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Abstract 
High concentrations of nitrate ions in water can cause eutrophication, while ingestion of 
these ions can cause methemoglobin and various cancers. Therefore, there is a need for 
sensitive, selective and inexpensive analytical tools, as an alternative to expensive 
conventional techniques, to monitor and evaluate the concentration of these ions. The 
aim of the present investigation is to develop printed graphite-epoxy electrodes modified 
with PVC membranes for the potentiometric determination of nitrate ions. The electrodes 
were manually printed in the laboratory with inks prepared from epoxy resin and graphite 
at different percentages and particle sizes. The printed electrodes were characterized by 
cyclic voltammetry, electrochemical impedance spectroscopy and scanning electron 
microscopy, prior to their modification with PVC membrane. The chrono-potentiometric 
response of the electrodes was evaluated with NO3

- ion solutions. The best printing and 
electrochemical behavior of electrodes was obtained with inks containing 76 % of 
modified conductive phase-modified graphite nanoparticles. The developed ion-selective 
electrodes showed response to nitrate ions with a super-Nernstian slope, detection limits 

in the order of 10 mol L-1, response times of 10 to 12 seconds and selectivity in the 
presence of NO2

-, SO4
2-, Cl-, Br-, I- and CrO4

2- ions. The developed electrodes were used for 
the indirect determination of chloride ions in water samples by potentiometric titration. 

Keywords 
Electrochemical nitrate sensor; ion-selective electrode; selective membrane; cyclic 
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Introduction 

Water pollution is an environmental problem that represents one of the most pressing challenges 

facing society today. Presence of nitrate ions in water bodies has emerged as a major concern due 

to its significant impact on water quality and, consequently, on human health [1]. The World Health 

Organization (WHO) and Australian regulations have set a guideline value of 50 mg L-1, while the 
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United States Environmental Protection Agency (EPA) has set a maximum contaminant level (MCL) 

for nitrate in drinking water of 44.2 or 10 mg L-1 (as total nitrogen) [2,3]. 

Nitrate ions are very common contaminants in drinking water. They are mainly caused by the 

excessive use of nitrogen fertilizers in agriculture and the lack of management of animal excreta 

generated in livestock farming. In nature, this ion is naturally present, but any anthropogenic 

alteration of the natural nitrogen cycle modifies the permissible levels of this pollutant in water [4,5] 

Given the risks that nitrate ions pose to the organism, the determination of these contaminants 

in water at trace levels is of great importance. A variety of analytical techniques have been reported 

in the literature for the determination of this ion, including spectrophotometry, chromatography, 

spectrofluorimetry, and others [6-8]. In addition to these expensive and complex automated 

instruments for nitrate analysis, chemical sensors have been developed. These devices are 

alternative analytical techniques due to their simplicity, robustness, portability and low cost. 

Among the chemical sensors, electrochemical sensors for the determination of nitrate ions, espe-

cially the all-solid-state electrodes, stand out in the literature. Despite a large number of publications 

on nitrate ion-selective electrodes, research continues to focus on the development of new electrodes 

that are more robust, economical, portable, require small sample volumes for analysis, can be 

produced in large quantities, and can be integrated into portable devices for in situ measurements. 

Table 1 summarizes the characteristics of various already reported potentiometric sensors. 

Table 1. Characteristics of some sensors for potentiometric nitrate detection, Ag/AgCl reference electrode 

Material Nernstian slope, mV dec-1 LOD, mol L-1 Detection range, mol L-1 Ref. 

CS-MMT nanocomposite and  
graphite-epoxy 

-49 to -54 710-5 10-5 to 0.1 [9] 

Zn(II) complexes coordinated by 
neutral tetradentate ligands on PVC 

-55.16 1.8610-5 10-5 to 0.1 [10] 

Polypyrrole nitrate and 
tridodecylmethylammonium nitrate 

modified graphite electrode 
immobilized on PVC 

-53.99 810-4 10-5 to 1.0 [11] 

Epoxy-graphite composite and  
PVC membrane 

-59.5 1.510-4 1.610-4 to 0.016 [12] 

Glassy carbon electrode and 
polypyrrole with nitrate doped 

-55.0 10.0-4 to 0.8 Not reported (>810-6) [13] 

Chitosan/bentonite nanocomposite 
modified graphite-epoxy electrode 

-54.6 210-4 210-4
 to 0.8 [14] 

 

In recent years, screen printing has been used to fabricate printed electrodes. The most important 

feature of these electrodes is the construction of a new generation of miniaturized sensors that can 

meet the requirements of portable analytical devices and can replace conventional electrodes [15]. 

Some reports have been made by Koncki et al. [16], Jiang et al. [17], Baumbauer et al. [18],  

Thuy et al. [19] and Paré et al. [20]. 

