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Abstract:



The electrochemical properties of ion-exchanger-based solvent polymeric ion-selective electrodes (ISEs)—bulk and interfacial resistance, capacitance, and polarization under a galvanostatic current step—are studied, with a nitrate ISE based on tetradecylammonium nitrate (TDANO3) as a model system. The study is performed by chronopotentiometric and impedance measurements, and focuses on the dependence of the aforementioned properties on the concentration of NO3− anions in solution. The impacts from the bulk and the interfacial charge transfer to the overall membrane resistance are revealed. It is shown that the bulk resistance of the membranes decreases over an increase of NO3− concentration within the range of a Nernstian potentiometric response of the ISE. This fact, also reported earlier for K+- and Ca2+-selective ISEs, is not in line with current views of the mechanism of the ISE response, or of the role of ion exchange in particular. The origin of this effect is unclear. Estimates are made for the concentration of ionized species (NO3− and TDA+) and, respectively, for the TDANO3 association constant, as well as for the species diffusion coefficients in the membrane.
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1. Introduction


Ion-selective electrodes (ISEs) with solvent-polymeric membranes are routinely used as sensors of ion activity in a broad range of applications, primarily in clinical chemistry, environmental monitoring, and industry. The classical theory of the ISE response focuses primarily on ion-exchange processes at the interface between the membrane and aqueous solution. It also takes into consideration a co-extraction of the aqueous electrolyte from the sample or calibration solution, which governs the upper limit of the ISE response [1,2,3,4]. More recently, it was shown that the lower limit of the ISE response is due to trans-membrane fluxes of electrolyte co-extracted from the internal solution [5,6,7], or from the internal reference system in the case of solid-contact ISEs [8]. Among numerous approaches aimed at the improvement of the lower detection limit, galvanostatic polarization appears the most flexible [9,10,11,12,13]. Recently, we demonstrated that galvanostatic polarization also allows for the improvements for the upper detection limit of ISEs [14].



Advanced models of ISEs cover both lower and upper limits of their response and allow for the description of the ISE potential for fully dissociated membranes (no ion pairs) over real time and space [15,16,17,18]. A more idealized model is also capable of describing the impact of co-extraction to the limits and the slope of the ISE response within the linear range, although only for two monovalent ions at a steady state [19]. The model has been successfully verified using a K+-selective valinomycin-based ISE. A significant decrease of the membrane bulk resistance close to the upper limit of the ISE response was registered and explained as a result of co-extraction of the electrolyte from solution.



It is widely recognized that within the Nernstian response range co-extraction plays a minor role or is negligible. Also, within this range only the boundary potential at the membrane/sample interface varies, whereas other contributions to the overall membrane potential and to the EMF of the galvanic cell are essentially constant. In turn, the boundary potential follows the equation
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Here [image: ] is the boundary potential; [image: ] are the standard chemical potential values; [image: ] are the activities of [image: ] analyte ion in the aqueous and membrane phases, respectively; [image: ] is the ion charge; and F, R, and T are Faraday constant, gas constant, and temperature, respectively. Equation (1) transforms into
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with a constant [image: ] only if [image: ] is constant. Respectively, the composition of the membrane within the Nernstian response range must be constant. Essentially, this means that the membrane bulk resistance must be also constant, so that a Nernstian-responding sensor should not show a conductometric response, and vice versa.



However, it was reported that K+ ISEs based on valinomycin may show both a potentiometric and a conductometric response [20]. A recent systematic study of the electrochemical properties of Ca2+ ISEs based on ETH 1001 also showed a non-constancy of the membrane bulk resistance within the Nernstian response range [21]. These findings may put into question the established views on the mechanism of the ISE response, which is of an academic, and also a practical interest. To the best of our knowledge, anion-selective ISEs have not been studied in this respect. Therefore, in this paper we study the electrochemical properties of anion-selective ISEs based on simple ion exchangers (Hofmeister ISEs) using NO3−-ISE based on tetradecylammonium nitrate as a model system.




