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Introduction

In the past few years a large amount of research has been done in the field of selective membrane sensors and associated highly sensitive analytical techniques.1-14 The developments and various applications of new electrochemical sensors continues to be a rapidly growing area of analytical chemistry. Many researchers are currently working on constructing new drug-sensitive membrane sensors or on applying the well-known commercially available electrodes to monitor certain drugs in pure form, complex pharmaceutical formulations, and biological materials.

Several recent reviews,15-35 conference proceedings,36-44 and monographs45-53 give comprehensive accounts of this work. Many specialized Chinese papers on drug sensors show, once more, that increasingly authors from the People’s Republic of China are becoming involved in this area of research.

Japanese scientists have constructed a computer data base on electrochemical sensors in which numerical data and other relevant, important information on electrochemical sensors are compiled.54

For analytical control of pharmaceuticals, most of the pharmacopeias describe accurate methods but, in some cases, these are lengthy and difficult. Membrane sensor techniques offer several advantages in terms of simplicity, rapidity, and accuracy over many known official methods. As to the simplicity and rapidity, the entire determination in some cases takes less than 15 minutes and the procedures can be directly applied to drug determinations in pharmaceutical preparations without prior separation; in many cases, the excipients are inactive in sensor response and less cleanup is needed. The rapidity with which the assay can be carried out using such devices makes it practical to perform the procedure on a single pharmaceutical preparation (e.g., tablet, capsule, etc.) so that pharmaceutical preparation variation can be followed if desirable.

In most pharmaceutical applications of membrane electrodes, four main types of sensors are used.

	Primary electrodes containing crystalline membranes prepared from either a single compound (e.g., Ag2S) or a homogeneous mixture of sparingly soluble compounds (e.g., AgX/Ag2S, where X = halogen): Most have been commercially available for many years, and their characteristics and performances are still very good (see Appendix 1).


	Primary electrodes containing non-crystalline membranes—glass membrane electrodes (e.g., H+, Na+) and electrodes with membranes containing a mobile carrier: In the latter case the electroactive material is dissolved either in a hydrophobic polymer (e.g., PVC) or a hydrophobic liquid solvent (e.g., nitrobenzene). Only a few electrodes in this category are commercially available (e.g., [image: images], Ca2+, and K+) and most of them are laboratory-made. When a hydrophobic cation (e.g., Aliquat 336S) is used, sensitive sensors for various anions (organic acids, amino acids) can be obtained; whereas, when a hydrophobic anion (e.g., tetraphenylborate, dinonylnaphthalene sulfonate) is used, sensitive membrane sensors for cations (organic bases, alkaloids) can be obtained.


	Gas-sensing electrodes and probes (e.g., NH3, CO2) that are commercially available: Most of these are based on a sensitized pH electrode.


	Bio-selective electrodes (Potentiometric Biosensors), based on enzyme-substrate reactions: These are laboratory-made and are very selective for the respective substrate; most of them were created when stable and reliable potentiometric sensors for NH3, CO2, and H2S became commercially available on a routine basis. Such sensors combine the technology of ion-selective electrodes with that of micro-porous synthetic membranes. Microbial or plant-tissue electrodes can also be included in this category. In these cases the cells are held on the surface of the electrochemical sensor by a dialysis membrane. Their general principle of operation is similar to that of conventional enzyme sensors that utilize isolated enzymes as the biocatalytic component.



Some of the electrochemical potentiometric membrane sensors presented in this book, even those that are laboratory-made, are feasible for drug monitoring and we strongly recommend them for this purpose. This recommendation is correlated with their characteristics as follows:

	The sensor is, in most cases, specific for the drug of interest.


	The linearity of the calibration curve is relatively large, generally covering a 10–2 to 10–5 M range. Detection limits of 10–6 or 10–7 M are also reported for some drug-sensitive sensors. With previous preconcentration of the sample, the detection limits of potentiometric techniques using membrane sensors may equal or surpass those of some expensive and sophisticated techniques such as radioimmunoassay, gas-liquid chromatography, high-performance liquid chromatography, chemical ionization mass spectrometry, etc.


	With some exceptions, the electrochemical sensors have fast response times, usually within 30 s, depending on the analyte concentration. Among the exceptions are enzyme electrodes as well as microbial and plant-tissue electrodes. There is, as yet, no general theoretical formulation for the steady-state and time-dependent behavior of these electrodes in terms of geometric and kinetic parameters.


	Many sensors are amenable to miniaturization (e.g., for ease of intravascular insertion) and can be constructed of material that is physiologically compatible, non-toxic, and easily sterilized. A new type of ion-selective device, called the ion-selective field effect transistor (ISFET), promises to be adequate for biomedical analysis in vivo.


	The time and cost of one determination with selective membrane sensors are substantially reduced.



This book has been made possible only as a result of the remarkable contributions by numerous researchers from all over the world. It contains many new drug sensors that have found real applications in pharmaceutical analysis. Some sensors can be applied for monitoring a drug during its release from a given drug delivery system. The marriage of drug membrane sensors with drug delivery technologies is already underway. The next prospect is that a laboratory-made drug-sensitive membrane sensor will become commercially available.

This book is divided into three main parts. The first concerns design and principles of various membrane drug sensors and contains the basic theoretical considerations as well as the basic characteristics of such sensors; here are discussed parameters such as electrode function, limits of detection, selectivity, response time, etc. The analyst is provided with the necessary information to assess whether a method is suitable for use in a particular analysis. Some details are given on standardization of membrane electrodes as well as on various analytical techniques involving them (e.g., direct potentiometry, standard addition and subtraction methods, potentiometric titrations, Gran plots, etc.). The second part of the book refers to the analysis of pharmaceuticals by membrane sensors, and the third part refers to drug release monitoring by membrane sensors.

