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Summmary. The ionic product of water, K, =[H"]J[OH ]=10"7%+ has been determined in
aqueous NaCl (0.5-5.0 M), KCI (3.0 M), NaNO; (3.0 and 5.0 M), and KNGO, (2.5M) at 25°C from
high-precision potentiometric titrations carried out in cells with liquid junction using either glass or
hydrogen electrodes. Measurements of K, provide a set of self-consistent data that can be used in the
estimation of activity coefficient changes and liquid junction potentials in the study of extremely
concentrated electrolyte solutions. Where comparison is possible, results obtained by hydrogen
electrode measurements are in excellent agreement (ca &+ 0.005 in pK ) with other reliable experimental
values and the predictions of the Pitzer activity-coefficient model. The glass electrode results are, as
expected, routinely lower (by 0.03-0.05pK,, units), owing to interference by Na™ ions. This effect
virtually disappears in solutions of potassium salts. Comparison of the experimental results with the
Pitzer predictions shows that knowledge of the ternary interaction parameters is essential to account
for specific ionic effects in the concentration dependence of pK,,.

Keywords. Aqueous electrolyte solutions; Glass electrode; Hydrogen electrode; Tonic product of water;
Pitzer model; Potentiometric titration.

Das lonenprodukt des Wassers in hochkonzentrierten wiBrigen Elektrolytlosungen

Zusammenfassung. Das fonenprodukt des Wassers, K, = [H *][OH ] = 10~ "%~ wurde in wisse-
rigen Losungen von NaCl (0.5-5.0 M), KCl (3.0 M), NaNO; (3.0 and 5.0 M) und KNO; (2.5 M) bei
25°C gemessen. Dazu wurden potentiometrische Titrationen unter Verwendung von Glas- oder
Wasserstoffelektroden in Zellen mit Uberfithrung durchgefiihrt. Mit diesen pK,-Werten kann man
Anderungen der Aktivititskoeffizienten in hochkonzentrierten Elektrolytidsungen ermitteln sowie
Diffusionspotentiale abschitzen. Die mit Wasserstoffelektroden erhaltenen pK,-Werte stimmen mit
verldBlichen Literaturdaten innerhalb von ca. +0.005 iiberein. Bei Messungen mit Glaselektroden
fiihrt der Na *-Fehler zu um 0.03-0.05 kleineren pK,-Werten. Dieser Effekt wurde in Kaliumsalzlo-
sungen nicht beobachtet. Der Vergleich der experimentellen Resultate mit Voraussagen des Pitzer-
Modells unterstreicht die Bedeutung terndrer Wechselwirkungsparameter fiir die exakte Berechnung
des Tonenproduktes.

! On leave from the Abteilung fiir Physikalische Chemie und Theoretische Hiittenkunde, Montan-
universitdt Leoben, A-8700 Leoben, Austria
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Introduction

Highly concentrated electrolyte solutions play a significant role in many hydro-
metallurgical processes. Perhaps the economically most important is the Bayer
process for the extraction of alumina by dissolution of bauxite in concentrated
NaOH. In addition to being directly relevant to the development of thermodynamic
models for such industrial processes, the thermodynamic characterization of
concentrated electrolytes is of more general interest, since investigations of reaction
equilibria in aqueous solution are widely carried out in the presence of an inert or
supporting electrolyte of sufficiently high concentration that ionic activity coefficients
remain virtually constant.

Since the pioneering studies by Harned and coworkers [1-3] in the 1930s and
1940s, relatively few studies have focussed on the determination of pK,,. Indeed,
most pK,, values in the concentrated electrolytes considered in the present work
[4-21] (summarized in Table 1) have been reported as a minor part of studies of
protonation, metal-ligand complexation, or solubility studies. Not surprisingly,
little information is usually provided and it is often difficult to assess the reliability
of such values. This is especially true since the introduction of computer methods
for the least-squares analysis of experimental data. Consequently, pK, is not known
at all for many electrolytes and even for those that are commonly used as “inert”
electrolytes in solution chemistry, the data are not entirely consistent and are
missing over some ranges of ionic strength. In particular, relatively few data are
-available for concentrated solutions (3 M or above). It is also apparent from Table 1
that the influence of ionic strength on the value of pK, is clearly different for each
electrolyte, although these differences are not so great as to obscure the overall
qualitative trend observed in the ionic-strength dependence of pK,.

This work forms part of our continuing thermodynamic investigations of
chemical equilibria in concentrated electrolytes where, in particular, we need
systematic and internally-consistent measurements of pK,,. These are required for
the estimation of activity coefficient changes, liquid junction potentials, and
metal-ligand formation constants. Accordingly, the main aim of this paper is to
describe some new determinations of the ionic product of water in aqueous NaCl,
KCl, NaNO,, and KNO,, by application of glass- and hydrogen-electrode
potentiometry. The data obtained are then related to published values for more
dilute solutions and to calculated values obtained by the Pitzer concentrated
electrolyte activity coefficient model. In addition to being directly useful for the
description of chemical equilibria in these electrolytes, the measurement of pK,, over
a range of concentrations is of obvious value in characterizing the electrolyte
specificity in the ionic strength dependence.

