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Abstract The development of Cu(II) solid-contact ion-
selective electrodes, based on 1,2-di-(o-salicylaldiminophe-
nylthio)ethane as a neutral carrier, is presented. For the
electrodes construction, unmodified carbon ink (type 1
electrode) and polymer membrane-modified carbon ink
(type 2 electrode) were used as solid support and transducer
layer. Also, carbon ink composite polymer membrane
electrode (type 3 electrode) was prepared. The analytical
performance of the electrodes was evaluated with potenti-
ometry, while bulk and interfacial electrode features were
provided with electrochemical impedance spectroscopy. It
is shown that modification of carbon ink with polymer
membrane cocktail decreases the bulk contact resistance of
the transducer layer and polymer membrane, thus enhanc-
ing the analytical performance of the electrode in terms of
sensitivity, linear range, and stability of potential. The
optimized electrodes of types 2 and 3 exhibit a wide linear
range with detection limits of 1.8×10−6 and 1.6×10−6 M,
respectively. They are suitable for determination of Cu2+ in
analytical measurements by direct potentiometry and in
potentiometric titrations, within pH between 2.3 and 6.5.
The electrodes are selective for Cu2+ over a large number of
tested transition and heavy metal ions.
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Introduction

Ion-selective electrodes (ISEs) are established tools that are
capable of determining the activities of many analytes [1].

The new generation of ion-selective electrodes with
internal solid contact has attracted much attention in the
past decade due to their important advantages over
conventional ISEs with internal solution [2].

In their original design [3, 4], a Pt wire was coated with
a polymer membrane of usual composition. However, there
were notable problems associated with the drift and
overshoot of the standard potential, which have been
mainly attributed to the lack of a thermodynamically well-
defined electrochemical interface between the membrane
and solid contact. To overcome these problems, adding an
appropriate redox-active component in the membrane, such
as a lipophilic silver complex [5], or use of conductive
polymers as a contact between the solid support and
membrane [6–10] was suggested.

Also, conductive polymers doped with redox-active
species (e.g., hexacyanoferrate (II, III) ions) as ion-to-
electron transducers have been used [11]. Furthermore,
various intermediate layers have been described, including
hydrogel [12] or redox-active self-assembled monolayers
[13–15].

In recent years, ISEs have been composed of non-
conductive organic polymers filled with electrical con-
ductors, such as electrodes with graphite–epoxy inter-
mediate layers [16–18] or electrodes with intermediate
layers consisting of plasticizers-modified graphite paste
[19]. In the fabrication of potentiometric electrodes,
different forms of carbon paste electrodes [20] have been
applied. Among others, conductive graphite-based poly-
mer ink electrodes [21], carbon composite poly(vinyl
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chloride) (PVC)-coated wire electrodes [21, 22], and
PVC-modified screen-printed carbon paste electrodes
[23–27] have been reported.

Nowadays, carbon nanotubes (CNTs), as solid transduc-
er, standalone [28, 29] or combined with room temperature
ionic liquids, as binders, have also been used for the
preparation of the carbon paste electrodes [30–33].

Incorporation of nanosilica-based materials in CNT-
modified carbon paste electrodes was reported [34–36], as
well as application of self-assembled gold nanoparticles
[37–40].

We have recently developed a conventional Cu(II) ion-
selective electrode, with internal solution, using 1,2-di-(o-
salicylaldiminophenylthio)ethane (SAPhTE) as ionophore
[41]. The aim of this work was development of solid-
contact ISE, characterized by a low-cost and simple
preparation, with similar or even better response character-
istics toward Cu(II) ions than the one reported [41]. As
solid support and transducer layer, both unmodified and
modified carbon ink (CI) were used; moreover, a carbon ink
composite polymer–membrane electrode has been devel-
oped with SAPhTE as ionophore. The properties of the
electrodes, besides potentiometric measurements, were
examined by electrochemical impedance spectroscopy
(EIS), which provided important information on membrane
condition and sensor functionality.

Experimental

Ligand 1,2-di-(o-salicylaldiminophenylthio)ethane
SAPhTE was synthesized as reported in [42] by adding an
alcoholic solution of 1,2 di(o-aminophenylthio)ethane [42]
(one molecular proportion) to an alcoholic solution of

salicylaldehyde (two molecular proportions) in the presence
of acetic acid.

