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Abstract

Electrode polarisation can interfere significantly with the measurement of the dielectric properties of biological systems, and in
particular with the dielectric estimation of microbial biomass. We show that electrode polarisation can be modelled by a power law and

ŽL .that the parameters of this model can be simply modified to give reliable and intuitive measures of the magnitude C and rate of fall ofp
Žh .polarisation with increasing frequency f . Importantly and surprisingly, although the magnitude of electrode polarisation depends

Žstrongly on the conductance of the medium and the material of the electrodes, above a certain value of medium conductance of some 3–7
y1. hmS, conductivitys3.7–8.7 mS cm , the value of f is a constant and independent of the conductance of the medium. It is also

independent of the electrode metal in the probes, which probe was used, the ionic and other components in the medium, the electrode
interface current density, the cell constant, the presence of fouling materials and whether or not any electrolytic cleaning pulses had been
applied. This permits one simply to correct for the electrode polarisation present in dielectric spectra and which may sometimes be seen
during dielectric biomass measurements. q 1998 Elsevier Science S.A. All rights reserved.
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1. Introduction

The on-line and real-time measurement of the biomass
content of fermentations is still an active area of research
w x1–10 . New sensors are continuously being developed and
the already established technologies are constantly being
improved. The reason for this need for innovation is that
the fermentation industry works with a very broad range of
cell types using a wide range of culturing conditions and
under an ever-growing blanket of regulatory requirements.

To fit easily into an already established fermentation
installation, a biomass monitoring system must be generic
and capable of working via the currently available probe
ports, must not pose a significant contamination risk, be
capable of withstanding in-situ the high temperatures and
pressures or caustic nature of sterilisation processes, and
the probe materials must be inert. The equipment must be
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Žsupplied in a form that can easily be incorporated into and
.survive in a fermentation hall environment. This is true

before any consideration can be given to its ability to work
with the cell system being monitored.

The fermentation broth itself is a particularly hostile
environment for any sensor to work in. The growth of the
cells and the feeding and control regimes used ensure that
it is an ever-changing environment. The presence of vigor-
ous and fluctuating aeration and time-dependent tempera-
ture profiles is a particular problem. The medium used can
be highly viscous and often contains a wide range of
non-biomass solids and immiscible liquids, particularly at
the start of the fermentation. The medium’s constitution
can change markedly as the cells grow and consume its
components.

An ideal measuring system should be capable of work-
ing with a wide variety of cell types ranging from bacterial
cells and yeasts, through filamentous fungi and bacteria to
animal and plant cells, in both free and immobilised forms.
The ability to measure a wide range of biomass concentra-
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tions is important as is the inclusion of an in-situ cleaning
system that can remove cellular growth on the sensing
probe.

A widening body of literature has demonstrated that the
measurement of biomass by use of a capacitive probe
provides the best and most generic method in practical
situations. Sensor methods based on two-pin electrodes
and electromagnetic coupling are being developed but as
yet have not been refined enough to work in anything
other than laboratory model systems. The most highly
developed technology that has found practical utility in

Ž .industry is the Biomass Monitor BM . This instrument
fulfils the majority of the criteria outlined above and

w xpublished work has shown it to work well for bacteria 11 ,
w x w xyeast 12–16 , filamentous fungi and bacteria 17,18 , ani-

w x w xmal 19,20 and plant cells 21,22 , immobilised cells
w x23,24 , for solid substrate fermentations of filamentous

w x w xfungi 25–27 , and in assessing cytotoxicity 28–31 . Its
w xmajor applications in industry so far 32 have been for

w xcontrolling the pitching of yeast slurries in brewing 16,33
and for monitoring microbial fermentations in the pharma-

w xceutical industry 17 .
w xDetails of biological dielectrics 34–39 and the theory

Ž .behind capacitive dielectric biomass measurements can
w xbe found in Refs. 3,4,6,11,12,21,22,38,40–46 . For the

purposes of this paper, a simplified heuristic model will be
described. Cells in a suspension can be regarded as having
a three-component structure. Outside and inside the cells is
a conducting aqueous ionic medium, the former being the
suspension medium, the latter the cell cytoplasm. Sur-
rounding the conducting cell core is the thin essentially
non-conducting plasma membrane. This means that a cell
suspension can be regarded from an electrical point of
view as a suspension of spherical capacitors containing a
conducting matrix surrounded by a conducting suspension
medium. To make measurements on this system, one
typically applies an electric field via a set of electrodes.
The resulting electrical current paths have two routes
through the suspension, either around the cells via the
external conductance or through them via the membrane
capacitance and internal and external conductances. At low

Ž .radio frequencies and below -0.1 MHz , the cell mem-
brane has a very low admittance, most of the current flows
around the cells and as the membrane capacitance is nearly
fully charged, the capacitance of the suspension is very
high. The more cells that are present per unit volume, the
more spherical capacitors are charged and so the higher is
the capacitance of the suspension. Thus, the low-frequency
capacitance gives a measure of cellular volume fraction.

Ž .As non-biomass material including necromass lacks an
intact plasma membrane, it does not give a significant
capacitance contribution. At frequencies above 10 MHz,
the membrane capacitance is shorted out, the induced
charge held by the membranes is very low and so the
capacitance of the suspension approaches that of the water
in the suspending medium.