Publications on solid-state printed electrodes for the potentiometric determination of nitrate 

ions are still lacking. Therefore, the main objective of this work is to develop a miniaturized  

graphite-epoxy electrode selective for nitrate ions by modifying screen-printed electrodes with PVC 

sensing membranes. 
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Experimental 

Reagents 

All reagents used were of analytical grade (>99 %). Deionized water with a conductivity of 

1.26 µS cm-1 was used. Mixtures of Merk's 50 μm powdered graphite and epoxy resin were prepared 

for the construction of the electrodes as previously reported [21]. The nanometric graphite used as 

an ink modifier (a mixture of multi-walled carbon nanotubes, carbon nanobeads, amorphous 

graphite, micrometric graphite, graphite oxide and carbon quantum dots) was synthesized by the 

submerged arc discharge method at the Center for Technological Applications and Nuclear Deve-

lopment (CEADEN) [22-25]. The redox couple [Fe(CN)6]3-/4- with a concentration of 0.02 mol L-1 was 

prepared using potassium hexacyanoferrate(II) trihydrate and potassium hexacyanoferrate(III) 

(Merk, Germany) in equimolar amounts in 0.02 mol L-1 phosphate buffer saline solution (PBS) buffer 

pH 6.9 from Sigma Aldrich. The membrane was prepared using PVC from UNI-CHEM, tributyl phos-

phate and tetrahydrofuran from ALDRICH, and 1-furoyl-3,3-diethylthiurea as ionophore, synthe-

sized by the Laboratory of Organic Synthesis, Faculty of Chemistry, University of Havana [26,27]. 

KNO3 from ALDRICH and Pb(NO3)2 from FLUKA were used to evaluate the potentiometric response 

of the electrodes. For the interference study, K2CrO4 from MERCK, KBr from AnalaR, KI from FLUKA, 

KCl from PANREAC, Na2SO4 and NaNO2 from UNI-CHEM were used. Pure NaOH (> 99 %) and HNO3 

from MERCK were used for the pH study. 

Equipment 

Electrodes were cured in a DHG-9146A oven (China). Electrical resistance measurements were 

performed with a YFE model YF-2100 digital multimeter. Electrochemical characterization and 

potentiometric evaluation were performed using a Palm Sens 4 potentiostat (Italy) connected to a 

computer managed by PSTrace software version 5.9 and operating in cyclic voltammetry (CV), 

electrochemical impedance spectroscopy (EIS) and open-circuit potential (OCP) modes. A three-

electrode system, a graphite-epoxy screen-printed working electrode, a platinum auxiliary electrode 

and the Ag/AgCl reference electrode (KCl, 3 mol L-1) from Basic Analytical Systems (BAS) was used. 

Deionized water was obtained from the water purifier, Milli-Q, HPW Pure Water System, Heal-Force 

(China). The pH study was carried out using a pH meter, model PHSJ-3F (China) and a glass membrane 

electrode from HANNA Instrument. Microscopy was performed in a scanning electron microscope 

(SEM), model Vega 5130 SB, TESCAN, with a tungsten filament electron source (OXFORD Instruments). 

Preparation of graphite-epoxy inks and electrode screen printing process 

Six composite mixtures were prepared according to previously reported results [21]. 1-butanol and 

benzyl alcohol were used in different volume ratios until the appropriate viscosity for printing was 

achieved. Table 2 shows the content of graphite with respect to the total mass of the composite 

(insulating phase-epoxy resin + conductive phase-graphite) and the volume ratio between the solvents 

used. 

Table 2. Composition of graphite-epoxy inks 

Ink/printing Content of graphite (50 µm), % 1-butanol : benzyl alcohol volume ratio 

A 50.8 6 : 1 

B 61.4 25 : 1 

C 76.0 50 : 1 

C-1 76.0 1 : 3 

C-2 76.0 1 : 4 

C-3 68.4 (+ 7.6 nanometer graphite) 1 : 4 
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The electrodes were printed on polyethylene terephthalate (PET) sheets using a screen-printing 

frame with the electrode template and a pore size of 100 µm. The screen-printed electrodes were 

then dried in an oven at 40 °C for 48 h to achieve curing of the electrodes [21,28], and the working 

area and the electronic contact area were then isolated with insulating tape. 

Preparation of PVC membranes and construction of nitrate ion selective screen-printed electrodes 

Membranes were prepared by mixing 62% tributyl phosphate, 28 % PVC and 10 % 1-furoyl-3,3- 

-diethylthiurea (ionophore) with 600 µL of tetrahydrofuran [29]. In addition, membranes without 

the ionophore (blank membranes) were prepared with equal amounts of the remaining compo-

nents. The PVC membranes were manually applied to the screen-printed electrodes, which showed 

a potential difference of 1.4 mV in front of the redox system [Fe(CN)6]3-/4-. Ion-selective electrodes 

(ISEs) were dried for 24 h and then activated in a solution of 10 mmol L-1 NO3
- ions for 24 h. 

