XVII IMEKO WORLD CONGRESS
Metrology for a Sustainable Development
September, 17 — 22, 2006, Rio de Janeiro, Brazil

CONSIDERATIONS ON THE ACCURACY OF MEASUREMENTS
OF ELECTRICAL CONDUCTIVITY OF LIQUIDS

Zbigniew Moror *

! Department of Biomedical Engineering and Instruragan, Wroclaw University of Technology, WroclawglBnd,
Zbigniew.Moron@pwr.wroc.pl

Abstract: The purpose of this paper is the presentation ofor new designs and new technologies for manufauhe

new requirements created by contemporary applicatinf
electrolytic conductivity measurements, the maictdes
limiting accuracy of such measurements and alstudson
of the means enabling minimization of effects cdubg

sensors. Therefore a new look at the problem afracy of
measurements of electrical conductivity of liquskems to
be necessaryBecause of the author’s present interests the
considerations presented are oriented towards himale

these factors. Recently observed demand for aacuraspplications.

microscale conductivity measurements, mainly in
biomedical engineering, involves new features negli
from the conductivity sensors and co-operating tededs:
miniaturization, robustness, low price (mass prediic
disposable devices). Consequently, a new approac

designing such instrumentation is required.
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1. INTRODUCTION

Most of the liquidsconducting electrical current are
electrolytic solutions, i.e. ionic conductors. Thay also the
main component of all live organisms, hence theafgre
practical importance of conductometry. The areaitsf
traditional applications has recently consideragyended
over many new applications: biological, medicatustrial,
objects of daily use, etc. Many new conductomeiagetl
devices, like chemical micro-analyzers, electraialgnostic
devices, biosensors and electrical resistance toapby
systems have been developed.

New applications create new requirements, espgdiai|
much better spatial resolution, smaller sample malsi and
wider range of measuring frequencies [1,2,3] (algio
basic conductivity measurement is carried out Ugw@dlone
frequency, investigations are often performed cwewide
range of frequency — to minimize the influence bkt
electrode polarization or to distinguish specifgatures of

h ¢

2. PRINCIPLES OF MEASUREMENT

Electrical conductivityx of a conductor characterizes its
bility to conduct electric current and is defiresithe ratio
of the densityd of the current flowing through the conductor
to the electric field strength generating this current, i.&.
= JE. It is determined indirectly, from the solution
resistance or conductance, using a suitable coniyct
sensor — the principle is illustrated in fig. 1].[1
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Fig. 1. lllustration of the principle of measuremet
of electrical conductivity

The basic parameter of all conductivity sensorthésso
called “cell constantK — a scale factor dependent on the
geometry of the sensor and the current paths (eftiected
by the overall geometry and volume of the sample),
necessary for calculating the conductivity from the
resistance or conductance of the sensor. Consifdeain
volume of solution bounded by two parallel crosstisas, 1
and 2 (fig. 1), its resistand®, determined as the ratio of the

matter, e.g. in impedance spectroscopy of bioldgicasgltage dropV to the currentl can be calculated from

tissues), etc. This involves new features requirech the
sensors: miniaturization, robustness, low price sgna
produced, disposable devices), and new conditidribeir
use — multi-frequency and multi-point measuremeints
variable environments, very low level of measurangnals,
etc. Very often absolute values of the conductivire
required (not relative changes only) for distinging
particular objects (type of electrolyte dissolvaglpe of
tissue examined, etc.). That indicates an incrgademand

equation (1) wherec is the conductivity and. and S are,
respectively, the length and the cross-sectiomhefcurrents

paths:
Ra=Y =1k K (1)
k'S «k
Hence the cell constant is
L
K= xRy = 2



If the cross-sections of the current paths are umitorm
along their lengths (fig. 2), integral expressians required.
Then:

i (2b)

K= idI
2S()