From these arguments, one expects the capacitance of a
cell suspension to go from a high low-frequency plateau to
a low high-frequency one. This fall in capacitance as a
function of increasing frequency due to the shorting of the

Ž .membrane capacitance is called the b-dispersion Fig. 1 .
The high-frequency residual capacitance due mainly to
water dipoles is called C . The height of the low-frequency`

plateau above C is called the capacitance increment DC` b

and its magnitude is proportional to the biomass content of
the suspension. The frequency when the fall from DC qb

C to C is half-completed is called the critical frequency` `

f The steepness with which capacitance falls as frequencyc

increases is described by the Cole–Cole a value. This has
values in the range 0s-a-1 and is supposed to reflect
the distribution of relaxation times in the suspension due to

Ž w x.heterogeneity but see Refs. 36,38,47–49 . Shown on
ŽFig. 1 are the curves for a equals 0 no distribution of

.relaxation times and a equals 0.2. Increasing a from 0
does not change DC , f or C ; its major effect on the ab c `

equals 0.2 plot, shown on the figure, is that in the fre-
quency window shown, the low-frequency plateau is not
achieved.

From these arguments, one can see that to estimate the
biomass concentration in a fermentation broth, all one has
to do is measure the DC of the suspension. On the BM,b

this is done in either of two ways. Fig. 2a shows a
Žb-dispersion with a spot-measuring frequency typically

.0.4 MHz marked by an arrow and the capacitance at that
frequency marked by a dot on the curve. As one can see,
the capacitance at the measuring frequency is a good
approximation of the DC and hence, biomass concentra-b

Fig. 1. The b-dispersion of biological cells. The two curves shown both
Ž .have the same high-frequency plateau C and low-frequency plateau`

Ž .height above this DC , and both reach the mid-point of their capaci-b

Ž .tance fall at the same frequency f . What differs between them is thec

magnitude of their Cole–Cole a values which give a measure of how
rapidly the capacitance falls as frequency increases. The a values shown

Ž .are 0 a Debye-type dispersion and 0.2 which fall within the range
typical for biological cell suspensions of 0 to 0.3. The higher the a

value, the less steep is the fall and the less likely is it that the high- and
low-frequency plateaus are going to be reached within a restricted
frequency interval like that shown on the figure, or available on a BM.
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Ž .Fig. 2. a A b-dispersion which is uncorrupted by electrode polarisation.
Ž .At the biomass-measuring frequency indicated by the vertical arrow , the

capacitance provides a good estimate of DC and hence, of biomassb

Ž .concentration. b Most fermentations have some electrode polarisation
present which causes the capacitance to tip up as frequency decreases.
The biomass-measuring frequency is picked to give a good estimate of
biomass while minimising the contribution from the electrodes at that

Ž .frequency. c Serious electrode polarisation has swamped the b-disper-
sion and made biomass estimation at the spot frequency unreliable.

tion. In reality, what one does for these single-frequency
biomass measurements, and what has been done on this
figure, is to back off the capacitance due to the suspending
medium to zero at the spot-measuring frequency prior to
inoculation. Then any changes in the capacitance at that
frequency reflects changes in DC and hence, biomassb

concentration. The second capacitive biomass method uses
two frequencies, the spot-measuring frequency as before

Ž .and also a high-frequency reference 10 MHz . From Fig.
2, it will be seen that the difference in the capacitance

Ž .between the spot-measuring frequency 0.4 MHz and that
at 10 MHz also gives a good estimate of DC .b

For both methods to work reliably, the spot biomass
Ž .measuring low frequency should be well into the low-

frequency plateau of the b-dispersion, since the f of thec

dispersion can move with changes in the medium conduc-
tance. If the measuring frequency was on the falling part of
the dispersion, then movements in the f could causec

significant changes in the capacitance measured at the spot
frequency and result in corresponding errors in the biomass
determination.

To be well onto the plateau means that for most b-dis-
persions, one must use a measuring frequency below 0.5
MHz. This, however, forces one to use a frequency region
in which the polarisation of the measuring electrodes can
contribute a significant capacitance that can interfere with

w xthe biomass measurements 3,4,44 . This electrode polari-
sation effect results largely from the charged electrodes
attracting around themselves a counter-layer of ions which
acts electrically as a capacitorrresistor network in series
with the biological suspension one is trying to measure.
Reviews of the electrode polarisation mechanism in the

context of biological dielectric measurements can be found
w xin Refs. 3,35,40,41,50–54 .

For a given electrode material, the most important
factor that controls the magnitude of this electrode polari-

w xsation is the conductance of the suspending medium 50 :
the higher the conductance, the larger the polarisation,
until it completely swamps the b-dispersion. Fig. 2b shows

Ž .the b-dispersion curve in a but with the small amount of
polarisation typical of most fermentations. At the spot-
measuring frequency, the polarisation’s contribution to the
signal is quite low and does not result in a significant error
in biomass estimation. The real problems occur when the
medium conductance is very large and the biomass con-
centration is comparatively low. This is illustrated Fig. 2c

Ž .where the b-dispersion line a has been swamped by
polarisation. Under these conditions, the polarisation re-
sults in a large error in the estimated biomass concentra-
tion using the spot-measuring frequency. Since the magni-
tude of this polarisation can be time-dependent as the
medium conductance changes or as the electrodes become
fouled, it is clear that dielectric biomass estimation can be
rendered much more difficult.

