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Abstract
In this work, we developed a new copper(II)-selective potentiometric sensor and investigated its surface with scanning elec-
tron microscopy (SEM). Besides the surface images of the sensors conditioned in copper(II) solutions, energy–dispersive 
X-ray (EDX) and mapping studies were carried out. According to the results obtained, it was determined that copper(II) 
ions adhered to the porous areas on the sensor surface, and that Cu2+ ions showed a wide distribution on the sensor sur-
face in mapping studies. The new sensor had a Nernstian response of 29.3 ± 0.5 mV/decade in the concentration range of 
1.0 × 10−1–1.0 × 10−5 M and a low detection limit of 8.56 × 10−6 M. The proposed sensor had fast response time (< 10 s), wide 
pH working range (5.0–10.0), good repeatability and stability. Finally, the sensor performed the determination of copper(II) 
ions in various water samples with very high recoveries (96.0–102.0%).
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Introduction

Potentiometric ion-selective electrodes (ISEs) have been 
recently highly promoted owing to their high selectivity, 
good repeatability, fast response, simple operation, and low 
cost [1–3]. Among the different potentiometric sensors, solid 
contact ion-selective sensors are the most preferred [4]. Pol-
ymeric membrane ISEs have become an attractive analytical 
tool in industrial, environmental, agricultural analyses, pro-
cess control, medicinal drug, and food analysis due to their 
significant advantages [5–7].

Heavy metals are toxic to many organisms above a thresh-
old concentration and therefore the determination of heavy 
metal ions in various samples is highly important [8]. Cop-
per (Cu), a heavy metal, is widely used in industry due to 
its chemical stability, electrical conductivity and ability to 
form alloys with many metals [9, 10]. Copper is considered 
to be the second most toxic metal to aquatic life, and leaches 

into waters through wastewater from its various industries, 
posing a high risk to public health [11]. Copper is also 
an essential trace element for living things and performs 
important biochemical functions in biological systems. 
However, excessive copper levels are toxic and can cause 
various diseases in humans [12–15]. So far, copper has been 
determined in various samples using analytical techniques 
such as inductively coupled plasma–optical emission spec-
troscopy (ICP–OES), flame atomic absorption spectrometry 
(FAAS), high performance liquid chromatography (HPLC), 
ion chromatography, UV–Vis spectrometry and cyclic vol-
tammetry [16–20]. Generally, these methods require expe-
rienced personnel and well-equipped laboratories as they 
require complex analytical procedures. In addition, they are 
expensive instruments and are not suitable for use in field 
analysis [21, 22].

The SEM is an important tool widely used to study the 
topology and elemental composition of sample surfaces, 
allowing researchers to study the surface structure of many 
material types in detail [23]. SEM is widely used to ana-
lyze the surface morphology of sensors and to determine 
the percentage of each element present on the surface. It 
is also used to link the potentiometric response to surface 
morphology and to correlate surface morphology with the 
response obtained [24, 25].
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In this paper, we report the development of a novel 
selective and sensitive potentiometric sensor using 
1-(3-carboxyphenyl)-2-thiourea (Fig. 1) for the determina-
tion of Cu(II) ions. The analytical performance of the newly 
developed sensor, including the linear concentration range, 
detection limit, selectivity, repeatability, and pH working 
range was evaluated. In addition, the surface images of the 
sensors conditioned in Cu(II) solution for 1 h were examined 
by SEM technique.

Experimental

Chemicals and reagents

1-(3-Carboxyphenyl)-2-thiourea was used as an ionophore 
and was purchased from Sigma Aldrich. Graphite, epoxy 
(Macroplast Su 2227) and hardener (Desmodur RFE) used in 
the preparation of conductive solid contact electrodes were 
purchased from Sigma Aldrich, Henkel (Istanbul, Turkey) 
and Bayer AG (Darmstadt, Germany), respectively. High 
molecular weight poly(vinyl chloride) (PVC), plasticiz-
ers [bis (2-ethylhexyl) adipate (DEHA), dibutyl phthalate 
(DBP), o-nitrophenyloctylether (o-NPOE), and bis(2-eth-
ylhexyl)sebacate (BEHS)], potassium tetrakis (p-chloro-
phenyl) borate (KTpClPB) and tetrahydrofuran (THF) used 
in the preparation of copper(II)-selective potentiometric 
sensors were obtained from Sigma Aldrich. Nitrate salts of 
all metals used in selectivity studies were purchased from 
Sigma Aldrich, Merck, and Fluka. Nitric acid (HNO3) and 
sodium hydroxide (NaOH) used for pH adjustments were 
purchased from Merck.