Metallic potassium, absolute ethanol, salicylaldehyde,
and 2-aminothiophenol were obtained from Fluka (Buchs,

Fig. 1 Construction of the solid-contact ISE: graphite rod (a), PVC body
(b), carbon ink (c), modified carbon ink (d), polymer membrane (e)

Fig. 2 Calibration curves (a) and dynamic responses (b) obtained by
successive increases of Cu2+ concentration for different types of solid-
contact ISE: T-1 (unfilled squares), T-2 (unfilled circles), T-3 (unfilled
inverted triangles)

Table 1 The potentiometric characteristics of optimized solid-contacts
electrodes

Electrode Slope
(mV dec−1)

Linear range
(M)

Detection
limit (M)

pH range

T-1 16.5 3.0×10−5–2.8×10−2 2.5×10−5 2.5–6.2

T-2 29.5 2.8×10−6–2.8×10−2 1.8×10−6 2.3–6.5

T-3 31.0 3.2×10−6–2.8×10−2 1.6×10−6 2.0–6.0
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Switzerland). EDTA and dibromethane were obtained from
Sigma Aldrich (St. Louis, MO, USA).

The membrane components, sodium tetraphenylborate
(NaTPB), poly(vinyl chloride), dioctyl phthalate (DOP),
and tetrahydrofuran (THF), were received from Fluka
(Buchs, Switzerland). Membrane cocktail was prepared by
dissolving 66 mg of PVC, 132 mg of plasticizer (DOP),
4 mg of SAPhTE, and 2 mg of NaTPB, as anionic additive,
in 5 ml of THF and mechanically mixing the solution.

Preparation of the electrodes

Graphite rods (a) (6.1-mm diameter) were placed into
home-made constructed PVC bodies (b) and cleaned by
successive washing in acetone and THF, followed by
ultrasonic treatment for 10 min in double-distilled water,
and subsequently dried in air.

Three types of electrodes were constructed (see Fig. 1):

1. Type 1 (T-1): Graphite rod (a) was coated with 60 μl of
carbon ink (c) (C50905DI, Gwent, Pontypol, UK) and
allowed to dry for at least 48 h. The polymer membrane
was deposited by solvent casting (3.0×20 μL) (e).
Membrane cocktail, containing all components of the
membrane in THF, was used for this purpose.

2. Type 2 (T-2): Graphite rod (a), modified with carbon ink
(c), was coated with membrane cocktail-modified carbon
ink (d). After drop-casting (60 μL), this layer was air-
dried for 48 h. Further modification of the electrode was
achieved by the solvent casting (3.0×20 μL) of mem-
brane cocktail (e). The membrane cocktail-modified
carbon ink layers (d) were prepared by mixing different
ratios of carbon ink and membrane cocktail. These
mixtures were homogenized by ultrasound for 5 min.

3. Type 3 (T-3): Construction of carbon ink composite
polymer–membrane electrode was similar to the elec-
trode type 2, except that this electrode was not coated
with membrane cocktail (e).

An electrode with pure carbon ink (c), as blank electrode,
was also prepared.

All aqueous solutions were prepared from nitrate salts,
while potassium and sodium salts were used for the
determination of specific anion interferences. Acetic acid,
ethanol, acetone, sodium hydroxide, and hydrochloric acid
were provided by Kemika (Zagreb, Croatia). EDTA was
obtained from Sigma Aldrich (St. Louis, MO, USA).

Common stock solutions were used for the preparation
of 0.1- and 0.01-M solutions. All aqueous solutions were
prepared using double-distilled water.

Potentiometric measurements

The external reference electrode was a double-junction Ag/
AgCl/KCl, 3 M (Mettler Toledo InLab 301 electrode). The
potentiometric measurements were carried out by means of

Fig. 3 The repeatability tests of potentiometric responses for the
optimized T-2 electrode (a) and for the optimized T-3 electrode (b)
after 7 days (unfilled squares), 21 days (unfilled circles), and 45 days
(unfilled inverted triangles). Electrodes were kept in 1.0×10−5 M of
Cu2+

Table 2 Potentiometric characteristics of solid-contact T-2 electrodes
for different compositions of the intermediate layer

Carbon
ink (mg)

Membrane
cocktail (ml)a

Slope
(mV dec−1)

Linear range
(M)

Detection
limit (M)

