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In this work, the dynamic potential response of ion-selective electrodes constructed with polymeric 

inclusion membranes (PIM) based on ionic liquids to the inorganic anions chloride, nitrate and 

thiocyanate was studied. Scanning electron-microscopy (SEM) combined with energy dispersive X-ray 

(EDX) analysis was used to morphologically and chemically characterize the fresh and used 

membranes. The membranes were prepared by casting using PVC and the ionic liquids 1-butyl-3-

methylilidazolium hexafluorophosphate [bmim
+
][PF6

-
] and trihexyltetradecylphosphonium chloride 

[thtdP
+
][Cl

-
]. The membranes based on [bmim

+
][PF6

-
] showed little or no response, depending on the 

percentage of IL in the membrane (20 % wt. and 67 % wt., respectively). The membrane based on 

[thtdP
+
][Cl

-
] (20 % wt.) showed a strong response to the abovementioned anions which followed the 

Hofmeister series. The dynamic response study showed that while a stationary state was attained for 

the chloride anion, nitrate and thiocyanate did not attain total stabilization of the potential values. 

When the response of this membrane towards the ibuprofen organic anion was studied, high 

reproducibility was obtained in both the dynamic and calibration studies. 

 

 

Keywords: ion-selective electrodes; ionic liquids; polymeric inclusion membranes; scanning electron-

microscopy.  

 

 

1. INTRODUCTION 

The science and technology of membranes prepared with ionic liquids has grown in importance 

throughout the world, due to the large number of applications that they offer in analytical and 

industrial applications such as separation and purification processes [1]. Traditionally, ionic liquid 

membranes are prepared in the form of supported ionic liquid membranes (SILMs), which consist of 
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porous supports whose pores are impregnated with ionic liquids [2]. These types of membrane have 

been exhaustively characterized and applied [3-16]. 

Several challenges arise from the use of ionic liquids-based membranes, including how to 

increase membrane stability and find the relationship between the material structure and operation 

performance [17]. In this sense, SILMs present difficulties for industrial application because of their 

lack of long term stability. However, these difficulties can be partly overcome by using polymer-based 

liquid membranes (more recently called polymer inclusion membranes, PIM), whose application for 

the extraction and transport of metal ions has been recently reviewed [18]. This type of membrane has 

long been used in the construction of ion-selective electrodes, although they are usually known in this 

field as solvent or plasticized polymeric membranes. Polymer inclusion membranes exhibit excellent 

stability and versatility, and they have been applied successfully for the selective extraction and 

recovery of ions [19-23]. Polymer inclusion membranes based on ionic liquids have also been 

characterized [24-26] and used for selective extraction and transport [27]. 

Potentiometry with Ion-Selective Electrodes (ISEs) is an accurate, rapid, cheap and well-

established analytical technique, since these electrodes allow the determination of ionic species at 

relatively low concentrations with reasonable selectivity [28, 29]. The basis of this technique 

concerning recognition and extraction principles [30, 31] enables it to be used in clinical 

determinations and food control, among others tasks [32-35]. Many ISEs are made of a PIM composed 

by a poly(vinyl chloride) (PVC) matrix plasticized with external plasticizers that increase the elasticity 

of the polymeric membrane and provide a lipophilic environment inside the membrane in order to 

improve the solubility of other components, such as ionophores and lipophilic ion-exchangers [28, 36-

41].  

In this paper we focus on anion-selective electrodes since no ionic liquids constituted by an 

easily exchangeable cation have been reported up to now. The relative tendency of an anion to enter 

the membrane is measured in terms of force equilibrium between the anion-water and the anion-

membrane affinities [42]. The higher the second term, the better the potentiometric electrode response 

to the selected anion. A selectivity sequence can be established in terms of the relative anion partition 

coefficients between water and the PVC membrane, which follows the order of the Hofmeister series. 

In light of this, a very poor response can be expected for hydrophilic anions. Nevertheless, there is 

currently no agreement on the influence exerted on the Hofmeister series by ion-water interactions 

[43]. In order to facilitate the determination of hydrophilic anions, ionophores that form strong 

complexes with anions are introduced into carrier-based anion-selective electrodes. Additionally, a 

lipophilic anion-exchanger can also be incorporated to modulate the sensor response by varying its 

concentration. In this way, the hydrophilic counter ion of this lipophilic additive is exchanged with the 

primary anion. Common anion ionophores are the polyazacycloalkanes and organometallic 

compounds, while tridodecylmethylammonium chloride (TDMACl) is a suitable anion exchanger [28, 

29]. 

