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This paper summarizes approaches to solving problems limiting the sensitivity, accuracy, and selectivity of
conductometric measurements. It presents the results of extensive research and development aimed at creating
portable, affordable electrochemical analyzers with metrological characteristics that meet a wide range of practical
needs in conductometry. The main factors that reduce the sensitivity of the measuring channel and cause measurement
errors are discussed, as well as differential measurement methods that can eliminate or significantly reduce their
impact. These results were obtained during the development of biosensor systems, but can also be applied to other tasks
requiring rapid and accurate determination of changes in the electrical conductivity of solutions. The results of
theoretical and experimental studies of biosensor conductometric transducers and measuring circuits for their use are
presented. A new approach to further increasing the selectivity of differential sensory systems has been substantiated
References 22, tables 2, figures 5.
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Introduction. Conductometry — the determination of the electrical conductivity of electrolyte
solutions — is widely used in many technological processes to monitor the composition of the working
environment, raw materials, and finished products [1-5]. In the energy, pharmaceutical, and other chemical
industries, as well as in the food industry, such measurements are used in the preparation of process water. In
biomedical, environmental, and other laboratory studies, conductometric instruments are used in conjunction
with selective electrochemical converters, in particular, with biosensors for the selective quantitative analysis
of solution composition [6—13]. In all cases, strict requirements are imposed on the sensitivity and accuracy
of the measuring instruments and, especially, on their selectivity with respect to uninformative influencing
factors. This is connected, on the one hand, with the responsibility of this type of measurement, in particular,
when used for medical diagnostics and quality control of food products [14—16]. On the other hand, this is
also connected with the structure and operating features of the measuring channel, which contains
conductometric primary converters (sensors) that are immersed in an electrolyte solution located in the
measuring cell [17-20].

Conductometry is based on measuring the informative parameter of the signal at the sensor output
(current /, voltage U, or their changes Al, AU), to which an alternating current test voltage is applied. The
impedance of the such transducer is represented by a complex equivalent circuit [1-4]. In addition to the
main, informative parameter — the active resistance of the solution R, (or its electrical conductivity Gy)
between the electrodes — it contains non-informative parameters. These parameters (inter-electrode
capacitance C,, double-layer capacitance Cy, charge-transfer resistance R., Warburg impedance W) are
unstable and can significantly alter the sensor's conversion results. This also occurs when the initial
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(background) parameters of the medium (solution composition, its temperature) change during the
measurement process. Therefore, despite the positive qualities of the conductometric method, many
specialists doubt its prospects for obtaining reliable results in complex, selective measurements over a wide
range of determined quantities. In particular, conductometric biosensor systems have long been unused in
practice due to their sensitivity to factors that alter the background conductivity of the solution in the
conductometric cell. The purpose of this paper is to familiarize specialists with the possibilities for
significantly reducing these problems, the results obtained by the authors in this area, and the prospects for
further development and justification of a new approach to further increasing the selectivity of differential
sensory systems.

Application of the differential measurement method. The influence of changes in environmental
parameters in the conductometric cell was successfully reduced using the differential conductometric method
with two planar two-electrode transducers (sensors) with an interdigital topology (Fig. 1, a), which are
fabricated on a ceramic substrate using thin-film technology [11, 12]. Based on this approach, efficient
conductometric biosensor systems were created [3, 5, 6, 10, 13].

The measuring channel contains a 4-arm AC bridge, two arms of which include a differential pair of
conductometric transducers S/ and S2, placed in a measuring cell with a buffer solution, and the other two
arms include identical resistors [3]. Another, simpler version of the bridge circuit can be implemented as a
current comparison circuit (Fig. 1, ). A selective biosensor membrane is applied to one of the transducers
(the working transducer, S,). This membrane generates charge carriers upon contact with the target analyte,
causing a local change in electrical conductivity proportional to the analyte concentration. The other
transducer is the reference transducer (S,); it is located in the region of background electrical conductivity of
the solution. The bridge is powered by a test alternating voltage generator G with two antiphase outputs U,
and —U,. Its output signal U,, is received from the bridge output using an operational amplifier. From this
signal, an informative component (in phase with the generator signal) is extracted using a synchronous
detector and measured with a microvoltmeter [3, 20]. The value of this component is proportional to the
magnitude of the difference in the active resistances of the solution R,, and R, in the differential pair of
conductometric transducers. Before the analyte is introduced, this difference is virtually nonexistent, and the
other impedance components of the conductometric transducers and the bridge resistors are identical.
Therefore, the bridge circuit is in a balanced state and its output signal is close to zero. When the working
transducer comes into contact with the analyte, its active resistance changes (typically by about 1%), and a
corresponding response appears at the bridge output [21].
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Fig. 1