50 1 23.0 5.0×10−5–2.8×10−2 4.0×10−5

100 1 29.5 2.8×10−6–2.8×10−2 1.8×10−6

150 1 19.3 8.0×10−5–2.8×10−2 6.0×10−5

a Membrane cocktail composition: 66 mg of PVC, 132 mg of
plasticizer (DOP), 4 mg of SAPhTE, and 2 mg of NaTPB; dissolved
in 5 ml THF
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Mettler Toledo SevenEasy pH meter, which was connected
to a personal computer. The potential build-up across the
membrane electrode was measured using the following
electrochemical cell assembly: SC-ISE/test solution/exter-
nal reference electrode. Before potentiometric measure-
ments, electrodes were conditioned in 1.0×10−5 M Cu2+ for
24 h. The potential was recorded after addition of standard
metal salt solution in magnetically stirred 0.1 M KNO3

solution. The investigated concentration of Cu2+ in the
sample solution ranged from 1.0×10−8 M to 2.8×10−2 M.
Detection limits were estimated according to IUPAC [43]
from the cross-point of the lines fitted to the linear

segments of a potential vs. log ai curve, where ai denotes
single-ion activity of the primary ion.

Impedance measurements

The experiments were carried out using a standard three-
electrode electrochemical cell. The counter-electrode was a
platinum electrode and the reference electrode was a
saturated calomel electrode (SCE).

All measurements were carried out using a Solartron SI
1287 electrochemical interface and a Solartron SI 1255
frequency response analyzer connected to a personal comput-
er. Impedance spectra were recorded in 0.5 M KNO3 solution
at room temperature (unless otherwise noted) within the
frequency range of 100 kHz–30 mHz using 10-mV rms
sinusoidal perturbation. Measurements were performed at the
open circuit potential (Eocp), unless otherwise noted.

Results and discussion

Potentiometric study

On the basis of the previous results [41, 44], ionophore
SAPhTE was chosen for the development of a solid-contact
ISE. Preliminary studies, which included covering of
graphite electrode surfaces with mixtures containing differ-
ent amounts of ionophore and carbon ink, did not give
satisfactory results. Thus, further research was focused on
carbon ink as the transducer layer and its compatibility with
ion-selective polymer membranes. Three types of electro-
des were developed and potentiometric results obtained for
the optimized ones are shown in Fig. 2 and Table 1.

The first electrode type included only carbon ink (c) as
an intermediate layer. The response of this electrode type
(T-1) was characterized by strong potential drift and non-
Nernstian slope (see Table 1; Fig. 2), probably induced by
the undefined electric contact surface between polymer
membrane and carbon ink. Therefore, this type of electrode
was eliminated from further potentiometric investigation.

In order to produce a better integrated solid-contact
electrode, a new layer, the carbon ink modified with polymer
membrane cocktail (d) was inserted between the pure carbon
ink layer (c) and the polymer membrane (e) (second electrode
type, T-2). The performance of electrodes with different

Fig. 4 Impedance spectra (Nyquist (a) and Bode (b) plots) obtained
for electrodes T-1 (unfilled squares) and optimized T-2 electrode
(unfilled triangles) immediately after initial contact with electrolyte.
The spectra were recorded in 0.5 M KNO3, spiked with 1.0×10−5 M
Cu2+. Inset, equivalent electrical circuit model used for analysis

Table 3 Impedance parameters
for electrode T-1 and optimized
T-2 electrode as determined us-
ing the equivalent circuit pre-
sented in Fig. 4

Electrode Rel (Ω cm2) Rb (kΩ cm2) Qg×10
−8

(Ω−1 sn cm−2)
Number, n Qlf×10

−6

(Ω−1 sn cm−2)
Number, n

T-1 – 191.49 0.02 0.88 50.72 0.47

T-2 10.00 24.30 1.74 0.91 110.60 0.30
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composition (see Table 2) of intermediate layer (d) was
investigated and best results were obtained when the
composition of the intermediate layer was made up of
100 mg of carbon ink and 1 ml of membrane cocktail. By
using the optimized T-2 electrode, stable potential was
achieved within a few seconds, and it remained mostly
stable, except for a slight instability at a higher concentration
of Cu2+. The electrode shows a Nernstian slope (29.5 mV
dec−1) in the concentration range from 2.8×10−6 to 2.8×
10−2 M, with detection limit of 1.8×10−6 M (Fig. 2).
Decreasing of the amount of carbon ink resulted in the
deterioration of potentiometric characteristics, which may be
related to the formation of a polymer membrane film at the
boundary between the intermediate layer (d) and carbon ink
(c) which blocks the transfer of electrical signal.