2. Materials and Methods


The membrane consisted of 32.6% poly(vinylchloride) (PVC) S-66 (high molecular weight) made by Ohtalen (St.Petersburg, Russia), 65.2% solvent-plasticizer bis(2-ethylhexyl)phthalate (DOP) obtained from Reaktiv (Moscow, Russia), and 2.2% (0.05 M) anion exchanger tetradecylammonium bromide (TDABr) from Analiz-X (Minsk, Belarus). Tetrahydrofuran (THF) and cyclohexanone (CH) were from Vecton (Russia), and distilled before use. KNO3 and KCl were obtained from Reaktiv (Moscow, Russia). All aqueous solutions were prepared with deionized (DI) water with resistivity 18.2 MΩ∙cm (Milli-Q Reference, Millipore, France). The membrane cocktail was prepared by dissolving appropriate amounts of PVC, DOP, and TDABr in THF. The “dry” content in the cocktail was 18%. To obtain the membrane, the cocktail was stirred for 30 min using roller-mixer Movil Rod Selecta (Barcelona, Spain) and then cast on a glass Petri dish with diameter of 70 mm. The dish was closed with filter paper to slow down the evaporation of THF. The complete evaporation of THF took 1 day, and in this way a master membrane with a thickness of 0.7 mm was obtained.



The electrodes were prepared by cutting disks with a diameter of 12 mm from the master membrane and gluing them to PVC bodies with an outer diameter of 12 mm and an inner diameter of 10 mm. A solution of PVC in CH was used as the glue. The internal reference electrode was chlorinated silver wire in a polypropylene body. The electrode design is shown in Figure S1 in the Supplementary Materials.



Initially, the ISEs were filled with 0.1 M KNO3 and conditioned in this solution for two weeks. Every other day during this time the solution was replaced with a fresh portion. This was done to replace Br− in the membrane phase with NO3− anions. After that, the ISEs were thoroughly rinsed with DI water, filled with mixed solution containing 0.01 M KNO3 and 0.001 M KCl, and conditioned in the same solution for one week. The chloride background was needed for the reliable work of the internal Ag/AgCl electrode.



Zero current potentiometric measurements were performed with Ecotest-120 eight-channel potentiometric station Econics (Moscow, Russia). The reference electrode was a single junction Ag/AgCl electrode in 3.5 M KCl, with a salt bridge and a limited leak of KCl. Calibration in KNO3 solutions was performed from 0.1 M down to 10−8 M KNO3 using automatic diluter 700 Dosino controlled by the 711 Liquino Controller (Metrohm, Buchs, Switzerland). Chronopotentiometric curves and electrochemical impedance spectra were recorded with a Potentiostat-Galvanostat Autolab 302N with a frequency response analyzer module FRA 2 (Metrohm, Buchs, Switzerland). The chronopotentiometric and impedance measurements were carried out using symmetric cells with equal compositions of the internal and the external solutions, using an Ag/AgCl electrode (chlorinated silver wire) immersed in these solutions. The counter electrode was glassy carbon rod.



In chronopotentiometric measurements, the electrode potential was initially registered for 10 s without current. Then the current value was abruptly changed from zero to 10−8 A (the respective current density was 2.88 × 10−8 A/cm2) and the potential was registered for 60 s. After that the current was turned off, and the potential was registered for another 60 s. The time resolution in chronopotentiometric measurements was always 0.2 s. The impedance measurements were made in potentiostatic mode with an excitation magnitude of ±5 mV around the open circuit potential, over the frequency range from 100 kHz to 0.01 Hz.



All measurements were carried out in a plastic beaker with a volume of 50 mL, at room temperature (22 ± 1 °C). Three replicate electrodes (ISE 1, ISE 2, and ISE 3) were used in this work. Activities of the NO3− anion in solution were calculated according to the second approximation of the Dubye–Hückel theory:
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Here [image: ] is the ion activity coefficient, J is the solution ionic strength, and [image: ] is the Kielland parameter (equal to 3 for NO3−) [22].




3. Results


3.1. Potentiometric Measurements


NO3−-ISEs with membranes based on quaternary ammonium salts have been known since the 1970s. These ISEs have been thoroughly characterized with regard to their potentiometric response and selectivity, and widely used in practical applications [1,23,24]. Therefore, our potentiometric studies were limited to check the linear range of the ISEs response in KNO3 solutions and the selectivity to NO3− over Cl−. One should expect that the use of nitrate salts with different cations results in different values for the upper limit of the linear response of the ISE [1,2,3,4]. This limit should be lower in the case of CsNO3 and higher in the case of LiNO3. However, our goal was to see whether the bulk resistance of the membrane depends or does not depend on the concentration of the solution within the linear response range. This is why the studies have been focused on KNO3 solutions.



