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Summary.

In this thesis the factors surrounding the permeation of alkali and alkaline earth metal salts
through hydrogel membranes are investigated. -Although of relevance to aqueous
separations in general, it was with their potential application in sensors that this work was
particularly concerned. In order to study the effect that the nature of the solute has on the
transport process, a single polymer matrix, poly (2-hydroxyethyl methacrylate), was
initially studied. The influence of cation variation in the presence of a fixed anion was
looked at, followed by the effect of the anion in the presence of a fixed cation. The anion
was found to possess the dominant influence and tended to subsume any influence by the
cation. This is explained in terms of the structure-making and structure-breaking
characteristics of the ions in their solute-water interactions. Analogies in the transport
behaviour of the salts are made with the Hofmeister series. ‘

The effect of the chemical composition of the polymer backbone on the water structuring in
the hydrogel and, consequently, transport through the membrane, was investigated by
preparing a series of poly (2-hydroxyethyl methacrylate) copolymer membranes and
determining the permeability coefficient of salts with a fixed anion. The results were
discussed in terms of the "free-volume" model of permeation and the water structuring of
the polymer backbone. The ability of ionophores to selectively modulate the permeation of
salts through hydrogel membranes was also examined. The results indicated that a dual-
sorption model was in operation.

Finally, hydrogels were used as membrane overlays on coated wire ion-selective electrodes
that employed conventional plasticised-PVC-valinomycin based sensing membranes. The

hydrogel overlays were found to affect the access of the analyte but not the underlying
electrochemistry.

Keywords: hydrogel, permeation, permselectivity, Hofmeister series,

ion-selective electrode.
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INTRODUCTION AND LITERATURE SURVEY.
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L1 Introduction.

Hydrogels are a unique class of polymeric materials in that water plays an intimate part‘in
their structure and related properties. The term hydrogel has no clear-cut single definition,
but can be used to describe a variety of materials, such as those which are natural in origin
like the alginates; or semi-synthetic, such as cellulose acetate; or synthetic, such as
polyacrylamide and the polyacrylates. In the case of this study, the term hydrogel will refer |
to a synthetic crosslinked polymer network that can swell but not dissolve in water.
Wichterle and Lim, with their synthesis of poly(2-hydroxyethyl methacrylate) or poly
HEMA, were amongst the first to perceive the potential of these materials: particularly in
the field of biomedical applications 1, where their interfacial properties with biological
fluids exhibit thromboresistant properties. Such materials are, therefore, of interest for in

vivo devices.

The imbibed water provides a medium for the transport of water soluble species through
the polymer gel, a property which distinguishes them from other polymers. This work is
concerned with elucidating the controlling factors in the permeation of alkali and alkaline
earth metal salts through synthetic hydrogel membranes. Although this is of relevance to
aqueous separations in general, it is with the use of hydrogels in sensors that the work is
particularly concerned. Consequently, the work also involves the construction and use of
coated-wire ion-selective electrodes as a test-bed system for new membrane formulations of

both hydrophobic and hydrophilic polymeric materials.
This chapter will deal with the factors surrounding permeability and permselectivity; the

nature of hydrogels and their transport properties; and finally, possible applications of

permselective membranes with special reference to electrochemical sensors.
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Permeation is a phenomenon in which a certain species or component passes through an

other substance. The driving force for such a process could be a gradient in concentration,
pressure, electrical potential or even temperature. "Permeation"” is a general term for mass
transmission and covers a number of transport mechanisms, such as reverse 0sSmosis,

dialysis, electrophoresis and diffusion.

In the case of diffusion, matter is transported from one point to another under a
concentration gradient. Where such a gradient exists, the random motion of molecules yield
a net transfer of the species from the region of higher concentration to that of the lower.
This is expressed mathematically using Fick's first Law 2, 3, (equation 1.1 ). It states that
the diffusional flux of a species is proportional to the concentration gradient measured

normal to the unit area of the cross-section through which a species diffuses:

Fick's first Law J=

w» I

=_pdC (1.1
dx .

where, J = flux ( mass.length-2.time-1 ), F = total flow rate; S = area; D = diffusivity; C =

concentration; X = space coordinates measured normal to the cross-section.