In the third type of electrodes (T-3), intermediate layer
(d), with the same composition as the optimized T-2

electrode, was used as a sensing layer. Such T-3 electrode
resulted in better potential stability (ΔE/Δt), but its
response time was slower than that of a T-2 electrode.
Variation of the amount of polymer membrane cocktail did
not produce better potentiometric characteristics: on the
contrary, decreasing of the amount of polymer membrane
cocktail led to the deterioration of potentiometric character-Fig. 5 Impedance spectra (Nyquist (a) and Bode (b) plots) obtained

for optimized T-2 electrode over a period of 86 h: initial contact
(unfilled squares), 4 h (unfilled triangles), 18 h (unfilled circles), 43 h
(unfilled inverted triangles), and 86 h (unfilled diamonds). The
electrode was kept in 0.5 M KNO3, spiked with 1.0×10−5 M Cu2+.
Inset, equivalent electrical circuit model used for analysis

Fig. 6 Impedance spectra obtained for optimized T-3 electrode at
different chatodic overpotentials: Eocp (unfilled squares), −40 mV vs.
Eocp (unfilled triangles), −60 mV vs. Eocp (unfilled circles), and −80 mV
vs. Eocp (unfilled inverted triangles). The spectra were recorded in 0.5 M
KNO3, spiked with 1.0×10−5 M Cu2+. Inset, equivalent electrical circuit
model used for analysis

Fig. 7 Impedance spectra obtained for electrode based on pure carbon
ink at different concentrations of Cu2+ in 0.5 M KNO3: without
(unfilled squares), 1.0×10−5 M (unfilled triangles), and 1.0×10−3 M
(unfilled circles). Inset, equivalent electrical circuit model used for
analysis
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istics. The optimized T-3 electrode had near-Nernstian slope
(31.5 mV dec−1) in the concentration range from 3.2×10−6

to 2.8×10−2 M, with detection limit of 1.6×10−6 M, very
similar to the electrode T-2 (Fig. 2).

Potentiometric responses of T-2 and T-3 electrodes were
repeatedly monitored to examine their dependence on
conditioning time (in 10−5 M of Cu2+), and these results
are presented in Fig. 3. Over the course of 45 days, both
types maintained satisfactory potentiometric characteristics.
Afterwards, for the T-2 electrode, the penetration of
electrolyte through the polymeric membrane to the inter-
mediate layer was observed, resulting in the deterioration of
potentiometric characteristics. On the other hand, the T-3
electrode was characterized by a downward drift of initial
potential, but the potentiometric characteristics remained
unchanged. When electrodes were kept in a dry place, their
lifetime was significantly improved (3 and 5 months for T-2
and T-3, respectively).

Impedance study

Further characterization for all three types of electrodes was
carried out by electrochemical impedance spectroscopy. Im-
pedance spectra, obtained for T-1 and optimized T-2 electrodes
and presented in Fig. 4, were fitted with an equivalent
electrical circuit shown in the inset of Fig. 4, and the results
of this fitting are given in Table 3.

Both types of electrode show a similar pattern with a high-
frequency semicircle arising from the bulk resistance Rb of the
polymer membrane in parallel with its geometrical capaci-
tance (Cg), represented by parameters n and Qg of constant
phase element. The low-frequency region reveals a compo-
nent which is probably related to ion diffusion, to and through
the membrane.

The bulk membrane resistance should be the same for
both electrode types, but the observed differences in Rb are

too high (191.5 and 24.3 kΩ for T-1 and optimized T-2
electrodes, respectively), thus excluding the reasons related
to the reproducibility of electrode preparation (variation in
polymer membrane thickness) as a potential explanation.
According to Veltsistas et al. [27] a phenomenon at the
interface between the solid contact and the polymer
membrane is not clearly defined due to the diffusion of
the polymer membrane solution into the highly porous
graphite ink.

However, this explanation does not fit our results since a
higher value of bulk resistance is expected for the electrode
T-2 if we assume facilitated penetration of the polymer
membrane into the modified CI compared to the unmodi-
fied CI. This behavior should increase the overall thickness
of the membrane and therefore increase the bulk resistance.
Del Marco et al. [45] have shown that a high-frequency
resistance does not represent only bulk membrane resis-
tance but also convoluted contact resistance at the solid
contact/ISE membrane buried interface coupled with the
bulk membrane resistance (named bulk membrane contact
resistance). So, in our case, the likely explanation is that the
incorporation of modified CI facilitates the transformation
from ionic to electron conductivity due to a larger contact
area between the graphite particles and the membrane bulk.
The abovementioned event probably causes a higher value,
at two orders of magnitude, of Cg for the T-2 electrode
compared to T-1, which correlates with a stable potentio-
metric response.

