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Abstract

Measuring conductivity in aqueous solutions is a problem which is not easy to solve due to the differences in mass
and mobility that exist between ions conduction and electrons. Additionally, it is necessary to keep in mind the inter-
action processes electrode-solution. As a consequence, the electrolytic conductivity cell has to be polarized with alter-
nating voltage of adequate amplitude and frequency in order to extract the correct information. In this paper an
electronic conditioning circuit is presented which converts electric conductivity into a value of continuous voltage. A
hardware solution is proposed to do the conductivity temperature compensation. Experimental results obtained in
KCl solutions are also offered by following a close discussion of them.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Electrolytic conductivity is the capacity of ion
solution to conduct electricity. The process of con-
ducting electricity in a chemical solution has differ-
ences regarding the usual electronic conductivity.
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The electrolytic current involves a transport pro-
cess of ions which mass ranges 104 times the elec-
tron mass. As a consequence, ions mobility is
highly reduced so that it differs from the electron
mobility in a range of 10�5. On the other hand,
electrolytic conduction is associated with complex
processes of electrolyte–electrode interaction,
which requires that measurements of electrolytic
conductivity be carried out under alternate polari-
zation conditions. All these aspects make it diffi-
cult to extract electrolytic conductivity (ohmic
conductance) in an ionic solution [1].
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Fig. 1. Behaviour of an electrochemical conductivity cell.
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From an applied point of view, recently differ-
ent solutions have been presented to measure con-
ductivity. In [2] a circuit model is presented which
responds to the electric behaviour in conductivity
frequency. In [3] an analog interface is presented
which provides good accurate results but with a
four-electrode cell. In [4] an electronic condition-
ing circuit, based on a variant of Wheatstone
bridge is presented with the help of a digital pro-
cessing stage based on a microcontroller. The tem-
perature compensation in this case is performed by
the software developed. However, conductivity
readings are affected by an offset term which de-
pends on the bridge impedance. In this paper an
electronic conditioning circuit is presented to mea-
sure electrolytic conductivity using a two-electrode
cell. Firstly, the most important features and the
limitations which have to be kept in mind when
using a cell of this type are presented. Then, an
electronic circuit to measure conductivity is de-
signed. The readings are free of offset terms. A
hardware temperature compensation solution is
also proposed and finally the experimental results
obtained by critical interpretation are showed.
2. Electrical behaviour of an electrochemical

conductivity cell

For a two-electrode electrochemical cell, elec-
trolytical conductivity j is given by the expression
(1)

j ¼ d
A
� G ð1Þ

where G is the ohmic conductance of solution (=1/
Rsol, [G] = siemens = 1/X), d is the distance be-
tween electrodes (cm) and A is the electrode sur-
face (cm2).

Usual dimensions of conductivity j are sie-
mens/cm. The quotient d/A is called the cell con-
stant. This value must not be determined by
geometric calculations due to the leakage of the
electric field at the ends of the electrode plates.
Its determination is much more convenient by cal-
ibration with pattern solutions [5].

Polarizing the conductance cell by an external
DC potential VDC (Fig. 1a) produces some unde-
sirable effects (double-layer capacitance, electroly-
sis, ohmic resistance and electrolytic saturation)
[1]. However, determination of electrolytic con-
ductivity RSOL is not computed by the quotient be-
tween the external polarization voltage VDC and
the detected current (easily measurable), that is
to say RSOL 5 VDC/I. Determination of RSOL

needs to know the electric potential Eion which
moves ions in the solution regardless the double-
layer capacitance, electrolysis and polarization ef-
fects (RSOL = Eion/I). It is possible to minimize
the DC effects, if the electrodes are submitted to
an alternate polarization (Fig. 1b) [6]. For exam-
ple, if the electrodes are designed in order for the
capacitances CDL1 and CDL2 increase their value,
then its AC impedance offered can be small en-
ough compared to the faradaic resistances RF1

and RF2 (jZCDL1j, jZCDL2j � RF1,RF2). In this
way, resistances RF1 and RF2 can be bypassed in
their contribution to the electrolytic current. In
practice, CDL1 and CDL2 can be increased many
times by coating the electrodes with black spongy
platinum which increases the effective surface area.

Another additional effect which contributes to
increase the value of RF1 and RF2 with respect to
jZCDL1j and jZCDL2j is to polarize the cell with
AC voltage of low amplitude. This fact makes
the values of faradaic resistances higher in relation
to the double-layer capacitance [1].
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On the other hand, it was proved that the elec-
trolytic saturation is reduced considerably if the
AC polarization frequency is high enough. Practi-
cal values are (1–5 kHz) although those values
must not be high in excess because it would appear
the effect of the capacitance in parallel with the
electrolytic solution itself [1].