In the second part of the book, which is the largest one, many analytical procedures are described for the assay of more than 350 compounds with biological activity. Both commercially available membrane electrodes as well as laboratory-made sensors are successfully applied for drug analysis, mainly by potentiometric techniques. In most cases, the membrane sensor method is comparatively discussed with the official method, such as that included in the United States Pharmacopeta (USP), the British Pharmacopeia, or other official monographs. The authors did not intend to give more details on the physical or pharmacological properties of the drugs discussed. They considered it necessary and sufficient for the reader to include only therapeutical activity of the named drug compound. The main sources for these properties were the Merck Index, USP, British Codex, or other pharmacopeias. No attempt has been made to represent analytical recipes for electrode construction because these may be easily found in the cited reference literature.
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Part I
Design and Principles of Membrane Drug Sensors





Chapter 1 
Theoretical Considerations for Primary Electrodes and Ion Association Drug Sensors

A phase that separates two other phases to prevent overall mass movement between them, but allows passage with various degrees of restriction of one or several species of the external phases, may be defined as a membrane.1 When membranes are used as recognition or recognition-amplification elements in conjunction with electron or ion conductor electrodes, the combination becomes a “membrane electrode.” The electrode normally uses inner and outer reference electrodes to form an electrochemical cell. The behavior of the membrane electrode will be determined mainly by the properties of the membrane, which can be solid or liquid containing ionized or ionizable groups. The membrane, with asymmetric bathing, may generate a voltage, or the membrane may simply be a barrier that controls access of material to another sensor. Reference inner and outer electrodes contribute an additional constant “offset” voltage. A completely gaseous membrane will not be discussed here, although they occur in cells designed to measure electronic work functions. Membrane electrodes respond directly or indirectly to gases, and they will be described in Chapter 2.

Ion-selective membrane electrodes may be roughly classified in the following way, according to the physical state of the substances (the electroactive materials) that form the electrode membrane.

	(i) Ion-selective electrodes with solid membranes: The membrane may be homogeneous as in a monocrystal, a sparingly soluble, ionic crystalline substance, or a glass that is considered to be a solid because of the immobility of the ionic components. Alternatively, the membrane may be heterogeneous, by the incorporation of the electroactive substance within an inert matrix.


	(ii) Ion-selective electrodes with liquid membranes: Here the electrode membrane is represented by an organic liquid immiscible with water. The organic liquid contains a charged electroactive substance that serves as “sites” for exchange of ions between membrane and solution. The membrane is responsive and may be selective for the exchangeable ions.



This classification is also useful from the theoretical point of view. In this respect, ion-selective electrodes should be classified according to the homogeneity or heterogeneity of the membrane, because these terms refer to the composition and not to operation.

The electrodes in categories (i) and (ii) are primary in the sense that they have one sensing reaction or one main function. The following are included with (i).

	Crystalline electrodes that may be homogeneous or heterogeneous: They contain mobile ions of one sign and fixed sites of opposite sign. The fluoride electrode made from LaF3 is an example.

	Homogeneous membrane electrodes are ion-selective electrodes in which the membrane is a crystalline material prepared from either a single compound or a homogeneous mixture of compounds (i.e., Ag2S, AgI/Ag2S).


	Heterogeneous membrane electrodes are formed when an active substance or a mixture of active substances is mixed with an inert matrix (such as silicone rubber or PVC) or is placed on hydrophobized graphite, to form the sensing membrane, which is heterogeneous in nature.


	Metal contact or all-solid-state electrodes are formed from membrane materials with both ionic and electronic conductivities. They need not be interposed between two electrolyte solutions. The inner reference electrode can be replaced with an electronic conductor (e.g., AgBr on Ag, or a cation radical salt on Pt). This configuration contrasts with normal membrane usage in which electrolyte solutions (inner filling solution and outer “test” solution) contact membranes.

Within category (ii) we find the following.




	Non-crystalline electrodes: In these electrodes, a support matrix, containing an ion exchanger (either cationic or anionic), a plasticizer solvent, and possibly an uncharged, selectivity-enhancing species, form the ion-selective membrane, which is usually interposed between two aqueous solutions. The support used can be either macro-porous (e.g., Millipore filter, glass frit, etc.) or microporous (e.g., Vycor, glass, or inert polymeric material such as PVC), yielding with the ion-exchanger and the solvent a “solidified” homogeneous mixture. These electrodes exhibit a response due to the presence of the ion-exchange material (typically selected from category 2b) in the membrane.

	Rigid, self-supporting, matrix electrodes (e.g., synthetic cross-linked polymer or glass electrodes) are ion-selective electrodes in which the sensing membrane is a thin polymer with fixed sites or a piece of glass. The chemical composition of the polymer (e.g., polystyrene sulfonate, Nafion, amino-poly(vinylchloride)) or of the glass determines the selectivity of the membrane. In this group are hydrogen-ion-selective electrodes and monovalent-cation-selective electrodes.


	Electrodes with mobile charged sites:

	(1) Positively charged, hydrophobic cations (e.g., those of quaternary ammonium salts or salts of substitutionally inert transition-metal complexes such as the derivatives of 1,10-phenanthroline), which, when dissolved in a suitable organic solvent and held on an inert support (e.g., Millipore filter or PVC), provide membranes that are sensitive to changes in the activities of anions. The hydrophobic cations are “trapped,” mobile sites that are mainly confined to the membrane phase.


	(2) Negatively charged hydrophobic anions (e.g., of type [image: images], tetra-p-chlorophenylborate, dinonylnaphthalene sulfonate), which, when dissolved in a suitable organic solvent and held in an inert support (e.g., Millipore filter or PVC), provide membranes that are sensitive to changes in the activities of cations.


	(3) Uncharged “carrier” electrodes based on solutions of molecular complexing agents of cations (e.g., ion-dipole formers—antibiotics, macrocyclic compounds, or other sequestering agents) and anions (e.g., adduct formers—organotin compounds, activated carbonyl compounds, and some porphyrins), which can be used in fixed sites of mobile trapped-site ion exchanger membrane preparations to give sensitivity and selectivity to certain cations and anions.


