within 273−373 K. Following the notation of Part
1, this parametrization has been designated PI.
In ref 12, we have suggested an alternative parametrization for

more concentrated KCl solutions. In this model, which we call in
ref 11 and here parametrization PII, the same value was used for
B, but the temperature dependence of parameter b1 was
determined mainly from the electrochemical data for KCl
solutions. The used amalgam cell data of Harned and Cook13

cover the temperature range 273.15−313.15 K and extend up to
a molality of 4.0 mol·kg−1. Because these electrochemical data
are not as accurate as the data used for parametrization PI, the
resulting model is more utilitarian than the one based on PI.
However, in refs 11 and 12, it was observed that PII applies quite
well up to 343 K also in less dilute solutions and, therefore, we
continue the use of PII in the present study.

■ THEORY
In many previous contributions (see, for example, refs 3−5, 11,
12, and 14−17, and the complete list of our studies in this area is
in ref 11), it has been demonstrated that Hückel equations
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can be used to predict accurately the mean activity coefficient of
salt (γ) and the osmotic coefficient (ϕ) of water in aqueous
solutions of many single electrolytes at least up to an ionic
strength (Im) of 1 mol·kg−1. In eqs 1 and 2,m is the molality, m°
is its unit (i.e., m° = 1 mol·kg−1), z+ and z− are the charge
numbers of the cation and anion, respectively, and B and b1 are
the electrolyte-dependent parameters. The values of the
Debye−Hückel parameter α at 101.325 kPa and at various
temperatures are given in Table 1 of ref 5, and they have been
taken from ref 18. For a 1:1 electrolyte like KCl, |z+z−| is 1 and Im
is the same as the molality.
The excess Gibbs energy of solution (ΔGex) on the molality

scale in pure electrolyte solutions is related to the activity and
osmotic coefficients by

G mRT2 (1 ln )ex φ γΔ = − + (3)

where T is the temperature in the Kelvin scale and R the
universal gas constant. In all of the energy quantities below, the
molality scale is used and the mass of water is considered to be 1
kg. The symbol of the apparent molar enthalpy of salt is Happ,2
(subscript 2 is associated with the salt), and its definition is given
in the following equation:

H
H w M H

mw
H H
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( / )
app,2
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1
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− *

=
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(4)

where H is enthalpy of the system, Hm,1* is the molar enthalpy of
pure water (symbol 1), H1* is enthalpy of the mass of 1 kg water
(= w1), M1 is the molar mass of water (= 0.018015 kg·mol−1),
and in the last term “kg” is omitted from the unit for simplicity
(as now generally) because the molality scale is always used. The
relative apparent molar enthalpy (ΔHapp) of salt in these

solutions is connected to the excess Gibbs energy by the
subsequent thermodynamic identity

( )
H H H T
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2
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∂
∞

Δ

(5)

where Hm,2
∞ is the partial molar enthalpy of the salt at infinite

dilution. The apparent molar heat capacity of the salt at a
constant pressure is Capp,2, and it is denoted here simply as Capp.
It is defined analogously to the enthalpy quantity by equation

C
C w M C
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( / )
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where C is the heat capacity of the system, Cm,1* is the molar heat
capacity of pure water, and C1* is the heat capacity of the mass of
1 kg water. The relative apparent molar heat capacity (ΔCapp) of
the salt is associated with the relative apparent molar enthalpy
(ΔHapp) of the salt by equation

C C C
H

T
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∂ Δ
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∞

(7)

where Cm,2
∞ is the partial molar heat capacity of the salt at infinite

dilution. For a certain molality, the partial molar heat capacity of
the salt is related to the apparent quantity by

C C m
C

m

( )
m,2 app

app= +
∂

∂ (8)

Finally, the relative partial molar heat capacity of the salt
(ΔCm,2) is defined by equation

C C Cm,2 m,2 m,2= − ∞
(9)

Table 1. Values of Real and Relative Apparent Molar Heat
Capacity (Capp and ΔCapp, Respectively) Obtained Using
Parameterization PI at 298.15 K for KCl Solutions as
Functions of Molalitym and the Error (eC) when the Relative
Value Is Predicted by eq 14 with the Parameter Values Given
in Table 2

m/mol·kg−1 (Capp)
a/J·K−1·mol−1 ΔCapp/J·K−1·mol−1 (eC)

b/J·K−1·mol−1

0.001 −113.0 1.003 0.072
0.002 −112.6 1.417 0.067
0.005 −111.8 2.237 0.053
0.01 −110.8 3.162 0.033
0.02 −109.5 4.478 0.002
0.05 −106.9 7.147 −0.057
0.10 −103.7 10.300 −0.097
0.15 −101.1 12.858 −0.102
0.20 −98.9 15.124 −0.089
0.30 −94.8 19.179 −0.040
0.40 −91.1 22.866 0.013
0.50 −87.7 26.338 0.059
0.60 −84.3 29.658 0.081
0.70 −81.1 32.875 0.080
0.80 −78.0 36.009 0.048
0.90 −74.9 39.079 −0.016
1.00 −71.9 42.103 −0.106

aThe real value calculated from the relative value using a value of
−114.0 J·K−1·mol−1 (Abraham and Marcus19) for the partial molar
heat capacity of KCl at infinite dilution. bThe difference between the
suggested and predicted values.
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We observed in the previous studies5,11,12 that the constant
value of 1.3 (mol·kg−1)−1/2 for parameter B in dilute KCl
solutions applies to all temperatures from 273.15 to 383.15 K. In
addition, the following three values for parameter b1 were
determined in those studies from the experimental data available
in the literature: b1(273.15 K) =−0.0515, b1(298.15 K) = 0.011,
and b1(353.15 K) = 0.044. The following quadratic equation
resulted from these values for KCl solutions:

b
T T

T T

0.0515 3.09375 10
K
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where T0 = 273.15 K, and it was presented in ref 5. In Part 1, we
have concluded recently11 that parameterization PI does not
apply well to the existing enthalpy data in less dilute KCl
solutions in the range 298−303 K. As in Part 1, therefore, we
employ here an alternative quadratic parametrization for b1 that
has the form

b
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As mentioned in Introduction, this equation was determined in
ref 12 mainly from the amalgam cell data,13 and it was observed
to apply quite well up to 343.15 K also in more concentrated
solutions. Like before,11 the calculations associated with eq 11
are referred here to as those of parametrization PII.

