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Investigation of Membrane Materials for Solid-state, Ion-selective Electrodes. 

ABSTRACI': 

The preparation and characterization of new materials to make ion-selective 

membranes are described. The usefulness of zinc orthophosphate and zinc mercuric 

thiocyanate to make a carbon-support electrode responsive to zinc was investigated. 

Better results were obtained with zinc orthophosphate. However, the electrode response 

wu lowered by the formation of acidic oxides on the surface of the electrode, and 

interferences from copper(ll), lead(ll), and cadmium(ll) were observed. An indirect 

pctentiometric method based on the selective monitoring of chlorozincate(IT) or 

cyanozincate(ll) anions with 8 co&ted-wire ion-selective electrode was proposed as an 

alternative for monitoring zinc ion. The application of quaternary ammonium, 

phosphonium, and alkyl phosphp.te ionic polymer membranes to potentiometric and 

voltammetric analysis was also studied. Ionic polymer membranes offer a number of 

advantages, namely improved membrane lifetime and enhanced adherence to 

solid-substtate electrodes, when compared to conventional ion-selective membranes. The 

1ast stage of this research focused on the application of ionic pol ymer membrane 

electrodes in flow injection analysis. 
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Etude de Diverses Me,nbranes pour les Electrodes Sélectives. 

RESUME: 

Cette étude décrit la préparation et les c ,lTactéristiques de différents matériaux utilisés 

dans la composition de membranes sélecùves. Dans un premier t("mps, la possibilité 

d'utiliser l'orthophosphate de zinc pour fabriquer une électrode de graphite sensible aux 

ions du zinc a été étudiée. Il est démontré dans cette étude, que b formation d'oxyde à la 

surface de l'électrode limite sérieusement la sensibilité de cette électrode. En plus, la 

présence d'ions tel que le CuCU), le Pb(II) et le C1(1I) cause des interférences avec la 

mesure du zinc. Une méthode potentiométrique basée sur la mesure de certains complexes 

anioniques du zinc e~t proposée comme alternative pour la détermination du Zn(II). Dans 

la seconde ét3IJe de cette étude, le comportement et la sélectivité de certains polymères 

ioniques, modifiés avec des grouJ)("ments d'ammonium quaternaires, de phosphonium ou 

de phosphate ont été étudiés par potentiométrie et voltamétrie. Les performances des 

membranes de polymère ionique et des membranes polymériques conventionnelles ont été 

comparées. Les membranes de polymère ionique ont notammer.t une longévité accrue et 

offrent une meilleure adhérence aux électrodes solides. L'utilisation d'une électrode à 

membrane de polymère ionique a aussi été appliquée à l'analyse en flot continu (flow 

injection analysis). 
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Preface 

After severaI decades of active research, the development of electrochemical 

sensors continues to he an exciting and expanding area of analytical research. The issue 

of selcctivity remains ccnttal to the operation of elcctrochemicaI sensOl'S. However, the 

dcvelopment of potentiometric scnsors with solid internaI contact, namely coatcd wire 

elcctrodes and ion-sensitive field effect transistors, has also raised concerns about the 

integration of chemically sensitive membranes with solid-state electronic devices. In fact, 

the most commonly used ion-selective membranes are not welI-suited for use with 

solid-state dcvices, and problems with membrane perfonnance and lifetime arise. This 

thesis investigates the possibility of using alternative membrane materials with solid-state 

electrodes. 

This thesis has been divided into 7 chapters: The first chapter reviews the theory 

of ion-selective electrodes, and the second chapter describes carbon-support and coated 

wire ion-selective electrodes. The characterization of ion-selective electrodes is detailed 

in chapter 3. Chapters 4, S, 6 and 7 describe original research. Chapter 4 investigates 

membrane materials for making zinc-selective, solid-state electrodes. Chapter 5 describes 

the preparation of ionic polymcr membranes. Following this, in chapter 6, the application 

of ionic polymer membranes to potentiometric and voltammetric analysis was 

investigated. Voltammetry was used to probe the charge-transport and response 

mechanisms within ionic polymcr membranes. A brief description of the design, 

construction, and application of an ionic polymer membrane electrode-based flow 

injection system is given in chapter 7. The final section of this the sis presents a summary 

of the conclusions reached in chapters 4-7. and provides suggestions for funher research 

in this area. 

x 
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CHAFfERI 

INTRODUCTION TO ION-SELECTIVE ELECTRODES. 

About 25 years ago, the pH glass membrane electrode was the only potentiometric 

sensor widely available [1]. The growth in the use of potentiometric methods started 

when attention was turned from glass membranes to polyvalent membrane systems such 

as, pellets of insoluble salts [2], ion exchange liquids [3,4], and polymerie membranes [5]. 

These investigations have led to the development of a variety of electrodes selective for 

inorganic ions such as, halides [6], nitrates [7], potassium [8] and calcium [9]. Fwther 

development has also resulted in the availability oflon-Selective Electrodes (ISE's) for 

the monitoring of organic species, i.e. quatemary ammonium ions [10] and dmgs of abuse 

[11]. 

An ion-selective electrode is a potentiometric sensing device which responds 

selectively towards one or several ionic species. A unique feature of ISE's is that the 

response to an ion occurs in a heterogeneous mixture of ions. Ion-selective electtodes 

therefore represent an interesting approach to the development of a simple analytical 

method requiring minimal sample preparation. ISE's can he used in direct determinations 

and as sensors for tittations [1]. Measurements with ISE's are simple, rapid and do not 

affect the composition of the test solution [12]. Further, ISE's possess wide response 

ranges, are also portable and inexpensive to use [1,12]. 
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The membrane of the electrode is made of an electrically conducting material 

across which is developed a potential that depends on the activity of the analyte. This 

response is described by the Nernst equation [13]: 

E = Eo + (RT/~F) ln al 

wbere Eo is the standard electrode potential, R is the universal gas constant 

(1) 

(8.3144 J K-l mol-1), T is the absolute temperature in Kelvin, F is the Faraday's constant 

(96,487 C mol-1), a. and Z. are the activity and the charge of the analyte ion, respectively. 

The selectivity of this response can be modified through the modification of the chemical 

composition of the membrane. 

Ion-selective electrodes fmd their principal applications in process control [14], 

clinical diagnostics [15], and environmental monitoring [16]. In faet, in many cases, 

ISE's have replaced spectrophotometric methods [12]. For example, over the pa st 20 

years the number of clinical assays of sodium and potassium ions perfonned with ISE's 

bas surpassed those done by flame photornetry [12]. This is mainly attributed to the low 

cost and simplicity of the instrumentation required for potentiometric analysis. 

However, further breakthroughs, especially in organic analysis, have been 

hindered by the apprehension expressed toward electroanalytical techniques in the 

scientific community. Limitations on wider use of electroanalytical methods are also 

imposed by the small number ofreliable sensors available. Consequently, new types of 

sensors with better selectivity and stability are in greater demand, and a considerable 

amount of research is still required to exp and the applications of ISE's. 

2 
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1.1 CLASSIFICATION AND HISTORY OF ION-SELECTIVE ELECTRODES. 

Ion-selective electrodes can he classified in the three following categories, as 

suggested by the International Union of Pure and Applied Chemistty (IUPAC) [17]: 

. Noncrystalline electrodes. 
-Crystalline electrodes. 
-Sensitized electrodes. 

1.1.1 Noncrystalline electrodes: 

This eategory includes the glass membrane and liquid membrane elecmxles. The 

pH glass eleetrode is eenainly the most successful glass membrane elecmxle ever 

developed and the most widely applied ISE. Cremer is credited with the discovery of this 

electrode in 1906 [18]. Through variations of the chemieal composition of the glass 

membrane, monovalent cation-responsive glass electrodes were obtained. These 

developments were based principaliy on the studies of Eisenman and bis eoIlaborators 

[19]. However, the usefulness of this electrode system is limited ta the determination of a 

few monovalent cations sueh as Na+, K+, Li+, and ~+ [19]. 

A liquid membrane is usually composed of a water immiscible liquid ion 

exchanger. Alternatively, a solution of a neutral-carrier dissolved in an organic solvent 

can he used. The support for liquid membranes can he either an inen porous frit, or an 

inen polymerie material such as polyvinyl chloride (1]. The use ofvarious ion-exehange 

materials and neutral-carriers allowed the extension of ISE' s ta the monitoring of a wider 

variety of ionic species. Infonnation on selectivity is generally obtained from solvent 

extrfu~tion data [1]. The development, study, and application of liquid and polymer 

membrane ISE's remain the prime focus of many investigations [20-22]. 

3 



1 
1.1.2 CrystaUine electrodes: 

The membranes of this group either possess an homogeneous or heterogeneous 

structure [23]. Homogeneous membnmes are made of single or mixer.! crystals, or are 

altematively constituted of a pressed pellet of a crystalline material. Heterogeneous 

membranes, on the other hand Rre prepared by the dispersion of a solid compound in an 

inert binding material such as, silicon rubher, or polyvinyl chloride. ln both cases, the 

crystals used are sparinf,ly soluble salts [1], and the selectivity pattern can he predicted on 

the basis of the solubility product of the salt used [24]. While homogeneous membranes 

are found particularly useful, heterogeneous membranes are usually slow to resvond and 

subject to poisoning [23]. The use of membranes made of sil ver halides [6] and metal 

sulfides [25] were found to provide excellent transition metal ion"sellsitive electrodes. 

One of the most successful examples of a crystalline solid-state electrode is the 

fluoride electrode [2] made of a single crystal of lanthanum fluoride, LaF3• This 

electrode was fmt reported by Frant and Ross from Orion Research in 1966 [2]. Later, In 

the early seventies, Ruzicka and Lamm introduced an innovative mulupurpose solid-state 

electrode made of hydrophobie graphite on which insoluble compounds can he applied 

direcùy [26]. This type of electrode will he further discussed in Chapter 2. 

1.1.3 Sensitized electrodes: 

Gas-sensing and bioselective membnme electrodes are a direct development from 

ISE's [23]. A biocatalyst or mediator is used to convert the substance to he measured to a 

species which can he detected by the membrane electrode. For example, a pH electrode 

or an ammonia-sensitive electrode is commonly used for this J'-urpose [23]. 

4 
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1.2 THEORY OF MEMBRANE POTENTIAL. 

1.2.1 The origin of membrane potential: 

When two phases containing electrically charged particles are in contact, an 

electric potential difference develops at their interface. The composition of the phases are 

characterized by the electrochemical potential, p. For a system in equilibr1'-i~t<~iI and the 

charged species "i" in phases 1 and 2, 

(2) 

Under ISE conditions, this equation [24] can he rewritten in terms of the standard 

chemical potentials, )J.o, the activity and the charge of the species present in both phases, a. 

and z .. and the inner potentials of the phases, Q): 

)J.0(1) + RT ln ~(1) + ZaF<p(1) =)J .°(2) + RT ln 3t(2) + ZaFQ)(2) (3) 

The potential difference at the irk;rface 

~cp = <p(2) - <p(1) (4) 

can then be described by the following expression: 

(5) 

and 

~cp = constant + RT/ZaF ln [~(1) / ~(2)] (6) 

where the constant is equal ta [)J,O(l) - p jo(2)]/z,F. If the activity of the species of interest 

is known in one phase, the activity of the analyte in the other phase can therefore be 

detennined hy measuring âcp. 

5 
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However, the potential difference, âcp, cannot be measured direcùy. The potential of an 

ISE must he measured against a reference electrode, an electrode which does not dis play a 

response to the analyte species, and the potential of which remains constant. In the 

conventional barrel configuration, the ion-selective membrane separates two electrolytic 

solutions; the sample solution is placed on one side, and a standard solution containing the 

tested species at a defined activity and O.lM KCI, on the ether [24]. 

KCI 
saturated 

test 
solution 

membrane 
standard 
solution 

-H>.lM KCI 
AgCI Ag 

âcp M is the membrane potential, and âq> L is the liquid-junction potential. A silverlsilver 

chloride reference system is commonly llsed inside the ISE. and the potential of the ISE IS 

generally measured against a Saturated Calomel Electrode (SCE) [24]. The ISE and 

reference electrode form an electrochemical cell (Fig.I.I). and the potential difference is 

measured between the two reference electrodes. 

The ion-selective membrane and the bulk of the solution are usually not in 

equilibrium. Nevenheless. if the interfaces are in equilibrium. which IS normally the case. 

equation (3) still applies. In this case, potentials cp(l) and <p(2) correspond ta the test and 

the standard solution, respectively, and their difference is equal to the membrane 

potential, âcp M (equation (5». 
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External 
Reference 
electrode 

(SCE) 