	(4) Hydrophobic ion pair electrodes of plasticized polymers (e.g., PVC) containing a dissolved hydrophobic ion pair and “ion association complex” (e.g., a cation drug tetraphenylborate or tetraalkylammonium surfactant anion) respond to component ion activities in bathing electrolytes. Responses can be Nernstian to bathing electrolytes of the cation drug chloride or sodium tetraphenylborate.








Figure 1.1 Schematic representation of membrane electrode cell assembly: (1) membrane; (2) potentiometer; (3) internal reference electrode; (4) external reference electrode; (5) sample solution; (6) internal filling solution. (Reproduced from Cşofreţ, V. V., Membrane Electrodes in Drug-Substances Analysis, Pergamon Press, Oxford, 1982, 8. With permission.)
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A compilation of equations for membrane transport has been published.2 Discussion of membrane types and equations for membrane potentials in the context of ion-selective electrodes was given by Buck.3-5

A schematic representation of the cell assembly is shown in Figure 1.1. The membrane, selective to a particular ion, is the basic component of the electrochemical cell and separates two electrolyte solutions having different ionic activities. The potential difference, established between the two sides of the membrane, is measured by the potentiometer by means of the internal and external reference electrodes introduced into the internal filling and external solutions, respectively. Usually the membrane is held in a compact unit containing the internal filling solution and the internal reference electrode to constitute the ion-selective membrane electrode. In some cases the internal filling solution is dispensed with and electrical contact is made by connecting a wire directly to the inner face of the membrane. The use of ion-selective membrane electrodes depends on the determination of membrane potentials that represent the electrical potentials arising across membranes when they separate two electrolyte solutions. The individual potential components cannot be determined directly, but their changes can be deduced from the EMF values for complete electrochemical cells illustrated in Figure 1.1.


1.1 Solid Membranes

Relations based on investigations by Nicolsky6 have been derived from experimental data for the EMF of cells with liquid or solid ion-exchange membranes.7-10 These relations are as follows for glass and pure solid ion-exchange membranes11:
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where R = gas constant, T = absolution temperature, F = Faraday constant, αA, αB = ion activities in the sample solution (monovalent ions), [image: images] = ion activities in the internal filling solution (monovalent ions), n = constant depending on the ions A and B and on the membrane; [image: images] = selectivity coefficient (preference of sensor for ion B in relation to ion A).

For an ion-selective electrode having a given inner reference electrode system, [image: images] we have
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The quantity n is a descriptor for the concentration dependence of the monovalent ionic activity coefficients in a solid or glassy phase. This quantity appears mainly in the literature for monovalent ion exchanger glass and is not necessary, experimentally, for other ion-selective electrode responses. In fact, the ionic charge is the dominant factor for most electrodes, and we write the response
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in general, and + is taken for cations or – for anions. The charges zi are absolute values.
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for a given inner reference electrode system, and zi is the charge on each potential-determining ion. In this notation, the first ion (i = 1) is ion A, and it is the ion for which the electrode is normally most sensitive. Any other interfering ion for which i > 1 is called B when comparing its selectivity with that of A. Of course, the selectivity of A with respect to A is unity. The selectivity coefficient [image: images], which characterizes the preference of the sensor for the ion B as compared to the ion A, is given by
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where KA,B is the ion exchange equilibrium constant for the exchange reaction
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and uA and uB are the mobilities of the ions in the membrane; zA and zB are absolute values of ion charge. KA,B is roughly related to the individual ion partition coefficients by
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If the sensor responds to a divalent cation (αA) and a monovalent cation (αB), Equation 1.4 becomes
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For a completely reversible cell assembly, [image: images] can, in principle, be determined approximately by measurements carried out in a solution of the ion A and, separately, in a solution of the ion B. A number of solid membrane electrode configurations are shown in Figure 1.2.

Figure 1.2 Examples of selective electrodes based on inorganic salts: (a) All-solid-state electrode—(1) solid, nonporous silver salt membrane; (2) silver-loaded epoxy cement; (3) silver wire; (4) solder to copper wire; (5) shielded cable, (b) Ion-selective electrode with internal solution and internal reference electrode—(1) silver salt membrane (solid and nonporous); (2) AgX coating; (3) internal reference solution; (4) Ag internal reference electrode, (c) Electrode of the second kind with porous metal salt containing silver metal—(1) metal salt; (2) metal billet. (Reproduced from Buck, R. P., Electrochemistry of ion-selective electrodes in Comprehensive Treatise of Electrochemistry, Vol. 8, White, R. E., Bockris, J., Conway, B., and Yeager, E., Eds., Plenum Press, New York, 1984, 182. With permission.)
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For the theoretical interpretation of the behavior of precipitate-based ion-selective electrodes, the electrodes based on silver halide may be considered as a model.11 By using either a heterogeneous or a homogeneous ion-selective electrode at zero current in a solution containing the ion to which the electrode is reversible, the equilibrium between the solution and the solid phase is attained when the difference of the electrochemical potentials of the solvated ion and the ion bonded to the solid phase is equal to zero. The electrochemical potential of the appropriate ith ion in the solution is
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whereas in the membrane it is
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where [image: images] is the electrochemical potential (an energy), μ is the ordinary chemical potential, φ is the local electrostatic potential (Galvani), zi is the valency of ion i with sign, F is the Faraday constant, and s and m denote the solution and membrane phases, respectively. At equilibrium,




	[image: images]

	 






and
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where E is the electrode potential, E0 is the standard electrode potential, μ0 is the standard chemical potential of ion i in solution s and in membrane m, and (ai)s and (αi)m are the activities of the ith ion in the solution and membrane phases, respectively. Note that E0 is a measure of the standard energy difference between the exchanging ion in the membrane relative to the solution energy. In fact, E0 is defined by the energy difference or by the single-ion partition coefficient ki that often appears in the descriptions of liquid and synthetic solid ion-exchanger membranes.
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In most practical cases, the membrane is prepared from, and contains, a salt of the same permeable ion that is being detected and measured. This means that as quickly as the electrode is dipped into solutions of the permeable ion salts, the equilibrium, Equation 1.11, will occur. Only motion of a small amount of space charge is needed to create the interfacial potential difference in Equation 1.12 in about 1 μ-s. A little more time may be needed to actually mix the bathing solution sufficiently to make the surface concentrations become the same as the bulk value. Usually 1 s is enough. In this deduction of the electrode potential,11 the ion diffusion across the membrane is not considered because it normally has no effect on the membrane potential at zero current.