The conductivity determined in the described wagris

average value over the whole volume of the specimen

measured by the sensor. Local conductivity measemésn

require applying sensors of appropriately smallesiz

Miniature sensors of size of the order of tens todneds
micrometers are available now.

cross-section 1 cross-section 2

Fig. 2. lllustration of the integral definition of the cell constant
of conductivity sensor [1]
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Fig. 3. lllustration of two- and four-electrode mehod of measurement
and distribution of the potential along the conducivity sensor
(electric field close to uniform assumed) [1]

It is assumed that the cell constant has, for amgiv
sensor, at a given temperature, a certain and iablar
value. In reality it can exhibit variations depamglion may
factors: occurrence of current paths spreading afuthe
sensor (stray electric field), the value of the suead
conductivity of the liquid and the measuring freqoe
(effects of electrode polarization at lower freqeies and

The most popular is the two-electrode method oparasitic stray capacitances at higher frequengigs), etc.

measurement — the same pair of electrodes, 1 amfigt 3,
is used for exciting the current flomand for measuring the
voltage dropV;. The ratioVy/l is identified then with the

resistanceRe of the solution. In reality the voltag¥;

Consequently, the majority of usable conductivignsors
require experimental determination of their cellns@ant
value at the conditions close to the expected epidin [1].

The recommended method of calibration is baseden t

contains also the voltage dropg across the electrode measurement of electrical resistance of the céédfiup

impedances (polarization impedances) — as showfig.ir3.
Therefore the resistance measured in this way visys
greater than the bulk solution resistance. Thikesso called
“polarization error”. Analyzing the potential digtution
along the current paths (fig. 3) one can obsenat the
regions adjacent to the electrodes exhibit muchatgre
potential gradient than the bulk of the solutionlafization
error can be eliminated (in theory) or minimizec (i
practice) applying a differential [4] or four-elemtle method
of measurement [1,2]. The second one is more éfteend
hence much more popular. In the four-electrode otktin
additional pair of electrodes, 2 and 3 — in figis3inserted
into the bulk solution — to the region of linearteutial
gradient. The potential electrodes should not distiine
original distribution of the potential, hence theyst be
sufficiently small and the voltage drop, should be
measured with negligible (in theory zero) currdrtie ratio
V,/l is then accurately equal to the bulk solutionstasice,
free of polarization effects.

The cell constant defined in the way illustratedign 2
has a general meaning and can characterize alk tgpe
conductivity sensors, two-electrode and four-etetdr ones
as well as electrodeless sensors, e.g. inductige nwhich
the electric field is excited in the volume boundad the
cross-sections 1 and 2 using electromagnetic aogpli

with the standard solution [6]. Such calibratiors laaserious
disadvantage — it is strongly disturbed by tempeeat
changes, similar to all measurements of electlyti
conductivity. Free of this disadvantage are absolut
measurements of conductivity, performed by cells of
calculable constant [5,7]. Until now such senseesrather
seldom applied as usable ones and they have nat bee
realized yet in a miniature form.

2. MAIN FACTORS LIMITING ACCURACY
OF CONDUCTOMETRIC MEASUREMENTS

The main sources of errors and uncertainties in
measurements of electrical conductivity of liquids
(electrolytic conductivity) are: inaccurate detemation of
the cell constant value, strong influence of terapege on
the measured solution conductivity, electrode poddion
and also instrumental errors, including residua parasitic
effects [1,5].

2.1. Influence of temperature

Electrical conductivity of all electrolytic solutis is
strongly dependent on temperature (fig. 4) — itduea
increases 1%—3% per degree celsius, or even merally
it is necessary to convert results obtained atechfit
temperatures to a standard reference temperatstel(y
25°C, this is so called “temperature compensationtnly
then are the conductivity values comparable. Such a
procedure is not easy because various solutione hav



different temperature characteristics. Lack of oexact
temperature compensation can be a source of veiguse
errors [1].

