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Abstract
All-solid-state electrodes are increasingly being used in clinical, industrial and environmental analysis. This wide
range of applications requires deep theoretical description of such electrodes. This work concentrates on the devel-
opment of a numerical tool for the qualitative prediction of electrochemical behaviour for solid-contact ion-selec-
tive electrodes at low analyte concentrations. For this purpose, a general approach to the description of electro-dif-
fusion processes, namely the Nernst-Planck-Poisson (NPP) model, was applied. The results obtained from this
model are verified by experimental data of lead(II)-selective electrodes based on a polymeric PVC membrane with
polybenzopyrene doped with Eriochrome Black T used as the solid contact.
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1 Introduction

Owing to several advantages, potentiometric sensors are
broadly used in clinical and environmental analysis. In-
strumentation and sensors are relatively cheaper and
more user-friendly than other analytical techniques.
Moreover, the potentiometric measurements do not
change the sample�s chemical composition [1].

The aspect of lowering of the detection limit of ion-selec-
tive electrodes (ISEs) has been an issue of interest for all
types of potentiometric sensors. The first trials were per-
formed with solid-state membrane electrodes [2–4]. Later,
electrodes with polymeric membranes and inner filling so-
lution were used [5,6]. More recently, solid-contact ion-se-
lective electrodes (SC ISEs) with polymer membranes were
applied [7–10]. In the latter electrodes, the inner filling so-
lution is deliberately replaced with an intermediate layer
between electrically conducting substrate and the solvent
polymeric membrane [11]. The materials frequently used
for this purpose are conducting polymers (CPs). Owing to
their mixed conductivity, CPs serve as the elements that un-
block faradaic charge transfer at the contact interfaces and
thus adequately act as ion-to-electron transducers [12–14].
Applications of various conducting polymers as the SCs are
extensively presented in the literature. Among them the
most popular are: polypyrrole (PPy), poly(3-octyltiophene)
(PEDOT) and polyaniline (PANI) [15]. In respect of lower-

ing the detection limit, the removal of inner filling solution
may bring advantages in reducing transmembrane ion
fluxes from the inner compartment to the sample solution
as well as allowing miniaturization [7,16].

Much effort is being put into developing a sensor
which would operate at nanomolar concentrations. In par-
ticular, the determination of heavy metals is one of the
major interests [17–19].

Understanding the processes involved in the response
of ISEs at low analyte concentration is crucial in environ-
mental analysis. Theoretical modelling brings new insight
into those processes. Ideally, a tool which would predict
the behaviour of a particular system is needed.

There are many models describing the response of
ISEs, but they differ in generality and idealization level.
Among them, the Nernst-Planck-Poisson (NPP) model
offers the most complete and universal description of
membranes and related systems [1].

Since the first application of the NPP model to mem-
brane electrochemistry was presented in 1978 [20], an ap-
proach dedicated to the general description of ISE behav-
iour was developed [21–25]. In the mentioned papers, the
authors describe the ISE potential as the effects of diffu-
sion and migration taking place only in an ion-selective
membrane.

The extension of the NPP model to a two-layer system
made it possible to simulate the processes occurring in
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the diffusion layer, and as a result to show the effects of
low detection limit (LDL) [26]. All the mentioned papers
provide descriptions of the classical electrodes containing
inner filling solution.

Currently the increased usage of solid-contact ion-selec-
tive electrodes creates the necessity of a proper theoretical
description of such systems. This work is the first attempt
at such a description to be presented in the literature.

2 Theoretical Description of ISE

2.1 Available Models

The models used for the description of ISEs may be roughly
divided into three categories: 1) phase boundary models, 2)
diffusion layer models, and 3) models including migration.
They can also be divided into time-dependent and time-in-
dependent (equilibrium and steady-state) models [1,27].

