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Abstract

The selectivity of heavy metal ion-selective electrodes has often been inadequately characterized in the past. Only recently, alternative method:
have become available to assess the response toward highly discriminated ion solutions. In this article, the selectivity of vibrating liquid membra
cadmium-selective microelectrodes was characterized using the separate solution method, the fixed interference method, the matched potenti
method, and Bakker's method which demands one to condition the electrode membrane in discriminated ion solutions prior to measurement. In this
study, the matched potential method gave selectivity values for the two least discriminated ions, lead(ll) and copper(ll), that were contparable to t
ones obtained with SSM. Bakker's method, on the other hand, was the only method that reveals the extremely high ion selectivity over all other
discriminated ions. This study shows that carrier-based cadmium microelectrodes possess sufficient selectivity for many in situ applications, anc
that experimental biases may sometimes lead to experimental selectivity coefficient variations of about 12 orders of magnitude depending on the
chosen method.

Keywords: Selectivity, Vibrating liquid membrane, Cadmium microelectrode, Separate solution method, Fixed interference method, Matched potential

method, Bakker method

1. Introduction from theoretical predictions or models. On the other hand, a new
conditioning procedure for highly selective electrodes has recently
Cf@een introduced by Bakker [10, 11]. This technique yields

lon-selective electrodes (ISEs) have achieved a high level . . A i
ernstian response slopes even for heavily discriminated ions,

sophistication that allows rapid spatially resolved concentratio . . L - .
mapping of a series of ionic analytes [1, 2]. These electrodes a d gives theoretically well-founded selectivity coefficients. This

well established for measurements of extra- and intracellular fluid%;télcrlr? ﬁ:)_r:;:gs efosr gt':mﬂE;Stggeort]hzsﬁef(;gl tgf:.gg%?je f(')c:ng-
and account for more than 95% of all blood electrolyte u Ve Sy u It ae 1

measurements. They are an extremely versatile tool to chemicgpore introduced by Schneider et a_l. [12] (see insert in Fig. 1), and
sensing since the selectivity can be chemically adjusted b ay be a further step towards clarifying the question on how ISE

incorporating different ionophores into the membrane phas electivity should be reported. A vibrating microelectrode was

Consequently, the number of analytes that can be detected Wiﬁposen for this work since it has been shown that it possesses

this technique is still increasing. The direct, spatially resolved
detection of heavy metals, including cadmium, is important for
understanding the mechanisms by which certain plants may

accumulate massive amount‘s of heavy mgtals in thelr.shoots. PRGN
These plants have great promise as inexpensive decontaminants for 4gg|
heavy-metal infested soils, and studying the biological processes s
relevant to this uptake is important. r 0

Direct potentiometric in situ heavy metal mapping requires [

80

O

sensors with extremely high selectivity. However, there is evidence
that heavy metal ion-selective electrodes have been inadequatelsg L
characterized in the past. Corresponding optical sensors have beef, D N
found to show subnanomolar detection limit and extremely small.. 60
selectivity coefficients [3, 4]. Very recently, lead-selective E
membrane electrodes have been reported to possess extremely

low potentiometric detection limits and corresponding small 40
selectivity coefficients by proper choice of inner electrolytes.

These last findings are still part of important current research [5] .

In recent years, there have been debates on how the selectivities 5
of ionophore-based ion-selective electrodes should be reported [6].
Traditional IUPAC recommendations suggest the use of the so-
called matched potential method (SSM) and the fixed interference : % : é é : ‘jf ; é é
method (FIM) [7]. While SSM was recommended as a rapid
screening method, FIM was usually the preferred choice since it log acg
mimics the final analytical measurement more closely. MoreFi . 1. Calibration curves of a vibrating cadmium-selective microelectrode in
recently, IUPAC has also endorsed the so-called matched potentigfterent cadmium nitrate solutiong®} with and ©) without an ionic

method (MPM) [8] first introduced by Gadzekpo and Christianbackground consisting of 1gM Ca(NOs),. Insert, cadmium ionophore
[9], which is an empirical method without the constraintsN,N,N’, N'-tetrabutyl-3,6-dioxaoctanedithioamide (ETH 1062).