If the concentration of the appropriate ion is relatively low in the solution examined, then the electrode potential approaches a limiting value that can be expressed for the univalent cations in the following way:
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where Kso is the solubility product of the precipitate used as the electrode and αi is the formal activity added to the solution. Of course, the actual concentration exceeds the apparent (formal) value by the amount dissolving from the electrode surface. For univalent anions, the sign of the In term is negative and subscripts are changed from + to –.

In the solution containing not only the ion to which the electrode is reversible, but another ion (X), which also forms a precipitate with one of the components of the membrane matrix, the following precipitate exchange reaction is established:
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The membrane species take their constant bulk values in a short time if the reactant concentrations in solution are not too low. Normally, X– is CP– or Br–. Then K1,x is smaller than unity and the electrode is attacked to a small extent by the interference. On the other hand, an AgCl electrode has the selectivity coefficient Kso(AgCl)/Kso(AgX). If X = Br– or I–, the selectivity coefficient is greater than unity and the electrode could be attacked, destroyed, and converted entirely to AgX. To avoid this event, the interference concentration must be controlled to low values such that (X–)KIX < (Cl–) in this case.

On the basis of this equilibrium in Equation 1.16 the following equation can be derived for the potential of the membrane electrode if the intramembrane diffusion phenomena are neglected.11 Except for a few “superionic conductors,” permeable ions in solid electrodes usually move much less rapidly than the same ions in electrolyte solutions. This means that interior (intramembrane) processes in solid electrodes can be neglected because they do not contribute an important part of the measured potential. Using the exchange equilibrium Equation 1.16 for ions of the same charge zi, any interference ion k will cause a change in the measured membrane and cell potentials according to
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that is:
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where αi,ci and αk,ck are the activities and concentrations of the ith and kth ions, respectively; if N is the number of ions taking part in the ion exchange reaction, then summing over N = 1 to N = k is required to cover all possible responses. The summation subscript is simply shown as k. The mean activity coefficients are fi and fk that apply to the ions i and k at ionic strengths determined by the solution electrolyte composition including other inert salts.




1.2 Liquid Membranes


1.2.1 Electrically Charged Ligarias (Liquid Ion Exchangers)

Eisenman and co-workers7-9 have derived relations for the EMF of a cell assembly consisting of a liquid ion-exchange membrane electrode and an external reference electrode. In the ideal case that all ions and charged ligands in the membrane are completely ionized,
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where zi is the valence of the ith counter-ion species, αi and a′i are its activities in the solutions on each side of the membrane, with [image: images] expressed by
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The mobilities and activity coefficients are, as before, ui and fi. The first ion (i = 1) is called A, as before. Its selectivity with respect to itself is unity. Usually all other selectivity coefficients are less than unity, because the electrode is designed to respond best to ion A. Responding “best” means that the response curve is most positive or most negative for ion A compared to all other ions. Most positive occurs when positive ions are being compared and most negative when negative ions are compared. The difference between Equations 1.21 and 1.3 is inclusion of the internal membrane activities coefficients in Equation 1.21 for the ions that are present in the membrane. This difference arises because the transport problem (the internal diffusion potential) depends on concentrations rather than on activities. When the membrane contains ion pairs, as it mostly generally does because of the low dielectric constant of the plasticizer, there is a more general solution,
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The integrals (over the membrane thickness) generate additional terms and contain especially formation constants and mobilities of ion pairs. When all ions have the same charge, the results simplify, in the cases of strong complexation, to an equation like Equation 1.20, but now
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where the mobilities and formation constants (Kis) apply to the ion pairs is and As. The activity coefficients are omitted.
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in which the subscripts s refer to the dissociated site species and the subscripts is refer to the undissociated ion pairs. Thus us is the mobility of the dissociated site species, uis is the mobility of the undissociated ion pair, Ki is the dissociation constant of this pair, and cis, ci, and cs are the concentrations of undissociated pairs, dissociated counter ions, and dissociated sites within the membrane. [image: images] is the total flux of sites regardless of whether in a dissociated or undissociated state), whereas the parameter t in f1 is given by the expression
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The parameter t varies between 0 for complete dissociation and uscs/(uscs + uici) for strong association.

The general form of Equation 1.22 is valid only under the following conditions:

	The ligands are situated exclusively within the membrane.


	There are no co-ions in the membrane (Donnan exclusion applies).


	Equilibrium exists between the ion i and the ligand at all points in the membrane.


	Ion aggregates of higher order do not occur.


	The activities can be equated to the concentrations inside the membrane.


	The system is at open circuit (zero current), and the interior of the membrane has reached steady state.

The form of Equation 1.22 with the second integral omitted is actually a more normal form, although not so general. In addition to requirements 1-6, the following holds:


	at steady state, the total flux of all species including s is zero, e.g., the sum of all ion-pair and free-ligand fluxes is zero.

The simple form of Equation 1.20 requires the same conditions, but requires the following in addition:


	the ligand concentration is so small, or formation of ion pairs so weak, that complex formation just does not occur;


	the internal filling solution containing the principal detectable and measurable ion.



When the ion pairing is nearly complete in the membrane, the general problem is difficult, and Equation 1.23 seems to be a limiting case. There are very few, if any reliable tests of Equation 1.23 because ion-pairing constants are so difficult to determine. The requirements listed are presumed to apply. If the membrane plasticizer has a high dielectric constant (over 10 and up to about 30, where miscibility with water occurs), ion pairing decreases and Equation 1.20 is appropriate. Then the selectivity depends on the ion-exchange constant. With the low dielectric constants, ion pairing is favored and the ion-pairing dissociation constants (or the reciprocal formation constants) determine the selectivity.