The described solution is implemented quite simply; however, it allows obtaining reliable results
across a wide range of research tasks only with very small differences (no more than 1-2%) of the equivalent
parameters R; and C of a series two-element equivalent circuit in a differential pair of transducers. This is
difficult to ensure during manufacturing and virtually impossible to maintain during operation of the sensors
[22]. If the parameters R, and C; are not identical due to differences in the values of C,, Cy, R, or W, then
the sensitivities of the working and reference transducers (changes in current A/; in them with identical
changes in the solution resistance Ry, or R,,) are different, and the effectiveness of the differential method is
reduced. With a more significant difference in the values of these transducer parameters (up to 10%),
sufficiently reliable results can only be obtained when studying analytes that do not change the background
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conductivity of the buffer solution of the conductometric cell. Its change gives rise to an additive error
proportional to this change and the relative difference in R, and Ci;.

In addition to the problem of the invariance of measurement results to changes in the background
electrical conductivity in the conductometric cell, there is also the question of the dependence of the
informative signal on the magnitude of the phase angle tangent tge of the conductometric transducers. This
issue (for a bridge circuit with current comparison, similar in characteristics to a 4-arm bridge) is illustrated
in Fig. 1, b, ¢ [21]. The increment vector of the bridge output signal has a phase angle of 2¢, therefore the
informative signal at the output of the synchronous detector of the conductometric channel Re(Al;) drops
sharply, (down to 0 at tge = 1). This is a systematic multiplicative error, which also limits the permissible
parameters of the transducers and requires appropriate correction of the conversion result to stabilize the
sensitivity and obtain an accurate measurement result in units of electrical conductivity.

Improving differential conductometric measurements by compensating for voltage drops
across the near-electrode capacitances of sensors. The first developments in this area [22] were based on
the use of a fully balanced bridge circuit or a bridge balanced by one (quadrature to the informative)
parameter of the C, transducers, which is determined primarily by Cy;.

The vector diagram in Fig. 2, a and the circuit in Fig. 2, b, illustrates this approach. In the first
variant (with full balancing of the bridge), it consists of adding to the test signals U, from the generator G,
which are fed to the reference (passive) and working (active) converters (S2 and S1, respectively), a
component Uy that is quadrature to U, and is regulated by the code K1, using the adder X. If the voltage U
becomes equal to the voltage U,, (Fig. 2, a) across the capacitance of the working (active) transducer, it
compensates U,,. In this case, the voltage across R, is equal to the voltage U,, and the current vector I,
rotates by an angle ¢ and coincides with U, in phase. The in-phase and quadrature reference voltages of the
synchronous detector (the Re and Im axes in Fig. 2, a) are also related to U,. The resulting state (the bridge
equilibrium point for the reactive component of the working converter impedance) is determined by the zero
value of the Im(/,) component when the reference converter is turned off by switch Sw2. In this case, the
phase angle of the informative current increment A/, in the converter decreases to ¢.
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The sensitivity of the bridge at the synchronous detector output to changes in R; is determined by the
1

1+ th )

active component of the converter impedance is achieved by varying the voltage amplitude on the reference
converter S2 using the K2 code (based on DAC) adjustor until the common-mode component of the
converter current difference, Re(/;—/y,), is close to zero. After this, the change in this component's value will
correspond to the change in conductivity in the differential sensor's working converter, regardless of the
background conductivity values in the conductivity cell. At the bridge output, a certain component of the
converters current difference, quadrature to U,, remains in the presence of a difference in their phase angles
due to incomplete compensation of the voltage drop across the reference converter's capacitance. This
component does not affect the informative signal at the synchronous detector's output.

Research during the experimental operation of this version of the differential conductometer showed
that the suppression of the influence of changes in the background electrical conductivity in the cell is worse in
the case of differences in the active resistances of the converters (R, and Ry, in Fig. 2, b), compared with the

expression § = and can be well stabilized over a wide range of ¢ values. Bridge balancing for the
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same relative difference in their capacitances Cy). This is because, even with equal currents /;; and /;, at bridge
equilibrium, the voltages across the solution resistances Ry and R, will differ when thes resistances are differ.
Since these voltages determine the current increments in the transducers due to changes in background
electrical conductivity, such increments will cause an error additive to the informative signal. To reduce this
error, it is necessary to achieve equal voltages across the active resistances of the transducers even when their
resistances and capacitances are differ. For this purpose, a second design of the differential conductivity meter
was developed, with full compensation for voltage drops across the capacitances of both transducers.

