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Abstract Solid-contact Pb2+-selective electrodes (Pb2+-ISEs)
were prepared by using polybenzopyrene doped with erio-
chrome black T as solid contact material and a conventional
polyvinyl chloride membrane with lead ionophore IV as se-
lective compound. Nernstian response down to 10−9 mol dm−3

Pb2+ was obtained by careful control of the electrode condi-
tioning process. Furthermore, the response at lowest concen-
trations was retained by exposing the solid-contact Pb2+-ISEs
to a solution containing Na2EDTA. Finally, the solid-contact
Pb2+-ISEs were used in the determination of lead in a synthet-
ic sample (pPb2+07.40). The analysis of the sample was done
with direct potentiometry (pPb2+07.64±0.11) and single stan-
dard addition method (pPb2+07.27±0.07). These results were
in good agreement with those obtained by inductively coupled
plasma–mass spectrometry (pPb07.34). The renewable re-
sponse of the Pb2+-ISEs at low concentrations opens interest-
ing possibilities when dealing with trace-level measurements
of Pb2+.

Introduction

The low detection limit (LDL) is one of the main parameters
of potentiometric ion sensors. By new findings on lowering
the detection limit of solvent polymeric electrodes, the rec-
ommendation for LDL was proposed to be defined as a
deviation of the electromotive force (EMF) response by
RT=ziF ln 2 from the extrapolated linear Nernstian part of
the calibration curve [1–3].

Early works dealing with the behaviour of electrodes at low
analyte concentrations were focused exclusively on solid-state
membranes [4–6]. Recently however, a time-dependent ad-
sorption of the analyte on the membrane surface (kinetic
calibration) and tuned galvanostatic polarization (chronopo-
tentiometry) method offered possibilities of measurements in
the nanomolar concentration range with solid-state mem-
branes [7, 8]. Further possibilities of measurements at ultra
low concentrations using ion-selective electrodes appeared
with implementation of conventional solvent polymeric mem-
brane electrodes in which the composition of the inner filling
solution plays a crucial role in the overall response of ion-
selective electrodes (ISEs) as a result of transmembrane ion
fluxes [9]. Much study was therefore devoted to optimize the
composition of the inner solution as well as the thickness of
the ion-selective membrane [10–14], lowering transmem-
brane ion fluxes by applying various polymeric material–
plasticizer ratios and decreasing the quantity of ion exchanger
in the membrane [12], covalently binding the ionophore to the
polymer backbone or introducing a material other than poly-
vinyl chloride (PVC) with lower ion diffusion coefficients
inside the membrane (e.g. derivatives of polyacrylates)
[15–19], and applying galvanostatic polarization of the ion-
selective membrane [20–22] to effectively lower the detection
limit of ISEs. Above all, for solvent polymeric membranes, a
mathematical model was introduced to predict and illustrate
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the detection limit under various conditions. Applying the
Nernst–Planck–Poisson model, it was shown that the detec-
tion limit of ISEs is concentration- and time-dependent [23].

A number of conducting polymers have been applied
either directly as sensing membranes or as solid-contact
materials [24]. Lowering the detection limit of conducting
polymer used as a sensing material may be difficult to obtain
due to e.g. insufficient selectivity, sensitivity to light, pH
and dissolved gases [25–29]. More promising in lowering
the detection limit are solid-contact ISEs, in which the
conducting polymer serves as the ion-to-electron transducer
and a plastic membrane is responsible for a sufficiently high
selectivity and sensitivity [30–36]. The solid-contact design
may significantly help in lowering transmambrane ion
fluxes as it replaces the inner reservoir of highly concentrat-
ed solution (conventional ISEs) with a solid conducting
polymer layer. Additionally, the conducting polymer film
may be doped with a compound which complexes the
primary ion, thus promoting a supplementary driving force
for it to enter the membrane [37, 38]. To improve the low
detection limit of solid-contact electrodes, continuous
search for novel materials with specific properties, e.g. with
lower water uptake, is undertaken. Together with a detailed
protocol of measurements and solution handling, the deter-
mination of pollutants in real environmental samples with
this type of sensor may be very successful [39, 40]. Further-
more, disposable potentiometric sensors based on solid-
contact ISEs combined with solid-contact reference electro-
des were successfully developed and applied for trace anal-
ysis of lead in environmental samples [41].