Apparatus

Surface characterization, energy-dispersive X-ray (EDX) and 
mapping analyses of copper(II)-selective potentiometric sen-
sors were carried out with a scanning electron microscope 
(Quanta FEG 450-FEI). All potential measurements were 
performed using a multi-channel potentiometer (Medisen 
Medical Ltd. Sti., Turkey). A silver/silver chloride electrode 
(Ag/AgCl, 3 M KCl) was used as the reference electrode 

(Thermo Scientific Orion 900100). All solutions were 
freshly prepared using the human ultrapure water system 
(Zeneer Power I, 18.2 MΩ cm−1).

Method

Preparation of copper(II)‑selective potentiometric sensors

Conductive solid contact PVC membrane potentiometric 
sensors were prepared in two stages as previously reported 
in the literature [26]. First, solid contact electrodes were 
prepared by homogeneously dissolving graphite (50.0%), 
epoxy (35.0%) and hardener (15.0%) in THF (approxi-
mately 3 mL). The hardener in the solid contact composi-
tion is an aromatic polyisocyanate component. 15 cm long 
copper wires were dipped into this mixture approximately 
3–4 times and left to dry in a dark medium for 24 h. Then, 
to prepare polymer membrane copper(II)-selective sensors, 
ionophore, plasticizer, PVC and KTpClPB were dissolved 
in THF (approximately 3 mL) in the ratios given in Table 1, 
and mixed until a certain viscosity was reached. The pre-pre-
pared solid contact electrodes were dipped into this mixture 
several times and their surfaces were coated. The prepared 
PVC membrane copper(II)-selective potentiometric sensors 
were left to dry for approximately 12 h.

Potential measurements

The prepared sensors were used directly without any con-
ditioning. The potential measurements were carried out at 
25 ± 1.0 °C using an Ag/AgCl reference electrode with the 
following cell assembly:

The copper(II) solutions were prepared by subsequent 
dilution from 1.0 × 10−1 M stock solutions of Cu(NO3)2. 
ISEs calibrations were performed in the concentration range 
from 1.0 × 10−5 to 1.0 × 10−1 M Cu2+ ions.

Results and discussion

Membrane optimization

In this study, sensors with ten different compositions were 
prepared using different ratios of ionophore, plasticizer, 
PVC and KTpClPB. The potentiometric performance 
characteristics of the prepared sensors such as linear 
concentration range, detection limit and slope (mV/dec-
ade) were tested. When the potentiometric performance 

Ag∕AgCl; KCl (3M)‖‖
‖

Cu2+sample solution
|

|

|

Cu2+ - selective membrane |Solid contact |Cu wire.

Fig. 1   The chemical structure of 1-(3-carboxyphenyl)-2-thiourea
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characteristics were evaluated, it was determined that the 
mixture containing 5.0% ionophore in its composition had 
the lowest detection limit and Nernstian response com-
pared to other sensors (Table 1). According to the poten-
tiometric performance characteristics in Table 1, DEHA 
was determined to be the most suitable plasticizer among 
sensors containing 5% ionophore compared to other plas-
ticizers. Thus, the optimum membrane composition was 
determined as 5.0% ionophore, 65.0% DEHA, 29.0% PVC 
and 1.0% KTpClPB.

Influence of the ionophore

To demonstrate the interaction of the ionophore with the 
analyte ion, the potential change of the electrode without 
ionophore and the solid contact electrode against copper(II) 
ions was examined. Figure 2 shows that electrodes without 
ionophores exhibit a non-linear behavior towards copper(II) 
ions. As a result, the ionophore used in the study interacts 
with copper(II) ions and exhibits an ideal potentiometric 
behavior.

The mechanism of copper(II) ions with the developed 
ion-selective sensor is summarized in Fig.  3. Here, a 
typical ion exchange occurs. The ionophore, which can 
directly interact with analyte ions in the PVC membrane, 
can trap copper ions at the interface between the solu-
tion and membrane phases. The transition of copper(II) 
ions between the solution phase and the membrane phase 
depends on its activity or concentration. Without the Ta
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sensor
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ionophore, the analyte ion cannot pass through the mem-
brane. If the concentrations at the solution-membrane 
interface are unequal, a phase-boundary potential occurs 
in the membrane. This potential is determined by adding 
a reference electrode to the potentiometric measurement 
system [27].

Investigation of the sensor surface with SEM 
technique

The surface images of the newly developed copper(II)-
selective sensor were investigated using SEM technique. 
After the sensors were conditioned in Cu(II) solutions 
for 1 h, their surfaces were examined. In Fig. 4a, SEM 
and EDX images of the surface are given. In Fig. 4a, the 
SEM image was examined without selecting any region. 
In Fig. 4b, one of the white regions in the SEM image was 
marked and EDX analysis of this region was performed. 
In Fig. 4b, it is clearly seen that the whiteness collected 
in a hollow region belongs to copper(II) ions. As seen 
there, copper(II) ions are attached to the surface. Other 
atoms (C, O, Cl and S) in the EDX spectrum belong to 
the components in the PVC membrane structure. In Fig. 5, 
SEM images were taken at different magnifications and 
it was determined that the white dots were distributed 
homogeneously in the spaces on the sensor surface. In 
Fig. 6, the mapping study of the sensor surface is given. 
There, the atoms in the PVC membrane structure and the 
distribution of Cu(II) ions on the surface can be seen. 
Figure 6 shows that Cu(II) ions are located on the entire 
sensor surface. As a result, the retention of copper(II) 
ions on the sensor surface indicates that the ionophore 
used strongly interacts with Cu(II) ions.