ETH 1062
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superior potential stability characteristics relative to a stati@.3. Selectivity Measurements

microelectrode, i.e., repeatabilities in the microvolt readings are

reliably achievable by vibrating the tip of the electrode. Further The ability of the C4" electrode to discriminate against other
characterization of these sensors toward selective detection s was evaluated using four methods. Since preliminary work on

cadmium in p|ant roots is pub“shed elsewhere [13] Selectivity Suggested that the %:Ldelectrode was h|gh|y discrimi-
natory against other cations, we used 2 established and 2 novel

techniques. Bakker’'s method [6, 10, 11] involved evaluating the
electrode’s performance in the absence of Cdhe electrode was
2. Experimental first backfilled with the cation salt of the tetraphenylborate
derivative used in making the &t sensor (in this case Kas
10 mM KCI) and then the electrode was frontfilled with the*Cd
responsive cocktail as described above. The liquid membrane was
Liquid-membrane ISEs were constructed as previously describdfien conditioned for several hours in a solution identical to the
in detail [14—16]. Borosilicate glass capillaries (1.5mm inbackfilling solution. Calibration plots for the individual interfering
diameter, without filament, World Precision Instruments, Inc.jons were generated by measuring the electrode millivolt outputs in
Sarasota, FL) were cleaned in a mixture of 95 % (v/v) concentrate@ series of solutions of varying activities of the interfering ion. Only
H,S0, and 5 % (v/v) of 70 % HCIQ. Capillaries were pulled using after these calibration plots were generated for the interfering ions
a two-stage Flaming-Brown horizontal electrode puller (Model P-87was the electrode exposed to the primary ion{Qdind a similar
Sutter Instrument Co., Novato, CA), generating a microelectrodealibration plot was then generated for varying’Cdctivities. The
with a relatively short shank and a tip diameter of approximately Belectivity coefficients were then calculated using the formula:
to 2um. Microelectrodes were heated (2@ =3 h), silanized with F(E, — Ecy)
tri(n-butyl)chlorosilane (206C, 30 min), cooled, and then stored in logK, = = 1—=2_<d | |og <a§f> (D
an evacuated desiccator. Microelectrodes were initially completely 2.30RT a;”
backfilled with a 10mM Cd(Ng),+ 100 mM KCI solution. The
microelectrode tip was then frontfilled with a short column {50
in length) of the C&" responsive membrane cocktail, which
consisted of 10% (‘_"’/W)_C?d ionophore 1 N.N,N',N'-tetrabutyl- activity of the interfering and primary iofR is the gas constarf, is
3,6-dioxaoctanedithioamide; ETH 1062, Fluka), 10% (WMW)ie Faraday constant, anfl is the absolute temperature. For
potassium tetrakis(3,5 bis-(trifluoromethyl)phenyl)borate (Fluka)gejectivity coefficients determined according to the separate
and 80% (w/w) 2-nitrophenyl octyl ether (Fluka). Subsequentlysqytion ‘method (SSM) and fixed interference method (FIM),
the backfilling buffer was reduced to a column length ofgactrode cocktails were backfilled with 10 mM cd(yor
approximately 1.5cm to minimize parasitic capacitance. Electrical g,\m k¢l and conditioned overnight in a solution of identical
contact between the microelectrode and the head stage of tagmposition. For SSM measurements, calibration plots were then
vibrating probe system was made through a 0.25 mm Ag/AGCI Wir€yetermined in pure cadmium and interfering electrolytes with
and a single junction reference electrode (Model MI-409F, orving concentrations. Selectivity coefficients were calculated
Microelectrodes, Inc., Londonderry, NH) was connected t0 the. qrding to Equation 1 from a cadmium and an interfering sample
reference input of the head stage. of indicated, equal concentration. For FIM measurements, calibra-
tion plots were determined in solutions that contained a constant
interfering ion background and varying cadmium concentrations.
2.2. Vibrating-Microelectrode System The selectivity coefficient was calculated from the cadmium
activity acq at the crossection of the two extrapolated linear

A detailed description of the technique, the theoretical aspects @qgments of the calibration plot, and by the background interfering
the device, and the calculations involved in the ion-selective systefgn activity a; as follows:

have been previously described [14-16]. The system consists of
three piezoelectric microstages (PZS-100; Burleigh Instruments, log KPot _ Iog<a0d> @

2.1. CP*-Selective Microelectrodes Construction

where J represents the interfering iokgy, is the selectivity

coefficient,z;is the valency of the interfering ion testdt;q andE;
are the electrode millivolt outputs in the testing solutions, a is the