In the above conditions, electrolytic resistance
is determined by expression (2)

RSOL ffi vAC

iAC

ð2Þ

Fig. 1b shows the electric behaviour of the conduc-
tivity cell under AC polarization conditions of
appropriate amplitude and frequency.
3. Description of the conditioning electronic
circuit

The proposed electronic circuit is shown in
Fig. 2. It was thought that the electric conduc-
tivity to be measured by the circuit would sweep a
wide range of values. In this application the design
interval corresponded to an electrical conductivity
between Gx � [0.1–13.0 mS] with a total sensitivity
of the conditioning circuit of 1.0 V/mS.

The main objective in designing the condition-
ing circuit was to find an electronic circuit capable
to provide a voltage proportional to the electric
conductivity. In this way, a configuration was cho-
sen, in which the sensor resistance was in the
denominator of its transfer function.

For this reason, a resistive pseudobridge struc-
ture was proposed in the first stage [7] with
operational amplifier (in Fig. 2, stage formed by
U2, R2, R3, R4 and Rx—the sensor). The inverse
of Rx value is a direct reading of the electric con-
ductivity measured by the sensor and can be ex-
pressed keeping in mind its dependency with
temperature in (3)

GxðG0; T Þ ¼ G0 � ½1þ a � ðT � T 0Þ� ð3Þ

where a is the temperature coefficient of the solu-
tion to be measured and G0 is the solution con-
ductivity at a T0 reference temperature, in this
case 25 �C. With this equation, considered as
input for the first stage, it is obtained, according
to its transfer function, the following output
voltage (4)

V 1 ¼ V � R3
R3þ R4

� V � R2 � R4
R3þ R4

� Gx ð4Þ

being V the AC alternate voltage provided by the
oscillator circuit (pin number 19). In this expres-
sion the first term is independent from conduc-
tance Gx, and it is not desirable because if it is
not suppressed during the analog process it could
contribute to the saturation of the subsequent con-
ditioning stages. The second term is the one that
contains the Gx information of interest and must
be conveniently treated by the subsequent condi-
tioning blocks.

The second stage is formed by U3 and U4 com-
ponents. The U3 component is an operational
amplifier shaped as a follower. Its function is
to produce an impedance level high enough so
that the level present in the non-inverting input
of U2 is not loaded by the U4 component. This
U4 component is formed by an integrated differen-
tial amplifier using the model INA105, which
provides, at its output, a voltage equals to the
difference of voltages at its inputs with a unity
gain. The function of the differential amplifier
is to eliminate the constant term in expression
(4) and thus, to obtain a reading which is directly
proportional to the conductivity and without off-
set voltages [4]. Voltage present at the output of
U4 is

V 3 ¼ V � R2 � R4
R3þ R4

� Gx ð5Þ

At this point of the conditioning circuit the need
for proportionality between conductivity and volt-
age has been met.

To solve the problem of the dependency of con-
ductivity from temperature it is necessary to intro-
duce a temperature sensor and a circuit which will
process voltage V3 in order to provide the conduc-
tivity reading at a given temperature (25 �C). In
this case an inverting amplifier circuit has been
proposed. The voltage level at its output (V4), with
the conductivity reading already compensated, has
the expression
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V 4 ¼ � RthðtaÞ
2 � Rtho

� V 3 ¼ �V � RthðtaÞ
2 � Rtho

� R2 � R4
R3þ R4

� Gx

ð6Þ
All the voltages presented so far are of the sine-
type of a fixed frequency, and the conductivity
information is stored in their amplitude. In order
to provide a DC voltage at the output of the con-
ditioning circuit, it is necessary a filtering and a
rectifying stage. This is the function of the last
block, which is formed by components U6, U7,
R4–R9, P3, C3–C6, D1 and D2. With these com-
ponents a full wave rectifier has been configured.
This rectifier has a low-pass function directly
implemented by capacitor C5 [8]. It also provides
a direct reading of the conductivity according to
total sensitivity thanks to the DC level adjustment
made by P3 trimmer which selects the peak level
instead of the average level. The reading offered
by this stage is

V 0 ¼ S � Gð25 �CÞ ð7Þ

where S is the sensitivity required by the condi-
tioning circuit 1 V/mS and G is the conductivity
temperature compensated.