The good performance of polymer plasticizers is connected with the interaction forces between 

them and the polymer of the membrane, phthalates and 2-nitrophenyl octylether (NPOE) being the 

most used plasticizers for ion-selective membranes. Despite having been widely used for decades [44], 

there are a number of problems associated with molecular solvents used as plasticizers. The major 
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technical drawback is the leaching and migration of plasticizers from the polymer matrix, forcing the 

search for alternatives that show better compatibility with polymers.  

Since Hurley and Wier [45] in the second half of the twentieth century discovered the ability to 

synthesize ionic liquids, many papers on their properties and manufacture have been published [44, 46-

48], and reviews of their areas of application [31, 49, 50] have been made. The greenness and eco-

toxicity of ionic liquids has also been studied [51-54] as well as their recyclability [55]. In fact, the 

absence of volatility (among other attractive and well-known properties) that they exhibit has proved 

providential at a time when concerns about the environment are becoming more genuine in all research 

and application areas.  [56-58]. 

Due to their unique and valuable characteristics, such as their polymer plasticizing properties 

and anion-exchange capability, some room temperature ionic liquids (RTILs) have been increasingly 

used as components in polymeric sensing devices with excellent results. These well known properties 

have led to ILs being used as a convenient alternative to the combined use of molecular plasticizers 

and lipophilic anion-exchangers in the construction of ion-selective electrode (ISE) membranes [30, 

31, 50, 59, 60]. 

Shvedene et al. [59] tried membranes based on poly(methyl methacrylate) or PVC, plasticized 

with the ionic liquids 1-butyl-2,3-dimethylimidazolium bistrifluoromethanesulfonimidate and 

dodecylethyldiphenylphosphomium bistrifluoromethanesulfonimidate, finding a stable potentiometric 

response for lipophilic cations and anions. Peng et al. [30], tested the potentiometric response of a 

poly(vinyl chloride) - trihexyltetradecylphosphonium chloride membrane for several inorganic anions 

and found a good response. The selectivity of this membrane for the more lipophilic anions such as 

perchlorate was lower compared with the selectivity of a PVC membrane made with 2-

nitrophenyloctylether and a classical anion exchanger. Gourishetty et al. [61] made a study of a 

number of membranes containing different ionic liquids. The membranes constructed with   

[thtdP
+
][Cl

-
] showed potentiometric response for several inorganic anions, although the electrode slope 

values for chloride and sulfate were lower than those obtained by Peng [30]. Among the explanations 

they offered for this difference, were the different compositions of the conditioning and internal filling 

solutions. 

In principle, all ionic liquid-based membranes suffer from ion-exchange processes between one 

of the constituents of the ionic liquid and the assayed ion present in the contacting sample solution. 

This leads to changes in the membrane composition which may become manifest in a slow dynamic 

response, potential drifts and lack of reproducibility. For this reason, dynamic and reproducibility 

studies of the potential response are essential to confirm the suitability of these membranes for 

practical purposes. Most studies reported with ion-selective electrodes based on ionic liquids do not 

deal with these aspects. 

The first objective of the present work was to study the dynamic response of ion-selective 

electrodes based on polymer inclusion membranes constructed with PVC and two selected ionic 

liquids, 1-butyl-3-methylimidazolium hexafluorophosphate [bmim
+
][PF6

-
] and 

trihexyltetradecylphosphonium chloride [thtdP
+
][Cl

-
], to the Cl

-
, NO3

-
, and SCN

-
 anions. Additionally, 

the response towards a very interesting pharmaceutical anion, the ibuprofen anion [2-(4-
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isobutylphenyl) propionate] was also analyzed.  Also, a reproducibility study of the dynamic response 

and a calibration graph were made. 

Another important objective was to accomplish the microscopic characterization of ion-

selective electrode membranes. Scanning electron microscopy (SEM) combined with energy dispersive 

X-ray (EDX) analysis has proved to be a valuable tool for determining the chemical composition of 

membranes and the distribution of ILs within them. Incorporation of EDX spectra in the polymeric 

inclusion membranes characterization represents a major development in our understanding of the ion 

exchange and transport processes taking place at the interface of electrodes/sample solution. 