The response curve obtained by sequential 10-fold dilution of 0.1 M KNO3 with DI water down to 10−8 M is shown in Figure 1A. In each solution, the EMF was recorded for 300 s, and the average signal for the last 100 s was used to plot the calibration curve shown in Figure 1B. The ISEs showed a linear response to NO3− from 0.1 to 10−5 M NO3−; the lower detection limit was log(aNO3) = −5.9, and a further decrease of the NO3− concentration results in a saturation of the response. The slopes within the linear range were −53.7 ± 0.4 mV/[image: ]. These slightly sub-Nernstian slopes are common for NO3−-ISEs based on quaternary ammonium salts [4,25]. The selectivity of NO3− over Cl− (separate solutions method) showed that logKNO3/Cl ≈ −1.8.


Figure 1. (A) Ion-selective electrode (ISE) response curves over the sequential 10-fold dilution of 0.1 M KNO3 with deionized (DI) water; (B) the respective calibration curve. The straight lines in (B) refer to ISE 1.
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3.2. Chronopotentiometric and Impedance Measurements


Chronopotentiometric and impedance techniques have been used for the measurements of the resistances and other electrochemical parameters of the ISE membranes. Membranes contact two aqueous solutions (internal and external), and the respective interfaces contribute to the measured signals. Therefore, a correct interpretation of a chronopotentiometric curve or an impedance spectrum can be performed only for a symmetric cell: the internal and the external solutions must be the same, as well as the respective reference electrodes [19,21,26]. The internal and external reference electrodes were chlorinated silver wires, and therefore the nitrate solutions used in this part of the study always contained a 0.001 M KCl background, to ensure the stability of the Ag/AgCl electrodes. The selectivity of the ISEs allowed for neglecting the presence of 0.001 M Cl− at nitrate concentration down 10−4 M. Therefore the chronopotentiometric and impedance studies covered the NO3− concentrations from 10−1 to 10−4 M.



3.2.1. Chronopotentiometric Measurements


Chronopotentiometric curves obtained with ISE 1 are shown in Figure 2A. Before the current was turned on, the potential was almost zero, due to the symmetry of the cell. When the polarizing current was turned on a positive Ohmic potential drop was observed, followed by a polarization curve. A negative Ohmic drop followed, with a relaxation curve registered after the current was turned off. The magnitudes of the positive and the negative Ohmic drops were the same within ±2–3%. In studies with Ca2+-ISEs [21], the resistance calculated from these drops were consistent with the high-frequency resistances obtained in the impedance measurements. However, NO3−-ISEs showed a more complicated behavior (see below). Also, unlike the case of Ca2+-ISEs, obtaining reproducible data in chronopotentiometric (and also in impedance) measurements when one solution is replaced with another required several days of soaking. Example of how the magnitude of the positive Ohmic drop when 10−4 M KNO3 was replaced with 10−3 M solution is shown in Figure 2B. The data shown in Figure 2A and all further data refer to measurements performed after five days of soaking the ISEs in the respective solutions.


Figure 2. (A) Chronopotentiometric curves obtained with ISE 1 after five days soaking in the respective solutions; 1: positive Ohmic drop, 2: polarization, 3: negative Ohmic drop, 4: relaxation—all for 10−4 KNO3; (B) The dependence of the Ohmic drop value in 0.001 M KNO3 on the soaking time.
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The values of Rchrono—the resistance obtained from the Ohmic drop values—are presented in Table S1.



The polarization and relaxation parts of the chronopotentiometric curves recorded with all ISEs in all solutions were successfully fitted to the following equation:
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Here η is the polarization (or relaxation); i is the polarizing current density; Rexpon is the resistance, which refers to the decaying exponent with τ as the characteristic time; t is time from the moment when current was turned on or off; and N is a coefficient related to the transportation impact to polarization or relaxation. Fitting was performed with OriginLab Origin 9 software, and the measured data were fitted to a function defined as [image: ], where [image: ] was the polarization or relaxation value (V) and x was the time value (s). In this way we obtained [image: ]. An example of the experimental and fitted curves is shown in Figure 3.


