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Abstract
A novel poly(vinyl chloride) membrane potentiometric sensor for chromium(III) ions based on the use of 5,5′-(1,4-phenylene)
bis(3-(naphthalen-1-yl)-4,5-dihydro-1H-pyrazole-1-carbothioamide) as a neutral ionophore was developed. The optimum 
composition of the best performing membrane contained ionophore, potassium tetrakis (p-chlorophenyl) borate (KTpClPB), 
dibutyl phthalate (DBP), and poly(vinyl chloride) (PVC) in the ratio of 5.5:1.5:55:38 (mg). The sensor exhibits a working 
concentration range of 1.0 × 10–5–1.0 × 10–1 mol L−1 and a detection limit of 1.7 × 10–6 mol L−1. The sensor shows good 
selectivity for chromium(III) ions over a number of cations including alkali, alkaline earth, heavy and transition metals. The 
response time of the sensor is 8 s. In addition, the developed sensor shows good reusability and stability. The sensor operates 
in the wide pH range of 5.0–11.0. The sensor could be used as an indicator electrode in the quantification of Cr3+ ions by 
potentiometric titration against ethylenediaminetetraacetic acid (EDTA). Finally, this sensor was successfully used for the 
determination of chromium(III) in commercial water, purification water and wastewater.
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1  Introduction

Chromium is widely used in many fields such as steel man-
ufacturing, metallurgy, leather tanning, wood treatment, 
electroplating, paint and pigment, metal finishing, and alloy 
manufacturing industries [1, 2]. Chromium is an essential 
element for human health in small amounts due to its effect 
on insulin, carbohydrate, fat and protein levels in the body 
whereas it is toxic in larger quantities [3–5]. Chromium defi-
ciency may lead to diabetes, cholesterol, immune system and 
cardio-vascular diseases while its excess may cause epigas-
tria pain, nausea, vomiting, diarrhea, and hemorrhage [6, 7]. 

In addition, chromium was reported to be mutagenic and car-
cinogenic for the human body, leading to lung cancer, skin 
allergy and probably to asthma and renal diseases [8–10].

Until today, a number of different methods of 
chromium(III) determination have been applied in the 
field such as atomic absorption spectrometry (AAS) [11, 
12], UV–visible spectrophotometry [13], X-ray diffrac-
tion (XRD) [14], high performance liquid chromatogra-
phy (HPLC) [15], and inductively coupled plasma-atomic 
emission spectroscopy (ICP-AES) [16], neutron activation 
analysis [17]. These methods are not very preferable for 
large scale monitoring due to its high cost, complex use, the 
requirement of trained personnel, high-energy consumption, 
time consumption and the requirement of sample pretreat-
ment [18–20]. However, ion-selective electrodes (ISEs) 
offers great advantages including short response time, wide 
linear working range, low cost, low-energy consumption, 
ease of preparation, good sensitivity and high selectivity 
[21–23]. Therefore, ion-selective electrodes are more prefer-
able compared to conventional analytical techniques.

Molecules containing multiple donor atoms such as N, 
S and O are potentially preferred in the development of 
chemical sensors [24, 25]. Pyrazole derivatives are well 
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known five membered heterocycles with a broad spectrum 
of biological activity [26]. Also, they have a wide range 
of physical and chemical properties [27]. In this study, 
by using a pyrazole derivative organic compound as an 
ionophore, namely 5,5′-(1,4-phenylene)bis(3-(naphthalen-
2-yl)-4,5-dihydro-1H-pyrazole-1-carbothioamide) (Fig. 1), 
we developed a chromium(III)-selective potentiometric 
sensor. Potentiometric properties of the sensor were also 
investigated.