The response at low concentration for many solid-contact
ISEs within first contact with primary ion (adequate for
unconditioned membranes) exhibit lower detection limit
which is then lost after prolonged contact with the analyte.
There is no comprehensive method to deal with this prob-
lem. Due to rigorous restrictions, there is a constant need for
the development of new sensors with low enough detection
limit to measure extremely low concentrations of analyte
[42, 43]. The objective of the present work is therefore to
develop a solid-contact ISE with renewable response at low
concentration of the analyte. For the solid-contact Pb2+-ISEs
studied in this work, polybenzopyrene doped with erio-
chrome black T was chosen as ion-to-electron transducer
due to its low hysteresis effect in a wide range of lead
activities and also to assure an additional driving force to
take up Pb2+ due to complex formation of lead (II) with
eriochrome black T [28]. The polybenzopyrene-based solid
contact was coated with a PVC-based membrane containing
Pb2+-selective ionophore. Our design of solid-state Pb2+-
selective electrodes together with a measurement protocol
assuring recovery of the low detection limit at the nano-
molar Pb2+ activity range are shown here for the very first
time.

Experimental

Reagents

Lead (II) nitrate (Pb(NO3)2), sodium tetrakis[3,5-bis-(tri-
fluoromethyl)phenyl]borate (NaTFPB), poly(vinyl chloride)
(PVC) high molecular weight and tetrahydrofuran (THF)
were obtained from Fluka (Buchs, Switzerland). Potassium
nitrate (KNO3), ethylenedinitrilo tetraacetic acid disodium
dehydrate (Na2EDTA) and eriochrome black T (EbT) were
obtained from Merck (Darmstadt, Germany). Benzo(a)pyr-
ene and acetonitrile were obtained from Sigma-Aldrich
(Steinheim, Germany). Nitric acid (HNO3), 65 %, was pur-
chased from Baker (Deventer, the Netherlands). Chemicals
were of analytical grade. Aqueous solutions were prepared
with freshly deionized water (18.2 MΩ cm) obtained with
the ELGA purelab ultra water system (High Wycombe,
UK).

Preparation of solid-contact ISEs

The polybenzopyrene films were polymerized on glassy
carbon by cycling the potential between 0 and 1.4 V in
acetonitrile solution containing 8 mmol dm−3 benzo(a)
pyrene and 10 mmol dm−3 eriochrome black T, as
described earlier [28]. The PVC-based membranes contained:
0.4 % (3.80 mmol kg−1) lead ionophore IV, 0.15 %
(1.69 mmol kg−1) NaTFPB, 62.3 % o-NPOE and 37.15 %
PVC (weight percent). Two hundred milligrams of membrane
components was dissolved in 2 mL of THF. When the surface
of the polybenzopyrene-based electrodes was visually water-
less (2 h after polymerization), the membrane cocktail was
applied by drop casting. Portions of 10 μL of the membrane
components were applied with a 10-min time delay (longer if
necessary, till the visual evaporation of the solvent) until a
final volume of 60 μL of cocktail per electrode. Subsequently,
the electrodes were left for overnight evaporation of the resid-
ual solvent. Three electrodes were prepared in the same
manner.