Figure 3. Fitting of the polarization curve of ISE 2 in 0.01 M KNO3.
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In this way we obtained the values of the exponential part of the resistance, [image: ] and [image: ], in the polarization and relaxation processes, as well as the respective capacitance values calculated as C = Rexpon/τ. The values of [image: ] and [image: ] varied from 72 to 230 kΩ. The characteristic time values varied from 1 to 8 s, and the capacitance values varied from 11 to 97 μF. The data are presented in Table S1.




3.2.2. Impedance Measurements


Like in the case of in chronopotentiometric measurements, obtaining reproducible data in the impedance measurements when one solution is replaced with another one also required several days of soaking (see Figure S2). A high-frequency semicircle in the frequency range from 100 kHz to 500–1000 Hz, followed by a low-frequency semicircle in the frequency range down to 1 Hz were present in the Nyquist plots for all ISEs studied. At even lower frequencies, a quasi-Warburg wave was present. We call this part of the spectra quasi-Warburg because it was almost linear but with slopes increasing from 0.4 for 10−4 M to 1.1 for 0.1 M KNO3. An example of the impedance spectra (data referring to ISE 2) is shown in Figure 4.


Figure 4. Impedance spectra of ISE 2 in contact with KNO3 solutions with concentrations from 10−4 to 0.1 M. Symbols refer to experimental data, solid lines to fitted spectra.
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The spectra were fitted to an equivalent circuit shown in Scheme 1. Use of a constant phase element in parallel with Warburg resistance allowed for the fitting of quasi-Warburg waves. The values of R1 (the high-frequency resistance) varied from 1.6 to 1.0 MΩ, and unlike in the case of Ca2+-ISEs (see [21]), were not equal to the resistance values calculated from the Ohmic drops in chronopotentiometry. The value of CPE1 (constant phase element) parallel to R1 was [image: ], with an n factor ranging from 0.89 to 0.93. The respective time constant was [image: ]. This allowed for ascribing R1 and CPE1 to the bulk resistance and geometric capacitance of the membrane. As shown in Figure 5, the value of the bulk resistance of NO3− selective membranes, like that of Ca2+-membranes [21], is not constant, and decreases over the change of the concentration of KNO3 from 10−4 to 0.1 M.


Figure 5. The dependence of the R1 value on the KNO3 concentration in the solution.
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The low-frequency resistance R2 regularly decreased over the increase of the concentration of the solution from 1–2 MΩ, when in contact with 10−4 M KNO3, to 0.1–0.2 MΩ for 0.1 M KNO3 (see Figure 6A). The values of CPE2 were [image: ] with an n factor from 0.74 to 0.94. The respective time constant varied from 0.8 to 10 ms. The values of the resistance and constant phase elements are presented in Table S1. In a log/log diagram (see Figure 6B), the low-frequency resistance R2 and also the exponential resistance Rexpon obtained by fitting the chronopotentiometric data showed linear dependence on the concentration of KNO3.


Figure 6. (A) Resistances R1, R2, Rchrono, and the sum of R1 + R2 obtained with ISE 2; (B) dependence of R2 and Rexpon on the KNO3 concentration in the solution for all ISEs under study.
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Altogether, the chronopotentiometric and impedance studies took two months. After that, the potentiometric measurements have been repeated, and the ISEs showed roughly the same calibration as in the beginning of the study (compare Figure 1a and Figure S3). The E0-s (intercepts at [image: ]) differed from the respective initial values within ±3 mV, and the slopes were −54.9 ± 0.4 mV/ [image: ] (see Figure S4).






4. Discussion


The results obtained with NO3−-ISEs are similar to those obtained with Ca2+-ISEs [21], but not exactly the same.



The similarity refers to the dependence of the membrane bulk resistance on the concentration of the solution. Generally speaking, a decrease of the membrane bulk resistance over increased concentration of the solution may be due to co-extraction of the electrolyte. However, significant co-extraction results in deviations from the linearity of the potentiometric response, whereas the ISEs showed good linearity over the whole concentration range (10−4–10−1 M) studied by chronopotentiometric and impedance methods. Furthermore, the effect of co-extraction must be more pronounced in higher concentrations than in lower, whereas the biggest change of the bulk resistance can be seen when 10−4 M KNO3 is replaced with 10−3 M. In higher concentrations of KNO3, the change of the resistance saturates, like in the case of Ca2+-ISEs described earlier [21]. Thus, the origin of the non-constancy of the membrane bulk resistance within a linear response range is unclear.