In membrane transport, if the diffusivity of the membrane is independent of concentration,
then using Fick's first Law, the steady state flow for the inside of the membrane can be

expressed as:

F=DSC2-Cj (1.2)
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where L = membrane thickness.

1.3 Classes of Membrane,

Membranes are often classed as being either heterogeneous or homogeneous in their
behaviour. Heterogeneous or porous membranes are regarded as having fixed pores, such
that "bulk flow" occurs. That is, flow is convective as opposed to by activated diffusion. It
is assumed that principles applying to macruscopic phenomena, such as Poiseuille's Law,
also apply at the submicroscopic and molecular level to such membranes. Permeation of
gases through a porous film such as glassine will follow Bunsen's effusion law and is
proportional to T -1/2.M-1/2 where T is the temperature, and M is the molecular weight of

the permeant 4.

With homogeneous membranes it is assumed that .there is neither macroscopic phase
separation of the polymer and non-polymer components nor any heterogeneity in these
components. This means that in this class of membranes there are no macroscopic pores or
channels. However, on the molecular scale nothing can be said to be purely homogeneous.
Fluctuations of the macromolecular chain segments yields a system of transient pores and

channels. Coherent gels such hydrogels are normally placed into this class 4. 5.

With a hydrogel, which consists of a water swollen polymer matrix, the concept of "pores"
has a different physical meaning to that of the fixed pores of heterogeneous membranes. In
hydrogels, pores are fixed neither in size nor location but result from the random movement
of chain segments which may exhibit a high degree of mobility due to the pla~+icising effect
of the water. The pores and channels in such systems are, therefore, in a constant state of
flux. Permeation through a homogeneous film can be thought of as resulting from two

distinct processes: solubility of the penetrant in the polymer, which is a thermodynamic
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quantity; and diffusion which is a kinetic quantity relating to the mobility of the penetrant

species within the macromolecular matrix.

Structure and morphology have important influences on the selectivity and rate of diffusion
through a polymer membrane. On the macroscale you have factors such as membrane
thickness, lamination, asymmetry as well as the size, type and size distribution of pores.
On the microscale, degree of crosslinking, chain stiffness, crystallinity, degree of swelling
as well as fixed charges, hydrogen bonding, polar group interactions or even simple Van
Der Waal attractions will all affect the rate of transport of the permeant 3.4. 5. In general, it
can be said that, factors which decrease the segmental mobility of the polymer chains will

decrease the diffusion rate.

L5 Separation Processes in Membranes.

There are various separation processes that employ membranes 2 6. 7. These processes are
classified in part by the nature of the membrane and in part by the driving force used to
generate the fluxes. Since this work is concerned with the membrane transport of water
soluble species it may be appropriate to consider a few of the membrane processes used to

achieve separation in aqueous media.

Microfiltration.

Microfiltration membranes have a heterogeneous porous structure with pore sizes typically
in the range of 0.02 microns to 10 microns. Such membranes, under a driving force of a
pressure differential, in the order of a few tens of kilonewtons, allow for relatively high
fluxes of water and dissolved species but retain suspended material such as biological

fragments, bacteria and silica. The membranes can be regarded as inert sieves through

L




which the bulk flow of solvent and solute can occur. However, interaction between
particles and the membrane surface may occur, especially in aqueous systems due to the
presence of electrical double layer effects. Such factors have an influence on membrane

lifetime and transport properties of the membrane.

Ultrafiltration.

Ultrafiltration is a means by which large molecules or colloid particles can be separated
from solvent and low molecular weight solutes, such as salts. The pore sizes of such
membranes lies nominally in the range of 1 - 20 nm. Ultrafiltration membranes are
classified by the largest molecular weight material that can be transported. This maximum is
known as the molecular weight cut-off. Ultrafiltration works in the same way as
microfiltration, the difference bein g a matter of degree rather than kind with respect to the

size of particle that can be transmitted.

Reverse Osmosis.