Experimental procedures 

Electrochemical characterization was performed by cyclic voltammetry (CV) and electrochemical 

impedance spectroscopy (EIS) techniques. A three-electrode system was used to evaluate the 

electrochemical response of the screen-printed electrode to the redox system [Fe(CN)6]3-/4-. Cyclic 

voltammograms were obtained at the interval -2.0 and 2.0 V, at 25 mV s-1. Electrochemical 

impedance spectra were measured at the open circuit potential (OCP), in a frequency range 

between 100 kHz to 0.05 Hz with an alternating signal amplitude of 10 mV.  

To evaluate the repeatability of the screen-printing process, three replicates of the carbon ink 

were printed, corresponding to the electrodes that showed the best electrochemical behavior in the 

redox system [Fe(CN)6]3-/4-. A random selection of 45 electrodes was made in each case, the 

electrical resistance was measured with a digital multimeter and a hypothesis test for the 

comparison of the three-sample means was performed by analysis of variance (ANOVA) using 

STATGRAPHICS 19 software (free version) [30].  

The potentiometric response of the sensors was evaluated using the addition method described 

by IUPAC [31]. Starting from a three-electrode system, aliquots of Pb(NO3)2 were added every 1 min 

to the electrochemical cell with 10 mL of deionized water, and the variation of the equilibrium 

potential over time was measured. The activation process was evaluated in water and in Pb(NO3)2 

and KNO3 solutions. Electrode calibration was performed with KNO3 (the concentration was varied 

from 210-6 to 22 mmol L-1) solutions for electrodes activated in Pb(NO3)2. 

SEM characterization was performed on the working area of the printed electrode coated with 

gold vapor. An electron beam accelerated to a potential of 15 kV was used to obtain the micrographs 

at different magnifications. 

The response time of the sensors was evaluated at OCP by adding successive aliquots of 50 µL 

KNO3 at 1 mol L-1 to a solution of KNO3 at 1 mmol L-1. The stability criterion was taken as a change 

in potential equal to, or less than 1 mV min-1 [32]. 

To evaluate the influence of pH on the electrode potential, the potential was stabilized in 25 mL 

of 10 mmol L-1 HNO3, successive additions of NaOH at 0.1 and 1 mol L-1 were made, and pH of the 

solution and electrode potential values were measured simultaneously after each addition.  

The interference study was performed according to the mixed-solution method [33]. This method 

consisted of performing calibrations with KNO3 (concentration range 210-6 to 22 mmol L-1) and 

10 mL of the interfering ion at 1 mmol L-1. The influence of the ionic species NO2
-, SO4

2-, CrO4
2-, Cl-, 

Br- and I- was evaluated by determining the potentiometric selectivity coefficient. 
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In order to determine the lifetime of the developed sensors, the variation of sensitivity of 

electrodes over time was evaluated, which consisted of performing triplicate calibrations for 

unmodified electrodes and those modified with PVC membranes at 2, 11, 30 and 120 days after 

activation with Pb(NO3)2. 

The developed ISEs were used for the indirect determination of chloride ions in synthetic samples 

by potentiometric titration with AgNO3. Titration curves were obtained at two chloride ion 

concentration levels (10 and 50 mmol L-1). From the concentration data estimated by ISE, a three-

factor nested design (factor 1: electrode, factor 2: operator and factor 3: replicates) was performed, 

which allowed the precision to be estimated under repeatability conditions and under intermediate 

precision conditions between operators, between electrodes and between operators and electrodes. 

Results and discussion 

Electrochemical characterization by cyclic voltammetry 

Figure 1a shows the cyclic voltammograms obtained for the electrodes of print A, B and C against 

the redox system [Fe(CN)6]3-/4-. No electrochemical signals corresponding to the oxidation-reduction 

processes of the redox system are shown for the electrodes of prints A and B. This behavior may 

indicate a high resistance to electron transfer, which justifies an insulating behavior. For the 

electrodes corresponding to print C (76 %), electrochemical signals corresponding to the oxidation-

reduction processes of the redox probe were observed. In this case, the cyclic voltammograms 

showed two separate peaks at a potential difference of 3.3 ± 0.2 V.  

From the previous results, it was found that 76 % of the conductive phase was sufficient to 

generate electrochemical response of the electrodes, so two prints (print C-1 and C-2) were made 

with the same composition of ink C, varying the volume ratio between the solvents in searching 

better print of the electrode (Table 2). In addition, a print C-3 was made by modifying the conductive 

phase with nanometric graphite to improve the percolation threshold of the conductive charge. 