Results and Discussion
The titrations involved measuring the potential of a cell that may be represented
schematically as

Ag|AgCl(s)| SMNaCl(aq) | SMNaCl(aq) | x HX, (c-x) MX|HE 1
E; E;



Table 1. Literature values of the ionic product of water (pK ) in concentrated electroiytes at 298.15K

and 1 atm*
Electrolyte molarity molality Method pK,, PK,, Reference
{molar) (molal)
KCP 20 2.1332 H 13.97(3) 13.91 4
3.0 3.3131 14.18(3) 14.09
sat. 14.39(3)
KClI 0.1 0.1006 H 13.78(1) 13.77 5
0.5 0.5087 13.76(1) 13.74
1.0 1.0329 13.80(1) 13.77
2.0 2.1332 13.96(1) 13.90
2.99 3.3008 14.17(1) 14.08
3.72 42186 14.34(1) 14.23
KNO§ 0.06 0.0603 G 13.809(2) 13.805 6
0.10 0.1007 13.778(2) 13.772
0.14 0.1412 13.753(2) 13.746
0.18 0.1818 13.749(2) 13.740
KNO, 0.1 0.1007 G 13.78 13.77 7
KNO, 0.0087 0.0087 G 13.91(1) 13.91 8
0.0182 0.0183 13.88(1) 13.88
0.262 0.2655 13.73(1) 13.72
1.010 1.0557 13.73(1) 13.69
2.000 2.1870 13.88(1) 13.80
NaCl® 0.4 0.4041 G 13.75 13.76 9
0.6 0.6084 13.76 13.75
0.8 0.8144 13.78 13.74
NaCl 1 1.0220 G 13.78 13.76 10
3 3.2030 14.03 13.97
NaCl 1 Na(Hg) 13.62 1
3 13.88
6 14.22
NaCl 0.05 0.0502 H 13.805(10) 13.802 12
0.1 0.1005 13.775(1) 13.771
0.2 0.2013 13.749(3) 13.743
04 0.4041 13.733(4) 13.724
0.6 0.6084 13.727(1) 13.715
2.0 2.0873 13.866(3) 13.829
NaCl 0.5 0.5060 G 13.62 13.61 19
1.0 1.0220 13.7267(4) 13.7078
3.0 3.2030 14.02 13.96

(continued)
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Table 1 (continued)
Electrolyte molarity molality Method pK,, rK, Reference
(molar) (molal)
NaCl 0.5 0.5060 G 13.6742(3) 13.6638 20
1.0 1.0220 13.714(2) 13.695
3.0 3.2030 13.989(2) 13.932
NaClO§ 1 1.0504 G 13.77(1) 13.73 10
3 3.4956 14.17(1) 14.04
NaClO, 0.260 0.2638 13.73(1) 13.72 8
NaClO, 1 1.0504 H 13.77(1) 13.73 13
NaClO, 3 3.4956 H 14.22(2) 14.09 14
NaClO, 0.1 0.1007 H 13.78(1) 13.77 5
0.5 0.5130 13.74(1) 13.72
1.0 1.0504 13.80(1) 13.76
2.0 2.2083 13.97(1) 13.88
299 3.4820 14.20(1) 14.07
3.8 4.6369 14.42(2) 14.25
NaClO, 0.3 0.3050 G 13.76 13.75 15
NaClO, 0.1 0.1007 H 13.75(3) 13.74 4
04 0.4085 13.78(3) 13.76
1 1.0504 13.77(3) 13.73
3 3.4956 14.20(3) 14.07
5 6.5755 14.94(3) 14.70
NaClO, 1.5 1.6146 G 1395 13.89 16
30 3.4956 14.09 13.96
NaClO, 3.0 3.4956 G 14.184(2) 14.051 21
NaClO, 3.0 3.4956 G 14.15(1) 14.02 18
NaNOj 20 2.1382 G 13.86 13.80 17

*H: hydrogen electrode; G: glass electrode; numbers in parentheses indicate the standard deviation
in the last decimal place quoted. The conversion of pK,, to the molal scale employed the formula pK,,
{molal) = pK, (molar) + 2log, , (c;/m;), where ¢;/m; is the ratio of molarity to molality for the particular
electrolyte i, as estimated from published volumetric data. Sources of volumetric data: *“Gongalves
and Kestin [43]; *Halasey [44]; *Holemann and Kohner [45]; ¢Isono [46]
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where HE represents a hydrogen ion responsive glass (GE) or platinum (H,{g}| Pt)
electrode, and E;; and E;, are liquid junction potentials. E;; is essentially constant
and may be incorporated into the potential E ¢ of the silver—silver chloride reference
electrode. The potential of the cell is then

Ecell = EHE - Eref - Ej2 2

If it is assumed that throughout the course of a titration E,, Ej;, the activity
coefficients of trace species (H* and OH ~), and the hydrogen fugacity (pressure) are
constant, then it is readily shown by the usual methods of electrochemical
thermodynamics that, at 25.°C, the relationship between the cell potential and the
hydrogen ion concentration is

/mV = E°/mV + 59.16 log ([H *]/mol-1™ 1) 3

where E° is the “formal” cell potential, which includes the standard cell potential,
the liquid junction potential E;,, and activity coefficient and hydrogen fugacity
terms.

Least-squares analysis of emf data given by equation 3 can be carried out with
respect to either the values of the potential (to obtain an estimate of the formal
potential) or of the concentration of H" ions (to obtain an estimate of K ). These
least-squares optimizations were carried out by use of the ESTA library of computer
programs [24-26]. Results of such optimizations are summarized in Table 2. It
should be noted that the stated precisions in parentheses refer to the internal
consistency of the titration data. The real errors in the equilibrium constant (pK)
are generally an order of magnitude greater than the internal precision [26].

cell

Table 2. Present results for pK,, at 298.15K and 1aim*

Electrolyte Molarity Molality Method K, K,
(molar) (molal)
NaCl 0.5 0.5060 G 13.7004(3) 13.6900
H 13.7319(3) 13.7215
1.0 1.0220 G 13.7169(4) 13.6980
H 13.7560(2) 13.7371
30 3.2030 G 14.0248(6) 13.9680
H 14.0887(3) 14.0318
5.0 5.6124 G 14.4890(6) 14.3872
H 14.5383(3) 14.4379
NaNO, 3.0 3.3259 G 13.9527(3) 13.8631
5.0 6.0231 G 14.2734(6) 14.1117
KCl 3.0 3.3131 G 14.1462(3) 14.0600
H 14.1574(4) 14.0712
KNO; 2.5 2.8020 G 13.9820(5) 13.8830

* Abbreviations and details as for Table 1; see also text
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Since ions are produced by the dissociation of water, the Gibbs energy change
and equilibrium extent of this reaction in an electrolyte solution depend significantly
on the ionic strength. The experimental data obtained in the present study (Table 2)
and previous work (Table 1) show that the value of pK,, is influenced not only by
the ionic strength but also by the identity of the ions present. This reflects the
specificity in the interactions between various combinations of ions. The experimen-
tally measurable quantity that results most directly from ionic interactions in an
electrolyte solution is the mean activity coefficient, which is a geometric mean of the
activity coefficients of an electroneutral combination of individual ions. Knowledge
of this quantity is of critical importance in the prediction or correlation of
thermodynamic properties of electrolytes, including the ionic product of water.