 

 

 

2. EXPERIMENTAL PART  

2.1. Apparatus and electrodes 

Potentiometric measurements were recorded using a home-made high-impedance data 

acquisition 16-channel box connected to a PC by USB. An Orion Ag/AgCl double-junction reference 

electrode (Orion 90-02) containing 10 % wt. KNO3 in the outer compartment was used. 

 

2.2. Materials and reagents 

All chemicals were of analytical reagent grade and Milli-Q water was used throughout. 

Potassium nitrate, potassium chloride, potassium sulfate were purchased from Panreac and potassium 

thiocyanate purchased from Probus. Sodium 2-(4-isobutylphenyl)-propionate (sodium ibuprofen), 

trihexyltetradecylphosphonium chloride, ([thtdP
+
][Cl

-
]) was purchased from Sigma Aldrich, and 1-

butyl-3-methylilidazolium hexafluorophosphate, ([bmim
 +

][PF6
-
]) from Solvent-Innovation GmbH. 

Finally, poly(vinyl chloride) (PVC) of high molecular weight and tetrahydrofuran (THF) of 

selectophore-grade were purchased from Fluka.  

 

2.3. Preparation of plasticized membranes 

The selected membranes were prepared by a casting method by dissolving the corresponding 

weight of the ionic liquid and PVC (shown in Table 1) in 3 mL of THF. This solution was poured into 

a Fluka glass ring (inner diameter 28 mm, height 30 mm) on a Fluka glass plate, and allowed to settle 

overnight until total evaporation of THF had occurred, to obtain a thin plastic membrane. A 6-mm-

diameter piece was cut out with a cork borer and was incorporated into a Fluka electrode body ISE 

containing 3M KCl as an internal filling solution. Table 1 shows the prepared membranes and their 

composition and morphological features. 
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Table 1. Composition of the membranes and morphological features. 

 

Ionic Liquid IL (%) IL (mg) PVC (mg) Appearance 

[bmim
 +

][PF6
-
] 20 60 240 White and rigid 

[bmim
 +

][PF6
-
] 67 200 100 White and rigid 

[bmim
 +

][PF6
-
] 80 240 60 Transparent and jelly 

[thtdP
+
][Cl

-
] 20 60 240 Transparent and flexible 

 

2.4. Construction, conditioning and calibration of the electrodes 

The electrodes prepared were preconditioned by soaking with constant stirring in Milli-Q 

water. When not in use, the electrodes were kept immersed in the same solution.  

The electrodes were calibrated in a dynamically by adding, while stirring, adequate small 

volumes of the corresponding ion solution in 50 mL of Milli-Q water. The potentials obtained were 

then plotted vs. the logarithmic values of the corresponding concentrations and the calibration 

parameters were calculated by fitting the calibration data to the equation 

 

E = E
0
’ + S log (C + LOD)      (1) 

 

where E is the potential of the cell, E
0
’ the formal potential, S and LOD are the slope and the 

limit of detection of the electrode, respectively. 

 

2.5. SEM-EDX characterization 

A scanning electron microscope (SEM) ISI DS-130 coupled to a Kevex Si/Li detector and a 

Sun SparcStation 5 for energy-dispersive X-ray (EDX) analysis was used to study the morphological 

appearance, the overall chemical composition and the distribution of the chemical elements of interest 

in the membranes.  

 

 

 

3. RESULTS AND DISCUSSION 

For characterization purposes, the respective morphologies and spectra of the membranes were 

studied before and after potentiometric assays, with the aim of accomplishing a semi quantitative 

comparative study. The EDX study of polymeric membranes was based on selecting characteristic 

elements of interest in each ionic liquid. The morphological study showed (micrographs not shown), 

that in general there were no significant differences between the polymeric membranes before and after 

the potentiometric assays. All the samples studied showed a smooth surface with no topographic 

contrast.   
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3.1. SEM-EDX characterization of fresh [bmim
 +

][PF6
-
] membranes 

Figure 1 shows the EDX spectra of fresh [bmim
 +

][PF6
-
] membranes with different percentages 

of ionic liquid. In these membranes, F and P were the tracer elements, whereas C, H and Cl are 

common to the ionic liquid and PVC matrix.  