Figure 1b shows the cyclo-voltammograms obtained for these electrodes, where a better 

electrochemical behavior is observed for the electrodes of print C-2 with respect to those of print 

C-1, indicating an improvement in the screen-printing process with the proportions of solvents used. 

The electrochemical signal was improved further when nanometric graphite was incorporated into 

the carbon inks (print C-3). 

 
Figure 1. CVs of denoted graphite-epoxy screen-printed electrodes for 0.02 mol L-1 [Fe(CN)6]3-/4-  

in 0.02 mol L-1 PBS pH 6.9, at a scan rate of 25 mV s-1 
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The CVs obtained for the C-3 print showed defined signals and high symmetry, with the potential 

difference between the peaks decreasing to 1.4 ± 0.1 V and the cathodic and anodic peak current 

intensities increasing significantly compared to the other prints.  

These results are due to the fact that the smaller size of the graphite nanoparticles increases the 

probability of occupancy in the conductive network in the insulating matrix, the critical probability 

or percolation threshold of the conductive charge and the electroactive area on the surface of the 

printed electrodes, which is reflected in an improvement of the conductivity of the charge carriers. 

A larger electroactive surface area influences the charge transfer and the electron transfer rate 

during redox processes. The smaller power difference observed compared to the other printed 

electrodes indicates that the oxidation-reduction processes on the electrode surface occur at a 

lower overpotential and lower energy cost. According to Nicholson et al. [34], a smaller potential 

difference between the peaks in the cyclic voltammograms indicates a higher value of the 

heterogeneous electron transfer constant (ko) and thus faster electron transfer kinetics. 

Electrochemical characterization by EIS 

The electrodes corresponding to each print were characterized by EIS in order to analyse the 

behavior of the electron transfer resistance with respect to the percentage of micrometric graphite 

and the use of nanometric graphite in the carbon inks. Figure 2 shows the Nyquist plots for each 

electrode analysed, along with the equivalent circuits used to model the electrode impedance spectra. 

  
Figure 2. Nyquist plots of the screen-printed electrodes of each print, measured over a frequency range of 

105Hz - 0.05 Hz, at OCP. Electrolyte solution: 0.02 mol L-1 of [Fe(CN)6]3-/4- in 0.02 mol L-1 PBS pH 6.9 

The difference in the impedance results obtained for the electrodes of prints A and B with respect 

to the other prints is due to the fact that the former two have a high resistance to electron transfer.  

The impedance response obtained in all cases was interpreted by establishing an analogy between 

the physicochemical processes occurring at the electrode material and the impedance response of 

equivalent circuits. In the proposed equivalent circuits, Rs represents the resistance associated with 

the contacts, cables, connections, etc, while Rp 1 is the resistance associated with the transducer or 

printed electrode. The circuit elements CPE 2 and Rp 2 correspond to the mechanisms associated with 

the electrode-solution interface observed at low frequencies for the C, C-1, C-2 and C-3 prints. It 

should be emphasized that in the Nyquist impedance spectra the maximum value of the imaginary 

impedance component (-Z") is lower than the semicircle radius (Rp/2) for all the electrodes analysed, 

which justifies the use of a constant phase element (CPE) instead of a capacitor in the proposed 

equivalent circuits, in order to obtain a better fit between the experimental and modeled data.  
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The fit between the experimental impedance data and the impedance response modeled with the 

electrical circuits yielded Chi-squared values (ꭕ2) between 10-4 and 10-5, indicating a reasonable fit. 

From the Rp 1 values, it was found that the electrode resistance decreases from print A to print C, 

which is consistent with the increase in the percentage of graphite in the material. The lowest 

resistance values were obtained for electrodes corresponding to print C-3, which corresponds to 

electrodes containing nanometer graphite. These results are consistent with the properties of the 

electrodes with the increase in the percentage of graphite and the use of nanometric graphite. 

Evaluation of the repeatability of the C-3 ink printing process 

The repeatability of the screen-printing process of the ink corresponding to this C-3 printing was 

evaluated. The inks were prepared in triplicate (print C-3a, print C-3b, print C-3c), 45 electrodes 

were selected from each print, the electrical resistance was measured, and an analysis of variance 

(ANOVA) was performed to compare the sample means.  

Table 3 shows the results of the normality test using the ꭕ2
 and Shapiro-Wilks statistical tests, and 

the homogeneity of variances test using the Bartlett and Cochran tests, performed after eliminating 

the anomalous resistance values (Ho is the null hypothesis and Hi is the alternative hypothesis). The 

normality test indicated with 95 % confidence that the resistance values of the three prints 

performed were from a normal distribution. The analysis of homogeneity of variances showed that 

the probability values are greater than 0.05, therefore, it can be said with 95 % confidence that the 

variances are homogeneous. Ho was not rejected in either test. 