Hyperfiltration, more commonly known as "reverse osmosis", is a process whereby
virtually all suspended and dissolved material is separated out from solution. This system
employs a semipermeable membrane - so called because it allows for the passage of some
substances such as the solvent, but not others, such as the solute. Reverse 0Smosis occurs
when the hydrostatic pressure across the membrane exceeds the osmotic pressure, thus
resulting in a flow of solvent from the high-concentration side to the low-concentration
side. This is the reverse of what occurs with normal osmosis. To get acceptable solvent
flow very high pressures must be employed: typically in the range of 8 - 10 Mpa. Unlike
microfiltration and ultrafiltration, a simple sieving mechanism cannot explain the separation
processes. The active layer of a reverse osmosis membrane is homogeneous and thus pores

have no real physical meaning but are an entropic concept caused by segmental motions in
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the polymer backbone and pendant side groups. Transport, therefore, occurs not by bulk
flow but by a solution-diffusion mechanism (see section 1.6). The mobility of water
molecules may exceed that of inorganic ions by two to three orders of magnitude, the low
dielectric constant of the polymer resulting in the ions being less soluble in the membrane
phase than the water molecules. Non-ionic solutes are more readily soluble in such
membranes. The exclusion of these solutes being due to their low mobility relative to water
molecules. Reverse osmosis membranes tend to be asymmetric in structure or in the form
of thin film composites where a thin, homogeneous solute rejecting skin (20 - 50 nm
thick), known as the "active layer," is deposited on a porous substrate which acts as a

support.

Dialysis.

In a broad sense, dialysis refers to a process separating one chemical species from another
in a liquid solution through semipermeable membranes, by means of their unequal
diffusion rates through the membrane 2. In ordinary dialysis the transport of the solute
through the membrane is achieved by imposing a concentration gradient across the
membrane - there is no pressure differential in dialysis. If the mixture contains more than
one electrolyte; and the interionic interaction amongst ions of the same sign is insignificant

then the governing equation in ordinary dialysis is the diffusion equation: (equation 1.2).

In Donnan dialysis the interionic interaction plays an important role, and the Donnan
equilibrium is maintained at the membrane-solution interface. Normally, "Donnan dialysis"
is limited to the dialysis of electrolyte solutes with an ion exchange membrane. The term
can be extended to all cases where the Donnan equilibrium has a significant effect such as
in neutral membranes where the membrane is permselective with respect to one of the ions

present in the solution. However, the Donnan effect may be subsumed if the solvent on the
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low-concentration side is continually renewed.

Electrodialysis.

The driving force in dialysis is a chemical potential caused by a transmembrane
concentration gradient. In the case of electrodialysis there is a second force: an electrical
potential difference. This electrical potential is usually applied opposite to the concentration
gradient in order to create a more concentrated salt solution. Consequently, this process is
sometimes used as an alternative to reverse osmosis. Neutral membranes are not used since
they would tend to pass anions and cations in opposite directions in the electric field and
thus fail to achieve the desired concentration of solute. The membranes employed are made
of polyelectrolytes which selectively allow for the passage of ions of counter-charge to the
polymer: thus, cation transport is selected for by anionic membranes and anion transport by
cationic membranes. The electrical potential used in such systems is typically in the range

of 1 -2 V per cell pair.

1.6 The Nature of Water in Hydrogels.
The water absorbed by a hydrogel network is quantitatively represented by the equilibrium |
water content, EWC, the ratio of the weight of water in the hydrogel to the weight of the
hydrogel at equilibrium hydration, expressed as a peréentage (equation 2.2). The EWC is
arguably the most important single property of a hydrogel, influencing as it does the
permeability, mechanical, surface and other properties of the gel 4 8-11, There is a great
deal of evidence to suggest that water in polymers can exist in more than one state 1215 and
that these states of water in the hydrogel will also affect its properties. Thus the water
present in a polymer network exists in a continuum of states between two extremes. These
are, water strongly associated with the polymer network through hydrogen bonding,

sometimes called "bound" or non-freezing water, and water with a much greater degree of
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mobility, unaffected by the polymeric environment and sometimes referred to as "free” or
“freezing" water. The properties of a hydrogel are therefore strongly influenced both by the

EWC of the hydrogel and by the ratio of freezing to non-freezing water.

