ISSN 0036-0236, Russian Journal of Inorganic Chemistry, 2021, Vol. 66, No. 7, pp. 1036—1039. © Pleiades Publishing, Ltd., 2021.
Russian Text © The Author(s), 2021, published in Zhurnal Neorganicheskoi Khimii, 2021, Vol. 66, No. 7, pp. 925—928.

PHYSICAL CHEMISTRY
OF SOLUTIONS

Analysis of Activity Coefficients in Aqueous Solutions
of Alkali Metal Nitrates on the Basis of Dielectric Properties

I. Yu. Shilov* * and A. K. Lyashchenko?®

¢ Department of Chemistry, Lomonosov Moscow State University, Moscow, 119991 Russia
b Kurnakov Institute of General and Inorganic Chemistry, Russian Academy of Sciences, Moscow, 119991 Russia
*e-mail: ignatshilov@mail.ru
Received January 20, 2021; revised February 20, 2021; accepted February 24, 2021

Abstract—Activity coefficients in aqueous solutions of alkali metal nitrates at 298 K have been calculated by
the generalized Debye—Huckel theory using experimental values of the static dielectric constant of solutions.
It has been shown that calculation without optimization of model parameters in a number of systems repro-
duces the dependence of activity coefficients on cation radius and the levelling of potassium, rubidium, and
cesium cations influence on activity coefficients in the presence of nitrate ions. The effect of hydration and
ion association on the thermodynamic properties in the series of studied systems has been considered.
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INTRODUCTION

In recent years, the generalized Debye—Hiickel
theory (GDHT) developed by us in 2015 [1] is used for
the analysis of interrelation for dielectric, thermody-
namic, and structural properties of electrolyte solu-
tions. Considered systems included aqueous solutions
of chlorides [1], iodides [2], and sulfates [3] of alkali
metals, sodium [4] and aluminum [5] salts with differ-
ent anions. The use of GDHT allows computation of
activity coefficients without optimization of model
parameters employing experimental values of static
dielectric constant (DC) for solutions, which is deter-
mined by dielectric spectroscopy methods [6, 7].
Therefore, the description of activity coefficients of
water and ions accentuates the detection and analysis
of different physicochemical factors and phenomena
affecting the thermodynamic and dielectric properties
of solutions rather than quantitative coincidence with
experimental data. To extend the range of systems
studied by this method, we devoted this paper to the
consideration of interrelation of DC and activity coef-
ficients in aqueous solutions of alkali metal nitrates at
298 K.

CONCENTRATION DEPENDENCE
OF DIELECTRIC CONSTANT

The dielectric properties of solutions of alkali metal
nitrates were studied in the works [8—12]. Data on
static DC that cover all five systems were used for cal-
culations [8, 9]. The complex DC £*(w) of solutions in
these works was determined in frequency range Av =

2.4—12 GHz and approximated by Debye equation to
determine static DC by extrapolation to zero fre-
quency. In the later works [10—12], complex DC was
measured in a wider frequency range, while extrapola-
tion employed more complicated model, Cole—Cole
equation. The calculated values of static DC in these
works proved to be higher than the data of works [8, 9].
However, we do not use these results in the present
work because they are incomplete.

For the use in the calculation of activity coeffi-
cients, we approximated solution DC by analytical
expressions presented in Table 1. For DC of pure
water, we used the value from [13]. As seen from
Table 1 and Fig. 1, DC increases with cation radius at
the constant solution concentration, which reflects
the weakening of its hydration. The same feature is
observed for a number of alkali metal chlorides and
iodides [1, 2].

CALCULATION OF ACTIVITY COEFFICIENTS
AND RESULTS AND DISCUSSION

Activity coefficients for the components of studied
solutions were calculated using GDHT equations,
which were discussed in detail in previous publications
[1, 2, 4]. Remember that activity coefficient loga-
rithms in this model are calculated as the sum of con-
tribution of Coulomb ion—ion interactions and solva-
tion contribution. The first contribution is similar to
that considered in common Debye—Hiickel theory
(with allowance made for ion size), while the second
contribution characterizes the interaction of ions with
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Table 1. Concentration dependence for static dielectric constant € of aqueous solutions of alkali metal nitrates at 298 K
according to the data of [8, 9], ¢, is the molar concentration of salt (mol/L), ¢; yax» 7, max are the maximal molar concen-

tration and molality of salt in experimental data for €

Salt Dependence g(c,) Cs.max» MOl/L Mg max> MOl/kg
LiNO; e =78.36 —19.08¢, +4.521¢)* 6 7.4
NaNO; £ = 78.36 —16.36¢, + 3.994c¢)> 4 4.6
KNO; £ =78.36 —14.16¢, + 4.312¢2* 2 22
RbNO; e =78.36 —13.68¢, +4.392¢)° L5 1.6
CsNO; € =78.36 —10.82¢, +3.141c>? 1 L1

environment containing both solvent and ions. Both
contributions allow for the concentration dependence
of solution DC.