The functional diagram of this design of the conductivity meter is shown in Fig. 3. Its difference
from the circuit in Fig. 2, b is the presence of a second adder X2 on the base DAC 2, with code K2
regulation, providing small-scale regulation of the quadrature-to-U, component of the test voltage on the
reference transducer. This allows for precise compensation of the voltage drops across the capacitances of
both transducers, obtaining identical voltages equal to U, across the solution resistances in them, and
significantly increasing the suppression of the influence of changes in background electrical conductivity
[23]. With this balancing of the bridge, a small imbalance signal remains at its output of the in-phase
component to U,, which is the initial offset of the informative signal. However, this can easily be taken into
account by simply offsetting the measurement results array.
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The approach to improving differential conductometric measure-ments described above made it
possible to effectively stabilize the sensitivity and normalize the output signal of the measuring circuit using
fairly simple technical means, even with signi-ficant differences in the parameters of the transducers in the
differential pair. The accuracy and noise immunity of measurements with this approach are quite adequate
for studying analytes with low intrinsic conductivity (e.g., saccharides). A remaining problem is the
significant additive error that arises when the intrinsic conductivity is comparable to or exceeds the
informative increase in the solution's electrical conductivity upon introduction of the analyte into the
measuring cell. When these conductivities are equal, this error is approximately 10% for a 20% difference in
one of the parameters in a pair of transducers.

Differential conductometric measurements with profound suppression of background changes in
the solution. To overcome the above problem, an approach was used to bring the bridge to a special quasi-
equilibrium state, which is discussed below. A method for differential measurements in a quasi-equilibrium
bridge circuit was developed in [24, 25], which allows for the theoretical complete suppression of errors due to
changes in background conductivity in the conductivity cell. It consists of the following: Before adding the
analyte to the buffer solution, the bridge is balanced by adjusting the current in the reference transducer in
magnitude and phase angle to a minimum bridge output current value A/, . The phase rotation of the adjusted

current is Ap=¢, —¢,. To bring the bridge to a quasi-equilibrium state, the phase of the current in the

reference transducer is additionally adjusted by the same amount. In this case, the current A]S is not minimal.

However, the changes in the currents of the transducers due to background changes in the conductivity of the
solution in the cell become equal in magnitude and opposite in phase. Obviously, to reduce the error from
background influences to the noise level, a very small relative non-identity of the converter gains in the
differential circuit is required. Considering the differences in their parameters and the balancing accuracy of
these differences, as well as the fact that in practice background influences can many times exceed the
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informative values [23], this non-identity should not significantly exceed the sampling resolution of the
informative parameter (approximately 0.01%). Achieving such bridge balancing accuracy using the analog

AG
Uref
Ua 1 - SW2
Uref 1s1| DGl 441#
o Urp | Ugr
Icl ) © T
c
H At HrofP® s
CodeA Uref?2 Up SW1 oﬂ }
PHASE DG2 [ T
71| suIFT 1s2 1 2
P; Uref] Apc
G R
L444J1c2
Uref
|Ure CodeUp \“/N
DAC ¢
DAC |— ( ) "
CodeA é::

/“\ (Ph,Sh(P)

CodeUp

Fig. 4

Data
—

converters used in the

above-mentioned
developments is
technically  impossible.
Therefore, a bridge circuit
with digital-to-analog
converters of a constant
reference  voltage into
quasi-sinusoidal test
signals for the working
and reference converters
was developed [24] (Fig.
4).