Inc., Fishers, NY) stacked in orthogonal directions and held by CdJ —
translation stages (Newport Corp., Fountain Valley, CA). The
stepper motors of the translation stages allow coarse positioning of The fourth approach used the matched potential method (MPM)
the microelectrode, and the piezoe|ectric pushers control tf{@,g],WhiCh is often the method ofchoiceforcalculating selectivity
electrode’s vibration. The piezoelectric pushers are driven by goefficients when the electrode does not exhibit a Nernstian
damped, Squared wave at low frequency (03 Hz), Vibrating theesponse to changes in interfering ion activity. This method
microelectrode at any desired angle and amplitude in a twdhvolved adding a specific activity (final activity 2841) of the
dimensional plane. A 486-PC computer running DVIS6 softwarérimary ion Cd" to a reference solution already containingu0
(Biocurrents Research Center, Marine Biology Lab, Woods HoleCd™" activity and subsequently measuring the millivolt output. In a
MA) controlled the movement of the microelectrode between théeparate test, interfering ions were added to an identical” Cd
two preset positions (i.e. vibration amplitude) such that thdeference solution until the change in membrane potential matched
excursion of the electrode was damped. The vibration amplitudéie previous one obtained by adding primary ions%Qdo the
was set at 3m. The software also allows for the visual display of reference solution. The matched potential selectivity coefficient
the voltage difference, which is calculated by measuring th&vas then calculated from the ratio of the activity change of the
microelectrode output at each extreme position of the vibratioRrimary ion to that of the interfering ion:
excursion (1000 data points/s), pooling these data into two separate VM Adcg
buffers representing the two extremes of vibration, and then logKcds =|09<A ) 3

. Y]
subtracting the averaged data of one buffer from the other. The
sensitivity of the system permits the measurement of voltagehere J again represents the interfering ion a«%ﬁ” is the
differences in the microvolt range. matched potential method selectivity coefficient.

2/z;
&
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3. Results and Discussion Table 2. Selectivity determinations according to the fixed interference
method in 10Q:M interfering ion solutions.
This study characterizes the selectivity of cadmium-selectivénterfering ion: log &g (DL) log K2,

vibrating liquid membrane microelectrodes containing the iono-= "

phore N,N,N' N -tetrabutyl-3,6-dioxaoctanedithioamide (see inserf?one (Cd™ only) —56 N/A

in Fig. 1), in view of their application for root measurements ofKi1 :g'g éi

plants that show hyperaccumulation characteristics. Target coRg+ _59 21

centrations of cadmium and possible interferents are moderatety£*+ _5.4 _1.4

low (i.e., on the order of 100M). It is therefore an important goal

to characterize these electrodes under conditions that closely mimic ! L .
y reflects the final application of the electrode [18]. In view of the

their final application. Heavy metal uptake studies are usuall¥ ¢ licati theref dmi librati lot
performed in vitro within an artificial nutrient solution, and 1,0a arget application, therefore, cadmium cafiration plots were
performed in 10@M interfering ion solutions. It can be seen in

levels are realistic for this purpose. In addition, thé goncentra- Table 2 and Fi 1 that the detection limits in th ¢
tions in soil solutions vary quite widely from the micromolar to the able 2 and Figure atthe detecion imits in these measurements

millimolar range depending on the soil type and the quality of thé'® n_ot S|gn|f!cantly_ different _from callbratlpn _plots in pure
water. For many soils, therefore, thé" Kand N& activities in the cadmium solutions without any interferent, which in part explains
soil solutions are also within the micromolar range as well. Foufhe hea\(/jy bblas I(_)Ibserve_d_ \.N'th the separate .SOllIf]t'OS TethOdd
different methods for determining selectivity coefficients were use Iscussed above. Hence, it s inappropriate to assign the backgroun

and the experiments are discussed in the following sections potential to the response of the electrode to the interfering ion alone,
' and Equation 2 is invalid for this activity range. Instead, the

. inherent detection limit of the sensor at low primary ion activities
3.1. Separate Solution Method dictates the lowest measurable potential. It seems clear from these
eea<periments that the background ions studied here do not

This method requires that ion-selective electrodes are immers 20 bstantially interfere with the measurements. Oddly. however
in separate solutions of primary and interfering ions with typically y : Y: '

equal concentrations. In view of the target application of theséhe calculated selgctivity goefficients. are rather large gnd ggain
sensors, 108M solutions were the preferred choice, although for>uggest that alkali metal ions may interfere strongly_ln a final

comparison purposes measurements at 10mM levels were algrbeasurement. Clearly, the fixed interference method yields mean-
performed. Ideally, selectivity coefficients should be independer{pgless data if the background interfering ion does not induce a

of the measured concentration. As Table 1 shows. however ﬂpotential that is significantly higher than the one at the inherent

values vary widely for the two different concentrations used,Cﬁetectlon limit of the sensor.