Senslnc 

electrode 

1 

- - - - t-....::!~*--I-- 2 
3 

~~~,--4 

Fig.l.l Electrochemical cell formed by an ion-selective electrode and a saturated calomel 
reference electrode (SCE): (1) As/Agel internai reference electrode, (2) Standard solution. (3) Test 
soluuon. (4) Ion-selective memtnne. 

1.2.2 Toe liquid-junction potential: 

When a membrane mechanically pre vents the rapid mixing of two solutions 

without hindering the transport of electro1ytes, a diffusion potential is developed across 

the membrane. This diffusion potential is called the liquid-junction potential, ~q> L. 

Since the ions are free to move from one companment to the other, a liquid-junction is a 

non-selective interface. When electrolytes with a common cation or anion are present in 
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equal conc(":ntration on both sides of the hquid-junction, 

O.lM KCI Il O.lM Hel 
solution 1 solution 2 

the simplified Henderson [27] formula is applicable: 

U is the partic1e mobility, 

U = Â 1(lzlF2) 

where À is the equivalent ionic conductivity. 

(7) 

(8) 

In practical electrochemical cells (Fig.l.I), 6q> L appears at the porous frit of the 

extemal reference electrode. It is essential to minirnize 6q> L, or to keep its value constant 

during the potentiomeoic measurements, since ideally, only the potential of the ISE, 

âcp M, should change with changes in the solution composition. Fluctuations of 6cp L can 

he minimized by adding a large fixed concentration of an indifferent electrolyte to the te!lt 

solution. The liquid-junction potential is then e:!lsentially a function of the composition of 

the electrolyte solution inside the reference electrode and the composition of the buffer of 

the test solution. A bridge can also he used hetwcen the indicator and reference electrode. 

Such a bridge is commcnly fùled with a saturated KCI solution. If the reference electrode 

is a saturated calomel electrode, usually no other bridge is requlred. In this case, the 

liquid-junction has normally a small value, see Table 1.1. 
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Table 1.1; Liquid-junction potentials for a saturated calomel electrode, at 250C [28]. 

Electrolytes 

O.IM KNÛJ 1 sat.KCI 

O.IM NaN03 \ sat.KCI 

O.IM Ha 1 sal Ka 

O.IM NaOH 1 sat. KCI 

1.2.3 The Donnan potential: 

âq> L 
(mV) 

+1.9 

+1.6 

+4.6 

-0.4 

Consider a membrane made of a cation exchange material, and placed in a dilute 

solution of a particular electrolyte. There is a considerable difference between the 

concentration profile of the two phases, i.e. the membrnne and the electrolyte solution. 

The concentration of cations is much larger in the membrane, whereas the concentration 

of mobile co-ions, anions in this case, is larger in the solution. This concentration profùe 

causes the migration of cations into the solution, and of anions into the ion exchanger. 

This results in an accumulation of positi ve charges in the solution, as weil as an 

accumulation of negative charges in the ion exchallger. This accumulation of charges 

builds up a potential difference between the two phases, which is called the Donnan 

potential, Ôq> 0 (29]. 

The Donnan potential prevents the concentration of co-ions in the membrane from 

rising beyond an equilibrium value [29], a value which is usually much smaller than the 

concentration in the extemal solution. The electrolyte is at least panially excluded by the 

membrane which therefore exhibits a permselectivity for the counterions. 
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The Donnan exclusion is dependent on the ionic concentration of electrolytes in solution. 

When interposed between electrolyte solutions of low or moderate concentrations, a 

membrane contains a large numbet of counterions but only few co-ions, as previously 

discussed [29]. Counterions are admitted to the membrane, and have no difficulty in 

passing through fmm one solution ta another. This migration from a solution of higher 

concentration to that of lower concentration produces a potelltial diffe~nce across the 

membrane, and an electrical double layer is sinmltaneously formed on both sides of the 

membrane (Fig. 1.2). 

M 

++++++++++++ 

C2 08 

C1 > C2 

Fig.l.2 Diagram of an electrochemical membrane (M) selective to cationic species: A 
elDaU number of ions 10 which the membrane is selective, pass from the soluuon of higher concentration 
(Cl) through the memlnne to that of lower concentration (C2), thus JIl)ducing an electric pot.ential 
difference. 

10 



·1 
For a system al equililJ'ti.um., 

and consequently, 

The situation with membranes made of anion excbangers is analogous, however the 

Donnan potential bas the opposite sign [29]. 

(9) 

(10) 

However, when the concentrations of the soluûons are increased. the Donnan 

exclusion becomes less effective and the permselectivily is consequently reduced [29]. 

This effecl can result in deviations in the re~nse of an ISE al high sample 

concentrations. Effects from co-ions impair the perfonnance of several cation-responsive 

electrodes [30], particularly when the concentration of electrolytes reach a value above 

ImM. 

Both the liquid-junction and Donnan potentials consûtute Jimiting cases for 

mc~brane potentials. The properties of most ion-selective membranes genera1ly lie 

between these two limiting cases [24]. The overall potential difference across the 

membrane is therefore the sum of the two potential differences at the membrane-solution 

interfaces and the diffusion potential across the membrane. The resulting equaûon for 

6cp M then consisls of a combinaûon of the Donnan and Henderson terms. 
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1.3 THEORY OF MEMBRANE TRANSPORT AND SELECTIVn'y. 

1.3.1 Membranes made of solid ion exchangers. 

1.3.1.1 Glass membranes: 

A glass membrane behaves as a simple cation exchange membrane which displays 

a high degree of selectivity for monovalent cations, and is almost solely permeable to 

cations [19,31]. The initial transpon process is believed to be due to a ntpid interfacial 

cation exchange, which may be followed by the diffusion of the cationic species through 

the bulk of the membrane to the other interface where an exchange process also takes 

place [31]. It is therefore possible to obtain an expression for the membrane potential in 

terms of the ion exchange equilibrium constants and mobilities of the cationic species 

[31]. If the number of cations in solution is limited to two, 1+ and J+, the equation for the 

membrane potential 6CPM becomes 

for an ideal system at eq~Uibrium. (1) and (2) refer to the solutions on the two sides of 

the membrane. 

(11) 

The selectivity between 1+ and J+ is detennined by the product of the mobility 

ratio of these species in the membrane (UJ / Di) and the ion exchange equilibrium constant 

(Kij) characteristic of their exchange between the aqueous phase and the membrane [31 J. 

Ki) 
;! J+(membrane) + I+(aq) 

However, the more strongly an ion is preferred by thl! ion exchange sites, the more poorly 

it would move within the membrane [31]. There are thcrefore opposing effects between 

mobilities and affmities of ions in solid membranes with fixed ion exchange sites. 
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1.3.1.2 Insoluble inorganic: salts membranes: 

Substances exhibiting purely electronic conductivity (metals and various forms of 

carbon) are excluded as potential ion-selective materials since they are sensitive to a 

multitude of ions, and do not exhibit any selectivity (24]. Substances suitable for use as 

ion-selective materials must aIso exhibit ionic conductivity. Working solid membranes 

cao therefore he visualized as a bulk. phase, through which charge is transponed either by 

an ionic or an electranic mcchanism, or by a combination of both [32]. The use of a 

membrane made of silver halidc can serve as ao example. A wafer of silver chloride 

behaves as a rapid ion exchanger for Ag+ [32], and can therefore be used to measure the 

8Ctivity of Ag+. It can also respond to the attivity of chloride ions in solution sinc'e sil ver 

ions can also act as charge caniers inside the membrane [32]. 

In the presence of an ir.terfering ion forming a lrss soluble precipitate with an ion 

of the membrane material, the membrane is gradually covered with this precipitate and 

the electtode becomes sensitive to the interfering ion [24]. Concurrent interfacial 

reactions involving redox species and complexing agents may dis tort the desired ion 

exchange equilibrium, and consequently affect the membrane selectivity [24]. 

1.3.2 Liquid membranes. 

1.3.2.1 Liquid ion exc:hanger membranes: 

A liquid ion exchange membrane is composed of a water immiscible solvent 

containing an appreciable -::oncentration of ionizable species [1]. These species which are 

preferentially soluble within the membrane phase, selectively associate with some 

couoterions. In this case, the ion exchange sites "S-II are free to move within the 

membrane (Fig.1.3) [31]. 
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ln the example given, the analyte ion, 1+, is penneable across the membrane-solution 

interfaces whereas the organophilic anion, S-, is physically trapped within the melnbrane. 

SOlution( 1) membrane Solutlon(2) 

® (1) ~~~---------- ® ----------r--~~ ® (2) 

---.....;~~~ (2) 

~~---------- ~ --------~~~ 

Fig.1.3 Diagram of a liquid ion exchanger membrane: 1+. S- and X- refer to the cOWlterion. the 
organophil;c ion exchange site. and the co-ion species, respectively. 

The equation for the membrane potential can be described for two limiting cases: 

negligible and strong association of the analyte with the ion-exchange sites. Eisenman 

and coworkers [31] showed that in the ('ase of negligible association, the membrane 

potential can be expressed as 

(12) 

Ui is the mobility of the dissociated 1+ species in the solvent phase, and k, is the panition 

14 

-



coefficient of 1+ between water and the solvent of the membrane: 

kj 

I+(aq) ~ I+(membrane) 

while Uj and kJ are the mobility and partition coefficient of J+. The selectivity between 

species 1+ and J+ is determined by the partition coefficients and mobilities of the 

dissociated ions [31), 

and the seIectivity coefficient, KifOt is therefore determined by the properties of the 

solvent 

(13) 

The strong association of the species 1+ and S- within the membrane phase, results 

in the formation of a neutraI pair IS [31] 

K1s 
1+ + S- ~ IS 

IS is freely mobile within the membrane. KIS is the association constant for the fonnation 

of neutral pairs within the membrane phase. 

For such a system, Eisenman and coworkers [31) have shown that the electrode 

potential, E is given by: 

(14) 

UjJUil is the mobility ratio of the neutraI pairs, KiJ is the ion exchange constant of the 
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and't is givcn by 

The value of t which can lie between 0 and 1, depending on the solvent and ion 

exchanger, determines the relative importance of the two logarithmic tenns [31]. The 

selectivity coefficient for membranes with strongly associated and immobile sites (t=O) 

therefore depends on the properties of the solvent: 

However for membranes with sttongly associated and highly mobile sites ('t=I), the 

selectivity depends both on the properties of the ion-exchange sites and the solvent: 

1.3.2.2 Neutral carrier liquid membranes: 

(16) 

(17) 

Neutra! macrocyclic antibiotics and polyethers contain an arrangement of ring 

oxygens suitable, through ion-dipole inte'1lCtion, for replacing the hydration shell around 

cations [33]. The ability of these neutraI macrocyclic Molecules to complex selectively 

ionic spccies and to solubilize cations in low dielectric constant solvents. lies in their 

ability 10 wrap around an ion and therefore 10 provide a cavity of the right size [34]. 

16 



18-crown-6 

CH, 

CH, o 

Fig.l.4 Two examples of common neutral carriers: 18-crown-6 and nonactin [35]. 

The problem of the mechanism of neutral carrier-based membrane potential is 

complex. Eisenman and coworkers [31] demonstrated that a thin neuttal carrier-based 

membrane potential is described by the equation: 

Kj / Ki is the ratio of the equilibrium constants for the extraction of 1+ and J+ 

Ki 
I+X- + S ~ IS+ + X-

K J 
J+X- + S ~ JS+ + X-

(18) 

which measures the extent to which the neutral carrier, S, can extract the salt, I+X-, from 
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water into an organic solvent phase. The scheme of Reusch and Cussler [3S] provides a 

simple representation of the diffusion-controlled process (Fig.I.S). 

solutlon( 1) membrane solutlon(2) 

@ 
<:) 

Fig.loS Diagram of a neutraI-carrier membrane: The ions are complexed by the neutral-arriec al 

Ille membrane-solution interface. The complex thus düfuses across the membrane to the oilier interface 
wbere decompleJWion..x:curs. The free carrier is tberefore free to return. 

The main problem with this model is the question of electroneutrality. Although 

the total system may contain regions which are not electroneutral in the fonn of double 

layers at the membrane interfaces and within the membrane, a membrane must be 

electrically neutraI overall [34]. The space-charge regions ex tend outward into the 

aqueous solution and inward ioto the membrane, with a mean thickness which h. talled 

the Debye thickness [34]. Thin membranes of thickness less than or equal to the Debye 

thickness are not electroneutral. Since a large deviation from electroneutrality cannot be 

maintained, the use of thick membranes (>lOOpm) is preferable sinee they are necessarily 

18 
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elcctrone~tra1 in their bulk [34]. However, the major mechanistic problem lies in 

understanding the nature of transport across the bulk of thick membranes considering the 

rapid response time obtained with this type of membrane electrode [34]. 
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CHAPTER2 

CARBON-SUPPORT AND COATED WIRE, ION-SELECTIVE ELECTRODES. 

Recently, significant effort has been devoted to the preparation of electrodes with 

solid internai contacts [1]. These solid substrates can be divided into two broad classes, 

carbon [2], and metals such as, platinum, silver or copper [3]. These conductors can then 

he coated with a pol ymer membrane [3] or insoluble inorganic salts [4] to form an ISE. 

This configuration eliminatcs the aqueous internai reference system, a.,d achieves 

considerable simplification and miniaturization of ion-selective electrodes [3,5]. This 

miniaturization of ISE's is particularly useful for measurements in small volumes such as 

in-vivo clinical monitoring [5]. 

The use of solid substratc electrodes was found to overcome sorne of the 

disadvantages encountered with the classical barrel configuration (refer to Chapter 1, 

section 1.2.1). For example, classical ion-selective membrane electrodes can rarely be 

used at high temperatures or pressures. Pressure difference between the inside and 

outside of the ISE can seriously impair the performance of the electrode [6], and even 

dcstroy the membrane. Therefore, the use of solid-support, ion-selective electrodes is 

more advantageous in flow injection analysis and liquid chromatography, where effects 

from pressure build-up at the membrane interface can he particularly important (7). 
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2.1 CARBON-SUPPORT ELECTRODES. 

Carbon-based electrodes have found many applications in potentiometry [1] and 

voltammetry [8]. Carbon-support, ion-selective electrodes exist in multiple forms like 

their convention al counterpans: Liquid-state [2], solid-state [4], and pH [9] electrodes. 

2.1.1 The Selectrode® 

Important work on carbon-support electrodes has been done by Ruzicka and his 

coworkers. This work led to the development of a new type of commercial ion-selective 

electrode named Selectrode®, and manufactured by Radiometer in Denmark (Fig.2.1) 

[1,9]. The carbon-suppon electrodes are characterized by a simple and robusl 

construction [9], which allows the easy renewal of the ion-sensitive surface. 

a 2 b 
2 

1 
,1.. 1 , -' 

, . 

1 • 

.. 
Ele:trooc t'\lE' ~ HydrOPhob ;:e: 
malerlO' ~ graphite 

.. 
Porous r;:':::':~i ~IQ..Jld 
graphitE' ; ...... exchonger 

Fig.2.1 Selectrode® construction [9]: (a) Liquid-state electrode, (b) Solid-state electrode. 
(1) sensitive surface. (2) stainless steel contact, (3) screening, (4) teflon tubing, (S) cylinder pressed from 
hydrophobized graphite, (6) coating of electroactive material, 0) pool of liquid ion exchanger, (8) porous 
pellet 
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The fmt report of the Selectrode® described a liquid-state electrode [2], Fig.2.1 a. 

The membrane consisted of a thin layer of a water immiscible organic liquid within which 

an eler.troactive material was dispersed. This membrane was coated on the surface of a 

pornus carbon support to fonn an ISE. Various electroactive materials such as, 

valinomycin [9], and dithizone complexes of heavy metals [10] have been used. 

Valinomycin is an ionophore which displays a high selectivity for potassium ions [lI]. 

Dithizone is a contraction for diphenylthiocarbazone, a complexing agent. Quinhydrones 

were also found useful for making pH-responsive Selectrodes® [9]. 

Subsequently, Ruzicka and bis col1aborators introduced the use of carbon-support 

electrodes coated with insoluble electroactive materials [4], Fig.2.1 b. Useful electrodes 

were obtained with silver halides [l2],and sulfides of Ag [12], Cu [13], Cd [14], Pb [15], 

and Hg [9,16]. Typically, homogeneous mixtures of silver sulfide and other metal 

sulfides were employed [1.9]. The Ag2S has good semiconducting propenies and a 

stabilizing effect on the electrode behavior [12]. The presence of silver sulfide can 

notably reduce the light sensitivity of a silver chloride sensing surface [12]. Only few 

other insoluble inorganic salts have becn used [9,17]. Notably. sodium antimonate [18] 

proved to he useful for making a Selectrode® sensitive to sodium ions [9]. 

The Solid-state Selectrode® proved to he as sensitive and applicable to real sample 

analysis as other solid-stlte pellet membrane electrodes commercially available [17]. In 

fact, the preparation of Selectrodes® is particularly advantageous, since the problems 

related to the peJet-pressing technique used to prepare c1assic solid-state electrodes are 

avoided [19]. The simplicity of the Selectrode® makes il an extremely versatile research 

tool to study new membrane materials, and :herefore to develop new solid-membrane 

electrodes. The results of an investigation of membrane materials for making a 

zinc-selective. carbo~-support electrode will he reported in Chapter 4. 
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2.1.2 Carbon paste eledrodes: 

The carbon paste electrode can be used as an alternative configuration to the 

Selecttode®. The paste is prepare<! with spectral-grade graphite powder, a low solubility 

compound, and a mulling agent luch as Nujol ail or paraffm wax [20]. Altematively, the 

paste can he combined with a liquid ion exchanger [21]. This type of electrode is 

consttucted in a similar way to the Selectrodc®. 

2.1.3 Tbeory or electrode potential: 

The response of a carbon-support elcctrodc coated with an insoluble electroactive 

material [9] can be related to the bchavior of a silvcr/silver chloride elcctrode: 

Ag/AA,.ICl-

In this case, the half-reaction is 

AgCI + e- ~ Ag + CI- (19) 

and the potential of this electrodc [22] is defincd by: 

E = Eo AJ.C\.A, - (2.303 RT)/F log 80. (20) 

where EOAsCl.A1 is the standard potential of Ag/AgCl, -2OmV (vs SCE) [23], and 8cr is the 

activity of chloride ions in solution. Since 

8er = IC.p(AgCl) 1 BAI+ (21) 

cquation (20) can thereforc he expressed ta reflect the 8Ctivity of Ag+ in solution: 

E = Eo AaC.Aa - (2.303 RT)/F log K.p + (2.303 RT)/F log BAit (22) 
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Therefore, E = E' + (2.303 RT)IF log 8AI+ (23) 

In this case, 

E' = EOAgCI,A1 - (2.303 RT)/F log Ksp (24) 

and E· = EOAg+,Ag = +557mV (vs SCE). (25) 

At 25oC, the response of 8 carbon-suppon elcctrode (in millivolts) coated with an 

insoluble electroacnve matcrial, MïX.I' is therefore given by the Nernst equation for 

cations, Mj+: 

E = E' + 59/n log aw+ 

and for anions, Xi-: 

E = E" - 59/n log axi-

Table 2.1: E' values for various metal sulfides Selectrodes®. 

Electroactive Measured 
material ion 

E'eltpa 

CuS/Ag2S Cu(II) 369 

CdS/AgzS Cd(Il) 100 

PbS/Ag2S Pb(ll) 100 

a measured at pM=3 and extrapolated to pM=O, tef. [9]. 
b calculated for the corresponding M/MS electrode. 
c Ref. [24]. 
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E' vs SCE (rnV) 

E'theoryb E'SalOc 

98 349 

-645 83 

-36~ 130 

(26) 

(27) 
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For a Selecttode® coated with silver chloride, Et and E" values are in good agreement 

with E0Aa+.AI and E0AaCl.Aa [12], rcspectively. However, it bas been observed that with 

the coppcr(ll) Selcctrode (CoS/Ag2S membrane), the E' value was about 270rnV more 

positive than the theoretical value calculatcd for a Cu/CuS elcctrodc (sec Table 2.1) [9]. 

The difference observed between the E' val~les found for the Selectrode® coated 

with metal sulfides and the values of E' calculated for the corresponding M/MS electrode, 

was explained by Sato [24]. He bas demonstrated that the electric potential of these 

materials dcpends not only on the activities of the ions in solution, but also on the 

activities of the component elements in the solid phase [24]. He found that the potential 

of the electroacti"c material, MJ(j, which dissociatcs ta give Mi+ and Xi- ions in aqueous 

solutions, can he described by the genel'al formula: 

where (29) 

EMLXJ is the potential of the Selectrode® coated with the electroactive material M){j, 

EoM.~ and EOxi-.x are respectively the standard potential of the metal and of the anionic 

species, e.g. sulfidc in this case. a~ and axi- represent respectively the activity of the 

metal1ic and anionic species in solution; "i" is the charge of the anionic species, and "j", 

the charge of the metallic species. The subscript "l" rcprescnts the activity of the 

compone nt in the aqueous phase, and "s", the activity of the component in the solid phase. 

If a solid membrane made of AgCI is saturated with silver, Et normally 

corresponds to the predicted ,'alue for a Agi AgCl elcctrode [25]. However, ü AgCI is 

I&turated with chloridc, the E' value is much more positive than the value expected [25]. 

When a platinum or carbon support is used, E' CID be significantly different from the 

value expect~ since it is not possible 10 know the activity of silver or chloride in the 
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solid. Nevenheless, the E' values obtained from Sato's model for Selectrodes® coated 

with metal sulfides are in good agreement with the experimental values, Table 2.1. 

2.2 COATED WIRE ELECfRODES: 

A Coated Wire Electrode (CWE) consists of a membrane made of an electroactive 

species dispersed in a polymerie matrix, which is coated directly ante a metallic 

conductor. The inspiration for the discovery of CWE's came from the work of Hirata and 

Date [26]. They imbedded a copper wire in polyvinyl chloride (PVC) in which a thick 

slurry of finely divided cuprous sulfide had been incorporated. Subsequently, Henry 

Freiser et al. [27,28] developed a flexible and useful approach whereby the electroaetive 

species was dissolved in the polymerie matrix. Electroactive species common to 

conventionalliquid-membrane electtodes such as, phosphate [27], quatemary ammonium 

[28,29], sulfonate [30] ion-exehange sites, and neutral carriers [31] were used. Table 2.2. 

Table 2.2: Common ionophores used for CWE's 

Ionophore Measured ion Ref. 

Didecylphosphate/ Ca2+ [27] 
dioctylphenylphosphonate 

Aliquat 336S 
(tricaprylylmethylammonium chloride) 

N03- [28,29] 

DinonylnaphtaIenesulfonie acid NR.+. [30] 

Valinomycin K+ [31] 

• High molecular weight quaternary amines. 
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This type of sensor often futures better œsponse characteristics and selectivity. 

than conventional ISE's [3]. A1though further size reduction Can he easlly achieved, 

CWE's are usually 1-2 mm in diamcter. They can be used at anY angle, and their 

preparation is inexpensive [3,32]. 

%.2.1 Membrane components for coated wire electrodes: 

A number of different polymers have been use<! such as, polyvinyl chloride, 

polymethylmethacrylate and epoxy resins. The effects on electrode performance due to 

the specifie pol ymer base were usually found to he negligible [3]. Among these 

polymerie matrices, PVC is cenainly one of the Most popular matrices, mainly because of 

its mechanical strength and widc availability [33]. 

Defore its incorporation into the membrane, the electroactive species must usually 

he converted to the desired fonn (3). A simple method of preparing the electroactive 

material eonsists of an extraction procedure of the analyte to he measured. For example, 

the chloride of tricaprylylmethylammonium ion (commercial name: Aliquat 336S, 

available in the chloride fonn), can he exchanged with the desired anion Xn-. This 

procedure is done by successive extractions of a solution of Aliquat 336S. The Aliquat 

336S is f1l'st dissolved in decanol or hexane, and this solution is extracted with 

appropria te portions of a concentrated aqueous solution of xn-. The extraction is 

nonnally repeated until the final portion gives a negative test for CI-. Altematively, the 

electrode could he prepared from Aliquat 336S in the chloride form, and conditioned by 

immersing it in the appropriate salt solution of the analyte species until complete 

conversion of the ion-exchange sites (3). However, based on our observations, the fust 

method usually provides more reliable sensors. 
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The PVC matrix membrane ISE's possess a similar response behavior ta their 

liquid membrane counterparts [33]. Since CWE's are based on liquid membrane 

principles [3], the pol ymer film must ex.hibit some propenies of a liquid phase. The 

temperature at which the electrode is employed should therefore he higher than the glass 

transition temperature, ta. of the polymer mattix used [3]. The ta is the temperature at 

which the rigid glassy solid material becomes a viscoelastic fluid and facilitates ionic 

transport [34]. For commercial grades of unplasticized polyvinyl chloride. la is 

approximately 800C [3]. However, the use of such high temperatures for potentiometric 

measurements is not practical (for more details. consult Chapter 3, section 3.1.5). 

Plasticizers must therefore he used to make the polymer more viscoelastic at room 

temperature. A wide variety of organic compounds. most frcquently aromatic esters such 

as phthalates, can be used as plasticizers [3,33]. The role of plasticizers is important for 

neutral carrier CWE's since the ionophore constitutcs only 2 to 3% of the membrane 

[3,33]. In contrast, with anion-selective electrodes based on Aliquat 336S, a viscous 

liquid, the electroactive species is a major component of the membrane (60-70% of the 

membrane) [33]. Aliquat 336S seems to provide sufficient plasticizing action 50 that no 

additional plasticizer is needed [3]. 

2.2.2 Construction of coated wire electrodes: 

A number of techniques have been used in the construction of coated wire 

electrodes. A platinum wire, soldered to the central conductor of a coaxial cable wire. 

cao he convenienùy uSed [3,5]. Fig.2.2. The metal wire is normally coated with the 

polymer mixture constituted of the polymer, the electroactive species. and the plasticizer 

in appropriate proportions, dissolved in tettahydrofuran [5]. It should then be allowed to 

dry in air for a minute or two, and dipped again until a visible polymer film is obtained on 

the platinum wire. Of course the coating must he free of bubbles, pinholes, and other 

texture inconsistencies [3]. 
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The film coating cannot exceed a certain thickness (>300pm). Membranes which 

cxhibit an electrical impedance higber than SOMn are usually rejected [3]. Impedance 

measurements are nonnally camed with an Be Wheatstone bridge [3S] (the reader is 

directed to reference [35] for a description of this type of instrument). On the contrary, 

measuring very low impedances can be an indication of incomplete coverage of the metal 

wire. The junction of the platinum wire and the polymer coating is then sealed with 

parafùm (Fig.2.2). 

Poroftlm!> Seol 

Fig.2.2 A coated wire electrode [3]. 

Coolloi Cable 
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2.2.3 Mecbanism of the response of coated wire electrodes: 

With CWE's, the elimination of the aqueous internai reference system has brought 

IODle criticism [3,32]. Notably, the use of pol ymer-membrane coated-wire electrodes has 

raised fundamental questions conceming the charge conduction mechanism occuning in 

the membrane and at the polymer-substrate interface. 
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From fundamental studies curied out by Cannack and Freiser [36]. it was 