Some popular electrode configurations for liquid membranes are shown in Figure 1.3.

Figure 1.3 Various constructions of sensing tips of ion-selective electrodes based on organic ion-exchangers or neutral carriers, (a) Liquid membrane (similar to the Corning type)—(1) hydrophobic porous membrane; (2) membrane-retaining cap; (3) O-ring seal; (4) internal reference solution; (5) solution of active material; (6) internal reference electrode, (b) Liquid membrane (similar to the Corning type)—(1) cellulose acetate membrane; (2) screw-on cap that holds membrane; (5) and (6) are in (a), (c) Liquid membrane (similar to the Orion type)—(1) hydrophobic porous membrane; (2) plastic foam saturated with active material; (3) spring; (4) internal reference solution; (5) internal reference electrode, (d) PVC membrane according to Davies, Moody, and Thomas, Analyst, 97, 87, 1972, and Griffiths, Moody and Thomas, Analyst, 97, 420, 1972. (Reproduced from Buck, R. P., Electrochemistry of ion-selective electrodes, in Comprehensive Treatise of Electrochemistry, Vol. 8, White, R. E., Buckris, J., Conway, B., and Yeager, E., Eds., Plenum Press, New York, 1984, 1983. With permission.)
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1.2.2 Electrically Neutral Ligands (Neutral Carriers)

In these systems, a plasticized membrane contains a dissolved complex-forming neutral charged carrier. The system is intentionally hydrophobic so that the plasticizer and carrier do not leach out and dissolve in the aqueous bathing solutions. The principal carriers are macrocyclic compounds that form selective complexes with ions in solution and extract those ions preferentially into the membrane to satisfy the electroneutrality condition inside the membrane. The membranes contain fixed or mobile sites. Eisenman and co-workers12-15 derived an equation for the EMF of lipid bilayers loaded with the carrier valinomycin. Electroneutrality that is required for descriptions of thick plasticized ion-selective electrodes was not needed or considered. The general solution to the membrane potential equations, analogous to Equation 1.22, covering the possibility of free as well as complexed ions in the membrane, has never been given. However, in the practical limit that ions extracted into the membrane are complexed, the few remaining free ions can be ignored. For a plasticized membrane electrode bathed with variable activities α1 of the principal ion and α2 of a typical interfering ion, and for a given internal reference electrode system, the response function is
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Equation 1.23 gives expressions for kpot in terms of formation constants corresponding to the reaction between free ions in the membrane and the lipophilic complexing agent:
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for example.

Equation 1.27 is based on a number of observations concerning the nature of the negative sites in thick, electroneutral membranes used as potassium sensors. An original suggestion was the existence of negative sites as impurities in poly(vinyl chloride) (PVC) membranes.16 Experimental observation of Donnan failure17 and functional improvement by adding negative surface sites18 and bulk sites19-21 suggested by plausibility of impurity (fixed and/or mobile) sites. Extraction of anions from bathing solutions posed a theoretical problem, unless it could be shown that extracted anions became immobile in the membranes.22-23 Experimental proof of the existence of ion-carrier complexes and fixed sites, and inference of mobile sites appeared.24,25 Also, evidence for extraction and immobilization of small anions was found26-28 and a recent summary of the carrier mechanism has been published.29

Equations 1.26 and 1.27 are valid when the following hold:

	Mixtures of monovalent ions are used in the bathing solutions.


	The complexing agent in the membrane is present at total concentrations (free agent and complex) in excess of the site concentrations.


	Free simple extracting and exchanging counterions can be ignored because formation constants of complexes are large.


	Activities can be replaced by concentrations; activity coefficients are ignored.


	Ion pairing between complexes and sites is ignored; formation of aggregates is ignored.


	The system is at zero current (potentiometric).



Interference occurs by the overall reaction
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This equilibrium is expressed by the ion exchange and complex formation parameters in Equation 1.23. Because the mobilities of the complex species are primarily determined by their large size, the “isosteric” assumption is often made: the mobility ratio in Equation 1.23 is unity and can be eliminated. The construction of the electrodes is illustrated in Figure 1.3. Likewise, in the next section, ion association drug sensors are constructed according to the examples in this figure.




1.2.3 Ion Association Drug Sensors

Design principles for sensors of ionic drugs follow from application of the concepts used to describe the theoretical voltage-activity response relations for the various primary ion-sensitive sensors. The so-called trapped sites of the mobile-site, liquid ion-exchanger electrodes belong to a category of compounds known as ion association extractants. Examples are long-chain diesters of phosphoric acid and tri-caprylylmethylammonium (Aliquat) ions. The latter cation was studied extensively by Freiser and co-workers30-32 in the design of anion sensors. The former were the original class of hydrophobic, liquid ion-exchanger species used in the Ca2+ sensors of Ross.33

In 1970 Higuchi, et al.34 and Liteanu35 introduced liquid-membrane electrodes responsive both to organic and inorganic ions, including both cations and anions of the species constituting the membrane. Because they responded to bathing activities of inorganic counterions (as expected) and also to any site species dissolved in the bathing electrolyte (not expected), these electrodes seemed to be neither conventional mobile-site, liquid ion-exchanger- nor neutral-carrier-based. At the 1973 IUPAC International Symposium on Ion-Selective Electrodes, J. R. Cockrell, Jr., presented an unpublished example of a liquid membrane responsive to both organic cations and organic anions, not unlike responses of silver halide membranes, i.e., that membrane electrode responded to its component cations or anions depending on which was in excess in the bathing electrolyte. If a membrane contained a hydrophobic salt M+X– in a solvent-plasticized membrane, then a response was found for bathing salts M+Cl– or Na+Y– in solution. A membrane containing a detergent ion pair was responsive to either cationic or anionic detergent species in solution, depending on which was in excess. At the time, this effect seemed anomalous, because the idea of trapped sites was violated. It is now known that hydrophobic liquid membrane component ions are not really trapped, but only thoroughly partitioned into the membrane by a favorable salt extraction equilibrium. Nevertheless, there must always be some salt remaining in the bathing solution, and this residual concentration determines the detection limit of the electrode in the same way that the solubility product of a silver halide membrane determines its ultimate response sensitivity.