■ RESULTS AND DISCUSSION

Calculations of the Relative Apparent Molar Heat
Capacities. Equation 10 (or parametrization PI) was tested in
Part 111 and here using all high-quality calorimetric data that are
available for dilute KCl solutions up to 373 K. As described in ref
4 for the NaCl case, the following simple strategy gave accurate
and traceable results for the interpretation of the complicated
heat capacity data existing in the literature for dilute KCl (aq.) at
various temperatures at least up to 0.2 mol·kg−1: Using eq 3

Table 2. Parameter Values for eq 14 (i.e., for the Dependence of Relative Apparent Molar Heat Capacity on theMolality) for KCl
Solutions Obtained by Using Parametrization PI (eq 10)

T/K αC/J·K
−1·mol−1 aC,1/J·K

−1·mol−1 aC,2/J·K
−1·mol−1 aC,3/J·K

−1·mol−1 (sC)
a/J·K−1·mol−1

273.15 13.95 0.851 21.375 −8.2 0.31
278.15 20.005 0.455 11.401 −1.1 0.15
283.15 24.254 0.211 5.690 3.4 0.06
288.15 27.400 0.061 2.623 6.3 0.023
293.15 29.854 −0.028 1.240 8.2 0.05
298.15 31.89 −0.078 0.8976 9.5 0.07
303.15 33.68 −0.106 1.243 10.4 0.08
308.15 35.33 −0.124 2.081 11.0 0.09
313.15 36.91 −0.132 3.154 11.5 0.10
318.15 38.47 −0.132 4.319 12.0 0.10
323.15 40.04 −0.134 5.644 12.4 0.10
328.15 41.65 −0.139 7.004 12.8 0.10
333.15 43.31 −0.142 8.291 13.3 0.11
338.15 45.05 −0.151 9.571 13.8 0.11
343.15 46.88 −0.163 10.669 14.5 0.12
348.15 48.81 −0.179 11.638 15.3 0.13
353.15 50.85 −0.203 12.482 16.2 0.14
358.15 53.01 −0.237 13.189 17.2 0.16
363.15 55.31 −0.274 13.650 18.4 0.17
368.15 57.75 −0.331 13.946 19.7 0.20
373.15 60.36 −0.390 13.879 21.3 0.22

aThe standard deviation about the regression.

Table 3. Parameter Values for eq 14 (i.e., for the Dependence of Relative Apparent Molar Heat Capacity on theMolality) for KCl
Solutions Obtained by Using Parametrization PII (eq 11)

T/K aC,1/J·K
−1·mol−1 aC,2/J·K

−1·mol−1 aC,3/J·K
−1·mol−1 (sC)

a/J·K−1·mol−1

273.15 0.760 17.831 −7.0 0.27
278.15 0.358 7.396 0.23 0.11
283.15 0.093 1.285 4.8 0.025
288.15 −0.049 −2.345 7.9 0.06
293.15 −0.147 −4.193 9.9 0.09
298.15 −0.207 −5.010 11.3 0.12
303.15 −0.245 −5.149 12.3 0.13
308.15 −0.272 −4.808 13.0 0.15
313.15 −0.285 −4.336 13.7 0.15

aThe standard deviation about the regression.
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together with eq 1 for the activity coefficient and eq 2 for the

osmotic coefficient, first, the excess Gibbs energy of solution was

calculated at temperatures from 273.15 to 353.15 K in intervals
of 5 K for rounded values of molalities. Then, these Gibbs

energies were fitted to a quadratic equation of the following type

G
mT

u v T T w T T( ) ( )ex
0 0

2Δ
= + − + −

(12)

For all employed molalities, the resulting values of parameters u,
v, and w can be found in Table 1 of Part 1,11 as well as the
standard deviations about the regression line. The relative

Table 4. Sets of Experimental Data Available in the Literature for the Determination of the Apparent Molar Heat Capacity (Capp)
in KCl Solutions at Various Temperatures