2 � Experimental

2.1 � Chemicals and Reagents

Analytical reagent grade DBP, BEHS, KTpClPB, high 
molecular weight PVC, EDTA, tetrahydrofuran (THF), 
graphite and nitrate salts of the cations were purchased 
from Sigma and Fluka. Epoxy (Macroplast Su 2227) was 
purchased from Henkel (Istanbul, Turkey) and hardener 
(Desmodur RFE) was purchased from Bayer AG (Darmstadt, 
Germany), chemicals listed above were used in the prepara-
tion of all-state-solid contact. Deionized water was obtained 
by using a DI 800 Model deionize water system. Cation 
salt solutions of nitrates were prepared in double distilled 
water. Solutions of different concentrations (1.0 × 10–1 to 
1.0 × 10–5 mol L−1) were prepared by diluting 1.0 × 10–1 mol 
L−1 stock solution.

2.2 � Apparatus

Potentiometric measurements were performed at 
25 °C ± 0.1 °C using a computer-controlled multichannel 
potentiometric system. The system has a home-made soft-
ware program. The potential values as steady-state responses 
of the PVC membrane chromium(III)-selective sensor were 
performed for different concentrations of standard solutions 
of chromium(III). A micro-sized solid Ag/AgCl electrode 
(Thermo–Orion) was used as a reference electrode with the 
chromium(III)-selective membrane sensor throughout the 
measurements. pH measurements were made with a digital 
pH meter (Mettler Toledo Model S220-K).

2.3 � Methods

2.3.1 � Synthesis of Ionophore

In this study, the synthesis of 5,5′-(1,4-phenylene)bis(3-
(naphthalen-2-yl)-4,5-dihydro-1H-pyrazole-1-carbothio-
amide) molecule was performed according to a previously 
published method. The synthesis scheme of the ionophore 
is shown in Fig. 2. The ionophore was synthesized in 70% 
yield and its melting point was determined as 288–290 °C. 
The spectroscopic data are identical to that reported in the 

b 

a

Fig. 1   5,5′-(1,4-phenylene)bis(3-(naphthalen-2-yl)-4,5-dihydro-
1H-pyrazole-1-carbothioamide). a chemical structure of the mol-
ecule; b 3D structure of the molecule

Fig. 2   Synthesis scheme of the ionophore
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literature [28]. 1H NMR (400 MHz, DMSO, ppm): δ 9.28 
(d, J = 8.8 Hz, 2H), 8.22 (s, 2H), 8.01–7.96 (dd, J = 11.6 Hz, 
8.4 Hz 4H), 7.78 (s, 2H), 7.75–7.70 (dd, J = 13.0 Hz, 7.2 Hz, 
2H), 7.72–7.68 (m, 2H), 7.62 (t, J = 7.4 Hz, 2H), 7.50–7.46 
(dd, J = 13.4 Hz, 7.2 Hz, 2H), 7.23 (s, 2H), 7.21 (s, 2H), 5.98 
(d, J = 11.2 Hz, 2H), 4.21–4.11 (m, 2H), 3.29–3.20 (m, 2H). 
13C NMR (100 MHz, DMSO, ppm): δ 178.4 (2C), 156.8 
(2C), 143.6 (2C), 135.0 (4C), 132.9 (2C), 130.2, 130.0, 
129.0 (2C), 128.7 (4C), 127.8, 127.6, 126.6 (2C), 126.4 
(2C), 125.8 (4C), 63.7 (2C), 44.1 (2C).

2.3.2 � Electrode Preparation

All-solid-state electrodes were prepared according to the lit-
erature [29, 30]. First, all-solid-state mixture consisting of 
50.0% (w/w) graphite, 35.0% (w/w) epoxy and 15.0% (w/w) 

hardener was prepared by solving them in approximately 
3 mL THF, and then different amounts of the ionophore, 

KTpClPB, plasticizers (DBF or BEHS) and PVC were 
dissolved with approximately 3 mL THF. Chromium(III)-
selective sensors were prepared by coating the membrane 
cocktail on the surface of the all-solid-state. The prepara-
tion steps of the chromium(III)-selective sensors are summa-
rized in Fig. 3. Compositions of the prepared membranes are 
listed in Table 1. The data in Table 1 show that the optimum 
membrane composition was obtained when 5.5% ionophore, 
38.0% PVC, 1.5% KTpClPB and 55.0% DBF were used. 