1.2.3.1 Conditions for Two Opposite-Charge Ion Responses

The local interfacial equilibrium principles based on equality of electrochemical potential of each ion that reversibly equilibrates across an immiscible interface were available for analysis of drug-sensing electrodes prior to 1970. However, the theory and consequences for membranes based on ion association or ion pair hydrophobic salts partitioned into membranes were worked out later than the theory for other primary electrodes.36,37 To develop an interfacial potential difference, two ions M+ and Y– that partition are generally involved, although in many simplified cases it appears that only ions of one sign are partitioning. This condition can be considered necessary, but not sufficient, to produce a sensor with good response for a single ionic species. The reason is that salt partitioning, e.g., extraction of equal concentrations of M+ and Y–, produces a potential difference (pd) that is independent of bathing salt concentration in either phase.

To develop a pd dependent solely on a single ion activity, say M+, three ions are required: M+, X–, and Y–, of which Y– is very oil soluble, X– is mainly water soluble, and M+ is soluble in both phases. The salt MY is typically an organic ion association species that may be isolated and dissolved in an organic solvent or prepared in situ by extraction. The anion is typically picrate, tetraphenylborate, or an even more oil-soluble species. The salt MX, where X– = Cl–, is the sample whose M+ activity is to be measured at variable values in the aqueous bathing electrolyte. When MX is varied, the interfacial pd is overall S-shaped (millivolts vs. log[MX]), but contains a linear section, the so-called Nernstian region.

Figure 1.4 Calculated response curves for drug membrane sensors: (upper curve) response to M+; (lower curve) response to Y–. See text for values of the constants kM, kY, and kX. (Reproduced from Buck, R. P. and Cşofreţ, V. V., Design of sensitive drug sensors: principles and practice, in Fundamentals and Applications of Chemical Sensors, ACS Symp. Ser. No. 309, Schuetzle, D. and Hammerle, R., Eds., American Chemical Society, Washington, DC, 1986, 365. With permission.)
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It is merely an extension of these ideas to demonstrate the conditions that the same membrane, containing MY, should also be responsive, in a Nernstian fashion, to Y– activities in solution. These conditions again call for consideration of three ions: M+, Y–, and N+. The salt NY is the aqueous sample whose Y– activity is to be measured. N+ is typically a hydrophilic cation such as Na+. When aqueous NY activity is varied, the interfacial pd is again S-shaped (millivolts vs. log[NY]). These responses are illustrated from a theoretical calculation in Figure 1.4. The assumed extraction parameters are given in a later section. The similarities with silver halide membrane electrode responses are summarized here.
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It is the hyperbolic relations (Ag+XBr–) = Kso and (M+)(Y–)s = (M+)(Y–)m/K–2 that provide the basic analogy between the two kinds of system. In the latter, K2 is the ionic salt partition coefficient relating membrane (overbar) and bathing solution activities at an equilibrium interface. The latter form can also be derived for insoluble salt membranes. However, the salt phase ion activities are constant and so are hidden in the value of the solubility product Kso.




1.2.3.2 Local (Interface) Equilibrium Theory

Each ion M+, N+, X–, and Y– will generally have different energies in water and in the organic phase within the solvent-plasticized membrane. The plasticizer is usually a low dielectric constant compound such as dibutylphthalate or dioctyladipate. The partition free energy for each ion is written
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for the reaction
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is a measure of the intrinsic ionic oil-solubility of an ion, where ki is the single-ion partition coefficient and ra and s denote organic membrane and aqueous bathing phase quantities. For oil-soluble (hydrophobic) ions, AG is more negative and kt is larger than for water-soluble (hydrophilic) ions.

In a typical two-phase water-organic system containing equilibrated salts MX and MY, some MX and MY will be present in each phase. This two-salt-three-ion system provides the necessary conditions to obtain the upper curve for the M+ sensor in Figure 1.4. The concentrations in each phase depend on the salt partition coefficients kMkX and kMkY, with mass and charge balance equations to provide the additional required relationships. The link between energies and equilibrium concen trations (activities) is the electrochemical potential for each ion at equilibrium across the interface (see Equations 1.9, 1.10, and 1.11).

By eliminating the potential φ from the electrochemical potential equations for pairs of oppositely charged species, one has
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Because MY is intentionally more oil soluble than MX, MY maintains virtually constant activity in the organic, membrane phase when MXs is varied. Only a very small amount of X– (along with additional M+) appears in the membrane because [image: images] is already large and fixed by the MY extraction. This is a manifestation of Donnan exclusion. However, at very high bathing concentrations of MXs, an increasing amount of MX will be extracted and find its way into the organic phase. In principle, at high enough MXs levels, the amount of extracted MX could overwhelm and exceed the MY already present. This is the condition of Donnan failure because the co-ion X– enters the membrane at concentrations comparable to or greater than [image: images].

There is a similar, converse argument that applied to the fate of M+ in the aqueous bathing phase as MXs concentration is continually decreased. Because MY maintains a very low equilibrium concentration in water, as MXs is decreased below the equilibrium value of MYs, approaches and remains at the constant concentration of MY... The value of [image: images] cannot fall below this value set by the leaching out of MY into water. A constant interfacial pd is approached that is independent of further decreases in MXs. In Figure 1.2 the single-ion partition coefficients were chosen to be kX = 10–2, kM = 102, and kY = 106. Consequently, the equilibrium aqueous MY concentration is 10–6 M.