T/K mmin
a/mol·kg−1 mmax

b/mol·kg−1 Nc (Cp,m
∞ /J·K−1·mol−1)d ref number data sete

278.15 0.1058 3.8334 7 −185.77f 20 TaLa5
278.15 0.01501 0.49992 7 −168.44g 21 PCJO-LW5
283.15 0.01501 0.49992 7 −149.51 21 PCJO-LW10
288.15 0.0500h 1.027 6 −131.16 22 HeGr15
288.15 0.01501 0.49992 7 −134.38 21 PCJO-LW15
293.15 0.01501 0.49992 7 −123.73 21 PCJO-LW20
298.15 0.01501 0.49992 7 −116.18 21 PCJO-LW25
298.15 0.0100 2.500 13 −119.24f 23 RaRo25
298.15 0.0228 0.9973 12 −111.42 24 FLD25
298.15 0.01013 0.57041 7 −113.96 25 SLL25
298.15 0.0500h 1.027 6 −118.21 22 HeGr25
298.15 0.1058 4.6618 8 −117.15f 20 TaLa25
298.15 0.04642 2.0087 21 −114.46i 26 OloI25
298.15 0.9942 2.106 3 −114.46j 26 OloII25
303.15 0.01501 0.49992 7 −110.27 21 PCJO-LW30
303.15 0.509 1.804 4 −120.08f 27 RSSA30
308.15 0.01501 0.49992 7 −106.01 21 PCJO-LW35
308.15 0.0100 1.027 7 −105.98 22 HeGr35
313.15 0.01501 0.49992 7 −102.83 21 PCJO-LW40
313.15 0.0509 1.804 4 −109.62f 27 RSSA40
318.15 0.01501 0.49992 7 −100.87 21 PCJO-LW45
318.15 0.0100 1.027 7 −107.70k 22 HeGr45
318.15 0.1058 4.6618 8 −97.91f 20 TaLa45
323.15 0.01501 0.49992 7 −99.73 21 PCJO-LW50
323.15 0.01013 0.57041 7 −99.25 25 SLL50
323.15 0.509 1.804 4 −100.83f 27 RSSA50
328.15 0.01501 0.49992 7 −96.58g 21 PCJO-LW55
333.15 0.01501 0.49992 7 −96.51g 21 PCJO-LW60
333.15 0.509 1.804 4 −95.40f 27 RSSA60
338.15 0.01501 0.49992 7 −96.79g 21 PCJO-LW65
338.15 0.1058 4.6618 8 −97.49f 20 TaLa65
343.15 0.01501 0.49992 7 −97.64g 21 PCJO-LW70
343.15 0.509 1.804 4 −93.30f 27 RSSA70
348.15 0.01501 0.49992 7 −99.25g 21 PCJO-LW75
348.15 0.01013 0.57041 7 −103.51 25 SLL75
353.15 0.01501 0.49992 7 −100.63g 21 PCJO-LW80
353.15 0.509 1.804 4 −94.14f 27 RSSA80
353.15 0.1355 1.829 12 −100.12l 28 LiBr80
358.15 0.01501 0.49992 7 −102.65g 21 PCJO-LW85
358.15 0.1058 4.6618 8 −92.05f 20 TaLa85
363.15 0.01501 0.49992 7 −104.74g 21 PCJO-LW90
363.15 0.509 1.804 4 −101.67f 27 RSSA90
368.15 0.01501 0.49992 7 −107.12g 21 PCJO-LW95
373.15 0.01501 0.49992 7 −109.83g 21 PCJO-LW100
373.15 0.0975 2.013 8 −118.83m 25 SLL100
373.15 0.509 1.804 4 −109.62f 27 RSSA100
373.15 0.1355 1.829 12 −110.77l 28 LiBr100

aThe minimum molality studied. bThe maximum molality studied. cNumber of points. dPartial molar heat capacity of salt at infinite dilution. eIn
the data set acronym, the last item shows the temperature measured expressed as [(T − 273.15 K)/K]; see text. fThe original value in the paper was
used. gFive points up to 0.19998 mol·kg−1 were included in the estimation. hThe point where m = 0.01 mol·kg−1 was omitted as an outlier. iEleven
points up to 0.61 mol·kg−1 were included in the estimation. jThe same value was used as for set OloI25. kThe point where m = 0.01 mol·kg−1 was
omitted from the estimation. lSmoothed heat capacities from Table III of ref 28 based on their own data have been used, and three points up to
0.4149 mol·kg−1 were included in the estimation. mFive points up to 0.2066 mol·kg−1 were included in the estimation.
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apparent molar heat capacity in eq 7 was obtained from the
parameters of eq 12 by

C
H

T
T v wT wT

( )
2 ( 3 2 )app

app
0Δ =

∂ Δ
∂

= − + −
(13)

For 298.15 K, the resulting relative values are reported in Table 1
of the present part. Next, the relationship between the apparent

heat capacities and molalities was determined by fitting the
relative Capp values by using the equation
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where the theoretical Debye−Hückel value was accepted for the
coefficient of the square root term (i.e., for αC) at each
temperature. These theoretical values are given in ref 18, and
they together with the estimated values of αC,1, αC,2, and αC,3 for
parametrization PI are presented in Table 2. The corresponding
fitted PII parameter values for eq 14 were analogously
determined from the values of Table 2 in Part 111 and they
are here presented in Table 3. Theoretically, parameter αC,1 in
Tables 2 and 3 should be zero, but it is considered here as one of
the three fitting parameters in this mainly empirical equation.
The results in these two tables and also in the corresponding
tables of ref 4 confirm that the values of αC,1 are always close to
zero. The relative apparent molar heat capacities predicted using
eq 14 for 298.15 K with parametrization PI (see Table 2) are
indirectly provided in Table 1 as errors compared to the ΔCapp
values given in this table. The agreement between these two
values is always good. Table 1 gives, in addition, the real values of
the apparent heat capacity (i.e., the values for quantity Capp).
These values have been based on the relative values calculated
using PI and the value of Cm,2

∞ = −114 J·K−1·mol−1 suggested by

Figure 1. Plot of eC,app (eq 15), the deviation between the suggested apparent molar heat capacity for KCl solutions and that predicted using
parametrizations PI or PII of the present study (see text) at 298.15 K as a function of molalitym. The suggested values are experimental in graphs A and
B except for the sets of Parker6 and Pabalan and Pitzer.10 The experimental data sets are introduced in Table 4 where also the usedCm,2

∞ values are given.
In the treatment of the sets from refs 6 and 10, the values given in the original papers are used for Cm,2

∞ . These values are −114.6 and −114.0 J·K−1·
mol−1, respectively. Symbols for graph Awhere only parametrization PI was used:●, FLD25 (for the notation, see Table 4); o, OloI25;▼, RaRo25;△,
TaLa25; ■, SLL25; □, ref 6; ⧫, HeGr25; and ◊, PCJO-LW25. Symbols for graph B which contains the results of less dilute solutions and where only
parametrization PI was used:●, OloII25; o, OloI25;▼, RaRo25;△, TaLa25;■, ref 10; and□, ref 6. Symbols for graph C where only the data from ref
6 were used and the points up to 0.111 mol·kg−1 have been omitted for clarity: o, PII;□, PI. In graph A for ref 6, the results of the most dilute points up
to 0.008 mol·kg−1 have been omitted for clarity.