For instance, skin temperature can vary in the roode

10°C from the core body temperature and is strongly

dependent on the depth, and therefore the temperatuhe
point of measurement needs to be known. This regutre
application of a miniature temperature sensor ategl
with the conductivity sensor [2].

A significant source of the temperature error carsélf-
heating caused by excessive power dissipationersémsor,
resulting from the measuring current applied, essken
particularly when the sensor has a closed vessklhaat
exchange with surroundings is poor.
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Fig. 4. Influence of temperature on the conductity
of some aqueous solutions (the vertical axis pregs the ratio
of conductivities at actual and reference temperate) [1]

2.2. Influences of electrode polarization

The total impedance of the two-electrode condugtivi
sensor can be presented as a sum of the resistanbe
bulk electrolyte solution R(measurand) and two electrode
impedances Zconsisting of double layer capacitances,C
Warburg impedances (diffusion impedances)y, Z&nd
Faraday resistances (chemical reactions resistarRgs

where Z, and R are frequency dependent — a suitable g

equivalent circuit is shown fig. 5a [8,1] (electeod
impedances can be considered as linear ones ontflgein
range of small electrical signals). Transformings tbircuit
to a serial form (fig. 5b) one can show that theasueed
sensor resistancesRs a sum of the solution resistancg R
and two frequency dependent polarization resisisiRg

The major problem is how to arrange the measurement

to extract accurately the measurang fRom the measured
resistance R It can be achieved minimizing the
contribution of the polarization resistances or lgipg the
four-electrode method of measurement. Often bo#seh
approaches are necessary.
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Fig. 5. Equivalent circuit of a two-electrode condativity sensor (a)
and its transformation to the serial form (b); Ry(w) and Cp(w) are the
equivalent serial resistance and capacitance of @olzation [1]

To avoid chemical reactions at the electrodes and t
minimize the polarization impedances, conductivity
measurements are usually performed using nearlgl ide
polarized electrodes (such as electrodes made tatimum
or gold), excited with alternating current (AC) of
sufficiently high frequency. But even then the #lede
polarization can considerably effect the measuredser
resistance and hence worsen the accuracy of detiegrthe
electrolytic conductivity. Exemplary values of the
polarization resistance, per unit of the area of one
electrode, measured by the author [1], are predentig. 6
and 7. These results confirm that the polarizatesistance
strongly depends on the material, porosity of tleeteode
surface, the measuring frequency and the measured
conductivity (it can depend also on the kind of theasured
electrolyte, which is not presented thef@drous electrodes
have low polarization impedance but they are unatedxe
in most of biological, medical and food industryphpations
whereas suitable for such applications are smoogalm
electrodes that have higher values for this impeéaiihe
results obtained by the author are in good agreenvith
those presented later in [9] — fig. 8 (this figpresents also
the results of measurements of the polarizatioraciégnce
C, per unit of the area of one electrode, which deitees
the sensor reactance).
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Fig. 6. Polarization resistance per unit for onelectrode surface
made up of different materials, as a function of coeductivity [1]



KCl, t = 25°C, 50 mSfcm

- Pt, smooth
- graphite {multiplied by 5)
- Pt, platinized (multiplied by 250)
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Fig. 7. Polarization resistance per unit for one elctrode surface
made up of different materials, as a function of fequency [1]
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potential difference depending on the measuringueacy
and on properties (type, concentration) of the e
solution — and therefore the cell constant of ssmsor is a
function of these factors. This effect was modeltgdthe
author for the four-electrode sensor having stamlsteel
potential electrodes of widthv = 0.5 cm and 3.6 cm
interelectrode distance, using FEM (Finite Elemdethod)
[1]. The results of this modelling are presentedign 9, in
comparison with the results of experiments obtaifioedwo
identically manufactured copies of the sensor (A &nin