In the lower part of Figure 1.2, the corresponding two-phase-two-salt extraction system is MY and NY. The values of partition coefficients selected for illustrated were, as before, kM = 102, kY = 106, and kN = 10–2. Consequently, mirror-image potential characteristics result, and Donnan failure occurs when NYs exceeds about 10–2 to 10–1 M NYs.




1.2.3.3 Potential Theory

The interfacial potential difference (pd) for each interface is found from the ionic partition equilibrium. The value must be the same whether calculated from electrochemical potentials of M+, N+, X–, or Y– using Equations 1.9, 1.10, and 1.11:
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However, for convenience in calculation, the interfacial pd is determined from those species whose activities are known or easily calculated. For the upper curve in Figure 1.4, in the linear range MX is predominantly in water whereas MY is predominantly in the organic phase, because kX ≪ ky. Consequently, M+ activities are known and used in Equation 1.34, to give
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This is a Nernstian response over a wide activity range. However, at very low MY bathing activities, the pd becomes insensitive to further decreasing M+ activities and the response levels off at a value
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whereas at very high MX activities (generally only seen when X– = I–, [image: images]) the pd again levels off because Donnan exclusion is violated by encroaching X– entering the organic phase and
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These limiting, single-salt pds are derived from the more general expression
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The values of activities to be used are those calculated from equilibrium theory. For one salt, say MX,
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Equation 1.39 is suitable even in the cases of unequal concentrations of M+ and X– in each phase. However, if only MX (or only MY) is present at

equilibrium in both phases, a simplification is possible because there are equal concentrations of + and – ions in each phase.
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These values are, in some sense derived from corrosion theory, “mean” or “mixed” potentials because they are determined by exchange of two charged species. When activity coefficients are ignored, Equation 1.40 reduces to Equation 1.37. By the same analysis, a single salt MY partitioned gives a constant potential in Equation 1.36. These two limiting values are shown in Figure 1.4, points A and E. Likewise, Donnan failure upon addition of excess aq. NY gives a constant negative limit of
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Details of the curvature regions in Figure 1.4 have been given in Melroy and Buck.36




1.2.3.4 Detection Limit and Selectivity

The lower detection limit for ions M+ or Y– is often given as the intersection of the Nernstian region with the limiting potential of Equation 1.36. This value depends on the membrane loading MYm and is given by
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which is 10–6 M M+ in Figure 1.4. The total range of available potentials for M+ measurements is determined by the two limiting potentials in Equations 1.36 and 1.37. This is the “availability window” for M +
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There is also a window for Y– measurements.

The definition of selectivity of the electrode for two ions of the same sign requires consideration of the responses to MY and IX when the membrane is initially loaded with MY. M+ is the principal ion and I+ is the interfering ion. Defining the fraction fr as
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then ion-exchange equilibrium requires formation of both MY and IY in the membrane with activities
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Consequently, the interfacial pd is related to both αM+ and to αl+ according to
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The interfacial pd selectivity coefficient, the factor multiplying αI is determined by the ion exchange ratio Kiex = kI/kM, by the activity coefficient ratio, and by the mobility ratio, after the internal diffusion potential contribution is added. This result is identical to Equation 1.21. Clearly, interferences should correlate with the ion-exchange constant, which can be determined from salt extraction coefficients kIkX/kMkX for a series of positive drugs, comparing salts with common anions. This result is well documented in early ion-selective electrode response studies.38,39 A commentary on this topic is given by Koryta40 and Koryta and Stulik.41 For drug electrodes there is a correlation of improved selectivity of N-based drugs with the extent of nitrogen substitution:
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in which quaternary drugs of the same carbon number are most sensitively detected.

Omitted from this elementary theory are effects of plasticizer and ion pairing. No theory of ion pairing specifically for membrane-based drug sensors—other than the mobile, liquid ion-exchanger response theory in this chapter—has been published. Presumably, there are no special effects arising from hydrophobic pairs that are not already accounted for in the earlier theory. Effects of plasticizers in membranes have received attention from two points of view: first, the design of plasticizers for emphasizing divalent ion selectivity over monovalent selectivity, or the reverse; second, the design of hydrophobicity character to minimize leaching loss of plasticizers and to prolong lifetime of electrodes. Plasti-cizers are principally chosen for compatibility with the plastic membrane, low water solubility, high boiling temperature, and chemical inertness. Low water solubility implies a low dielectric constant—well below the value about 40, when water miscibility sets in. Long-chain carboxylic esters are low-dielectric plasticizers that favor extraction of monovalent ions and encourage ion pairing. Nitroaromatic compounds are at the higher end of the permitted dielectric constant range, and these encourage extraction of divalent species.42

Intrinsic compatibility of plasticizers and membranes, from the point of view of prolonged lifetime and freedom from loss of plasticizer to surroundings, was treated experimentally and theoretically by Oesch and Simon.43,44
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Chapter 2 
Theoretical Considerations for Multilayer, Potentiometric Gas Sensors and Biosensors


2.1 Proposed Definitions: Chemical Sensors and Biosensors

Chemical sensors are those that use chemical processes in the recognition and transduction steps. Biosensors are a subsection of chemical sensors that use biological recognition processes. Both are intrinsically “chemical.” These statements are under consideration for official sanction by the International Union of Pure and Applied Chemistry (IUPAC). For the primary sensors of Chapter 1, the recognition process is built into the ion-exchange mechanism. The principles are purely classical electrostatic, e.g., based on ion-ion and ion-dipole interactions and interaction energies.1 At the simplest level, for a model with a homogeneous charge sphere in a continuous dielectric medium, the selectivity information is contained in the single-ion partition coefficient, e.g., in the free energy of ion transfer between phases of differing dielectric constant as expressed by the Born equation. For each ion of different size and different charge, the free energy of transfer is a different number that cannot be directly measured. Only products or ratios of partition coefficients (or sums or differences of transfer free energies) can be measured by real methods that are thermodynamically defined. For liquid membranes, the result of electrostatic theory is an interpretation of anion selectivity order as expressed by the Hofmeister lyotropic (lipophilicity) series and the cation series.