Previous EIS studies [46, 47] have shown that bulk
membrane contact resistance exhibits a diminution when
the solid-contact ISE is exposed to an aqueous electrolyte
for a prolonged period of time. Accordingly, EIS provides a
sensitive electrochemical technique for probing the water
layers in solid-contact ISEs since even localized reposito-
ries of water are formed at pores and pinholes, enabling
detection by this technique. Impedance spectra obtained

Table 4 Impedance parameters
for optimized T-3 electrode, at
different chatodic overpotentials
Eocp, as determined using the
equivalent circuit presented in
Fig. 6

E vs. Eocp Rel (Ω cm2) Qlf×10
−6

(Ω−1 sn cm−2)
Number, n Rct (kΩ cm2) Qd×10

−6

(Ω−1 sn cm−2)
Number, n

0 mV 71.33 13.50 0.79 1.471 – 0.5

−40 mV 69.67 15.70 0.76 203.97 13.1 0.5

−60 mV 66.45 22.70 0.72 73.84 33.3 0.5

−80 mV 61.30 43.22 0.64 39.82 155.0 0.5

Table 5 Impedance parameters
for electrode based on pure
carbon ink, at different concen-
trations of Cu2+, as determined
using the equivalent circuit pre-
sented in Fig. 7

c (Cu2+) (M) Rel (Ω cm2) Qlf×10
−6

(Ω−1 sn cm−2)
Number, n Rct (kΩ cm2) Qd×10

−6

(Ω−1 sn cm−2)
Number, n

0 13.50 5.90 0.89 364.56 – –

1.0×10−5 12.47 4.42 0.92 22.35 7.89 0.5

1.0×10−3 12.17 4.10 0.93 8.37 23.07 0.5
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during soaking of optimized T-2 electrode in 0.5 M KNO3

spiked with 1.0×10−5 Cu2+ are shown in Fig. 5. A high-
frequency semicircle, which represents bulk membrane
contact resistance, shows the increase in impedance,
indicating that drop-casting of PVC membrane on the
modified intermediate carbon ink layer prevented the
formation of a pernicious water layer. Increasing of Rb can
be attributed to the intake of water, drawing ions or charged
ions out of the continuous membrane into pockets of
isolated water [48]. During performed water layer test
according to IUPAC [49], no potential drift was observed
for electrodes in discriminating solution (results not
shown); the final replacement of the test solution by the
original solution gives rise to an almost null negative
potential drift.

Impedance spectra, obtained with T-3 electrode at
different cathodic overpotentials in 1.0×10−5 M Cu2+

solution, and spectra obtained on the pure carbon ink
electrode (without its modification with polymer membrane
cocktail) in the solution with different Cu2+ concentration
are presented in Figs. 6 and 7, respectively. The data were
fitted with the equivalent electrical circuit, shown in the
inset of Fig. 6, and the results of this fitting procedure are
given in Tables 4 and 5. A similarity of these spectra can be
noticed, which is not surprising, keeping in mind the
construction of the electrodes. The value of Rct decreases
with an increase of cathodic overpotential and increases
with a decrease of Cu2+ concentration. These results are in
accordance with the reaction mechanism for Cu2+ reduction

Table 6 Selectivity coefficients for optimized T-2 and T-3 electrodes
determined by MPM

Interferent (B) Kpot
Cu2þ ;B

Type of electrode

T-2 T-3

Pb2+ 3.9×10−3 1.0×10−2

Zn2+ 2.5×10−3 5.1×10−3

Mn2+ 7.9×10−4 2.3×10−3

Cd2+ 9.2×10−4 8.2×10−5

Fe2+ 3.1×10−5 1.0×10−5

Co2+ 1.0×10−6 1.0×10−5

Na+ >1.0×10−7 >1.0×10−7

K+ >1.0×10−7 >1.0×10−7

Ca2+ >1.0×10−7 >1.0×10−7

Ni2+ >1.0×10−7 >1.0×10−7

Ag+ >1.0×10−7 >1.0×10−7

Fig. 9 The potentiometric titration plots of 30 ml of 3.0×10−3 M of
Cu2+ against EDTA (0.01 M), using the optimized T-2 (filled squares)
and T-3 (unfilled squares) electrodes as indicator electrodes, at pH=5.5

Fig. 8 The effect of pH of the test solution on the potentiometric
response of the optimized T-2 (filled squares) and T-3 (unfilled
squares) electrodes at 1.0×10−3 M of Cu2+

Table 7 Comparison of various reported Cu(II) ISE with the present
work

Type Slope (mV dec−1) Detection
limit/M

Response
time/s

Reference

CPE 29.6 7.9×10−7 15 [34]