1 observed that the conductivity hehavior of the polymer-dispersed salts can he compared 

with the behavior of scmiconductor thennistors. The temperature dependence of the 

conductivity of polymer membranes (Fig.2.3) follows the expression for organic 

aemiconductors: 

o = 0 0 e-EalkT (30) 

where Cf and E. are the conductivity and the activation energy of the system, respectively. 

The logarithm of the conductivity is usually plotted on the ordinate against the reciprocal 

of the absolute temperature on the abscissa. The slope of the straight line is taken as EJk. 

and the extrapolated intercept of the line on the ordinate at T-l =0 yields the value of 0 0 , 

-lr 

-t 

H 21 21 li J2 U JI 11 
.... /T 

Fig.2.3 Temperature dependence of the conductivity of O.3M Aliquat+Cl04- in different 
polymeric matrices [36]: 
(1) Polyethylene, (2) polyatyrme, (3) polymethylmethacryWe, (4) DylOll~. (5) epoxy. 
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However, a point of significant conuast in the behavior of the polymer-dispersed 

salts and the organic semiconductm'S, is their unusually high conduc:tivity in relation 10 

their activation energies (Fig.2.4) [3,36]. Furthermore, it was observed that as the 

concentration of the salt in the matrix increased, the increase in conductivity was 

1CC0mpanied by a decrease in E. [3] (Table 2.3). These observations did not suppon the 

adoption of a single mechanism of electtonic conduction. 

li 

'i. " • ... 
1 12 -
" .. --' 

o 

Il li li CI li 

AC"""" Elun ,." 

Yag.2.4 Comparison of the conductivity-activation energy relationships for organic 
systems and an Aliquat+ClO.- membrane [36]: 
(A) Aromatics, (B) poteins, (C) Aliquat+ClO.-. 
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Table 2.3: Conductivity of a polyvinyl chloride film as a function of the concentnltion of 
Aliquat 336S [3]. 

Aliquat-Cl -log G. E. 
(wt %) (ncm}-l (eV) 

1 13.4 2.34 
5 9.3 1.70 
11 7.2 1.08 
50 6.9 0.58 

To elucidate the mechanism of charge conduction, a study of the pressure 

dependence of the conduction was carried by Carmack and Freiser [37]. Activation 

volumes, Av·, for this process can be calculated from: 

Av· = RT ( dlna / dP) (31) 

Activation volumes involving electtonic conduction commonly have negative values. 

This was attributed to the increase in the degree of orbital overlap between adjacent 

molecules with the increase in pressure [38]. On the other hand, large activation volumes 

were expected for ionic conduction processes. In the case of ionic conduction, the 

activation volumes should be related to the molar volume of an ion pair, or at least to the 

volume of the smaller of the two ions as a limiting case [39]. The large activation volume 

calculated for an Aliquat/PVC membrane, Av· = 61cm3/mole [3,37], is therefore 

inconsistent with an electronic conduction. Iherefore, this study gave strong evidence 

supporting the theory of an ionic conduction mechanism. 

The results obtained from the charge conduction studies aIso suggested that the 

existence of sorne redox couple al the substrate pol ymer interface probably functions as 

an internaI reference. This bypothesis was further reinforced by the observation that the 

standard electrodc potcntial shüts significantly and reproducibly from one type of metal 
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substrate to another [40]. 

2.2.4 Other coated solid-state devices: 

Recent developments in elcctronic and computer technologies have led to the 

evolution of potentiometry toward the intcgration of chemically sensitive membranes with 

solid-state electronics. For example, a field effect transistor (FET) coated with an 

ion-sensitive membrane can he used in a manner similar to CWE's [41]. In this case, the 

membrane is directly coated on the gate of the FET (Fig.2.S), which is capable of 

monitoring the charge build-up in th~ ion-sensitive membrane [5]. 

6 ., 
1 -/-------

9 

ID 
• 

JI'Ig.2.5 An ion-selective field effcc:t transistor [41]: (1) Drain. (2) source, (3) 1UbItnre, (4) 
iDJul8lOr, (S) metallayer, (6) refCl'alœ electrode. (7) solution. (8) membrane, (9) cmcaplUllm. 
V. is the gate voltage. and VD il the volta&e difference between the source and drain. 
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A field effect transistor bas the basic structure shown schematically in Figure 2.5. 

An n-channel device is shown, but p-channel devices work equally weIl. This n-channel 

FET consists of two n-type diffusions called the source and the drain in a p-type Silicon 

substrate. An n-type substrate rcfcrs to a scmiconductor in which electrons are the charge 

carriers, while positive holes predominantly carry the current in p-type semiconductors. 

The p-type area of the FET is co~'ered by a thin (5Onm) insulator layer (silicon dioxide or 

silicon dioxide overlaid with silicon nitride) which is called the gate insulator. A metal 

layer achieves an electrical connection with the source and drain of the device. The 

remainder of the device is covered by a thick (200nm) layer of insulator. 

The voltage applied between the gate and the substrate controls the current that 

flows between the source and the drain. The field produced across the insulator layer by 

the gate voltage causes an inversion to occur in a thin layer of silicon close to the gate 

insulator. This inversion alters the p-type silicon to n-type silicon, aud causes a CUITent to 

flow between the source and the drain of the PET. The invened uea of silicon is called 

the channel of the device. For a FET operating in the saturation region (411, the drain 

current, ~, flowing through the channel is given by 

(32) 

where W and L are respectivcly the width and the length of the channel, C is the 

capacitance of the insulator layer, JI is the mobility of the charge carriers within the 

channel, VI' is the gate voltage, and VT is the threshold voltage. The threshold voltage is 

the smallest voltage that is required 10 he applied to the gate in order for a current to he 

able 10 flow through the channel of the FET. 

In the ISFET, the gate of the electrode is coated with an ion-sensitive membrane. 

The charge density in this membrane changes because of the interaction with the ions in 
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, solution. This causes a current to flow between the source and drain of the transistor 

(Fig.2.5) [5]. The increased voltage required to bring the current to its initial value 

represents the response. This response is proportional to the logarithm of the activity of 

the ion of interest in solution, in a manner similar to convention al ISE's. 

The advantages of FET's particularly reside in the possibility of preparing 

multisensors, due lù their very small size, and in numerous possibilities of data-processing 

[41). However, problems of compatibility between the electrochemical element (the 

membrane) and the electronic compone nt (FET) have limited the expansion and 

application ofFET's to real-sample analysis [41]. It became l'apidly obvious that the 

requirements for the encapsulation materials are much more stringent for these electronic 

devices. Alternatives for the preparation of membranes must therefore be developed to 

solve this problem. 
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CHAPTER3 

CHARACTERIZATION OF ION-SELECTIVE ELECTRODES 

3.1 MEASUREMENT TECHNIQUES AND rJRACTICAL ASPECTS USING 
ION-SELECTIVE ELECTRODE§. 

3.1.1 Calibration procedures: 

The most efficient calibration IJlr.thod for ISE's consists of measuring the potential 

between the ion-selective and reference electrodes for a series of standard analyte 

solutions of varying concentrations [1]. The potential readings are generally made in 

triplicate. The average of the readings obtained for each standard solution is plotted on a 

graph of potential venus the logarithm of the ionic activity of the analyte (for example. 

see Fig.3.2). TIus response is described by equation (1). An ISE is said to exhibit a 

Nemsti~.n response over a given range of 8Ctivity when the slope of the linear portion of 

the calibration curve has a value of 

(2.303 RT)/z.F = 0.059/~ (volt) (33) 

per unit of Pllï at 250C [2]. The precision or reprodudbility of the measurements is taken 

as the standard deviation of a set of three potential readings. 

3.1.2 Calculation of the activity coefficient: 

ISE's are responsive to the activity of an ionic analyte in solution. Therefore. the 
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activity coefficient of the analyte must he known to calibrate an ISE. The activity 

coefficient is a cOI'IeCtion factor for inter-ionic attractions [3). Cations of the analyte 

attract the anions of the dissolved electrolytes in solution and vice versa. This attraction 

effectively shields the ionic analyte species, decreasing their effective concentration or 

ICtivity in solution. The 8Ctivily of an ion Bi can bc dcfined by the expression: 

B,. = c,Y. (34) 

where C, is the concentration of the ion "i", and Y. is its activity coefficienL The 8Ctivity 

of an ion is normally expressed in molarity. 

The Debye-Huckel equation [4] can be used 10 calculate the activity coefficient of 

an analyte 

-Log 'Yi = 0.51 712 11/l/ (1 +0.33 al1!2) (35) 

This equation takes ioto account the ionic strength, l, and the ion-sÏl.e parametcr, a. The 

ionic strength is a measure of total electrolyte concentration 

(36) 

where Zt is the charge ofeach ion present in solution [3]. The ion-size parameter is the 

effective diameter of the hydrated ion in Ângstrom [5]. It normally ranges !rom 3 to 6Â 

[5]. The constants 0.51 and 0.33 were calculated in aqucous solutions at 250C [3]. This 

equation is considered valid ta an ionic strength of about 0.2M. 

For higher ionic strength, correction tenns must be added to the Debye-Huckel 

equation (equation 35). The equation with the Davies modification [6]: 

-Log 'Yi = 0.51712 11/l/(1+O.33 all(2) - 0.1 z.21 (37) 

is valid to an ionic strength of about 0.6M. 
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In dilute solutions, less than 0.1 mM, the activity coefficient of a simple electrolyte 

is almost unit y, therefore the activity is approximately equal to the molar concentration. 

Above 0.1 mM the activity coefficient decreases significantly, and its influence can no 

longer be neglected. 

3.1.3 Sample conditionning: Ionie strength and pH adjustment. 

Since the total ionie strength of the solution affects the activity coefficient 

(equation 37), variations of the activity coefficient of the analyte can be minimized by 

adding a large constant concentration of an indfferent electrolyte (an electrolyte to which 

the ISE does not respond). If 'Y is maintained constant, the activity of the analyte ion is 

directly proportion al to its concentration in solution. In this case, the potential readings 

can then be ploned directly against the concentration of the an al y te. The addition of a 

large concentration of an inert electrolyte is also helpful in reducing the liquid junction 

potential of the reference electrode. see Chapter l, section 1.2.2. 

The ISE respunse may also be affected by the pH of the solution being measured, 

usually it is preferable to maintain the pH of the solution in an appropriate range 

3 < pH < 11. It is also important to use simil.ll" experimental conditions, i.e. pH and ionic 

strength, both in the calibration of the electrode system and in the measurements of 

sample solutions. 

3.1.4 Response lime of ISE's: 

The response time of an electrode is defmed as the time required for the potential 

reading to be within a specified range of the final steady-state value; a limit of 1 m V 

within the steady-state value is commonly used [1]. Experimentally, the readings may be 

taken when the rate ofpotential drift has fallen below ImV/min for low-precision 
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cxperiments. or 0.1 ta 0.2mV/min for highest precision [1]. The use of a chan recorder is 

a straightforward way of assessing drift rate. 

When low concentrations ncar the limit of detection are being detennined, the 

rcsponse time may be extremely long. In such cases. it is possiNe to make a 

measurement with non-stationary potentials at a fixed time. but this is at the expense of 

precision. 

3.1.S Temperature dependency of ISE's response: 

The standard potcntial and the slope of the response of an ISE are both dependent 

on the temperature of the solution measured, sec equation (1). From this equation. a 

variation ofO.198mV in the ISE response is expectcd after a temperature change of lK. 

The variation of the concentration or the activity of the analyte with temperature is 

usually considered a small etfect, and should not affect the ISE response. However. 

foUowing an abrupt temperature change an ion-selective electrodr may take as long as 

two hours to rcach a stable potcntial and a reference electrode may take even longer [1]. 

The standard and sample solutions should therefore be thermostated at 250C 10 minimize 

temperature effects on the response of ISE' s. 

3.1.6 Quantitation by standard addition: 

The standard addition technique is a very convenient method for the determination 

of the concentration of an analyte in l'Cal samples [7]. This technique avoids many of the 

difficulties lypically encountercd in solutions containing high concentrations of 

interfering ions and/or complexing agents. Also. with standanl addition. a calibration 

procedure carried as a distinctive operation is not required. In arder to apply this 

technique, the ooly requirement is a knowledge of the electrode response ta the species of 
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interest. The œsponse is evaluatcd with standard solutions and should he detennined with 

high precision. Once evaluated. the rcsponse or slope factor is generally quite stable and 

needs only pcriodic rechecking [1,8]. 

The initiaI potential of the unknown sample is given by the Nernst equation: 

El = Eo + RT/zF ln ~ 'Y, (38) 

where Eo is the standard potential of the electrode, ex and 'Y, are the concentration and 

8Ctivity coefficient of the analyte ion, respectively. After the addition of a known amount 

of the analyte, a new potential is mcasured: 

E2 = Eo + RT/zF ln (Ca + AC) y, 

where âC is the increase in concentration of the analyte ion produced by the standard 

addition. The addition of a standard should be made in such a way that changes of the 

sample ionic strength are minimized; this keeps 'Y, unchanged. li we take the diffeœnce 

between the initial and rmaI potentials measured, 

we obtain the following expression: 

AE = RT/zF ln [(~ + âC)/C,] 

Equation (41) can then be solved for the concentration of the analyte in the unknown 

sample: 

ex = IlC (10 M!JS - 1)-1 

(39) 

(40) 

(41) 

(42) 

S is the sJope of the electrode rcsponse, 2.303 RT/zF, and AC = c.(V IV,). C. is the 

concentration of the analyte standard solution, V. is the volume of the standard addition 
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aliquot. and V. is the volume of the unknown sample solution. 

If wc consider the changes in concentration of the unknown sample solution by the 

addition of an aliquot of the standard solutiont the generaI form of the standard addition 

equation[8]~s 

(43) 

3.2 INSTRUMENTATION AND FACTORS OF ERRORS. 

The selection of a voltmetcr is detennined by the precision of measuremenl 

rcqu~ and the maximum impcdanœ of the ecll. A ~t-reading instrument, the Fisher 

Accumet 805MP which can he connected 10 a suitable recording instrument was used. 

This instrument can accept a voltage range from 0 to ±2000mV [9]. 

The input resistance of the meter causes errors due 10 \he attenuation of the signal. 

The cell hooked up to the meter cao be compared 10 a voltage divider (Fig.3.1) 

where Em is the input potential differcnce between the indicator and reference electrodet 

Km is the input resistance of the metcr, and Re is the resistance of the ISE. The 

attenuation of the signal due to Rm is then expressed as 

âE=E-Em 

AE=ERc/(Rm+Rc) 

(44) 

(45) 

(46) 

The input resistance of the meter must be alleut 1000 times that of the ecll resistancet in 

arder that the signal attenuation should not exceed 0.1%. With the Accumet 805MP 

(input impedance > 10120 [9]) an accuracy of 0.02% or O.lmV can easily be achieved 
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with a typical pH glass electrodc (R.=200Mn, output potential vs SCE = ±414mV [10]). 

The stability of iO.lm V /hour of the mcter also allows the rcHable monitoring of the 

potcntialrcadings of a given ecll. 

A) 

+-
E 

voltmeter 

Rln 

pH electrode 

SCE 

B) 

AIn 
&In 

E 

Ae 

Fig. 3.1 Input resistance error: An electrœhemical cell (A) hooked up to a voltmeter acts 
likc a voltage dividcr (B). 

The fluctuations of the voltmeter are usually not an important factor limiting the 

œliability of the mcasurements. In fact, the potential fluctuations caused by thermal 

lIDIl-equilibrium in the cell, or by the variations of the ISE characteristics, are usually 

much higher than the instrumental fluctuations. 
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A reproducibility of at least ImV can lypically be obtained with an ISE. 

Diffcrcntiation of equation (1) gives the following expression for the error on the 

measurements: 

aE / alj = RT/ZjF l/Ij 

If àE = AB and àlj = Asï. equation (47) becomes: 

AB = 25.68mV/Zj Aa.jlj 

where AB and Aa. represcnts the error of the ISE reading and the cOITesponding error in 

8Ctivity of the ionic spccies mcasurcd, respectively. An error of ImV with an ISE 

exhibiting a Nemstian response tberefore corresponds ta a relative error of 3.9% in 

activity for monovalent ions. 

(47) 

(48) 

Significant potential drift over time can inttoduce serious errors in measurement 

Since this non-random change in time is usually very slow [1]. frequent calibrations of 

ISE's, as weil as shan time intervals between calibrations and sample measurements are 

recommended to minimizc this problem. 

H after the concentration bas becn changed and restored to its original value, there 

is a significantly difJerent potentialœcorded, hysterisis bas occured [1,2]. Consequently, 

the reproducibility of the ISE measurements will he quite poor. This problem is more 

frequently encountered when an electrode is used close ta the limit of detection. 

3.3 ION-SELECTIVE ELECTRODE PERFORMANCE. 

3.3.1 Limit of detection: 

A lypical calibration curve is shown in Fig.3.2. The limit of detcction for an ISE 

should he dcfmed as the concentration at which the potential reading deviates from the 
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1 
average potential in the region "1", by sorne multiple ("2" or "3" are frequently used) of 

the standard deviation of multiple mcas~tœnts [11]. However, a more convenient 

dcfinition was recommended by IUPAC [2]. The practicallimit of detection is 

determined as the activity of the analyte at the point of intersection of the extrapolated 

Iinear segments of the calibration corve (Fig.3.2). In other words, the limit of detection 

of an ISE is dermed as the lowest 8Ctivity at which a response for the analyte is observed. 

1 
1 

E 

1--1-----1 

Calibration curve 

Limit of 
detectlon 

/ 

> 

Fig.3.2 Determination of the limit of detection: Segments are extrapolatal from the linear 
portions of the calitntioD curve. The limil of deleCtÎOD ia then detennined as the ICtivity of the analyle al 
iIe point of intersection of the extrapolaled linear segments. 
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Many factors can affect the limit of detection of an ISE [1]. Therefore, it is 

essential ta report the experimental conditions, i.e. the composition of the solution and the 

precondi tionning of the ISE, in which the ISE was used. 

3.3.2 Calculation or the selectivity coefficient: 

An electrode can never be considered as specific towards a given ion. It is rather 

considered selective for the conditions used. Interfering ions can cause the ISE to give a 

sunHar response ta that of the analyte ion. This results in an apparent increase in the 

activity of the analyte ion. Consequently, the presence of interfering ions in solution can 

seriously impair the perfonnance of an ISE. 

The response of an ion-selective electrode in the presence of interfering species is 

described by the Nikolskii-Eisenman equation [12]: 

E = Eo -+ (RT/z.F) ln [~ + K,pot aj zj/zi] (49) 

where a. and aJ represent the activity of the analyte and of the interfering species, :li and Zj 

are the charge of the anal y te and interfering ion. respectively. 

The selectivity coefficient, ~fOt. defines the ability of an ISE to distinguish 

between different ions in an heterogeneous solution [12]. It is an approximative factor 

which can vary significantly with the concentration of interfering ion. It is nevertheless a 

very useful guide for the electrode performance. The selectivity coefficient is helpful for 

the prediction of the maximum concentration of interfering ion which can he tolerated in 

specific conditions. 

Although other methods eXÏst to evaluate the selectivity coefficient of an ISE, the 

fixed interference method usually gives more reliable results [12]. This method consists 
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1 
of measuring the potential of a ccU in a series of solutions with a constant level of 

interference, aj. while varying activity of the primary ion, lit. The potential values 

obtained are plotted against the activity of the primary ion. The value of lit which is to be 

UICd ta calculate ~fOt is dctcnnined by the intersection of the extrapolation of the linear 

portions of the curve plottcd, Fig.3.3. 

E 

Calibration curve 

t-- 1 ---1 r- i . 
- - - - - ,..c... - Jl! zero response line , , 

- Log al 

a 
1 

Fig.3.3 Determination of the selectivity coefficient by the fixed interference method (see 
text for explanations). 

'Ibis value corresponds ta the BCtivity of the analyte at which a response for the analyte is 

observ~, i.e. the limit of dctection in the presence of interfering species. The smaller is 

the value of K,fOt , the greater is the preference of the ISE for the anal y te. 
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As the horizontal part of the experimental plot in Fig.3.3 (region "I") is subject to 

irreproducibility and drift, it is more reliable to detennine 8j as the point al which the 

difference between the experimental curve and the extrapolated Nemstian response is 

expressed as: 

Therefore, 

AE = 59mV/z; [log (Iij + KyPot alj/zi) - (log Iij)] 

response in presence 
of interfering ions 

Nemstian 
response 

Since the selectivity coefficient is defined as, ~fOt = Iii 1 aljfzj [2,12], 

this expression becomes: 

AE = 59mV/l, log 2 = 18mV/z. 

(50) 

(51) 

(52) 

With this meth~ 8t is determined as the concentration at which the potentiaI difference, 

AE, between the experimental curve and the extrapolated Nemstian dependence is equal 

to 18mV/z.. 

In fact, other substances can affect the response of an ISE. Sorne species can 

interact with the membrane, to change ils chemical composition. For examplr, the 

presence of organic sol vents can seriously impair and even destroy liquid or 

polyvinylchloride membrane electrodes. Complexing substances can aIso interact with 

the ion being measured, and therefore decrease the activity or apparent concentration of 

the analyte. In this case, the electrode continues to report the true activity of the analyte, 

but the result obtained is not the result expected. 
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CHAPTER4: 

INVESTIGATION OF MEMBRANE MATERIALS FOR MAKING 
A ZINC-SELECTIVE ELECTRODE. 

4.1 ZINC-SELECTIVE, CARBON-SUPPORT ELECTRODES: 

4.1.1 Zinc: usefulness and applications. 

Zinc. a transition metal. is a member of Group llB in the periodic table of the 

elements. Zinc is usually found in nature as the sulfide (ZnS) [1], but is not as abundant 

as less familiar elements like zirconium. vanadium. and strontium. It is an essential trace 

consntuent of plant and animallife. with zinc deficiency being the cause of various plant 

and animal diseases [2]. In human metabolism, it is notably an essential constituent of 

several enzymes. One of the largest and imponant industtial uses of zinc involves the 

protection of steel against corrosion [1.3]. 

Tine and its compounds are ~latively nontoxic. unless the associated ions with it 

are toxie [2]. Nevenheless. hazards do exist for the environment and government 

~gulations in most industrial countries limit the amount of zinc permitted in plant 

effluents [4 -6]. It is therefore essential to control the release of zinc in the environment. 

and to develop reliable and simple methods to detect zinc. 



1 

4.1.2 Cboice of membrane materials for zinc-selective electrodes: 

In the field of ion-selective electrodes, there have been only a few reports of 

zinc-selective electrodes [7-16]. Those based on ion exchangers or chelates (7 -12] offer 

poor selectivity, and therefore suffered from strong interference effects. A common 

example of such an electrode is the polymeric membrane electrode based on organic 

phosphate ion exchange sites [7,9]. The choice of this liquid ion-exchanger was 

suggested by the observation that zinc(ll) seriously interfered with a calcium-selective 

electrode [17] based on the same system. Although the solvent mediator and the ligand 

can he carefully selected to optimize the selectivity toward zinc, strong interferences from 

calcium, strontium, and lead remained an imponant problem [9]. 

Zinc solid-state electrodes based on zinc sulfide, zin, teiluride or zinc selenide 

[13-15] were also found to he oflimited usefulness, owing to their lack of stability and 

selectivity. Similarly, a Selectrode® coated with a polymer of tetracyanoethylene, which 

demonstrated the ability of complexing zinc ions, showed a limited sensitivity toward zinc 

and a long response ùme [161. 

In light of the poor selectivity displayed by organic ion exchangers and chelates 

for zinc ions, the possibility of using other insoluble inorganic materials in the preparation 

of membranes sensitive to zinc was considered. As established by Ruzicka et al. [18], the 

choice of solid electroactive materials is governed by the following requirements: 

-Low solubility in water (pK.p>6). 
-Ion exchange at selective furictional groups. 
-Sufficient conductivity of the electroactive material. 

Although low solubility in warer is simple 10 assess, the two other requirements are more 

difficult to establish. The choice of insoluble inorganic materials is therefore more or 

less, a matter of trial and error. 
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Three insoluble zinc inorganic complexes, zinc ferrocyanide (Zn2[FeCN6]), zinc 

orthophosphate (Zn3(PO.h.xH20), and zinc mercuric thiocyanate (Zn[Hg(SCN).]) were 

initially selected for this study. Notably, they are more stable than zinc sulfide, zinc 

telluride, and zinc selenide on exposure to light and air. Such inorganic complexes 

exhibit ~!ln-exchange properties [19]. For example, the exehange reaction 

Zn- + Zn[Hg(SCN)4] = Zn + Zn-[Hg(SCN)4] 

is believed to proceed primarily through metathetical reactions in whieh the Metal of the 

complex is displaced by appropria~ ions in solution [20], i.e. the corresponding Metal ion 

or an interfering metal ion. Studies conducted on the ion exchange behavior of 

ferrocyanides clearly demonsttated a high affinity for cesium ions [21]. This ion 

exchange behavior proceeds through a structural rearrangement [20]. These facts make 

the use of zinc ferrocyanide unsuitable for the monitoring of zinc. Therefore, this 

investigation was limited to the use of zinc orthophosphate and zinc mercuric thiocyanate. 

4.1.3 Zinc orthophosphate and zinc mercuric thiocyanate membrane electrodes. 

4.1.3.1 Construction of a carbon-support electrode: 

A carbon-suppon electrode sunilar to the Selectrode® described by Ruzicka et al. 

[18] was prepared. A 10-cm long spectrographie grade graphite roci about 6mm in 

diameter (available from Ultra-carbon, Bay City, Michigan), was cleaned by soaking 

ovemight in a 6M hydrochloric acid solution. The rod was then dried in an oven at 

1200C for a minimum of 1 hOUT. A metal spring was fined over one end of the roci to 

make the electrical connection (Fig.4.1a). The graphite rod and connector were then 

insened into a lengtb of heat-shrink tubing. A small amount of Mercury can also be 

added in the tube to ensure better connectioll. The tube was sealed to prevent seepage of 

test solution. 
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Fig.4.1 a)Graphite electrode. The graphite rod was insened in a poly(vinyl chlonde) heal shrink 
tube. The electroactive material was coated at the lip of the electrode and the elcctrica1 contact was 
effecled with a metal wire sprL'lg (1). 
b)Carbon paste electrode. The activated carbon paste is packed in the weil of the elcctrode. The body 
(2) of the electrode was made of Teflon and contact between the paste and the connection jack (3) was 
made by a brass rod. 

4.1.3.2 Preparation of membrane materials: zinc orthophosphate and zinc mercuric 
thiocyanate. 

Zinc orthophosphate can he easily prepared by mixing the appropriate volumes of 