EMF measurements

For all cases, calibration of Pb2+-ISEs was done by auto-
matic dilution of a stock solution using two Metrohm Dos-
ino 700 instruments equipped with burets of 50-mL capacity
(Herisau, Switzerland). The pumps were programmed to
dilute the sample solution with freshly deionized water
(18.2 MΩ cm) every 30 min. In all potentiometric measure-
ments, a double-junction electrode Orion (Thermo Scientific
Environmental Instruments, Beverly, MA, USA) with
10−3 mol dm−3 KNO3│1 mol dm−3 KCl served as a refer-
ence electrode. Moreover, potentiometric measurements
were carried out in 100-mL disposable polystyrene beakers.
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Each beaker was soaked in 10−1 mol dm−3 HNO3 for 2 days
and washed with deionized water. Each solution was stored
no longer than 1 week. The data obtained were recorded
with an EMF16 Interface (Lawson Labs Inc., Malvern, PA,
USA). All experiments were performed at a room tempera-
ture (20–21 °C). The activity coefficients were calculated
according to the Debye–Hückel approximation. All the
EMF data were corrected for liquid junction potentials
according to the Henderson equation.

Low detection limit measurements

Lowering of the detection limit of solid-contact electrodes was
based on a rigorous protocol of concentration- and time-
dependent conditioning. To avoid contamination of the electro-
des, a concentrated solution of not more than 10−5 mol dm−3

was used. Prior to the first potentiometric measurements, the
electrodes were kept without contact to any solution. Before
the start of the measurement, all the electrodes were precondi-
tioned in 50 mL of 10−5 mol dm−3 Pb(NO3)2 for 20 min.
Subsequently, potentiometric measurement was run from
10−5 to 10−10 mol dm−3 Pb(NO3)2 (the solutions were based
on various concentrations of unbuffered: pure lead (II) nitrate
or lead(II) nitrate with constant background electrolyte of
10−3 mol dm−3 KNO3). For each concentration, the electrodes
were in the solution for 5 min, continuously stirred. After
5 min, the tenfold dilution of the solution was performed.
The whole procedure starting from preconditioning until the
final measurement in 10−10 mol dm−3 Pb2+ will be further
called conditioning cycle. Every measurement was performed
in the samemanner. Between themeasurements, the electrodes
were washed with deionized water and kept in a closed con-
tainer in contact with air. At the bottom of the container was
20 mL of deionized water. Evaporation of water moistened
membranes preventing them from drying and cracking. When
electrodes lost the desired low detection limit, they were kept
in the solution of 10−3 mol dm−3 of Na2EDTA (recovery
solution, pH04.9) for 24 h. Subsequently, the lower detection
limit was attained applying the procedure described above for
investigation of LDL.

Selectivity measurement

The separate solution method (SSM) was used to determine
unbiased selectivity coefficients for lead over the relevant
interfering ions. Three solid-contact Pb2+-selective electrodes
based on polybenzopyrene doped with eriochrome black T/
PVC membrane were first kept in 10−3 mol dm−3 Na2EDTA
solution for 24 h and subsequently washed with deionized
water. Then, the EMF was recorded in the following sequence
of cations: Ca2+, K+, Na+, Zn2+, Cd2+, Cu2+ and Pb2+. All used
salts were chlorides except nitrate salt for Pb2+. Additionally, to
obtain total free lead concentration, the lead nitrate solutions

contained a constant concentration of 10−4 mol dm−3 HNO3.
By introducing complexation constants of chlorides and
nitrates with each investigated interfering ion, the influence of
anion on free Pb2+ activity was used for slope calculations. The
slope of Pb2+-ISEs in lead (II) solutions and the potential of
Pb2+-ISEs in primary and interfering ion solutions (close to
Nernstian slope and assumption of a constant standard potential
of Pb2+-ISEs regardless the measuring solution) were used to
calculate selectivity coefficient. The uncertainties of selectivity
coefficients were obtained from the measurement done with
three identical electrodes.

