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Abstract

Measurement of the electrical conductivity of electrolytes and heterogeneous
materials containing them is accompanied by numerous physical and elec-
trochemical processes, complicating measuring and interpretation of data. As
a result, the measurement of the electrical conductivity of such a system is a
difficult and not finally resolved problem. The new method of resistance
measurement of the electrolytic systems is substantiated and tested on exam-
ple of heterogeneous electrolytic system “lignin-calcium chloride water solu-
tion” in this article. The method is based on measurement of resistance of the
electrolytic system at different voltages (DC) on the cell and the consequent
approximation of the acquired data taking into consideration volume charges
and potential barriers arising on the boarders of electrodes and electrolytic
materials. Extrapolation of the resistance to the limiting small current lets one
obtain a characteristic value of the active resistance of the electrolytic system.
The method is technically simple, inexpensive and has several advantages
compared to the methods based on AC measurements.
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1. Introduction

Currently, high-frequency contact and non-contact conductometry with the in-
troduction of an equivalent substitution circuit based on the use of lumped pa-
rameters R, L, C [1] [2] [3] [4] [5] are mainly used to determine the electrical

conductivity of electrolytes. The resistance is the result of the interaction of ions
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with each other, preventing the directed movement of ions between the elec-
trodes. Inductance occurs as a manifestation of the energy of an ion as a charged
particle as it moves under the action of an external electromagnetic field applied
to the electrodes. The appearance of capacitance is caused by both polarization
effects and capacities arising between positively and negatively charged ions, like
the plates of mini-capacitors.

The complex resistance, according to [1], is defined by the following way:
. 1
R+ jolL)| —]j—
"+ o) |

R+ j(wL—lj
oC

Z =

As a result:

To determine the resonant frequency, a known program-set frequency is sup-
plied to the measuring cell from the frequency generator.

We have found that during the measurements of the electrical conductivity of
electrolytes and materials containing them with use of methods [1] [2] [3] [4] [5]
and their analogues volume charges and potential barriers arise on the surface
and near the measuring electrodes due to the establishment of thermodynamic
equilibrium between ions and electrodes material. This feature isn’t taken into
account in these methods.

In accordance with the foregoing, we can conclude, that the main disadvan-
tages of the methods [1] [2] [3] [4] [5] are low accuracy and low efficiency asso-
ciated with tuning the circuit at resonance, the dependence of capacity between
anode, cathode and electrolyte on the magnitude of the normal component of
the electric field [6].

We propose a new advanced contact method for determination of electrical
conductivity of electrolytes and materials containing them with use of measuring
cell. The proposed method takes into account the defined feature. It based on

electrical conductivity dependence on the applied constant voltage for a discrete

DOI: 10.4236/jemaa.2020.122002

8 Journal of Electromagnetic Analysis and Applications


https://doi.org/10.4236/jemaa.2020.122002

K. V. Dobrego et al.

number of points with further extrapolation of the applied voltage to the polari-
zation threshold voltage region to eliminate the influence of the polarization re-
sistance of the electrodes and non-linear effects of ion dynamics.

During the measurements of the electrical conductivity of electrolytes and
materials containing them bulk charges and corresponding potential barriers
appear on the surface and near the electrode due to the establishment of ther-
modynamic equilibrium between the ions and the substance of the electrode [7].
When a current occurs, the concentration of ions in the space charge layer dy-
namically changes, and over time, in the volume of the electrolyte. The transfer
of charged particles is accompanied by diffusion and reduction-oxidation of ions
on the surfaces of the electrodes.

It’s known [8], that in the field of application of the Debye-Hiickel theory of
electrical conductivity of electrolytes, conduction ions undergo ion inhibition by
the ionic atmosphere, which is localized around the central ion and moves in the
opposite direction due to the electric field, and when the ions interact with cur-
rent increase, the ionic atmosphere deforms and its shift to the “tail” region of
the main ion. To describe concentrated solutions, it is necessary to take into ac-
count the non-Coulomb part of the inter-ion interaction, in particular, the size
of ions.