The variation of the mean activity coefficient with concentration for dilute (say,
< 10mM) electrolytes is represented quite well by the Debye-Hiickel theory
(discussed, for example, by Bockris and Reddy [27]). Although the introduction of
a characteristic ion-size parameter (or distance of closest approach) increases the
range of validity of the Debye-Hiickel theory to about 0.1 M, the extended
Debye-Hiickel theory is incapable of describing the activity coefficient behaviour of
electrolytes at the concentrations of interest in the present work.

As a result of the complexity of the underlying statistical-mechanical problem,
attempts to predict the specificities in the activity coefficient behaviour of
concentrated electrolytes in terms of an ionic interaction model have met with rather
limited success. However, several empirical activity coefficient models (discussed in
detail in the monograph by Zemaitis et al. [28]) have been found to correlate such
behaviour quite well. Three essential components of these models can be identified.
The first is a formula constructed to reproduce the mean activity coeficient for a
single electrolyte as a function of concentration. The electrolyte specific parameters
(usually 1-4 for each cation—anion pair) in such formulae are obtained by regression
analysis of experimental data. The second component is a mixing rule relating the
model dependent parameters for a mixed electrolyte to the parameters pertinent to
each constituent neutral electrolyte. The remaining component, which follows
directly from the activity coefficient formula by application of the Gibbs-Duhem
relation, is an expression for the osmotic coefficient. This is of particular importance
in the consideration of the ion product, since the osmotic coefficient is simply related
to the activity of the solvent.

Nowadays, the most widely used of these empirical activity-coefficient models
is that developed by Pitzer [29]. According to this model, each cation-anion
interaction is characterized by an empirical function containing up to four
parameters. In addition, ternary ionic interactions and interactions between ions of
the same sign are considered. These higher-order interactions are characterized by
additional empirical constants. The comparatively large number of empirical
constants gives the Pitzer model considerable flexibility in correlating the thermo-
dynamic properties of ternary electrolyte mixtures (i.e., solvent plus two salts having
one common ion). If all ternary subsystems have been parametrized, the Pitzer
model is capable of predicting the thermodynamic properties of more complex
electrolyte mixtures of geochemical [30] and industrial [31] interest.

To apply the Pitzer model to the calculation of the ionic product (as in the
interesting study by Maeda et al. [32] of aqueous LiCl, NaCl, KCl, KNO,, LiClO,,
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and NaClO,) it is necessary to know the interaction parameters pertinent to the
various two- and three-ion combinations in the solution. Thus, a solution containing
a single strong electrolyte MX is regarded as a mixture of the three electrolytes
M*OH™, H*X™ and M*X". In addition to the binary electrolyte interaction
parameters for MTOH ™, H"X ™, and M X", constants q and y describing the
interactions between ions of the same sign and ternary ionic interactions,
respectively, are required. The formulae for the activity coefficients of cation M and
anion X in a mixed electrolyte, and the corresponding result for the osmotic
coefficient are given in the Appendix.

The ionic product is determined by applying the condition of chemical
equilibrium to the ionization reaction

H,0(aq) = H"(aq) + OH (aq) 4
with the result
K‘())V:(yH"mH*)(yOH*mOH*) 5
aw
The thermodynamic equilibrium constant is therefore
K?v:expl:—”g+ +u8H-~ﬂﬁzo} 6
RT
and can be evaluated by making the identification [33]
uio = A Hi0 — TSiO 7

where A H) and S?, are, respectively, the standard enthalpy of formation and
standard entropy of species i at 298.15 K. The use of data from the NBS tables [34]

summarized in Table 3 produces K¢ (298.15) = 1.009 x 10~ 4.
Denoting the equilibrium molality of the hydrogen and hydroxide ions by x, the

equilibrium equation is solved in the form
Ka, ‘
f(x)= #2 —1=0 8
Yu+Yon-X

Calculations were also carried out with the Gibbs energy minimization program
“ChemSage” [35, 37] which incorporates the Pitzer model in the version of Harvie

Table 3. Conventional reference thermodynamic data for
the ionization of water [34]

Species ArH? (kI mol 1) S?(J'K~'mol™Y)
H*(aq) 0 0
OH " (aq) — 22999 —10.75

H,0(aq) —285.83 69.91
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et al. [36]. Comparison between experimental values of pK, and those calculated
according to the above scheme requires the conversion of the electrolyte concentra-
tion from the molar to the molal scale. This conversion can be effected by application
of tabulated conversion factors (such as those given by Millero [38] for the more
commonly used supporting electrolyte molarities), or by numerical interpolation
from tabulated density data for each electrolyte.

The results obtained in the present study will be discussed with reference to (i)
their agreement with published experimental values, (ii) agréement between values
measured by hydrogen- and glass-electrode potentiometry, and (iii) comparison
with pK, values calculated from Pitzer’s equations.