CPE 31.1 4.1×10−9 – [40]

PME 27.0 5.1×10–7 5 [41]

PME 29.4±0.5 8.0×10−6 15 [52]

CPE 30.0±2.0 7.0×10−7 45 [53]

CGE 29.1±0.1 3.0×10−8 5 [54]

CWE 28.2 5.0×10−7 10–50 [55]

CWE 29.0 1.0×10−6 10–15 [56]

CWE 29.5±1.6 9.8×10−8 9 [57]

SC 29.5 1.8×10−6 5 This work

SC 31.0 1.6×10−6 10 This work

CPE carbon paste electrode, CWE coated wire electrode, CGE coated
graphite electrode, PME polymer membrane electrode with internal
liquid contact, SC polymer membrane electrode with internal solid
contact
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[50]. So, it can be concluded that in T-3 electrode design,
the graphite network itself acts as electronic conductor.

Selectivity and pH dependence

Selectivity is one of the most important characteristics of
the sensor, as reflected in the relative response of the sensor
for the primary ion in the presence of the other interfering
ions. The selectivity coefficients obtained for proposed
electrodes using the match potential method (MPM) [51]
are summarized in Table 6. The selectivity coefficient
indicates that the potentiometric determination of the Cu2+

will not be disturbed by the presence of the examined ions.
The interference of anions has also been researched as
halides are known to cause interference in the determination
of Cu2+. No interference was noticed with the examined
anions: SO4

2–, CH3COO
-, salicylate, Br–, Cl–, phosphate,

NO3
–, and SCN–. However, a strong interference was

observed in the presence of Hg2+, which was expected,
bearing in mind our previous works [41, 44].

The pH dependence of the electrodes' potential was
examined in the presence of 1.8×10−3 M of Cu2+ over a
wide pH range of 1–9 by the addition of appropriate
amounts of HNO3 and NaOH. For the optimized T-2 and
T-3 electrodes, the results are depicted in Fig. 8. The
potential remained constant over the pH range between
2.3–6.5 and 2.3–6.1 for electrodes T-2 and T-3, respec-
tively, which may be taken as the working range of the
electrode. The drift of the potential at pH lower than 2.3
can be attributed to the interference of H+ ions, which is
due to the high rate of diffusion from the sample to a
membrane phase and the interaction with ionophore
(protonation). A potential decrease was observed at pH
higher than 6.5 (6.1) due to the formation of hydroxyl
complexes of Cu2+ in the solution and finally the
precipitation of Cu(OH)2 (s).

Analytical chemistry applicability

The analytical chemistry applicability was evaluated by the
potentiometric titration of Cu2+ with EDTA. The amount of
30 ml of 1.3×10–3 M Cu2+ solution was titrated against
1.0×10–2 M EDTA. The obtained titration plots for both
proposed electrodes are shown in Fig. 9. As it can be seen,
electrodes can be used for the determination of Cu2+ by
potentiometric titration with EDTA.

Comparison of the proposed electrodes with other Cu2+

ion-selective electrodes

The characteristic responses of optimized T-2 and T-3
electrodes and other ion-selective electrodes are listed in
Table 7. From the results in this table, it can be concluded

that these electrodes are comparable to previously reported
electrodes in most cases.

Conclusions

In our work, two types of solid-contact potentiometric
sensors were developed using commercial carbon ink and
polymer membrane with SAPhTE as ionophore. Based on
the results presented earlier, it can be concluded that
potentiometric characteristics strongly depend on the
composition of an intermediate layer.

When carbon ink is used as the intermediate layer
itself, the potentiometric response is characterized by
instability and loss of sensitivity. Incorporation of a
novel layer, consisting of carbon ink modified with a
polymer membrane cocktail, between carbon ink and
polymer membrane probably provides a smoother
transition between the two bulk materials, which results
in significant improvements with regards to electrode
potentiometric characteristics. Impedance measurements
revealed that such modification of carbon ink decreases
the bulk contact resistance of the transducer layer and
the polymer membrane and thus facilitates transforma-
tion from ion to electron conductivity.

Also, satisfactory potentiometric characteristics for car-
bon ink composite polymer–membrane electrode (T-3
electrode) were obtained and a significant influence of
carbon network on electrical properties was confirmed by
impedance measurements.

The potentiometric characteristics obtained, together
with low cost and easy preparation, make these solid
contact electrodes very promising sensors for the determi-
nation of Cu(II) ions.
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