Qualitatively, the picture is presented in such a way that the ions, moving under
the action of an electric field, make forced movements across the field, “flowing
around” electron clouds with a coincident charge. In addition, the ions that fall
into the region of attraction of an ion of the opposite sign (making up the
“cloud”), slow down their main movement due to the action of the external field.

It’s possible to build the analogy between the charge transfer in the electrolyte
and the hydrodynamics of deformable particles. Since the frictional force in the
flow around an elongated ellipsoid and a uniform ball is slightly different at low
flow velocities [9], the forced transverse motion of ions caused by interaction with
other ions and ionic clouds can be considered a more significant factor affecting
resistance. In the first approximation, the degree of “stretching” of a cloud is pro-
portional to the strength of the current, and at the same time the “resistance” to
charge transfer decreases due to a decrease in the cross section of the cloud and,
accordingly, the amplitude of the transverse “flow” of the cloud with ions.

The combination of electrostatic and dynamic processes in the cell leads to
complex current-voltage characteristics of electrolytes at a constant current and,
especially, at an alternating and pulsed current.

Taking as the “unperturbed” resistance of the electrolyte electrical resistance
in the conditions of the minimal influence of the above-mentioned dynamic ef-
fects of ion transport and polarization effects, as well as the effects of accumula-
tion of electrochemical products reactions, we come to the need for a minimum
measurement time and extrapolation of measurement results to zero current and
threshold cell voltage. Positioning the approximant of the function R = R(U), we

define the desired unperturbed resistance
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where U is the effective threshold voltage on the cell.
Then
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For approximants of the form R =aU/(1+bU), the effective threshold vol-
tage on the cell is U, =—1/b. Corresponding expressions for approximants of

other types can be easily obtained.

2. Description of the Proposed Method

The proposed new method is based on the using of device developed by the au-
thors and described in paper [10]. The method includes the following steps.

1) Filling the measuring cell with the studied material.

2) Performing a series of measurements at a constant current. Measurements
should be started with the minimum currents and the measurement time should
be minimized. Each measurement should be accompanied by a mirror inverted
current pulse to minimize the effects of a change in space charge and the accu-
mulation of products of electrochemical reactions. To minimize random errors,
for each measurement, 10 readings of the analog-to-digital converter should be
performed. The time diagram of voltage changing is given in Figure 1.

3) Approximation of measurement results by an adequate function, and de-
termination the threshold polarization voltage Uj. As approximating functions,

Pade approximants of low order should be used [11]:

Measurements

Uinpub \

10

t, sec

Figure 1. Time diagram of voltage on a measuring cell.
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When choosing a function approximating measurements, we proceed from

the assumption of monotonicity and continuity R, = f(U,) at U, >U, (in
the region of minimum measurement voltages).

4) Extrapolation of measurement results using model (3) and calculation of
the corresponding unperturbed electrical resistance R.

5) Calculation of the electrical conductivity (p) in accordance with the formu-

la:
P = A/ I'Ry,
where A is the area of the measuring electrode; /is the distance between the
measuring electrodes.
The algorithm corresponding to the measurement process with use of the

proposed method and device, presented in paper [10], is given in Figure 2.

3. Results of the Proposed Method Testing and Their Analysis

The new method was tested by measuring active resistance of heterogeneous elec-

trolytic system “lignin-calcium chloride water solution”. It was lignin, containing

Cycle ( Start )
N times

'
Divider connection.
Ulnpus setting
'
Delay Delay
Connection of the
Ulinput inversion R, measurement operational amplifier
N (if necessary)
v
R, measurement
*
'
R, calculation
Average
Output of 10 readings
on the display
'
Finish

Figure 2. The algorithm of the measurement process with use of the proposed method
and device, presented in paper [10].
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saturated calcium chloride (CaCl,) water solution. Lignin was in the form of fine
crumb with characteristic size 0.1 - 0.5 mm. It actively absorbed CaCl, water so-
lution in a quantity up to 2:3 mass parts. Four samples were prepared for ex-
periments. They are characterized by mass concentration of CaCl, water solution
of 25%, 33%, 50% and 60%. The last sample concentration is close to the maxi-
mum sorption capacity of lignin. The prepared samples were placed in a meas-
urement cell—a hermetic rectangular container with two opposite sides covered
with thin stainless steel plates.