fig. 9). Two methods of FEM modelling were appligde
relative method and the combined one (energy mepthas
relative one). Modelling was performed as a funcid the
ratio of the polarization resistance to the sohutiesistance,
i.e. R/R,, for different widthsw of the potential electrodes.
Different values of theR/R. ratio were obtained by
changing the measuring frequency. The results pteddn
fig. 9 demonstrate clearly the previously mentioned
influence of the finite size of the potential electes on the
cell constant value. For the real sensor, with gbeential
electrodes 0.5 cm wide, the observed variationthefcell
constant can be even 10%. Only the sensor
dimensionless potential electrodes has its cefistamt
value invariant and proportional to the intereledt
distance. That confirms theoretical expectatiorst fh is
advantageous to minimize the size of the potential
electrodes.
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Fig. 8. Polarization impedance for one platinum eleirode surface 1.10 4 w=025cm
(0.07cm?) in 277 mmol/l NaCl solutions [9]

Influences of the electrode polarization manifest |
themselves also in the four-electrode method of
measurement. At least three harmful effects can be 4 _w=0 w=0
observed: increase in the impedance of the current
electrodes, increase in the impedance of the patent : ' ' ' ' '

ooont 0001 001 0.1 1 10 Rp/Re

electrodes and variations of the cell constantltiegufrom
the finite size of the potential electrodes. Thestfieffect

Fig. 9. Variations of the cell constant of the fowelectrode conductivity

means the necessity of applying a higher voltage fo sensor versus the ratiRy/Re and the width of the potential electrodes

supplying the current electrodes, the second onecessity
of applying the differential input voltmeter of higinput

— comparison of the modeled and measured valueq [1

impedance and large CMMR (Common Mode Rejectior3. PROBLEMS ASSOCIATED

Ratio) value. These problems are commonly well km@ay]
unlike the effect of the finite size of the potahilectrodes
— which therefore needs more detailed explanatéra fi].
Two identical potential electrodes, made up ofshme
material, should generate identical distortions thie
potential distribution and hence compensate eatterot
However, in practice, it is difficult (if at all @sible) to
ensure the identity of the electrodes. Potentiettebdes of
large size and large electrode impedances can peothe

WITH MINIATURIZATION OF SENSORS

3.1. Polarization error in miniature sensors

Miniaturization of the conductivity sensors regsira

cautious approach to their design. Because the urehs
conductivity is equal to

®)

P
11
| =



the error of its determination, resulting from p@ation,
can be calculated as

-2R
Akp:L—L:Kip (4)
R, +2R, R, Re(Re +2R,)
The relative value of this error is
Sk :ﬁ:_ZRP :_% (5)
Pk Re V,

One electrode of surface ared and unit polarization
resistance, has its polarization resistance

r 6
Rp :gp ( )
therefore the measured sensor resistance is
I I
RS=Re+2Rp:5+2—”=L+2—p @)
K S [k S
r
and then (SK:—ZTPDC (8)

An important conclusion arises from formula (8) —
miniature
“classic” design (i.e. with the electric field distution close
to uniform) cannot be used for measurement of kighl
conducting solutions. Assuming electrodes of a mive
polarization resistance, per unit of the area, too small a

lengthL of the current paths makes impossible the reductio

of the error caused by electrode polarization teasonable
value — this is a problem of impossibility of desigy such
sensors of sufficiently high value of the cell cams and,
simultaneously, of sufficiently large electrodes.

Example: considering 0.01 mol/l NaCl aqueous softutat

two-electrode conductivity sensors of the

potential
electrode

current
electrode

(b)

Fig. 10. Top view and side view of planar two-eleaide (a)
and four-electrode (b) conductivity sensor [2]

At present there are known conductivity sensors, th
electrodes of which are provided with a thin infak film,
e.g. from TaOs. The specific nature of the F@s—solution
interface provides the electrode with a stable mahatively
low impedance [10]. Insulation coating also pratect
electrodes against dirt, is easy for washing agthdgr etc. —
however it requires application of higher measuring
frequencies

3.2. Instrumental errors

Most of instrumental errors occurring in the cortelity
measurements performed using classic “large” caindtyc
sensors (dimensions in centimetres) will occur wheimg
miniature ones (dimensions of order 10-10@), usually
more intensively.