NaCl media

In Fig. 1, our experimental results for pK,, in aqueous NaCl are plotted against
molality, together with selected data from the literature. Qur hydrogen electrode
results (@) are seen to agree very well (to within 0.01) with those of Harned and
Mannweiler [3] (A) and quite well with those of Sjoberg et al. [12] (LJ), also
obtained with the hydrogen electrode but over a more limited concentration range.
This level of agreement is very rare for independent determinations of equilibrium
constants.

148 1

14.6 /

144 1

142

p (Kw/ mol? kg'z)

140

NaCl at 298.15 K

m I mol kg

Fig. 1. Experimental and calculated values of pK ,, for aqueous NaCl at 25 °C. O: present investigation,
glass electrode; @: present investigation, hydrogen electrode; A: Harned and Mannweiler [3]; =
Ndsdnen and Merildinen [10]; O: Sjéberg et al. [12]; ———: Pitzer model; -------- : Pitzer model,
neglecting higher-order terms
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Our glass electrode results (O) are also in excellent agreement with literature
data (Table 1), although the independent determinations vary more than for the
hydrogen electrode (as perhaps might be expected). More important, it is apparent
from Fig. 1 that there is a systematic difference between the glass and hydrogen
electrode results at high ionic strengths. This appears to be outside the experimental
error and is almost certainly due to interference of Na™ with the glass membrane
for large values of —log[H*]. Support for this interpretation comes from the
increasing discrepancy with increasing concentration, and comparison of these
results with those obtained in KCl (see below). Since the overwhelming majority of
equilibrium constants are determined by glass electrode potentiometry in high
concentrations of Na ™ containing media, further work is necessary to quantify these
effects with modern glass electrodes.

Maeda et al. [32] compared literature values of pK, in NaCl with those
calculated from the Pitzer equations and showed that the extent of agreement is
significantly dependent on the availability of the constants characterising the ternary
(‘P) and same-sign (6) ionic interactions. This is illustrated in Fig. 1, which includes
the Pitzer-predicted pK,, values with (solid curve) and without (dashed curve) the
ternary and same-sign terms. It is of interest to note that the effect of the higher
order interaction terms begins to be significant at molalities as low as 0.2 mol-kg ™ *.
At about 6 m, they contribute about 0.2 logarithmic units to pK,,.

KCl media

Our experimental datain 3 M KC1 (@, O) are shown in Fig. 2, along with literature
values [4, 5]. Whereas the discrepancy between our value and those of Carpéni et al.
[4] (®) and Fischer and Byé (<) is significantly smaller (about 0.02) than the
reported experimental precisions, it is noteworthy that the literature data are
scattered about the Pitzer prediction (solid curve), whereas our value falls exactly
on it. This and the fact that the earlier data are surprisingly imprecise for hydrogen
electrode work (Table 1) suggests that a complete reinvestigation of pK , in KCl
media might be worthwhile. As for NaCl, the same-sign and ternary interaction
parameters have a significant effect on the accuracy of the Pitzer prediction; indeed,
this effect is even slightly larger than in NaCl. Unlike NaCl, however, our glass- and
hydrogen-electrode results (Table 2) are in good agreement. As the K™ interference
with the glass membrane is known to be markedly lower than for Na™*, this
observation supports the interpretation given above for the difference between the
glass and hydrogen electrode results.

KNO; media

Results for KNOj; solutions are shown in Fig. 3a. Data were obtained by use of
glass electrodes, owing to the well-known instability of hydrogen electrodes in the
presence of nitrates [39]. For KNO; media, our result (O) at 2.5 M is consistent
with the general trend of the results of Nésdnen and Merildinen [8] (<) and Jameson
and Wilson [6] (M). In contrast to NaCl and KCl media, a complete set of same-sign
and ternary interaction parameters are not available to describe pK,, in KNO,
solutions. As would be expected (cf. Figs. 1 and 2), the Pitzer predictions (Fig. 3a)
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148 |

146t .

14.4 i

142 +

p (Kw/ mol’ kg'z)

140+

KClat298.15K

0 1 2 3 4 5

m / mol kg'1

Fig. 2. Experimental and calculated values of pK, for aqueous KCl at 25 °C. O: present investigation,
glass electrode; @: present investigation, hydrogen electrode; A: Harned and Hamer [1]; ®: Carpéni
et al. [4], O: Fischer and Byé [5]; : Pitzer model; -------- : Pitzer model, neglecting higher-order
terms

are in relatively poor agreement with the experimental values (in comparing Fig. 3a
with Figs. 1 and 2, differences in the axis scales should be noted.) The difference
between the solid and dashed curves in Fig. 3a results only from the same-sign
interaction parameter for K™ and H*, which has the value 0.005 [28].

If reliable independently determined values for the binary interaction parameters
Bo, B1, and C are available, it is possible in principle to estimate the relevant ternary
interaction parameters in any electrolyte M X by optimization of pK, data such as
those in Fig. 3a. It should, however, be noted that only combinations such as
(Wumx + Puonx) can be unambiguously determined in this way, because the
concentrations of M and X~ cannot be varied independently. Application of the
optimization technique developed recently by Kdnigsberger et al. [37] to the
experimental data shown in Fig. 3a yields a good fit only if the binary interaction
parameters B,, B;, and C are determined simultaneously with the ternary
parameters. If the values tabulated by Pitzer [29] are used, the fit is poor (see
Fig. 3b). On the other hand, use of values of 8, f,, and C determined from pK,,
data in Figs. 3a and 3b by such simultaneous optimization results in predictions of
the mean activity coefficient for KNOj that are seriously (~ 50%) in error. There
are two possible explanations for this.