The amplitude
and phase relationships of
these signals are
controlled by  digital

codes, allowing the bridge to be balanced in magnitude and phase of the output signal, as well as to be
precisely set to other calculated states, taking into account the differences in the parameters of the equivalent
circuits of the conductometric transducers. Based on the results of the conducted research, a hardware and
software complex of the differential conductometer for biosensor analyzers was developed, which is
described in detail in [25]. The results of its metrological studies on the issue under consideration, the
remaining problems, and possible solutions are discussed below.
The vector diagram of the bridge circuit currents in the quasi-equilibrium region is shown below in Fig.
5. In the described device structure, voltage compensation across the transducer capacitances (C,) is not
performed; therefore, the current vectors in the transducers are located at an angle ¢ to the horizontal coordinate
axis, and the phase angles of the current increments in them have values of 2¢ (Fig. 1, b). This increases
sensitivity variations with changes in ¢ and limits the maximum tan ¢ value of the transducers to 0.5-0.6.
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The results of computer modeling of the error 6 from changes in the background conductivity of the
solution in the conductometric cell for the developed method of balancing a bridge circuit over a wide range
of possible values are presented in Table 1. They demonstrate that, using the proposed method, almost
complete (up to 1000-fold) suppression of background influences is theoretically possible.
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Table 1

Ne GAS» MCm CAS; HD tg(])A GRS: MCM CRS: D tg(])R 6,%
1 1 5,44 0,4681 1 4,352 0,5851 0,08
2 5 40 0,3183 5 48 0,26526 0,04
3 5 1 12,733 4,167 1 10,61 0,017
4 0,2 1 0,5093 0,25 1 0,6366 0,11
5 1 4,5 0,5659 1 5,4 0,4716 0,066
6 1 5,44 0,4681 1,2 6,8 0,4496 0,01

Table 2 contains the values of the measuring channel responses (in ADC codes) to common-mode
interference A(AR,;=1%) and to the informative response (to AR, = +1%). These data were obtained using a
prototype conductometric analyzer with a quasi-equilibrium bridge circuit and an electrical equivalent of a
differential conductometric sensor at maximum permissible deviations of one of the parameters of a pair of
transducers. The last column contains the relative values of the obtained additive error & = A(AR,,/AR,). The
data presented here showed a significantly lower suppression of the effect of background electrical conductivity
compared to the computer model. The reason for this is the limited discreteness of the phase angle regulation
(0.7°) at operating frequencies (more than 50 kHz), which, in turn, is limited by the clock frequency of the
module microcontroller (32 MHz) and the speed of the digital microcircuits in the circuit in Fig. 4.

Table 2
Sensor parameter | R,,Ohm | R,,Ohm R,/R, tgo, tgo, A(AR,=1%) | AG=+1% | Saa, %o
C,=0.8C,; R,=R, 1009 1010 1,001 | 0,440 0,525 18 1530 1,17
C~=12C,; R,=R, 1008 1008 1,000 | 0,440 0,351 12 1530 0,78
R=0.8R,; C,=C, 1008 846 0,839 | 0,440 0,527 30 1519 1,89
R=0.8R,; Cp=C, 846 1010 1,1939 | 0,5268 | 0,4400 25 1680 1,49

Insufficient discreteness of establishing quasi-equilibrium by phase angle leads to deviations of the
actual state of the bridge circuit from the calculated quasi-equilibrium state by this parameter. This problem and
its possible solution are illustrated by the vector diagram of currents at bridge quasi-equilibrium in Fig. 5.

It shows the positions of the converter current vectors: the operating /, and the reference /, (inverted
to enable comparison with 7,). The calculated position —/,° coincides with /,, and the actual one, after

establishing quasi-equilibrium, is shown by the dashed line (flpr) tge = 0.5. The possible difference in their
angles (0.7°) is conditionally exaggerated. The increments of the converter currents A/, and A, (they are at
an angle ¢ to the vectors /, and 1,) are also greatly exaggerated; in reality, their moduli are approximately 1%
of I, and I,. After balancing the bridge, the origins of the increment vectors is moved toward the center of the
coordinate system (the O, and S; axes). In this coordinate system, if there were no difference in the angles
between /, and —1,°, the sum of the A/, and —A I, vectors would be zero. In reality, due to the difference in
the phase angles Al, and —AL), a vector representing the difference between these currents, AAZ,’, appears.
When processing the signal in the synchronous detector, this vector yields a projection onto the S, axis of
Re(AAl), which is a manifestation of the influence of changes in background conductivity.