This pair of papers aims at addressing this problem in
two stages. In the first paper, we develop a means of
describing and quantifying the electrode polarisation in a
simple compact manner which would be intuitive to a user
and simple to do routinely. This methodology is then used
to study the effects that the conditions pertaining to fer-
mentations have on electrode polarisation. The second

w xpaper 55 then uses these findings to design mathematical
models of electrode polarisation that can be implemented
to remove or to reduce the electrode polarisation automati-
cally.

2. Methods

2.1. Chemicals and yeasts used

All the salts used were of analytical grade and all
solutions and suspensions were made up in distilled water.
The salt solutions used, other than KCl, were adjusted to

Žthe same 1 MHz conductance as 120 mM KCl with the
.BM in high cell constant mode with the relevant solid

salt.
A totally lysed yeast suspension was made using a

variety of lytic stresses, as previous experiments had shown
that this was the only way to ensure complete cell lysis
and hence, no b-dispersion. The suspension was made as
follows. Allinsons dried active baking yeast was obtained
locally and made up in distilled water to give a suspension
dry weight of 101 mg mly1. This was then boiled for 70
min over a Bunsen burner, cooled and frozen. The next
day, the suspension was thawed and diluted with distilled
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water to give an equivalent dry weight of 35 mg mly1. The
suspension was then autoclaved for 30 min at 15 lbrin2

before being cooled and refrozen. On the day of use, the
yeast was thawed, allowed to reach room temperature and
diluted 1 in 3 in 120 mM KCl before its conductance was

Žadjusted to that of 120 mM KCl at 1 MHz, with the BM
.in high cell constant mode using solid KCl or distilled

water.

2.2. Electrodes and their preparation

ŽThe same three-standard BM electrodes produced by
Aber Instruments, Science Park, Aberystwyth, Ceredigion,

.SY23 3AH, UK were used throughout the experiments.
These probes has a 25-mm diameter cylindrical epoxy
shaft with four cylindrical metal electrode pins projecting
from the end. Two probes had solid pure gold pins while
the other had pins of solid pure platinum. One gold probe
had been used extensively and had developed a thin layer
of amorphous gold on its pin surfaces, giving them a matt
finish. This probe was thus called the mAu probe. The
second gold pin probe was brand new and had electrode
pins with smooth shiny surfaces and so was called the sAu
probe. The platinum probe was also new and had smooth
shiny pins; it was called the sPt probe.

Electrode polarisation is very sensitive to electrode
w xfouling 56 and so before each experiment, the probes

were cleaned very thoroughly using the following proce-
Ž .dure which we found to be reliable. 1 Rinse probe and

pins with running cold tap water followed by rubbing the
Ž .pins down with washing-up liquid using a paper towel

Ž .and then rinsing as before. 2 Next, the probe is treated
Žwith Concentrated Persil Colour with stain release sys-

. Ž .tem clothes washing liquid Lever Brothers . This con-
Ž .tains soap and polycarboxylates -5% , non-ionic surfac-

Ž . Ž .tant 5 to 15% , anionic surfactant and zeolite 15 to 30% ,
protease, lipase, amylase and cellulase. An amount of 0.6
ml of the Persil is added to 100 ml of tepid tap water and
the probe is suspended in it for 5 min. The pins are then
rubbed down with a paper towel and the diluted Persil

Ž .before reimmersing for further 5 min. 3 Rinse thoroughly
in running cold tap water followed by a rinse in distilled
water. The pins are then inspected to ensure that they are
free from any adhering material.

Before and during the experiments, the probes were
never allowed to dry out. If storage was required during an
experiment, the probes were suspended in distilled water.
Before such storage and between transfers to different
treatments during the experiments, the electrodes were
washed in distilled water. At the end of each experiment,
the probes were washed in distilled water and stored dry
under cover to keep dust off the pins.

2.3. Electrical measurements

All electrical measurements were made with the same
ŽBM 214A dielectric spectrometer Aber Instruments, Sci-

.ence Park, Aberystwyth, Ceredigion, SY23 3AH, UK . All
capacitance and conductance values are for admittance
domain measurements. Unless otherwise stated, the BM
was configured with low-pass noise filtration off, single
frequencyrscanning mode active, display and output set to

Ž .absolute capacitance ‘C mode’ , the high cell constant
mode set and the electrolytic cleaning system deactivated.
For all experiments, the BM had been set-up and left on
for several hours prior to use to allow it to warm up
properly.

For all the experiments in this paper, the BM was set to
high cell constant mode and run under computer control
using a program called BMScan. This was written in-house
in the Microsoft QuickBasic 4.5 compiler and allowed the
BM to be controlled, and data retrieved, via a DT2811

ŽPGH ArD, DrA converter card Data Translation, The
Mulberry Business Park, Wokingham, Berkshire, RG41

.2GY, UK in a 486 IBM compatible PC. The program was
configured to scan the BM through the same 50 frequen-
cies for each experimental run. These frequencies were
picked by the program so that they were evenly spaced on
a log frequency scale between 0.2 and 10 MHz. The order
in which the 50 frequencies were scanned was randomised
by the program so that each scan used a different order-
ing. During a scan, the program waited 4.5 s after switch-
ing frequencies for the BM to settle before taking and
averaging 10 replicate readings at 0.1 s apart.