The most direct and convenient method of estimating the values of binary Pitzer
parameters involves regression analysis of experimental activity or osmotic
coefficient (¢) data for simple electrolytes [40]. This is because for a binary
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142

141 ¢

14.0

13.9

p (Kw / mol’ kg %)

13.7 + KNO, at 298.15K

0 1 2 3
m / mol kg’
Fig. 3a. Experimental and calculated values of pK, for aqueous KNO; at 25°C. O: present

investigation, glass electrode; <: Nasanen and Merilainen [8]; B: Jameson and Wilson [6]; ———:
limited Pitzer model (see text); -------- : Pitzer model, neglecting higher-order terms

electrolyte such as KNO,, the expressions for ¢ and logy, are not only relatively
simple but also linear with respect to the Pitzer parameters. In contrast, the
connexion between the Pitzer parameters of pK,, is more complicated (since the
Pitzer parameters influence the activity of the water as well as that of the ions), and
relatively few data are available, so that errors in pK,, (of even a few hundredths of
a unit) can exert large effects. Thus, regardless of the accuracy of the pK,, data in
Figs. 3a and 3b, the binary Pitzer parameters derived from such data are unlikely
to be as reliable as those determined from activity/osmotic coefficient data.

The second possible explanation for the discrepancy between the experimental
and calculated data for KNOj concerns the published Pitzer parameters. Kim and
Frederick [41] have observed that the Pitzer parameters determined by regression
of ¢ and logy, depend strongly on the range of molality. They further pointed out
[42] that osmotic coefficient data for mixtures of two electrolytes with a common
ion are represented well by Pitzer’s model only if the interaction parameters for the
constituent binary electrolytes are determined over the same concentration range
represented by mixed-electrolyte data. For KNOj, the upper limit of the molality
range of the data given in Fig. 3 (about 3mol-kg™!)is clearly less than the maximum
molalities in the data from which Pitzer [29] derived parameters for KNO,
(3.8mol-kg™1!), HNOj; (6 mol-kg ') and KOH (5.5-mol kg !). These mismatches
in the molality ranges are a less plausible explanation of the failure of the model
than errors in the pK, data. It appears that reliable measurements of osmotic
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14.0
(
13.95

13.9

—
W
o0
W

p (Ky / mol* kg
o
[oa]

13751

13.7

L6 KNO, at 298.15 K

m/ mol kg

Fig. 3b. Experimental and calculated values of pK, for aqueous KNO, at 25°C. O: present
investigation, glass electrode; < : Ndsdnen and Merildinen [8]; B: Jameson and Wilson [6];
Pitzer model, with binary parameters taken from Pitzer [29] and 6 x = 0.005 (literature value [28]),
Oon.no, = — 0.0553 (determined by optimization)and Wy x o, + ¥k onno, = — 0.0177 (determined by
optimization); -------- : Pitzer model, with binary and ternary parameters optimized

coefficients in KNO;/HNO; and KOH/KNO; mixtures and a redetermination of
pK,, in KNO; over a wide concentration range are desirable.

NaClO, media

The pK,, values in NaClO, are of interest in view of the widespread use of this
substance as a supporting electrolyte. As shown in Fig. 4, the agreement between
the predictions of the Pitzer model and experimental measurements by Carpéni et al.
[4] (®) and Fischer and Byé [5] (<) is poor, despite the fact that one of the ternary
interaction parameters ¥ (for H*—Na " —~ClO ) is known. This shows the importance
of knowing both ternary parameters. Clearly this system warrants further study,
especially as the high solubility of NaClO, enables its use as a supporting electrolyte
at very high ionic strengths. We are currently determining pK,, in concentrated
NaClO, solutions.

NaNQO; media

Our experimental values (O) for the pK,, in aqueous NaNOj; are shown in Fig. 5,
and are broadly consistent with the only available literature value for this medium,



The Ionic Product of Water 831

150 |
14.8
146
14.4

142

p (K / mol” kg

14.0

13.8 1

NaClO, at 298.15K

136
0 1 2 3 4 5 6 7

m/mol kg

Fig. 4. Experimental and calculated values of pK,, for aqueous NaClO, at 25°C. #: Carpéni et al.
[4]; O: Fischer and Byé [5]; : limited Pitzer model (see text); -------- : Pitzer model, neglecting
higher-order terms

also measured by glass-electrode potentiometry [17]. The agreement with Pitzer’s
theory is again poor, which can again be explained by the absence of ternary and
same-sign interaction parameters for this system. In view of the poor quality of the
results obtained for KNO; (see above), the limited data available, and the Na * error,
it does not seem worthwhile attempting to estimate these parameters from the pK,
data.

Conclusions

The data obtained for concentrated solutions of NaCl, KCl, KNO,, and NaNO,
are in good agreement with the published values for pK,, as a function of molality.
Measurements of pK, by hydrogen and glass electrode potentiometry enables a
correction to be made for the sodium ion error that arises with the use of glass
electrodes. This is particularly important for the case of nitrate-containing
electrolytes, for which the hydrogen electrode cannot be used.

Experimental results obtained in the present study and published work have
also been compared with the predictions made on the basis of Pitzer’s activity
coefficient model for concentrated electrolytes. Such comparisons indicate the
importance of the same-sign and ternary ionic interaction parameters. Where values
for the necessary parameters are available, the Pitzer model provides an excellent
correlation of the experimental data.
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Fig. 5. Experimental and calculated values of pK,, for aqueous NaNO; at 25°C. O: present
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model, neglecting higher-order terms
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Experimental

General Procedure

To measure the ionic product of water in an electrolyte M "X~ of concentration ¢ (mol-dm 3, M),
mixtures consisting of the strong acid HX (0.02M) and the salt MX (c-0.02 M) were titrated
potentiometrically with the strong base MOH (0.1 M) in MX (c). All titrations were performed in
standard jacketed cells on the high precision automated titration systems previously developed in our
laboratories [20,22]. In experiments involving glass electrodes {(Metrohm, model 6.0101.000), the
solutions were blanketed by high purity nitrogen delivered through a carbon dioxide trap and a
presaturator containing the electrolyte concentration of interest. The burettes were Metrohm 665
Model Dosimat units driven by an IBM PC computer. The calibrated precision of the burettes was
+0.1%,. All volumetric glassware was grade “A” and calibrated. The emf was measured to +0.1mV
by high impedance digital voltmeters of in-house construction, connected to the computer. The
temperature in the cells was maintained at 25 + 0.01 °C by use of a circulator thermostat (Haake Model
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N3B). Temperatures were periodically checked with a calibrated ITS 90 platinum resistance
thermometer.