Lead determination in synthetic sample

The lead determination was done in potentiometric mode with
two methods: direct measurement of lead in the sample and
single standard addition method. In both cases, the sample
consisted of pPb2+07.40+pKNO303. Before measurements,
the electrodes were in contact with 10−3 mol dm−3 Na2EDTA
solution for 24 h. Subsequently, calibration curves were
recorded according to the protocol for low detection limit
investigation (for solutions of various lead nitrate concentra-
tions with constant 10−3 mol dm−3 KNO3 as a background
electrolyte). The calibration procedure was repeated until
Nernstian response down to 10−8 mol dm−3 was obtained.
The electrodes were rinsed with deionized water and trans-
ferred to 50 mL of the sample, and EMF data were recorded
for 5 min while stirring. The obtained EMF data for two
electrodes were then compared to the previously obtained
calibration curve. The uncertainty was calculated from two
electrodes out of two measurements. For the single standard
addition method, the slope of the calibration curve was
obtained in the same manner as for direct determination of
Pb2+. The slope was used to calculate the concentration of lead
in the sample. The determination was done by adding a
volume (0.55 mL) of standard solution (10−4 Pb(NO3)2) to
50 mL of the sample. The EMF data were recorded for 5 min
while stirring. The lead concentration in the sample was
calculated from the slope of the calibration curve and the
potential difference after addition of the standard. Similarly,
the uncertainty was calculated from two electrodes out of two
measurements. The potentiometric measurements were com-
pared to the analysis of lead in the synthetic sample done with
Perkin Elmer Sciex Elan 6100 DRC plus inductively coupled
plasma–mass spectrometer (ICP–MS).

Results and discussion

Conditioning in Pb(NO3)2 solutions

The method described here, used to lower the detection limit
of solid-contact lead-selective electrode, is based on
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concentration- and time-dependent conditioning of the electro-
des. The renewable response is based on partially reversing the
flux of primary ions from the membrane to the solution. The
response of the solid-contact Pb2+-ISE after each conditioning
cycle (seven calibrations in total) is shown in Fig. 1. First, the
electrodes were kept without stirring in 10−5 mol dm−3 unbuf-
fered Pb(NO3)2 solution, then the experiment was run and data
were collected every 5 min for each concentration change. The
strict protocol of measurement was kept to ensure that the
changes of the response are due to the conditioning procedure.
To illustrate the changes in the response of ISEs, the calibration
curves were aligned from first to seventh conditioning cycle,
regardless the standard potential of ion-selective electrodes.
The first calibration curve exhibits super Nernstian response
between 10−6 and 10−8 mol dm−3 Pb2+. This effect is well
known for unconditioned membranes, where concentration of
analyte at the membrane–sample interface is depleted due to
faster uptake of ions inside of the membrane than transport
from the bulk of the solution to the membrane surface [14].
Gradually, with each conditioning cycle, the super Nernstian
response diminished resulting in Nernstian response after the
third conditioning cycle with slope of 30.9 mV dec−1 and
detection limit down to pPb2+08.7. However, the optimal
conditioning time to lower the detection limit was established
after the fourth cycle (in total 80 min conditioning in
10−5 mol dm−3 Pb2+) with slope of 26.6 mV dec−1 down to
pPb2+09.3. Further conditioning resulted in increase in detec-
tion limit, and finally, the LDL of Pb2+ ISE was established at
the approximately constant level reported for electrodes based
on lead ionophore IV (~10−7 mol dm−3 Pb2+) [44]. Loss of
sensitivity in the lowest concentration range can be attributed

to saturating ion-selective membrane (ISM) with Pb2+. When
ISM is in equilibriumwith lead ion in the solution, no lowering
of the detection limit may be observed. Reaching lower detec-
tion limit is possible only when the concentration of primary
ion in the ISM is optimized similarly as in the case of conven-
tional solvent polymeric membranes with an internal filling
solution [10, 12]. However, due to the lack of an inner filling
solution, the optimization of the response is done here by
repeating conditioning cycles.