2.3.3 � Potential Measurements

Potentials were measured using Ag/AgCl reference elec-
trode. All potential studies were carried out at 25 ± 1.0 °C 
temperature by using the following cell assembly:

The potentiometric measurement system of the 
chromium(III)-selective sensor is shown in Fig. 4.

Ag∕AgCl; KCl (saturated)‖10−1 mol L−1 Cr3+ sample solution �Cr3+ selective PVC membrane

Fig. 3   Schematic diagram for 
the step-wise preparation of 
chromium(III)-selective sensors

I II III 

solid contact mixture optimum membrane mixture 

PVC membranesolid state contact

Table 1   Composition of 
prepared PVC membrane 
electrodes

No Composition (% w/w)

Ionophore PVC KTpClPB DBF BEHS Working concentration range (mol L−1)

1 3.0 34.0 1.0 – 62.0 1.0 × 10–2 to 1.0 × 10–5

2 5.0 33.0 1.0 61.0 – 1.0 × 10–2 to 1.0 × 10–4

3 3.0 34.0 1.0 62.0 – 1.0 × 10–1 to 1.0 × 10–3

4 5.0 33.0 1.0 – 61.0 1.0 × 10–1 to 1.0 × 10–4

5 5.5 31.5 1.0 62.0 – 1.0 × 10–1 to 1.0 × 10–4

6 4.0 35.0 1.0 – 60.0 1.0 × 10–2 to 1.0 × 10–5

7 4.5 32.5 1.0 62.0 – 1.0 × 10–1 to 1.0 × 10–5 R2 = 0.9801
8 4.0 32.0 1.0 63.0 – 1.0 × 10–1 to 1.0 × 10–5 R2 = 0.9883
9 4.0 37.0 1.0 58.0 – 1.0 × 10–1 to 1.0 × 10–5 R2 = 0.9902
10 5.5 38.0 1.5 55.0 – 1.0 × 10–1 to 1.0 × 10–5 R2 = 0.9934
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3 � Results and Discussion

In this study, by using a pyrazole derivative molecule 
as an ionophore, all-solid-state chromium(III)-selective 
PVC membrane sensor was prepared. The potentiometric 
characteristics of this sensor such as working concentra-
tion range, selectivity, reusability, response time and pH 
working range were further investigated under laboratory 
conditions.

3.1 � Working Concentration Range

The compositions of prepared membranes and the results 
obtained for these are presented in Table 1. The membrane 
No. 10 exhibited the best results and the potentiometric 
responses of toward chromium(III) ions are shown in Fig. 5. 
Figure 5 shows that the proposed sensor works linearly 
(R2 = 0.9934) in 1.0 × 10–1 to 1.0 × 10–5 mol L−1 concentra-
tion range. In addition, the limit of detection, as determined 
from the calibration graph, was 1.7 × 10−6 mol L−1.

3.2 � Reusability

Reusability is one of the most important parameters in 
evaluating a sensor’s performance. For this purpose, the 
developed sensor was exposed repetitively to chromium 
ion solutions at three different concentrations (1.0 × 10−2 
to 1.0 × 10−4 mol L−1). The results observed are shown in 
Fig. 6. The data shows that the developed chomium(III)-
selective sensor is highly reusable.

3.3 � Effect of pH

The effect of pH on the potentiometric response of 
the chromium(III)-selective sensor was studied using 
1.0 × 10–2 mol L−1 Cr3+ ion solution. The pH (2.0–12.0) was 
adjusted by the addition of hydrochloric acid and sodium 
hydroxide when appropriate. The potential versus pH graph 
displayed by the chromium(III)-selective sensor is shown in 
Fig. 7. As indicated, the potential readings for the membrane 
sensor are constant over the pH range of 5.0–11.0.