Table 3. Probability values for the test of normality and homogeneity of variances, for α = 0.05 

Test of normality 

Hypothesis testing Print 
P values 

ꭕ2 Shapiro-Wilks 

Ho: Print C-3a, C-3b and C-3c come from a normal distribution. 
Hi: Print C-3a, C-3b and C-3c do not come from a normal distribution 

C-3a 0.0515 0.1086 

C-3b 0.0619 0.2936 

C-3c 0.5227 0.5875 

Homogeneity of variances test 

Hypothesis testing P values 

Ho: print-3a
2 = print-3b

2 = print-3c
2  

Hi: print-3a
2  print-3b

2  print-3c
2  

Bartlett Cochran 

0.7764 0.9146 

α: probability of committing a Type I error, which is rejecting the null hypothesis when it is actually true,2: dispersion or 
population variance 
 

The analysis of variance for the comparison of the three-sample means (Table 4) yielded a 

probability value greater than 0.05, allowing us to say with 95 % confidence that the means are 

statistically equal.  

Table 4. Results of the analysis of variance (ANOVA) for the values of the resistance of the three inks prepared 

Source Sum of squares df Mean square F-ratio P-value 

Between groups  13.6778 2 6.83888 1.88 0.1565 

Within groups 439.356 121 3.63104   

Corrected total sum of squares 453.033 123    

Ho: E
2 = D

2 → print-3a = print-3b = print-3c; Hi: E
2 >> D

2 → i  j  
df: degree of freedom; E

2: dispersion between groups; D
2: Dispersion within groups; μ: population mean 

 

These statistical results allow us to affirm that the printing process of the graphite-epoxy 

electrodes is reproducible, therefore, it can be considered that all the resistance values of the 

electrodes belong to the same population, with a confidence interval of 9 ± 2 k. 
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Potentiometric response of graphite-epoxy screen-printed electrodes modified with PVC membranes 

The electrodes corresponding to the C-3 print, whose resistance values, measured with a digital 

multimeter, were found to be within the confidence interval of 9 ± 2 kΩ, were used for the 

construction of the ISE by deposition of PVC sensing membranes. Figure 3a shows the potentio-

metric response obtained for three electrodes using the addition method, where a potentiometric 

response corresponds to an anionic response behavior (negative response slope). The result 

obtained is in agreement with that published by Arada-Pérez and collaborators [26], where graphite-

epoxy electrodes modified with PVC sensing membranes are reported for the determination of 

lead(II) and nitrate ions. The response to nitrate ions occurs when the ISE no longer responds to the 

Pb(II) cation, due to loss by exudation of a component of the membrane or saturation of the active 

sites in the membrane, i.e. free thiourea to coordinate with the metal ion [26]. 

In order to know the electrode component responsible for the response to nitrate, the 

potentiometric response of unmodified electrodes, electrodes modified with white PVC membrane 

and electrodes modified with 10 % PVC membrane of 1-furoyl-3,3-diethylthiurea, to changes in the 

concentration of Pb(NO3)2 in the measurement cell was evaluated. Figure 3b shows the 

potentiometric response obtained in each case, where a potentiometric response to nitrate ions is 

observed in all cases. These results show that the ionophore is not the cause of the nitrate ion 

response of the ISE. The potentiometric response is mainly due to the transducer and the dummy 

PVC membrane components (without the ionophore). Therefore, it was decided to omit the 

ionophore in the preparation of the membranes and to perform the ISE evaluation with the white 

PVC membrane only. 

  
Figure 3. Chronopotentiometric responses of (a) three printed electrodes (print C-3) modified with 10 % PVC 
membranes of the ionophore 1-furoyl-3,3-diethylthiurea (FDB), (b) each electrode component (transducer 

only, transducer + blank membrane and transducer + 10 % FDB membrane) 

The response to nitrate ions corresponding to the unmodified electrode can be explained by the 

possible presence of amino groups in the transducer, which are formed during the curing process 

between the epoxy resin and the amine used as a hardener. As reported by Matějka et al. [35], 

during the curing process of an epoxy resin, the presence of tertiary amines could react with the 

epoxy group to form a zwitterion containing a quaternary nitrogen atom, which in the present 

investigation could be responsible for the potentiometric response to nitrate ions. 

Analysis of the activation process 

The activation process of the unmodified and modified electrodes with white PVC membranes 

was studied in different media (KNO3, Pb(NO3)2 and H2O) to determine the most sensitive conditions 
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in the developed ISEs. Figure 4 shows the E vs. log a(NO3
-) curves obtained. The results show that 

the potentiometric response depends on the activation process prior to calibration. From the linear 

regression parameters (Table 5), it was obtained that activation with Pb(NO3)2 causes a higher 

sensitivity to nitrate ions for both types of electrodes. 