indicating non-Nernstian slopes toward the discriminated ions. The

selectivity values for the more dilute measurement, which shoul 3 Matched Potential Method

reflect the final application most closely, would actually indicate

that alkali metal ions may interfere heavily in a practical A recent IUPAC recommendation endorsed the matched
application. Since the measurements performed with morgotential method, which seems to alleviate the problem mentioned
concentrated solutions yield apparently higher selectivities, thighove [8]. This method requires the addition of interfering ions to a
indicates the presence of an experimental bias in the measurementgerence solution, typically containing a fixed activity of primary
This bias is very likely dictated by the intrinsic lower sensitivity jons, until the same potential change is recorded as with a given
limit of these electrodes [5, 17]. Accordingly, potentials at theprimary ion activity increase. The matched potential method
detection limit are assumed to originate from a response towargklectivity coefficient is given by this primary to interfering ion
these interfering ions, which does clearly not hold. While theactivity ratio. Cadmium-selective microelectrodes were character-
separate solution method is a popular and rapid one-point screeni@d by this method in 1M cadmium solutions. With the
method, it is clearly an inadequate method for the currengxception of the ions lead(ll) and copper(ll), the addition of
application. The ions Cti and PG* seem to interfere substantially interfering ions caused the membrane potential to drop, not to

enough that the reporting of SSM selectivity values seemfcrease (see Table 3). The indicated millivolt change is already
warranted. Further studies were however necessary to more cleagyrrected for dilution effects and influences on the activity

characterize the selectivity characteristics of the membrane.  coefficients of cadmium from adding additional electrolyte to the
sample. This potential drop may be in part caused by small
3.2. Fixed Interference Method variations in the liquid junction potential at the reference electrode

side. These results are a further important indication that most ions
According to IUPAC, the fixed interference method is the preferred B o ) .
experimental choice for characterizing selectivity since it closely’ ab'he d3' Selectivity determinations according to the matched potential
method.

Table 1. Selectivity determinations according to the separate solution

method. Cd*" Conc. Interferent  Final Conc. EMF Change  log/R"
lon: log K25, (10mM solutions) log R (100uM solutions) ~ 10uM K+ 4.7x103*M —-0.1mv N/A
10uM NHZ 50x10°M  —0.3mV N/A
Co?* 0.0 0.0 10uM cat 29x103*M  —1.0mV N/A
Na* -2.6 2.3 10puM zZn%t 36x10°M  —1.3mV N/A
K+ -238 1.1 10uM Mg?* 36x10°M  —1.0mV N/A
NH,* -1.2 2.1 10uM Fe** 24x10°M  —0.4mV N/A
cat —3.6 -3.3 20uM cu*t 5.0x107*M 11.5mVv -1.3
zn** -3.0 —2.4 20uM PR+ 7.9x10°°M 12.5mv -0.6
Cuw** -15 -0.1 10uM NiZ* 27x10°M  —0.4mV N/A
PE*" -05 -0.2 10uM Mn?* 3.8x10°M  —02mV N/A
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under study do not interfere with cadmium determinations, and thdtable 4. Selectivity determinations according to Bakker's method.
the electrode is indeed very selective. Although the membrane

selectivity cannot be quantified with heavily discriminated ions, thé°™ log KEj, (10mM solutions) log R, (100uM solutions)
matched potential method does not give wrong predictions ggqpe+ 0.0 0.0
compared to the two classical methods described above. As seggt _125 _12.2
in Table 3, PB" and C#" each gave a positive response, even ink* -11.7 —-115
20pM cadmium solutions. This potential change was used tiNHj —-11.8 -11.4
calculate matched potential selectivity coefficients. Since both d‘f"@li+ -16.2 -16.0
these ions interfere substantially, and the ions carry the same chargg, -13.9 —14.0
as Cd* [6], these selectivity coefficients are very close to thosle']z+ —};.;1 _}g';
obtained by the separate solution method in the more concentrategz+ 11 11
solutions (see Table 1). This indicates that, at high concentrations?* -39 -2.1

these interfering ions are fully potential determining and show near-
Nernstian response slopes.