Table 5. Apparent Molar Heat Capacities (Capp) Measured by
Fortier et al.24 at 298.15 K for KCl Solutions and the Values
Resulting from These Data After the Flow Microcalorimeter
Correction Suggested by Desnoyers et al.30 (See eq 16) as
Functions of the Molality m

m/mol·kg−1 Capp(original)/J·K−1·mol−1 Capp(corrected)/J·K−1·mol−1

0.0228 −107 −106.9
0.04011 −104 −105.3
0.05983 −102.4 −103.8
0.07974 −100.3 −102.6
0.09849 −99.8 −101.5
0.15004 −96.2 −99.0
0.22082 −94.3 −96.0
0.31824 −91.9 −92.5
0.44746 −88.1 −88.4
0.5968 −82.5 −84.2
0.8004 −77.7 −79.0
0.9973 −73.2 −74.3
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Abraham andMarcus19 for the partial molar heat capacity of KCl
at infinite dilution at this temperature. Comparing the standard
deviations about regression in Tables 2 and 3 to each other at
each temperature, we observe that at temperatures above 298.15
K, eq 14 yields slightly better heat capacities in conjunction with
parametrization PI than with PII.
Tests of the New Relative Apparent and Partial Molar

Heat Capacities against the Literature Values. The data
sets of experimental Capp values given in the literature and used
in the present study at various temperatures are summarized in
Table 4. In addition to these measured results, Parker6 has
reported smoothed values for 298.15 K at least up to 5.0 mol·
kg−1 based on the critical evaluation of the data published in the
literature (i.e., up to year 1965). Also Pabalan and Pitzer10

reported Capp values on the basis of their multiparameter
equations at rounded molalities up to 4, 5, and 6 mol·kg−1 at
298.15, 323.15, and 373.15 K, respectively. The experimental
data introduced in Table 4 and the smoothed values from refs 6
and 10 were mainly used here to test parametrization PI. Only
the results from ref 6 in less dilute solutions were used to test
both PI and PII. Because relative heat capacities are not usually
reported for the experimental data sets, theCm,2

∞ values needed in
the present comparison were most often determined from the

reported Capp values by requiring that the appropriate sum of the
errors obtained using the tested parametrization is zero at each
temperature. The resultingCm,2

∞ values are also collected in Table
4. Details of the calculations are given in the footnotes to the
table.
The test results obtained at 298.15 K are illustrated in three

graphs of Figure 1 where the error plots for the various data sets
have been drawn. In this figure as in all following figures, these
sets are abbreviated as described in Table 4: For single author
articles, the acronym contains the first three letters of the
author’s surname. For articles with two authors, the acronym
contains the first two letters of their surnames. Finally, for papers
with more than two authors, only the initial letters of the
surnames are included. The number in the acronym represents
set’s temperature in Celsius. The errors for the plots have been
calculated from

e C C(observed) (predicted)C,app app app= Δ − Δ (15)

where the predicted values are obtained from PI except in the
case of Parker’s less dilute solution points6 where both P1 and
P2 were used, as mentioned. Graph A of Figure 1 gives the errors
for sets FLD25, OloI25, RaRo25, TaLa25, SLL25, HeGr25, and
PCJO-LW25 together with the dilute solution points from
Parker.6 Data points are included in this graph for the different
sets up to 1.7 mol·kg−1. All data support parametrization PI
within experimental error up to 1.0 mol·kg−1 except those from
the old set of RaRo25 where the error plot shows a clear trend.
These old data are not updated here in any way, but it seems
probable that the slight revision in the used constants has no
influence on the observed trend. Additionally, set HeGr25 seems
less precise than the other sets.
In graph A, however, the KCl set of FLD25 requires some

extra considerations in the same way as in ref 4 the NaCl sets
measured by Perron et al.29 using the original prototype of the
Picker flow microcalorimeter at 274.65, 278.15, 288.15, 313.15,
and 323.15 K and by Fortier et al.24 at 298.15 K. In a later
paper,30 this group observed that a small systematic difference
exists between the heat capacities per unit volume obtained by
using the commercial instruments and this prototype. Through
various tests, the group concluded that commercial instruments
give more reliable values after normalizing to the data for
aqueous NaCl solutions and after determination of the
numerical correction factor specific to each instrument. In ref

Figure 2. Plot of eC,app (eq 15), the deviation between the suggested apparent molar heat capacity for KCl solutions and that predicted using
parametrization PI of the present study (see text) at temperatures below 323 K as a function of molalitym. The suggested values are experimental, and
the data sets are introduced in Table 4. Symbols for graph A: ●, TaLa5 (for the notation, see Table 4); o, HeGr15; ▼, RSSA30; △, HeGr35; ■,
RSSA40;□, HeGr45; ⧫, TaLa45. Symbols for graph B where the data of Patterson et al.21 (sets PCJO-LW in Table 4) were only used:●, 278.15 K; o,
283.15 K; ▼, 288.15 K; △, 293.15 K; ■, 303.15 K; □, 308.15 K; ⧫, 313.15 K; ◊, 318.15 K. The error of the point where m = 1.9942 mol·kg−1 in set
TaLa45 is outside the scale of graph A. This error is −48.6 J·K−1·mol−1.