aqueous solutions of zinc sulphate and sodium phosphate dibasic [22]: 
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The reaction is conducted al high tcmperature, above 8QoC. A crystalline precipitate 

fonns immediately which is analytically pure. Zn3(PO.h4HzO loses 2 molccules of water 

when dried al lOO-ll()oC [22]. 

Zinc mercuric thiocyanatc can he preparcd by the precipitation of the zinc with 

ammonium mercuric thiocyanatc [23]: 

Ammonium mercuric thiocyanatc is itself prepared from mixing appropriate ratios of 

mercuric chloride, HgCIz, and ammonium thiocyanate, NH.SCN [22]. Prior to its use, 

zinc mercuric thiocyanatc was dricd at lOOOC. 

The tip of the electtode was c1eaned, and coated with the electroactive matcrials by 

applying and rubbing in the dry powder. The thin layer of material was hand-polished on 

a hOl (1()()oC) stainless-steel surface. This procedure was used 10 coal the carbon-support 

electrode with either zinc onhophosphate or zinc mercuric thiocyanate. Since the degree 

of coverage of the electrode surface does not appear to be very critical [18], electrodes 

can be prepared in a reproducible manner. 

4.1.3.3 Response characteristics of the zinc orthophosphate, carbon-support 
electrode. 

Calibration graphs were obtained for unbuffered solutions containing zinc in 

concentrations ranging from 1()-6 to lo-IM. A a.IM zinc solution was prepared by 

dissolving 2.8754g of zinc sulphate heptahydrate ('Baker Analyzed' reagent) in lOOml of 

distilled-demineralized water. This solution was standardized by titration of zinc with 
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ethylenediaminetetraacetic &cid (EDTA) [24]. The solutions oflower zinc cont'Cntration 

(lfr'6-1o-2M) were obtained by successive dilution. 

The electrode coated with zinc orthophosphate showed a linear response to zinc 

activity in the concentration range from l(}-S to 1(}-2M, with a Nernstian slope of 28.9±0.8 

mV/decade (Fig.4.2a). The activity coefficients were calculated from equation (37). 

Note that each calibration point of Figure 4.2 represents the average of three potential 

readings. Since the reproducibility of this electrode is within 1 m V, the error bar of each 

calibration point is in fact smaller than the symbol used. 
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Fig.4.2 Typical response of the zinc orthophosphate, carbon-support electrode: 
a) The straight-line portion has a slope of 28.9mV/decade; Zinc standard solutions were 
prepared in distilled-demineralized water. 
b) Response of the same electrode after a brief exposure (5min.) to an acidic solution of 
ImM zinc (PH 3.0). The sensitivity was reduced to 9.6mV/decadc (same conditions as in 
a). 
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The slope of the straight-line portion of the calibration curve was calculatcd by the 

method of least-squares [25]. The other calibration graphs presented in this chapter were 

plotted in the same fashion. This electrode had a response time of 60 seconds. A limit of 

detection of 5.5xl()-6M was obtained. This limit of detection compares favorably with 

those of the zinc selective electrOdes previously reponed in literarure [7-16]. The use of 

0.1 M potassium nitrate to maintain a constant ionic strength decreased the sensitivity of 

the zinc orthophosphate membrane electrode (Fig.4.3). 
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Fig.4.3 Response of the zinc ortbophosphate, carbon-support clectrode in O.IM KN03• 
The straight-line portion has a slope of 23.6mV/decade. 

The zinc orthophosphate carbon-support electrode was either stored dry or in a 

ImM Zn(n) solution. However, it was noticed that after a few days of starage, the 

electrode demonstrated a strong shift in potential of about 1 QOm V along with a reduced 
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response. Brief exposure to a moderately &cidie (pH=3) solution or to a solution of a 

sb'Ong oxidant, resulted in a similar shift in potential readings and decrease in sensitivity 

(Fig.4.2b). Prolonged exposure ta strongly acidie solution scriously deteriorates the 

clcctrode responsc, sincc zinc onhophosphate is soluble in acids [22]. Prolonged 

cxposure of the zinc onhophosphate carbon-suppon electrode should therefore be 

avoided. Deterioration of the electrode response necessitates the renewal of the 

ion-sensitive surface. 

Graphite exhibits sorne pH-sensitivity because of the presence of chemisorbed 

oxygen at ilS surface [18]. Oxygen fonns acidie oxides of carbon such as acidie earboxyl 

groups, and the fonnation of these acidic oxides appears to he catalysed in acidic and 

oxidant solutions [18]. Funher, the presence of oxygen compounds on the graphite 

surface makes the surface hydrophilic. The change of hydrophilic to hydrophobie 

surfaces can he achieved by impregnation of the graphite body with hydrocarbons. 

Ruzicka et al. [18] claimed that this procedure reduces bath the pH-sensitivity and the 

memory effeet caused by the hydrophilic character of graphite. However, the use of 

carbon tetrachloride to make graphite hydrophobie is clearly not suffieient to control the 

pH-sensitivity of the zinc onhophosphate elcctrode. This poorly reproducible 

pH-sensitivity of the carbon-suppon is reflccted by the irreproducibility of measurements. 

Similarly, East and Da Silva [26] found that hydrophobized spectro-grade graphite 

still demonstrates a response ta pH. They proposed the use of the Williamson synthesis, 

known as an irreversible route ta ethers, to modify the seidie carboxyl groups found at the 

graphite surface. This modification should reduce the pH sensitivity of the graphite 

suppon. The Williamson reaction consists of the reduction of the acidic groups at the 

graphite surface with lithium aluminium hydride and methylation of the reduced groups 

with dimethyl sulphate (Fig. 4.4). 
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Fig.4.4 Reduction of the pH sensitivity of the carbon·suppon electrode, through the 
modification of acidic oxides. 

The procedure was found quite effective, and the graphite body of the electrode was 

found less sensitive to the pH of the solution in the range 4-9 (FigA.5). Altematively, 

other materials such as paraffin wax and poly(vinylchloridc) were used to make graphite 

hydrophobie. However, all these treatments significantly reduced the electrode response 

to zinc activity. This was attributed to the increase of the impedance of the zinc 

onhophosphate electrode, related to the increased hydrophobicity of the graphite body. 
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Fig.4.s pH sensitivity of the carbon-suppon electrode befme (a). and after modification 
(b) of the graphite surface. 

Graphite electrodes coated with mixtures of zinc onhophosphate and silver suifide 

demonstrated improved stability. This stabilizing effect of Ag2S on the behavior of a 

AgCllAg2S electrode was also observed [27]. Mixtures of different ratios of zinc 

orthophosphate and silver sulfide (1:1. 3:1,9:1) were used to coat a graphite electrode. 

Mixtures of the electroactive materials were obtained by carefully mixing the powders 

with a monar and pestle. These mixtures were coated on the carbon-support electrode by 

the procedure described in section 4.1.3.2. 
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Fig.4.6 Typical response of the carbon-support e1ectrode coated with zinc orthophosphate 
and sil ver sulfide: 
a) 1:1 mixture (slope= 14.9mV/decade); b) 3:1 (slope= 16.9mV/decade); 
c) 9: l (slope= 24.6mV/decade). The ionic strengtb of the analyte solutions was 
maintained constant with O.1M KNÛ:J. 

The electrodes coated with the 1: 1 and 3: 1 mixtures demonstrated a low sensitivity to zinc 

ions. Better sensitivity was obtained with the graphite electrode coated with the 9: 1 

mixture (Fig.4.6). The use of a mixture of zinc onhophosphate and silver sulfide 

certainly helped to improve the stability of the electrode, but frequent calibration was still 

required to compensate for the potential drifts observed after several weeks of use. 
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4.1.3.4 Selectivity of the zinc orthophosphate, carbon-support electrode: 

As previously mentioned for solid membrane electrodes (refer to Chapter l, 

section 1.3.1.2), the presence of interfering species may cause potential drifts bec au se of 

changes in me membrane surface when species enter the solid phase. The selectivity 

pattern can be predicted by calculating the free energies of fommtion of the compounds 

which can be formed from the interfering ions. The standard free energy of an inorganic 

salt. M,XJ, in the reaction 

is given by 

L\GcO = -RT 1nKsp 

where Ksp is the solubility product of the compound [28], and L\GcO is directly 

proportion al to the pKsp of the material formed. 

(53) 

Interestingly, the metathesis of most potential interfering ions with zinc 

orthophosphate is not thermodynamically favorable, Table 4.1. This suggested that a zinc 

determination with the zinc orthophosphate membrane electrode would not significantly 

suffer from interferences. The values of ~GcO in Table 4.1 were calculated from equation 

(53). 
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Table 4.1; Solubility products and vaIues of t\Gf of sorne orthophosphates. 

Orthophosphates Solubility 
product* 

soluble 
soluble 
1.4xlO-16 
3.2xlO-19 
3.4xlO-23 
lxlQ-23 
2xlQ-29 
9.0xlO-33 
2.5xlO-34 
1.3xlO-37 
8xl0-43 

* These values were obtained frorn reference [29]. 

t\G,o 

(KJ/mol) 

90 
106 
128 
131 
164 
183 
192 
210 
240 

As predicted, the presence of alkaline and alkaline earth cations did not affect 

significantly the electrode response, Table 4.2. However, the presence of sorne transition 

metaIs was found to intertcre much more than expected. The presence of silver gave rise 

to very strong interference f .. ffects, particularly with the response of the 9: 1 zinc 

orthophosphate/silver sulfide carbon-support electrode. 

The selectivity of the zinc orthophosphate electrode can be favorably compared to 

that of the zinc-selective electrodes based on ion-exchangers and chelating agents 

previously reported [7-12]. However, we observed a selectivity pattern similar to the one 

observed for other zinc solid-statt: electrodes [13-15]. The interferences caused by 

copper, cadmium, and lead still remain a problem. 
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Table 4.2: Selectivity coefficients for the zinc onhophosphate carbon-support electrode. 

Interfering Selectivity 
cations coefficients· 

Li(l) <:lx1ü-4 
Na(I) <:lx1ü-4 
Mg(m 0.072 
Ca(lI) 0.032 
Ba(lI) 0.21 
Cu(lI) 1.0 
Cd(m 8.9 
Pb (II) 10 

* The selectivity coefficients were determined by the 
fixed interference method ([interferent]= ImM), and 
O.lM KNÛ] as salt bridge. 

4.1.3.5 Res~nse cbaracteristir..s of tbe zinc mercuric tbiocyanate, carbon-support 
electrode: 

The zinc mercuric thiocyanate membrane showed a non-linear response in the 

concentration range from l()-41O lo-2M (Fig.4.7). A limit of detection of 2.5x1Q-4M was 

obtained with the zinc mercuric thiocyanate electrode, Table 4.3. After storage, no 

significant potential shift was observed, but the response of the electrode was reduced 

even further. 

4.1.4 Zinc sensj~:~e, carbon-paste electrodes: 

The carbon-paste electrode was proposed as a useful alternative to the Selectrode®, 

to case surface problems [30]. Carbon-paste electrodes activated with zinc 

onhophosphate were studied. Two carbon-pastes were obtained by mixing graphite 

powder (Ultracarbon, Bay City, Michigan) and paraffin oil in the ratio 5:1 (WN), or 

graphite powder and paraffm wax in the ratio 3:1 (W/W). 
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Fig.4.7 Response of the zinc meœuric thiocyanate, carbon-suppon electrode. Zinc 
standani solutions were prepared in distilled-demineralized water. 

Table 4.3: Comparison of the detection li,....:·'; and E' values for the zinc-selective 
electrodes studied. 

Activating E' pDa 
material 

(V) 

Zn3(PO,,)z·2H2O +0.176 5.3 

Zn[Hg(SCN)41 +O.24~ 3.6 

a pD: -log (Detection Limit). 
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The ion-selective pastes we~ prepared by mixing appropriate ratios of carbon pute and 

the electroactive materials studied. The hest results were obtained with pastes containing 

30% electroactive material, that were packed into the weil of a pool electrode (Fig4.1b). 

The carbon pastes activated with zinc orthophosphate showed a linear response al low 

zinc activity, which leveled off at concentrations above ImM (Fig.4.8). 
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Fig.4.8 Response of the zinc orthophosphate carbon paste electrode. The straight-linc 
portion has a slope of 25. 8±O.6m V /decade. 

- - --- ----,-

In a theoretical treatment of the potentiometric response of ion-selective 

membrane electrodes, a Nernstian cation response is only obtained If the fluxes of ail the 

anions within the trembrane are minimized (see Chapter l, section 1.2.3). An anion 

response can he observed in the presence of ,)il-soluble amons in the sample. due to their 

significant extraction by the membrane al high concentrations. Of course, this response to 
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co-ions seriously impairs the response to cations. 

Pre-conditioning of the zinc onhophosphate carbon-paste electrode in a dilute 

solution OmM) of zinc nitrate or zinc sulfate was necessary to ensure sufficient 

membrane conductivity and 10 obtain a stable response. However, prolonged 

pre-tteatments caused the membrane 10 sweU, probably followed by the formation of 

pores which increases the unselective mobility of ions in the membrane, and seriously 

impairs the electrode lifetime. This was confmned by the totalloss of selectivity 

exhibited when other cations were present in tested solutions. This approach to prepare a 

zinc orthophosphate electrode was therefore not found very useful. 

4.2 APPLICATIOJl\ OF AN ALIQUAT 336S COATED WIRE ELECTRODE TO 
THE INDIRECT POTENTIOMETRIC MONITORING OF ZINC. 

In the previous section, it was concluded that direct potentiometric methods for 

zinc detennination suffer from many interferences, notably other transition metal ions. 

This problem necessitates either the inconvenient extraction of zinc from the sample 

matrix, or the use of chelating agents to mask the presence of interfering species. 

However, the use of these sample treatments are cumbersome, and alternatives must be 

found to selectively monitor zinc. An interesting possibility consistt; of using membranes 

based on long chain alkylammonium salts to monitor zinc anionic complexes such as, zinc 

chloro complexes, and zinc cyano complexes. 

4.2.1 Preparation of an Aliquat 336S coated wire electrode, sensitive to zinc 
complexes: 

The Aliquat salt of the zinc chloro complexes was prepared by solvent extraction. 

This method is described in Chapter 2, section 2.2.1 (see also Cattrall and Chin-Poh Pui 

[31,32]). The equilibrium for the fonnation of the anionic chloro complexes of zinc is 
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not particularly favoMble r..'é1ùie 4.4). Therefore, quite large amounts of chloride must be 

used in the extraction procedure. In this case, lM sodium chloride was used The 

extraction coefficient of zinc anionic chloro complexes is high, around 1()6 [33]. The 

same method was used for the extraction of cyano complexes of zinc. 

Table 4.4: Fonnation constants and ratios of zinc containing complexesa 

CI- CN-

Log~b 0.53 
Log 84 0.20 16.7 

[L-] 0.2 1.0 0.4 1.0 

[ZnLd/[Zn2+ ] 0.3% 9.4% 

[ZnL42-]/[Zn 2+] 0.02% 3.0% 38% 52% 

a Calculated by the method of Freiser and Fernando [34]. 

b Cumulative Formation constants [29J: ~ = [ML3]/([MJ [L]3) 

84 = [ML4l1([M] [L]4) 

The oil obtained after extraction of Aliquat 336S-zinc chloro complexes was 

mixed with PVC in the ratio 70:30 oil/PVC (W/W). The mixture was dlssolved in 

tetrahydrofuran, and coated over the tip of a Beckman platinum wire electrode. The new 

electrodes were initially conditioned for a period of 3 hours in a 0.1 M zinc solution which 

contained lM of the appropriate complexing anions. Before measuremem, the electrodes 

were immersed for 30 minutes in a solution containing an appropriate concentration of 

chloride or cyanide in the absence of zinc. Between use, the electrodes were 

reconditioned by soaking in the same solutions but for shoner periods of time, typically 

30 minutes. The electrodes may require reconditioning if they are accidentally rinsed 
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with water or exposed to strongly interfering spccies. 

4.2.2 Measurements of tbe zinc complex anions: 

Zinc chloride standard solutions (10-5-1 <rI M) were prepare<! by dissolving zinc 

oxide (Analar grade, BDH) in a small quantity of hydrochloric acid (final concentration 

of O.2M), and an appropriate amount of sodium chloride (reagent grade, BDH) to yicld a 

total chloride concentration of 1.0 or 3.0M. The solutions of lower zinc concentration 

were obtained by successive dilution with the appropriate standard acidified sodium 

chloride solution (pH about 1.0). 

Zinc cyanide standard solutions (l0-5-1<r I M) were prepare<! by dissolving zinc 

cyan ide (BDH) in an appropriate solution of potassium cyanide to produce a solution 

containing 0.1 M zinc and either 0.4M or 1 M total cyanide. The solutions of lower zinc 

concentration were obtained by successive dilution. 

The r:!sponse of the chlorozincate(ll)-responsive electrode in IQ-S·IQ-IM zinc 

standard solutions for various concentrations of total chloride is shown in Fig.4.9. The 

observed slope is close to the Nemstian value expected for a divaJent anion. This 

indicates that the electrode responds preferentially to the anionic tetrachlorozincate(In 

species. The ~trachloroZ1Ilcate(ll) complexes are not present in high concentrations in 

the soluuons measured, see Table 4.4. For lM free chloride, only about 3% of the zinc 

present in solution is complexed in this fonn. nus certainly demonstrates the electrode 

sensitivity toward these species. The potentiaJ decreases systematically with increasing 

conceI'tration of chloride at the same zinc concentration. This is consistent with the 

presence of increasing arnounts of the anionic chlorozincate(II) species as the 

concentration of chloride increases. The limit of detection reaches a value of Ixl0-SM or 

0.7ppm in l.OM total chloride. In terms of anionic species, this detection limit represents 
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a value as low as O.3pM ZnC42-. 

450 ~------------------~ 

- 400 > 
E -

350 

300 

250 ..... ---------
-5 -4 -3 -2 -1 

Log [ZnUI)] 

+ ., 1M CI lJ. ., lM CI 

Fig.4.9 Response of a chlorozincate(II)-Aliquat 336S coated wire electrode: 
a) in l.OM total chloride (O.2M HCI-O.8M NaCl), slope: -27.4±O.4mV Idee. 
b) in 3.0M total chloride (O.2M HCI-2.8M NaCl), slope: -30.8±O.3mV/dec. 

The cyanozincate(II)-responsive electrode exhibits a similar behavior in a 

concentration range from 10-5 to IfrlM Zn(ll), Fig.4.1O. The 

cyanozincate(ll)-responsive elect:rode demonstrates an increased sensitivity in dilute 

cyanide solutions rather than in concentrated solutions. This was attributed to 

interference effects from cyanide when high concentrations of this species are used. In 

this case, the detection limit can reach a value as low as 2x lQ-5M (1.3ppm) or 7.7J.1M 

ZnCN42. in O.4M total cyanide. 
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Fig.4.10 Response of a cyanozincate(D)-Aliquat 336S coated wire electrode: 
a} in 0.4M total cyanide, slope: -27.6±O.4mV/dec., b) in 1.0M total cyanide, slope: 
-26.9±O.4mV/dec. 

The response time of boÙl electrodes is very short, just a few seconds. However, 

about 3 to 5 minutes are required to reach a stable potential in solutions below O.ImM. 

The reproducibility of Ùle potential measurements is within ImV at zinc concentrations 

above 0.1 mM. Both electrodes were stored dry between use, and were used for a period 

exceeding four weeks. The sensitivity of the cyanozincate(II)-responsive electrode started 

to deteriorate after four weeks of use. The slow hydrolysis of the organic salt in alkaline 

conditions is believed to accelerate the degradation of the membrane. 
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These CWE's are simple. inexpensive, and easy to prepare. They also function 

weIl over the concentration range from lO-S to O.IM. However, they suffer from 

long-term stability problems, e.g. the potential of these sensors slowly drifts witll time. 

This problem is common to all coated solid-state devices, and is related to the lack of 

internal reference components. Nevertheless, such devices have found imponant 

applications, but their operation nccessitates periodic calibration to minimize this 

problem. The use of a Agi AgCI rather than a simple conductor or interposing a layer of 

calomel paste between the membrane and the solid substrate surface [35 J, was proposed to 

improve the stability of CWE's. However, the use of a Ag/AgCI electrode coated with a 

membrane responsive to zinc chlorocomplexes did not appear to have any practical 

advantage, and did not improve the response stability of these zinc sensing electrodes. 

4.2.3 Application to zinc monitoring in the electrogalvanizing process: 

As mentioned in section 4.1.1, zinc is widely used to protect steel against 

corrosion. The electrogalvanizing process with zinc is gaining wide acceptance because it 

allows a better control of the plating efficiency and avoids the heavy los ses of plating 

materials involved with older non-electroplating techniques l3]. Chloride-containing and 

cyanide-containing zinc electroplating baths [3,36] (see Table 4.5,4.6,4.7) are commonly 

used for this process, but their plating efficiency is dependent on the composition of the 

bath. Therefore, the level of zinc and the conditions used must be carefully controlled. 
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Table 4.5: The composition of sorne common concentrated chloride-containing zinc 
electrogalvanizing baths [36]. 

Chemicals 

ZnCh 

KCI 

NHtCI 

NaCI 

H3B03 

Operating 
temperature 

Concentrated chloride bath 

KCl NH.tCI Mixed 
bath bath bath 
(M) (M) (M) 

0.50-0.66 0.25-0.37 0.25-0.37 

2.51-3.21 --------- 2.51-2.91 

.-------- 2.80-3.50 ---------

--------- --------- 0.51-0.77 

0.42-0.67 --------- ---------

18-45oC 18-5QoC 18-55oC 

Table 4.6: The composition of sorne dilute chloride-containing zinc electroplating baths 
[3]. 

Chemicals Dilute chloride baths 

1 II ID IV 
(M) (M) (M) (M) 

ZnS04·7H20 0.84 1.25 0.56 1.67 

N~Cl 0.28 0.56 

Na2S04 0.63 0.63 

NaCI 0.51 0.51 

Ah(S04h18H20 0.05 

H 3B03 0.32 3.24 

glucose 0.67 
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Table 4,7: The composition of sorne common cyanide-containing zinc electroplating 
baths [36], 

Chemicals Conventional bath Dilute bath 
(M) (M) 

ZnCN2 0,52 0,26 

NaCNorKCN 0,86 0,44 

NaOH 1.87 1.87 

Operating temperature: 2O-45°C 2O-45°C 

400 ..... ---------...... 

380 -> 
E - 360 

ca .... 
c ., 340 .... 
0 
Q., 

320 

300 '----...--------
-5 -4 -3 -2 -1 

Log [Zn(ll)] 

Fig.4.11 Response of a chlorozincate(lI)-Aliquat 336S coated wire electrode: in 3,OM 
KCI-O,5M H3BÛ), slope: -29,2mV/dec, 
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Calibration graphs for the chlorozincate(D)-responsive CWE were obtained in 

standard solutions reproducing the conditions used in the electrogal vanizing process 

(Table 4.5 and 4.6). These standard solutions were prepared from zinc chloride, and 

ammonium chloride or potassium chloride acidified with borie acid. The 

tetrachlorozincate(TI)-responsive CWE showed a linear response in the concentration 

range from 5xlQ-5 ta O.IM Zn(TI) in concenuated chloride ([CI-]>3M), see Fig.4.11 and 

Fig.4.12, while the linear response range is limited to 5xl()-4 to O.01M Zn(ll) in dilute 

ammonium chloride (O.2M), Fig.4.13. 

420 ,..-----------. 

-> 
E 370 --ca -c 
Q) - 320 0 
D.. 

270 ---------...... ----~ 
-5 -4 -3 -2 -1 

Log [Zn(ll)] 

• W.MCI 

Fig. 4.12 Response of a chlorozincate(l1)-Aliquat 336S coated wire electrode in 
ammonium chloride solutions: 
a)in 3.0M N1-4Cl, slope: -27.2mV/dec., b)in S.OM NfLtCl, slope: -27.2mV/dec. 
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Fig. 4.13 Response of a chlorozincate(ll)-Aliquat 336S coated wire electtode in a dilute 
solution of ammonium chloride (O.2M); slope: -23.3mV/dec. 

The electrogalvanizing process is commonly carried at high tempe ratures (see 

Table 4.5). The behavior of the chlorozincate(lI)-Aliquat 3365 CWE at high 

temperamres was therefore studied to evaluate the temperature effect on its response 

profile. The response of the tetrachlorozincate(II) responsive CWE was studied al 

temperatures ranging from 250C up to 400C. Although no appreciable change in 

sensitivity was observed, the potential readings were drifting at high temperatures. This 

cao he expected since the thermal rime constants of ion-selective and reference electrodes 

are long (refer to Chapter 3, section 3.l.5). The use of these zinc sensors at room 

temperature (20-250 C) is therefore recommended, particularly since their use at high 

temperatures can accelerate the degradation of the membranes . 
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The composition of raw waste streams from electroplating plants can reaeh levels 

of zinc as high as 4mM [5]. Governmental regulations of inaustrialized countries 

eommonly lirnit effluent discharge to 4ppm or O.06mM [6]. Considering the sensitivity 

exhibited over a wide concentration range and the detection limits which can be reached 

(refer to Table 4.8), the use of an Aliquat 336S CWE demonstrates interesting features for 

the monitoring of zinc in the electrogalvanizing process and waste management. This 

method also constitutes an advantageous and economical alternative 10 Flame Atomie 

Absorption (F AA) for measuring zinc. 

Table 4.8: Comparison of the detection limits of FAA and indirect potentiometry for zinc 
determination. 

FAAa Chlorozincate(II) 
CWE 

working range: O.OOI-lOppm lOpM-O.IM 
(O.015JlM-O.15mM) 

detection limit: O.OOlppm O.7ppmb 

a Air-acetylene flame, wavelength: 213.9nm [37]. 
b in l.OM total chloride. 
c in O.4M total cyanide. 

Cyanozincate(II) 
CWE 

lOJlM-O.IM 

l.3ppmC 

Dcspite the faet that FAA shows superior detectability for zinc, the presence of alkalis in 

high concentrations reduces the sensitivity and linearity of this method. Further, 

aspiration of high salt solutions causes severe problems due to the clogging of the 

nebulizer. 
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4.2.4 pH dependence of the response of the A1iquat 336S CWE's: 

The response of the chlorozincate(ll)-responsive electrode is relatively 

independent of the pH of the solution below pH 7. Above pH 7, zinc predpitates as the 

bydroxide. The pH of the solution il this case can aIso bave a particular influence on the 

selectivity of the electrode, please ~ee next section. 

On the other band, cyanide behaves as a Bronsted base and maintains the pH 

around 11. Of course, the presence of acids must he avoided since solutions of potassium 

cyanide liberate a poisonous gas. cyanu.ric acid. when in contact with acids. The presence 

of hydroxides in high concentrations must he masked since it causes the degradation of 

the membrane. The measurements must therefore he taken under mild alkaline conditions 

and in a well-ventilated area. 

4.2.5 Interference studies: 

The interference of various ions on the response of the 

chlorozincate(m-responsive electrode was studied in 3M ammomum cbloride. The 

selectivity coefficients reported in Table 4.9, were dete::mined by the fixed interferem ~ 

method. For this study, the concentration of the interferent was maintained at ImM, 

whlle the concentration of the analyte was varied from O.OImM to O.IM. 

The only serious interferences arise from the presence of Cu(ll), Cd(II) and Hg(II). 

Silver and lead precipitate as insoluble cblorides, and therefore do not interfere under 

these conditions. Although the strong interference of Fe(III) was reported in strong acidic 

cbloride solutions [32], Fe(Iln does not interfere if tbe pH of the tested solution is 

maintained above 4, conditions which are encountered in electroplating baths. These 

conditions lead to the precipitation of Fe(OHh In dilute chloride solutions, the 
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interference effects are more significant. Altbough the presence of AI(lIl), a common 

additive in electroplating baths, does not demonstrate an appreciable interfering effect in 

3.0M ammonium chloride, the presence of Al(llI) seriously interferes with zinc 

determination in dilute ammonium chloride solutions (0.2M). 

Table 4.9: Selectivity of the chlorozincate and cyanozincate responsive CWE's in the 
presence of transition metal ions. 

Interferents Selectivity coefficients 

Chlorozinc;ate(ll) CWE Cyanozincate(ll) CWE 

Fe(lll) <lxl{}-4 • strong shift 
in potential 

Co(1l) <lx 10-4 strong sbift 
in potential 

Ni(ll) <lxlO-4 0.77 

Cu(ll) 0.09 shift in 
potential 

Cd(m 4.38 0.89 

Hg(ll) 7.60 0.92 

• Value obtained at pH=4.0. 