The results of measurements obtained in accordance with the new method are
presented in Table 1. Note, that zero threshold voltage was estimated for the
system and resistance was evaluated by extrapolation of the = R(U) function to
zero voltage.

For comparative evaluation of the new method, we have performed alternative
resistance measurements by means of industrial LCR meter. The device operated
in sinusoidal AC regime at different settings of the frequency and amplitude
(voltage) of the measuring signal. The amplitude of the measuring signal was
varied from 0.05 to 1 V. The results of measurements performed at an industrial
frequency of 50 Hz are presented in Table 2.

The data show that resistances measured by the new method are in reasonable
correspondence with the data obtained by AC measurements. At the same time
measurements, performed with use of LCR meter are characterized by several
disadvantages. According to the data presented in Table 2, measured resistances
depend on voltage of the measuring signal (in our case resistance grows by ~20%
with the growth of the signal). Measured resistance depends even stronger on
frequency of the signal. These factors introduce uncertainties to the results of

measurement.
4. Conclusion
The proposed method of measuring of the resistance of electrolytes and materials,

Table 1. The resistance and electrical conductivity of lignin containing CaCl, water solu-
tion obtained by the proposed method.

Value of the indicator

Us, V R, kQ 1072, S/cm
Lignin, characterized by CaCl, water solution content of 25 wt.%

0 6.97 0.0287
Lignin, characterized by CaCl, water solution content of 33 wt.%

0 3.05 0.066
Lignin, characterized by CaCl, water solution content of 50 wt.%

0 1.28 0.156
Lignin, characterized by CaCl, water solution content of 60 wt.%

0 0.85 0.235
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Table 2. The resistance and electrical conductivity of lignin containing CaCl, water solu-
tion obtained with use of LCR meter.

Value of the indicator

Uv 0.05 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Lignin, characterized by CaCl, water solution content of 25 wt.%

R kQ 200 197 191 184 197 175 173 171 169 169 167

p107% S/cm 1 1.02 105 109 102 114 116 117 1.18 1.18 1.2
Lignin, characterized by CaCl. water solution content of 33 wt.%

R kQ 40.1 398 392 38,6 382 375 37 36.6 362 358 357

p107%S/cm 499  5.03 5.1 5.18 524 533 541 546 552 559 5.6
Lignin, characterized by CaCl. water solution content of 50 wt.%

R kQ 4.75 4.7 4.6 4,5 444 435 425 4.1 4.1 4 3.9

p107%,8/cm 42,1 42,6 435 444 45 46 47.1 47.8 488 50 51.3
Lignin, characterized by CaCl. water solution content of 60 wt.%

R kQ 1 1.1 1 1 098 095 093 091 0.89 088 0.87

p107% S/cm 200 182 200 200 204 211 215 220 225 227 230

containing them, is characterized by the following properties:

o it takes into account the dependence of the electrical conductivity of the ma-
terial on the voltage applied during the measurement;

o the time of voltage applying substantially exceeds the time of stationary cur-
rent establishment, but much less than the time of electrolysis and electro-
chemical deposition influencing the measurement results.

The advantages of the method are simplicity and low cost. It can be widely
used in such areas as electrochemical energy storage, medicine, agriculture,
chemical industry, food industry, pharmacology [12].

It worth mention that utilization of the new method demands rather sophisti-
cated algorithms of processing of series of data (or VAC) because of complicated
and sometimes unpredictable character of the VAC. It is reasonable to further
develop the method, particularly increasing the number of the measurements in

a series and improving algorithms of data approximation and extrapolating.
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