The cell constants of the three probes were estimated
Žusing 10 mM KCl solutions of known temperature i.e.,

. w xknown conductivity at 1 MHz as described in Refs. 3,41 .
With the BM set to high cell constant mode, all the probes
had a cell constant of 1.24 cmy1 ; in low mode, the mAu
probe’s cell constant was 0.71 cmy1.

The electrolytic cleaning system of the BM was never
used during the preparation of the electrodes nor during
the experiments unless otherwise stated. In experiments
where they were used, the pulses were manually applied
10 times in succession, with the full cleaning cycle com-
pleted before the next pulse was activated. After the final
pulse, any gas bubbles adhering to the probes were shaken
off and the capacitance and conductance signals at 0.2
MHz allowed to stabilise before the probes were scanned.

The experiments were carried out in a 600-ml glass
beaker containing 500 ml of the relevant solution or
suspension. The BM probe was situated so that its tip was
central in the volume of liquid, so that the electric field it
produced did not couple into the glass or flea used. The
liquid was stirred at a constant 300 rpm and periodic
checks were made to ensure that the electrode pins were
free from air bubbles. The BM head amplifier earth was

w xclipped to the metal top of the stirrer 3 .

2.4. Initial analysis of the capacitance spectra

To extract the electrode polarisation data from the
frequency scans, the data had to be compensated for the
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distortions present in the capacitive spectra. The methods
used to do this are illustrated in Fig. 3a which shows a
frequency scan for 56 mM KCl measured in high cell
constant mode under computer control. The electrode po-
larisation data are confined to the frequency range below
about 1 MHz. The epoxy material making up the probe
shaft itself disperses in the frequency range of interest and
distorts the polarisation curve. Previous experiments have
shown that this dispersion is essentially linear in the
frequency range of the BM. One can therefore compensate
for it by fitting a straight line to the capacitance data in the
frequency range above the polarisation but below frequen-
cies at which inductances distort the data at higher fre-
quencies. The data used to get this linear fit are shown
between the arrows on Fig. 3a and the fit to these data is
the straight line shown. By subtracting this line from the
frequency scan, one not only removes the probe dispersion
but also subtracts the offset under the polarisation curve

Ž .Fig. 3. a A frequency scan of a 56 mM KCl solution using the mAu
probe. At frequencies below about 1 MHz, the capacitance is dominated
by electrode polarisation. At frequencies above 6 MHz, the BM’s base-
line tips down due to inductances. In the frequency range between these

Ž .two ranges marked by arrows , the BM baseline is seen to slope slightly
due to the dispersion of the plastic material, making-up the shaft of the
electrode probe. This dispersion has been shown to give a straight line
over the BM’s frequency range. The data between the arrows were fitted

Ž .by linear regression r sy0.99 to give the line shown on the figure.
This line was then subtracted from the raw scan data to give the probe

Ž .compensated data shown on b .

due to the probe construction and the water in the solution
used. Fig. 3b shows the data in Fig. 3a after this has been
done and these types of probe-compensated data are the
basis of all subsequent analyses in this paper.

3. Results and discussion

3.1. Effect of medium conductance on electrode polarisa-
tion

The aim of the work described in this paper was to
create models that could be used to quantify electrode
polarisation and then use these as a means to develop
techniques that could be used to remove the contribution
of electrode polarisation to the capacitance spectra of
biological cell suspensions. This would allow better
biomass estimation and the generation of better-quality
dielectric spectra.

The first step in such an approach would be to fit the
Želectrode polarisation to a mathematical function such as

.a power or exponential function that describes the fre-
quency dependence of the polarisation in terms of parame-
ters that quantify the magnitude of the polarisation and
how fast it falls with increasing frequency. The more these
parameters could be made intuitive to BM users, the more
useful they would be. Thus, the first step required is to
find a suitable mathematical function that describes the
electrode polarisation over a wide range of polarisation
magnitudes. The easiest way to generate the required data
is to change the conductance of the medium being used.

Computer-controlled frequency scans were done using
the mAu probe on aqueous KCl solutions that covered the

Žentire conductance range of the BM in high cell constant
.mode . Nineteen evenly spaced KCl concentrations were

used starting at 10 mM and ending with 175 mM. To
ensure that the experiment showed up any day-to-day
variations in the response of the electrodes, the experiment
was split into three parts. The second part was 4 days after
the first and the third part a further 2 days later. In between
days, the probe was stored dry as described in Section 2.

