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Abstract—A new approach to analyzing hydration in electrolyte solutions is developed that explores the rela-
tionship between their dielectric, quasi-optical, and radio brightness parameters in the cm and mm ranges of
the spectrum. An interesting property is discovered in the region of low concentrations. The characteristic
radiation of some electrolyte solutions at mm wavelengths is stronger than that of pure water, while that of
other electrolyte solutions are weaker. Contrasts in radio brightness are associated with two contributions
determined by the ratio of ion and dipole losses in the dielectric spectrum. This pattern is considered using
solutions of alkali metal formiates and a number of other systems.
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INTRODUCTION

The development of dielectric microwave spectros-
copy made the millimeter (mm) region of the spec-
trum available for study. It is of special theoretical and
practical interest in the case of aqueous solutions [1–
5], where there is a frequency limit to collective relax-
ation processes in water and solutions. This region is
characterized by biological effects of mm wavelengths
[1–3]. The initial section of the mm band (60–
100 GHz) has been shown to be the high-frequency
slope of the main maximum of the dispersion of the
complex permittivity aqueous electrolyte solutions. In
the initial range of concentrations, it can be described
by choosing a fairly simple Debye-type model of
relaxation or a Cole–Cole equation with a small
parameter of the distribution of periods of relaxation
obtained in the region of the maximum dispersion of
aqueous solutions. In agreement with experiments,
this was shown using solutions of alkali metal sulfates
and a number of other systems as an example [6–8].
We can therefore estimate from calculations the quasi-
optical coefficients, emissivity, and radio brightness
contrast of different solutions in the mm region. In this
work, we compared solutions of alkali metal formiates
using data obtained earlier on complex permittivity in
the region of the maximum dispersion of water and
solutions in the cm region of the spectrum [9–11].

CALCULATIONS
Temperature Tb of radio brightness is a characteris-

tic of substances and their state that can be measured
remotely. It is associated with thermodynamic tem-
perature T of a body by relation Тb(ν) = χ(ν)*T, where
ν is the frequency at which the radiation from the body
is measured, and χ(ν) is the emissivity at a given fre-
quency. With complete absorption of radiation by a
sample under conditions of thermodynamic equilib-
rium, χ(ν) = 1 − R(ν), where R(ν) is the coefficient of
reflection, which can be obtained from the data on the
complex permittivity ε*(ν) of aqueous solutions using
the Fresnel formula for a normally incident wave:

(1)

The above relations allow us to obtain temperatures
of radio brightness based on the existing set of litera-
ture data on the frequency dependences of the dielec-
tric properties of aqueous solutions at different con-
centrations and at temperatures. Unfortunately, it is
technically difficult to measure directly the dielectric
parameters of solutions at mm frequencies [12–14].
We therefore extrapolated known 7–25 GHz dielec-
tric data [9–11] for a frequency of 61.2 GHz, along
with corresponding data on electrical conductivity
[15, 16].

The complex permittivity at frequency ν is deter-
mined as ε*(ν) = ε'(ν) – iε"(ν), where ε' is permittiv-
ity, ε'' denotes dielectric losses, and i is the imaginary

ε ν −ν =
ε ν +

2
*( ) 1( ) .
*( ) 1

R
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Fig. 1. Concentration dependences of coefficient of reflec-
tion R (ν = 61.2 GHz) for an aqueous solution of potas-
sium formiate KHCOO at different temperatures: (1) 283,
(2) 298, and (3) 313 K. 
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unity. The Debye function modified by Cole and Cole
in [17, 18] is usually used to reproduce the spectrum of
ε*(ν) for non-electrolytes in the range of frequencies
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Table 1. Coefficients of reflection R of alkali metal formiate
concentration of salt)

* Calculated with no allowance for the ionic component.

System С, mol %
Т = 283 K

R

H2O 0 0.451 0.451
LiHCOO/H2O 0.85 0.422 0.430

2.00 0.402 0.416
3.42 0.386 0.405
4.84 0.367 0.389
5.98 0.352 0.376
6.64 0.346 0.369
7.37 0.341 0.363
9.47 0.327 0.348

11.11 0.302 0.321
KHCOO/H2O 1.25 0.429 0.448

2.92 0.418 0.456
3.18 0.415 0.456
5.20 0.407 0.460
6.99 0.398 0.461
7.18 0.394 0.459
7.50 — —
8.80 0.387 0.456

10.20 0.383 0.455
10.80 0.378 0.451
11.20 0.377 0.451
11.80 0.376 0.450

CsHCOO/H2O 2.50 0.427 0.458
3.30 0.418 0.461
4.20 0.407 0.461

d*R
(2)

where ε∞ is the high-frequency limit for the consid-
ered region of dispersion, εs is static permittivity, τ is
the period of relaxation, and α is the distribution of
periods of relaxation.

