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THE OPTIMISATICN OF DETECTOR SYSTEMS INCORPORATING ION-SELECTIVE
ELECTRODES
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Penglais, Aberystwyth, Dyfed Si¥23 3DA, Wales, U.K.

ABSTRACT
An outline of factors affecting the throughput of analytical

systems based on ion-gelective electrodes (ISEs) is presented.

The manner in which samples are presented to the electrode

sensing element and the adoption of on-line data-handling systems
are shown to be of particular importance in optimising throughput.
Attention is drawn to the striking similarities between the
present considerations and those being faced (and solved) by
workers in the field of high performance liquid chromatography.
Some guidelines are offered for future improvements in continuous
flow analytical systems, particularly those based on unsegmented

flowing streams.

INTRODUCTION

Since the many advantages inherent in the adoption of electro-
analytical methods in the ILife Sciences have been well documented
both by other authors in this volume and elsewhere /1-4/, the
bresent contribution will be confined to an elaboration of some
theoretical, practical and technical considerations of how these
advantages may be most fully realised. My particular purpose
will be to survey the fundamental principles involved in the most
propitious incorporation of ion-selective electrodes (ISEs) into
analytical systems with & view to offering guidelines for the ways
in which optimisation (meximisation) of throughput may be achieved.
Although identical principles apply to the use of polarographic
methods of detection, I shall in general concentrate on potentio-
mefiric systems, analysing discrete samples.
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In Fig. 1, I have diagrammed in block form the principal parts of
an.analytical system employing ISEs, by which a sample, through
being brought into contact with a detector system (Fig. 1), may be
coerced into yielding data on various anslyte concentratio;s
(?ctivities) which it conbains. Four areas for discussion may be
distinguished; they constitute the interfaces betwsen the separate
parts of the system ag defined in Fig. 1. I have given them the
soubriquets (1) sample pretreatment, (2) sample presentation
(3).5ignal transduction and (4) signal recording and data hanéling
Itlls‘assumed that the reader has a working understanding of the '
prlnélples underlying potentiometric methods of analysis /1 - 7/
and is thus chiefly interested in the suitability of applying su:h
methodologies to his own analyses. )
Of the four areas identified for discussion in Fig. 1, two have
only a tangential relevance to the question of optimisa;ion of
th?oughput, namely sample pretreatment and signal transduction
OW%ng to the lack of necessity for optical clarity of samples ;hen
using ISEs, sample pretreatment usually involves only the addition
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of a Total Ionic Btrength Adjusting Buffer ("IISAB") solution to
pinimise the effects of interfering substances and to ensure a
constant ionic strength. The appropriate TISAB reagent for
different analytes are well documented both in the literature and
in manufacturer's leaflets, and will not be discussed here.
Similarly, the signal transduction system (3) is determined by the
equipment available (that is to say by the properties of the meters
supplied by manufacturers) and thus will also be omitted from con-
pideration, except where suitable suggestions for its degirable
properties may be given. Thus, the following is devoted to a
consideration of sample presentation, signal recording and data
handling, for I believe, and shall endeavour to show, that it is
in these areas that the optimigation of detector systems incorporating

ISEs may be most fruitfully carried out.

SAMFLE PRESENTATION T0 ELECTRODES

1.1 Theory

We shall start by considering the relative merits of analysing
samples batchwise or using a continuous-flow system. It is well-
imown from chemical and biochemical engineering theory that in
general any form of continuous process has a much faster throughput
(and is thereby mere esconomical) than batch processes (e.g. /8 - 10/).
The batch process equivalent of analyses uging ISEs is the traditional
method (Fig. 2) in which the sample is introduced into a beaker
equipped with a magentic stirring device and containing the TISAB,
the potential developed by the ISE relative to the reference
electrode is read from a meter, and this value (in millivolts) is
used to determine the analyte concentration from a standard curve
constructed in the same way. In contrast, samples may be analysed
semi-automatically by the use of gystems based on the well-known
Autoanalyser conmcept /11/ (Fig. 2) or using the recently developed
'flow injection' analyticael systems /12/ (see Fig.5). We may
characterise the throughput of the analytical system in Fig. 1 by
an equation of the form:
X=601/(ta+td+tr+1:e) (1)
where X is the number of samples which may be fully analysed per
hour, t, and t, are respectively the times (in mimutes) for the