Figure 3. Plot of eC,part (eq 17), the deviation between the suggested
partial molar heat capacity for KCl solutions determined byHarned and
Cook13 on the basis of the cell potential difference data and that
predicted using parametrization PI of the present study (see text) at the
temperatures from 273.15 to 313.15 K as a function of molality m.
Symbols: ●, 273.15 K; o, 278.15 K; ▼, 283.15 K; △, 288.15 K; ■,
293.15 K; □, 298.15 K; ⧫, 303.15 K; ◊, 308.15 K; ▲, 313.15 K.
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30, the correction method for the original data24,29 has been
given. In the present study, this correction method was used as

follows: In ref 30, the following equation has been determined
for the correction of quantity Capp up to a molality of 1 mol·kg−1

Figure 4. Plot of eC,app (eq 15), the deviation between the suggested apparent molar heat capacity for KCl solutions and that predicted using
parametrization PI of the present study (see text) at high temperatures as a function of molalitym. The suggested values are experimental (see Table 4
for the notations) except for the sets of LiBr80, LiBr100, and Pabalan and Pitzer10 where smoothed values were predicted. Symbols for graph A where
only the data of Patterson et al.21 (sets PCJO-LW in Table 4) were used: ●, T = 323.15 K; o, 328.15 K; ▼, 333.15 K; △, 338.15 K; ■, 343.15 K; □,
348.15 K; ⧫, 353.15 K; ◊, 358.15 K; ▲, 363.15 K; ▽, 368.15 K. Symbols for graph B: ●, SSL50; o, SSL75; ▼, SSL100; △,TaLa65; ◊, TaLa85; □,
LiBr80;⧫, LiBr100. Symbols for graph C:●,T = 323.15 K, ref 10; o, RSSA50;▼, RSSA60;△,TaLa65;■, RSSA70;□, LiBr80;⧫, RSSA80;◊, TaLa85;
▲, RSSA90. Symbols for graph D where only the data for T = 373.15 K are considered: o, ref 10; ▼, SSL100; □, PCJO-LW100; ⧫, LiBr100; △,
RSSA100. For the sets from ref 10, the values given in the original paper are used for quantity Cm,2

∞ . They are −93.1 and −105.1 J·K−1·mol−1 at 323.15
and 373.15 K, respectively.

Table 6. Recommended Values of Relative Apparent Molar Heat Capacity (ΔCapp)
a of Salt (Symbol 2) in Aqueous Potassium

Chloride Solutions at Temperatures from 273.15 to 298.15 K as a Function of Molality mb

(m/m°)c ΔCapp(0)
d ΔCapp(5)

d ΔCapp(10)
d ΔCapp(15)

d ΔCapp(20)
d ΔCapp(25)

d

0.005 1.94 1.93 1.96 2.01 2.09 2.18
0.01 2.45 2.57 2.70 2.83 2.98 3.13
0.02 3.23 3.51 3.76 4.01 4.24 4.48
0.03 3.87 4.26 4.60 4.92 5.22 5.52
0.04 4.43 4.90 5.32 5.70 6.06 6.41
0.05 4.95 5.49 5.96 6.39 6.80 7.20
0.06 5.43 6.02 6.54 7.02 7.48 7.93
0.07 5.89 6.53 7.09 7.61 8.11 8.60
0.08 6.32 7.00 7.60 8.16 8.70 9.23
0.09 6.74 7.45 8.09 8.69 9.26 9.83
0.1 7.14 7.89 8.56 9.19 9.80 10.40
0.15 8.98 9.85 10.66 11.43 12.20 12.96
0.20 10.63 11.58 12.50 13.40 14.30 15.21
0.30 13.56 14.65 15.76 16.89 18.04 19.22
0.40 16.1 17.4 18.7 20.03 21.42 22.85
0.50 18.5 19.9 21.4 22.97 24.60 26.28
0.70 22.7 24.5 26.5 28.5 30.6 32.80
1.00 28.0 30.8 33.6 36.4 39.3 42.21
1.50 40.0 44.7 49.1 53.5 57.8

aDefined by equation ΔCapp = Capp − Cm,2
∞ , where Capp is defined in eq 6 and Cm,2

∞ is the partial molar heat capacity at infinite dilution. bThe values
have been calculated using parametrization PI (see text). cm° = 1 mol·kg−1. dUnit is J·K−1·mol−1 and the value is given at temperature T expressed
in parenthesis as (T − 273.15 K)/K.
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For the parameter representing the partial molar heat capacity at
the infinite dilution (i.e., Cm,2

∞ ), the value for this KCl set
(according to Table 4) is−111.42 J·K−1·mol−1. Parameter qC,1 is
a general parameter, and its value at this temperature is 28.95 J·
K−1·mol−1 (given, for example, in ref 4). Parameter qC,2 depends
on the salt and for KCl its value is (according to ref 30) 8.2 J·K−1·
mol−1. In the tests of the present study, the heat capacities given
in set FLD25 were predicted using eq 16, but they are so close to

the original values that no corrections are needed. This is shown
in Table 5, where the experimental apparent molar heat
capacities from ref 24 and the corrected values obtained using
eq 16 are reported.
Graph B displays data for solutions up to 4 mol·kg−1. Above

1.5 mol·kg−1, all data deviate from the predicted values and the
deviations seem to be consistent. Parametrizations PI and PII are
compared in graph C using the smoothed data from Parker up to
3.0 mol·kg−1. PII is only slightly better than PI in the less dilute
solutions, and the difference is close to the scattering of errors
between various sets in graph B of this figure. Hence, PII is not

Table 7. Recommended Values of Relative Apparent Molar Heat Capacity (ΔCapp)
a of Salt (Symbol 2) in Aqueous Potassium

Chloride Solutions at Temperatures from 303.15 to 323.15 K as a Function of Molality mb