The value of ε''(ν) for water is determined by the
dipole relaxation of molecules and can be obtained
from expression (2). In solutions of electrolyte,
absorption proceeds by two mechanisms associated
with reorientations of dipole water molecules and dis-
placements of charged ions in an alternating electro-
magnetic field. The contribution from ion losses is cal-
culated using experimental data on low-frequency
electrical conductivity [18]:

(3)

where ε0 is the electrical constant (8.854 × 10−12 F/m),
and σ is the specified electrical conductivity of the
solution, S/m. The total dielectric losses for solutions

∞
∞ −α

ε − εε ν = ε +
+ πντ

s
1*( ) ,

1 ( 2 )i

σε =
πε

ν
ν0

,''
2

( )i
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 solutions at 2 GHz, calculated with dielectric data (C is the

Т = 298 K Т = 313 K

R R

0.496 0.496 0.528 0.528
0.478 0.486 0.511 0.519
0.460 0.474 0.494 0.508
0.443 0.462 0.478 0.499
0.425 0.447 0.461 0.485
0.415 0.439 0.447 0.473
0.406 0.430 0.440 0.467
0.398 0.422 0.432 0.459
0.378 0.403 0.411 0.439
0.360 0.386 0.397 0.421
0.480 0.497 0.513 0.529
0.466 0.501 0.498 0.532
0.464 0.502 0.496 0.532
0.450 0.501 0.478 0.529
0.438 0.500 0.462 0.525
0.437 0.498 0.460 0.524
0.435 0.498 0.456 0.523
0.427 0.494 0.445 0.519
0.418 0.491 0.434 0.511
0.415 0.488 0.433 0.512
0.414 0.486 0.429 0.510
0.414 0.487 0.427 0.510
0.477 0.505 0.511 0.539
0.465 0.506 0.476 0.516
0.452 0.504 0.457 0.510

d*R d*R
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Fig. 2. Calculated concentration dependences of emissiv-
ity χ (ν = 61.2 GHz) for an aqueous solution of lithium
formiate LiHCOO based on: (1) dipole losses  only and
(2) total dielectric losses ε". Temperature, 298 K. 
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Fig. 3. Calculated concentration dependences of emissiv-
ity χ (ν = 61.2 GHz) for an aqueous solution of potassium
formiate KHCOO based on (1) dipole losses only and
(2) total dielectric losses ε". Temperature, 298 K. 
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of electrolyte are thus found as the sum of losses calcu-
lated according to (1) and (2):

(4)

where  and  are dipole ionic dielectric
losses, respectively.

The ionic contribution to ε"(ν) is reduced rapidly
as the frequency rises, so it is often ignored in the mm
range of frequencies. It is therefore of interest to com-
pare both ways of calculating the radio brightness of
solutions. In one version, we consider both ionic and
dipole dielectric losses (R, χ, Тb); in the other, only the
dipole contribution to ε" (R(d), χ(d), Тb(d)).

In many cases, the dependences of concentration
and temperature Tb are represented more clearly using
the quantity

(5)

In this work, we consider data at T = 283, 298, and
313 K.

RESULTS AND DISCUSSION
Table 1 shows components of the coefficient of

reflection that convey specific features of water–elec-
trolyte systems. They are associated with the compara-
ble contributions from dipole and ion losses at mm
wavelengths (4). When the hydration of ions is
increased, the effect of dipole losses determines the

ν =ε ε ν + νεd i( ) ('' ''' ) (' ),

ε νd''( ) ε νi''( )

χ
Δ

=
=
χ = −

b b sol b water

sol r

( ) (

wate water so

)

l

  –
.(

 
 –  )
Т Т Т

Т Т R R T
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overall change in the coefficients of reflection relative
to that of water. The effect of ion losses arises upon
weak (negative) hydration of potassium and cesium
ions in the region of low concentrations. This creates
the possibility of multi-sign changes in the coefficients
of reflection and related parameters, relative to those
in water in the initial range of concentrations. A typical
example of changes in R due to concentration upon
the weak (negative) hydration of cations is shown in
Fig. 1. A change in temperature affects the considered
concentration dependences, where a small extremum
disappears upon a minor increase in temperature.

It is convenient to express the studied solutions’
characteristic intensity of radiation at mm wavelengths
in terms of their intrinsic coefficients of emission.
They can be found easily using the calculated coeffi-
cients of reflection. An interesting consequence is then
observed. The two contributions to the coefficients of
reflection determines the total changes in emissivity,
relative to water. This can be seen in Figs. 2 and 3.
When hydration of the cation was raised (Fig. 2), the
contribution from dipole losses determined the
increase in emissivity, relative to water. At weak hydra-
tion of potassium and cesium ions, we observe the
contribution from ion losses that determines the total
value (Fig. 3). No increase in emissivity is observed in
a fairly wide range of concentrations, so a small mini-
mum may appear in the concentration dependence of
emissivity.

It should be noted that the considered calculation
scheme is associated specifically with the initial range
F PHYSICAL CHEMISTRY A  Vol. 96  No. 11  2022
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Fig. 4. Difference between radio brightness temperatures
of water and solutions depending on the concentration of
salt: (1) lithium formiate, (2) potassium formiate, and
(3) cesium formiate. Temperature, 298 K; frequency of
radiation, 61.2 GHz. 
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of concentrations, in which hydration processes pre-
dominate. The values of the coefficients of reflection are
calculated here using those of complex permittivity and
ones found using a simple model of Debye-type relax-
ation. This cannot, of course, be extended to the entire
range of our concentrations, where Cole–Cole equa-
tions with high parameters of the distribution of periods
of relaxation, the maximum specific electrical conduc-
tivity of solutions [19], and other factors are used. In
cases like these, one accepted model of a relaxation
spectrum or another must be verified experimentally.

CONCLUSIONS
Changes in the radio brightness temperature of solu-

tions can be found using their calculated emissivity. Fig-
ure 4 shows changes in this effective temperature. For
solutions with increased hydration of sodium and lith-
ium ions, this value differs in sign from that of negative
hydration of potassium and cesium ions. Contrasts in
radio brightness radiation can be seen for solutions of
alkali metal ions with positive and negative hydration of
cations in solutions of alkali metal formiates. Additional
radio brightness contrast must therefore be observed in
aqueous media partially separated in space. This could
be of importance in technological practice.
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