Very small electrode surfaces significantly inaea
electrode impedances. At lower measuring frequentie
current applied to the supplying (current) elecé®d
produces a much higher voltage drop at the setsoce
much higher power is dissipated in it and a notite&ffect
of self-heating can occur. Simultaneously, the maxn

25°C, measured at frequency 4 kHz using two polishedcceptable power dissipation is limited then by tlesy

platinum electrodes of unite polarization resisead@cnr,
from formula (8) we obtairdk = - 0.8% forL = 1 cm and
Ok = - 80% forL = 0.01 cm (100Qm). For better conducting
solutions the situation will be worse. Therefordyew using
the miniature sensor under these conditions, agmic of
the four-electrode method is required. Of courserdasing
the frequency will reduce the polarization error.

A possible and feasible solution is applying sessufr
such a design that their cell constant value depemdthe
non-uniform distribution of the electric field rahthan on
their geometric dimensions. Examples of such desigm
the form of two- and four-electrode planar intergitpd
sensors, feasible to manufacture as thin or thitk f
devices, are discussed in detail in [2] and arewsho
schematically in fig. 10. The cell constant of swsEnsors
can be estimated theoretically or modelled witreacuracy
of the order of 20-30 % [10,2]. The planar conduitti
sensors mentioned operate with the “open” (strdggtec
field and therefore they have to be used in a defitly
large volume of the medium if the absolute valuettod
conductivity has to be determined. When this voluime
limited, the application of suitable -electrical eldis
concentrating the lines of the field (current paths
advisable [1].

small dimensions of the sensor. This problem appbethe
two- and four-electrode sensors. Hence the meagurin
current has to be adequately limited. Currenthefdrder of
10 pA or even lower are applied (higher currents aso al
undesirable because they could produce excessiventu
density at the supplying electrodes). Consequertthg,
measured voltage drops are very low and very gaoadity,
high-gain and low-noise amplifiers are required.

Very high impedances of the current and potential
electrodes involve also a necessity of increasing
considerably the input impedance and CMMR of theuin
amplifier used for measurement of the voltage adcgr
between the potential electrodes. Simultaneoushigher
frequencies a stronger influence of the parasiti@ys
capacitances can be observed (smaller distancesdrethe
leads, thinner insulation, etc. can considerakdysase these
capacitances). That gets worse given the high &ecy
characteristics of such measurements.

4. SUMMARY

A demand for accurate microscale conductivity sesso
robust and low-cost (disposable) can be observed in
contemporary applications of electrolytic conduityiv
measurements. It requires a new approach in dagign
conductometric instrumentation, mainly with regaodthe



miniature conductivity sensors but also concerrtimgy co-
operating electronics. Such sensors, in the forrtwof and
four-electrode planar interdigitated ones, feasikie
manufacture as thin or thick film devices and inéégd with
temperature sensors have been developed.

Application of the four-electrode method of
measurement is a recognized remedy for avoiding th
influence of the electrode polarization in the rofrale
measurements but it must be applied carefully toicav
(minimize) residual and parasitic effects, espécialhen
the measurements are carried out across a widee rahg [9]
frequencies.

[6]

The problem of the absolute measurement of local
conductivities is still unsolved — miniature, wehlculable
conductivity sensors are still unavailable.

Miniaturization of the electrodeless conductivignsors
is at present not feasible to the same extent ash®
electrode ones, however it would be very advantagédor
many reasons, e€.g. honoccurrence, in principle,
polarization influences, the possibility of non-#sive local
measurements at different depths, etc.

of

The subject as stated in the title of this pap¢odswide
for presentation in full in the space available ehemd
therefore this paper should be regarded as avdunttion to
the problem — further details will be provided ubsequent
publications.
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