(m/m°)c ΔCapp(30)
d ΔCapp(35)

d ΔCapp(40)
d ΔCapp(45)

d ΔCapp(50)
d

0.005 2.29 2.39 2.50 2.61 2.73
0.01 3.28 3.44 3.60 3.77 3.94
0.02 4.71 4.95 5.18 5.43 5.68
0.03 5.82 6.11 6.42 6.72 7.03
0.04 6.76 7.11 7.47 7.83 8.20
0.05 7.60 8.00 8.41 8.82 9.24
0.06 8.37 8.82 9.27 9.73 10.19
0.07 9.08 9.57 10.07 10.57 11.08
0.08 9.75 10.28 10.82 11.37 11.92
0.09 10.39 10.96 11.54 12.12 12.72
0.1 11.00 11.60 12.22 12.84 13.48
0.15 13.73 14.51 15.30 16.11 16.94
0.20 16.13 17.08 18.03 19.01 20.01
0.30 20.42 21.66 22.92 24.21 25.53
0.40 24.32 25.84 27.38 28.96 30.58
0.50 28.01 29.79 31.61 33.47 35.38
0.70 35.0 37.3 39.7 42.1 44.6
1.0 45.2 48.3 51.4 54.7 58.0
1.5 62.1 66.5 70.9 75.5 80.2

aDefined by equation ΔCapp = Capp − Cm,2
∞ , where Capp is defined in eq 6 and Cm,2

∞ is the partial molar heat capacity at infinite dilution. bThe values
have been calculated using parametrization PI (see text). cm° = 1 mol·kg−1. dUnit is J·K−1·mol−1 and the value is given at temperature T expressed
in parenthesis as (T − 273.15 K)/K.

Table 8. Recommended Values of Relative Apparent Molar Heat Capacity (ΔCapp)
a of Salt (Symbol 2) in Aqueous Potassium

Chloride Solutions at Temperatures from 328.15 to 348.15 K as a Function of Molality mb

(m/m°)c ΔCapp(55)
d ΔCapp(60)

d ΔCapp(65)
d ΔCapp(70)

d ΔCapp(75)
d

0.005 2.85 2.97 3.09 3.21 3.34
0.01 4.11 4.29 4.46 4.65 4.83
0.02 5.93 6.19 6.45 6.72 7.00
0.03 7.35 7.68 8.01 8.35 8.70
0.04 8.57 8.96 9.35 9.76 10.17
0.05 9.67 10.11 10.56 11.02 11.49
0.06 10.67 11.16 11.66 12.17 12.70
0.07 11.61 12.14 12.69 13.26 13.83
0.08 12.49 13.07 13.67 14.28 14.90
0.09 13.33 13.96 14.60 15.25 15.92
0.10 14.14 14.80 15.49 16.19 16.90
0.15 17.79 18.65 19.53 20.44 21.36
0.20 21.03 22.07 23.14 24.23 25.35
0.30 26.9 28.3 29.7 31.1 32.6
0.40 32.2 33.9 35.7 37.4 39.2
0.50 37.3 39.3 41.4 43.4 45.6
0.70 47.1 49.7 52.3 55.0 57.8
1.0 61.3 64.8 68.3 71.9 75.6

aDefined by equation ΔCapp = Capp − Cm,2
∞ , where Capp is defined in eq 6 and Cm,2

∞ is the partial molar heat capacity at infinite dilution. bThe values
have been calculated using parametrization PI (see text). cm° = 1 mol·kg−1. dUnit is J·K−1·mol−1 and the value is given at temperature T expressed
in parenthesis as (T − 273.15 K)/K.
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considered in the present study any further because this
parametrization lacks the traceability and transparency of PI.
The heat capacities obtained from dilute KCl solutions at

temperatures other than 298 K up to 318 K are considered in
graphs A and B of Figure 2. According to graph A, almost all heat
capacities up to 2.0 mol·kg−1 can be reproduced within
experimental error using parameterization PI. In graph A, the
only exceptions are four points in set TaLa5, one point in set

TaLa45 (see the caption), and one point in set HeGr45 wherem
= 0.01 mol·kg−1. The points at the last-mentioned molality were
omitted here as outliers from the treatment of the sets given by
Hess and Gramkee22 at temperatures other than 308.15 and
318.15 K (see Table 4). In graph Bwhere the sets fromPatterson
et al.21 are considered, only one point at 278.15 K that is close to
0.5 mol·kg−1 shows a substantial error. This error is about 12 J·
K−1·mol−1. All other absolute errors are much smaller than this
value. Thus, these data support parametrization PI at all
temperatures from 273.15 to 318.15 K. However, it should be
noted that Patterson et al.21 measured their sets at a pressure of
350 kPa, but no corrections were used here to treat these data
because this pressure is quite close to the standard pressure of
101.325 kPa.
In chemical thermodynamics, heat capacities in solutions are

often expressed by means of the partial molar heat capacities of
the solvent and solute. The solute values can be easily obtained
with eq 8 from the polynomials presented in eq 14 together with
the parameter values given in Table 2. Parametrization PI from
273.15 to 313.15 K was also tested against the relative partial
molar heat capacities reported by Harned and Cook13 on the
basis of their amalgam cell measurements at various temper-
atures in this range using intervals of 5 K. In these tests, the
reported ΔCm,2 value (definition is shown in eq 9) is compared
to the predicted one. The resulting error is defined by

e C C(reported) (predicted)C,part m,2 m,2= Δ − Δ (17)

and it is presented as a function of molality m. These errors are
shown in Figure 3. Up to 1.0mol·kg−1, all of these data agree well
with the predicted values obtained using PI. At temperatures
below 288.15 K, this agreement also continues above this
molality limit. At 278.15 K, the good agreement extends up to 4
mol·kg−1 with all of the absolute errors being smaller than 15 J·
K−1·mol−1 (these errors are outside themolality scale of Figure 3
and cannot be seen in this figure). One possible interpretation