Solutions of lM potassium cyanide were used to evaluate the interference effects 

on the response of the cyanozincate(ll)-responsive electrode. In this case, serious 

interferences occurred from Fe(lll), Co(II), (.'u(lI), as reponed in Table 4.9. These metal 

ions interfere strongly with zinc response, and cause a strong shift in potential readings. 

The selectivity of the electrode is similar in O.4M potassium cyanide solutions. 
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For both elcctrodes, simple inorganic anions do not significantly interfere with 

zinc dctcrmination. The results obtained indicated that zinc complexes can he monitored 

in the presence of a lO,OOO-fold amount ofeither sulphate, halides and !titrate anions. 

The oruy serious interference arises from perchlorate. The presence of elcctroplating 

additives such as glucose (Table 4.6) did not exhibit any interfering effect 

Since zinc anion complexes are strongly preferred by the liquid anion exchanger, it 

is possible to prepare an electrodc which demonstrates a high selectivity for zinc with 

respect 10 other metals, metals thal either do not fonn complexes or form weaker 

complexes than zinc. These electrodes therefore offer considerable advantages in 

eliminating certain interferences which impair the performance of zinc-selective 

electrodes. 
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CHAPTER5: 

IONIC POL YMER MEMBRANES 

Improvement of the selectivity of polymeric ion-selective membranes through 

systematic studies of various ionophores and membrane additives remains an important 

area of research [}. 3]. However, there are limitations to the usefulness of polymerie 

meml)ranes hecause of their limited lifetime [4]. This is especially true when they are 

used with semiconduetor deviees such as field effect transistors [5,6] (please refer to 

Chapter 2, section 2.2.4). 

The limited lifetime of polymerie membranes has been attributed to the loss of the 

plasticizer and the ionophore from the membrane phase [4]. The plasticized polymer 

forms a molecular network into which the ionophore permeates [7]. In the presence of 

water, the polymerie membrane swells and slowly releases the membrane components to 

the external solution [4]. The plasticizer and the ionophore are essential components of 

the membrane which are promoting the selective, ionic mobility in the membrane [7]. 

Therefore, the 10ss of these components is detrimental to the performances of the 

membrane electrode [4]. Serious limitations of membrane lifetime are to he expected. 

especially in chemically or physically hostile environrnent. In order 10 eliminate the 

limitations associated with leaching of the active components, it is necessary to 

incorporate the ion-sensing species as an integral part of the pol ymer membrane. 



, 5.110NIC POL YMERS AND THEIR APPLICATION TO ISE's: 

An ionic polymer is a polymer either organic or inorganic in nature, which 

contains both covalent and ionie bonds (8]. These polymers c'lntaining ions have al!ID 

been referred ta as "ion-containing polymers" and "ionomerie polymers" [8,9]. The name 

lonomer is a DuPont trademark originally used ta designate a metal salt of a earboxylated 

polyethylene [9]. However, il bas become a common designation for ionic polymers in 

general L8]. 

With ionic polymer membranes, the ion exchange-groups are covalently bound to 

the pol ymer network rather than physically entrappr~ within a polymer matrix, as 

compared to conventional polymerie ion-selective membranes. In eontrast, the 

counterions associated ta these ionic groups are free to move. This mobility depends on 

the strength of the ionic bond and on the presence of liquids in the polymer matrix, such 

as water, which promote the dissociation of ionic bonds. Hence, a mechanism of ionic 

transpon without plasticizing the polymer apparently exists in ionic polymers. The 

mechanism of charge transport hl iOl.iC pol ymer membranes will he further investigated in 

Chapter 6. Therefore, the use of ionic polymers seems particularly attractive to prepare 

ion-selective membranes with non-Ieachable components. 

Dy definition, the family of ionic polymers includes very different materials such 

as, glass (silicates), DuPont ionomers, and carboxylated rubbers. Silicate!: and 

carboxylated rubbers were used in the composition of ion-selective membranes, see Table 

5.1. Although glass membranes were found useful for the monitoring of pH in aqueous 

solutions [10], the selectivity of the carboxylated rubbers for divalent cations was found 

too low for practical analytical applications [11]. Membranes ofpoly(acrylic acid) were 

a1so found to exhibit poor selectivity for divalent cations [12J 
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Table 5.1: Ionie polymers used in ISE technology. 

Ionomeric 
polymers 

Glass 

Carboxylated T\lbber, 
Poly(acrylic acid) 

Perfluorosulfonate 
N afion Ionomer 

SblJCture 

-{(CF.);-CFlz CF3 
1 1 

(OCF 2-CF).OCFaCF .S03 H 

Poly(styrene-b-butadiene-b-styrene) 

Ions 
monitored 

H+ 

Divalent 
cauCJns 

Large organic 
cations: 

Quatemary 
Ammoniums 

Rer. 

[10] 

[11,12] 

[13] 

0.J CHA CH"CH= CH-CH. CH" t-CH6;' ru 

U ~H, ~ 1 

with phosphate groups: Calcium [14,15] 

rv 0" /-0 Q~ ~ ru 
p 1- ~_ P 

C'JHoO/ ~ eY" 'ù C H 
3 0 

with ammonium groups: Nitrate (16) 
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Manin and Freiser [13] have reponed that a polymerie membrane made of Nafion 

L'!O exhibas a high selectivitv for large organic, hydrophobie cations (fable 5.1). The 

Nafion polymers are a family of perfluorosulfonate cation-exchange polymers developed 

by DuPont which exhibit outstanding chemicaI and thermal stabilities [17]. Their ability 

ta promo te ionic or charge transport has led to the application of perfluorosulfonate 

ionomers (PFSI's) in fuel cells, warer electrolyzers, batteries, and more recently in 

electroanalysis [18]. A membnme electrode made of Nafion 120 was used to 

potentiometrically monitor large quatemary ammonium cations such as 

tetrabutylammoniUr.l [13]. 

Only a few other attempts were made to prepare ion-selective 

polymeric-m~mbrane electrodes with immobilized ion-exchange sites. Ebdon et al. [14] 

have prepared membranes by cross-linking a styrene-butadiene-styrene (SBS) triblock 

copolymer with ion-exchange groups, using free radical initiation with ultraviolet 

irradiation. Phosphate [14,15] and quatemary ammonium ion exchange groups [16] have 

been immobilized in this fashion (see Table 5.1). However, there are disadvantages 

associated with this approach; this immobilization procedure is 1) limited to 

photopolymerizable materials and 2) a high yield (Jf cross-linking was found detrimental 

ta the membrane response. 

5.2 STRUCTURAL AND PHYSICAL PROPERTIES OF IOMC POL YMERS. 

5.2.1 Concentration of ionic bonds: 

The concentration of covalently bound ions in the polymeric structure is an 

important parameter in ionic po!ymers and is used as a guide for classification [8]. For 

this purpose, the concept of relative number of ionic (Nif) and covalent network (Ner) 
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bonds per volume unit (cm3) can he used: 

(54) 

(55) 

ois the density of the pol ymer, M. is the average molecular weight of the chain between 

ion groups, X is the number of covalent network atoms in repeat unit, and Mru is the 

molecular weight of covalent repeat unit. CN is the average connection number of 

network atoms: 

CN = 2a + 3b + 4c 

a+b+c 

(56) 

a is the number of 2-connected. b is the number of 3-connected. and c is the number of 

4-connected atoms in the chain. For example, the network atoms of poly(vinyl chloride), 

-CH(Cl)-CHr , are 2-ç,unnected, while a network atom which represents a cross-linking 

point may be 3- or 4-connected. 

For univalent bound ions, the relative number of total network bonds [8], Nf> is 

given by 

The proportion of bound ions in several ionic polymers is given in Table 5.2. 
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Table 5.2; Proportion of bound ions in ionic polymers. 

Pol ymer 

Carboxylated rubbers 

Metal polyacrylates 

Linear silicates 

• These values were obtained from reference [8]. 

0.5-2% 

20% 

33% 

The range of ionic bonds normally faIls between the extreme values of 0% for PVC and 

100% for an ionic salt like sodium chloride. 

5.2.2 Aggregation of ions in ionic polymers: 

Ion association takes place in liquid media of 10w dielectric constant For 

example, salts such as Bu..NCl and KCl aggregate to fonn ion-pairs in organic solvents of 

low dielectric constant. Similarly, ionic association or aggregation should oceur in ionic 

polymers [8]. However, aggregation of Ions in a polymerie matrix is more difficult. In 

this case, the ion is bound to a chain. Therefore, it is necessary 1."'at the conformation of 

this chain is accommodated to the arrangement of ion-pairs. Ion-pairs are also tenned 

"multiplets" [19]. These multiplets consist of small numbers of ion dipoles, dispersed in 

the hydrocarbon matrix [19]. Multiplets can therefore act as ionic crosslinks. For 

example, in a polymer eontaining neutralized carboxylic acid groups, hl ;1rogen bonds act 

as ionic crosslinks. Fig.5.l. 
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Fig.5.1 Hydrogen bonds in an ionic polymer cont~,.ning carboxylic acid groups act as 
ionic crosslinks. 

At this stage, it was assumed that multiplets are randomly distributed throughout 

the polymer matrix [8]. However, it is necessary to address the possibility that the se 

ion-pairs can further aggregate in domains called "clusters". Studies of DuPont's Nafion 

polymers have yielded more information about the formation and the physlcal 

characteristics of ionomeric polymers [20,21]. These studies have clearly demonstrated 

that ionic c1usters are fonned in Nafion ionomers [211. 'These clusters contain the 

polymer-attached ion, its counterion, and water of hydration, as UJell as some of the 

pOl ymer chaln !TIaterial [8], The ionic c1usters, approximately 40A in diamctcr, are 

randomly distributed throughout the backbone of th! polymer. Th:!se c1ustcrs are 

connected by small channels, about 10A in diameter [21}. Counterions and ncutral spccics 

may apparently diffuse from cluster to c1uster via these small channels (221, while co-ions 

should be excluded (Donnan exclusion, refer to Chapter 1, section 1.2.3). 
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The following factors [8] must he considered in Ùle aggregation of ions: 

-Work is involved 10 stretch the segment of the pol ymer chain so that iopic aggregation 
becomes possible. 
·Electrostatic energy is released when ions aggregate. 
·The cIuster is not mfinitely stable, and above sorne temperature Tc, the cluster 
decomposes. 

At low ion concentrations, Ùle space between Ùle ionie groups is large. Of course, large 

space between ions will oppose their aggregation. The nature of the polymer chain, ilS 

stiffness, and Ùle presence of bulky side chain will also play a role in ionie aggregation 

[8]. The dielectnc constant of the media in which the salt groups are immersed also 

influences Ionie aggregation. In a pol ymer Wlth a high dielectric constant, no particular 

driving force to induce fonnation of c1usters exists. Tht! higher the concentration of ionic 

groups, the more polar is the media In systems based on polyacrylates, the proportion of 

bound ions is large (NJNr=20%, Table 5.3), and evidence of cluster formation was not 

observed [8]. 

5.2.3 Glass transition in ionic polymers. 

Ion·pairs or multiplets which act as ionic r.rosslinks strongly influence the glass 

transition ternperature of the polymer [8]. The transition from a glassy to a rubbery 

consisteilcy is a characteristie of many polymerie systems. As the temperature increases. 

the segmental mobility increases in sueh a way Ùlat rubber-like defonnations become 

possible. The segmental mobility depends upon the nature of the inter· chain forces, Ùle 

degree of ionisation and the presence of ionic bonds. In very highly cross-linked 

polymers and in polymers with a high concentration of ionic groups, the ~ is high. In 

these cases, there is of ter. even no indi~ation of a ta below Ùle temperature of 

decomposltion of the polymer [8]. 

As the temperature is further increased, ionic polymers May melt, and this process 

should he reversible. It was shown that polymers with a low concentration of ionic bond~ 
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generally melt. On the contrary, polymers with a high concentration of ionic groups 

rather decompose on heating. This is atuibuted to the higher degree of cros:;-linking or 

crystallinity in the polymer rnatrix. While multiplets act as ionic \.rosslinks, the 

crystalline domains play a role ru: physical crosslinks [23 J. Studies have demonstrated 

that the ionic groups are absent from the crystalline domains [23]. This involves the 

presence along the backbone of the polymer of many long hydrophobie segments 

containing only hydrocarbon chains. 

DifferentiaI scanning calorimctry (OSe) is commonly used to detennine the glass 

transition temperature of a polymerie system [24]. DSe rneasures the heat energy 

occurring in a substance as a function of ternperature. With this techmqur-, it is possible 

to detect any physical transition or chernkal reaction that is accompanied by a 

heat-energy change [24]. 

5.3 STUDY OF THE IMMOBILIZATION OF ION-EX CH ANGE SITES WITHIN 
POL Y(VINYL BENZYL CHLORIDE). 

Two main synthetic routes can he adopted for the immobilization of ion-exchange 

sites: a) copolymerization of a functionali7.ed monomer with an olefinically unsaturated 

monomer or b) direct functionalization of a prefonned polymer. The second approach 

seems more advantageous. It is synthetically more simple, and it does not require the use 

of photopolymerizable material and radical initiators as in the ftrst synthetic approach (a). 

In a study initiated by Lawton and Yacynych [12], it was demonstrated that 

poly(vinylbenzyl chloride), PVBC, offers promise as a precursor for chemically modified 

polymer-film electrodes. The chloromethyl group is extremely reactive to a variety of 

nucleophilic reagents [25]. Therefore, it appears possible to functionalize PYBC with 

various ion exchange groups. The immobilization of seve,~l ionic groups, quatemary 
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ammonium, phosphonium, and alkyl phosphates was studied, Table 5.3. 

Table 5.3: Immobilization of ion-exchange sites investigated. 

Ion exchange sites Reagent Solvent Reflux 
time 

-CHr NR3+CI-

R1:-CHr CH3 triethylamine methanol 5 hours 

R2:-(CH2kCH3 tripentylamine methanol 5 hours 

RJ :-(CH2kCH3 trihexylamine methanol 6 hours 

~:-(CH2)7-CH3 trioctylamine chloroform 24 hours 

-CHr PR3+CI-

R1:-(CH2)7-CH3 trioctylphosphine chlorofonn 6 hours 

R2:-4HS tripheny lphosphine methanol 6 hours 

-CH2-~2«()~2Hs)-}(+ triethylphosphite 50:50 methanol 72 hours 
chloroform 

+hydrolysis 1% }(()H 5 hours 
in methal101 

-CHrC;Hs-B(CsHs)3-K + tetraphenylborate chloroform 

Poly(vinylbenzyl chloride) was obtained from Aldrich Chemicals, and used as 

received. It is a 60/40 mixture of 3- and 4- isomers of poly(vinylbenzyl chloride), and 

has a molecular weight of approximatively 50,000. The use of PVBC îs interesting 

because of the similarity of its properties with those of pve. Not8.bly, it is soluble in 

organic solvents such as tetrahydrofuran and chloroform. 
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5.3.1 Charaderization of mocIified polymers. 

Mter functionalization with ion-exchange groups, the modified PVBC was 

characterized by infrared spectroscopy. lnfrared spectroscopy is a technique commonly 

used to obtain structural information [26]. An Analect AQS 18 Fourier Transfonn 

Infrared (FI1R) spectrometer was use<! for this investigation. This speetrometer basieally 

consists of two modules: an optical system which uses an interferometer, and a dedicated 

computer. The computer controls optical components, collects and stores data, perfonns 

computation on data, and displays spectra [27]. FI1R offers many advantages compared 

with eonventional dispersion infrared spectroscopy. These advantages include higher 

signal-to-noise ratio and higher accuracy in frequeney for spectra taken over a wide range 

of frequencies [28]. The reliability and superior performances notably allow the analysis 

of smaller srunples. 

Several sample preparation techniques can he used with polymerie systems. These 

techniques include using a solution of the polymer dissolved. in an appropriate organic 

solvent, casting thin filins on InfraRed (IR) transmitting plates, preparing melt samples 

between plates, etc. The preparation of KBr pellets or Nujol muUs is probably the 

simple st method [29]. However, differences in refractive index between the sample and 

the suspending medium may give rise to poor quality spectra. Good quality spectra can 

he obtained from thin fIlms of polymers which are cast either on spectral plates, or on 

glass from which they can he peeled and then mounted in the IR beam of the spectrometer 

[29]. This is a very satisfactory method for samples that are soluble in a volatile solvent. 

Altematively, polymerie samples which are not soluble in organic solvents. can he 

bandled by melting a smaU amount of the material hetween two plates in order to obtain a 

thin film [29]. 
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5.3.2 Immobilization of anion excbange sites: 

The immobilization of various quatemary ammonium and quatemary 

phosphonium ion-exchange groups was investiga~ see Table 5.3. Reagents were 

obtained from Aldrich chemicals. except for ttipentylamine and trioctylphosphine which 

were obtained from Alfa Chemicals. Reagent grade ehemieals were obtained, and were 

used as received 

In the tirst reaction seheme, 1.5g ofPVBC was suspended in 20 ml of a 25% (v/v) 

solution of the amine in methanol. The above suspension was then heated to reflux, to 

about 70-8QoC. In the following example. ttihexylamine reaets with poly(vinylbenzyl 

chloride) to fonn poly(trihexylvinylbenzylammonium ehloride): 

-Q-!-Q;2-

Cl-i2 -CI n 

Since poly(vinylbenzyl ehJ.oridc) is insoluble in methanol, and the modified PVBC is 

soluble in methanol, the end of the l'CaCtion was indieated by the dissolution of PVBC. A 

reflux time of 5 to 6 hours was usually required for the completion of the reaction. The 

nucleophilicity of amines decreases with alkyl substitution and hydrocarbon chain length. 

Hence, nucleophilic reactions ~ith ttioctylamine required a long reflux time (24 hours). 

In this case, chloroform was used as the solvent. The specifie conditions use<! for the 
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immobilization of these quatemary ammonium ion-exchange groups are shown in Table 

5.3. 

After quatemization of PVBC with trihexylamine, the modified polymer was 

precipitated by addition of warer, and tiltered. The product obtained was redissolved in 

cbloroform and dried over anhydrous sodium slùphate or sodium aeetate. The chlorofonn 

solution was then concentrated by evaporation, and the polymer was precipitated by the 

addition of hexane. After tiltration, the polymer was rinsed with additional hexane. The 

entire procedure was repeated to ens~ proper purification of the modified pol ymer. 

Infrared spectra of PVBC before and after modification were obtained from thin 

films cast on NaCI spectral plates, see Fig. 5.2 and 5.3. The spectrum of PVBC displays 

only a few pea.ks: alkane C-H stretch occurred in the region 2850-3000cm-1, and 

aromatic C-H stretch occurred to the left of 3000cm-t . A chamcteristic -CHz- bend 

absorption was recorded at 1447 cm-t . The absorption at 1266cm-1 is attributable to 

0I2-CI. Note that the band at 2400cm-t is due to absorption of atmospheric COz. 

An infrared spectrum taken after the reaction of trihexylamine with PVBC 

confInns the modifIcation of the polymer, see Fig.5.3. The C-H stretch alkane and 

aromatic absorption bands are intense. A characteristic, medium '2-N stretching 

absorption was aIso recorded at 1376cm-1. Note that the infrared absorption of CHrCI at 

1266cm-} disappeared after functionalization of PVBC with the quatemary ammonium 

groups, as expected. This indicates that the reaction was successful. 
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Fig.Sol lnfrared specttum of poly(vinylbenzyl cbloride). 
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The results of é\ quantitative elemental analysis performed on 

poly(trihexylvinylbenzylammonium chloride), PTIlVBAC, are reponed in Table 5.4. 

These results confum the modification of PVBC, and indicate a yield of immobilization 

of quaternary ammonium groups superior to 80%. The molecular weight of PfHVBAC 

was also calculated from the results of the quantitative elemental analysis. 

Table 5.4: Quantitative elemental analysis of PTIiVBACS. 

Element '10 (w/w) 

C 74.7±O.1 
H 9.7±O.l 
N 2.5±O.2 
Cl <13.0b 

M.W. 140,000 
P 1.4g/cm3 

a Analysis performed by Guelph 
Chemical Laboratories, Ontario. 
b %Cl = 100 - (%C+%H+%N) 

The density of PTHVBAC was evaluated by dividing the mass of a sample of the 

polymer, by the volume of water displaced when it was submerged in a graduated 

cylinder. It is a simple method 10 calculate the densit;· of a solid [30]. A density of 

1.4g/cm3 was obtained for PrHYBAC at room temperature (21 0 C). 

DSC m~asurements were performed on po!y(trihexylvinylbenzylammonium 

chloride); these measurements were carried in the laboratory of Professor Adi Eisenberg. 

The fust scan, Fig.5.4, clearly indicated that an endothermic reaction occurred between 

410 and 480 Kelvin. The maximum ofthis peak was recorded at 452.7K or 179.7°C. 
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TIME. 11/1.52 

Fig. 5.4 Differential scanning calorimetry of PTHVBAC, firsl scan. 

Afler this ftrst scan, the sample of PlHVBAC was quickly cooled down, and a second 

scan was ~rformed. The second scan. Fig.5.5, demonstrated that the endothermic 

reaction monitored in the flfSt scan was not reversible. These measurements Ïndicate that 

there is no glass transition temperature for P11lVBAC, and that deco'Dposition seems to 

occur at 179.7oC. These results seem to indicate that a high degree of cross-linking and 

crystallinity exist in the PfHVBAC matrix (refer to section 5.2.3). 
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In poly(trihexylvinylbenzylammonium ehloride) and 

poly(trioctylvinylbenzylammonium chloride), the proportion of bound ions is large, 

NJ(Ncr + Nir) == 0.25 or 25%. The proportion of bound ions was evaluated from 

equations (54) and (57). Considering the high proportion of bound ions in 

poly(trihexylvinylbenzylammonium chloride) and poly(trioctylvinylbenzylammonium 

chloride), the fonnation of clusters is not probable in these polymerie systems. As 

discussed in section 5.2.2, ionic aggregation is influenced by the polarity of the media. 

1.~----------------------------------------------------

u 
UJ (/) 2., 
"-
-1 
< 
U x 

PTHVBAC 
WT. 11. Qe _9 

SCAN RATE. 20.00 d_g/min 

PEAK FROM. 420.3 
TO. 474.62 

ONSET. 428.73 
CAL/GRAM •. 92 

~·~-31~L-.------ML~.------~+-.------~+-.------OL±-.------~+-.----Gl+-.----~+-.~ 

TEMPERATURE (K) ose 
DATE. 8111/&14/25 TI ME. 11. 12 

Fig. S.S DifferentiaI scanning caIorimetry of P'IHVBAC, second scan. 
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The same experimental procedures used to immobilize quatemary ammonium 

groups within PYBC were employed to immobilize the quatemary phosphonium groups. 

Phosphines are characterized by their high nucleophilic reactivity with alkyl halides to 

produce phosphonium salts. An infrared spectrum was obtained for 

poly(trioctylvinylbenzylphosphonium chloride), see Fig.5.6. 

60 000 
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20 000 
, , , , , , , , 

3AOO 3100 2800 2500 2200 1900 1600 13Q.D 1000 700 AOI 
FILE NA"'Ê-----pTOVBPê--- GAIN 2 ANALECl AIlS-20 
'SC ANS 5 DET TGS ORO %T 

'BKG 5 RES .. CM-I A8se WAVENUM8ER 
APOO HAPP-GENZEL DATE 06/29/90 lIME 15 10 13 
COMMENT Ctt..DAOfORM FILM 

Fig.S.fi Infrared spectrum of poly(uioctylvinylbenzylphosphonium chloride). 

The phosphorus-carbon linkage does not display any characteristic band. However. the 

functionalization of PVBC with quatemary phosphonium groups was indicated by the 

disappearance of the characteristic OIrCI absorption band ofPVBC at 1266cm-1• 

Quantitative elemental analysis indicate:; a yield of immobilization of the quatemary 

phosphonium groups superior te 80%. 
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5.3.3 Immobilization of cation excbange sites: 

PVBC was reacted with triethylphosphite to produce a phosphonate ester which 

can be hydrolyzed to obtain alky], phosphate ion exchange groups. The Fust step of this 

reaction is one of the MOst useful and best known reactions in phosphorus chemistry. the 

Arbusov reaction [31], The initial reaction of triethylphosphite with poly(vinylbenzyl 

chloride) yields an unstable phosphonium ion: 

r -Q-i- 0-;2- -Q;-CH2 -

The halide ion cao displace one of the alkyl group to yield a phosphonate ester: 
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The second step is favorable because of the stability of the leaving group with a 

phosphorus-oxygen double bond Phosphites with their elecnon withdrawing alkoxy 

groups on the phosphorus are much less reactive or nucleophilic than phosphines [31]. 

Therefore. su ch alkylation reactions often !t.-quire long reflux times. Mter 6 hOUTS of 

reflux, only about 1 % of immobilization was achieved. A reflux of 72 hours was 

necessary to allow completion of the reaction. 

The infrared spectrum ofPVBC functionalized with phosphonate groups, Fig.5.7, 

displays characteristic P-O-C ebsorption bands between lOOO-1100cm-1. AIso associated 

with the P-O-C groups is a strong intensity band at 963cm-1• The P=O groups absorb 

strongly near 125Ocm-1• 
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Fig.5.7 Infrared spectrum of the phosphonate functionalized pol ymer. 
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It is necessary to hydrolyse the alkyl groups with alkali to obtain a sui table sensor 

unit, i.e. alkyl phosphate groups. Two options can be used in the hydrolysis step. The 

fust option consist!t of a strong alkaline hydrolysis in aqueous media. but this might result 

in the attack of the polymer itself. The use of milder alkaline conditions in methanol (see 

Table 5.3) is more convenient. 

In mild alkaline conditions, the attack of the hydroxide ions on the phosphonate 

ester sile results in the formation of a dialkyl phosphate salt 

+ 

The stability of this salt is such that funher hydrolysis ta remove ather alkyl groups 1S 

very difficult and will not proceed un der the conditions used (Table 5.3). 

Tettaphenylborate is a large lipophilic ianaphore. useful for the determinatian of 

potassium ions and alkalaids such as ephedrine [32). In this case, a Friedel-Crafts 

rcaction scheme [33] was used in an attempt 10 immobilize tetraphenylborate (TPB) 

wiùlÏn PYBC structure. 
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Under these conditions, one of the phenyl groups of TPB should act as the nuc1eophile 

attacking the chloromethyl group of PVBC. 

-CH-CH
2

- Q~ 1 K+ 

+- - ~ 

-CH-Q-;2-

n 1 

~ 

ï 

A catalyst such as aluminium chloride (Ale13) or titanium tetrachloride (Tielt) must he 

used to promote the reaction. Therefore, anhydrous conditions must be used, since both 

catalysts react violently with water. Unfortunately, even after prolonged reflux, for 

periods extending over 12 hours, no evidence of significant immobilization of 

tetraphenylborate was obtained. Apparently, the electron withdrawing character of boron 

seems to inhibit the nucleophilic reactivity of the phenyl groups. 

5.4 PROCEDURES FOR PREPARING IONIe POLYMER FILMS AND 
MEMBRANES. 

5.4.1 Dissolution of ionic polymers. 

Studies carried on the characteristics of Nafion polymers provided information 

regardÎl~g the solubility parameters of ionic polymers. Ionic polymers interact much more 

strongly with an appropriate binary solvent systems than with a single solvent [34]. An 

appropria te binary solvent means a system composed of an organic solvent which can 

solubilize hydrocarbon chains of the polymer, and a polar solvent which can solubilize 

more effectively the ionic moeities. 
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However, Many iunic polymers would not dissolve at room temperature, even in 

binary solvent systems [34]. High temperatures seem to favor the dissolution of ionic 

polymers. This difficulty is related to the nature of the inter-chain forces, and to regions 

of crystallinity in the polymer. 

The dissolution of quatemary ammonium functionaliz.ed PVBC was found more 

effective in a 50:50 methanol-chloroform system. As the length of the alkyl chain of the 

ammonium groups was increased, the functionalized pol ymer bccamc:; more soluble in 

chloroform. We aIso observed thal with the aging of the pol ymer, ilS dissolution became 

more difficult 

5.4.2 Preparation of membranes: 

Ionie pol ymer fùms or membranes can he easily cast at room temperature fror{\ a 