detector system to respond and for a sample which has just been
analysed to be substituted by a new one for analysis. tr is the time
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(in minutes Per sample) for the samples themselves and the reagents
used in the analysis to be prepared, whilst + is the time (in
minutes per sample) for the evaluation of the Sutput of the meter in
terms of the analyte concentration ang its presentation in a form
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suitable for permanent numerical recording. Y is the proportion

of actual samples (i.e. number of unknown samples/(number of unknown
samples + mumber of necessary accompanying standards, pools and
drifts). It should be noted that equation (1) is a rather general
equation and includes the entire analytical system from the pro-'
duction of an array of gamples for analysis to obtaining the final
results in a meaningful form. I would contend that in evaluating
the operation of any proposed analybical system it is necessary to
raintain a global perspective of the entire system, for modifications
which save time (but invelve capital expenditure) in one part of the
system may otherwise be associated with no benefit in time (and
hence cost) saved in another part of the system.

Now equation (1) iz slightly cumbersome, and it would be con-
venient, for the present purposes, to lump some of the terms
together, or even to omit them from consideration. However, the
only term for which this may be regarded as legitimate is fhe term
tr’ the time necessary to prepare the reagents to which the sample
is added prior to its presentation to the electrodes. This enables
us to confine our attention to the question of the optimisation of
sample throughput by the manipulation of sample presentation and
data handling systems alone. We therefore have:

X = 603/t + 4 + t,) (2)

Inspection of the form of this equation yields scme useful ingights
into the manner in which throughput may be maximised. Let us assume
that the ratio of unknowns to standards is constant for all method-
ologies. (This is tantamount to saying that accuracy and precision
are independent of throughput.) In Fig. 3. are plotved the number
of samples which may be analysed per hour at various values of ta,
tﬁ and te’ using a value for Y of 0.8. If we let ta’ ty and te

%o be equal a rectangular hyperbola, curve (a), is obtained (Fig. 3).
Setting ty and t, equal to twice t, causes a marked downward shift
of the curve (to curve (b)), whilst causing the evaluation time 5,
to be zero returns the curve (¢) to the same locus as that given by
curve (a). In other words, the provision of on-line data-handling
capacity to an analyticel system obviates much of the disadvantages
of long response- and sample-changing-times. Setting ty equal to t
and retaining on-line data~handling gives curve (d). It may be
¢oncluded from the curves in Fig. 3, then, that the two most sig-
nificant areas in which attempts to maximise throughput may be
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For further discussion, see text.

usefully directed and those of reducing response- and changeover-

times and in the application of i
on-line data-handli s
analyses involving ISEs. ing systems to

: I shall cite examples in whi i
1mProvements in throughput by the use or oni of these :;f:z:jgzlc
whilst suggesting that the future application of both of these ”
strategies mway be required to bring about the masaive increases in
throughput that are possible (Fig. 3) using current technologies.

