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Abstract—Extended Debye–Hückel (EDH) theory was used to calculate activity coefficients in aqueous solu-
tions of alkali-metal bromides at 298 K from experimentally determined values of their static permittivities. Calcu-
lations with non-optimized model parameters fit the nonmonotonic concentration-dependent trend of the activity
coefficients and the cation radius–dependent trend of the activity coefficients. The latter is explained by hydration
weakening and ion association strengthening in response to increasing cation radius in the salt series.
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INTRODUCTION

The extended Debye–Hückel (EDH) theory [1, 2]
is a tool to calculate activity coefficients in electrolyte
solutions without optimization of model parameters
using experimentally determined static permittivities
of the solutions. The static permittivity can be deter-
mined by dielectric spectroscopy [3, 4] via extrapolat-
ing the measured general permittivity to the zero fre-
quency. These calculations of activity coefficients
make it possible to analyze the relationship between
the dielectric and thermodynamic properties of elec-
trolyte solutions and identify the effects of solvation
and ion association. Such work was carried out for
solutions of alkali-metal chlorides [1], iodides [5],
nitrates [6], sulfates [7], and formates [8], as well as for
solutions of some sodium [9] and aluminum [10] salts.
In our work, the subject matter is aqueous solutions of
alkali metal bromides.

CONСENTRATION-DEPENDENT 
PERMITTIVITY

The dielectric properties of LiBr, KBr, and CsBr
solutions at T = 298 K were studied by Barthel et al.
[11]. The complex dielectric constant ε*(ω) of solu-
tions in that work was determined in the frequency
range Δν = 1.6–38.5 GHz, and the Debye fitting
equation was used to determine the static permittivity
via extrapolation to the zero frequency. The dielectric
properties of NaBr solutions were studied by Wachter
et al. [12] in the frequency range Δν = 0.2–89 GHz,
and were described by a Cole–Cole process (CC
model) and a three-term Debye process (3D model)
with an equal success.

The permittivity values were fitted by analytical
expressions (Table 1). The respective value for the per-
mittivity of pure water was taken from [13].

Table 1 and Fig. 1 imply that, at a constant concen-
tration, the permittivity of the solution increases as the
898

Table 1. Static permittivity ε versus concentration in aqueous alkali bromide solutions at 298 K borrowed from [11, 12]; cs is
the molar concentration of the salt (mol/L); cs,max and ms,max are, respectively, the maximal molar concentration and the
maximal molality of the salt in the experimental ε data set

Salt ε(cs) ms, max, mol/kg cs, max, mol/L Source

LiBr 5.7 5  [11]

NaBr 1.5 1.4  [12]

KBr 3.4 3  [11]

CsBr 2.2 2  [11]

3/2
s s78.36 20.38 4.843c cε = − +

3/2
s s78.36 13.21 1.536c cε = − +

3/2
s s78.36 15.75 3.252c cε = − +

3/2
s s78.36 13.95 3.376c cε = − +
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Fig. 1. Static permittivity of aqueous alkali bromide solutions at 298 K. Lines with symbols are fitted experimental data [11, 12];
cs is the molar concentration of the salt.
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cation radius increases, as a consequence of weaken-
ing cation hydration. The same trend is observed in
the series of alkali-metal chlorides, iodides, or nitrates
[1, 5, 6]. NaBr is slightly out of this trend, since the
measurement and data processing procedures for its
solutions [12] differ from the procedure used for LiBr,
KBr, and CsBr.

ACTIVITY COEFFICIENTS MODELING. 
RESULTS AND DISCUSSION

The activity coefficients of water and ions in the
studied solutions were calculated by the EDH equa-
tions found in previous publications [1, 2]. The EDH
theory regards a logarithmic activity coefficient to be a
sum of the Coulombic ion–ion interactions term and
the solvation term, where both terms account for the
concentration dependence of the permittivity of the
solution.
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Table 2. Pauling’s ionic radii (R) [14]

Ion R, Å

Li+ 0.60

Na+ 0.95

K+ 1.33

Rb+ 1.48

Cs+ 1.69

Br– 1.95
The parameters of the model are a, the center-to-
center distance between ions, and R±, the average ion
radius, which were calculated as

where R+ and R– are the cation radius and anion
radius, respectively. The Pauling ion radii system was
used [14] (Table 2). The densities of solutions were
borrowed from the reference book [15]. Thus, the
model parameters were not optimized in the calcula-
tions of activity coefficients.

Figure 2 illustrates the results of calculation of γ±,
ion-average activity coefficients at 298 K against
experimental data [16]. In general, the calculated val-
ues of activity coefficients qualitatively fit their non-
monotonic concentration dependence. The model
adequately predicts the order of activity coefficients
for salts of different cations at a constant concentra-
tion, namely that the ion-average activity coefficient
decreases as the cation radius increases. A satisfactory
match with experiment is observed for LiBr solutions
up to a molality of 6 mol/kg (Fig. 3). For NaBr, KBr,
and CsBr, a match is observed only at low concentra-
tions; the discrepancy increases as the cation radius
increases. The primary factor responsible for this
behavior of activity coefficients, similar to that in solu-
tions of alkali-metal chlorides [1], iodides [5], and
nitrates [6], is weakening of cation solvation in
response to increasing cation radius. The second fac-
tor acting in the same direction is that ion association
increases in the series from LiBr to CsBr in accordance
with the Collins rule [17], as the difference between

, ,
2

R Ra R R R + −
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Fig. 2. Ion-average activity coefficients of aqueous alkali bromide solutions at 298 K calculated in terms of the EDH theory (left-
hand panel) and experimentally determined values [16] (right-hand panel); ms is the salt molality. 
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Fig. 3. (a) Water activity coefficient and (b) ion-average activity coefficient in aqueous lithium bromide solutions at 298 K. Lines
show EDH fits, and circles are experimental datapoints [16]; ms is the salt molality. 
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the radii and energies of hydration of the cation and
anion decreases in this series.

CONCLUSIONS

The activity coefficients of water and ions in alkali
bromide solutions calculated in terms of the extended
Debye–Hückel theory qualitatively fit their non-
monotonic trends; for lithium bromide solutions,
there is a quantitative coincidence up to a concentra-
tion of 6 mol/kg. The trend of activity coefficients in
RUSSIAN JOURNAL O
the salt series is due to both hydration weakening and
ion association strengthening in response to increasing
cation radius. The discovered relationships may be
useful for predicting the thermodynamic properties of
electrolyte solutions based on the characteristics of
individual constituent ions.
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