The simplest models, such as the Nikolskii-Eisenman
equation are insufficient to describe the presented
system, and therefore more advanced modelling has to be
used. In our recent work [26] all models suitable for the
proper description of the time-dependent potential for-
mation of the classical electrodes at low analyte concen-
tration have been presented.

The case considered in this work is more complicated,
as not only concentration and electrical field profiles
inside the membrane and the diffusion layer determine
the resulting potential, but also the properties of CP (as
a separate phase) and concentration/field changes inside
it have to be taken into account.

The complexity of presented system requires advance
modelling, and makes the usage of the simple models
(still applicable for classical ISE) impossible. Therefore,
a multi-layer NPP model has to be applied.

2.2 Multilayer NPP Model

In the case of ISE using the CP, the time-dependent po-
tential is the effect of concentration/field changes inside

the diffusion layer, ion-selective membrane and conduc-
tive polymer.

Even though the NPP model for an arbitrary number
of layers was developed and implemented in C+ + [28],
as well as in MathCad [29] and Matlab [30] scripts, no
systems with more than 2 layers have been analyzed so
far.

In this work we consider the system which consists of
three layers – the first representing the diffusion layer of
aqueous solution, the second representing the ion-selec-
tive membrane and the third that represents the conduct-
ing polymer. Each layer has its own thickness dj and die-
lectric permittivity ej, is flat and isotropic, so it can be
considered as a continuous environment inside which the
change in time and space of the concentration of r com-
ponents ci

j and of electric field Ej takes place. This system
is presented in Figure 1.

The NPP model is an initial-boundary value problem,
which for one dimension is given by the set of equations
shown below.

The ionic fluxes are expressed by the Nernst-Planck
equation:

Jj
iðt; xÞ ¼ �Dj

i

@cj
iðt; xÞ
@x

þ F
RT

zic
j
iðt; xÞEjðt; xÞ

� �
ð1Þ

where: Ji
j(t,x) is the flux of the i-th ion in the j-th layer,

Di
j is the constant self-diffusion coefficient of the i-th ion

in the j-th layer, ci
j(t,x) is the concentration of i-th ion in

the j-th layer, zi the valence of i-th ion, and Ej(t,x) is the
electric field in the j-th layer. F is the Faraday constant, R
and T denote the gas constant and absolute temperature.

The mass conservation law describes the evolution of
concentrations:

@cj
iðt; xÞ
@t

¼ � @Jj
iðt; xÞ
@x

ð2Þ

In this work, the Poisson equation is replaced by its
equivalent form, the total current equation:

Fig. 1. Scheme of a 3-layer system, where a1 represents the diffusion layer in external solution (sample), a2 is the ion-selective mem-
brane and a3 is the solid contact (here: conductive polymer). ciL is the constant concentration of the i-th component in the bulk of the
sample solution.
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IðtÞ ¼ F
Xn

i

ziJ
j
iðt; xÞ þ ej @Ejðt; xÞ

@t ð3Þ

The values of fluxes at the boundaries (the interface lj

between layers aj and aj +1) are calculated using Neu-
mann-like boundary conditions, namely modified Chang–
Jaffe conditions in the form:

Jj
iðlj; tÞ ¼ Jjþ1

i ðlj; tÞ ¼ kilj

�!
cj

iðlj; tÞ � kilj

 �
cjþ1

i ðlj; tÞ ð4Þ

where kilj

�!
; kilj

 �
are the first-order heterogeneous rate con-

stants used to describe the interfacial kinetics. The kilj

�!
constant corresponds to the ion i, which moves from layer

aj to aj+ 1, and kilj

 �
– to the ion i, which moves from aj +

1 to aj.
Initial concentrations fulfil the electroneutrality condi-

tion and, consequently, there is no initial space charge in
the system:

cj
ið0; xÞ ¼ cj

MiðxÞ; Ejð0; xÞ ¼ 0 for x 2 0;
X3

j¼1

dj

" #
ð5Þ

The membrane potential, f(t), is obviously given by:

� tð Þ ¼ �
Zd1

0

E1ðt; xÞdx�
Zd2

d1

E2ðt; xÞdx�
Zd3

d2

E3ðt; xÞdx ð6Þ

2.3 Numerical Experiment

The numerical experiment was performed in order to de-
scribe the conditions used also in the experimental part,
and consists of the following steps:

1) conditioning of the electrode in 10�3 moldm�3 solution
of Pb(NO3)2 for 20 minutes,

2) making a calibration curve in 10�3 moldm�3 down to
10�10 mol dm�3 solutions of Pb(NO3)2,

3) repeating steps 1 and 2.

The numerical experiment was performed for three
layers. The first layer, with a thickness d1 =100 mm, repre-
sents the water diffusion layer in sample solution, the
second (d2 =35 mm) represents the membrane, and the
third one (d2 =2 mm) represents the conducting polymer.
The dielectric permittivities were assumed to be e1 =
7.08� 10�10 Fm�1 and e2 =e3 =2.12� 10�10 Fm�1, respec-
tively. The temperature was set to T=298.16 K and the
measurement time was set to 300 s for each point of the
calibration curve.

NPP simulations were performed for a system contain-
ing five different ions, using the parameters shown in
Table 1. The number of discretization points was set to
N1 =60, N2 =100, and N3 =60 and the first step of space
discretization was set to 10�11 m.

The calculations were made on an IBM PC with an
Intel Core2 Duo (2.2 GHz) processor and 4 GB RAM
under Windows XP SP3.

3 Experimental

3.1 Reagents

Lead(II) nitrate (Pb(NO3)2), lead ionophore IV, sodium
tetrakis(4-fluorophenyl)borate (NaTFPB), tetrahydrofur-
an (THF), and poly(vinyl chloride) (PVC) high molecular
weight were obtained from Fluka (Buchs, Switzerland).
Potassium nitrate (KNO3) and eriochrome black T (EbT)
were obtained from Merck (Darmstadt, Germany). Ben-
zo(a)pyrene, tetracyanoquinodimethane and acetonitrile
(ACN) were obtained from Sigma-Aldrich (Steinheim,
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Table 1. Ion properties used for calculations (concentrations in moldm�3 and all other values in SI units). R� is used to represent
three different ions (as they do not move between phases): NO3

� in a1, anionic site in a2, and eriochrome black T in a3. X2+ represents
various bivalent impurities.

i zi Di
1 Di

2 Di
3 ciL ciM

1 ciM
2 ciM

3 ciR

(�10�9) (�10�12) [a] (�10�14) [a]

Pb2+ +2 0.46 1.0 1.0 [b] 10�3 0 0 0
Na+ +1 1.33 1.0 1.0 10�7 10�7 1.6 � 10�3 0 0
NO3

� �1 1.90 1.0 1.0 2 [b] 2� 10�3 0 0 0
R� �1 5.03 1.0 1.0 0 0 1.6 � 10�3 0 0
X2+ +2 0.79 1.0 1.0 10�9 10�9 0 0 0

i ~kil0
~kil1

~kil2
~kil3

k
 

il0
k
 

il1
k
 

il2
k
 

il3

Pb2+ 0.01 0.01 0.01 0 0.01 0.01 0.01 0
Na+ 0.01 10�6 0.01 0 0.01 0.01 10�6 0
NO3

� 0.01 10�6 0.01 0 0.01 0.01 10�6 0
R� 0 0 0 0 0 0 0 0
X2+ 0.01 10�6 0.01 0 0.01 0.01 10�6 0

[a] Typical order of magnitude for diffusion coefficients for the membrane [e.g. 31] and for conducting polymer [e.g. 32] are used. [b]
calibration curves made for 10�3 down to 10�10 mol dm�3.
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Germany). The chemicals were of analytical grade. Aque-
ous solutions were prepared with freshly deionized water
(18.2 MW cm) obtained with the ELGA purelab ultra
water system (High Wycombe, United Kingdom).

