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RESEARCH OF THE DEPENDENCES

OF DIELECTRIC PROPERTIES AND FREQUENCY
SPECTRA OF DIELECTRIC LOSSES IN NaCl
AQUEOUS SOLUTION ON THE STATE PARAMETERS

The frequency spectra of dielectric permittivity, 1(v), and dielectric loss, e2(v), coefficients for
the aqueous solution of sodium chloride and their dependences on the concentration, density,
and temperature have been studied. Numerical calculations of those parameters are made for
a certain choice of the potential interaction energy ®op(r) and the radial distribution function
9ab(1). The results obtained are in satisfactory agreement with experimental data.
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It is known that, in order to describe the dielec-
tric properties of condensed media, one must know
such field characteristics as the external electric field
strength F and the electric induction D, which are
related in the case of constant fields by means of the
static dielectric permittivity coefficient ;. However,
if the applied electric field periodically changes in
time, E(t), the induction also changes periodically
in time, D(t), with a certain phase lag. In this case,
the relation between those field characteristics in-
cludes the complex dielectric permittivity coefficient
€(w) depending on the frequency w. Its real part
is the dielectric permittivity coefficient &;(w), and
the imaginary one the coefficient of dielectric losses
ga(w). Plenty of works were devoted to the experi-
mental and theoretical researches of those coefficients
for electrolyte solutions.

In works [1, 2|, the theory of dielectric permittiv-
ity £1(w) and dielectric losses e3(w) for homogeneous
dielectric media under the action of both static and
time-dependent external electric fields not depending
on spatial coordinates was expounded in detail. The
Debye formulas for the frequency dependence £(w)
were obtained in various models, as well as the ana-
lytic expressions for €1 (w) and e3(w). The Debye the-
ory is based on the hypothesis that the equilibrium
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state is established in time following the exponen-
tial law.

In works [3, 4], the transfer phenomena in and
the dielectric properties of electrolyte solutions were
studied both experimentally and theoretically. The
phenomenological theory prevailed in studying the
physics of insulators, although the role of microscopic
theory grows permanently. In the physics of insula-
tors, the methods of molecular-kinetic theory, tem-
poral autocorrelation functions, and the method of
collective variables are widely applied [5-9]. In the
cited works, the static and dynamic coefficients 7 (w)
and e3(w) were determined.

Experimental data on the dielectric permittivity of
aqueous electrolyte solutions were generalized in work
[10]. The permittivity as a function of the concen-
tration at radio and ultrahigh frequencies was stud-
ied. Relations for the correlation factor of molecules
in liquids containing chain associates were obtained in
work [11]. Those formulas describe the interrelation
between the dielectric properties of liquid phases and
their molecular structure. The found expressions can
also be used to determine thermodynamic character-
istics of the association reaction in liquid phases. The
detailed analysis of experimental data concerning
the dielectric parameters of the concentrated sodium
chloride solution [12] showed that they are described
in the framework of the Cole—Cole relaxation model
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rather than the Debye one, which was used ear-
lier. The Debye type of a polar liquid is known to be a
special case of the more general Cole—Cole relaxation
model.

In work [13], the static dielectric permittivity and
the dielectric spectra of 1,3-propanediol and its bi-
nary solutions with H-propanol in a frequency range
from 9.4 to 73.4 GHz were studied, as well as the
density in a wide temperature interval. The frequency
dispersion of the dielectric permittivity ¢(w) in diole
and its solutions was revealed in the examined fre-
quency, w, and temperature, T, intervals. A discrete
spectrum of dipole relaxation times was found. The
molecular nature of the concentration dependences
revealed for the dielectric properties of the solutions
was discussed.

The data on the variation of the dielectric per-
mittivity coefficients €1 (w), €2(w), €01, and eqo2 for
water and the times of dielectric relaxation 7 in a
temperature interval of 60—200 °C can be found in
work [14]. In the cited work, the nonlinearity in the
dependence of In7Tp on the inverse temperature was
revealed. The results of calculations using the Debye—
Stokes formula were found to agree well with experi-
mental data within the whole temperature interval.