1.2 Data—-handling systems with manual sample presentation

Mo the author's knowledge the only non-dedicated, wmicroprocessor—
controlled analytical system employing on-line data analysis of the
putput from ion-gelective electrodes that is currently commerciallg
available is the Orion 901 fonalyser (see e.g. ref 13). This ‘
incorporates a hard-wired program (read-only memory) that calculates
anslyte concencvrations from potential difference readings based on a
pair of calibrating stendards. This glegant system, however, is
only really applicable to manual "beaker' systems (Fig. 2}, such
that ta is equal to the equilibrium response time of the electrodes,
gince the microprocessor's program is based on the (equilibrium)
Nernst equation. Although the model 901 does incorporate a BCD
{binary-coded decimal) output, so that, in principle, more
elaborate data-handling systems may be directly interfaced to it,
such interfaces (with the exception of a printer) are not as yet
available. However, the system does have the advantage, noted
gbove, of lebtting te equal zero, and thus if the response time of
the electrode is relatively small, the throughput will be governed
by the sample changeover time, which is approximately 0.5 to 1 minute.
We may set an upper limit, then, on the throughput of this type of
system of 30-50 samples (i.e. unknowns) per hour. This is of the
same order of that which may be achieved using Autoanalyser methods
lacking on-line data-handling facilities. Other, more 'dedicated’
microprocessor-based systems (e.g. Orion's Space Stats and the
Nova 4 and 2) are available for rapid measurement of serum Na+, K
and Ca’’ using manual sample injection, but they are intended for
smell numbers of semples (notably 'emergencies') and will not be
discussed further. It should be noted that the use of such systems
with manual sample presentation requires the attendance of the
analyst throughout the run foxr the purposes of sample changeover.

1.3 Automatic sample presentation without data handling

Tt was of course due to the limits on throughput set by the necessity
for mamuilly presenting analytical systems with samples that continuous-
flow analyses were introduced. Although in rare instances systems
have been devised that include on-line data-handling as well as
automatic sample presentation, such systems do not in general
include those based on potentiometric detection (a notable exception
are the most rTecent Technicon SMAC systems), esnd we shall confine
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our attention in this section to the question of optimising the
bresentation of samples to ISEs so as ko maximise the throughput.
Two related but mutually antagonistic factors operate. The firpst

is the necessity of having the sample in contact with the electrode
for a sufficient time to allow a characteristic potential %o develop,
whilst the second is the need to move the sample on sufficiently
rapidly to allow the next sample to contact the working electrode's
sensing element, without allowing cross-sample carryover. To prefacs
8 proper analysis of the lasgsitude in sampling rates permitted by
these contradictory considerations, then, we will next present a
brief review of the magnitudes of, and factors affecting, the
regponse times of ion-selective electrodes.

1-3.1. Factors affecting the response time of ISEs

Three main factors affect the response time of a given ISE to g
step change in analyte activity: the magnitude, absolute value
and direction of sample activity at the electrode surface. The
response time characteristics of an ion-exchange-type ISE are given
by an exponential equation of the form /4, 15/:

B, =E, +Slog [ - (’I—-:’—i_-) exp t/t] (3)

where T, the apparent time constant, is given by

T =32/2D'. D' is a single-ion diffusion coefficient and & is the
thickness of the unstirred layer adjacent to the electrode. In
contrast, the response-time characteristics of neutral carrier-based
electrodes (e.g. those selective for K+ and based on the ionophore
valinomycin) are desecribed /15/ by a square root function:

E =E, + Siog 1-6-—"-) L / (4)
t (-] a; []
;"1: +1

where the symbols are as before, except that T = DK%IZ/D'Q, D is
the mean diffusion coefficient in the membrane Phase and K the
Partition coefficient between the aqueous and the memorane phases.
For the present burpcses we may confine ocur consideration to
electrodes based on ior-exchange Phencmens, where the approach to
equilibrium is describable by an exponential relationship. In
general T values are most rapid for the following types of system:
increase in analyte activity, solid-state membrane, large con-
centration of analyte. Under these conditions the time necegsary
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for 95% of the equilibrium change in potential (t95) to be reached
may be measured in seconds. - In contrast, when electrodes are- :
gensing low activities of ions, the step change in concentravion.is
negative, and the electrodes are of the liquid ion-exchanger or gas-
sensing types, t95 may be several minutes. Under ?h?se latter ?on—
ditions it is clear that methodologies based on waiting for
equilibrium te occur are unaccep.ably slow, although we note th?t
acceptable precision may be obtained /3, 16/ by vaking the reading
of emf at a fixed time after immersion of the elqctrodes in the
sample-containing solution. An obvious way round this difficulty
(apart from developing electrodes of lower impedance)}, implicit in
the use of continuous-flow systems /12, 17-20/, is to assume a con-
stant response-time function for differing samples, and agsay for
the height of a pesk using a constant sampling rate.