3.2 Preparation of Conducting Polymer

The polybenzopyrene (PBP) films were made by poten-
tial cycling using an Autolab PGSTAT 100 instrument
controlled by General Purpose Electrochemical System
(GPES) software. In the three-electrode system, the
glassy carbon was the working electrode (WE), coiled
platinum wire was the counter electrode (CE), and
a silver wire coated with AgCl was used as the quasi-ref-
erence electrode (RE). The reference electrode was cali-
brated with tetracyanoquinodimethane in ACN (Eredox =
�0.032 V). The surface of the WE was finally polished
before using with Al2O3 powder (0.03 mm). Electrosynthe-
sis of the PBP films was conducted in 10 mM EbT-ACN
solution with 8 mM monomer concentration at 20 mVs�1

scan rate in the potential range from 0 to 1.4 V. All stud-
ied electrodes were made within 15 potential cycles. After
deposition of polybenzopyrene, the films were washed
with deionized water and left for the residual water to
evaporate.

3.3 Preparation of ISE

The PVC-based membranes contained 0.4 % lead ion-
phore IV, 0.15% NaTFPB, 62.3% o-NPOE, nad 37.15 %
PVC (weight %). A total of 200 mg of membrane compo-
nents were dissolved in 2 mL of THF. When the surface
of the polybenzopyrene-based electrodes was visually wa-
terless, the membrane cocktail was applied. Portions of
10 mL of the membrane components were applied with
10 minutes’ time delay (longer if necessary, until the
visual evaporation of the solvent). The final volume was
30 mL. Subsequently, the electrodes were left for over-
night evaporation of the residual solvent.

3.4 Potentiometric Measurements

A solid-contact Pb2+ selective electrode based on poly-
benzopyrene doped with Eriochrome Black T/PVC mem-
brane served as the indicator electrode. A double-junc-
tion electrode, Orion (Thermo Scientific–Environmental
Instruments, Beverly, MA, USA) with 10�3 moldm�3

KNO3 j1 mol dm�3 KCl served as a reference electrode.
Potentiometric measurements were carried out in 100 ml
disposable polystyrene beakers. Each beaker was soaked
in 10�1 moldm�3 HNO3 for two days and was washed
with deionized water. Before the potentiometric measure-
ment, the electrode was kept dry. Then, just before the
start of the measurement the electrode was precondi-
tioned in 50 mL of 10�3 moldm�3 Pb(NO3)2 for 20 mi-
nutes. Subsequently, the calibration of Pb2+-selective ISE
was done by automatic dilution using two Metrohm
Dosino 700 instruments equipped with burets of 50 mL

capacity (Metrohm, Herisau, Switzerland). The pumps
were programmed to dilute the sample solution with
freshly deionized water (18.2 MW·cm) every 5 minutes.
Between the measurements, the electrode was washed
with deionized water and kept dry in a closed container.
The obtained data was recorded with an EMF16 Interface
from Lawson Labs Inc., (Malvern, PA, USA). All experi-
ments were performed at room temperature (20 �21 8C).
The activity coefficients were calculated according to the
Debye–H�ckel approximation. All the EMF data were
corrected for liquid-junction potentials according to the
Henderson equation.

4 Results and Discussion

Conducting polymer film made of polybenzopyrene
doped with Eriochrome Black T (EbT) can serve as
lead(II)-sensitive film [33]. By applying a PVC-based
membrane on the top of Eriochrome Black T film the en-
hancement in selectivity toward Pb2+ was achieved [34].
The presence of lead(II) complexing EbT in the CP film
(log KPbL =13.19 for Pb(EbT) [35]) gives additional driv-
ing force for the uptake of Pb2+ ions from the solution
through the PVC membrane into the conducting polymer
film.