Hydrogen electrode

The hydrogen electrode used was of the Hildebrand dip type but with a body made of teflon rather
than glass. It consisted of a 10 x 7 x 0.1 mm foil welded to a 1 x 280mm Pt wire. The wire was
melt-coated with polyethylene. The electrode was housed in a teflon tube with a side inlet, which was
perpendicular to the hydrogen outlets, and had a standard taper to match the cell top. Ultra-high
purity hydrogen gas (CIG) was delivered via thickwalled copper tubing to a presaturator containing
the solution of studied electrolyte. The cell was tightly sealed to minimize contamination by
atmospheric oxygen and carbon dioxide. A flow rate of 2-3 bubbles per second emerging from one
side of the immersed electrode was usually used.

Platinum electrodes were prepared in the following manner [23]. Old platinum black (when
present) was dissolved by immersion in a 1:1 agua regia—water mixture for 30 min at about 50°C
with magnetic stirring. The foil was abraded with emergy cloth (grit size 1200) to remove impurities
and treated with fresh aqua regia—water mixture for 1 hour at about 50 °C with stirring. The electrode
was washed with distilled water. The foil was placed flat on a glass plate and burnished with the
rounded end of a glass rod. The glass plate had a channel (1 mm deep, I mm wide, and about 3cm
long) to accommodate the Pt wire during burnishing. The electrode was next treated in concentrated
HNO; at about 50°C for Ih with stirring. After washing with distilled water the foil was again
burnished and cleaned in concentrated HNO, for about 5min with heating and stirring as before,
then washed once more with distilled water. The final cleaning consisted of a cathodic electrolysis at
3mA-em”? in 0.2 MH,SO, for 10min to remove surface oxides. During this cleaning procedure,
hydrogen should be evolved as small bubbles from the whole surface of the foil; if not, the foil must
be burnished and cleaned again. Washed electrodes were platinized without delay in 2% (originally in
3.5%) w/v chloroplatinic acid containing 0.003% (or 0.005%) w/v lead acetate trihydrate solution at
30 or 50mA-cm ™2 for 10min in an H-type two compartment cell. Good stirring was found to be
essential to achieve an even black coating. Surface lead was removed by soaking the electrode for at
least 24h in aerated 1 M perchloric acid. The finished electrode was stored in distilled water and
handled with care. Electrodes were replatinized whenever they failed to stabilize properly, usually after
1-15 days of work.

Appendix

Although the Pitzer theory is widely regarded as the most general and flexible of the activity
coefflicient models suitable for concentrated electrolytes, the equations for the ionic activity and osmotic
coefficients are quite involved. The implementation of these equations is not entirely straightforward
and is further complicated by the existence of several versions of the theory in the literature. In
particular, it is worth mentioning that the equations given by Zemaitis et al. [28, page 236] are
incorrect, in that the concentration dependent contributions to the same-sign ionic interaction terms
are missing, Accordingly, we provide in this Appendix a summary of the Pitzer activity and osmotic
coefficient formulae used in the theoretical part of the present work. More detailed discussions of the
underlying physical model are given by Pitzer [29] and Harvie and Weare [30].

The starting point for the derivation of Piizer’s model is a virial expansion for the excess Gibbs
energy of the solution (containing n,, kg of solvent) in terms of solute molalities m:

G
Re}: ”w|:f(1) + Z Z }*ij(l)mimj + Z Z Z ﬂijkmimjmk:l Al
i i)k

where f is a Debye-Hiickel type function, depending only on ionic strefgth, /;;(I) is the ionic strength
dependent second virial coefficient between species i and j, and 5, is the ionic strength independent
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third virial coefficient between species i, j, and k. In principle, these virial coefficients can be expressed
in terms of the potential of mean force between the appropriate species. The essence of the Pitzer
approach is to avoid the statistical-mechanical difficulties associated with doing this by representing
measurable combinations of virial coefficients by empirical functions. These functions contain
parameters which can be determined by regression analysis of experimental osmotic or activity
coefficient data. On carrying out the required differentiations of equation Al with respect to the
molalities, the following expressions for the ionic activity coefficients and the osmotic coefficient result.

Inyy=22F 4+ m,(2By, + ZCy,) + 2<I)Mc+ MWy |+ mgmy o+ ]zMI mom,C..
M

a<a’

A2

ll’l?X—Z F+Zm 2BCX+ZCCX)+Zm<2®Xa+zmlp)(ac)+zzmm chcX+|ZXIZmeCca

s c<c’

A3
2 [ A, PP

/
- +EE man 5+ 2C.0+ T mn (02,43 qu)
mi a

14b1'2 o<o

ATy mama,(cpg; iy mwﬂ Ad

a<a’

Z=3 mizl

where z; is the algebraic charge number of ion i. In these formulae, we have followed closely the notation
used by Harvie and Weare [30]. Thus, the summations expressions are over cations (c) and anions (a),
and the double summation indices a < a’ and ¢ < ¢ refer to all distinguishable pairs of non-identical
anions and cations, respectively.