In the last decades, a lot of works were devoted
to studying the concentration, C, and temperature,
T, dependences of the frequency dispersion of the di-
electric permittivity coefficient e;(w) and the spec-
trum of dielectric losses e3(w) in aqueous electrolyte
solutions; in particular, these are works [15-20]. In
works [7,15], it was shown that, by analyzing the fre-
quency spectrum of the dielectric permittivity, it is
possible to detect the formation of ionic pairs in a
solution. With the help of the dielectric spectroscopy
method, the formation of ionic pairs in the solutions
of cobalt, beryllium, copper, nickel, aluminum, scan-
dium, and other sulfates was revealed at a concentra-
tion of 0.05 mol/l. The second Debye region can be
easily distinguished in the Cole-Cole diagrams and in
the frequency dependences of the dielectric permittiv-
ity and dielectric loss coefficients [9, 16, 17]; it mani-
fests itself in the frequency interval of 0.1-2 GHz. On
the basis of those data, one can determine the molecu-
lar parameters of ionic pairs. The corresponding anal-
ysis makes it possible to calculate the relaxation times
and the dipole moments of ionic pairs.

While studying the structural and molecular-
kinetic state of water in solutions, the method of UHF
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dielectric spectroscopy was selected in work [18]. The
researches were carried out in the frequency inter-
val corresponding to the dispersion maximum for the
dielectric permittivity of water. Accordingly, a mea-
surement complex for the experimental determina-
tion of ¢;(w) and e3(w) in a frequency range of 7—
25 GHz was created. A regular research of the &1 (w)-
and eo(w)-dependences in this frequency interval was
performed for 60 water—electrolyte systems, includ-
ing multicomponent and saturated solutions, in wide
temperature and concentration intervals. The param-
eters describing the process of dipole relaxation of
water molecules in electrolyte solutions (the static di-
electric constant e, the dielectric relaxation time T,
and the enthalpy and entropy of relaxation process
activation) were determined.

In work [19], with the help of an UHF dielectro-
graph and with the use of the point-by-point measure-
ment method, the behavior of the dielectric permit-
tivity in aqueous electrolyte solutions at high concen-
trations was studied. An anomalous frequency depen-
dence was found at a frequency of 9.1 GHz; namely,
the dielectric permittivity of the solution grows and
exceeds the dielectric permittivity of water. The con-
centration and temperature dependences and the di-
electrograms of the anomalous behavior of the dielec-
tric permittivity €1 (w) for a number of aqueous solu-
tions of halogenides of alkali metals, hydrohalic acids,
and alkalis were obtained.

In works [20, 21], an anomalous behavior of the
solution glycerol-water was researched, as well as
the specific characteristics of the kinematic shear vis-
cosity of water. The density of the glycerol aqueous
solution was measured along the coexistence curve
with the help of the pycnometer method in the tem-
perature interval 293 K < T < 363 K and the
glycerol concentration interval 0.225 mol/l < C' <
< 0.552 mol/l. The growth of the glycerol-water so-
lution density was demonstrated to depend on the
concentration. At the concentration C' = 0.33 mol/l,
this curve has a maximum. This concentration was
found to correlate with the maximum of the isobaric
expansion coefficient. The dominating role in the de-
termination of the kinematic shear viscosity of wa-
ter, v, belongs to the law of corresponding states and
the Hilbert principle. It is found that the kinematic
viscosity v is a sum of the argon-like viscosity con-
tribution and the contribution vy given by hydrogen
bonds. The application of the Hilbert method allowed

ISSN 2071-0186. Ukr. J. Phys. 2015. Vol. 60, No. 9



Research of the Dependences of Dielectric Properties

the parameter vy to be determined for the basic char-
acteristic of the hydrogen bond network, i.e. the num-
ber of hydrogen bonds per molecule.

In work [22], it was shown that, for a cell filled with
a NaCl aqueous solution, the dependence of its re-
sistance on the alternating current frequency cannot
be explained as a result of polarization phenomena
taking place only at the electrode—electrolyte inter-
face. A physical mechanism was proposed, which ex-
plains the monotonic increase of the solution conduc-
tivity at frequencies below 10* Hz and its constant
value in the frequency interval of 10*-10° Hz. The
temperature dependences of the diffusion coefficients
for Na™ and C1~ ions in the NaCl aqueous solutions
were calculated, as well as the size of the physically
infinitesimal volume in this electrolyte, in which the
local equilibrium is established. The space-time be-
havior of parameters in the NaCl aqueous solution
was analyzed. A relationship between the ratios of the
alternating current period to certain time characteris-
tics, on the one hand, and the frequency dependence
of the specific conductivity in this electrolyte, on the
other hand, was established.