The potentiometric response, calibration curve 
and repeatability

The potentiometric response of the sensor with optimum 
components is given in Fig. 7a. As can be seen in Fig. 7a, 
the sensor exhibited a Nernstian and ideal potentiomet-
ric response to copper(II) ions. The calibration curve of 
the sensor is presented in Fig. 7b. As seen in Fig. 7b, the 
sensor has a high R2 value in the concentration range of 
1.0 × 10−1–1.0 × 10−5 M. The detection limit of the sensor 
was calculated using data presented in Fig. 5b. For this pur-
pose, the value (986 mV) corresponding to the intersection 
of the horizontal and vertical axes was substituted in the 
linear equation below:

The detection limit of the copper(II)-selective sensor was 
calculated as 8.56 × 10−6 M. The repeatability of the newly 
developed copper(II)-selective sensor was determined 
using copper(II) solutions with three different concentra-
tions (10−2, 10−3 and 10−4 M). As seen in Fig. 7c, the sen-
sor exhibited a highly reproducible and stable potential 
response.

Response time

The response time of the sensor was determined according 
to the rules recommended by IUPAC [28]. After 7 s, an 
equilibrium potential was obtained (± 1.0 mV) indicating 
a very fast response time (< 10 s), as shown in Fig. 8. This 
shows that the sensor has a very fast response time from low 
to high concentration [29]. It was determined that the new 
copper(II)-selective sensor quickly equilibrated in less than 
10 s for each tenfold concentration change.

pH working range

The effect of pH on the potential response of the newly 
developed sensor to Cu(II) ions was examined at two dif-
ferent concentrations of the standard Cu(II) solutions by 
varying the pH of the solutions from 2.0 to 12.0. For this 
purpose, pH adjustments were made using HNO3 and NaOH 
solutions. 1.0 × 10−2 and 1.0 × 10−3 M Cu(II) solutions were 
added to the solutions, and subsequently the potential was 
measured. The pH working range of the sensor is given in 
Fig. 9. As can be seen in this figure, the sensor worked in the 
pH range of 5.0–10.0 at both concentrations without being 
affected by pH changes. High potentials at pH < 5.0 are due 
to the hydronium ion concentration, while low potentials at 
pH > 10.0 may be due to the formation of hydroxide com-
pounds of copper.

E = −27.587
[
−log

(
Cu2+

)]
+ 1125.8.Fig. 3   Interaction mechanism of the sensor with copper(II) ions
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Potentiometric selectivity

The selectivity of the newly developed sensor was investi-
gated using the separate solution method recommended by 
IUPAC [30]. The selectivity coefficients in Table 2 were 
calculated by substituting the potential values of the ions 
corresponding to the 1.0 × 10−2 M concentration in the equa-
tion below:

where Kpot

A,B
 is the selectivity coefficient, aA is the activity 

of copper ion, aB is the activity of interfering ion, zA is the 
charge of copper ion, zB is the charge of interfering ion; R, 
T, and F have the usual meanings.

logKpot
A,B =

(EB − EA)ZAF
RTln10

+
(

1 −
ZA
ZB

)

logaA

A

B

Fig. 4   a, b SEM and EDX analysis of the sensor conditioned in Cu(II) solution for 1 h
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When Table 2 is examined, it is seen that the proposed 
new sensor exhibits good selectivity towards Cu(II) ions.

Real sample applications

The analytical applications of the newly developed sensor 
were determined using various water samples. Cu(II) ions 

Fig. 5   Cu(II) ions attached to the gaps on the sensor surface

C Cl

O S Cu

Fig. 6   Mapping analysis of the sensor conditioned in Cu(II) solution for 1 h

Table 2   Selectivity coefficients 
according to the separate 
solution method

Interfering ions Selectivity coefficient Interfering ions Selectivity coefficient
log Kpot

Cu2+ ,Mn+
log Kpot

Cu2+ ,Mn+

Pb2+ –0.65 Ba2+ –2.20
Cr3+ –0.89 Sr2+ –2.28
Al3+ –1.11 Ca2+ –2.33
Zn2+ –1.76 Ni2+ –2.44
Co2+ –1.89 Mg2+ –2.71
Cd2+ –2.06



147Surface characterization and electroanalytical applications of the newly developed…

1 3

Fig. 7   a Potentiometric response. b calibration curve and c repeatability of newly developed copper(II)-selective sensor

Fig. 8   Response time of newly developed copper(II)-selective sensor

Fig. 9   pH working range of newly developed copper(II)-selective 
sensor
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were added to the water samples at the rates in Table 3. 
Then, Cu(II) ion analysis was performed in the samples 
with the developed sensor. When Table 3 is examined, the 
newly developed sensor can detect copper ions in various 
water samples with high recoveries.