solution of the polymer dissolved in a volatile organic solvent The procedure is simple; 

il consists of depositing a small drop of the solution on a glass plate (or any other suitable 

surface). The solvent which slowly evaporates, leaves a film of polymer on the plate. 

However, resulting films are often hard and brittle, and cannot he peeled easily from the 

surface. Furthennore, the solution-cast fllms often swell considerably in the presence of 

water. nüs was notably the case for poly(triethylvinylbenzylammonium chloride) and 

poly(tripentylvinylbenzylammonium chloride) fùms. 

A high temperature solution processing procedure was developed by Moore and 

Martin [35] 10 produce high quality Nation films which were found insoluble in po!ar 

solvents. Changes in the morphology of the ionic polymers seem to he at the origin of the 

difference observed in the properties of these fùms, compared to the films cast at room 

temperature. 
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A similar procedure was used to cast a film of poly(triethylvinylbenzylammonium 

chloridc). The polymcr wu fust dissolved in mcthanol and an equal volume of 

dimethylformamidc was added to this solution. The majority of the methanol was 

removed by heating on a hl)t plate at 800C. The solution was then placed in an oil bath, 

which had been preheated at 16()oC, and evaporated to dryness. At this temperature, no 

damage was inflicted to the polymer. However, this procedure did not significantly 

reduce the swelling of the film in presence of water. 

On the other hand. long chain quatemary ammonium functionalized polymers, i.e. 

poly(ttihexylvinylbenzylammonium chloride) and poly(ttioctylvinylbenzylammonium 

chloridc) were found to hold sttuctural integrity and minimum swelling in water was 

observed. This was related 10 the high degree of crystallinity and cross-linking found in 

both polymers. A high degree of cross-linIdng imposed rigidity to the polymer matrix, 

and reduced swelling in water. 

We have also observed that these functionalized polymers demonstrated enhanced 

adherence to solid substrates. The adherence of these membranes to a glass or silicate 

substrate was investigated qualitatively from a peel test. While plasticized PVC 

membranes aJe easily removed from the substrate, a membrane cast from PTHVBAC 

shows no sign of peeling when subjected to the same test. The enhanced adhesive 

properties of PTINBAC 10 silicate substrates is believed to be primarily due to 

electrostatic attraction of the positively charged quatemary ammonium groups, and the 

negatively charged silicates. Significant enhancement of Chemically Sensitive 

Semiconductor Devices (CSSD's) lifetime can he expected to result from improved 

membrane adhesion. In that matter, the future integration of ionic polymer membranes 

with semiconductor devices seems particularly attractive. 
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CHAPTER6: 

THE APPLICATION OF IONIC POL YMERS TO ELECTROANALYSIS. 

6.1 QUATERNARY AMMONIUM FUNCTIONALIZED POL YMERS. 

6.1.1 Potentiometric response cbaracteristics of quatemary ammonium 
functionalized pol ymer membrane electrodes. 

With conventional ion-selective polymeric membrane electrodes, organic ion 

exchangers are incorporated into a plasticized polyvinyl chloride matrix. Electrodes 

selective to thiocyanate, salicylate, and nitrate were developed in this fashion using long 

chain alkyi ammoniUIl1 salts [1,2]. The main disadvantage with this approach is that the 

ion exchanger and the plasticizer tend to be leached from the polymer matrix. Over time, 

this results in deterioration of the tœmbrane perfonnance. As discussed in chapter 5, the 

preparation of polymerie ion-selective membranes with non-Ieach~ble materials is 

possible when a pol ymer functionalized with ion-exchange sites is used. An enhancement 

of membrane lifetime is therefore expected from the use of ionic pol ymer membranes. 

The properties and usefulnes~ of membranes prepared from 

poly(trihexylvinylbenzylammonium chloride). PTHVBAC, were investigated. 

PTHVBAC membranes about lOOpm thick were cast on a carbon-support electrode (see 

Fig.4.1a). This configuration is analogous to the coated-wire electrode described by 

Freiser [3]. Prior to coating the graphite electrode with PTHVBAC, the counterions of 

the bound quaternary ammonium groups were exchanged for the analyte species through 
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a üquid-liquid extraction procedure. The functiona1ized polymer was first dissolved in 

chloroform, and extracted with an aqueous solution of the analyte. Response 

characteristics of P1HVBAC membrane electrodes to thiocyanate, nitrate and salicylate 

are illustrated in Fig.6.1. Note that each calibration point of Figure 6.1 represents the 

average of three potential readings. Since the reproducibility of this electrode is within 

O.2m V, the error bar of each calibration point is much smaller than the symbol. 
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Fig.6.1 Typical potentiometric response of PTHVBAC coatcd carbon-suppon electrodes: 
a) thiocyanate: slope, -59.1mV/decade; ÜDear response range, 5pM-O.IM; O.1M phosphate 
buffer, pH 6.5. 
b) salicylate: slope, -58.2mV ldecade; ÜDear response range, 1 OpM-O. lM; O.lM phosphate 
buffer, pH 8.0. 
c) nitrate: slope. -43.2mV/decade; ÜDear response range, ImM-O.IM; O.IM phosphate 
buffer, pH 7.0. 

112 

--------------------~-- --



1 
The carbon-support electrode coated with a film of 

poly(trihexylvinylbenzylammonium thiocyanate), PTHVBASCN, yielded a selective 

potentiometric response to thiocyanate (Fig.6.1). The 10garithmic response extended 

from 5xlO-6M to a.IM SCN-, with a Nemstian slope of -59.lmV/decade. The slope of 

the straight-line portion of the calibration curve was calculated by least squares. The 

useful range of the electrode extended to lxlO-6M thiocyanate. The standard solutions 

were buffered with O.IM potassium dihydrogen phosphate, adjusted to pH 6.5. 

Phosphate ions had no observable effect on the response of the PTHVBASCN membrane 

electrode. Thiocyanate can, in fact, be monitored in th~ presence of a 1O,OOO-fold excess 

of phosphate. The influence of pH on the potential of this electrode was also investigated. 

The poter!~ial o~ the electrode was measured in solutions of pH varying in the range 4-1 a. 
No variation of potential was noted in this pH range. These results are similar to the ones 

obtained by Lawton and Yacynych with a similar membrane electrode [41. 

The PTHVBASCN membrane electrode showed fast response, and continued to 

function weIl for several months, Fig.6.2. Only a small deterioration of the membrane 

response was observed after 42 weeks of use. Comparatively. a typicallifetime of 12 

weeks was reported for Aliquat 336S-PYC coated wire electrodes [1]. The 

PTHVBASCN coated carbon-support electrode was stored dry, and was pre-conditioned 

in a.IM KSCN for 30 minutes prior to reuse. 

The selectivity of this membrane electrode was evaluated in the presence of other 

anions. The selectivity coefficients were measured by the fixed interference method, with 

concentration of interfering anions fixed at ImM. The results of this investigation are 

presented in Table 6.1. 
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Fig.6.2 Response of a PTHVBASCN coated carbon-support electrode after several weeks 
of use: Ct) after 4 weeks of use, slope: -59.1±O.2mV/decade; b) after42 weeks of use, 
slope: -57.3±O.1mV/decade. 

It is interesting to note that the PlHVBASCN membrane electrode offers a greater 

selectivity for thiocyanate than a conventional coated wire electtode based on Aliquat 

336S [1]. The selectivity ofthis PTHVBASCN membrane electrode can also he 

favorably compared to the behavior of a solid-state AgSCN heterogeneous membrane 

electrode. In this case, iodide, bromide and chloride react with the AgSCN precipitate, 

and therefore strongly interfere with the measurement of thiocyanate [5]. On the other 

hand, the PI'HVBASCN membrane electrode demonstrated hetter selectivity for 

thiocyanate in presence of bromide and iodide (refer to Table 6.1), as compared 10 the 

solid-state AgSCN heterogeneous membrane electrode. 
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Table 6.1; Selectivity coefficients for sorne thiocyanate ion-selective electrodes. 

Interfering ~;ot ~.;JJOl K,,,pot 
anions 

P1HVBASCN Aliquat 336S AgSCN 
membrane membrane 1 heterogeneous 

membrane2 

phosphate <0.0001 
acetate <0.0001 
sulphate <0.0001 0.001 
chloride 0.001 0.001 0.003 
cyanide 0.003 
bromide 0.009 1.4 
nitrate 0.01 0.046 
salicylate 0.10 
iodide 0.12 0.34 270 
perchlorate 0.99 

1 Ref.[l] 
2 Ref.[5] 

Thiocyanate ISE's main applications are in kinetic analysis and in the investigation 

of chemical reaction kinetics [6]. However, thiocyanate ISE's could also be used for the 

determination of thiocyanate in various industrial processes and plant effluents. Notably, 

ammonium and alkali thiocyanates are used in photography, catalysis, agricultural 

chemicals, and dyeing of textiles [7]. Though not as toxic as cyanide, thiocyanate is 

hannful to aquatic life. 

With conventional ion-selective membranes, the slightest modification of die ion 

exchanger can have a significant influence on the sensitivity aJld selecti IÏty of the 

membrane. For example, better sensitivity and selectivity for salicylate were obtained 

when tetraoctylammonium salts were used instead of tetraheptylamDlonium salts [8]. 

Therefore, bulkier quatemary ammonium compounds apparently display better affinity 

for salicylate. Salicylate (o-hydroxybenzoic acid) is used in the composition of a wide 
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variety of phannaceutical preparations for its pain-relieving action [8,9]. 

Similarly, poly(trihexylvinylbenzylammonium chloride) and 

poly(trioctylvinylbenzyl ammonium chloride} were evaluated for salicylate selectivity. 

This study indicated that poly(trioctylvinylbenzylammonium salicylate) (PfOVBAS) 

membrane electrode displayed poorer sensitivity for salicylate than the 

poly(trihexylvinylbenzylammonium salicylate) (PTHVBAS) membrane electrode, see 

Fig.6.3. 

250 r-----------------~ 

200 -> e - 160 -., .-... 
C 100 ., ... 
0 
Q. 

60 

o ~------------~-----6 -5 -4 -3 -2 -1 

Log [Salicylate(l)] 
.. PTH\IBAS il. PTOVSAS 

Fig.6.3 Comparison of the potentiometric response of PTHVBAS and PTOVBAS 
membrane electrodes to salicylate: 
a)PTIIVBAS membrane: slope, -S8.2±O.2mV/decade; linear response range, 10000-O.IM. 
b)PTOVBAS membrane: slope, -34.1±O.6mV/decade; linear response range, 
O.1mM-O.IM. Supporting electrolyte, O.1M phosphate buffer (pH 8.0). 
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Further, the response of the PTOVBAS membrane electrode IS significantly slower. The 

slower respO:1se of the PTOVBAS membrane electrode may be Idated to the s!ower 

fluxes or diffusion of ionic species within the membrane (the diffusion of ionic species 

within poly(trioctylvinylbenzylammonium chloride) and poly(trihexylvinylbenzyl 

ammonium chloride) films will be discussed in section 6.1.2.2). The selectivity pattern of 

the PTOVBAS membrane was found comparable to the selectivity of the PTHVBAS 

membrane, see Table 6.2. With quatemary ammonium functionalized polymers, variation 

in selectivity through structure, partieularly through the length of the hydrocarbon 

substitutions, is apparently vitiated by covalent bonding of the ammonium groups. 

Table 6.2: Comparison of the selectivity of PTHVBAS and PTOVBAS membrane 
electrodes for salicylate. 

Interfering 
anioas 

phosphate 
nitrate 
thiocyanate 

KiJpot 

PTHVBAS 
membrane 

<0.0001 
0.11 
10 

K.r1 

PTOVBAS 
membrane 

<0.0001 
0.25 
16.7 

a PTHVBAS: Poly(trihexylvinylbenzylammonium salicylate) 
b PTOVBAS: Poly(trioctylvinylbenzylammonium salicylate) 

The selectivity of convention al polymerie membrane electrodes is also influeneed 

by the solvent mediator, i.e. the plasticizer. Notably, the properties of the solve nt 

influence the partition coefficient of the analyte ion in the membrane phase (refer to 

Chapter 1, section 1.3.2.1), with consequent effects on the electrode selectivity. Ionie 

polymer membranes prepared with poly(trihexylvinylbenzylammonium salicylate) were 
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impregnated with mediators, i.e. l-decanol, and o-nitrophenyl octyl ether. However, 

impregnation with these matcrials resulted in a 10ss of physical sttength of the polymer. 

Further, the use of mediators conferred no additional selectivity to the 

poly(trihexylvinylbenzylammonium salicylate) membrane. 

Pol ymer membrane electrodes prepared from poly(trihexylvinylhenzylammonium 

chloride) show a number of advantages, namely speed of response, long lifetime, and 

robustness. However, a better understanding of the response mechanism of J7IHVBAC 

membranes is required to fully exploit the se advantages. A bener understanding of the 

response mechanism of ionic polymer membranes should also point out means of 

modifying their selectivity. 

6.1.2 Voltammetric studies with a quatemary ammonium functionalized 
polymer-coated electrode. 

Ionie polymers are found useful in the electroanalysis of ionic species because of 

their conducting and ion-exchange properties. Thus, an ionic polymer coated onto an 

electrode surface can he used to separate and preconcentrate an analyte ion prior to 

voltarnmetric determination al the sub~'\rate-electrode surface [10]. The use of cyclic 

voltammetry is particularly useful for the mechanistic study of electroactive systems. 

Cyclic voltammetry and the theory associated with this technique are described in 

Appendix B. 

An EG&G Princeton Applied Research Model 273 Potentiostat/Galvanostat, in 

conjunction with a Hewlett Packard Model 7815B X-y recorder was used for cyclic 

voltammetry. The potentiostat controls the potential of the electrode and measures the 

current at the electrode. The electtochemical ceU contained three electrodes, a working, a 

reference and a counter eleetrode. which were immersed in an electrolytic solution. The 
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working electrode is the electrode where the electrochemieal reaetion occurs. A glassy 

carbon electrode, 2.5mm in diameter, available from Bioanalytical Systems (BAS 

MF2012) was used. This electrode was coated with a thin film of the funetionalized 

polymer. The reference electrode provides a stable potential with which the potential of 

the working electrode is compared. A saturated calomel electrode (Fisher 13-639-51) was 

use<!. The counter electrode is a conductive material that is chemieally inen; a platinum 

electrode was used. With this \:onfiguration, the current in the cell is passed between the 

COUDter and working electrodes, and no eurrent passes through the reference electrode. 

Glassy carbon working electrodes are more commonly used than spectrographie 

graphite electrodes for voltammetric measurements. This is because the porosity of 

spectrographie graphite electrodes causes rather large, nonreproducible residual cunents. 

On the contrary, the structure of glassy vitreous carbon has been described as compact 

thin ribbons of graphite sheets, highly resistant to chemical attack [Il]. Prior to its 

coating, the working glassy carbon electrode was hand-polished with alumina slurries of 1 

and O.05)lm. This procedure is necessary to remove any material which could he adsorbed 

at the electrode surface. Mter each polishing procedure, residual polishing material was 

removed from the sUlface by sonication in a water bath for 5 minutes. 

The glassy carbon electrode was modified by coating its surface with a few 

microliters of a dilute solution of the functionalized polymer. A dilute solution (0.1 % 

WN) of poly(trihexylvinylbenzylammonium chloride) was prepared in chlorofonn. The 

evaporation of the volatile solvent leaves a thin film of pol ymer on the electrode surface. 

This method of film preparation is useful for electrodes with a modest surface area. The 

thickness of the polymer fùm was estimated from the density of the functionalized 

polymer <PYrnvBAc=1.4g/cm3). PTIlVBAC fùms exhibited good adhesion to the carbon 

substrate. 
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Various electroactive species, Le. gold tetrachlorocomplexes, mercury 

chlorocomplexes, ferrocyanide, iodide, uric and ascorbic acid, served as test analytes. 

Voltammograms were obtain;:d as follows: The polymer film-coated electrode was 

immersed into a standard solution of the analyte, and the solution was stirred for 10 

minutes. This equilibration period allowed the ionic analyte to partition into the mm, 

Fig.6.4. 

. ' 

Electrode Polyionic 

film 

~-I--O 

c: 

Preconcentratlon of a 

favorably lon-exchanged 

anion, 0 , into a 

palycatlonlc film. 

The film I~ a barner ta 

cations. Ee , ln solution. 

Solution 

Fig.6.4 Schematic illustration of a polycationic polymer film coated electrode. 

Preconcentration of analytes proceeds through ion exchange, and ionic redox species are 

therefore iocorporated ioto the polyelectrolyte polymer mm as the counterions of the 

film. On the other hand, the polycationic polymer fùm should act as a barrier to co-ions, 

as expt".cted from the Donnan excl usion theory (please refer to Chapter 1, section 1.2.3). 

After 10 minutes of equilibration, the stirring was stopped and a voitammogram was 
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recorded. 

Quaternary ammonium ion-exchange sites are expected to demonstrate high 

affinity for anionic inorganic complexes such as gold and mercury complexes [12]. A 

lmM gold stock solution was prepared in O.lM hydrochloric acid (Baker acid for trace 

analysis) and O.9M sodium chloride (BDH, analytical grade reagent). from sodium 

tetrachlorollurate(lIl) (Aldrich Chemicals). A Mercury stock solution (l mM) was also 

prepared in O.IM hydrochloric acid-O.9M sOOium chloride, from mercuric chloride 

(Fisher, analytical grade reagent). In high concentrations of chloride, anionic 

chlorocomplexes of mercury. i.e. HgCh- and HgC42- are formed. These standard 

solutions were prepared with distilled-demineralized water obtained from a Milli-Q 

Millipore system. Solutions of lower concentrations were prepared by dilution just before 

use. 

The voltammograms obtained for charged inorganic complexes, clearly 

demonstrated that these complexes are adsorbed al the PTHVBAC polymer film surface. 

Adsorption waves frequently appear as very sharp current spikes [13], as shown in 

Fig.6.5 for chlorocomplexes of Mercury. Sharp current spikes May also he caused by 

strong interactions of the ionic sites with the analyte [14]. A cathodic current spike was 

recorded at -O.07V vs SCE which was attributed to the reduction of Mercury complexes, 

please refer to Table 6.3, p.123. Provided the scan rate is sufficiently rapid, part of the 

mercury is reoxydized while the rest of the Mercury diffuses back in solution. A 

reoxydation wave was recorded at +O.05V, and AEp=12OmV. This large potential 

scan-rate-dependent ~ was attributed to slow electron transfer kinetics (please refer to 

Appendix B) al the PTHVBAC film-coated electnXle. 
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Fig.6oS Cyclic voltammogram fm- mercury chlorocomplexes al a PIHVBAC rtlm-coated 
elcctrode: Test solution, ImM Hg(ll) and 1.0M Cl- (0.1 M HCl-O.9M NaCl); 
Film thickness, Ipm; preconcentration time, 10min.; scan rate, 5OrnV/s. 

Gold(m) tetrachlorocomplcxcs also cxhibit a high affinity for quatemary 

ammonium ion-exchangc sites, and AuCk was accumulated at the PrHVBAC film 

clccuode. Differentiai pulse voltammetry (DPV) was used to measure AuCk. The 

application of a potential pulse wavefonn hclps reduce the background current, thus 

leading to significantly improved detection limits compared to cyclic voltammetry. 

Differentiai pulse voltammetry is described in Appendix C. An EG&G PAR Model 174A 

polarographic analyzer, in conjonction with an EG&G PAR Model RE0089 X-y 

~order, was used fm- differential pulse voltammetric measurements. 
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Table 6,3: Standard and peak potentials of the species studied, 

Half-reaetion 

Ascorbie acid: 

Epinephrine: 

t-O 

:o-r~ + H' <> 
~ N-t 

t-O 'oi. 

Aua.- + 3e- ~ Au + 4CI-

Iz(aq) + 2e- ;! 21-

Hga.2- + 2e- ;! Hg + 4Cl-

Buffer 
solution 

phosphate buffer 
pH=7,O 

phosphate buffer 
pH=3.0 

t-O 

x:ur~~ 
t-O ~ 

Urie acid: acetate buffer 
o L..... pH=4.7 

W~~'" H H 

~o ~p - 4?-o oMo ~ 
H l'f H H 

123 

Potential 
vsSCE 

Epn=+O,4IV 

Epn=+O,64V 

0:crr. ~ ~ 

~ N-t' 
o ~ 

EO=+O,76V 

EO=+O,38V 

EO=+O.31V 

EO=+O,24V 

EO=-Q,24V 

Ep=+O.47V 

Rer. 

[15] 

[15] 

+ 21-1' + 2. 

[16] 

[16] 

[16] 

[16] 

[16] 

[17] 
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Fig.6.6 DifferentiaI pulse voltammogram for Auo..- at a PTHVBAC film-coated 
electrode: 
[Auo..-]: (a) IpM, (b) 10pM, (c) 3OpM, (d) SOpM. Supporting electrolyte, 1.0MCl- (O.lM 
HCI-O.9M NaCI), fllm thickness. Ipm; pulse amplitude, sOmv; scan rate, SmV/s. 

The peak potential for reduction of AuC4- in differential pulse voltammetry lies at 

-O.34V vs SCE for a solution concentration of IpM. Fig.6.6. AuC4- was reduced to the 

metal during the voltammetric measurement in a 3-electron reaction (see Table 6.3). As 

the concentration of Auo..- was increased., the cathodic peak potential shifted 

significantly. The cathodic wave split into two distinct broad peak.s when the 

concentration of AuCt.- reached SOpM. These shifts in peak potential are typical of 

adsorption waves. A similar behavior was observed for multiple-charged inorganic 

complexes, such as ferrocyarude (data not shown). Although these adsorption phenomena 

may be interesting for mechanistic studies. they unfortunately give analytically 
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undesirable data. At this point, it is also interesting to note that a PIlIVBAC membrane 

electrode did not yield a potentiometric response to the se inorganic complexes. 

While inorganic charged complexes were adsorbed at the PTHVBAC film-coated 

elecbOOe, a cyclie voltammogram obtained for urie acid, Fig.6.7, indieated that this 

species was incorporated into the polymer film. A 1 mM standard solution of urie acid 

was prepared in O.OlM phosphate buffer at pH 7.0. Under these conditions, the ionization 

of urie aeid oceurs (pKat=5.5, pK.2=1O.3) [18). Urie acid is singly charged, and 

preconcentration in the P1HVBAC mm coated electrode can therefore proceed through 

an ion-exehange process. Urie acid is oxidized in a single rapid 2-electron process (Table 

6.3), see Fig.6.7. 

-c 
Cl) .... .... 
::J 
o 

+1.0 +0.8 +0.6 

O.5)lA l 

+0.4 +0.2 o -0.2 -0.4 

Potential 
IV va .CEI 

Fig.6.7 Cyelic voltammogram for O.1mM urie acid at a ~AC fùm-coated electrode: 
Supponing electrolyte, O.OlM phosphate buffer pH 7.0; film thlekness, lpm; 
preconeentration time, lOmin.; scan rate, 50m V/s. 
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This oxidation proceeds via a primary uric acid-4,5-diol product which predominantly 

fragments to allantoin [17]. Provided the scan rate is sufficiently rapid, part of the 

4,5-diol can be reduced back to uric acid. At 50mY/s, no cathodic peak was recorded, 

Fig.6.7. A weB defined anodic peak. was recorded al +600mY vs SCE (Fig.6.8), using 

differentiaI pulse voltammetry. 

() .-
" o 
c: 
4( 

+0.3 +0.6 

Potential 
CV va aCE) 

+0.9 

Fig. 6.8 Differentiai pulse voltammograms for urie acid .1t a PTHVBAC film-coated 
electrode. Urie acid concentration: (A) 0, (B) IpM, (C) 2pM, (D) 4pM, (E) 6pM, (F) 8pM, 
(0) 10pM. Supponing electrolyte, O.OlM phosphate, pH 7.0; [ùm thickness, Ij.lm; 
preconcentr&tion lime, 10min.; pulse amplitude, sOrnv; scan rate, 5mV/s. The zero 
current of the individual curves is displaced for clarity. 
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From the calibration shawn in Fig.6.9, it is clear that as the concentration of urie aeid 

increases in solution, more uric &cid is incorporated into the rùm. When the response of a 

PlHVBAC film electrode and a bare glassy carnon electrode are compared, a positive 

shift in the anodic peak potential of about +200mV is recorded. This shift in peak 

potential was attributed to slow electron traDsfer meties. Changes in pH in the interior 

of the polymer coating may also account for these shifts [19] 
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0.6 

êO.5 
::l -
i 0.4 .. 
!s 
00.3 
~ • G 
a. 0.2 

0.1 

0.0 
0 2 4 6 8 10 

(Urie .eld] (.,M) 

Fig.6.9 DPV response of a P1HVBAC rùm electrode ta uric acid: Slope. O.063pNpM; 
y-intercept, O.015pA. (Experimental conditions as described in Fig.6.S.) 

In potentiometry, the use ofthick membranes, typically lÜÜJ.1m thick, is essential to 

preserve the electroneutrality of the membrane (refer to Chapter 1, section 1.3.2.2). On 

the other hand, the voltammetric response of an electrode is affected by the thiekness of 

the polymer film. Thin films (lpm thick) coated onto a glassy carbon electrode exhibited 
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attractive pennselectivity to uric acid. Repetitive preparations of a PTHVBAC mm result 

in relatively reproducible response. For example, a series of three different PTHVBAC 

films yielded a response to 0.1 mM urie acid with a relative standard deviation of 12%. 

The anadic peak current for the oxidation of urie acid decreases upon decreasing 

the pH of the analyte solution from 7.0 to 4.0. At pH 4.0, uric acid is unionized, and 

neutral uric acid is excluded from the polymer film. Figure 6.10 shows cyclic 

voltammograms for both epinephrine and RU(NH3)62+ at modified and bare glassy carbon 

electrodes in O.OlM phosphate buffer, at pH 7.0. As can be seen, the positivel}" charged 

film effectively excludes cationic species such as epinephrine and RU(NH3)62+. Exclusion 

of cationic species by the PTHVBAC polymer-film electrode was expected from Donnan 

exclusion principles (Chapter l, section 1.2.3). 

6.1.2.1 Investigation of charge-transport mechanisms in polymer films. 

An important question in the behavior of polymer film coated electrode involves 

the mechan;sm of charge transport through the film layer. Electrochemical transport is 

thought to occur by electron self-exchange reactions between neighboring oxidized and 

reduced centers. This mechanism is called "electron hopping process" [10]. For example. 

during the reversible electrochemical oxidation of species "Red" at a glassy carbon 

electrode, 

Red ~ Oxn+ + n e- (58) 

Red can be brought to the electrode by the electron-transfer reaction: 

Oxn+ + Red -+ Red + Oxn+ (59) 
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Fig.6.10 Cyclic voltatmnograms for ImM epinephrine (a), and ImM RU(NH3)62+ (b) at 
bue and coated glassy carbon electrodes (dotted and solid lines, respectively). 
Supporting electrolyte, O.01M phosphate buffeT, pH 7.0; PTIIVBAC film thickness, l~m; 
scan rate, sOm VIs. 
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Fig. 6.11 is a good illustration of the elec:tron-hopping process in a polymer fllm. 
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Fig.~.ll Schematic illustration of the electron hopping process in a pol ymer filin. 

Red can also be brought 10 the electrode by diffusion of the electroactive species, driven 

by the concentration gradient. Motions of polymer chains, charge-compensating 

counlerions, and the presence of water of solvation May also contribute to the transpon of 

electrochemical charge in the polymer film [20]. 

Voltammetric studies with urie acid al a P1HVBAC fllm<:oated electrode 

exhibited a diffusion-controlled behavior, e.g. the cyclic voltammetric anodic peak 

current was proportion al to the square root of the scan rate (refer to Appendix B for 

explanation of the diffusional-controlled behavior in cyclic voltammetry). However, the 

actual nature of the charge transport or diffusion process within pol ymer films is still the 

130 

--~---



1 

1 

object of several investigations. aud has not been detennined yet. The diffusion 

coefficient of uric acid in PTHVBAC and PTOVBAC films, as determined from 

chronoamperometric experiments, will be discussed in the next section. 

6.1.2.2 Determination of extraction and diffusion coefficients of ionic species in 
PTHVRAC and PTOVBAC polymer films: 

Values for the diffusion coefficient of ionic species in PTHVBAC and PTOVBAC 

polyrner electrodes were deterrnined from chronoamperometric experiments 

(chronoamperometry is described in Appendix D). In chronoamperometry, the current is 

described by the Cottrell equation: 

where il (A) is the CUITent al time t, n is the number of electrons (eq/mol), F is the 

Faraday's constant (96,485 C/eq), A is the area of the electrode (cm2). Cp is the 

concentration of electroactive species incorporated within the pol ymer film (moVcm3). 

DaPr is the apparent diffusion coefficient of electroactive species (cm2/s), and t is time 

(seconds). Dapp is composed of contributions from actual diffusion of electroactive 

species and electron transfer. The concentration of electroactive material incorporated 

into the pol ymer film is defined as 

Cp = NplAl 

Np is the amount of electroactive species incorporated within the pol ymer film. 1 is the 