Although transport models tend mainly to relate the permeability or diffusivity to the overall
EWC 16. 17 there have been studies into the effect water structuring in the hydrogel
network may have on transport properties 14. 18. 19, For example, oxvgen transport was
found to be negligible in styrene-HEMA copolymers that contained no freezing water in
comparison to copolymers in which freezing and non-freezing water was present 14,
Similar findings were made with water binding studies on cellulose acetate for use in
reverse osmosis membranes for desalination, where a low freezing water content promotes
salt rejection 20, This is generally exp'ained in terms of the permeants ability to partition in |
the different water regions. Hydrophilié solutes such as sodium chloride require the

presence of freezing water in order to partition in the membrane 21,

L7 The Blood C ibility of Hydrogel

As was mentioned in the introduction to this chapter, one of the properties of hydrogels is
their relative biocompatibility compared with hydrophobic polymers. In applications of
membranes such as _in sensors to monitor components in blood, in hemodialysis and liver
support, it is necessary to eliminate thrombus formation. The exposure of blood to an
artificial surface usually results in the adsorption of blood proteins. This can be followed
by the deposition of platelets which, in turn frequently leads to the formation of a thrombus
or blood clot. Although the potential of hydrogels as blood compatible materials has been
appreciated for some time 1. 22 progress has been slow due to the complicated nature of the
interaction of blood with synthetic polymers which leaves many aspects surrounding

thrombus formation still unresolved 23.
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The formation of an adsorbed protein layer is generally regarded as the first step in the
interaction of blood with an artificial surface. In general, hydrogels adsorb less protein than
hydrophobic materials and the protein is less strongly bound 22. The coagulation time of
blood in contact with various polymers was found to be related to the critical sﬁrface
tension of the polymers such that high surface-free energies have faster thrombus formation
than low-energy ones 23. This feature of a low surface-free energy is generally found to be
prerequisite for a material to possess good thromboresistant properties 24. The ideal
biomaterial, therefore, should have an interfacial free energy as low as possible. Andrade
suggested that in an aqueous environment the ideal boundary for blood would be water
containing the correct composition of ions and small solute molecules 25. The nearest

compromise to this ideal is hydrogels.

The lumen. of a blood vessel is negatively charged due to the presence of
mucopolysaccharides such as heparin sulphate and chondroitin sulphate. This negative
charge is believed to be partially responsible for the thromboresistance of blood vessels 23.
It has, however, been found that the introduction of negative charge into hydrogels has
little or no effect on blood compatibilty 26: 27 Ratner found that incorporating the
negatively charged monomer, methacrylic acid into poly HEMA grafts had no apparent
effect on the thrombogeneity of the material 27, and Bruck discovered that neutral hydrogels
performed at least as well if not better than negatively charged ones, leading him to
conclude that other factors such as the role of water and possibly surface compliance are

decisive in the thromboresistance and biocompatibility of hydrogels 26.

An other important feature in blood compatibility may be the existence of microdomains of

hydrophilic and hydrophobic sites at the polymer surface 27 28, This could explain the
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comparatively good thromboresistant properties of poly HEMA, since this polymer exhibits

amphiphilic properties due to the presence of hydrophilic hydroxy-groups on the side
chains and the hydrophobic groups of alpha-methyl and methylene on the polymer
backbone (see figure 2.1) 28. Using copolymers it is possible to change the balance of
hydrophobic and hydrophilic sites: Ratner found HEMA-EMA copolymer showed greater
blood compatibility than either of the homo-polymers poly HEMA and poly EMA (poly

ethylmethacrylate).

Water structuring is known to be of importance in biological phenomena 22. Therefore the
thromboresistant properties of a hydrogel may not be a simple function of the amount of
water held within the polymer matrix but related to aspects of the hydrogel that influence

ihe water structure such as monomer used, pore structure and crosslink density 22, 25.

The comparatively good blood compatibility of hydrogels has meant that these materials are
potentially useful as thromboresistant coatings for any implant or device that comes into

contact with blood.