All spectra presented the characteristic peaks assigned to the C, F, P and Cl Kα lines, the P and 

F peaks being particularly evident in the [bmim
 +

][PF6
-
] 80 wt.% membrane. The relative heights of the 

peaks of the tracer elements were closely related to their respective amounts in the membrane, 

suggesting a good homogeneity in the fresh samples.  

 

Figure 1. EDX spectra of fresh membranes with [bmim
 +

][PF6
-
] 67, 20 and 80 % wt. 

 

3.2. [bmim
 +

][PF6
-
] membranes: potentiometric response and SEM-EDX characterization 

3.2.1. [bmim
 +

][PF6
-
] 20 % wt 

 
Figure 2. (a) Dynamic response of the [bmim

+
][PF6

-
] (20 % wt.) membrane to increasing 

concentrations of NO3
-
, Cl

-
 and SCN

-
 anions. (b) Corresponding calibration graphs for the 

electrode. 
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The potentiometric response of a PVC-membrane plasticized with 20 % wt. [bmim
 +

][PF6
-
] to 

nitrate, chloride, and thiocyanate anions in the form of sodium salts, is shown in Figures 2(a) and 2(b). 

As can be seen in the dynamic response (Figure 2(a)), the potential for nitrate and chloride 

decreased rapidly after each concentration increase before finally reaching a constant value. However, 

in the case of thiocyanate the response was slower and a constant value was never completely reached.  

The corresponding calibration graphs (Figure 2(b)) displayed a sigmoid shape. The maximum 

slope values obtained from the linearization of the central portion were -8.1 mV/dec for nitrate, -4.3 for 

chloride and -10.3 for thiocyanate, which indicates that, although the responses were markedly sub-

Nernstian, they increased in the same order as the Hofmeister series (increasing lipophilicity).  

The low potential response obtained to all the anions assayed can be attributed to the low 

degree of anion exchange between the anion [PF6
-
] initially present in the membrane and the 

corresponding anion present in the aqueous solution. This is a consequence of the higher lipophilicity 

of [PF6
-
] compared with the nitrate, chloride and thiocyanate, as can be concluded from the 

corresponding standard ion-transfer potential values of the anion between water and organic phase, 

which is used as a lipophilicity descriptor. Thus, for NPOE as the organic phase, the reported standard 

ion-transfer potential values were -68 mV for [PF6
-
], -260 mV for thiocyanate, -372 mV for nitrate and 

-521 mV for chloride [62, 63].  

 

 
Figure 3. EDX spectra of [bmim

+
][PF6

-
] (20 % wt.) membrane, fresh and after exposure to NO3

-
, Cl

-
 

and SCN
-
 anions. 

 

Figure 3 shows the EDX spectrum of the membrane after potentiometric assays. The fresh 

membrane spectrum is also included for comparison purposes. The relative peak heights of identical 

elements in the different membranes are related with the respective concentrations, assuming identical 

ZAF corrections. The absence of the P and F peaks from the spectrum of the used membrane indicates 

that the ionic liquid has disappeared from the first layer (ca. 1µm) of the membrane. However, the 
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membrane can retain ionic liquid in the bulk, which could explain why the membrane exhibits a 

potential response to the studied anions. 

It can be concluded that the disappearance of the ionic liquid from the external surface of the 

membrane is probably due to its progressive lixiviation towards the aqueous phase during exposure. 

 

3.2.2. [bmim
+
][PF6

-
] 67 % wt 

The potentiometric response of the electrode with a PVC-membrane plasticized with 67 % wt.      

[bmim
+
][PF6

-
] to chloride, nitrate and thiocyanate anions in the form of sodium salts, is shown in 

Figures 4(a) and 4(b). 

It is interesting to note that this membrane proved to be very insensitive to the concentration 

changes of the three anions assayed. Some of the membranes that exhibit this behavior have been 

proposed as reference electrodes [64]. In our case, the observed potential variation, < 4 mV, over three 

concentration decades, is lower than previously reported values and so this electrode could be useful as 

a reference electrode. For this purpose, its potential response towards other anions should be studied. 

Although the response of this electrode in pure water displays some noise, this noise drastically 

diminishes in salt solutions. 