Main applications of the dielectric relaxation spec-
troscopy method to the study of the structure and dy-
namics of electrolyte solutions are discussed in work
[23]. The cited authors also analyzed the nature of
ionic solvation and association in solutions. The re-
sults obtained are in the good agreement with experi-
mental data obtained by other methods, in particular,
the numerical simulation.

In work [24], on the basis of kinetic equations for
the one- and two-particle distribution functions of
ions, an analytical expression was derived for the
complex-valued conductivity &(w) of electrolyte so-
lutions. In works [25, 26], the relationship between
the complex coefficients of dielectric permittivity
€(w) and specific conductance &(w) were used to ob-
tain analytic expressions for the dynamic coefficients
of dielectric permittivity e1(w) and dielectric losses
g2(w). In work [26], numerical calculations of the fric-
tion coefficients 8, and fp, the relaxation times 7,
and 7, for ions of kinds a and b in the momentum
space and their relaxation time 7,; in the configura-
tion space, and the dielectric permittivity coefficient
€1(w) were carried out for three concentrations C' of
the sodium chloride aqueous solution, in wide inter-
vals of density p, temperature 7', and frequency w,
and for a certain choice of the particle-to-particle in-
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teraction potential ®,,(r) and the radial distribution
function ggu(r).

This work is aimed at studying the frequency spec-
trum of the dielectric loss coefficient e2(w) and carry-
ing out its numerical calculations for a sodium chlo-
ride aqueous solution with three concentrations C
in wide intervals of density p, temperature T, and
frequency w. As a start point, we use analytic ex-
pressions for the coefficients of dielectric permittivity
e1(w) and dielectric losses €2 (w), which were obtained
in work [26]:
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&)ab(r) = (P%T(T); ®,p(r) is the potential energy of
interaction between the structural units of the elec-
trolyte solution; gu;(r) the radial distribution func-
tion; m;, e;, n;, d;, and B; are the mass, charge,
concentration, diameter, and friction coefficient, re-
spectively, for ions of sort i (i = a,b); 74, T, and T4
are the relaxation times in the momentum and config-
uration spaces; r'qp, = qp — q, is the relative distance;
r = rgp/day is the normalized distance between ions
of sort a and b; g¢ the electric constant; k the Boltz-
mann constant; 7' the absolute temperature; w = 27v
is the cyclic frequency, and v the frequency of the
process; and € is the value of dielectric permittivity
coefficient at w — co. Formulas (1)—(3) make it possi-
ble to study the frequency spectra of the coefficients
of dielectric permittivity e;(w) and dielectric losses

863



S. Odinaev, R.S Makhmadbegov

Table 1. Dependence of €1 on p, C, and v for a NaCl aqueous solution at T' = 298 K

v, GHz
C, mol/1 p, kg/m3
[30] 0.0238 0.238 2.38 23.8 190 238 1190 2380
0.40 1011 68.4 63.70 63.70 63.69 62.99 50.02 31.80 7.10 5.55
0.50 1018 66.9 61.58 61.58 61.57 60.87 48.11 30.66 7.01 5.52
0.60 1021 65.4 60.96 60.96 60.95 60.25 47.56 30.37 6.98 5.51
0.73 1025 64.6 60.39 60.39 60.38 59.68 47.08 30.15 6.96 5.51
1.00 1039 60.5 58.60 58.60 58.59 57.89 45.73 29.65 6.90 5.49
4.64 1168 42.55 42.55 42.57 43.90 38.59 25.72 6.56 5.40
Table 2. Dependence of €2 on p, C, and v for a NaCl aqueous solution at T' = 298 K
v, GHz