Table 1 shows in detail how the KCl concentrations
were distributed across the three parts of the experiment
and the random order the solutions were used in on each
day. The random ordering was used to highlight and
eliminate any memory effects that the electrode surfaces
may have for previously used solutions. This comple-
mented the random order of the frequencies in each scan
as described in Section 2. The 175-mM KCl concentration
was likely to give the largest polarisation and so be most
sensitive to day-to-day variations in the electrodes and was
thus used as an inter- and intra-experiment part control.
The fact that it was considered that chemometric or artifi-
cial neural network models of the polarisation might be

w xnecessary 57,58 dictated that the whole KCl range was
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Table 1
The KCl solutions used in the three parts of the experiment along with
the order in which they were used

Ž . Ž . Ž .mM KCl Part 1 order Part 2 order Part 3 order

10 1st – –
19 – 2nd –
28 – – 7th
38 2nd – –
47 – 3rd –
56 – – 2nd
65 6th – –
74 – 1st –
83 – – 5th
93 5th – –

102 – 7th –
111 – – 4th
120 4th – –
129 – 4th –
138 – – 3rd
148 3rd – –
157 – 6th –
166 – – 8th
175 7th 5th 1st and 6th

covered on each day. Not only would such models include
Ž . Ž .the day-to-day variation but parts 1 and 2 could be used

to produce a model which could be checked by predicting
Ž . w xthe part 3 data, etc. 9 .

Fig. 3a and b show the results for 56 mM KCl. All the
spectra from the experiment were converted to their
probe-compensated form as shown in Fig. 3b, using the
procedure described in Section 2. To model the resulting
polarisation curves, one must separate the polarisation data
below 1 MHz from the residual inductances that are

Ž .present above 6 MHz see Fig. 3b . At the same time, one
must characterise the polarisation curves in a succinct and
unambiguous form.

The shape of the capacitance curve below 1 MHz on
Fig. 3b suggests that the power law model found to be
applicable to other electrode systems by other workers
w x Ž59,60 see also the earlier work on electrode impedance

w x.reviewed in Refs. 51,53 would be of use here. The
power law has the form:
fC s1 HzC f p 1Ž .p p

where 1 HzC is the capacitance due to polarisation at 1 Hz,p
Ž .f is the applied frequency in Hz , p is the power term

Ž . fdimensionless and C is the frequency-dependent polari-p
Ž .sation capacitance in pF . As p is dimensionless, what we

call 1 HzC in fact has units of pF Hzyp and so is numeri-p

cally equal to the polarisation capacitance at 1 Hz. 1 HzCp

is used as a designation as it emphasises the fact that
Ž . Žfunctionally, Eq. 1 acts as a constant capacitance the

. pcapacitance at 1 Hz scaled by the variable f term.
Ž .Linearised, Eq. 1 becomes:

log fC s log 1 HzC qp log f 2Ž . Ž .ž / ž /p p

Ž .Eq. 2 was used to test the model on the probe-com-
pensated data like those shown on Fig. 3b. To do this, the
data at frequencies above where the capacitance first be-
comes zero or negative were discarded. Fig. 4 shows the

Ž .data on Fig. 3b plotted in the form of Eq. 2 . The data
between the arrows were used to produce the straight line
fit shown. As can be seen, a very good straight line is
achieved at frequencies below about 1 MHz where the
electrode polarisation dominates the capacitance spectrum.
Thus, the power law model provides an excellent way of
characterising polarisation curves and indeed, this is in line

w xwith previous studies 51,59 . The line’s y-axis intercept is
Ž1 Hz .log C , which gives a measure of the magnitude of thep

polarisation in 1 HzC . The line’s slope is the power pp

which gives a measure of how rapidly the polarisation
capacitance falls as frequency increases. Using these best

1 Hz Ž .fit C and p values in Eq. 1 allows the polarisationp

data to be plotted as a function of frequency. This is done
Žfor the fit on Fig. 4 in Fig. 5 where the data points open

.circles shown are the probe-compensated data from Fig.
3b. Once again, the power law provides a very good fit to
the data.

Fitting the probe-compensated data to an exponential
model, in a similar way as was used for the power law
model, failed to give a good fit to the data, indicating that
electrode polarisation does not follow an exponential law.

All the frequency scans from this experiment were
analysed using the power law model to give p and 1 HzCp

values. In all cases, the power law provided an excellent fit
to the data. Fig. 6 is a plot of the fitted p values vs. the
conductance of the KCl solutions at 1 MHz for the three
parts of the experiment. A full discussion of this plot will

Žh .be provided later in the context of the half frequency f
which is derived directly from it but is far more intuitive to

Fig. 4. The positive valued probe-compensated data from Fig. 3b
replotted on a logrlog plot to show how the electrode polarisation seen
below 1 MHz gives a straight line, indicating a power law model applies.

Ž .The data between the arrows were fitted by linear regression r sy1.00
to give the straight line shown. The slope of the line gives p and the

Ž1 Hz .y-intercept, log C .p
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Ž .Fig. 5. The probe-compensated data from Fig. 3b open circles shown
Žwith the best fit power law model of the electrode polarisation dots and

. 1 Hzlines . This was derived using the p and C values from the linear fitp
Ž .on Fig. 4 which were then put into Eq. 1 and plotted as a function of

frequency. A log frequency axis is used to emphasise the frequency range
where electrode polarisation dominates the data.

use. It will suffice to note that above about 7 mS, the p
Žvalue is a constant of about y2 meansy1.99, SDs

. Ž .0.060 , which puts Eq. 1 into the form of an inverse
f 1 Hz Ž 2 .square law: C s C 1rf .p p