On the other hand, the value of Rchrono—the resistance obtained from the Ohmic drop in the chronopotentiometric measurements—is not consistent with R1 (the high-frequency impedance). In this respect, the properties of NO3− ISEs differ from those of Ca2+-ISEs. The origin of this apparent inconsistency lies in the protocol used for the chronopotentiometric measurements. The time constants of the high- and low-frequency components in the circuit shown in Scheme 1 were about 0.07 ms and 0.8 to 10 ms, respectively. Thus, both high- and low-frequency processes are already over at 0.2 s, and the Ohmic drop in chronopotentiometric experiments refers to the sum of R1 and R2. Data shown in Figure 6A confirm this explanation.



Linear dependence (log/log) of R2 on CKNO3 with slopes of −0.31 to −0.39 (see Figure 6B) suggests that R2 refers to the kinetics of NO3− ion transfer across the membrane/solution interface. The values of CPE2 confirm this interpretation; it was shown that for plasticized PVC membranes in aqueous solutions, one should expect double layer capacitance of the order of 10−8 F/cm2 [26].



Interestingly, the values of Rexpon obtained by fitting of the polarization and relaxation parts of the chronopotentiometric curves are also regularly dependent on the KNO3 concentration (see Figure 6B). However, the slopes are rather low, about −0.15, and the respective capacitance are rather high, at 10 to 90 μF. The nature of the exponentially decaying process registered in chronopotentiometric measurements requires further studies.



The second term in Equation (4) is linearly dependent on the square root of time. This suggests that this term originates from diffusional limitations, and it was shown elsewhere that these limitations refer to the membrane phase [27]. One can assume that the mobility of NO3− and TDA+ in the membrane phase is roughly the same. The resistivity ρ of the membrane, as well as the diffusional polarization, depends on Cion (the concentration of dissociated ions) and on Dion (their diffusion coefficients) as [image: ] and [image: ]. This allows for the estimation of Cion and Dion separately:


[image: ]
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[image: ]



(6)





The estimated values are [image: ] M and [image: ] cm2/s. The estimate of Cion, according to the Gouy–Chapman theory, corresponds to the double layer capacitance value of about [image: ] F/cm2. This value is fairly consistent with CPE2 (note: CPE2 = Cdl/2 due to the symmetry of the cell). The value of C also gives an estimate of the association constant of TDANO3 ([image: ]), which is close to our estimate for TDABr ([image: ]) obtained by the segmented sandwich method [28]. The estimate for Dion is consistent with values obtained for plasticized PVC membranes by radiotracer studies [29].




5. Conclusions


The main goal of this study was to check whether the bulk resistance of anion-selective electrodes (using NO3−-ISEs as model system) is dependent or independent of the solution concentration within the Nernstian response range. According to our results, the ISE bulk resistance does depend on the solution concentration. This is in line with our results obtained with K+ and Ca2+-ISEs [20,21], and not in line with the current views on the mechanism of the ISE response, and in particular, on the role of the ion-exchange process at the membrane/solution interface. The origin of the dependence of the bulk resistance on the concentration of the solution requires further study.



Nitrate ISEs showed relatively high interfacial charge transfer resistance, comparable to that registered for Li+-ISEs [26]. Because of this, the Ohmic drop in chronopotentiometric measurements with time resolution of 0.2 s referred to the sum of the bulk and the interfacial resistances. This complication was resolved by the comparison of the results of chronopotentiometric and impedance measurements.



Combining the data on the membrane bulk resistance and the diffusional component of the polarization and relaxation curves in chronopotentiometric measurements allowed for the estimation of the concentration of ionized species (NO3− and TDA+) and, respectively, for the TDANO3 association constant, as well as for the species diffusion coefficients in the membrane.
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The following are available online at http://www.mdpi.com/1424-8220/18/7/2062/s1, Figure S1: The electrode design; Figure S2: Changes of the impedance spectrum of ISE 2 in contact with 0.001 M KNO3 solution during soaking; Figure S3: ISEs response curves over the sequential 10-fold dilution of 0.1 M KNO3 with DI water. The curves obtained with ISEs aged two months, when all chronopotentiometric and impedance studies were over; Figure S4: ISEs calibration curves over the sequential 10-fold dilution of 0.1 M KNO3 with DI water. The curves obtained with ISEs aged two months, when all chronopotentiometric and impedance studies were over. Straight line refers to ISE 1; Table S1: Electrochemical properties of the ISEs under study.