Conditioning in 10−3 mol dm−3 Na2EDTA solution

When loss of sensitivity between 10−7 and 10−9 mol dm−3

Pb2+ occurred, the LDL recovery procedure was applied.
Electrodes were placed for 24 h in 10−3 mol dm−3 Na2EDTA.
Subsequently, before the measurement the electrodes were
washed five times with deionized water, left for 1 hour and
finally rinsed with deionized water and applied as previously
described in the calibration procedure based on conditioning
cycles. In Fig. 2, the response of solid-state Pb2+-ISE is
presented after renewing the response by partially reversing
the primary ion flux (from the membrane and solid-contact to
the recovery solution) and introducing sodium to the mem-
brane. By applying seven conditioning cycles, the low detec-
tion limit was investigated. After the first conditioning cycle,
the electrode exhibits super Nernstian response between 10−6

and 10−8 mol dm−3 Pb2+, similar to the case when the mem-
brane did not have any prior contact with primary ion before
the measurement. Soaking the electrode in 10−3 mol dm−3

Na2EDTA caused partial removal of accumulated lead from
the membrane, resulting in renewable response (driven by an
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Fig. 1 The response of solid-contact lead-selective electrode when ap-
plying conditioning cycles (seven conditioning cycles in total, responses
aligned and numbered from first to last). Measurements were done in
unbuffered solutions (from 10−5 to 10−10 mol dm−3 Pb(NO3)2)
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Fig. 2 The response of solid-contact lead-selective electrode when ap-
plying each conditioning cycle (seven conditioning cycles in total,
responses aligned and numbered from first to last). Measurements were
done in unbuffered solutions (from 10−5 to 10−10 mol dm−3 Pb(NO3)2)
after the recovery process was applied
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ion uptake) in the diluted solutions. By applying a ligand
(EDTA) which complexes strongly lead ion (stability con-

stants, logKPb;L
PbL ¼ 18:0 , logKPb;L

PbL2
¼ 2:9[45]) and simulta-

neously introduces Na+ to the membrane [33], a flux of Pb2+

from the membrane to the solution was achieved. The EDTA
is too large to enter the membrane, and any possible surface
accumulation of that component was washed off with deion-
ized water after soaking in the recovery solution; thus, the
response at nanomolar concentrations is attributed to the par-
tial removal of lead from the membrane/solid-contact layer.
The new established state of the membrane allows lowering
the detection limit to approximately pPb2+09 already after the
second conditioning cycle (retaining up to four conditioning
cycles), which indicates that only a small fraction of lead was
removed. From the sixth cycle, the LDL was established at
around 10−7 mol dm−3 Pb2+. The mechanism behind the
renewable response is schematically illustrated by the simpli-
fied concentration profiles in Fig. 3. When the membrane has
not been in contact with a primary ion, rapid uptake of Pb2+

occurs and the flux of Pb2+ is realized from the solution to the
membrane. An additional driving force for uptake of Pb2+

from the solution is realized by the ion-to-electron transducer
layer. In our case, the doping ion used for electrosynthesis of
the polybenzopyrene film was eriochrome black T which

strongly binds ionized lead ( logKPb;L
PbL ¼ 13:19[46]). It was

previously stated that eriochrome black T retains its complex-
ation properties toward lead inside the membrane [28]
(Fig. 3a). Subsequently, when the membrane is saturated with
Pb2+, the concentration of primary ion inside the membrane is
approximately constant. The driving force for lowering of the
detection limit is then eliminated; thus, no significant
improvements in the response at low concentrations are
obtained (Fig. 3b). Our approach to partially reverse the
Pb2+ flux creates possibility to renew the response at extreme-
ly low concentrations. By applying a strong complexing agent
in the solution that also may introduce Na+ to the membrane,
the flux of ions was reversed resulting in partial removal of
Pb2+ from the membrane as well as removal of all ionic

impurities and traces of lead by complexation with EDTA
(Fig. 3c). The process is effective enough to retain lower
detection limit up to a few measurements.