Table 9. Recommended Values of Relative Apparent Molar
Heat Capacity (ΔCapp)

a of Salt (Symbol 2) in Aqueous
Potassium Chloride Solutions at Temperatures from 353.15
to 373.15 K as a Function of Molality mb

(m/m°)c ΔCapp(80)
d ΔCapp(90)

d ΔCapp(100)
d

0.005 3.46 3.71 3.96
0.01 5.02 5.41 5.81
0.02 7.28 7.87 8.48
0.03 9.06 9.81 10.59
0.04 10.60 11.48 12.41
0.05 11.97 12.98 14.04
0.06 13.24 14.36 15.54
0.07 14.42 15.66 16.95
0.08 15.54 16.88 18.27
0.09 16.61 18.04 19.54
0.10 17.64 19.16 20.76
0.15 22.30 24.26 26.31
0.20 26.48 28.84 31.28
0.30 34.06 37.1 40.3
0.40 41.05 44.8 48.7
0.50 47.7 52.2 56.8

aDefined by equation ΔCapp = Capp − Cm,2
∞ , where Capp is defined in eq

6 and Cm,2
∞ is the partial molar heat capacity at infinite dilution. bThe

values have been calculated using parametrization PI (see text). cm° =
1 mol·kg−1. dUnit is J·K−1·mol−1 and the value is given at temperature
T expressed in parenthesis as (T − 273.15 K)/K.

Table 10. Recommended Values of Relative Partial Molar Heat Capacity (ΔCpart)
a of Salt (Symbol 2) in Aqueous Potassium

Chloride Solutions at Temperatures from 273.15 to 298.15 K as a Function of Molality mb

(m/m°)c ΔCpart(0)
d ΔCpart(5)

d ΔCpart(10)
d ΔCpart(15)

d ΔCpart(20)
d ΔCpart(25)

d

0.005 2.54 2.69 2.84 3.00 3.16 3.32
0.01 3.35 3.68 3.97 4.24 4.50 4.75
0.02 4.61 5.15 5.61 6.03 6.41 6.79
0.03 5.65 6.32 6.90 7.42 7.91 8.38
0.04 6.58 7.35 8.01 8.62 9.19 9.75
0.05 7.44 8.27 9.01 9.69 10.34 10.97
0.06 8.24 9.13 9.93 10.67 11.39 12.10
0.07 9.00 9.94 10.79 11.59 12.37 13.14
0.08 9.73 10.70 11.60 12.46 13.30 14.13
0.09 10.42 11.44 12.38 13.29 14.18 15.08
0.1 11.09 12.14 13.12 14.08 15.03 15.98
0.15 14.18 15.34 16.50 17.68 18.88 20.10
0.20 16.93 18.19 19.52 20.90 22.33 23.80
0.30 21.8 23.28 24.95 26.73 28.61 30.56
0.40 26.0 27.86 29.92 32.14 34.47 36.90
0.50 29.8 32.10 34.6 37.3 40.1 43.04
0.70 36.3 39.9 43.6 47.3 51.1 55.11
1.00 44.0 50.5 56.5 62.2 67.7 73.3
1.50 66.4 77.5 87.2 96.2 104.8

aDefined by equation ΔCpart = Cm,2 − Cm,2
∞ , where Cm,2 is the partial molar heat capacity of the salt and Cm,2

∞ is its value at infinite dilution. bThe
values have been calculated using parametrization PI (see text). cm° = 1 mol·kg−1. dUnit is J·K−1·mol−1 and the value is given at temperature T
expressed in parenthesis as (T − 273.15 K)/K.
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for this result is that the calorimetric data from sets TaLa5 and
PCJO-LW5 (considered in graphs A and B of Figure 2,
respectively) at molalities close to or higher than 0.5 mol·kg−1

are not entirely reliable. This is probably true despite the
amalgam cell measurements not being the most accurate
method to obtain thermodynamic data.
Parametrization PI is tested in the four graphs of Figure 4

against the experimental Capp values above 318 K and up to 373
K. All errors in graph Awere determined using data from the sets
of Patterson et al.,21 and the results support parametrization PI
as the agreement is excellent up to 0.2 mol·kg−1. At various

temperatures from 323 to 368 K up to this molality, the errors
are highly overlapping in this graph, but all absolute errors are
below 5 J·K−1·mol−1. For larger molalities, the absolute errors
increase, but the agreement is still good as can be seen in this
graph and in graph D (whereT = 373.15 K). The results in graph
C regarding the temperature range of 323−363 K and especially
those in graph D at 373.15 K show the scattering of the errors
from one set to another at the same molality. All errors in graphs
A and B are less than or only comparable to this scattering. Saluja
et al.25 measured their data sets (sets SLL in Table 4) at a
pressure of 600 kPa, but again no corrections were utilized to

Table 11. Recommended Values of Relative Partial Molar Heat Capacity (ΔCpart)
a of Salt (Symbol 2) in Aqueous Potassium

Chloride Solutions at Temperatures from 303.15 to 323.15 K as a Function of Molality mb