The quantities B, B;;, ®;,, and ®; are empirical functions that represent measurable combinations
of ionic second v1r1a1 coefficient functions and their derivatives. The By;, Bj functions refer to
cation-anion pairs, and are defined by

[30+ﬂ 1—(1+ oy /T)exp( —rxl\/}+ 1= (1 —ap/Dexp(— ay/T)} A5
28, a2l
B = T{_1+ 1+a1\/—+— exp(— alf) +‘ -1+ 1+a2\/f+7 exp(—az\/f)
o
A6

where B, B, and 8, are adjustable parameters, and
o, =2.0for 1:1,2:1,3:1,4:1, 5:1, 3:2, and 4:2 electrolytes; or 1.4 for 2:2 electrolytes;
a1, = 0.0 for 1:1, 2:1, 3:1, 4:1, and 5:1 electrolytes; 12.0 for 2:2 electrolytes; or 50.0 for 3:2 and 4:2
electrolytes.
The last terms of equations AS and A6 both vanish for all electrolytes in which «, = 0.
The function F is given by

F=—A¢|: \/> '1n +b\/_j|+zzmcha+zzmm (D +ZZ mama’q);a' A7
1+b\/} b c<c’ a<a’

where

_AlnlO
L

A is the Debye-Hiickel constant, and b=12. The ®;, o functions refer to cation-cation or
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anion-anion pairs, and are defined by
@, = 05+ 05(1) A8
O =05 (I) A9
ij ij
where 0;; is an adjustable parameter, obtained from activity or osmotic coefficient data for mixtures
of two binary electrolytes with a common ion. The functions 05 and Bﬁ represent the electrostatic

energy contributions arising from differences in ionic charges. These functions are in turn represented
in terms of virial coefficient integrals for the screened coulomb potential:

ZmZ
Gfmu)=—i‘1-1~“[Jo(xMN)—éJo(me—%Jo(xNN)] A10
05 (1) = N1 T () — 21 Ceagne) — 271 (enen) ] All
MN —812 1AMN 2 Y 1\VVMM 27 1\ANN

where

Xmn = 6zmZnAy \ﬂ

1 oGO
Jo(x)=x—1+—J |:1—exp<—xe‘y>}yzdy
4 X Jo y
Jl(x)=§—lj [1—<1+xeY)exp(—*)—ce‘y)]yzdy
4 xJo y y

Itis clear from equations A10 and A11 that 08 and 6% vanish identically if the ions have the same charge.
Measurable combinations of third virial coefficients are represented by the empirical constants C
and . Values of C, corresponding to anion a and cation ¢, of respective charges z, and z,, are given by
c¢
Cou=—- " Al12
2/ 2.2,
where C? is in turn derived from analysis of osmotic coefficient data from solutions of a single
electrolyte, while values of W .., ¥, etc. are obtained from the corresponding data for mixed
electrolytes. Calculation of the osmotic coefficient and the activity of water requires evaluation of the
quantities Bf’a and Cij For cation ¢ and anion a, Bf’a is defined by

BY, = fo + Brexp(— 2/ D+ rexp(—a2/D) A13
which for ions i and j of the same sign CI);’J? is defined by
doE(I
q)f’?:Oij+9F(I)+I—‘JQ Al4
Y v dI
The activity of water can then be obtained from
M, Z m;
a, =exp| — L AlS
p( 1000 d’)

where M, is the molar mass of water (18.0153 g-mol™ ).

References

[1] Harned HS, Hamer WJ (1933) The ionization constant of water and the dissociation of water
in potassium chloride solutions from electromotive forces of cells without liquid junctions. J
Am Chem Soc 55: 2194-2205



836 I. Kron et al.

[2] Harned HS, Copson HR (1933) The dissociation of water in lithium chloride solutions. J
Am Chem Soc 55: 2206-2215
[3] Harned HS, Mannweiler GE (1935) The thermodynamics of ionized water in sodium chloride
solutions. J Am Chem Soc 57: 1873-1877
[4] Carpéni G, Boitard E, Pilard R, Poize S, Sabiani N (1973) Sur la détermination potentiometrique
des concentrations des ions H* et du produit ionique d’un solvant donné. J Chim Phys 69:
1445-1447
[5] Fischer R, Byé J (1964) Etude de influence des sels de fond sur le produit ionique apparent
de I’eau et la constante apparente de la deuxiéme alcalinité de 'éthyléne diamine. Bull Soc Chim
Fr: 2920-2929
[6] Jameson RF, Wilson MF (1972) Apparent molar ionic products of water in potassium nitrate
solutions and calibration of the glass electrode as a wide-range proton concentration probe. J
Chem Soc Dalton Trans: 2607-2610
[7] Eilbeck WJ, Holmes F, Phillips GC, Underhill AE (1967) Heterocyclic chelating agents.
1. Metal complexes of 4,2'-pyrimidylimidazole. ] Chem Soc (4): 1161-1166
[8] Nisdnen R, Merildinen P (1960) Potentiometric determination of the solubility product of silver
() oxide in potassium nitrate and sodium perchlorate solutions. Suomen Kem B33: 197-199
[9] Dyrssen D, Hansson I (1972) Ionic medium effects in sea water —a comparison of acidity
constants of carbonic acid and boric acid in sodium chloride and sea water. Marine Chem 1:
137-149
[10] Nisidnen R, Merildinen P (1960) Thermodynamic properties of lead hydroxide iodide Pb(OH)
I. Suomen Kem B33: 149-151
[11] Ferse A (1965) Die mittleren Aktivitdtskoeffizienten von NaOH in NaCl-Losungen. Z Phys
Chem (Leipzig) 229: 51-57
[12] Sjéberg S, Hiigglund Y, Nordin A, Ingri N (1983) Equilibrium and structural studies of silicon
(IV) and aluminium (I1I) in aqueous solution. Marine Chem 13: 35-44
[13] Santschi PH, Schindler PW (1974) Complex formation in the ternary systems Ca(IT)-H,SiO,~
H,O0 and Mg(I1)-H,Si0,-H,0. J Chem Soc Dalton Trans: 181184
[14] Ingri N, Lagerstrom G, Frydman M, Sillén L-G (1957) Equilibrium studies of polyanions.
IL. Polyborates in sodium perchlorate medium. Acta Chem Scand 11: 1034-48.
[15] Carell B, Olin A (1960) Studies on the hydrolysis of metal ions. 31. The complex formation
between Pb2* and OH ™~ in Na™ (OH ™, ClO_ ) medium. Acta Chem Scand 14: 1999-2008
[16] Burkov KA, Bus’ko EA, Zinevich NI (1975) Determination of the water ionization product
in solutions with high ionic strength at 060 degrees. Vestn Leningr Univ Fiz Khim (1)
144145
[17] Hugel R (1965) Etude de I'hydrolyse de I'ion Pb** dans les solutions de nitrate de sodium. Bull
Soc Chim Fr: 968-971
[18] Agren A (1955) The complex formation betwen iron (ITI) ion and some phenols. IIL
Salicylaldehyde, o-hydroxyacetophenone, salicylamide, and methyl salicylate. Acta Chem
Scand 9: 39-48
[19] Teder A (1972) Equilibrium between hydrogen sulfite and sulfite ions. Sv Papperstidn 75:
704-706; Chem Abs 77: 157079v
[20] Verhoeven P, Hefter GT, May PM (1990) Dissociation constant of hydrogen cyanide in
saline solutions. Minerals and Metall Proc 5: 185
[21] Persson H (1971) Complex formation in the zinc cyanide and cadmium cyanide systems. Acta
Chem Scand 25: 543-550
[22] Hefter G (1972) The use of ion-selective electrodes in the determination of mixed stability
constants. J Electroanal Chem 39: 345
[23] McTigue PT (personal communication)
[24] May PM, Murray K, Williams DR (1988) The use of glass electrodes for the determination
of formation constants — [1I. Optimization of titration data: the ESTA library of computer
programs. Talanta 35: 825-830