 

 
Figure 4. (a) Dynamic response of the [bmim

+
][PF6

-
] (67 % wt.) membrane to increasing 

concentrations of Cl
-
, NO3

-
 and SCN

-
 anions. (b) Corresponding calibration graphs for the 

electrode. 

 

Figure 5 shows the EDX spectrum of the 67 % wt. membrane after the potentiometric assays. 

The fresh membrane spectrum is also included for comparison purposes. As in the [bmim
+
][PF6

-
] (20 

% wt.) membrane. The spectrum for the fresh [bmim
+
][PF6

-
] (67 % wt.) membrane presents the 

characteristic peaks assigned to the C, F, P and Cl Kα lines, corresponding to the polymeric membrane 
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plasticized with the [bmim
+
][PF6

-
] ionic liquid. From a comparison of the F and P peaks in both 

membranes it can be concluded that ionic liquid has completely disappeared from the PVC matrix after 

operation. The decrease in the Cl Kα line was higher than in the above described membrane, indicating 

a greater reduction in the Cl of the polymeric membrane after potentiometric determinations.  

 

 
Figure 5. EDX spectra of [bmim

+
][PF6

-
] (67 % wt.) membrane, fresh and after exposure to Cl

-
, NO3

-
 

and SCN
-
 anions. 

 

The [bmim 
+
][PF6

-
] 80 % wt. membrane was not subjected to further analysis because of their 

extreme fragility and handling failure. 

 

3.3. [thtdP
+
][Cl

-
] membranes: SEM-EDX characterization and potentiometric response  

 
Figure 6. (a) Dynamic response of the [thtdP

+
][Cl

-
] (20 % wt.) membrane to increasing concentrations 

of SCN
-
, NO3

-
, and Cl

-
 anions. (b) Corresponding calibration graphs for the electrode. 
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Taking the above results into account we decided to use an ionic liquid containing chloride in 

order to favor the anion-exchange between the chloride anion and the tested anion present in the 

sample solution. The ionic liquid [thtdP
+
][Cl

-
] was chosen because it contains a very lipophilic cation 

which prevents cation-exchange processes between the aqueous sample and the membrane and avoids 

lixiviation of the ionic liquid to the aqueous sample solution. Other authors [30, 61] have also assayed 

the ionic liquid [thtdP
+
][Cl

-
] for the construction of ion-selective electrodes, as mentioned in the 

Introduction. 

The response of PVC-membrane plasticized with 20 % wt. [thtdP
+
][Cl

-
] to thiocyanate, nitrate 

and chloride anions, is shown in Figures 6(a) and 6(b). 

Compared with the results shown above for membranes made with the [bmim
+
][PF6

-
] ionic 

liquid, the membrane made with [thtdP
+
][Cl

-
] provided a high potential response towards the three 

anions assayed, in the sequence Cl
-
 < NO3

-
 < SCN

- 
, which follows the Hofmeister series. The potential 

changes between the base line and the higher concentration assayed were 114.1, 163.6, and 240.7 mV, 

respectively. As can be seen in Figure 6(a), the potential response to chloride attained a steady value 

after each addition in a relatively short time (t95% = 65 s). However, the potential response in the case 

of nitrate and thiocyanate did not reach a stable value during the exposure time (3min), which may 

have been be due to the continuous exchange process between the chloride anion present in the 

membrane and the nitrate and thiocyanate present in the external sample solution.  

In relation to the corresponding calibration graphs shown in Figure 6(b), it has been observed 

that all anions exhibit sub-Nernstian slope values in the linear range (-38.1, -49.6 and -51.6 for 

chloride, nitrate and thiocyanate respectively) which increase in the same order as the Hofmeister 

series.  

 

 
Figure 7. a) Dynamic response of the [thtdP

+
][Cl

-
] (20 % wt.) membrane to increasing concentrations 

of ibuprofen. (b) Corresponding calibration graphs for the electrode. 
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Since the membrane plasticized with [thtdP
+
][Cl

-
] provided the best response for all the 

inorganic anions assayed, this membrane was selected for further studies, widening the scope of this 

IL-based membrane to the field of drug analysis. Ibuprofen was used as a typical anionic drug. The 

dynamic response for the ibuprofen anion and the corresponding calibration graphs obtained (in 

triplicate) are shown in Figure 7(a) and 7(b), respectively. As can be seen, a very good repeatability 

was obtained. As for nitrate and thiocyanate, the potential did not completely stabilize in the analyzed 

period. 