 
Figure 4. ΔE vs. log a(NO3

-) curves for unmodified printed electrodes (print C-3) and printed electrodes 
modified with PVC membranes (print C-3 + PVC membrane), activated in different media 

Table 5. Parameters of the linear regression in the Nernstian zone of the ΔE vs. log a(NO3
-) curves 

Print C-3 Print C-3 + PVC membrane 

Activation r2 S / mV dec-1 Activation r2 S / mV dec-1 

in H2O 0.958 -17 ± 1 in H2O 0.973 -23 ± 1 

in KNO3 0.992 -49 ± 1 in KNO3 0.986 -38 ± 1 

in Pb(NO3)2 0.988 -62 ± 2 in Pb(NO3)2 0.998 -65.2 ± 0.7 
r2: correlation coefficient; S: slope response of the electrode in the Nernstian region (sensitivity of the electrode) 
 

The activation process of the unmodified and modified graphite-epoxy electrodes with PVC 

membranes was additionally studied by scanning electron microscopy to detect possible surface 

changes of the electrodes after the activation process, which justify the potentiometric response 

shown in Figure 4. Figure 5 shows the micrographs obtained for the unmodified electrodes, in which 

no appreciable changes were detected on the surface of the electrodes activated with water and 

potassium nitrate.  

Figure 6 shows the micrographs obtained for the electrodes modified with white PVC mem-

branes. In the membranes activated in water, a high formation of surface craters was observed, in 

addition to white particles associated with the presence of moisture, since they disappeared when 

the image was amplified at these points. A similar behavior was observed for membranes activated 

in potassium nitrate, where white clusters could be associated with potassium nitrate particles.  

In membranes activated with Pb(NO3)2, the white spots could be associated with solid particles 

of the nitrate salt, results also reported by other authors for PVC membranes activated with 

Pb(NO3)2 [29]. It is important to highlight the formation of nanometer-sized dots in these mem-

branes (Figure 6c1, 40000 magnification), which could be associated with the formation of sites 

that improve the sensitivity of the electrodes, due to the interaction that could exist between the 

amino groups of the transducer and the lead ions. These interactions could be possible due to the 

low thickness, porosity and permeability of the membrane. 
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Figure 5. SEM micrographs corresponding to the unmodified epoxy graphite electrodes:  

(a) activation in H2O, (b) activation in KNO3, (c, c1) activation in Pb(NO3)2, different magnification 

 
Figure 6. SEM micrographs corresponding to the epoxy graphite electrodes modified with PVC membranes: 

(a) activated in H2O, (b) activated in KNO3, (c, c1) activated in Pb(NO3)2 at different magnifications 
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Electrode calibration 

Figure 7 shows the calibration curves obtained for each replicate analysed, for unmodified 

electrodes and for electrodes modified with white PVC membranes. 

 
Figure 7. ΔE vs. log a(NO3

-) for unmodified printed electrodes (print C-3) and printed electrodes modified 
with white PVC membranes (print C-3 + PVC membrane) 

The calibration parameters of the developed sensors, such as sensitivity (S), lower linear response 

limit (LIRL) and practical limit of detection (LPD), were determined by linear regression on the 

calibration curve, in a linearity range in the order of 0.1 to 10 mmol L-1. The results obtained are 

shown in Table 6. 

Table 6. Performance parameters obtained during electrode calibration 

Parameters Electrodes 

Print C-3 Print C-3 + PVC membrane 

r2 0.997 0.996 

S / mV dec-1 -62.2 ± 0.7 -69 ± 5 

LIRL, mol L-1 47.8 ± 0.8 40.0 ± 10.0 

LPD, mol L-1 37.0 ± 7.0 24.0 ± 6.0 

Response time, s 10 12 
 

The linear regression in the Nernstian region of the calibration curves was statistically significant, 

with a coefficient of determination greater than 0.99 in all cases. The response slope values show that 

the sensitivity of the electrodes modified with PVC membrane is slightly higher than that of the unmo-

dified electrodes. In both cases, the values are higher than the theoretical value reported by Nernst 

for a monovalent ion (59.16 mV dec-1) [31], indicating a supernormal behavior, a result in agreement 

with that reported by some authors using PVC membranes selective for nitrate ions [26,36,37]. 

The super-Nernstian behavior in some ion-selective electrodes is not known in depth, but some 

theories are reported that try to explain this phenomenon. Studies by Amemiya et al. [38,39] suggest 

that the super-Nernstian behavior in electrodes is due to the interaction between the receptor 

element of the electrode and the secondary ions in the membrane phase. This can occur when the 

secondary ions have an opposite charge to the primary ion (or ion of interest, NO3
-) and bind 

independently to the ISE receptor element. This interaction that the secondary ion may experience 

can enhance the response of the electrode at lower concentrations of the primary ion, resulting in 

a super-Nernstian response. 
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Effect of pH on the potentiometric response 

Figure 8 shows the Reilley plots obtained when analysing the influence of solution pH on 

electrode's response. The optimum pH range was found to be between 4 and 10 for both electrodes. 