3.4 � Potentiometric Selectivity

The selectivity behaviour is one of the most important char-
acteristics of a sensor, which determines its response for 
primary ion in the presence of other ions. The potentiometric 
response of chromium(III)-selective sensor was studied in 
presence of NH4

+, K+, Na+, Ni2+, Sr2+, Pb2+, Cd2+, Ca2+, 
Cu2+, Mg2+, Zn2+, Co2+, Al3+ and Bi3+ ions. The poten-
tiometric selectivity coefficients were calculated using the 
separate solution method [31];

The selectivity coefficients against cations in the equation 
were calculated by taking the potential values correspond-
ing to 1.0 × 10–2 mol L−1. The selectivity coefficients of the 
chromium(III)-selective sensor are summarized in Table 2. 
The ionophore is the most significant component of any ion-
selective sensor with respect to the selectivity and sensitiv-
ity [32]. Table 2 shows that the used ionophore interacts 

logK
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Ag/AgCl reference  
electrode 
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Fig. 4   Potentiometric measurement of chromium(III)-selective sensor
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strongly with Cr3+ ion and can be used successfully as a 
sensing agent for the a chromium sensor and also data show 
that the developed sensor is highly selective against Cr3+ 
ions even in the presence of other metal ions.

3.5 � Response Time

The response time of ion-selective electrodes is an impor-
tant factor for analytical purposes. The response time was 
determined by dipping the electrode into the solution until 
the equilibrium potential was reached, depending on the 
analyte concentration. Accordingly, the response time of 
chromium(III)-selective sensor was found to be 8 s.

3.6 � Analytical Applications

3.6.1 � Potentiometric Titration

Chromium(III)-selective sensor was shown to be an end 
point indicator electrode for the potentiometric titration 
of 10 mL of 1.0 × 10–3 mol L−1 Cr(NO3)3 solution with 
1.0 × 10–2 mol L−1 EDTA solution. The resulting titration 
curve is shown in Fig. 8. As explained in the literature, the 
resulting titration graph obtained is not of a S-type (sigmoid) 
shape due to response of the sodium ions as available from 
disodium salt of EDTA [7].

As seen in Fig. 8, the sharp break point of potentiometric 
titration was determined to be 1.0 mL. Based on these results 
obtained in the current study, it can be proposed that the 
developed sensor could be used as an indicator electrode for 
the potentiometric determination of chromium ions.

3.6.2 � Real Samples Applications

The developed chromium(III)-selective sensor was suc-
cessfully applied to different environmental samples such 
as purification water, commercial water and waste water to 
recover chromium present in these samples. The water sam-
ples were prepared by the standard addition method. Cr3+ 
solution (1.0 × 10–2 mol L−1) was added to the water samples 
in known amounts. Potential measurements of water sam-
ples were carried out, and their potential values were written 
in their linear equations and the Cr3+ ion concentrations of 
the water samples were calculated. The results obtained are 
presented in Table 3. As seen, high recoveries of chromium 
ion ranging from 90.28% to 97.70% were obtained from the 
studied samples.

3.7 � Comparative Study

The chromium(III)-selective sensor developed in this 
study was compared with the other Cr3+ sensors present 
in the literature in terms of concentration range, limit of 
detection, pH working range, response time (Table 4). 
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Fig. 7   Effect of pH on potential of chromium(III)-selective sensor

Table 2   Selectivity coefficients 
of various interference metal 
ions

Interfering ions Selectivity coefficient, 
logK

pot

Cr3+ ,Mn+

Interfering ions Selectivity coeffi-
cient, logKpot

Cr3+ ,Mn+

Al3+  − 2.36 NH4
+  − 3.21

Ni2+  − 2.44 K+  − 3.23
Bi3+  − 2.51 Cu2+  − 3.46
Sr2+  − 2.89 Mg2+  − 3.50
Pb2+  − 2.97 Zn2+  − 3.58
Cd2+  − 3.01 Co2+  − 3.81
Ca2+  − 3.11 Na+  − 3.83
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According to Table 4, the developed chrome(III)-selective 
sensor has some advantages. While the response times of 
previously reported sensors varies between 10 and 20 s, 
the response time of the sensor developed in this study 
is 8 s. In addition, the developed sensor works in a wider 
pH range compared to other sensors. The proposed sensor 
has very close values in terms of concentration range and 
detection limit with other sensors reported.