4.1 Numerical Results

It could be expected that the conditioning in the solution
containing Pb2+ would result in the influx of these ions to
the conductive polymer. This process would exert a signifi-
cant influence on the properties of the electrode and its
response, especially the detection limit.

After the first conditioning, only a small amount of
Pb2 + is present in the conductive polymer phase. The
concentration of Pb2 +, which enters the CP (calculated asR d3

d2
cðt; xÞdx divided by layer width) during the first condi-

tioning, was calculated to be 1.58 �10�10 moldm�3. In this
case, super-Nernstian response is observed (bottom curve
in Figure 2). This situation is analogous to the case of
classical electrodes with the low concentration of main
ion in the inner solution [5,26].

After the second conditioning, more Pb2 + is present in
the CP phase, which leads to an almost ideal Nernstian
response with very low detection limit. The concentration
of Pb2+ in the CP after the second conditioning was cal-
culated to be 1.27 �10�7 moldm�3. This is analogous to
the case of the classical electrode with optimal main ion
concentration in the inner solution.

After the third conditioning, even more Pb2 + is present
in the CP phase, which leads to a deterioration of the
Nernstian response. The concentration of Pb2+ in the CP
after the third conditioning was calculated to be 2.10 �
10�6 moldm�3. This is analogous to the case of the classi-
cal electrode with a high main ion concentration in the
inner solution.
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The increase in the concentrations of all the ions inside
the conducting polymer is shown in Figure 3.

An interesting comparison between the NPP model
and Nikolskii–Eisenman (NE) equation is presented in
Figure 4. The concentrations obtained from NPP were
used in the NE equation in two different ways: NE1)
concentrations at the membrane boundaries, NE2)R d1

0 cðt; xÞdx divided by the diffusion layer width
and

R d3
d2

cðt; xÞdx divided by the width of the conducting
polymer.

The Nikolskii–Eisenman equation belongs to total
equilibrium models. They are far more idealized and less
general than the NPP Model (as described in detail in
[1]). As has already been said by Nikolskii, his model “in-
volves some difficulties, for in this case one deals with
thermodynamically undefined variables, interface poten-
tial differences, diffusion potentials, and activities of
single ions” [36]. Therefore, potential calculated using the
NE equation, even based on concentrations obtained
from NPP model, does not correspond well to both calcu-

lated by NPP and measured experimentally (Figure 6) es-
pecially in the low detection limit regime.

Although the experimental measurement was, for sim-
plicity, performed in the absence of interfering ion, the in-
fluence of the interfering ion concentration is of interest
for real sample measurement. The numerical experiment
has been repeated with different values of the concentra-
tion of X2+ as an interfering ion. As shown in Figure 5,
the increase in the concentration of interfering ion has
the influence on the calibration curve obtained after the
first conditioning, causing the decrease of super-Nernstian
jump without the influence on the detection limit. For the
curves obtained after the second and the third condition-
ing it worsens the detection limit. Further increase of the
value of the interfering ion concentration, after the disap-
pearance of super-Nernstian response, causes the deterio-
ration of the detection limit for all three curves.

4.2 Experimental Results

The analytical response of SC Pb2+-ISE is presented in
Figure 4. Before the calibration, the electrode was pre-
conditioned in 10�3 mol dm�3 of primary ion (Pb(NO3)2)
for 20 minutes. The preconditioning took place before
every calibration, while in between the electrodes were
kept dry. In this way, all changes in the response of the
electrodes may be attributed to the conditioning and cali-
bration. The first calibration shows a linear response
down to approximately 10�7 moldm�3 Pb2+ with a slope
of 30.2 mV dec�1. Between 10�7 and 10�8 moldm�3 Pb2 +

a super-Nernstian response occurred. After another two
conditioning procedures the super-Nernstian response dis-
appeared (LDL ~ 10�7 moldm�3 Pb2+) with Nernstian
slope attained (around 28.5–30.5 mV dec�1). From the ob-
tained results it can be concluded that the conditioning
strongly affects the detection limit, while the Nernstian
response within the linear part of each calibration curve
is not affected. It is worth mentioning that, since the ion-
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Fig. 2. Calibration curves for ISE, with CP as the solid contact,
obtained from the numerical experiment.