The lonic Product of Water 837

[25] May PM, Murray K (1988) The use of glass electrodes for the determination of formation
constants — IV. Matters of weight. Talanta 35: 927-932

[26] May PM, Murray K (1988) The use of glass electrodes for the determination of formation
constants — V. Monte-Carlo analysis of error propagation. Talanta 35: 933-94]

[27] Bockris JO'M, Reddy AKN (1971) Modern Electrochemistry, vol . Plenum Press, New
York

[28] Zemaitis JF, Jr, Clark DM, Rafal M, Scrivner NC (1986) Handbook of Aqueous Electrolyte
Thermodynamics. American Institute of Chemical Engineers, New York

[29] Pitzer KS (1979) Theory — Ion Interaction Approach. In: Pytkowicz RM (ed) Activity Coeffi-
cients in Electrolyte Solutions. CRC Press, Boca Raton, FL

[30] Harvie CE, Weare JH (1980) The prediction of mineral solubilities in natural waters: the
Na-K-Mg-Ca-Cl-SO,—H,O system from zero to high concentration at 25°C. Geochim
Cosmochim Acta 44: 981-997

[317 Konigsberger E, Schuster E, Gamsjager H, God C, Hack K, Kowalski M, Spencer PJ (1992)
Thermochemical data and software for the optimization of processes and materials. Netsu
Sokutei 19: 135-144

[32] Maeda M, Hisada O, Kinjo Y, Ito K (1987) Estimation of salt and temperature effects on
ion product of water in aqueous solutions. Bull Chem Soc Jpn 60: 3233-3239

[33] Smith WR, Missen RW (1982) Chemical Reaction Equilibrium Analysis. Wiley, New York,
p 67

I'34] National Bureau of Standards, Washington DC (1982) J Phys Chem Ref Data 11 [Supplement
2]

I35] Eriksson G, Hack K (1990) ChemSage — a computer program for the calculation of complex
chemical equilibria. Metall Trans 21B: 1013

[36] Harvie CE, Moeller NE, Weare JH (1984) The prediction of mineral solubilities in natural
waters: the Na-K-Mg-Ca-H-ClI-SO,-OH-HCO;-CO,-H,0 system to high ionic
strengths. Geochim Cosmochim Acta 48: 723-751

[37] Konigsberger E, Schuster E, Eriksson G (1993) A new optimization routine for ChemSage.
Paper presented at CALPHAD XXII, Catalonia, Spain

[38] Millero F (1972) The partial molal volumes of electrolytes in aqueous solutions. In: Horne RA
(ed) Water and Aqueous Solutions: Structure, Thermodynamics and Transport Properties.
Wiley-Interscience, New York

397 Ives DJG, Janz GJ (eds) (1961) Reference Electrodes, Theory and Practice. Academic Press,
New York

[40] Hamer WJ, Wu, Y-C (1972) Osmotic coefficients and mean activity coefficients of uni-univalent
electrolytes in water at 25°C. J Phys Chem Ref Data 1: 1047-1099

[41] Kim H-T, Frederick WJ (1988) Evaluation of Pitzer ion interaction parameters of aqueous
electrolytes at 25 °C. 1. Single salt parameters. J Chem Eng Data 33: 177-184

[42] Kim H-T, Frederick WJ (1988) Evaluation of Pitzer ion interaction parameters of aqueous
mixed electrolytes at 25 °C. 2. Ternary mixing parameters. J Chem Eng Data 33: 278-283

[43] Gongalves FA, Kestin J (1977) The viscosity of NaCl and KCl solutions in the range 25-50 °C.
Ber Bunsenges Phys Chem 81: 1156

[44] Halasey ME (1941) Partial molal volumes of potassium salts of the Hofmeister series. J Phys
Chem 45: 1252

[45] Holemann P, Kohner H (1931) The dependence of equivalent refraction of strong electrolytes
in solution upon temperature. Z Physik Chem B13: 338

[46] Isono T (1985) Densities, viscosities, and electrolytic conductivities of concentrated aqueous
solutions of 31 solutes in the range 15-55°C and empirical equations for the relative viscosity.
Rikagaku Kenkyusho Hokoku 61: 53

Received July 11, 1994. Accepted (revised ) January 9, 1995