There is a problem with using 1 HzC as a measure ofp

the magnitude of the electrode polarisation. In Fig. 4, there
is a little noise on the data which means that another scan
of the same solution might produce a slightly different

Žfitted line. Within the BM’s frequency window see Fig.
.4 , the lines would not be significantly different, but when

extrapolated back to 1 Hz, as required to get 1 HzC ; thesep

differences could become quite large. This would produce
large artefactual differences in the magnitude of polarisa-
tion where in fact, in the range where data were taken,
there were no significant differences. Just how large these
extrapolations are is illustrated by Fig. 7 which shows the

Fig. 6. The p values for the KCl solutions shown on Table 1; derived
using the procedures shown on Figs. 3–5, plotted against the conductance

Ž .of the solutions as measured at 1 MHz. The circles are for part 1 of the
Ž . Ž .experiment, the squares are part 2 and the triangles part 3 . The

interpolated line is a four-spline to all the data.

Ž .Fig. 7. This is Fig. 4 replotted but showing only the data open circles
Ž .used to give the straight line fit shown on that figure solid line . The

x-axis has been extended to show the extrapolation of the fitted straight
Ž1 Hz .line back to the y-axis to give log C . The two dotted lines showp

how plausible fits to the data could, when extrapolated over such a large
frequency range, give very different estimates of the magnitude of the

Ž 1 Hz .polarisation as measured by C . Note that a log y-axis is used andp

so even minor differences in the y-intercept values could give very large
differences in the estimated 1 HzC values derived from them.p

linear fit on Fig. 4 extrapolated back to 1 Hz, along with
Žthe data values used for the fitting between the arrows on

.Fig. 4 .
To make the characterisation of the electrode polarisa-

tion curves using the power law model more reliable, one
needs a measure of the magnitude of the polarisation that
characterises it in the frequency range where we actually
have data. At the same time, a more intuitive form of p,
the measure of how steep is the fall in capacitance with
increasing frequency, would be useful. Ideally, this should
enable one to look at an actual set of BM polarisation data
Ž .such as Fig. 3a or b and see straight away how the
measure relates to them. This would not only make search-
ing for trends in the data far easier but it would also enable
BM users to monitor the polarisation they are getting with
their electrodes quickly and routinely.

The logical measure of the magnitude of the polarisa-
tion in the BM’s frequency range is to quote it as the
extent of the polarisation at the lowest frequency used. The

L Ž .lowest frequency is called f in Hz and the polarisation
L Ž .capacitance at it, C in pF . As a power law is beingp

used to model the polarisation, one does not have a
‘half-life’ to characterise the rate of fall of capacitance
with increasing frequency but by analogy, one could use

L Ž L .the frequency when the capacitance at f i.e., C hasp
Žh .halved; this is called the half-frequency f . Fig. 8 is an

illustration of how L f , L C and h f relate to a set ofp

probe-compensated data in the BM’s frequency range.
For very rough and ready routine monitoring of elec-

trode polarisation, one would use a high conductance
solution where the polarisation swamps any baseline slope.
One could then estimate L C as the difference in capaci-p
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Fig. 8. One solution to the extrapolation problem shown on Fig. 7 is to
use estimates of the magnitude of the polarisation and how fast it changes
with frequency that apply to the frequency range where one actually has
data. The curve shown illustrates how electrode polarisation changes as a

Ž .function of frequency in the BM’s frequency range 0.2 to 10 MHz . The
ŽL .lowest frequency where one has data f is used to estimate the

magnitude of the polarisation as measured by the polarisation capacitance
ŽL .C at that frequency. A more intuitive measure of how fast thep

polarisation capacitance changes as a function of frequency than p is the
Žh . Lhalf-frequency f . This is the frequency when the capacitance at f

Ž L . hi.e., C has halved. The variable f is not a half-life and only hasp
Ž L . Lmeaning as does C when quoted in conjunction with its equivalent fp

value.

tance between an L f of 0.2 MHz and the end of significant
polarisation at about 2 MHz. One would then estimate h f
by setting the BM to 2 MHz and dialling the frequency
back towards 0.2 MHz until the capacitance had risen by
half this difference.

For detailed studies of polarisation, one needs to relate
L C and h f to the fit of the power law model to real BMp

data as illustrated on Fig. 4. To do this, one needs to
convert the 1 HzC and p values that such a fit givesp

L h L Ž .directly to C and f. To get C in pF , one selects thep p
ŽL .lowest frequency f , in Hz ; which for the BM is typi-

cally 2.105 Hz, and inserts it along with the best fit 1 HzCp
Ž . Ž . Lin pF and p values, into Eq. 1 and then calculates Cp

directly. The derivation of how one gets h f from p is a
little more complicated and is detailed in Appendix A. The

h Ž .result of the derivation there is that p and f in Hz are
Ž .related by Eq. 3 :

y1

ph Lfs f 2 3Ž .
The p and 1 HzC values for all the KCl solutions werep

converted to their equivalent h f and L C values using thep

BM’s lowest frequency of 2.105 Hz as L f. Fig. 9 is a plot
of the L C values vs. the 1 MHz conductance of the KClp

solutions, over the three parts of the experiment. As ex-
pected, there is a general increase in the magnitude of the
polarisation as the solution conductance increases. There
is, however, significant day-to-day variation and some
large changes even within one part of the experiment.