1.3.2 DNon-equilibrium potentiometric assays

The approach mooted above, of assaying samples before equilibrium
between ionic activity in the solution and the working electrode's
final potential is attained, has been explicitly applied to potentio-
metric detection using an Autoanalyser-type system by Cowell
/20, 21/. Cowell's studies have concentrated on the use of the
fluoride electrode in urine and serum samples, and on a careful
consideration of the importance of factors affecting the accuracy,
precision and throughput of the system. By careful optimisation of
the manifold used and the bubble-injection frequency, excellent
accuracy, essentially identical to that of the manual potentiomefric
method previously employed, was obtained /20/, aided, in some
instances, by the use of curve regeneration techniques. Since the
equilibrium response-time of the fluoride electrode used was
approximately 15 minuves at the low levels generally senszed
(107% - 10™%m T7), and the dynamic response time of comparable
relative lengfh (see above), Cowell concluded /20/: "The practical
conseguences of the kinetics of conmtinuous flow analysis, when
incorporating ion-selective electrodes, appear to be governad by
the response of the electrode itself. This is in complete contrast
to colorimetric systems where the colorimeter plays little or no
Part in the kinetics of continuous flow analysis." Whilst noting
that this is likely to be much less true for faster-responding
electrodes, these studies /20, 21/ do stress the importance of
electrode response~time in determining throughput.
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Since the rate of »ise and fall of sample peaks in continuous
flow analysis /17, 18, 22/, the equilibrium electrode potential in
the Nernstian region /1-7/ and the rate of electrode response (ges
above) are all exponential functions, a linear relationship betweep
DPeak height and analyte concentration ghould be obtainable, at leagt
over a decade of concentration. Thus, as well as considering the
rate of electrode Tesponse, we must alsc consider the fact that,
as a result of dispersion effects in the manifold, the actual changeg
in sample concentravion noted by en ion-selective electrode in a COn=
tinuous-flow system will also depend on the rate of change of actual
sample concentration. To obtain the highest throughput, therefore,
it is necessary to arrange conditions such that the narrowest Ppeaks
and the minimum flowcell volume are attained. The former objective
may be achieved by keeping the length of manifold between the
sample aspirator znd the ion-selective electrode as short as
possible (50 mm is often regarded as the minimum practical length
attainable), whilst the latter is a matter of careful design of the
Tflowcell, a topic to which we now turn.