For the unmodified electrodes, the potential remains practically constant throughout the pH range 

studied, since the electrode responds preferentially to the ion of interest and the influence of pH is 

small. In this case, the variation experienced by the concentration of nitrate ions during the pH 

analysis is not significant enough to cause an appreciable variation in the potential. On the other 

hand, in the electrodes modified with white PVC membrane, the potential showed some stability at 

pH values between 4 and 10. It is important to note that in this pH range, the electrodes show a 

higher analytical signal compared to the unmodified electrodes. 

 
Figure 8. Variation of ΔE with pH for printed electrodes without membrane and with PVC 

membranes, (in blue the variation of log a(NO3
-) vs. pH) 

The differences obtained in the behavior of E vs. pH could be mainly due to the PVC that 

constitutes the membrane of the modified electrodes. Some authors report that the PVC structure is 

affected at extreme pH values. Under certain conditions, the structure of polyvinyl chloride can be 

affected at basic pH in the presence of strong bases acting as nucleophiles [40,41]. At acidic pH, PVC 

degradation can be catalyzed [42]. Possible changes in the PVC structure by varying the pH of the 

medium can lead to changes in the membrane surface of the electrodes and consequently to changes 

in the membrane permeability, resulting in variations in the membrane phase potential [42].  

Analysis of possible interfering ions 

One of the most important parameters to evaluate when studying an ion selective electrode is 

its selectivity, which is expressed by calculating the potentiometric selectivity coefficient (K) 

(Equation (1)), where: a is the activity of the NO3
- ion and the interfering ion (j), Z is the charge of 

the ion. The determination of this analytical parameter allows the definition of the future 

applications of the sensor in the analysis of real samples.  

-
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Table 7 shows the values of the potentiometric selectivity coefficients obtained by the mixed-

solution method for NO2
-, SO4

2-, Br-, Cl-, I-, CrO4
2- ions at a concentration of 10-3 mol L-1. These ions 

are the most frequently reported in the literature for interference studies on nitrate-selective 
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electrodes [43,44]. In addition, many are controlled by the Cuban standards 827:2017 and 

1021:2014 on the quality of water for human consumption [45,46].  

The results show that for both types of electrodes (with and without membrane), the 

potentiometric selectivity coefficient is less than one for all interfering ions. This result indicates that 

the selectivity of the electrode favors the nitrate ion [47]. The values of the potentiometric 

selectivity coefficient for the electrodes modified with PVC membranes were slightly lower, 

indicating a higher selectivity for nitrate ions than for the electrodes without membrane. This could 

be related to a permeoselective effect of the PVC membrane. In both cases, SO4
2- and CrO4

2- ions 

are non-interfering ions. 

Table 7. Potentiometric selectivity coefficient of printed electrodes without membrane with  
white PVC membrane 

Interfering ion 

Electrodes 

Print C-3 Print C-3 + PVC membrane 

Kpot 

NO2
- 0.285 0.248 

SO4
2- 0.005 0.003 

I- 0.207 0.315 

Br- 0.277 0.203 

Cl- 0.267 0.155 

CrO4
2- 0.019 0.014 

Lifetime evaluation of the ISE 

To determine the lifetime of the unmodified and modified graphite-epoxy printed electrodes 

with PVC matrix membranes, the selection criterion was the time during which the electrode 

maintains a logarithmic relationship between the potential and log a(NO3
-) of the Nernst type, a 

criterion reported by other authors [29,48]. Figure 9 shows the behavior of the slope response of 

the electrodes as a function of time, determined in triplicate at 2, 11, 30 and 120 days. For both 

electrodes, a Nernst-type behavior was observed during the time analysed, according to the error 

margins reported, since they exhibited sensitivity values close to the theoretical value reported by 

Nernst for a monovalent anion. The study suggests that the electrodes constructed have a lifetime 

greater than 120 days. 

 
Figure 9. Sensitivity behavior as a function of time for the unmodified and modified graphite-epoxy printed 

electrodes with PVC membranes 

An important aspect of the electrodes produced in this research is their reusability for successive 

measurements and their lifetime. This made it possible to study different parameters of the 
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electrodes without them losing their response. This feature is an important advantage over com-

mercial printed electrodes, which are designed to be used and discarded. 

Application of PVC membrane modified electrodes for indirect potentiometric determination of 
chloride ions in synthetic water samples 

The results discussed above show that the developed printed electrodes selective for nitrate ions 

have potential for use in environmental analysis. This allowed the development of teaching 

laboratory practices with the printed electrodes modified with white PVC membranes. The low 

response of the ISE to other ions, such as Cl- ions, allowed the indirect potentiometric determination 

of this ion in synthetic samples by volumetric precipitation with AgNO3. Figure 10 shows the 

potentiometric titration curves obtained for five electrodes at two levels of chloride ion 

concentration (0.01 and 0.05 mol L-1, respectively). 