film thickness. Np can be determined from the charge, Q, consumed in complete 

coulometric consumption of the film species: 
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An EG&G Princeton Applied Research Model 273 Potentiostat/Galvanostat 

interfaced with an IBM model AT computer was used for the chronoamperometric 

experiments. The interface of the potentiostat and computer i~ completed through an 

IEEE-488 National Instruments General Purpose Interface Bus (GPIB) which was 

installed in the computer. A software designed to run chronoamperometric experiments 

was used. This software and the hardware set-up is thoroughly described in reference 

[21]. Direct computer control of the potentiostat allows points ta he taken as quickly as 

l00J.tsec per point, and as many as 3072 points were taken. The user can control the 

potential settings, the number of points collected, and the lime per point. The coulometer 

of the potentiostat was used for cowometric experlments [22]. 

Modified electrodes were soaked 10 min in the uric 8Cid solution buffered with 

O.OIM phosphate at pH 7.0, prior ta the electrochemical measurement. This equilibration 

time ensured proper equilibrium between the polymer and solution, although no 

appreciable change in pol ymer concentration was observed after 4-5 minutes. TIle rate of 

equilibration of spccies between the solution and the polymer fllm is relatively rapid. 

When the electrode is immersed in a solution of supporting electrolyte, appreciable 10ss of 

uric 8Cid from the loaded polymer film occurs over ooly a few minutes. If the electrocle is 

immersed for more than 30 minutes, most of the urie acid is lost from the pol ymer layer. 

The concentration of urie &cid incorporated within the fùm was varied over 2 orders of 

magnitude, by varying the concentration of the soaking solution. Coulometric 

measurements were made in triplicate, and were found ta be reproducible in the working 

concentration range used. Bach point of Figure 6.12 represents the average of each set of 

three measurements. 
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1 
Plots of log Cp vs log Ca (Fig.6.12) were linear over the range of solution 

concentration vaying from lxl~ 10 lxlo-SM. Cp and C. are the concentration of 

electroactive species in polymer and solution, respectively. Cp was caIculated from 

equations (61) and (62). Curvature of the plot for the PTHVBAC polymer film-electrode 

was observed at solution concentrations above lOpM, indicating saturation of the urie aeid 

concentration in the polymer film. A saturation limit of 3.SmM was found. This value is 

a 1000 times lower than the calculated limit based on the quaternary ammonium groups 

present in the fùm. The concentration of quaternary ammonium ion-exchange sites was 

obtained from the results of elemental analysis performed on PTIlVBAC. From these 

results, a concentration of 2.SM was calculated. 

8 
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Fig.6.1l Concentration of urie acid incorporated in PTHVBAC (a) and PTOVBAC (b) 
film electrodes vs the concentration of urie aeid in solution. The ineorporated urie acid 
was dct.ennined coulometrieally in O.OIM phosphate buffer, at pH 7.0. 
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The saturation limit for a PTOVBAC film is lower. In this case, a saturation limit was 

obtained at a concentration of ImM uric acid. This was relate<! to the high degree of 

cross-lirJting and crystallinity of PTHYBAC and PTOVBAC. These results seem to 

i!l(!icate that only a small fraction of the quatemary ammonium groups present in the 

membrane phase are available as ion-exchange sites. 

The extraction coefficient, K=CplC" of urie acid in P1HVBAC and PTOVBAC 

films was evaluated from the slope of these plots in the linear segments. The extraction 

coefficients of iodide and ascorbic acid are also presented in Table 6.4. Ascorbic acid is 

oxidized in a 2-electron process, see Table 6.3. The acidity of ascorbic aeid is due to 

dissociation of the enolie hydrogen on earbon-3 (PK.=4.17) [23]. Since a solution of 

aseorbie acid degrades rapidly. it must he prepared, just prior its use. 

Table 6.4: Extraction coefficients of ionic species in PTHVBAC and PTOVBAC films. 

Ionie species 

Uric acid 

Aseorbic acid 

Iodide 

KmIvsAC 

135 

47 

2.6 

KnuVBAC 

64 

17 

<10 

In both PrHYBAC and PfOVBAC film electrodes, the extraction coefficient of 

urie acid is relatively large, compared 10 the values obtained for ascorbic acid and iodide. 

Funher, the extraction coefficients for uric acid, ascorbic acid and iodide are 

systematleally lower for the PTOVBAC fùm than for the PTINBAC film electrode. 
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The diffusion eœffieient of urie aeid within PTHVBAC and PTOVBAC films was 

determined from chronoamperometric experiments. Typical Cvttrell plots of corrent vs 

t-1/2 are shown in Fig.6.l3. These plots are linear with zero intercepts, as expected for a 

diffusion-controlled process [24]. 
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Fig.6.13 Cottrcll plots resulting from oxidation of uric &cid incorporated in a PfHVBAC 
film electrode, in O.01M phosphate buffer, at pH 7.0. 
Urlc acid concentration: (a) 5pM, (b) lÛJIM, (c) 50pM. Film thickness, IJlm. 

Dapp values were determined from the slope of the Cottrell plots and equation (60). A 

Dapp value of 3.2±0.9 x 10-9 cm2/s for the PTIlVBAC fùm electrode, and a slighûy lower 

value of 1.1±O.2 x 10-9 cm2/s for the PTOVBAC film electrode were found. Although 

considerable scatter existed in the value~ of D.pp obtained, the apparent diffusion 

coefficient seems to he relatively independent of the total film concentration over the 

range O.lmM-l.7mM. A similar independence ofDapp with concentrations has becn 
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reponed for other pol ymer modified electrodes [20]. 

6.1.3 Eledrochemical measurement of urie aeid witb a PfHVBAC polymer-coated 
electrocle: 

Urie &cid is a waste produet, derived from purines of the diet. An healthy aduIt 

body eontains about l.lg of urie &Cid; one-sixth of this amount is present in the blood, the 

remainder being in other tissues [25]. Normally, about one-half of the total urie acid in 

the body is eliminated each day by urinary excretion. An nbnonnallevel of urie acid in 

biologieal fluids is the symptom of several diseases. Determination of serum urie acid 

levels are most helpful in the diagnosis of gout, in whieh serum levels are frequently 

between 6.5 and lOmgllOOml. Normal serum levels vary from 2.6 ID 7.2mgllOOml 

(O. 1 6-0.43mM). 

Severa! methods for the determination of mie acids in biologieal fluids have been 

described. The phosphotungstate method is Most widely used elinieally. With this 

method, urie acid is oxidized to allantoin and carbon dioxide by a phosphotungstic acid 

reagent in alkaline solution. Phosphotungstic acid is reduced in this reaction to tungsten 

blue, and the resultant blue color is measured by specttophotometry [25]. Although this 

method gives good reprodueible results, it is time-consuming and requires considerable 

sample manipulation. Direct voltammettic measurement of urie &cid in body fluids 

constitutes an interesting alternative method [26]. However, direct electrochemieal 

measurements of urie &cid are typieally limited by the presence of other oxidizable 

compmmds. Notably, the presence of ascorbic acid constitutes a positive interference in 

the eleetrochemical determination of urie acid [26,27]. 
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Poly(trihexylvinylbenzylammonium chloride) shows a high ion-exchange affinity 

for urie &cid relative to simple inorganie anions sueh as, ehloride and phosphate ions. 

Typically, the extraction coefficient of uric &cid is about 135 in O.OlM phosphate buffer 

al pH 7.0. while the extraction coefficient of ascorbic aeid is 3 tirnes lower under the 

same conditions (refer to Table 6.4). PTHVBAC will preferentially incorporate urie aeid 

from a contaCting aqueous solution phase, even when this solution contains a high 

concentration of inorganic anions. Thus, an electrode coated with PTIIVBAC can 

scparate and preconeentrate an organie analyte such as urie acid, from a contacting sample 

solution phase. Because of this preeoncenttation effect, the detection limit for urie aeid 

can be as much as IWO orders of magnitude lower at the PTIiVBAC film-coated electrode 

than at a bare glassy carbon electrode. Typically, a cyclic voltammetric response 10 urie 

acid cannot be observed at a concentration below lxl()-4M, while a response below 

lxl()-6M ean he monitored at a PTHVBAC film coated electrode. This detection limit is 

weIl below the concentration of urie acid found in human serum. 

The enhanced selcctivily obtained as a result of excluding eationic species such as 

epinephrine could he qui te significant in the development of a sensor for the 

determination of urie acid in biological fluids and tissues. Epinephrine is a 

neurottansmitter, oxidized at +O.65V vs SCE, whieh can seriously intenere with the direct 

electrochemical measurement of uric acid. The selec.tive retardation of ascorbic aeid is 

also of great significance for the reduction of its interfering effect. 

6.1.4 Selectivity pattern of PTHVBAC and PTOVBAC. 

The factors operative in the ion-excbange behavior of PTIIVBAC and PTOYBAC 

membranes can be described by simple thermodynamics. The Gibbs-Donnan equation 
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[28] for the exchange of a pair of monovalent ions 

is given by 

RT InKx•y = -RT ln (Yx. "(y)/(Yx "(y.) + PAY (63) 

Kx.y is the ion selectivity coefficient of the ionic pol ymer membrane, "( is the activity 

coefficient of the respective ions, • refers to ions in the membrane phase, P is the pressure 

difference between the phases, and Il V is the partial molar volume difference of the 

membrane ion-counterion salts in the membrane phase. 

If both X- and y- are simple inorganic ions of approximately the same size, the 

tenn PIl V is considered negligible, and the ion exchange selectivity is attributed to the 

ratio of the activity coefficients, equation (63). These activity coefficients arise from 

electrostatic interactions in the membrane and solution phase. Apart from their 

nonspecific electrostatic interactions with ion exchange sites, ions can produce specifie 

effects on the confonnation of the se macromolecular sites. If we refer to Table 6.1 and 

6.2 (p.115 and 117, respectively), the selectivity pattern of PTIlYBAC and PfOVBAC 

membranes tends to follow the Hofmeister series: 

The Hofmeister series is an arrangement of anions in order of decreasing ability to 

produce coagulation of macromolecules [29]. 

If the main difference between X- and Y - is the size of the ion, then the term PIlV 

dominates equation (63). For example, the sm aller ion, CI-, is energetically favored in the 

membrane phase because of the increase in ionic volume resulting from the incorporation 

of a larger ion such as AuCk. Although gold tetrachlorocomplexes are not easily 
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admitted within a PTHVBAC membrane phase, AuCk ean interaet with ion exchange 

sites located at the membrane surface. Consequently, voltammetrie adsorption waves wcre 

monitored for these inorganic complexes, Fig.6.6. 

When x- and y- have different hydrophobie properties, i.e. X- is a large organic 

ion and Y-, a small inorganie anion, another tenn must be added to the Gibbs-Donnan 

equation: 

RT InKx,y = -RT ln (Yx. yY)/(Yx gy.) - PL\V - L\GII 

L\GH deseribes the contribution of the hydrophobie nature of an ion to the free energy 

change associated with the incorporation of this ion into the membrane [28,30]. The 

hydrophobie interactions between uric acid and the membrane phase seems to be the 

driving force for the rate of the ion-exchange process. 

6.2 QUATERNARY PHOSPHONIUM FUNCTIONALIZED POLYMERS: 

6.2.1 Potentiometric response characteristtcs of quaternary phosphonium 
functionalized polymer membrane electrodes: 

(64) 

A membrane prepared from poly(trioctylvinylbenzylphosphonium chloride), 

PTOVBPC, demonstrated an enhanced sensitivity to nitrate ions eompared to a membrane 

prepared from poly(trihexylvinylbenzylammonium chloride), see Fig.6.l4. A 

carbon-support electrode coated with lOOpm thick membranes was used. Note that prior 

to coating the carbon-support electrode with PTOVBPC, the counterions of the bound 

quatemary phosphonium groups were exchanged for nitrate through the previously 

described liquid-liquid extraction procedure (Section 6.1.1). The useful response of the 

carbon-support eleetrode coated with a mm of PTOVBPN03 extended from 1xW-5M to 

O.lM N03- with a slopeof -53.4±Û.5mV/dec. The standard solutions were buffered with 

O.IM phosphate, pH 7.0. 
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Fig.6.14 Comparison of the potentiometric œsponse of PTOVBPNO:J and P1lIVBAN03 
membrane electrodes to nitrate: 
a) PTOVBPNÜJ membrane: slope, -53,4±O.5m V ldecade; linear response range, 
O.OlmM-O.1M. 
b) P1HVBANÛJ membrane: slope, -43.2:t().6mV/decade; linear response range, 
ImM-O.IM. 

The selectivity cœfficients for the P1HVBANÛ] and PTOVBPNÛ3 membrane 

electrodes were measured by the fixe<! interference method; the concentration of 

interfering anions was flXed al ImM, while the concentration of nitrate was varied from 

lxlQ-5 to O.1M. The selectivity coefficients for bath electrodes are presented in Table 

6.5. 
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Table 6.5: Selectivity coefficients for the nitrate ion-selective membrane electrodes. 

Interfering 
anions 

phosphate 
acetate 
sulphate 
chloride 
nitrite 
bromide 
iodide 
perch).orate 

PrOVBPNÛ) 
membrane 

<0.0001 
0.0005 
0.003 
0.008 
0.05 
0.25 
3.2 
10 

P1HVBANÛ) 
membrane 

0.0005 
0.0008 
0.005 
0.01 
0.25 
0.3 
1.0 
15.8 

The PTOVBPN03 membrane clearly exhibits an increased sensitivity and selectivity 10 

nitrate ions compared to the PIHVBAN03 membrane. These results indicate that the 

selectivity of an ionic polymer membrane depends on the nature of the ion-exchange sites 

bound to the polymerie structure. 

The selectivity of the PTOVBPN03 membrane can he favorably compared to 

conventional nitrate ion-selective electrodes (based on tridodecylhexadecylammonium 

nitrate). Perchlorate constitutes the most serious interferent of commercial nitrate ISE's, 

typically KN03-,CI()4- = 1000 for a Coming No.476134 ISE [31]. A significant 

improvement of selectivity for nitrate in presence of perchlorate was obtained with the 

PTOVBPN03 membrane electrode, KNOJ-,ClO4- = 10. This represents an improvement of 2 

orders of magnitude. 

The results obtained with this PTIIVBAN03 membrane electrode and a nitrate 

ion-selective electrode with covalently bound sites reported by Ebdon et al. [32], were 

aIso compared. The latter was prepared from a poly(styrene-b-butadiene-b-styrene) 
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matrix cross-linked with allyl substituted quatemary ammonium salts (SBS-QAS 

membrane). This SBS-QAS membrane electrode displayed near-Nemstian response to 

nitrate, but poor selectivity for this species in presence of other ions. For example, 

chloride interferes seriously with the response of the SBS-QAS membrane electrode, 

KNor.C" = 0.16, while the response of the PTHVBAN03 membrane is less seriously 

affected by the presence of chloride, KN03".C" = 0.01. 

Poly(triphenylvinylbenzylphosphoniurr. chloride), PTPVBPC, also demonstrated 

high affinity for nitrate ions. This was confin.led by an infrared spectrum, Fig.6.15, 

taken after extraction of a PTPVBPC dissolved in chloroform with an aqueous solution of 
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Fig. 6.15 Infrared spectrum of poly(triphenylvinylbenzylphosphonium nitrate). 
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A characteristic N=O stretching absorption was recorded in the region 1250-14OOcm-t. A 

strong absorption band at 1116cm-1 and a medium band at l026cm-1 are associated with 

the presence of aromatic quatemary phosphonium groups within the polymerie structure. 

Despite the selectivity exhibited for nitrate ions, a PTPVBPNO:J membrane 

electrode did not demonstrate any sensitivity to nitrate. For polymer membranes with 

fixed ion-exchange sites, not ooly is selectivity involved in the membrane response 

mechanism but so is the mobility of the counterion spccies within the membrane. 

Therefore, there are opposing effects between mobilities and affinities of ions in ionic 

polymer membranes. This constitutes the principallim.itation of this membnme system. 

6.2.2 Analysis of nitrate in fertilizers witb a PTOVBPN03 membrane electrode: 

Nitrogen is an essential constituent of naturaI ecosystems. However, an 

undesirable level of nitrate in naturaI waters as a result of man's activities is becoming a 

serious source of pollution. The extensive use of artificial fertilizers in agriculture has 

Oee'l implicated as a major cause of the increasing nitrate concentration in naturaI waters, 

and as an important factor in the growing problems of eutrophication of lakes [33]. The 

rapidly increasing consumption of artificial fenilizers has stimulated the development of 

efficient, inexpensive analytieal methods for the detennination of nitrate. 

The P1OYBPN03 membrane electrode was applied to the dctcrminaùon of 

nitrogen-nitrate in two samples of fertilizers. These fertilizers were obtained from local 

stores. The RaPidGro Evergreen Fertilizer (RAPIDGRO Corporation, Dansville, New 

York) is a granule concentrate, while the Jobe's Sunsplash Fertilizer (International Spike, 

Ine., Lexington, Kentucky) is a dilute aqueous preparation. They both contain an thrce of 

the main plant nutrients, i.e. nitrogen, phosphate and potassium, Table 6.6. The 
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RaPidGro fertilizer also contains S micronutrients. Boron. Copper. Iron. Manganesc. and 

Zinc. 

Table 6.6: Chemical composition of commercial fertilizers analyzed. a 

Elements RaPidGro 10be's 
Evergreen Sunsplash 

Total Nitrogen: 32% 1% 

Ammoniacal nittogen 1.9% 0.6% 
Nitrate nitrogen 2.9% 0.4% 
Urea Nitrogen 27.2% 

Phosphoric acid b (P20S) 10% 3% 

Soluble potash C (K20 ) 10% 2% 

Others: not 
specified 

Chelating agent (EDTA) 0.08% 
Boron (B) 0.02% 
Copper (Cu) 0.05% 
Iron (Fe) 0.10% 
Manganese (Mn) 0.05% 
Zinc (Zn) 0.05% 

a Guaranteed minimum analysis, as specified by the manufacturer. 
b P20s is soluble in water. It dccomposes to H~4 [34]. 
C K20 is readily hydrolyzed by water to fonn potassium and hydroxyl ions [35]. 

A 5g sample of the RaPidGro Evergreen fertilizer was fmely ground, and dried in 

an oven for al least 2 hours al lOOOC. At this temperature, no degradation of the sample 

œcurs. Three portions of about O.lg of the dry sample was then dissolved in 50m1 of 

O.1M phosphate buffer (pH 7.0). The Jobe's sunsplash fertilizer liquid was readily used 

without any dilution. 
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An interferenee suppressor eomposed of O.OlM aluminium sulphate, O.OlM silver 

sulphaœ, 0.02M borie acid, O.OlM sulphamic acid, and adjusted to pH 3.0 with O.IM 

sulphurie &cid was used This solution effeetively reduces the interfering effeet of many 

common inorganic ions. Chlorlde ions are quantitatively precipitated as sil ver chloride. 

Traces of bromide, eyanide, suphide and phosphate are also removed by precipitltion 

with Ag(l). Further, aluminium ion strongly complexes anions of organic acids, Md 

nitrite is quantitatively destroycd by rcaction with sulphamic acid [36]. Equal volumes 

(2ml) of this interference suppressor and the sample solution were mixed. After 

precipitation of the interfering species, the solution was filtered, and diluted with 50m1 of 

O.lM phosphate (PH 7.0). The use of this interference suppressor was found particularly 

useful for the analysis of the Jobe's sunsplash fertilizer. Without the use of the 

interference suppressor, an unspecified component of the sample caused a positive 

interference with nitrate measurements. 

The nitrate-nitrogen content of each sample was quantitated by standard addition 

using the PTOVBPNÛ) membrane electrode, and the results are reponed in Table 6.7. 

Table 6.7: Potentiometric determination of nitrate in commercial fertilizers. 

Sample NÛ3-N% 

c1aimed found 

RaPidGro Evergreen 

Jobe 's Sunsplash 
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In both cases, these results are in good accordance with the amount of nitrate-nitrogen 

guaranteed by the manufacturer. The electrode potentia1s obtained by repeated 

measurements on a ImM nitrate solution faU within ±lmV. This variability in the 

electrode response and !lampling errors account for the standard deviation observed. 

Thus, lhis newly described electrode proved to be a simple, reliable and sensitive method 

for the delennination of nitrate in samples of fenilizers. 

6.3 POLY(VINYLBENZYL DIALKYL PHOSPHATE) MEMBRANES: 

Poly(vinylbenzyl dialkyl phosphate) film cast on a carbon-support electrode was 

conditioned and used as an ion-selective membrane for calcium. The use of dialkyl 

phosphate ion exchanger in the composition of a calcium selective electrode was fust 

introduced by Ross [37] in 1967. The best membrane resulted from PVBC functionalized 

with 5% mole/mole dialkyl phosphate/polymer repeat unit. Higher levels of immobilized 

dialkyl phosphate groups resulted in water-soluble membranes. However, the membrane 

electrode with 5% dialkyl phosphate groups exhibited a sub-Nernstian response to 

calcium in the concentration range from 1xlO-4M to O.OIM, Fig.6.16. The electrode was 

stored in 1O-2M Ca2+ solution. 

The response of the electrode was not dependent on the pH of the solution in the 

range pH 5-8. The pH of ilie solution was changed by using a.1M hydrochloric acid and 

0.1 M sodium hydroxide. Selectivities studies performed on a limited nurnber of cations 

showed the general order of selectivity to he: 

Pb2+ > Ca2+ > Mg2+ > K+ 
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Fig.6.16 Response of a poly(vinylbenzyl dialkyl phosphate) coated carbon-support 
electrode to calcium ions: Slope, 19±1mV/dec.; response range, O.01mM-O.01M. 

Further, this electrode yielded a poor reproducible response, and potential drifts were of 

the arder of sevenù millivolts/day. 
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CHAPTER7: 

FLOW INJECflON ANAL YSIS 
WITH AN IONIe POL YMER MEMBRANE ELECTRODE. 

Potentiometric detection bas a number of advantages in flowing stream analysis. 

Notably, automatization of potentiometric mcasurements in flow injection systems 

increases the number of samples which can be detennined in a given period of time and 

reduces the consumption of reagents and sample manipulations [1]. Funhermore, the 

measuring surface of the electrode is continuously in contact with fresh reagent in flowing 

solutions. Therefore, the electrode cannot affect the composition of the sample solution. 

This can result in an im:rease in sensitivity of the potentiometric measurements. The 

flowing solution stream also ensures a small diffusion layer drickness, and thus a quicker 

electrode response is attained [2]. These advantages all contribute to the utilization of 

ion-selective electrodes in Flow Injection Analysis (FIA). 

Since ionic polymer membrane electrodes have displayed enhanced lifetime and 

rapid response in static solutions, their application in flow injection analyzers seems 

panicularly promising. An ionic polymer membrane electrode-based flow injection 

system suitable for the measurement of salicylic acid is described; a 

poly(trUlexylvinylbenzylammonium salicylate) polymer coated carbon-support electrode 

was used. There is a particular need for salicylate measuring systems for application in 

phannaceutical analysis. 
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7.1 FLOW INJECTION ANALYSIS SYSTEM~ 

Flow Injection Analysis involves the injection of a sample into a flowing stream 

which cames the sample to a suitable analytical detector [3]. The flow injection system 

used is illustrated in Fig.7.1. 

Carrier 

Injection 
valve Flow-oeil 

Detection 
System 

Recorder 

Fig.7.1 Components of the FIA system: A p-opeUing lmit, an injectiool)'stem. a tube or reaction 
cbamber, an electrochemical f1ow-œ11, a detection system, r.nd a recorder. 

It basically consists of a dual-piston pump (Waters Model 6OOOA) used to propel the 

carrier stream through the reaction chamber, an injection pan (Rheodyne 7125 rotary 

valve), by means of which a dermed volume of a sample solution is injected to the carrier 

stream; a piece of tubi:lg (Teflon tubing 0.8mm ID, Chromatography Sciences Company) 

along which the tran~port of the sample takes place; and a flow-cell which accommodates 

a detector transducing sorne property of the analyte monitored by the detection unit, i.e. 

the Fisher Accumet Mode1805MP pH/mV meter with a Servogor 120 recorder (The 

characteristics of the 805MP pH/mV meter were already describea in chapter 3, section 
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3.2). The specifies of the electroch~mieal flow-cell are described in section 7.1.4. 

A typical FIA recorder output bas the form of a peak (Fig.7.2), i.e the analytical 

signal as a function of time. This type of transient signal is similar ta the signal obtained 

in liquid chromatography. The peak ~eight is related to the concentration of the 

component in the injected sample. 

~ 
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FLOW CELL 

Fig. 7.2 Typical FIA recorder output [3]: T is the residence time, L\t, the peak width al the 
baseline, and h, the peak height. The time scale is in seconds. 

The maximum attainable sampling frequency [4], Smu, in FIA is defined as 

Smu = 3600/L\t (s~ples/hour) (65) 
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7.1.1 Propelling unit: 

The flow rate of the carrier stream should be constant and reproducible in onler to 

give a predictable residence time. This function can be performed by a peristaltic pump, a 

gas-pressure system or a piston-driven pump. With piston-driven pumps, the regularity of 

the pump flow depends on the number of pi.~tons. Dual-piston units give a significantly 

smoother flow than single-piston pumps [3]. Flow-rate pulses can be damped by use of a 

suitable attenuator. A coiled tube placed before the injection port is commonly used for 

this purpose [3]. 

In automated potentiometric systems, oscillations of potential readings are 

generally caused by the propelling unit. These oscillations are ascribed to severa! causes 

such as changes in liquid-junction potential at the reference electrode or to static 

electricity effects [5,6]. These oscillations may also he caused by chW1ge in streaming 

potentials [7,8]. When a liquid is forced through a narrow tube by a pressure gradient, a 

potential difference is formed between the ends of the tube [7]. This potential difference 

is called the streaming potential, El, and is given by the Helmholtz-Smoluchowski 

equation: 

(66) 

where D is the dielectric constant (dimensionless), ç is the electrokinetic potential (volt), 

l1P is the pressure gradient (dyne cm-2), 11 and Â. are the viscosity (poise) and the 

conductivity (ohm-1 cm-1) of the media, respectively. 

Assum~ng a Poiseuille velocity proflle in the caniel stream [7], 

where d is the flow rate (mUsec), 1 is the length of the tubing (cm), and r is the radius of 
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the tube (cm). Substitution of equation (66) in (67) yields: 

If all the parameters are kept constant, E. is constant and it is simply added to the 

potential of the ecU. However. the flow rate "tI' usually oscillates to a cenain extent. 

This leads ta oscillation of the value of E. which appears in the measured signal as 

periodic noise. 

(68) 

Different methods can be used to minimize the effects of streaming potential 

oscillations. The most practical solution is ta add a large quantity of electrolyte. The 

addition of a large quantity of indifferem electrolytc to the carrier stream increases the 

conductivity, and consequently reduces E .. equation (68). The careful choice of the pump 

can also help 10 reduce flow-rate pulses. 

7.1.2 Injection system: 

A suitab!~ injection system should allow the reproducible introduction of an 

accurately measured sample volume into the carrier flow. The most common injection 

device employed is a rotary valve [3]. Rotary valves give high reproducibility in injected 

volume, and offer a wide range of injection volumes with the use of injection loops of 

different sizes. 

In the filling mode (Fig.7 .3a), the sample enters the valve through pon 2, fills the 

loop between pons 1 and 4, and goes to waste through pon 3. Meanwhile the carrier 

stream enters the valve through port 6 and passes out through pon 5. In the injection 

mode (Fig.7.3b), pon 6 is connected intemally with port 1, sweeping the sample plug 

towards the detector through pons 4 and 5. 
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Fig.7.3 Operational scheme for a four-way rotary injection valve [3]: 
a) Filling position, b) injection mode. 

7.1.3 Reaction chamber: 