(m/m°)c ΔCpart(30)
d ΔCpart(35)

d ΔCpart(40)
d ΔCpart(45)

d ΔCpart(50)
d

0.005 3.49 3.65 3.82 4.00 4.18
0.01 5.00 5.24 5.50 5.75 6.02
0.02 7.16 7.53 7.91 8.29 8.67
0.03 8.85 9.32 9.80 10.28 10.77
0.04 10.31 10.86 11.42 11.99 12.58
0.05 11.61 12.24 12.88 13.54 14.21
0.06 12.80 13.51 14.23 14.96 15.71
0.07 13.92 14.70 15.49 16.30 17.12
0.08 14.97 15.82 16.68 17.56 18.46
0.09 15.98 16.89 17.82 18.77 19.74
0.1 16.94 17.92 18.92 19.93 20.97
0.15 21.34 22.62 23.93 25.26 26.62
0.20 25.31 26.87 28.46 30.09 31.76
0.30 32.58 34.67 36.81 39.00 41.24
0.40 39.42 42.01 44.68 47.41 50.21
0.50 46.05 49.15 52.34 55.60 58.94
0.70 59.1 63.2 67.4 71.8 76.2
1.0 78.9 84.5 90.3 96.2 102.2
1.5 113.3 121.5 130 139 147

aDefined by equation ΔCpart = Cm,2 − Cm,2
∞ , where Cm,2 is the partial molar heat capacity of the salt and Cm,2

∞ is its value at infinite dilution. bThe
values have been calculated using parametrization PI (see text). cm° = 1 mol·kg−1. dUnit is J·K−1·mol−1 and the value is given at temperature T
expressed in parenthesis as (T − 273.15 K)/K.

Table 12. Recommended Values of Relative Partial Molar Heat Capacity (ΔCpart)
a of Salt (Symbol 2) in Aqueous Potassium

Chloride Solutions at Temperatures from 328.15 to 348.15 K as a Function of Molality mb

(m/m°)c ΔCpart(55)
d ΔCpart(60)

d ΔCpart(65)
d ΔCpart(70)

d ΔCpart(75)
d

0.005 4.36 4.55 4.74 4.93 5.13
0.01 6.28 6.55 6.83 7.12 7.41
0.02 9.07 9.47 9.89 10.31 10.75
0.03 11.27 11.78 12.31 12.85 13.40
0.04 13.17 13.78 14.41 15.04 15.70
0.05 14.89 15.59 16.30 17.03 17.78
0.06 16.47 17.25 18.06 18.87 19.71
0.07 17.96 18.82 19.71 20.61 21.53
0.08 19.38 20.31 21.27 22.25 23.26
0.09 20.73 21.74 22.78 23.83 24.91
0.10 22.03 23.11 24.22 25.35 26.51
0.15 28.02 29.44 30.90 32.38 33.89
0.20 33.46 35.20 36.98 38.79 40.64
0.30 43.5 45.9 48.3 50.7 53.2
0.40 53.1 56.0 59.0 62.0 65.1
0.50 62.4 65.8 69.4 73.0 76.8
0.70 80.7 85.3 90.0 94.8 99.8
1.0 108 115 121 128 135

aDefined by equation ΔCpart = Cm,2 − Cm,2
∞ , where Cm,2 is the partial molar heat capacity of the salt and Cm,2

∞ is its value at infinite dilution. bThe
values have been calculated using parametrization PI (see text). cm° = 1 mol·kg−1. dUnit is J·K−1·mol−1 and the value is given at temperature T
expressed in parenthesis as (T − 273.15 K)/K.
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modify these data as in the case of Patterson et al.21 in Figures 2A
and 4A because of the proximity of this pressure to the standard
value of 101.325 kPa.
Recommended Values for the Relative Apparent and

Partial Molar Heat Capacities of KCl in Aqueous
Solutions. The practically main and also final result of the
present study is eq 14 with the parameter values presented in
Table 2 for the relative apparent molar heat capacity. As
described above, we have calculated the parameter values for this
table using only eqs 1−3 and 10 with the procedure based on eq
12 and on the thermodynamic equations of eqs 5 and 7. The
resulting table for eq 12 is given in Table 1 of ref 11. On the basis
of eq 14 and the parameter values in Table 2 of the present study,
the relative apparent molar heat capacities for dilute KCl
solutions are given at rounded molalities in Table 6 from 273.15
to 298.15 K. Table 7 displays these values in the range 303.15−
328.15 K, Table 8 in the range 333.15−348.15 K, and finally
Table 9 in the range 353.15−373.15 K. The corresponding
values for the partial heat capacities are collected in Tables
10−13, respectively. The values in all of these tables have been
obtained using parametrization PI and are therefore transparent
and fully traceable. It has been shown below and previously that
the values in the tables are supported by all high-quality
experimental data in the literature for dilute KCl solutions.

■ CONCLUSIONS
Based on extensive testing against the existing activity and
osmotic coefficient data,5,12 high-quality enthalpy data,11 and
heat capacity data (present study), we conclude that the
measured results for dilute KCl solutions can often be predicted
within their experimental uncertainty up to amolality of 1.0 mol·
kg−1 in the temperature range 273−373 K with a simple
reparametrization of the Hückel equation. At least up to 0.2 mol·
kg−1, completely traceable thermodynamic quantities can be
obtained using the new Hückel parametrization in all of these

temperatures. These main results for solutions of this salt are
fully analogous to those obtained in refs 3 4, and 12 for NaCl
solutions. In the present article, new values for the relative
apparent and partial molar heat capacities (i.e., for ΔCapp and
ΔCm,2, where 2 refers to the solute) at the temperatures from
273 to 373 K in intervals of 5 K are tabulated for dilute KCl
solutions at least up to 0.5 mol·kg−1 using our simple model. The
tabulated values are congruent with all of the available high-
quality experimental data and represent the most accurate values
suggested for this system to date. This publication supplements
the tables of the previous articles,5,11 where we observed that the
two-parameter Hückel equation can be safely used for activity
and osmotic coefficients5 and for the quantities associated with
the partial molar enthalpies11 in aqueous KCl solutions in the
temperature range of 273.15−373.15 K at least up to a molality
of 0.2 mol·kg−1.
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