1.4 The design of flowcells for ion-selective electrodes

Since the reference electrode of a,potentiometric system exhibits
a potential that is in Principle independent of the activity of
analyte, it is only necessary that electrical contact be maintained
between it and the working electrode. For this reason, most
investigators who have addressed themsgelves to the problem of the
optimisation of flowcells for ion-selective electrodes have been
content to keep the refersnce electrode in an effluent Tresgervoir,
a practice that geems entirely suitable for all but the most
ceritical work. Consequently, attention has been Tocussed on flow-
cells for the ion-sensitive electrode. For a given sample volume
an increase in flow rate might be expected to have two beneficial
effects; the number of concentration changes presented to the
electrode per sample will bhe increased (and thus peaks sharpened
and carryover minimised) and the thickness of the unstirred layer
adjacent to the electrode (and thus electrode Tesponse time per se)
also minimised. Naturally, however, there is a limit to the size
of the sample, particularly in clinieal work (1), and it is therefore
desirable to minimise the 'dead volume' in the flowcell itgelf.
This is particularly true in the light of the adverse effects on
dispersion (and hence peak height) of increasing flow rate noted belows
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tdeal flowcell, then, will have the following chara?te?istics:
g ith no mixing of sample stream within the
o ST e i i 1 which, for a given
11 and (b) an exceedingly small volume, : :
v ensing area means & minimal stream thickness. Threa
alﬂftrOde zm les of attempts to achieve these objectives in ?eal
pres = presented in Fig. 4. The first (Fig. 4a), typiflgd
SySt?mstaI:epby the early Orion designs and that of Spencer /22/,
o a:inimise both the depth of the cell and the area of con?act
E?ekstzz electro—active materisl in the electrode. Whilst relatively
z::: response times may be obtained with this type of systen sz:e
degree of mixing within the cell takes place /20/, anddnoiway
obviating unstirred layers is available. The elegant des fn s
(Fig. 4b) of Thompson and Rechnitz /228/ uses the full‘se:zrniutlets
of the electrode and by having one inlet éné four perime i
ensures (i) that a negligible degree of mixing tak?s plaZ?;ferent
(ii) tube wall effects /23/ are minimised. An entlrelz ;ansen =,
approach to the design of flowcells for ISEs was used ail i
/24, 25/. They dispensed with an enclosed-system and fo i,
Thowing, sample-containing stream to squl?t at the sur ac:v‘t e
working electrode, whence it ran under the 1niluenc? of gra 1D¥ffer—
the reservoir containing the reference electrode (F:LgT 4?).‘ :h
ential pumping rates ensured that the height of the liquid in . i
reservoir was constant. This elegant method, although suc?e?s ?
in the laboratory of its originators, requires c§refu% positioning
of the inlet tube, which (in this author's experiencel) has ath
distressing tendency to elute almost everywhere except al?ng fethe
electrode sensing surface, regardless of the surface ten51ozlo X
inflowing stream. However, one should point o?t that excee ;?fhzt
small dead volumes have been obtained using this method, suctt e
the throughput is apparencly limited by the peak sharpness attaina
per se rather than by the characteristics of‘t?elflovcell. ;
-_Ef_;s germane to point out here that the minimisation of d:? =
volume in detectors in flowing streams has also ?een a key o Je;
of workers in the field of high performance liquid chrométograp ¥
(HPLC) and gas chromatography (GC}, in which electrochemlca% )
detectors are also being rapidly introduced /26-32/. In this zp
of system, in contrast to that based on the Autoanalyser concég ;
no air bubbles are injected into the flowing strean, ?nd the i ehas
of analysing discrete samples in a non-seguented flowing stream
recently attracted much attention; particularly through the




available, (April 1979), it is the author's belief that the
Principles and practice of flow injection analysis will have a
dramatic influence on the performance of future continucus-flow
gnalytical systems, especially those incorporating ISEs. As pointed
out by Betteridge /23/, the rediscovery /33/ of the utility of non-
segmented streams has resulted in dramatic decreases in sample flow
rates, sample volume and reagent consumption, with attendant massive,
increases in potential throughput, whilst the excellent accuracy and
precision attainable with the method have been established for
numerous analytes. Thus one may cite studies from serum ionised
calcium levels /25/ to fertiliser nitrate levels /24/. With these
advances has come the realisation, stressed earlier in the present
paper, that throughput becomes limited by the need to analyse peaks
in terms of amalyte concentrations at a rapid rate (cf. Fig. 3),

and the literature testifieg /12, 23/ that a number of groups are
nearing completion of the development of on-line data-handling
systems for incorporation into, and indeed the control of, flow
injection analytical systems. With ta values of the order of a

few seconds under suitable conditions, one may realistically expect
that sample throughput may exceed 200-300 unknowns per hour. This
is a truly remarkable throughput, and to Justify the author's con-
fidence in this prediction a brief discussion of the current status
of this fertile marriage between chromatographic theory and con-
timous-flow potentiometry is warranted /412, 23, 34, 35/,

-
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1.5 Flow injection analysis

s

In the flow injection system (Fig. 5) a sample is introduced into
an uwnsegmented carrier gtream, which will in general contain a
§i§§pgéalvgriou5 wicro-flowcells for ISEs. TISAB and/or a titrant, either by direct injection or by the use of
o) Bowsna ggzsfggwfggwfgliigrgoshown,_ The early Orion designs a chromatography-type sample loop. The sample passes down the
sensing surface of the IS%, allowgggsuigfgigignfa§:§:l%§1rto the tubing to a detector system, where a peak is generated. This simple
An alternat n which the flowing stream is gigécted Conception has now been gufficiently studied that a number of
A design that dispenses witndﬁhzufgﬁgﬁ’h§?¥1§Ee§h§h§10 .ll.‘ brinciples for minimising the sample dispersion have been formulated
sggwgéig.(c). Literature references to these designs gg? gitgn in /12/; one can do no better than paraphrase these principleg, which
are in geveral cases far from self-evident, and even contrary to
what what one might A priori have expected:
1. A decrease of the flow rate in narrow tubes will lead to a
decrease in the peak width.
2. Symmetrical Peak profiles will be obtained in a long, narrow,

perfectly cylindrical tube.