For solid electrodes there is a classical theory by Mott and Littleton2 for the calculation of ion energies in ionic crystals. These can be combined to interpret solubility products, for example. The theory is hardly practical to use, in comparison with the Born equation. Yet modern improvements continue to be made,3 because of the need to calculate the energies to create ionic defects in solid-state materials and to calculate the resulting conductivity parameters. The aim of theory is to predict materials with permselectivity for a particular ion or group of ions with the same charge. Theory has been a guide, but most ion-selective electrodes were discovered by intuition and by use of materials with experimentally known permselectivities, e.g., charge transport properties.

Use of biorecognition has been a challenging part of sensor design for many years, and the classical paper by Clark and Lyons4 using enzymes disclosed an amperometric sensor. An oxygen electrode is modified to sense dissolved glucose by the catalytic enzyme oxidation reaction with glucose oxidase, during which the ambient oxygen concentration is decreased. The indirect glucose measurement became possible by combination of the oxygen decrement measurement with the enzyme-catalyzed reaction on the electrode surface. Similarly, Guilbault and Montalvo5 applied urease to the recognition of urea. The hydrolysis reaction was measured potentiometrically with the cationic-sensing glass electrode, in this case, by following the generated ammonium ion concentration.5




2.2 Potentiometric Gas-Sensing Membrane Electrodes

Gas-sensing membrane sensor “electrodes” are not single electrodes, but are combination electrodes with a base indicating electrode and an external reference electrode combined into one unit. They form a complete electrochemical cell. The indicator portion monitors changes in the cell composition arising from gases that penetrate into the cell.6 Gas-sensing electrodes are sensors that use a gas-permeable membrane to separate the sample gas (or solution) from a thin film of an intermediate solution, which is held between the gas membrane and the ion-sensing membrane part of the sensor.

In the early examples, the intermediate solution interacts with the gaseous species in such a way as to produce a change in a measured constituent (e.g., H+ or [image: images]) of the intermediate solution. This change is then sensed by the ion-selective electrode and is related to the partial pressure of the gaseous species in the sample. (Note: An exception to this classification is the hydrogen gas electrode, which responds both to the partial pressure of hydrogen and to the pH. The Clark oxygen electrode does not conveniently fit under this classification. In contrast to most other gas sensors, it is an amperometric not a potentiometric device.)

Gas-monitoring electrodes, which sense gas indirectly, involve the use of a gas-permeable, but not ion-permeable, membrane to separate the thin-film internal solution from the sample to be analyzed. The gas molecules, such as hydrogen sulfide, hydrogen cyanide, sulfur dioxide, carbon dioxide, or ammonia, diffuse through the membrane to effect a change in the activity level of an ion contained in the thin-film internal solution. In these instances, the pS2–, pCN– or pH change is detected by the indicator ion-selective electrode, which might be a primary Ag2S, Agí, glass, or an iridium oxide electrode.

The behavior of a gas-sensing electrode, particularly its response, sensitivity or slope, and limit of detection, depend in a complex way on the variables of geometry, membrane properties, and the internal electrolyte used. In order to determine the relative effect and importance of these variables, Ross et al.7 considered an electrode that is in equilibrium with a sample solution having a dissolved gas concentration C1 for a species permeable to the gas-separator membrane. The concentration of the diffusing species will also be Cl in the internal electrolyte (see Figure 2.1). The concentration of the species in the membrane will be [image: images], where
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and k is the partition coefficient of the species between the aqueous sample, internal electrolyte phase, and the membrane phase.7

At time t = 0, the concentration in the membrane solution is suddenly changed to C2. Now it is assumed that the partition equilibrium at the membrane-gas interface is very rapid. In that case the concentration C in the membrane at the interface will immediately change to a new value C2. In general, this assumption is valid.7 A concentration gradient will exist in the membrane. As a result, the concentration C1 of the species in the internal electrolyte will change from its initial value in the direction of the new equilibrium value C2. For an electrode of area A, according to Fick’s first law,
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where m is the membrane thickness, D the diffusion coefficient in the membrane phase, and [image: images] at the inside surface and [image: images] at the outside surface.

Figure 2.1 (a) Severinghaus carbon dioxide electrode. (Reproduced from Ross, J. W., Riseman, J. H., and Kreuger, J. A., Pure Appl. Chem., 36, 473, 1973. With permission.) (b) Steady-state model for gas-sensing membrane electrode response. (Reproduced from Ross, J. W., Riseman, J. H., and Krueger, J. A., Pure Appl. Chem., 36, 473, 1973. With permission.)

[image: images]



The species diffusing through the membrane can exist in a number of forms in the internal electrolyte. It can be either a neutral species or as various ionized or complexed species. As a result of the flux, a change in the total number of moles (dAlCT) of the species will occur in the internal electrolyte given by
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where C is the concentration of the neutral species, CB is the sum of the concentrations of all the other forms and CT is the total concentration of the diffusing species in the internal electrolyte of thickness I with the same cross-sectional area A. Combining Equations 2.2 through 2.4 gives
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Considering e as the fractional approach to equilibrium, i.e.,
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Substitution into Equation 2.5 yields
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Integration of Equation 2.7 requires a knowledge of dCB/dt that, in principle, can be obtained from the internal electrolyte composition and all of the equilibrium constants describing the species contributing to CB.7 In practice this is extremely difficult to do, hence the simple cases will be considered when either (i) dCB/dC ≪ 1 or (ii) the range C2 — C is sufficiently small so that dCB/dC can be considered a constant.

Under these restrictions, the integration of Equation 2.7 gives
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The model predicts the effect of geometry (lm), membrane characteristics (Dk), electrolyte composition (dCB/dC), and experimental conditions (ΔC/∊C2) on the response time of the electrode.

Generally, the relationship between the emf and the gas concentrations is given by
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where E0(gas) contains all the constant terms as for a Nernst-type equation.
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