Comparison study

The potentiometric performance characteristics (concentration 
range, detection limit, slope, pH working range and response 
time) of the copper(II)-selective sensor are compared in 
Table 4 with other PVC membrane Cu(II)-ISEs reported in the 

Table 3   The Cu(II) analysis in 
different water samples

a Average value (n = 3)

Water samples Cu2+ quantity, (M)

Added Cu2+ Found (± SD) with sensora % Recovery

Purification drinking water – Not detection –
1.0 × 10−3 9.75 (± 0.29) × 10−4 97.5

Tap water (Kozlu, Turkey) – Not detection –
1.0 × 10−3 9.60 (± 0.35) × 10−4 96.0

Tap water (Zonguldak, Turkey) – Not detection –
1.0 × 10−3 1.02 (± 0.24) × 10−3 102.0

Bottled water – Not detection –
1.0 × 10−3 9.90 (± 0.10) × 10−4 99.0

Table 4   Comparison of the developed sensor with PVC membrane Cu(II)-ISE previously reported in the literature

NaTPB sodium tetraphenylborate, NaTFPB sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate

Sensor composition Concentration range (mol 
L−1)

Limit of 
detection 
(mol L−1)

Slope (mV/decade) pH working range Response time (s) References

3.0% 1-phenyl-2-(2-
hydroxyphenylhydrazo)
butane-1,3-dione, 61.0% 
DBP, 30.0% PVC, 6.0% 
oleic acid

2.0 × 10−6–5.0 × 10−3 6.3 × 10−7 28.8 3.0–8.0 10 [9]

4.0% ion imprinted poly-
mer, 35.0% DBP, 61.0% 
PVC

1.0 × 10−5–1.0 × 10−1 2.0 × 10−6 28.1 3.0–8.0 22 [31]

5.0% bis(2-
hydroxybenzaldehyde)-
1,2-diaminoethane, 
61.0% DBP, 30.0% PVC, 
5.0% NaTPB

5.0 × 10−4–5.0 × 10−2 3.9 × 10−4 29.9 2.5–5.0 ≈ 10 [32]

2.0% N,N′-
bis(salicylidene)-1,3-
diaminopropane, 68.0% 
o-NPOE, 29.75% PVC, 
0.25% KTpClPB

1.0 × 10−5–1.0 × 10−2 6.31 × 10−6 30.4 ± 0.5 5.0 5–10 [33]

1.0% copper ionophore 
I, 65.7% DOS, 32.9% 
PVC, 0.86% NaTFPB

1.0 × 10−4–1.0 × 10−2 Not reported 29.05 ± 0.3 Not reported 10–50 [34]

5.0% 5,5′-(1,4-phenylene)
bis(1,3,4-oxadiazol-
2-amine), 62.0% DEHA, 
32.0% PVC, 1.0% 
KTpClPB

1.0 × 10−5–1.0 × 10−1 4.64 × 10−6 42.2 ± 3.5 4.0–8.0 10 [35]

5.0% 1-(3-carboxyphenyl)-
2-thiourea, 65.0% 
DEHA, 29.0% PVC and 
1.0% KTpClPB

1.0 × 10−5 –1.0 × 10−1 8.55 × 10−6 29.3 ± 0.5 5.0–10.0  < 10 This work
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literature. As seen in Table 4, the proposed sensor has a better 
concentration range and lower detection limit than some of the 
copper(II)-selective sensors proposed in recent years. Its biggest 
advantage compared to these sensors is its wider pH working 
range at both concentrations (1.0 × 10−2 and 1.0 × 10−3 M). As 
a result, the newly developed sensor is similar in some param-
eters and superior in others when compared to other copper(II) 
selective sensors.

Conclusion

In this study, a new copper(II)-selective potentiometric sensor 
was developed. The surface of this developed sensor was ana-
lyzed by SEM after conditioning it in copper(II) solution. The 
results obtained show that copper(II) ions are attached to the 
gaps on the sensor surface and are homogeneously distributed 
on the entire surface. This result shows that the ionophore can 
interact with copper(II) ions. The proposed sensor had Nern-
stian response, low detection limit, fast response time and good 
selectivity. In addition, it was repeatable and stable. The newly 
developed sensor was applied in real samples and detected 
Cu(II) ions with high recoveries.
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