‘h.f"

T

?xtensive work of Rﬁgiéka, Hensen and their collaborators {reviewed
in refs. 12, 23) the concept has become known as flow injection
analysis. Whilst only one flow injection analy¥ical systen (the
BISFOK FI& 06 distributed by EDT Research) ig currently commercially
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€i§. 5. Unsegmented continuous flow analysisg
a

The principle of flow injection analysis. The sample 8 is

injected into the carrier stream of TISAB (C) by means of a sample
injection valve (SV). The carrier stream is bumped by means of

the pump (P} through a reaction coil (RC) which allows the desired
degree of dispersion to take place, and the analyte concentration

is determined at the rlow-through detector, before flowing to
waste (W),

(b) Chromatographic sample injection valve for introducing samples
into a carrier strean without allowing air bubbles to enter the
system. The bypass (B) offers a higher hydrodynamic resistance to
flow than the sample valve when carrier is flowing through the
Sample valve, but allows the carrier to pass through it during
loading of the sample into the sample loop. (After reference 12.)

3.

Maximum peak sharpness is obtained by injecting a sample

volume corresponding to a minimum of one 3. into a carrier
stream pumped at the minimum practical flow rate, and by having
the shortest possible length of 0.4 mm i.d. tubing between the
injection port and the detector, where S% is the volume of

sample solution giving a peak height of 50% of that obtained
i i i f sample.
continuous aspiraticn o - . -
;i peak sharpness of a sample decreases with increased pumping
e . L
rate buv only as the square root of the travelled distance or
of the residence time.

Tn essence, then, the major difference between the mo?e 5
traditional air-segmented Autoanalyser type of syst?m (F;gi.
and the flow injection-type of analytical system.(Flg. 5 iesg
in the abandonment in the latter of the use of alr-bub?les‘to n
prevent sample dispersion and carryover, and.lts substltut?o:' ¥
an optimisation of thegeometrical and rhedlogical characteris 1;5
of carrier streams flowing in narrow tubing. .The advantages ot
this are a more rapid throughput, simpler ma?lfolﬁs and a greater
degree of flexibility in the types of analysis whl?h may be ;
performed /12, 23/, although some controversy remains /3?, 37 y
concerning the question of the relative reagent consumption ?f- e
2 types of systems. It is useful to point out t?at the precision
of a flow injection system will depend very critically on the
stebility (freedom from pulsing) of the pumping system used to con-
vey the carrier stream to the detector; in this rega?d: the low
Ilow-rates used (as little as 1 ml per minute) are similar to
those employed in HPLC, sc that the new pump designs for the latter
systems will be most suitable for flow-injegticn, another ?xample
ol the cross-fertilisation between chromatography and co?tlnuous—
flow analysis that is producing, and will doubtless continue to
produce, a new generabtion of notable snalytical progeny.

CONCLUDING REMARKS

Two main points have emerged from the present treatment of t?e
question of optimising detector systems employing ISEs.. The first
was that om-line data-~handling systems offer an appropriate (and
cheaper) alternative to enhancing throughput than the adoption of
continuous-flow analyses, up to fairly high rates of throughpu?.
The second was that consideration should be given to the ?merglng
technique of non-segmented continuous-flow analysis, and in ]
Particular, to the gquestions of flow cell geomebtry, stable pumping
systems and the incorporation of on-line data- (and sample-)
handling systems. Adoption of these principles may he exp?cted
to bring about a genuine revolution in the throughput attainable
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by apalytical systems incorporating ISEs.
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