 
Figure 10. Potentiometric titration curve for 5 printed electrodes modified with PVC membranes, at two 

levels of chloride ion concentration. Titrant AgNO3 at 0.01 mol L-1 (1st concentration level) and  
0.1 mol L-1 (2nd concentration level) 

The Nikolsky equation (Equation (2)) explains why it was possible to determine the concentration 

of chloride ions with nitrate ion-selective electrodes. During the potentiometric titration, the 

concentration of nitrate ions increases and that of chloride ions decreases linearly until the 

equivalence point is reached. After this point, the nitrate ions remain in excess, causing a large 

increase in the potentiometric potential. 
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The variation of the potential during the titration is mainly due to the value of the potentiometric 

selectivity coefficient and the concentration of the chloride and nitrate ions. Before the equivalence 

point, the potential difference of the system is a function of the concentration of the interfering ion 

(chloride ions), since the product of the activity of this ion and the potentiometric selectivity 

coefficient is greater than the activity of the nitrate ion, since the concentration of nitrate ions is very 

low at the beginning of the titration. After the equivalence point, the potential difference of the 

system is a function of the activity of the nitrate ion (primary ion), since the activity of the interfering 

ion is less than that of the nitrate ion by the potentiometric selectivity coefficient. Consequently, the 

potential difference will vary from lower to higher values after the potential jump. 
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During the classroom practice, each electrode was analysed by two different students and the 

titration curves were performed in duplicate at two concentration levels to validate the manu-

factured electrodes. A three-factor nested design (analysis of variance, ANOVA) was performed on 

the concentration data obtained experimentally, allowing the precision to be estimated under 

repeatability conditions and under intermediate precision conditions between operators, between 

electrodes and between operators and electrodes. After confirming the homogeneity of the 

variances with 95 % confidence, the precision estimates were calculated for each of the 

concentration levels evaluated, whose values are presented in Table 8. 

Table 8. Estimated precision for each concentration level 

 CCl- / mol L-1 

Level 1 Level 2 

0.01 0.05 

Precision estimation (concentration estimation) 

Sr 0.00048 0.0021 

SA 0.00048 0.0024 

SE 0.00055 0.0032 

SEA 0.00056 0.0034 
Sr: Estimated accuracy under repeatability conditions 
SA: Estimated accuracy under medium accuracy conditions - operator 
SE: Estimated accuracy under medium accuracy conditions - electrode 
SEA: Estimated accuracy under intermediate accuracy conditions - electrode – operator 
 

Accuracy estimates increase from the repeatability level to the intermediate accuracy level under 

electrode analyser conditions. An increase in imprecision as one moves up the nested design is due 

to a greater number of factors contributing to the variance in accuracy. The variance between Sr and 

SA levels is less than the variance between SE and SEA levels, indicating that the greatest variability is 

obtained between electrodes and the contribution of the operator and replicate variables have less 

influence on the error in concentration estimation. In addition, it is observed that the values of 

intermediate precision operator, electrode and electrode-operator and precision in repeatability 

conditions, show adequate values of repeatability and precision of the electrodes in the deter-

mination of the concentration of Cl- ions for teaching laboratory practices. These results strengthen 

the potential of application in environmental samples. 

The comparison of the theoretical concentration values, calculated according to the mass of the 

weighed salt, and the concentration estimated using the printed electrodes selective for nitrate 

ions, shows that the electrodes allow the determination of the concentration of Cl- ions with a low 

bias, since the relative standard deviation reported values lower than 20 % for both concentration 

levels (4.01 and 5.77 % respectively)  

Conclusions 

Epoxy graphite electrodes were printed under repeatability conditions, with a composition of 

76 % graphite (7.6 % of nanometer graphite and 68.4% of 50 μm graphite) and a 1:4 volume ratio of  

1-butanol: benzyl alcohol. The modification of the carbon inks with nanometric graphite imparted a 

better electrochemical behavior to the developed electrodes. The variations in the potentiometric 

responses of the electrodes could be related to the modifications that the surface of the different 

electrodes undergoes after the activation process. The increase in sensitivity of electrodes activated 

with lead nitrate (II) could be due to response mechanisms generated by the possible presence of 

amine salts in the transducer, favoring the exchange of nitrate ions through the membrane phase. 

The analytical characteristics of the electrodes developed in this work make it a potential proposal 
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for use in the analysis of nitrate ions in real samples; due to their precision, repeatability, selectivity, 

wide linear range of response (between 410-2 and 22 mmol L-1) and low detection limits. 
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