The oscillator stage must provide a sine-type
electric voltage to the first analog processing
stage (pseudobridge). This stage is formed by
components U1, C1, C2, R1 and P1. Component
U1 is a sine-type function generator. Model
MAX038 with its special features, provides a
precise sine-type wave of high stability. The
frequency of such a wave is selected by the P1
potentiometer.
4. Thermal compensation

The effect of temperature is also important
when an electric conductivity of a liquid or solu-
tion must be done. A solution at a higher tem-
perature will present higher quantity of ions
dissociated, therefore the concentration of electric
charges will raise and as a consequence, conduc-
tivity will be higher. On the contrary, the same
solution at low temperature will have a low con-
ductivity due to the low quantity of ions present
which results in lower electric conductivity.
From an application point of view, conductivity
is given at a certain temperature, which has been
stated as a reference to better compare the mea-
surements at different times and locations. This
temperature is usually 25 �C. For this reason, the
modern meters, along with the conductivity sen-
sor, present a temperature meter, which allows
measurements correction when temperature is dif-
ferent from 25 �C and at the same time, gives the
reading for this or another specific value. A therm-
istor was used as a temperature sensor and placed
at the inverting stage U5. Optimum thermal com-
pensation was obtained by a numeric calculation
programme which provided the appropriate char-
acteristic parameters of the thermistor, resistance
at 25 �C, Rtho = 1 kX and its characteristic tem-
perature, B = 2075 K. These specifications were
matched by a Philips thermistor model 2322-
63313102, which has a relative thermal sensitivity
of �1.9%/�C.
5. Experimental results

Once the circuit was designed using the appro-
priate thermistor for a correct thermal compensa-
tion, it was implemented in a printed circuit
board. The experimental results, after the neces-
sary adjustments, are shown below. The con-
ductivity sensor was used to measure such
parameters in different solutions of KCl, which
presented a certain molarity. At the same time,
temperature was measured in order to determine
the theoretical conductivity to be measured. In this
way, a relative error in reference to the reading
provided by the conditioning circuit was obtained.
Theoretical conductivity was calculated at 25 �C,
and the sine wave excitation AC voltage was se-
lected with a frequency of 4 kHz and a peak ampli-
tude of 1 V. Graphics in Fig. 3 show the amplitude
of the signal compensated at the output of the
inverting amplifier (V4(Gx,T) voltage) and the sig-
nal provided by the output of differential amplifier
U4 (uncompensated signal, V3(Gx, 25 �C) and
V3(Gx,T)). For the cases studied here, the maxi-
mum relative error in the 0–30 �C interval was
1.5% for conductivity values between 0.1 mS and
10 mS.



Fig. 3. Experimental results. V4(Gx,T) compensated voltage, V3(Gx,T) non-compensated voltage. Gx in mS and T in �C.
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6. Discussion and conclusions

The above mentioned experimental results show
that the circuit designed provides conductivity
readings which accurately approach their theoret-
ical values. Experimentally, relative errors in KCl
solutions are maintained in acceptable levels for
low molarities. It was observed that in the case
of high concentrations of KCl solutions (espe-
cially for 0.05 M and 0.1 M) the errors obtained
are already appreciable. This fact is due to the
behaviour of the sensor itself, which has an
accuracy limited to the low concentration areas.
At the time to read high conductivities it will
be necessary to use another sensor with a higher
constant cell. An error curve for the sensor was
provided by the manufacturer, and it was pro-
ved that such a sensor is apt for measuring
low conductivities. For molarity values around
0.1 M, deviation of sensor behaviour is already
appreciable.

These experimental results show that the condi-
tioning circuit designed for measuring electric con-
ductivity in water is appropriate within the
limitations set by the sensor (high concentrations).
In conductivity measurements not higher than
10 mS the accuracy of the conditioning circuit is
appropriate for use in field measurements. On
the other hand, the design method obtained by
computer software allows an efficient and easy
solution to the thermal compensation needed in
this type of measurements. The design proposed
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here uses a series of components which are avail-
able in the electronic market. In addition, it has
a great capacity of adaptation to new situations
in which a new thermal compensation different
from 25 �C would be desired. In this specific case,
it would only be necessary to replace the thermis-
tor for another one with new characteristics. If a
digital processing stage is incorporated to the elec-
tronic circuit then the inverting amplifier can be
omitted. Temperature could be measured with an-
other conditioning circuit, and compensation of
readings could be performed by the processing
software of the digital unit if the temperature coef-
ficient of the solution is known.
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