Author Contributions


Conceptualization, methodology and writing (review and editing) were performed by K.M. Investigation, data curation, and writing (original draft preparation) were performed by A.I.




Acknowledgments


Galina Khripoun is greatly acknowledged for technical support.




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
Morf, W.E. The Principles of Ion-Selective Electrodes and of Membrane Transport; Elsevier: Amsterdam, The Netherlands, 1981; ISBN 963 05 2511 9. [Google Scholar]

	2. 
Bakker, E.; Bühlmann, P.; Pretsch, E. Carrier-based ion-selective electrodes and bulk optodes. 1. General characteristics. Chem. Rev. 1997, 97, 3083–3112. [Google Scholar] [CrossRef] [PubMed]

	3. 
Bühlmann, P.; Amemiya, S.; Yajima, S.; Umezawa, Y. Co-ion interference for ion-selective electrodes based on charged and neutral ionophores: A comparison. Anal. Chem. 1998, 70, 4291–4303. [Google Scholar] [CrossRef]

	4. 
Mikhelson, K.N. Ion-Selective Electrodes; Lecture Notes in Chemistry; Springer: Heidelberg, Germany; New York, NY, USA; Dordrecht, The Netherlands; London, UK, 2013; Volume 81, ISBN 978-3-642-36885-1. [Google Scholar]

	5. 
Sokalski, T.; Ceresa, A.; Zwickl, T.; Pretsch, E. Large Improvement of the Lower Detection Limit of Ion-Selective Polymer Membrane Electrodes. J. Am. Chem. Soc. 1997, 119, 11347–11348. [Google Scholar] [CrossRef]

	6. 
Bereczki, R.; Takacs, B.; Langmaier, J.; Neely, M.; Gyurcsanyi, R.E.; Toth, K.; Nagy, G.; Lindner, E. How to Assess the Limits of Ion-Selective Electrodes: Method for the Determination of the Ultimate Span, Response Range, and Selectivity Coefficients of Neutral Carrier-Based Cation Selective Electrodes. Anal. Chem. 2006, 78, 942–950. [Google Scholar] [CrossRef] [PubMed]

	7. 
Bereczki, R.; Takacs, B.; Gyurcsanyi, R.E.; Toth, K.; Nagy, G.; Langmaier, J.; Lindner, E. Simple, Single Step Potential Difference Measurement for the Determination of the Ultimate Detection Limit of Ion Selective Electrodes. Electroanalysis 2006, 18, 1245–1253. [Google Scholar] [CrossRef]

	8. 
Michalska, A. All-Solid-State Ion Selective and All-Solid-State Reference Electrodes. Electroanalysis 2012, 24, 1253–1265. [Google Scholar] [CrossRef]

	9. 
Lindner, E.; Gyurcsanyi, R.E.; Buck, R.P. Tailored transport through ion-selective membranes for improved detection limits and selectivity coefficients. Electroanalysis 1999, 11, 695–702. [Google Scholar] [CrossRef]

	10. 
Peshkova, M.A.; Sokalski, T.; Mikhelson, K.N.; Lewenstam, A. Obtaining Nernstian Response of Ca2+-Selective Electrode in a Broad Concentration Range by Tuned Galvanostatic Polarization. Anal. Chem. 2008, 80, 9181–9187. [Google Scholar] [CrossRef] [PubMed]

	11. 
Peshkova, M.A.; Mikhelson, K.N. Ion-Selective Electrodes under Galvanostatic Polarization Conditions. Rus. J. Electrochem. 2010, 46, 1245–1251. [Google Scholar] [CrossRef]

	12. 
Lisak, G.; Sokalski, T.; Bobacka, J.; Harju, L.; Mikhelson, K.; Lewenstam, A. Tuned galvanostatic polarization of solid-state lead-selective electrodes for lowering of the detection limit. Anal. Chim. Acta 2011, 707, 1–6. [Google Scholar] [CrossRef] [PubMed]

	13. 
Lisak, G.; Ciepiela, F.; Bobacka, J.; Sokalski, T.; Harju, L.; Lewenstam, A. Determination of Lead(II) in Groundwater Using Solid-State Lead(II) Selective Electrodes by Tuned Galvanostatic Polarization. Electroanalysis 2013, 25, 123–131. [Google Scholar] [CrossRef]