In the flow injection system described in Figure 7.1, the reaction chamber is 

simply dermed as a length of tubing &long which the ttanspon of sample takes place. 

When a sample zone moves through an open tube in a laminar flow, dispersion of the 

injected sample occurs. The dispersion coefficient [4], D, is defined as: 

D=CJC (69) 

where Co is the original sample concentration prior to injection, and C is the concentr~tion 

of the disperse<! sample solution measured. From its definition, it follows that the 

dispersion coefficient aJways exceeds unity. 
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There are two mechanisms contributing ta the dispersion of the injected sample: 

convective and diffusional aanspon. Fig.7.4. Convective transpon occurs under laminar 

flow conditions [3]. Laminar flow yields a parabolic velocity profile with sample 

molecules near the tube walls having zero linear velocity, while the molecules at the 

centre of the tube having twice the average velodty. Diffusional transpon is due to the 

presence of concentration gradients in the convective transport regime. This gives rise to 

axial and radial diffusion [3]. Axial dispersion resulting from concentration difference 

perpendicular to the direction of the flow makes an important contribution ta the 

dispersion of the sample. 

CONVECTIVE TRANSPORT 

TURBULENT FLOW LAM1 ..... R FLOW 

• 

II~ ~ 
1 
i . 

DIFFUSIONAL TRANSPORT 

HIA. RAQlA. 

Fig.7.4 Convective and diffusional transpon in a straight open tube [3]. 

Any deviation of geometry from a circular straight pipe will disturb the laminar 

pattern of the liquid flowing through the tube. Relaxation of the laminar profile in the 

radial direction is best achieved by creating a local turbulence where the direction of flow 

is suddenly changed. The elements of fluid that are lagging because they are close to the 

walls of the channel are then moved into the rapidly advancing central stream. The 

dispersion factor therefore dccreases as the increased radial dispersion changes the 

character of the flow. 
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Fig.7.5 Geometries of some frequcntly uscd microrcactors in FlA [9]: A, straight open 
tube~ Bt helical coiled tube; Ct 3-D coiled or knitted reaetor. 

As expected from this model, the dispersion factor decreases systematically from a 

circular straight tube to an helical coiled reaction chamber to a 3-D coiled tube, Table 7.1. 

This is attributed to the intensification of the dispersion-reducing effeet introduced by 

colling the tube. 

Table 7.1; Comparison of dispersion factors for reaction chambers 
with different geometry [4]. 

Reaction chambcra 

Straight tube 

Helical coiled tube 

3-D colled tube 

a 75cm long, 0.5mm l.D. 

b Dispersion factor: SInN f' 

Dispersion 
factorb 

0.41 

0.34 

0.23 

SU2: injected sample volume neccssary to reach 50% 
of steady state signal. 
V,: volume of the channel. 
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Thcreforc, a lOOcm long 3-D coilcd microreactor with a narrow bore of O.8mm was used. 

Accordingly, the channel volume between the point of injection and the flow œil was 

SOOpl. 

In FIA with potentiometric detection, the ftowing stream system serves merely as a 

reproducible means of transport. An FIA system with limited dispersion (D <3) will 

operate at a higher sampling rate, with better limit of detection and cconomy of reagent 

and rime. The dispersion of sample solution can best he controIled by choice of a sui table 

sample volume, pumping rate, and geometry of the carrier flow [3]. 

7.1.4 Electrocbemic:al ftow-ceU: 

A flow-through œIl was c:lesigned to accommodate a carbon-support electtode. 

Fig.7.S. This thin-layer flow-cell was based on designs previously used in this laboratory 

[10,11]. The cell body was made of Kef-F, a mechanically stable material which retains 

its properties after exposure 10 organic solvents. The lower cell body was a 4cm-long 

hemicylindrical piece of Kel-F. The graphite rod, positioned in the middle, was 

press-fitted in the cclI body. A copper wire was used as the electricaI connection. The 

ion-sensitive membrane, about l()()pm thick, was cast directly on the graphite surface. 

The upper cell body had two tapped holes for the solution inlet and outlet. A rectangular 

flow channel was defmed by an opening cut ioto a Imm-thick piece of Teflon, which was 

clamped hetween the cell pieces. With this configuration, the carrier solution flows 

tangentially over the membrane surface of the ion-selective electrode, and from there to 

the reservoir where the terminal part of the reference electrode is submerged. A constant 

and smallievel of liquid is maintaincd in the reservoir, and the carrier flow emerging 

from the outlet of the reservoir directly goes to waste. 
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Fig.7.6 ElcctrOChemical flow-ceIl: A. bouom holdet, B carbon-support electrode, C, Teflon spaccr, 
D, refereoce e1ectrode reservoir, E. upper bolder. 

This flow-cell has a relatively small holdup volume of 168pL which allows the 

analysis of small sample volumes. The detector units can he easily cleaned, and the 

sensing element, easily replaced. Since the reference electrode is mounted downstream 

from the ion-selective electrode, interferences caused by the leakage of filling solution 

from the reference electrode are minimized. From the ceU geometry and holdup volume, 
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geometry and holdup volume, an injection sample size of l00pl was selected 

7.2 RESPONSE CHARACTERISTICS OF A PTHVBAS MEMBRANE 
ELECTRODE IN FLOW INJECTION ANALYSIS. 

The flow injection system incorporated a salicylate ion-selective membrane 

electrode based on poly(trihexylvLlylbenzylammonium chloride). The preparation and 

perfonnances of this membrane electrode were already described in Chapter 6, section 

6.1.1. In static systems, the PTHVnAS membrane electrode exhibits a near-Nernstian 

response of -58.2mV/decade, and has a limit of detection of 1xIO-SM (refer to Fig.6.1), 

while the limit of Nemstian response is 5.5xlO-SM. On the basis of the selectivity 

coefficients presented in Table 7.2, a phosphate buffer was selected as the Carriti ~olution. 

In order to obtain adequate conductaJ'lce of the flowing stream, it was necessary to use a 

phosphate concentration of O.IM, otherwise the base line signal became very noisy (refer 

to section 7.1.1). Optimum operating conditions were obtained when the pH of the 

carrier was adjusted to 8.0 

Table 7.2: Selectivity coefficients of a PTIlVBASa coated carbon-support electrode. 

Interfering 
ions 

phosphate 
acetate 
chloride 
bromide 
benzoate 
nitrate 
iodide 
thiocyanate 

<0.0001 
<0.0001 
0.0065 
0.044 
0.095 
0.11 
0.93 
10 

a Poly(trihexylvinylbenzylammonium salicylate) 
b Determined by the Fixet! Interference method, 
[interferentl=lmM. 
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Fig.7.7 shows the FIA rcsponse of the PTHVBAS membrane electrode for 

salicylate standards in the concentration range from lxlQ-SM to O.lM. The standards 

were prepared in O.IM phosphate buffer at pH 8.0, and were injected in triplicate. 
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Fig.7.7 lliustrative FIA recordings for a PTIIVBAS membrane electrode. 
Concentration of salicylate: (a) lxlO-SM, (b) lxl()-4M, (c) IxlQ-3M, (d) lxlQ-2M. (e) 
O.lM. O.IM phosphate buffer pH 8.0, as the (,.amer stream; sample size, 100JlL; 
flow-rate, ImLImin. 

A ra}>id near-Nemstian potentiometric response to salicylate was obtained. The 

calibration curve obtained from the FIA data for the PfHVBAS membrane electrode 

rcsponse to salicylate is showed in Fig.7.8. The near-Nemstian response of the 

PIHVBAS membrane electrode in flowing streams is similar to the response obtained 10 
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stationary systems. Since the electrode is subject to drift, the system should he calibrated 

fIequently. The electrodc wu stored dry hetween use, and immersed in a O.lM 

salicylate~ontaining buffer befme use. 
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c • 1; 
CL 

~ 100 • • CL 
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-6 -4 -3 -2 -1 
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Fig.7.8 Calibration graphs from FIA data for a PTINBAS coated carbon-support 
electrode. Slope, 57.3±O.5 mV/decade. The experimental conditions are the same as in 
Fig.7.7. 

The dispersion coefficient of this FIA system was measured by the following procedures: 

loo,u of ImM salicylate was injected into the carrier, and the height "h" of the resulting 

peak was measured. Then, the carrier was replaced with the standard solution which gave 

a time-independent signal of the height "ho" corresponding to the undiluted sample. Since 

the signal height is directIy proportion al to the sample concentration, the dispersion 

coefficient was calculated from equation (69). This yielded a dispersion coefficient of 

1.38. With a carrier flow rate of Iml/min, a maximum sampling frequency of 110 
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sampleslhour can be attained. Improvements of the dispersion and sampling frequency of 

this FIA system could he expected from optimization of the flow-eell geometry, i.e the 

reduetion of the dead volume of the connections. 

Potentiometric measurements of salicylate with a 

poly(trihexylvinylbenzylammonium salicylate) membrane electrode in flowing streams 

are certainly superior and more convenient than mcasurements in stationary systems, 

cspecially if the analysis of a large nwnber of samples is involved. This study has aIso 

demonstrated that an ionic polymer membrane electrode can be conveniently used as a 

detector for Flow Injection Analysis. 
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CONCLUSION 

Ideally, an ion-selective electrode should be simple to operate, highly selective for 

the species of interest, and offer a rapid and reproducible response. AIso, the ideal 

ion-selective electrode should be robust with long operating lifetime. Most solid-state 

inorganic salt membrane electrodes fulfil the se requirements. However, there are only a 

few of these devices available for the monitoring of a limited nurober of ions. At the 

present time, only very few materials, i.e. the rare-earth fluorides, silver salt .. , and metal 

sulfides, are known to show sufficient ionic conductivity to he useful as membrane 

materials. U nfortunately, our understanding of ionie conduction in inorganic sal ts or 

crystals is still limited, making it difficult to predict if a known salt will show useful 

properties to be used in the composition of ion-selective membranes. The number of 

untried materials is vast, and the experimental process of evaluation is slow. 

The usefulness of zinc orthophosphate and zinc mercuric thiocyanate to make a 

carbon-support electrode responsive to zinc was investigated The best results were 

obtained ~'ith zinc orthophosphate, which produced a Nemstian response to zinc in the 

concentration range from 10-5 to lo-2M. However, the electrodt response was lowcred 

by the fonnation of acidic oxides on the surface of the electrode, and interference effects 

from copper(II), cadmium(II), and lead(II) were observed. Ar. indirect potentiometric 

method based on the selective monitoring of chlorozincate(II) or cyanozincate(II) anions 

with an Aliquat 336S coated-wire electrode demonstrated improved selectivity in zinc 
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monitoring. The applieability of this method to zinc monitoring in the electrogalvanizing 

process is partieularly interesting. 

Polymerie membrane electrodes based on ion exchangers, crown ethers and 

various other ionophores extend the applieability of ion-selective electrodes to the 

monitoring of a large number of important ions sueh as, Ca2+, K +, N03-, and quatemary 

amines. However, there are limitations to the usefulness of polymerie membranes, 

especially when they are used with solid-state devices. Diffieulties arise from poor 

adhcsion of the membrane to solid sut strates, and from the leaching of the membrane 

sensing components, i.e. the ion exchange material and the plasticizer, physieally 

entrapped in the polymerie matrix. 

This work has shown that il is possible to make solid-state ion-selective electrodes 

using an ionic pol ymer as the ion-sensitive membrane. The main advantage of ionic 

polymer based electrodes is that the membrane contains no leachable eomponents. 

Thercfore, robust polymerie membranes with long operating lifetime can be obtained. 

The robustness and rapid response of ionic polymer membrane electrodes make their use 

panicularly interesting in flow injection analysis. Furthe!, this study has shown that the 

selectivity of the ionic polymer based electrodes can he quite high, when compared to that 

of conventional polymer membrane electrodes. 

Ionic polymer-modified electrodes also hold prorrjse for increasing the selectivity, 

sensitivity, and reproducibility of voltammetric measurements. A glassy carbon elenrode 

coated with a thin film of poly(trihexylvinylbenzylammonium chloride) was shown to 

exhibit attractive permselective and ion-exchange properties. In particular, this polymer 

effectively excludes cations while it binds organic counterionic species such as urie acid. 

Thus, an ek..ctrooe modified with an ionic polymer film can he used to separate and 
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preconcentrate an analyte from a contacting sample solution phase prior to 

electrochemical measurement. Because this technique involves a preconcentration step, it 

is similar to anodic stripping voltammetry (please refer to Appendix C for a description of 

this technique). In fact, the two techniques are complementary in that anodic stripping 

voltammetry is used for analyses of inorganic ions, Le. metal cations, whereas the latter is 

best suited for analyses of r,rganic ions. 

The use of ionic polymers appears to open many new opponunities for future 

sen sor developments. Notably. ionic polymers exhibit good adhesion to many solid 

substtates. Significant enhancement of Chemically Sensitive Semiconductor Deviees 

lifetime can he expected to result from improvoo membrane adhesion. In that connection, 

the future integration of ionic pol ymer membranes with semicondu(,tor devices seems 

panicularly attractive. Nevertheless, a better understanding of the microstructure of 

polymerie ion exchange membranes is required to explain membmne eharacteristics such 

as, permselectivity, ionic conductivity, and the charge transport mcchanism. 
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Çontributions 10 ori~nal knowled2e: 

The properties and usefulness of zinc orthophosphate and zinc mercuric 

thiocyanate to make a carbon-support electrode sensitive to zinc were investigated. The 

best results were obtained with zinc orthophosphate. However, deterioration of the 

electrode response due to the formation of acidic oxides al the electrode surface was 

demonstrated. Severa! methods of minimizing this problem were proposed. 

An indirect potentiometric method based on the selective monitoring of 

chlorozincate(II) or cyanozincate(lI) anions with a coated-wire electrode was studied. 

The applicability of this method to zinc monitoring in the electrogalvanizing process was 

established. 

We have studied the immobilization of several ionic groups such as, quaternary 

ammonium, phosF~onium, and alkyl phosphates, with poly(vinylbenzyl chloride). These 

funetionalized polymers were used as ion-sensitive membranes for solid-state electrodes. 

The resl)onse characteristics and the selectivity of ionie pol ymer membranes and 

conventional polymerie membranes were compared. 

The pennselectivity and ion-exchange properties of 

poly(trihexylvinylbenzylammonium chloride) coated on glassy carbon electrodes were 

deseribed. 

The apparent diffusion coefficients, Dapp, of urie acid within polymer-modified 

electrodes, i.e poly(trihexylvinylbenzylammonium chloride) and 

poly(trioctylvinylbenzylammonium chloride) film-coated electrodes, were measured by 
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chronoarnperometry . 

A poly(trioctylvinylbenzylphosphonium nitrate) membrane electrode was applied 

to the detennination of nitrogen-nitrate in samples of fertilizers. 

An ionic polymer membrane electrode-based flow injection system was designed 

and applied to the monitoring of salicylate. 
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Abbreviations: 

AC: 
CSSD: 
CV: 
CWE: 
OC: 
DPASV: 
DPV: 
DSC: 
EDTA: 
FAA: 
FET: 
FIA: 
FTIR: 
IR: 
ISE: 
IUPAC: 
PFSI: 
YI'EVBAC: 
PTIlVBAC: 
PTOVBAC: 
PTOVBPC: 
PTPVBAC: 
PTPVBPC: 
PVBC: 
PVC: 
QAS: 
SBS: 
SCE: 

APPENDIXA: 

Abbreviations, symbols and comtants. 

Altemating Current 
Chemically Sensitive Semiconductor Deviee 
Cyclic Voltammetry 
Coated Wire Electrode 
Direct CurrcDt 
DifferentiaI Pulse Anodic Stripping Voltammetry 
DifferentiaI Pulse Voltammetry 
DifferentiaI Scanning Calorimetry 
EthyleneDiamineTetraacetic Acid 
Flame Atomic Absorption 
Field Effect Transistor 
Flow Injection Analysis 
Fourier Transform Infra-Red 
Infra-Red 
Ion-Selective Electrode 
International Union of Pure and Applied Chemistry 
PerFluoroSulfonate Ion omer 
Poly(TriEthylVinylBcnzylAmmonium Cbloride) 
Pol y(friHexylVinylBenzylAmmonium Cbloride) 
Poly(TriOctylVinylBenzylAmmonium Chloride) 
Poly(TriOctylVinylBenzylPhosphonium Chloride) 
Poly(TriPentylViny1BenzylAmmonium Chloride) 
Poly(TriPhenylVinylBenzylPhosphooium Chloride) 
PolyYinylBenzyl Chloride 
PolyYinyl Chloride 
Quaternary Ammonium SaIt 
Styrene-Butadiene-Styrene 
Saturnted Calomel Ele.ctrode 

Symbols and constants: 

It: Activity of an ion 
A: Arca of an electrode (cm2) 
a: Ion-size parameter 
a: number of 2-connected atoms in a polymer chain 
~: Cumulative formation constant 
b: number of 3-connected atoms in a polymer chain 
C: Capacitance 
Q: Concentration of an ion 
c: number of covalent network in repeat unit of an ionic polymer 
c: number of 4-connected atoms in a polymer chain 
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number of 4-connected atoms in a polymer chain 
average connetion number of network atoms 
Concentration of Electroactive species incorporated in a pol ymer film 
Concentration of species in solution 
Flow rate (m1/sec) 
Detection limit 
Dielectric potentiaI 
Apparent diffusion coefficient 
Electrode potentiaI 
Standard electrode potential 
Activation energy 
Input potential differcnce between the indicator and reference clcctrodes 
Streaming potentiaI 
Faraday's constant (96 487 Cmol-l) 
Free~nergy change 
Activity coefficient 
Peak height 
Viscosity 
Ionie strength 
Drain current 
Current at time t (A) 
Inner potential of a phase 
Membrane potentiaI 
Liquid-junction potentiaI 
Donnan potentiaI 
Partition coefficient of 1+ 
Equilibrium constant for the extraction of 1+ 
Ion exchange equilibrium constant 
Selectivity coefficient of an Ion-selective Electrode 
Association constant for the fonnation of a neutraI pair IS 
Solubility product 
Ion selectivity coefficient of an ionic pclymer membrane 
Thickness of a polymer film 
Length of a FET channel 
Ligand 
Length of tubing (cm) 
Equivalent ionic conductivity 
Metal 
Average molecular weight of the chain between ion groups 
Molecular weight of covalent repeat unit in ionic pol ymer chain 
Mobility of the charge carriers within a FET channel 
ElectrochemicaI potential of a phase 
Standard chemical potential 
number of electrons (eq/mol) 
Relative number of covalent network bonds per volume unit (cm3) 
in ionic polymers 
Relative number of ionic bonds per volume unit (cm3) in ionic polymers 
Amount of electroactive species incorporated within a polymer film 
Relative number of total network bonds in ionic polymers 
Pressure 
Charge (in coulombs) 
Universal gas constant (8.3144 IK-1mol-1) 
Resistance of an Ion-selective Electrode 
Input resistance of the pH/voltmeter 
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r: 
p: 
0: 
t: 
T: 

~~ 
At: 
U: 
VD: 

VI: 
VI: 
VT: 

VI.: 
Av·: 
W: 
~: 
z.: 

Radius (cm) 
Density 
Conductivity of a media 
Time (in seconds) 
Absolute temperature (in Kelvin) 
Glass transition temperature 
Residence time in a FIA system 
Peak width al the baseline 
Particle mobility 
Drain voilage 
Gate voltage 
Volume of a standard solution 
Threshold voltage 
Volume of an unknown solution 
Activation volume 
Width of a FET channel 
Electrokinetic potential (volt) 
Charge of an ion 
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APPENDIXB: 

Cydic Voitammetry 

Cyclic voltammetry is a versatile electroanalytical technique used for the 

mechanistic study of electtoactive systems [1]. The electrode potential is rapidJy scanned 

in seaICh of redox couples. A repetitive triangular potential excitation signal is applied. 

Fig.B 1 a. This causes the potential of the working electrode 10 sweep back and forth 

betwccn two designated values: The positive potential scan from the inltif'J potential. a, to 

the switching potential, b. At titis point, the direction of the scan is reversed, and the 

negative potential scan from b 10 c. Although the potential scan can he interrupted at the 

end of the fml cycle, it can he continued for any number of cycles. Of course, the 

potential values and scan profile are determined by the redox couple of interest. The 

current at the working electrode is measured during the potential scan to obtain a cyclic 

voltammogram. 

For example, a typical cyclic voltammogram obtained with a carbon paste 

electrode inuDf~rsed in a 1.0mM Fe2+ solution with 1.0M sulfunc acid supporting 

electrolyte,is shown in Fig.B 1 b. The potential scan applied is identical with the protile 

depicted in Fig.B 1 a. During the positive scan, the applied potential becomes sufficiently 

positive at +0.4 V to cause the oxidation of Fe2+. The anodic current caused by this 

oxidation process increases rapidJy until the surface concentration of Fe2+ approaches 

zero. The Cll..Tfent then decays as the concentration of Fe2+ at the electrode surface 

de<..TeaSes. This depletion of Fe2+ and accumulation of Fe3+ during the posiùve scan is 

described by the concentration distance profùes a ta d in Fig.B 1 b. When profile d is 

reached, the anodic current depends on the diffusion of Fe2+ from the bulk. {lf the solution 

10 the electrode surface. After the direction of potential scan is reversed, oxidation of 

Fe2+ continues unùl the applied potenùal becornes sufficiently negative to cause the 

reducùon of Fe3+ accumulated at the electrode surface. The cathodic current increases as 
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the potential moves increasingly negative until the teduction of Fe3+ causes a depletion 

of the concentration of Fe3+- at the electrode surface. and Ûle c~nt decays 

correspondingly. 
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Fig.BI a) Typical potential-time excitation signal for cyclic voltammetry. 
b) Cyclic voltammogram of 1.0mM Fe2+ in lM H2S04, and concentration-distance 
profiles during potential scan [1], 
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A redox couple in which both species rnpidly exchange electrons with the working 

electrode is tenned an electrochemically reversible couple. The reversibility of a redox 

couple can be assessed by the measurement of the potential difference between the two 

peak potentials, Ep. and Epc [1]. For a reversible system, AEp should be given by: 

AEp = Ep. - Epc = 0.059V ln 

where 0 is the oumber of electrons transferred, Ep. and Epc are the anadic and cathodic 

peak potentials, respectively. This 0.059/0 volt separation of peak potentials is 

indepeodent of the scan rate. For such a system, the peak corrent is defined by the 

Randles-Sevcik equation [2]: 

(70) 

Ïp = (2.69xlOS) n3{l A DI{l C vI!2 (71) 

Ïp is the peak current (A), A is the electrode area (cm2), D is the diffusion coefficient of 

the species being oxidized or reduced (cm2/s), C is the concentration of the electroactive 

species in solution (moVcm3). and v is the scan rate CV Is). 

Electtochemical irreversibility is characterized by a separation of peak potenrials 

that is greater than 0.059/n volt, and it is caused by slow electron exchange of the redox 

species with the worldng electtode. In this case, the separation of peak potentials is no 

longer independent of the scan rate {l]. For an irreversible system, the equation for ip is 

Ïp= (2.99x105) n «(1n.)I/2 A Dll2 C v1!2 

where a is the transfer coefficient and na is the number of electrons in the 

rate-determining step of the electrode process. For "eversible and irreversible systems, 

the voltammetric peak corrent is then proportion al to vl12, and a diffusion-controlled 

behavior prevails. 
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APPENDIXC: 

Differentiai Pulse Voltammetry 

The use of cyclic voltammetry is nonnally limited to the rnechanistic study of 

redox systems. It is rarely used for quantitative purposes because of the difficulty of 

obtaining accurate peak currents [1]. This difficulty is related to the establishment of a 

correct baseline which is essential for the accurate measurement of peak currents. 

DifferentiaI Pulse Voltammetry (DPV) overcornes sorne of these problerns. The 

application of a pulse wavefonn rather than a linear waveform notably helps reduce the 

largest portion of the de background CUITent, Fig.CI. 

E 

5Oms-a+- J 
E 
~_.-&-I--------------_. Tunr 

ChIf1ll'll 
Cur....,t 

Faradaoe 
Current 

J 
~---------------------------.T~ 

Fig.CI Typical differential pulse excitation waveform. and resulting charging and 
faradaic current-tirne behavior [2]. 
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A slaircase potential waveform i.; applied in DPV, Fig.CI. Relatively large 

amplitude pulses (25-5OmV) &-e periodically superimposed on a linear potential ramp, 

normally about 5mV Isec. Just prior to the application of the pulse, a C\UTent sample is 

taken, and a second sample is monitored al the end of the pulse f2], see Fig.CI. Since the 

charging current decays faster than faradaic current, measurement of the current at the end 

of the pulse liferime reduces contributions of nonfaradaic cunenl. Using small potential 

steps and scan rates, excellent sensitivity and resolution cao he achieved with DifferentiaI 

Pulse Voltammetry. 'This method is well-s~ited for detecting small amounts of anaIytes 

(<O.lpM) [3]. 

Differentiai Pulse Anodic Sttippin& YoltamL~ 

Electrochemical stripping techniques involve the deposition or "preconcentration" 

of the analyte at the electrode surface by controlled-potential electrolysis. This 

preconcentration step is followed by a "stripping" step in which the deposited analyte is 

removed from the el~trode surface by a potentiaI scan, and the accompanying 

electrochemical signai is used to detennine the concentration of each analyte species in 

the sample. For example, in Differential Pulse Anodic Stripping Voltammetry (DPASV) 

of heavy metals, preconcentration is cause<! by reduction of the metal ions to the 

elemental state at a mercury electrode, and the stripping step is accompli shed by a 

positive potential scan that gives an anodic current when the preconcentrated metals are 

oxidized [4]. The combination of electrochemical preconcentration and DifferentiaI Pulse 

Voltammetry provides a very sensitive technique for the det.ection of metals such as, 

copper, lead, and cadmium. 
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APPENDIXD: 

Cbronoamperometry 

The waveform signal applied in chronoamperometry is a square-wave voltage (1), 

as shown in Fig.DI. In chronoamperometry, the potential of th'! working electrode step 

from a value at which no faradaic current occurs, ~, to a potential. El' al which the 

surface c<1.:!centration of the electroactive species is depleled. The potential is then 

stepped to a final potential Er after sorne interval of time t has passed. 
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b) 

TIME 

Fag.DI Potential excitation wavefonn used for chronoamperometry (a), and resulting 
chronoamperogram (b). 

A typical double potential-step chronoamperogram is shown in Fig.D 1 b. The 

dashed line shows the background response to the excitation signal for a solution 

containing only the supporting electrolyte. This currenl decays rapidly when the 

clcctrode has been charged to the applied potential. The potential step initiales an 
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instantaneous current as a Iesult of the t'xydation or reduction of the electtoaciive spccies 

[1]. The current then drops as the electrolysi3 proceeds. The current decays smoothly 

and approaches zero with increasing time as described by the Cottrell equatioll [1] for a 

planar electrode: 

Ït = nFADl/2 CI (7t1/2t1/2) (73) 

where Ît (A) is the current al time 1, n is the number of electrons (eq/mol), Fis the 

Faraday's constant (96485 C/eq). A is the area of the electrode (cm2), C is the 

concentration of electroactive species in solution (moVcm3), D is the diffusion coefficient 

of elecb'Oactive spccies (cm2/s), and t is time (sec). Chronoamperometry has proven 

particularly useful for the measurement of diffusion coefficients of electroactive species 

[1,2]. 
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