Fig. 9. The L C values for the KCl solutions shown on Table 1, derivedp

as described in the text using an L f of 0.20 MHz. The values are plotted
Ž .against their conductance values at 1 MHz with circles being part 1 , the

Ž . Ž .squares part 2 and the triangles and line part 3 . As expected, the
magnitude of the polarisation increases as the conductance increases but

Ž .as the line through the part 3 data demonstrates, there is a lot of
variation.

Fig. 10 is a plot of the h f values vs. the 1 MHz
conductance of the KCl solutions, over the three parts of
the experiment. Importantly, there is virtually no inter- or
intra-experimental variation in these values. Above about
3–7 mS, the h f is almost constant at about 0.28 MHz
Ž L .relative to the f of 0.2 MHz . This is quite remarkable
given the wide variations in the magnitude of the polarisa-
tion over this conductance range. Also, the BM’s electron-
ics are configured to increase the current density across the
electrode interfaces as the conductance increases which
will itself alter the polarisation. The tip-up in h f at lower
conductances is not due to polarisation but reflects a
baseline anomaly of the BM itself which becomes evident

Fig. 10. The h f values for the KCl solutions shown on Table 1, derived as
described in the text using an L f of 0.2 MHz. The values are plotted

Ž .against their conductance values at 1 MHz with circles being part 1 , the
Ž . Ž .squares part 2 and the triangles part 3 . The line through the data is a

Ž . hfive-spline. Above about 7 mS and possibly down to 3 mS , the f is
constant, the tip up at low conductances is due to a baseline effect on the
BM.
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only at low conductances. From Fig. 9, one can see that
these elevated h f values correspond to small ‘polarisation’
magnitudes.

3.2. Effects on polarisation of factors that might be en-
countered in fermentations

The h f and L C method of characterising electrodep

polarisation was then used to quantify the effects on the
polarisation resulting when the electrodes are exposed to
the environmental changes that are likely to occur during
fermentations. In addition, one must access the effect of
changing the probe, as may occur in real fermentation
environments from time to time.

To investigate these possible influences, an experiment
was carried out under computer control as described in
Section 2. The BM’s electrolytic cleaning pulses were
applied during this experiment. These pulses generate elec-
trolysis bubbles at the pin’s surfaces which dislodge any

Žadhering fouling material, but also are known and are
.designed to alter the magnitude of the electrode polarisa-

tion. Thus, the order in which each part of this experiment
was done in is very important and this dictates the order of
the descriptions of these experiments below. In all cases,

Fig. 11. The effect of changes in the probe and the metals used on the
L Ž . h Ž .C a and f b as judged using a 120-mM KCl solution. The probesp

were used in the order shown from left to right.

L Ž .Fig. 12. The effect of changes in the ions in solution on the C a andp
h Ž .f b of the mAu probe. All the solutions had the same conductance as
120 mM KCl at 1 MHz. The solutions were used in the order shown from
left to right.

the capacitance spectra fitted the power law model very
well and the data were analysed to give h f and L C valuesp

relative to a L f value of 2.105 Hz as described previously.
ŽFirstly, the effect of changing probes and probe mate-

.rial was investigated by scanning the mAu, sAu and sPt
probes in 120 mM KCl. The order in which the probes
were used was randomised. The results are shown in Fig.
11a and b. From Fig. 11a, it can be seen that there is quite
a large variation in the magnitude of the polarisation even
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Fig. 13. The effect of exposure to electrode fouling materials on the L Cp
Ž . h Ž .a and f b of the mAu probe. The lysed yeast had the same
conductance as 120 mM KCl at 1 MHz. The solutions were used in the
order shown from left to right.

between gold probes. Whether the matt or smooth finish
has any significant effect here cannot be ascertained from
just the two probes used. Certainly, roughing the surface of
probe pins is a standard way of reducing their polarisabil-
ity and indeed forms the rationale for blacking platinum

w xpin electrodes 41 . The large reduction in polarisation
magnitude on using platinum pins was expected, since this
metal is known not to polarise as greatly as other metals.
However, the sPt probe, while giving very significant
improvement over gold, still had sufficient polarisation to
pose possible problems when measuring small biomass
concentrations. However, Fig. 11b gives the h f values for
the three probes, where it can be seen that although the
polarisation L C values are very different, these h f valuesp

are all identical with the values in the KCl concentration
Žexperiment which was in fact performed about 1 1r2

.months previously .
Next, the mAu probe was exposed to solutions contain-

ing ions of different sizes as this would be expected to
effect the polarisation by altering the Stern layer at the
pin’s surfaces. As controls, 120 mM KCl was scanned at
the start and end of the experiment. The ionic solutions
were adjusted using the relevant solid salt to have the same

1 MHz conductance as the KCl solution, as described in
Section 2. This means that the same current densities
should be crossing the pinraqueous interface in all cases.
The order the salt solutions were scanned was randomised.
Fig. 12a shows that the L C values were again differentp

for the various solutions, although none of these differ-
w xences were particularly great 50 . However, Fig. 12b again

shows that even though the magnitudes of the polarisation
may change, the h f value is a constant.