The calibration graphs showed a linear response at high concentrations over almost two 

concentration decades, a super-Nernstian response at intermediate concentrations and no response at 

low concentrations. The slope of the straight portion was -52.45 ± 0.05 (mV/dec), with a LOD of 

1.8x10
-5

 ± 7.2x10
-7

 (M), and a linearity interval of 2.9x10
-4

 ± 1.8x10
-2 

(M). 

Between days reproducibility of the electrode was studied by performing calibrations on the 

first day and after 4 and 5 days. The corresponding calibration graphs are reflected in Figure 8, which 

shows a slight and gradual loss of the potentiometric response with time for high ibuprofen 

concentrations. The potential changes between the base line and the higher concentration assayed 

range from 149.8 mV on the first day, 132.8 mV on the fourth and 125.8 mV on the fifth. With the aim 

of recovering the initial response, the electrode was immersed in KCl (0.1M) for two days. The new 

calibration graph is also reflected in Figure 8, showing that only a partial recovery of the membrane 

response was achieved (139.0 mV). 

 

 
 

Figure 8. Calibration graphs for the ibuprofen anion response of the [thtdP
+
][Cl

-
] (20 % wt.) 

membrane after 1, 4 and 5 days in water and after 2 days in 0.1M KCl solution. 

 

Figure 9 shows the EDX spectra of fresh membrane and after been subjected to the 

potentiometric determinations of SCN
-
, NO3

-
, and Cl

- 
and ibuprofen anions. In all cases, the EDX 
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spectra were taken from the external face of membrane in contact with the sample solution. The tracer 

P was used to follow the presence of the ionic liquid cation [thtdP
+
].The P peaks corresponding to the 

fresh and used membranes were identical, which indicates that no substantial loss of the ionic liquid 

cation occurred during operation. This is a significant difference with the [bmim
 +

][PF6
-
] membranes, 

in which the ionic liquid was stripped during operation.  

 

 
 

Figure 9. EDX spectra of [thtdP
+
][Cl

-
] (20 % wt.) membrane, fresh and after exposure to SCN

-
, NO3

-
, 

and Cl
-
 and ibuprofen anions, external side. 

  

 
Figure 10. EDX spectra of [thtdP

+
][Cl

-
] (20 % wt.) membrane, fresh and after potentiometric 

responses to SCN
-
, NO3

-
, and Cl

-
 and ibuprofen anions, internal side. 
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The relative height of the C peak increased and the corresponding height of Cl Kα diminished 

substantially, which constitutes clear evidence of anion exchange between the hydrophilic counter ion 

[Cl
-
] present in the membrane and the lipophilic primary anion [ibuprofen

-
] present in the external 

aqueous solution. This result is especially relevant, since, to our knowledge, this is the first time that 

anion exchange has been demonstrated by the EDX technique. 

In order to study the exchange processes between the ion-selective membrane and the inner 

filling solution, an EDX study of the inner face of membrane in contact with 3M KCl solution was 

made. Figure 10 shows the corresponding spectra for the fresh and used membrane. 

Figure 10 shows that the Kα and Kβ Cl peaks are practically superposed in both the fresh and 

used samples, indicating that no anion exchange between the membrane and the inner solution has 

occurred. On the other hand, the decrease in the height of the P peak and the simultaneous appearance 

of a small K peak - no present in Figure 9 - shows that some cation exchange between [thtdP
+
] from 

the ionic liquid
- 
and K

+
 from the concentrated inner solution has taken place at the internal interface of 

the membrane. 

 

 

 

4. CONCLUSIONS 

Plasticized PVC membranes made with ionic liquids containing no exchangeable anions 

showed little or no potential response for common inorganic anions, which made them good potential 

candidates for the construction of reference electrodes. In contrast, ionic liquids containing an easily 

exchangeable anion, such as chloride, gave membranes with high potential responses for a wide range 

of anions.  EDX studies demonstrated anion exchange processes between the anion initially present in 

the membrane and those present in the sample solution. Anion exchange processes give rise to 

potential drifts, which prevents the potential from reaching the steady state. Good reproducibility in the 

calibration graphs can be achieved by controlling the exposure time to the sample containing the target 

anion.  
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