more than 10 orders of magnitude explains why the other methods
are inadequate to quantify the extent of interference. These results
3.4. Bakker's Method: Using Liquid Membranes are not overly surprising, since similar findings were reported
Conditioned in Discriminated lon Solutions earlier for lead-selective optodes [3] and electrodes [5] on the basis
of a structurally related ionophore. The selectivity over copper was
To eliminate the influence of the inherent sensitivity limit on thesatisfactorily reproduced relative to the other 2 methods (see Table
response toward discriminated ions, the membranes were condi-and 2). However, measurements in lead ion solutions showed
tioned in 10mM KCI solutions without any contact to cadmium poorly reproducible and sometimes unstable potential readings. An
ions. These ions initially contained in the membrane are not tightlgpparent super-Nernstian response toward lead was reported in the
bound by the ionophore and can now easily ion-exchange with othéterature before with similar ionophores, which was explained by
sample ions. Only at the very end of the experiment is the electrodBe extraction of PbA ions, with A~ being a sample anion such as
exposed to the most preferred ion, in this case cadmium. A©H™ [19]. Electrode instabilities or this latter effect may explain
reported in the original work [10, 11], such a treatment may lead tthe apparent non-Nernstian behavior of lead (see Table 4 and Fig. 2)
observable Nernstian electrode slopes and to an unbiasedtd the poor correlation with the SSM and MPM results. While this
guantification of the inherent ion-exchange selectivity of thefinding may not be generally valid, it does indicate that the new
membrane. Figure 2 shows that most measured ions indeed sheenditioning procedure seems primarily suitable for the selectivity
a near-Nernstian response behavior, with alkali metal ions beingharacterization of highly discriminated ions. In effect, this
extremely discriminated. Table 4 quantifies this data for the samgrocedure demands a different reference ion to be initially present
concentrations as shown before in Table 1 for the SSM values. Itis the membrane, and the resulting selectivity coefficient of
evident that the selectivity coefficients deviate much less than theadmium over the interferent is obtained by subtracting two large
ones shown in Table 1 as the sample concentrations are varigebtential changes. If interference is strong the other methods reflect
Apparently, this method seems suitable to the quantification ahore closely the final application and are, therefore, preferred.
selectivity coefficients toward highly suppressed ions. The
observation that calcium and other ions are discriminated by

4. Conclusions

The selectivity of heavy-metal ion-selective electrodes has often
been inadequately reported in the past. This article has shown that a
variety of methods may be used to characterize selectivity more
properly. The main drawback of the separate solution and fixed

400 ‘/ interference methods is that they often yield numerical selectivity
v

values that have no direct selectivity meaning. Traditionally, the
r interfering ion concentration is not varied with these methods, so
300k that no information about the electrode slope, which is indicative
whether the measured ion is truly potential determining, is obtained.
The matched potential method identifies potential sample ions
200} that could interfere significantly. For heavily discriminated ions,
negative potential changes are obtained, so that this method does

not introduce meaningless selectivity values as the other two do.

500

|

EMF [mV]

100 Bakker's method avoids initial contact of the liquid membrane with
primary ion solutions, and is therefore primarily suitable for the

v characterization of the ion exchange selectivity toward highly

or discriminated ions. This method gives less reliable selectivity

values with strong interferents and is therefore in many ways
complementary to the other three methods reported in this article.
This finding indicates that a range of different methods, rather than
log a one method alone, may be most suitable for the selectivity
Fig. 2. Normalized response curves obtained according to Bakker’'s methé:(s.'ara.ctenzanon. of heavy_met.al I.On_5.8|e0tlve electrodes. The
toward the ions £) C*, () CUP, (V) P, (&) Zn?+, (V) Ni2*, (O) cadmium selective system studied in this work appears to possess
ca’, (W) Mg?t, (@) Na', (O) K™, () NH;. The electrodes were €xtremely high selectivities over a wide range of potential
conditioned in 10 mM KCI solutions before measurement (see Sec. 2). interferents. This makes it a potentially powerful tool for accurate
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cadmium profile mapping in the vicinity of plant roots. In view of [3] M. Lerchi, E. Bakker, B. Rusterholz, W. SimoAnal. Chem1992 64, 1534.

the final application of these sensors, all selectivity measurementt! Xﬁ;ﬁeréﬂi;nfigg‘i“eeé’ l"7’-1 gimon’ E. Pretsch, D.A. Chowdhury, S. Kamata,
were performed with vibrating microelectrodes with tip sizes on the[5] T. Sokalski, A, Ceresa, T. Zwickl, E. Pretsch, Am Chem. Sod.997 119,

order of 1-2um and vibrating frequencies of 0.3 Hz. Although no 11347.
direct comparative experiments were performed, selectivities ofl6] E. Bakker,Electroanalysisl997, 9, 7.

Corresponding macroelectrodes are expected to be similar. [7] G.G. Guilbault, R.A. Durst, M.S. Frant, H. Freiser, E.H. Hansen, T.S. Light,
E. Pungor, G. Rechnitz, N.M. Rice, T.J. Rohm, W. Simon, J.D.R. Thomas,

Pure Appl. Chem1976 48, 127.
[8] Y. Umezawa, K. Umezawa, H. SatBure Appl. Chem1995 67, 507.
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