	14. 
Peshkova, M.A.; Koltashova, E.S.; Khripoun, G.A.; Mikhelson, K.N. Improvement of the upper limit of the ISE Nernstian response by tuned galvanostatic polarization. Electrochim. Acta 2015, 167, 187–193. [Google Scholar] [CrossRef]

	15. 
Bobacka, J.; Ivaska, A.; Lewenstam, A. Potentiometric ion sensors. Chem. Rev. 2008, 108, 329–351. [Google Scholar] [CrossRef] [PubMed]

	16. 
Sokalski, T.; Lewenstam, A. Application of Nernst-Planck and Poisson equations for interpretation of liquid-junction and membrane potentials in real-time and space domains. Electrochem. Commun. 2001, 3, 107–112. [Google Scholar] [CrossRef]

	17. 
Jasielec, J.J.; Sokalski, T.; Filipek, R.; Lewenstam, A. Comparison of different approaches to the description of the detection limit of ion-selective electrodes. Electrochim. Acta 2010, 55, 6836–6848. [Google Scholar] [CrossRef]

	18. 
Jasielec, J.J.; Sokalski, T.; Filipek, R.; Lewenstam, A. Neutral-Carrier Ion-Selective Electrodes Assessed by the Nernst−Planck−Poisson Model. Anal. Chem. 2015, 87, 8665–8672. [Google Scholar] [CrossRef] [PubMed]

	19. 
Ivanova, A.D.; Koltashova, E.S.; Solovyeva, E.V.; Peshkova, M.A.; Mikhelson, K.N. Impact of the Electrolyte Co-Extraction to the Response of the Ionophore-based Ion-Selective Electrodes. Electrochim. Acta 2016, 213, 439–446. [Google Scholar] [CrossRef]

	20. 
Shvarev, A.E.; Rantsan, D.A.; Mikhelson, K.N. Potassium-selective conductometric sensor. Sens. Actuators B 2001, 76, 500–505. [Google Scholar] [CrossRef]

	21. 
Kondratyeva, Y.O.; Solovyeva, E.V.; Khripoun, G.A.; Mikhelson, K.N. Non-constancy of the bulk resistance of ionophore-based ion-selective electrode: A result of electrolyte co-extraction or of something else? Electrochim. Acta 2018, 259, 458–465. [Google Scholar] [CrossRef]

	22. 
Dvorak, J.; Koryta, J.; Bohackova, V. Lehrbuch der Elektrochemie; Springer: Praha, Czech Republic, 1975; 324p, ISBN-13 978-3709184196. [Google Scholar]

	23. 
Bühlmann, P.; Pretsch, E.; Bakker, E. Carrier-based ion-selective electrodes and bulk optodes. 2. Ionophores for potentiometric and optical sensors. Chem. Rev. 1998, 98, 1593–1688. [Google Scholar] [CrossRef] [PubMed]

	24. 
Mikhelson, K.N.; Peshkova, M.A. Advances and trends in ionophore-based chemical sensors. Russ. Chem. Rev. 2015, 84, 555–578. [Google Scholar] [CrossRef]

	25. 
Khripoun, G.A.; Volkova, E.A.; Liseenkov, A.V.; Mikhelson, K.N. Nitrate-selective solid-contact electrodes with poly (3-octylthiophene) and poly(aniline) as ion-to-electron transducers buffered with electron-ion-exchange resin. Electroanalysis 2006, 18, 1322–1328. [Google Scholar] [CrossRef]

	26. 
Mikhelson, K.N.; Bobacka, J.; Ivaska, A.; Lewenstam, A.; Bochenska, M. Selectivity of lithium electrodes: Correlation with ion-ionophore complex stability constants and with interfacial exchange current densities. Anal. Chem. 2002, 74, 518–527. [Google Scholar] [CrossRef] [PubMed]

	27. 
Peshkova, M.A.; Korobeynikov, A.I.; Mikhelson, K.N. Estimation of Ion-Site Association Constants in Ion-selective Electrode Membranes by Modified Segmented Sandwich Membrane Method. Electrochim. Acta 2008, 53, 5819–5826. [Google Scholar] [CrossRef]