Fig. 3. The average concentrations of ions in the polymer
matrix (calculated as

R d3
d2

cðt; xÞdx divided by layer width).

Fig. 4. Calibration curves for ISE after the first conditioning.
Comparison between the NPP model and NE equation.
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selective membranes are unconditioned the E8 is con-
stantly changing (for comparison all the curves were
brought to one potential at 10�3 moldm�3 Pb2+). A short
conditioning was deliberately applied to show the differ-
ences in response of the ion-selective membranes at un-
conditioned and well-conditioned states. When electrodes
have not been sufficiently long in contact with the pri-
mary ion, the detection limit is lower due to the gradient
of Pb2+ from the solution to unconditioned membrane.
As soon as the membranes get saturated the typical de-
tection limit is observed.

4.3 Comparison of the Results

The preparation of the ISE with CP has to be followed
by the conditioning process. During conditioning in the
solution of primary ion, this ion is transported through
the ion-selective membrane and accumulated in the poly-
mer matrix. The amount of the ion accumulated inside
the CP strongly depends, among other parameters, on the
time of the conditioning.

The potentiometric response of the ISE depends on the
amount of primary ion accumulated in the CP in the

same way as the response of classical electrode depends
on the amount of primary ion in the inner filling solution.

After the short time of conditioning, a small amount of
primary ion is accumulated in the CP matrix, which leads
to a super-Nernstian response of ISE. After longer condi-
tioning, the amount of ion accumulated in the matrix is
higher and this leads to the classical type of response.

The theoretical (Figure 2) and experimental (Figure 6)
results show the qualitative agreement. The CP enrich-
ment process is shown by the theory and indicated by the
experiment. The time of conditioning is the parameter
which obviously has the biggest influence on this process,
and therefore on the amount of primary ion accumulated
in the CP matrix.

Both the theoretical and experimental results show
that, for the presented system, the calibration curves have
the following characteristics:

– after first conditioning – the super-Nernstian response,
– after the second – Nernstian response with lower de-

tection limit,
– and after the third – Nernstian response with higher

detection limit.
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Fig. 5. Calibration curves for ISE, with CP as the solid contact, obtained from the numerical experiment with different values of in-
terfering ion concentration, indicated in the left upper corner of each plot.
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The detection limit obtained in the experiment corre-
sponds well with the one obtained from the simulations.
The super-Nernstian jump is smaller than the one ob-
tained from the calculations. The difference between the
experiment and calculations is caused by the fact that
many of the parameters of the system are unknown, and
the values used in the numerical experiments are estimat-
ed. Because the parameters are inter-connected, it is very
difficult and time-consuming to find the proper/optimal
set of parameters by trial and error method. The quanti-
tative agreement can be obtained by using the stochastic
methods to search for the optimal parameters. One of
such method, namely Hierarchical Genetic Strategy
(HGS), has been already combined with the NPP model
and presented in [37,38].

4 Conclusions

All-solid-state ISEs with conducting polymer are ana-
lyzed. The theoretical description of the response of all-
solid-state electrodes is presented using a multilayer NPP
model. The numerical experiments show the enrichment
of the polymer matrix with the primary ion. This process
is strongly dependent on the time of conditioning.

A lead(II)-selective electrode based on solvent PVC
membrane with polybenzopyrene doped with eriochrome
black T as intermediate layer was prepared in order to
verify the numerical experiment.

A qualitative agreement of the theoretical and experi-
mental results is observed. Both types of these results
show the process of enriching the polymer with the main
ion, which leads to the changes in the detection limit and
slope. This text delivers the first consistent interpretation
of the responses of solid-contact ion-selective electrodes
with polymer membranes.
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