C, mol/1 p, kg/m3
0.0238 0.238 2.38 23.8 190 238 1190 2380
0.35 1011 0.006 0.06 0.65 6.38 24.59 28.88 10.56 5.45
0.50 1018 0.006 0.06 0.63 6.22 23.75 27.64 10.15 5.23
0.60 1021 0.006 0.06 0.63 6.17 23.47 27.27 10.04 5.18
0.73 1025 0.006 0.06 0.62 6.13 23.20 26.93 9.95 5.13
1.00 1039 0.006 0.06 0.60 5.94 22.22 25.98 9.70 4.99
4.64 1168 0.001 0.01 0.06 1.79 16.12 20.74 7.89 4.06

ea(w), as well as their dependences on the thermo-
dynamic state parameters. According to Eq. (3), the
potential terms e;(w) and e3(w) are determined in
terms of the potential energy of interaction between
the structural units of the solution ®,;(r) and the ra-
dial distribution function g, (r). For a definite choice
of the solution model, those equilibrium structural
parameters are known from the literature. We con-
fine the consideration to the spherically symmetric
case and select a semiphenomenological osmotic solu-
tion model [5, 27| described in the framework of the
McMillan-Mayer theory. In this approximation, the
solvent is supposed to be a continuous medium with
the ionic subsystem moving inside. The contribution
of a solvent to the transfer and dielectric parameter
coefficients is taken into account by introducing the
dielectric permittivity coefficient of the solvent egg
and the friction coefficients 8, and S, for ions of sort
a and b, respectively.

For carrying out the numerical calculations of £ (w)
and e3(w), in addition to the known molecular pa-
rameters m;, e;, n;, and d; (i = a, b), the friction
coeflicients (3, and the relaxation times 7,, 7, and
Tab are also required. The latter, in accordance with
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formulas (1) and (2), are expressed in terms of 3, and
Bp. For the latter two, we use the following analytic
expressions taken from work [28]:

oo

47
Br=> 3 Pa > das / V2 @t (r)gan (r)r?dr,
a b 0

%o (4)
4
g = Z gpbzdab/vz Dy (r)gan (r)rdr,
b a 0
where V2 = L2 (r2.2) is the radial part of the

Laplace operator, and p, = mgn, and p, = myny are
the density of particles of sorts a and b, respectively.

Following work [28], the potential energy of inter-
action ®,p(r) is adopted as a sum of the Lennard-
Jones potential energy and the generalized Debye po-
tential taking the configuration and sizes of ions into
account:

deay _ e_ﬁ*r
@abzg—a(r 12 _ =% 4 Ry p (5)
SS
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fzazbeQe“*

dab = (daa + d bb)/2a Rab =

kTessdap(1 + k*)’
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Fig. 1. Frequency spectrum £1(v) of a NaCl aqueous solution at T'= 298 K and C' = 0.5 mol/l. Formula
(1) (a); experimental results of work [31]: water (white circles) and sodium chloride aqueous solution (black

circles) (b)
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Fig. 2. Frequency spectrum e2(v) of a NaCl aqueous solution at T = 298 K and C' = 0.5 mol/l. Formula
(2) (a); experimental results of work [31] (b): water (white circles) and sodium chloride aqueous solution

(black circles)

Eab = (amabb)% is the potential well depth for the par-
ticle-to-particle interaction energy, f = (4mwego) ™! =
=9 x 10° F/m, g¢ is the electric constant, £, the di-
electric permittivity of the solvent, e the elementary
charge, d,, and dp, the diameters of ions a and b,
respectively, z, and z; their valences, and K* = Kqdgp
is the reciprocal Debye screening radius, in which
k is defined in the form k? = Y nqe2/(g,e0kT)
[29]. Following work [5], the function gu,(r) for the
ionic subsystem is adopted in the form

®gp(r)

Gab(r) = y(r, p*)e” FT (6)

where y(r, p*) is the binary distribution function of
two cavities. We restrict the analysis to its contact
value y(r, p*) = y(p*) at the distance r = 1 (rq, =
= dgp) obtained by Carnahan and Starling in the form

y(p*) = (2= p*)/2(1 — p*)?, (7)

ISSN 2071-0186. Ukr. J. Phys. 2015. Vol. 60, No. 9

where p* = mnd3, /6 = mpd3, No/6M is the reduced
density, p the solution density, Ny the Avogadro
constant, and M the molar mass.

On the basis of formula (1) with regard for
Egs. (4)—(7), the numerical calculations were carried
out for the friction coefficients 8, and [, the relax-
ation times 7,, Ty, and 74, and the dielectric per-
mittivity coeflicient €;(v) as functions of p, C, T,
and w. The results of calculations are quoted in work
[26]. On their basis, as well as on the basis of for-
mula (2), and taking into account Egs. (4)—(7), the
frequency spectrum e9(v) for a NaCl aqueous solu-
tion is calculated. The obtained results of numerical
calculations are summarized in Tables 1 and 2 and in
Figs. 1 to 3.