4 � Conclusions

In this study, 5,5′-(1,4-phenylene)bis(3-(naphthalen-1-yl)-
4,5-dihydro-1H-pyrazole-1-carbothioamide) molecule was 
synthesized according to a previously published study. 
The synthesized pyrazole derivative molecule was used 
as an ionophore in the development of chromium(III)-
selective sensor. This novel chromium(III)-selective sen-
sor works in the linear concentration range of 1.0 × 10–5 
to 1.0 × 10–1 mol L−1. The chromium(II)-selective sensor 
has certain characteristics such as short response time, 
wide pH working range, good selectivity and reusability. 
In addition, the developed sensor operates in a wide pH 
range compared to the chromium sensors available in the 
literature and its response time is shorter than those of 
other chromium(III) sensors. This newly developed sensor 
can be successfully employed as an indicator electrode of 
chromium ions in potentiometric titration with EDTA. In 
addition, we showed that the sensor could be successfully 
applied in the analysis of chromium ions in various water 
samples.

Table 3   Different water sample analyses with the chromium(III)-
selective sensor

a Results are based on three measurements

Real sample Cr3+ quantity/(mol L−1)

Added Cr3+ Mean (± SD) found 
with sensora

% Recov-
ery

Purification water 4.00 × 10–4 3.66 (0.303) × 10–4 91.50
Commercial water 7.00 × 10–4 6.32 (0.417) × 10–4 90.28
Waste water 1.00 × 10–3 9.77 (0.355) × 10–4 97.70

Table 4   Comparison of potentiometric characteristic of different chromium electrodes

CPE carbon paste electrode

Ionophore Electrode or 
membrane 
type

Concentration range/(mol L−1) Limit of 
detection/
(mol L−1)

pH working 
range

Response time/s References

2,3,8,9-Tetraphenyl-1,4,7,10-
tetraazacyclododeca-
1,3,7,9-tetraene

PVC 1.0 × 10–6 to 1.0 × 10–1 7.0 × 10–7 3.0–5.5 15 [33]

4-Dimethylaminoazobenzene PVC 1.66 × 10–6 to 1.0 × 10–2 8.0 × 10–7 3.0–5.5 10 [34]
bis-glyoxal bis(2-hydroxy-

anil)
PVC 3.0 × 10–6 to 1.0 × 10–2 6.3 × 10–7 2.7–6.5  < 20 [35]

bis-(4-N-amino-5-mercapto-
1,2,4-triazol-3-yl)alkane

PVC 1.0 × 10–5 to 1.0 × 10–1 8.6 × 10–6 3.4–5.2 10 [36]

Tri-o-thymotide PVC 4.0 × 10−6 to 1.0 × 10−1 2.0 × 10–7 2.8–5.1 15 [7]
2,2-bis{[(2-benzylaminofor-

myl) phenxoyl]methyl}-
diethylether

PVC 2.8 × 10–6 to 1.0 × 10–1 8.6 × 10–7 2.5–6.5 10 [37]

Aurin tricarboxylic acid PVC 7.0 × 10–6 to 1.0 × 10–1 7.0 × 10–6 3.5–6.5 10 [38]
5-Ethyl-6-oxo-5-pentan2-yl-

sulfanyl-pyrimidin-4-olate
CPE 1.7 × 10–6 to 1.3 × 10–2 9.0 × 10–7 2.3–6.5  < 15 [39]

1,13-bis(8-quinolyl)-
l,4,7,10,13-pentaoxatride-
cane

CPE 1.0 × 10–6 to 1.0 × 10–2 4.0 × 10–7 5.0–10.0 10 [40]

N,N-bis(salicylidene)-
o-phenylene diaminate 
chromium(III)

CPE 7.5 × 10–6 to 1.0 × 10–2 1.8 × 10–6 4.5–7.7 5–10 [41]

5,5′-(1,4-Phenylene)
bis(3-(naphthalen-1-yl)-
4,5-dihydro-1H-pyrazole-
1-carbothioamide)

PVC 1.0 × 10–5 to 1.0 × 10–1 1.7 × 10–6 5.0–11.0 8 This work
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