This problem can be solved by the new approach with rotating the reference voltages Ujr and Uyg of
the synchronous detector SD by an angle of @. This causes the coordinate system axes to move to the O, and
So' positions. In this case, the phase angle inaccuracy of the regulated current vector in the reference
converter will not affect the magnitude of the common-mode component of the bridge circuit output current
Re(Al,;). Furthermore, the angle between the S,’ axis and the Al, vector is reduced by a factor of 2 to ¢,
which significantly increases and stabilizes measurement sensitivity. Thus, this solution combines the
advantages of methods for compensating for voltage drops across converter capacitances and measurements
with a quasi-equilibrium bridge circuit. The expected additional improvement in suppression of the influence
of changes in background electrical conductivity is at least twofold. However, it should be kept in mind that
this will require duplication of the Phase Shift and partially DG2 blocks in the circuit in Fig. 2, i.e., a certain
complication of the device, its operating algorithm, and software.

Conclusion. Using differential measurements with a pair of planar two-electrode conductometric
transducers and an AC bridge circuit enables direct, simultaneous comparison of solution conductivities in
two localized regions of the measuring cell and the accurate determination of very small local changes, while
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eliminating the influence of background instability on the results. This approach potentially enables rapid
and highly sensitive analysis of solution composition using simple techniques and inexpensive measurement
instruments, including selective analysis using chemosensors and biosensors. However, full realization of
these advantages is limited by the complexity of the equivalent circuit of the conductometric transducers and
the significant influence of its unstable, uninformative parameters on the measurement channel's conversion
function.

The approach to performing measurements, employing bridge circuit balancing by compensating for
voltage drops across the capacitances of conductometric transducers, developed during research, enable
high-level stabilization of instrument sensitivity, regardless of the values of the informative and non-
informative parameters of the equivalent circuit of the working conductometric transducer, over a fairly wide
range of solution conductivity.

The measurement method, which places the conductometric bridge in a special state of quasi-
equilibrium, deeply suppressing the influence of background changes on its output informative signal, has
enabled significant invariance of measurement results to variations in the equivalent circuit parameters of
differential sensor transducers.

A new approach to building a differential analyzer is proposed, consisting in a combination of
measurement methods with a quasi-equilibrium bridge and compensation of voltage drops on the
capacitances of conductometric converters. It will make possible to reduce the impact of changes in
background conductivity, which have level of informative signals, to the level of resolution of the measuring
channel.

The work was carried out at the expense of the budgetary theme "Expansion of functional capabilities and
advancement of metrological characteristics of vibration control systems in monitoring and diagnostic systems in the
power industry"” (code - "PARAMETER-D"), KPKVK 6541030.
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Y pobomi y3zazaneneno nioxoou 00 eupiwienHs npoobiem, wo 0OMed’CyromMy YymIUGICMb, MOYHICIb MA CeNeKMUSHICMb
KOHOYKMOMEMPUYHUX 6uUMipiogans. Haeedeno pesynomamu mpusaiux 00CniodiceHv ma po3pobOoK, CHPAMOSAHUX HA
CMBOPEHHS NOPMAMUBHUX MA HEOOPOLUX eNeKMPOXIMIYHUX AHANI3AMOPIE 3 MEMPONOLTUHUMU XAPAKMEPUCTNUKAMU, WO
3a0080IbHAIOMb WUPOKE KOO NPAKMUYHUX nOmped y 2any3i KoHOykmomempii. Posensinymo ocHosui gpaxkmopu, wo
SHUIICYIONTb YYMIUGICMb GUMIPIOBATbHO20 KAHALY MA GUKIUKAIOMb NOXUOKU GUMIDIO6AHb, MA OUMepeHyianrbHi Memoou
BUMIDIOBAHHS, SKI 0AIOMb MONICIUBICIb YCYHYmMU ab0 Cymmeeo 3meHwumu ixuiu enaug. Lfi pesyromamu ompumani y
npoyeci po3pobox Oi0OCeHCOPHUX CUCMeEM, alle MOXCYMb OYMU 3aCMOCO8AHI Ul 01 IHUWUX 3A80aHb, Oe He0OXiOHI WBUOKI
ma MOYMI GUHAYEHHS 3MIH  eleKmponpogionocmi poszuunis. Haeedeno pesyibmamu —meopemuyHux —ma
EKCNEPUMEHMANLHUX O0CTIONCEHb KOHOYKMOMEMPUYHUX NEPEemeopiosayis DioceHcopie ma GUMIPIOBANbHUX JAHYIOIE
o5 ixHbo2o suxopucmanns. bion. 25, tabdn. 2, puc. 5.

Knrwowuoei cnosa: xonnykromerpisi, 6iocencopu, nqudepeHuianbHi BUMipH, Yy TIUBICTh, CHH(A3H] MEPEIKOIH.
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