Tables 1 and 2 contain the numerical values of coef-
ficients of dielectric permittivity £1(v) and dielectric
losses e5(v) in the case of a sodium chloride aqueous
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Fig. 3. Frequency spectra €1 (v) and e2(v) of a NaCl aqueous solution at 7' = 298 K for various concentra-
tions C = 0 (1, pure water), 0.40 (2), 0.99 (3), and 4.64 mol/1 (4). Calculations are made by formulas (1)

and (2) (a); experimental results of work [32] (b)

solution at a temperature of 298 K in the concentra-
tion interval 0.35 mol/1 < C' < 4.64 mol/1, the density
interval 1011 kg/m < p < 1168 kg/m, and the fre-
quency interval 2.38 x 107 Hz < v < 2.38 x 10'2 Hz. A
comparison of the theoretical results obtained for
e1(v) with the experimental data of work [30] was
made. The behavior of the concentration, density,
and frequency dependences of €1(v) and e2(v) cor-
respond to experimental results.

In Figs. 1, a and 2, a, the frequency spectra 1 (v)
and e9(v), respectively, are depicted in the frequency
interval 1.94 x 10° Hz < v < 1.94 x 10'? Hz for
the NaCl aqueous solution with a concentration of
0.5 mol/l and at a temperature of 298 K. In Figs. 1, b
and 2, b, the corresponding experimental results [31]
for the same values of state parameters and the fre-
quency interval 10° Hz < v < 10! Hz are shown. It
is evident that the behavior of theoretical and ex-
perimental curves for the spectra e1(v) and e2(v)
coincide.

In Fig. 3, the theoretical values of frequency spec-
tra €1(v) and e2(v) in the frequency interval 2.63 x
x10% Hz < v < 2.63 x 10'2 Hz are exhibited for
the sodium chloride aqueous solution at a tempera-
ture of 278 K and for three concentrations (0.4, 0.99,
and 4.64 mol/1). Figure 3, b demonstrates the exper-
imental results of work [32], which were obtained at
the same values of state parameters. One can see that
the profiles of experimental and theoretical &1 (v) and
eo(v) curves, as well as the corresponding numerical
values, are in satisfactory agreement.

Hence, the results of numerical calculations ob-
tained for the selected solution model, intermolecular
interaction potential ®4;(r), and radial distribution
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function g,p(r) brought about a satisfactory agree-
ment between theoretical and experimental eq(v)-
and eg(v)-values for the NaCl aqueous solution in
wide intervals of state parameters. The frequency
spectra €1(v) and e32(v) in a wide frequency range
are governed by the dielectric relaxation in the NaCl
aqueous solution, which reflects the contribution of
relaxation processes.
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JOCJILIZKEHHA JIEJJEKTPUYHNIX
BJIACTUBOCTEN I YACTOTHUX CIIEKTPIB
JIEJJEKTPUYHUX BTPAT BOAHOI'O PO3YNHY
NaCl 3AJIE2KHO BIJ [TAPAMETPIB CTAHY

Peszmowme

HocuizxeHo 9acTOTHI CIEKTPH KOedimieHTIB AieleKTpUIHOL
IPOHKUKHOCTI €1 (V) 1 miesekTpuaHuX BTpaT £2 (V) BOAHOIO pO3-
YUHY XJIOPUY HATPIiIO 3aJIE2KHO BiJ| KOHIIEHTPAIil, IIIJIbHOCTI
i TemnepaTypu. 3pobJIeHO YHCEIbHI PO3PAXyHKH [UX Koediri-
eHTiB 1151 BogHOro posunny NaCl npu nesHomy Bubopi moreH-
uiitaol emeprii B3aemonii P, (r) 1 pagiansaol dyHKHil posno-
iy Ggp(r). Orpumani pe3ysbraTin HaBeJEeHO B TabIHMIAX 1 HA
MaJIIOHKaX, $Ki 3HAXOOsIThCS B 3a/0BiibHIN 3rofi 3 eKcuepwu-
MEHTAJbHUMH JaHUMM.
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