Conditioning in Pb(NO3)2 solutions+10
−3 mol dm−3 KNO3

background electrolyte

To this point, conditions were simplified to pure, unbuffered
solutions. However, measurements in environmental samples
are performed at higher ionic strength. Subsequently, the
influence of background electrolyte was investigated. After
the recovery process was applied to ISEs, the conditioning and
the response of the electrodes were investigated in solutions
consisting of various concentrations of Pb(NO3)2 and constant
concentration of 10−3 mol dm−3 KNO3. The results from the
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Fig. 3 Simplified concentration profiles for solid-contact (GC/polybenzopyrene(EbT)/PVC membrane) Pb2+-selective electrode for: a uncondi-
tioned membrane, b well-conditioned membrane and c when partially reversing primary ion flux by applying recovery process
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Fig. 4 The response of solid-contact lead-selective electrode when
applying each conditioning cycle (four conditioning cycles in total,
responses aligned and numbered from first to last). Measurements were
done in unbuffered solutions (from 10−5 to 10−10 mol dm−3 Pb(NO3)2
with constant background electrolyte 10−3 mol dm−3 KNO3) after the
recovery process was applied
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conditioning procedure are shown in Fig. 4. As previously
shown, the first conditioning cycle resulted in super Nernstian
response between 10−6 and 10−8 mol dm−3 Pb2+.With the next
two conditioning cycles, the linearization of the response
occurred down to pPb2+~8. Further conditioning cycles neg-
atively influenced the response at the lowest concentrations.
By introducing the background electrolyte, the lower detec-
tion limit was one order of magnitude higher in comparison to
pure lead (II) nitrate solutions. The change in LDL is primarily
dictated by the selectivity coefficient for Pb2+ over K+ for

Pb2+-ISEs ( logKpot
Pb2þ;Kþ ¼ �5:7� 0:6 ). Nevertheless, the

useful concentration range was broad enough to consider the
sensor in measurements of lead in diluted samples. Figure 5

presents changes of standard potential at open circuit in
10−5 mol dm−3 Pb2+ after each conditioning cycle: (a) for
pure, unbuffered solutions of lead (II) nitrate and (b) for lead
(II) nitrate with constant potassium nitrate background elec-
trolyte (including up to four recovery cycles). After the second
cycle when the electrode was first time in contact with Pb2+,
the potential at pPb2+05 significantly dropped. With the next
cycles, the potential gradually increased to an approximately
constant value when no effect of lowering of the detection
limit was anymore observed (Fig. 5a, black squares). It is clear
that unconditioned membranes exhibit deviation in standard
potential, and only when the membrane is well conditioned is
the E° ought to be stable. After the recovery process in pure
solution, irregular deviation of potential at pPb2+05 was ob-
served. It can be attributed to the exchange of Na+ that has
accumulated in the PVC membrane during the recovery pro-
cess to Pb2+ from the solution. However, more interesting is the
fact that after the fifth cycle, the potential of the electrode was
established to be approximately the same potential as in the
previous case (Fig. 5a, black circles). It indicates that the
membrane was again well conditioned and showed no lower-
ing of the detection limit. Figure 5b presents consecutive meas-
urements consisting of conditioning cycles to obtain response
at low concentrations (LDL~10−8 mol dm−3 Pb2+). When the
response was lost at the lowest concentration of Pb2+, the
recovery process was applied, and the measurement was run
again (four in total). Although with each recovery process an
upward change of E° was observed, the standard potential of
the electrodes when reaching the desired low detection limit
within one measurement was not significantly changing, last-
ing for at least two conditioning cycles. From three consecutive
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lead (II) nitrate (black squares first contact with lead solutions and
black circles after the recovery process) and b for lead (II) nitrate with
constant potassium nitrate background electrolyte (including up to four
recovery cycles called calibration1, cal.2, cal.3, cal.4; vertical lines
are as an indication of performed recovery process)
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unbuffered solutions of Pb(NO3)2 after the recovery process and black
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measurements, the standard potential shift between two cali-
bration procedures based on concentration- and time-
dependent conditioning was determined to be 1.1±0.6 mV.
This allowed preparation of the calibration curve and immedi-
ate analysis of the sample. The effects of conditioning of the
ion-selective membrane on the low detection limit are

summarized in Fig. 6. Obtaining a low detection limit by
controlled conditioning of the membrane depends not only on
the membrane but also on the conditioning solution. When
using solutions with higher ionic strength, the lower detection
limit was obtained faster, but it lasted shorter than in the case of
pure solutions of Pb(NO3)2. Nevertheless, the system is limited
by concentration and time of conditioning, and the lowering of
the detection limit was obtained only for unconditioned mem-
branes. When membranes were saturated with Pb2+, the sensi-
tivity toward primary ion was much worse. All the LDLs and
slope values calculated from measurements done using the
conditioning protocol are collected in Table 1.