Model parameters (the distance of the closest
approach of ions a and the average ionic radius R,)
were calculated by the formulas:

a=R +R, R¢=%a

where R, and R_ are the radii of cation and anion.
Cation size was assessed according to Pauling [14],
while the radius of nitrate ion was assessed according
to Marcus [15] (Table 2). Solution densities were taken
from the handbook [16].

Thus, the calculation of activity coefficients was
conducted without optimization of model parameters.

90 -

20 L L L J

¢, mol/L

Fig. 1. Static dielectric constant of aqueous solutions of
alkali metal nitrates at 298 K. Points are experimental data
[8, 9], lines are data approximation, c, is molar concentra-
tion of salt.
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The results of calculation of ion-average activity coef-
ficient v, at 298 K are shown in Fig. 2 in comparison
with experimental data [17, 18]. The quantitative
agreement is observed only for diluted solutions. For
example, the deviation exceeds 1% for LiNO; solu-
tions at m > 0.4 mol/kg. In the remaining concentra-
tion range, the calculated ion-average activity coeffi-
cient is markedly larger than experimental value, the
difference increasing on passing from LiNO; to
CsNOs;. In accordance with the conclusions of the
work [2], this fact indicates the contribution of ion
association, whose role rises with cation radius.

The amplification of ion association in the series
from NaNO; to CsNO; is confirmed by the analysis of
electrical conductivity of solutions [19]. The quantita-
tive description of activity coefficients in NaNO; solu-
tions until saturation solution concentration of
10.8 mol/kg was demonstrated by us in the work [4]
using generalization for the considered model with
inclusion of explicit allowance made for the formation
of ion pairs. This description, however, had empirical
and poorly predictive character because the obtained
value of equilibrium constant only by order of magni-
tude corresponded to literature data, which, however,
also show large scattering. Therefore, we are confined
in this work only by the description results derived
from the basic GDHT model [1].

At qualitative level, the calculation reproduces the
correct order of curves for activity coefficients for salts
with different cations: ion-average activity coefficient
decreases on passing from LiNO; to CsNO;. This is
explained by both decrease of hydration contribution
on the growth of cation radius (which is taken into
account by the model) and by the amplification of ion
association in the same series. Thus, the change in
these two factors in this series of systems affects activ-
ity coefficients in the same direction. In this context,
the solutions of alkali metal nitrates are similar to solu-
tions of chlorides and iodides.

The feature of nitrate solutions that differs them
from solutions of alkali metal chlorides and iodides
consists in the leveling effect of nitrate ion on activity
coefficients in solutions of K*, Rb*, and Cs* ions.
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Fig. 2. (a) Calculated by generalized Debye—Hiickel theory and (b) experimental [17, 18] ion-average activity coefficient in aque-

ous solutions of alkali metal nitrates at 298 K, m; is salt molality.

This effect is reproduced by the model and leads
mainly to the leveling effect of nitrate ion on DC of the
corresponding solutions (Fig. 1) and close radii for
these ions. The second difference of nitrate series
(beginning from NaNO;) consists in the trend of ion-
average activity coefficient to monotonic decrease
with concentration instead of formation of minimum.
This feature in general case can be reproduced proba-
bly by the explicit allowance for ion association.

CONCLUSIONS

The results of calculations of activity coefficients
for water and ions in solutions of alkali metal nitrates
in the context of generalized Debye—Hiickel theory
explain the character of change in activity coefficients
depending on cation radius and reflect the leveling
effect of potassium, rubidium, and cesium cations on
activity coefficients in the presence of nitrate ions. The
revealed features may be used for the development of
methods for the prediction of thermodynamic proper-

Table 2. Ion radii according to Pauling (Rp) [14] and Mar-
cus (Ryy) [15]

Ion Rp A Ry, A
Li* 0.60 0.69
Na* 0.95 1.02
K* 1.33 1.38
Rb* 1.48 1.49
Cs* 1.69 1.70
NO; — 2.00
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ties of electrolyte solutions, including nitrate ion con-
taining systems [20] of technological value.
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