	28. 
Mikhelson, K.N. Numeric Simulation of Ion-site Association Effects in Ion-selective Electrode Response. Electroanalysis 2003, 15, 1236–1243. [Google Scholar] [CrossRef]

	29. 
Oesch, U.; Simon, W. Kinetishe Betrachtung der Verteilung von electrish neutralen Ionophoren zwishen einer Flussigmembran und einer wässerigen Phase. Helv. Chim. Acta 1979, 62, 754–767. [Google Scholar] [CrossRef]
















[image: Sensors 18 02062 sch001 550]





Scheme 1. Circuit used to fit the impedance data. The high-frequency resistance (R1) and constant phase element 1 (CPE1) are registered in the frequency range from 100 kHz to 500–1000 Hz. R2 and CPE2 are the same for the frequency range from 500 to 1 Hz. The quasi-Warburg resistance (W) and CPE3 are observed at frequencies below 1 Hz. 






Scheme 1. Circuit used to fit the impedance data. The high-frequency resistance (R1) and constant phase element 1 (CPE1) are registered in the frequency range from 100 kHz to 500–1000 Hz. R2 and CPE2 are the same for the frequency range from 500 to 1 Hz. The quasi-Warburg resistance (W) and CPE3 are observed at frequencies below 1 Hz.



[image: Sensors 18 02062 sch001]












© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  sensors-18-02062


  
    		
      sensors-18-02062
    


  




  





media/file8.jpg
R1 R2 I— w

CPE1 CPE2 CPE3






media/file11.png
R1/Q

1.60x10°-

. ISE 1
ISE 2
1.40x10°{ 4 - ISE 3
a [ |
[ |
A
1.20x10°- ‘
[ ]
[ ]
1.00x10°- o
[ ]
_|4 _I _I _I1

log(C

NO3)





media/file6.jpg





media/file1.png
EMF / mV

10° M

400 - '
_ 3501 §—
350 - ‘
_ . 300+
300-
- 2501
i >
250 =
] L 200
2070.1 M S
] L
150 - —— ISE 1 150 1
_ ——ISE2 .
100 - —ISE 3 1004
0 500 1000 1500 2000 2500 3000 - 8 7

Time/s

(A)






media/file13.png
Resistance / Q

3x10°A ISE 1
A ISE 2
—A— R1+R2 ISE 3
—w— Rchrono Rexpon
2x10° . ISE 1
—~ ISE 2
= ISE 3
S
1x10°- =
0 : , , , , | | |
B 3 2 - -4 3 2 1
10g(C,05)
KNO3 |Og(CNO3)

(A) (B)





media/file10.jpg
R1/Q

1.60x10%1

1.40x10°

1.20x10%

1.00x10°

ISE1
ISE 2
ISE 3]

3
log(C

oa)






media/file7.png
[e]
& © © © O
O
o . Cros /M
g 5 o le-4
G 50x10° o A 1e-3
\a A~ar O v 1e2
2 A o < e
E - A 2
’\Il v : £ AA Ség o2 O ©
ol = L Corasaco P
K o2
L "-,v R
T
0.0
0.0 5.0x10° 1.0x10° 1.5x10° 2.0x10° 2.5x10° 3.0x10° 3.5x10° 4.0x10°

Z [Q

real





media/file12.jpg
a0t

200

Resistance / @

o'






media/file9.png
Rl i 1 R2 1 [ W

CPE1 CPE2 CPE3





media/file5.png
Polarization / V

0.008 -

0.006 4
0-004 — Measured
Exponential
— Square root
0.002+ Fiting
0.000 4
10 20 30 40 50 60

Time /s






media/file3.png
Potential / mV

50+

40+

30+

20+

2|?// Y

I
T T T T T T T T T T T T T T T !
0 20 40 60 80 100 120 140
Time /s
(A)

Potential / mV

40

30+

20+

o

T — 7T T T
20 40 60 80 100 120 140

Time /s

(B)





media/file4.jpg
Polarization / V

0.008+

0.006

0.004+

0.0024

0.0004

—— Measured
—— Exponential
—— Square root
—— Fitin,

Time /s





media/file0.jpg
EMF/mV.

o

EED
Time /s

(A)

10°M

0 %0

EMFImv






media/file2.jpg
[l
= w2 .
» =2 3
—
10- &
“q -
f
R B R R R e B R R R
e I

(A) (B)