Table 1 Low detection limits (LDL) and slopes of the responses of solid-
contact Pb2+-ISEs when applying conditioning protocol to lower the de-
tection limit (three cases investigated: pure, unbuffered solutions of Pb
(NO3)2 (first time in contact with primary ion), pure, unbuffered solutions
of Pb(NO3)2 after recovery process and unbuffered solutions of Pb(NO3)2
with constant background electrolyte 10−3 mol dm−3 KNO3

No. LDL/ log aPb2þ Slope/mV dec−1

Pure, unbuffered Pb(NO3)2 solutions (Fig. 1)

1a −6.5 20.7

2a −7.6 25.5

3 −8.7 30.9

4 −9.3 26.6

5 −8.0 28.1

6 −7.7 27.1

7 −7.6 26.1

After recovery process (Fig. 2)

1a −6.8 24.7

2 −10.0 27.7

3 −9.0 26.5

4 −8.9 26.9

5 −9.2 26.2

6 −7.3 26.6

7 −7.2 26.0

Unbuffered Pb(NO3)2 solutions, const. 10
−3 mol dm−3 KNO3 (Fig. 4)

1a −6.8 25.7

2a −8.2 33.0

3 −8.4 27.5

4 −7.1 22.5

a Super Nernstian response occurred

Table 2 Observed electrode slopes and selectivity coefficient obtained
according to separate solution method for solid-contact Pb2+-ISE; the
slope between log aPb(II) 2.3 and 4.0 was 29.2±1.9 mV dec−1 (the
standard deviation from the measurement was obtained from three iden-
tical electrodes)

j Slope/mV dec−1 log aj range
for slope calculation

logKpot
Pb2þ;j

Ca2+ 30.5±1.3 1.5–3.1 −4.9±0.9

K+ 42.6±0.7 1.1–3.0 −5.7±0.6

Na+ 33.9±0.7 1.1–3.0 −5.4±0.5

Zn2+ 27.1±1.6 2.3–4.0 −7.4±0.7

Cd2+ 26.1±1.0 2.3–4.0 −3.0±0.3

Cu2+ 26.8±0.6 2.3–4.0 −2.5±0.4
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contact lead-selective electrodes: a direct ionized lead determination
from Pb2+ calibration curve and b single standard addition method
(SAM), where E1(cx) potential of the solid-contact electrode in the
synthetic sample, E2(cx +Δc) potential of the solid-state electrode after
standard addition, cstd concentration of the standard solution, Vs vol-
ume of the sample, Vstd volume of the standard. Insert: Pb2+ calibration
curve done prior to the determination, slope used to calculate ionized
lead concentration in the synthetic sample