Fouling of the electrodes has long been known to
represent a potential source of the variations in the magni-

Fig. 14. The effect of applying 10 electrolytic cleaning pulses on the L Cp
Ž . h Ž .a and f b of the three probes as judged using 120 mM KCl. Each
probe was scanned to give the ‘pre’ data and then cleaned to give the
‘post’ data. The experiments were done in the order shown from left to
right.
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tude of electrode polarisation seen during fermentations.
To investigate this, the mAu probe was scanned in 120
mM KCl and then in a lysed yeast suspension with the

Žsame conductance as that of the KCl solution see Section
. L h2 for details . Fig. 13a and b shows the C and f results,p

which once again shows that the h f is maintained at the
Žvalue seen in all the previous experiments given a suffi-

.cient conductance .
During many fermentations, one is likely to apply the

BM’s electrolytic cleaning pulses to the electrodes to
remove any fouling that may have occurred. To test the
effect of this, the three probes were electrolytically cleaned
in 120 mM KCl as described in Section 2. Immediately
before the cleaning, a control scan in 120 mM KCl was

Fig. 15. The effect of applying 10 electrolytic cleaning pulses in the
L Ž . h Ž .presence of electrode fouling materials on the C a and f b of thep

Ž .mAu probe after the cleaning applied in Fig. 14 . The lysed yeast had the
same conductance as 120 mM KCl at 1 MHz. The solutions were used in
the order shown from left to right with ‘pre’ referring to the precleaning
data and ‘post’ the data after cleaning.

Ž .done pre-pulses scan . The order of the probes in this
experiment was randomised. Fig. 14a shows the pre- and
post-cleaning pulse L C s for each probe. For each of thep

probes, the cleaning resulted in a drastic reduction in the
magnitude of the polarisation, in line with previous obser-
vations. The reason for this reduction is probably that the
cleaning both removes material adhering to the probes and
removes some of the metal, revealing a fresh uncontami-
nated surface. The problem with using the cleaning pulses
to reduce polarisation during fermentations is that after the
cleaning, the polarisation can start to increase again and
this can make the biomass concentration measured at a
spot frequency appear to fall and rise after cleaning is
applied. Excessive use of the cleaning can result in metal
being put into solution and even routine use of the pulses
can result in the probe pins getting a matt finish or being
covered in material precipitated out of the fermentation
broth. In spite of all of this, Fig. 14b again demonstrates
that h f is a constant value under these conditions.

The last part of this experiment again involved the mAu
probe only. This time, the probe was scanned in 120 mM
KCl, then scanned in the lysed yeast, then cleaning pulses
applied while in the yeast, and finally rescanned in the
yeast. Fig. 15a shows that the decrease in L C caused byp

the previous set of cleaning cycles was carried over to this
part of the experiment. The application of additional clean-
ing did not reduce the polarisation magnitude any further.
Fig. 15b shows that the treatments had little if any effect
on the probe’s h f. It thus seems that h f is a constant,
although of course, different instruments may have differ-
ent values for this constant.

4. Concluding remarks

We have shown that the electrode polarisation exhibited
on a BM follows a power law model and this is in line
with work on other electrode types on different machines
by different groups. The parameters of this model were
modified to give reliable and intuitive measures of the

ŽL .magnitude C and rate of fall of polarisation withp
Žh .increasing frequency f . For the BM, it was shown that

although the magnitude of electrode polarisation depends
strongly on the conductance of the medium and the mate-
rial of the electrodes, above a certain value of medium

Žconductance of some 3–7 mS, conductivitys3.7–8.7 mS
y1 . hcm , the value of f is a constant and independent of the

conductance of the medium. It is also independent of the
electrode metal in the probes, which probe was used, the
ionic and other components in the medium, the electrode
interface current density, the cell constant, the presence of
fouling materials and whether or not any electrolytic clean-
ing pulses had been applied.

w xIn the following paper 55 , we use the results from
these experiments to develop a method of reducing the
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contribution of electrode polarisation to capacitive biomass
measurements and dielectric spectra in general.
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Appendix A. Estimating h f from p

The problem with the linear fit to a logrlog plot like
Ž .Fig. 4 is that the line has the form of Eq. 2 which uses

Ž1 Hz .the polarisation capacitance at 1 Hz C as a referencep

point. To calculate h f , we need to restate the fitted line in a
form that uses L f as its reference point. The way one does
this is to restate the general equation for a straight line in

Ž .the form given by Eq. A1.1 :

y sy qslope x yx A1.1Ž . Ž .2 1 2 1

The y and x terms refer to the y- and x-axes, respec-
tively. The two points referred to have subscripts 1 and 2
to identify them, with the 2 terms being at the higher x
value. By inspection, one can make a logrlog plot like
Fig. 4 fit this form of a straight line by using L f and an
arbitrary frequency f as the x-axis values, to give upon
rearrangement:

log fC s log L C qp log frL f A1.2Ž .Ž .ž / ž /p p

By definition, the capacitance due to electrode polarisa-
tion at the half frequency is L C r2. Substituting h f for fp

L f Ž .and C r2 for C in Eq. A1.2 gives upon rearrange-p p

ment:

ylog 2 sp log h frL f A1.3Ž . Ž .Ž .
Ž .Anti-logging both sides and then rearranging gives Eq. 3 .
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