J Solid State Electrochem (2012) 16:2983–2991 2989



Selectivity and synthetic sample analysis with ISEs
validated by ICP–MS

When considering measurements in the samples, it is im-
portant that the membrane exhibits high selectivity toward
the primary ion. The selectivity for solid-contact electrodes
was determined using SSM and presented as selectivity
coefficients in Table 2. Significantly better selectivity coef-
ficients for Pb2+ over K+, Na+ and Zn2+ were attained than
in the previously inspected conventional type of Pb2+-ISEs
based on lead ionophore IV [47]. Moreover, the obtained
selectivity indicates that the electrodes are more selective
to lead than to any of the inspected interfering ions. Togeth-
er with the small shifts of E°, it indicates possibility to
apply this sensor in the determination of lead in various
samples. The analysis of the synthetic Pb2+ sample (4.0×
10−8 mol dm−3 Pb(NO3)2 with 10−3 mol dm−3 KNO3) was
performed. The analysis was done at non-equilibrium con-
ditions by two potentiometric methods: direct determination
taking readout from the calibration curve (Fig. 7a) and the
single standard addition method (Fig. 7b). The results were
validated by ICP–MS. Taking into account that the synthetic
sample was indeed within the analytical range of the elec-
trode and the selectivity of Pb2+-ISEs was sufficient enough,
after the recovery process the determination could be per-
formed. When applying the conditioning-based calibration,
solid-contact lead-selective electrodes obeyed the Nernst
equation down to pPb2+08 with a slope 30.5 mV dec−1.
Subsequently, electrodes were immersed in synthetic sample
solution and the potential readout after 5 min while stirring
was used to calculate the activity of Pb2+ in the synthetic
sample. The uncertainty was calculated for two electrodes
out of two measurements. The Pb2+ activity was determined
to be pPb2+07.64±0.11. Additionally, the single standard
addition method was performed. This method has signifi-
cant advantages, e.g. elimination of standard potential of the
electrode (E°) [48]. As it was reported, E° of the solid-state
Pb2+-selective electrode shifts with every measurement;
thus, the application of this method is convincingly justified.
Knowing the slope of the calibration curve (newly prepared
calibration curve, 31.0 mV dec−1) and that the concentration
of the synthetic sample was within the response range of the
electrode, the determination was performed. The EMF of the
electrode was measured in 50 mL of the sample (stirred
solution), and the potential readout (E1(cx)) was taken after
5 min. When adding 0.55 mL (Vstd) of 8.7×10

−5 mol dm−3

Pb(NO3)2 (cstd) to 50 mL (Vs) of synthetic sample, the EMF
data were recorded (stirred solution) for another 5 min
(E2(cx+Δc)). Knowing the slope of the Pb2+-calibration
curve (sPb(II)), volume (Vs+Vstd) and concentration of Pb2+

standard solution, and the potential difference (ΔE) after
addition of standard solution, the Pb2+ activity in the syn-
thetic sample was calculated. The uncertainty was obtained

for two electrodes out of two measurements. The Pb2+

activity was determined to be pPb2+07.27±0.07. The activ-
ity of lead in the synthetic sample done in potentiometric
modes was compared with inductively coupled plasma–
mass spectrometry. The value of the total lead concentration
obtained by ICP–MS measurement was pPb07.34. Although
the determination was performed at non-equilibrium con-
ditions, the single standard addition method was performed
with satisfactory accuracy in comparison to the ICP–MS
analysis.

Conclusions

The renewable response was obtained with solid-contact
Pb2+-ISEs by using a strict protocol of electrode condition-
ing allowing determination of concentrations which are not
usually reachable for ISEs without any modifications. To-
gether with the measurement protocol, the solid-state design
of the electrode allowed partially reversing the ion flux
(from the membrane to the recovery solution) which
resulted in renewable response at extremely low concentra-
tions of primary ion. By applying a fairly diluted condition-
ing solution containing Na2EDTA, the release of Pb

2+ from
the membrane was possible (recovery process). Additional-
ly, solid-contact lead-selective electrodes based on polyben-
zopyrene doped with eriochrome black T and PVC
membrane (lead ionophore IV) were successfully applied
in the determination of Pb2+ in synthetic sample and favour-
ably compared to analysis done with ICP–MS. The result
obtained for single standard addition method was closer to
the assumed value of concentration when preparing the
sample as well as when measuring with ICP–MS. Although
the result obtained during direct determination did not differ
much from the one obtained with ICP–MS, a more reliable
way when measuring with solid-contact Pb2+-electrode is to
apply single standard addition method to eliminate any
possible drift in E°. The parameters of the membrane,
e.g. thickness, membrane composition (ionophore, iono-
phore–ionic additive ratio, polymeric material, plasticiz-
er), as well as the protocol of the measurement (time
exposure and composition of conditioning and recovery sol-
utions), may be adjusted for the specific needs of the particular
determination.
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