1.8 Transport Phenomena in Hydrogels.

Various studies have been made into the basic nature of transport through hydrogels,
particularly for small molecular weight species 16, 17, 29-34_ An understanding of transport,
and thus an ability to influence permeability and permselectivity, is important in
applications such as reverse osmosis, kidney dialysis, sensors and drug release. A
universally satisfactory transport model has not yet been realised but they mainly all try and
relate the permeability or diffusivity to the overall amount of water in the gel matrix. In a

study of dissolved oxygen permeation through a range of hydrogels, Tighe and Ng found
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the log of permeabilty coefficient to be linearly related to the overall EWC 35 This empirical
observation was later confirmed Feurer er al 36 and Refojo and Leong 37. All these studies
indicated that the oxygen permeabilities were dependent upon the water content alone and

were independent of the type of monomer used in the polymer.

A feature of hydrogel membranes in gas transport studies, that distinguishes them from
hydrophobic membranes, is their significantly reduced "boundary layer effect.” In the case
of hydrophobic polymers the "gaseous" oxygen permeability coefficient is greater than the
corresponding "dissolved" permeability coefficient (transport of oxygen across a membrane
separating two aqueous phases). This is due to hydrophobic polymers possessing an
added resistance to transport known as the "boundary layer effect” which is caused by the
high interfacial tension between the polymer and water. This can be reduced by increasing

the surface hydrophilicity of the membrane 38.

The free-volume model proposed by Yasuda er al 30 is, perhaps, the one that has been
applied most successfully to the study of solute transport fhrough hydrogels. This model
applies to homogeneous water swollen polymer matrices. In such hydrogels, pores are
fixed neither in size nor location but result from the random fluctuations of chain segments
which may exhibit a high degree of mobility due to the plasticizing effect of the water. The
pores and channels in such systems are, therefore, in a constant state of flux. The free-
volume or "hole" model takes a partly thermodynamic, partly statistical approach. It
assumes that the transported species is associated only with the water phase, ‘with its
diffusion being located next to a suitable hole that is both unobstructed and large enough to
accept the permeant. The energy required to form a "hole" being the Helmholtz free energy.
Their diffusion into the polymer occurs by local activated jumps of the penetrant molecules

from one to another unoccupied "hole". The activation energy takes into account rotation of
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a few monomer segments near the penetrant and perhaps some bond stretching. The term

"holes" does not.refer to actual voids in the matrix but is meant entropically to indicate the
probability of creating either sorption sites for the penetrant or diffusion channels in the
hydrogel matrix through which the penetrant species can move from one site to another. In
the free-volume model the flux from high to low concentrations reflects the fact that fewer
holes are occupied in the less concentrated regions and the penetrant has a higher
probability of jumping to an unoccupied hole in the low concentration regions. The model
predicts a linear relationship between InP and 1/H, where P is the permeability coefficient
in the hydrogel and H is the degree of hydration. It also predicts that permeability decreases
exponentially with increasing solute size and that the permselectivity of solutes increases as

the degree of membrane hydration decreases.

According to Yasuda et al 39 the free-volume theory predicts a linear relationship between
the hydraulic permeability, Ky, and degree of hydration, H, (above about H= 0.4) of the

form:

Kw/H = A.exp(-BHV¢y) (1.3)
where A and B are constants and Vg, is the free-volume function of water in the

membrane.

However, Kojima er al 40 did not find such a relationship for poly (vinyl alcohol)
membranes. They found that data obtained from various hydrogels studied by other authors

also did not fit equation 1.3. Instead, Kojima et al obtained a linear relationship using

In(Kw/H) = A + BH (1.4)

where, again, A and B are constants.
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Linearity was satisfied in a range of H from 0.4 to 0.9. Using the Ogston's Relationship
41, which is a mathematical model for the diffusion of spheres through a random

suspension of fibrils, the above authors expanded equation 1.4 into:

Kw/H = Kry.exp[- (1 - HX(1 +1/Rp2]  (1.5)
where, r = radius of the solute; Rf = radius of a fibril in the membrane; and Krw is a

reduced permeability of water in the hydrogel.

Later studies carried out by Kojima er al 31 found that the Ogston's relationship also
applied to the diffusive permeability of solutes such as NaCl, Congo Red and Sunset
Yellow dye, iz poly (vinyl alcohol) membranes, where its prediction of a linear relationship
between (1 - H) and the logarithm of P or D (the permeability and diffusion coefficients

respectively) gives the best fit to the experimental results.

More recently, Peppas and Moynihan have proposed a theoretical model for the diffusion
of solutes through moderatelyvswollen hydrogels which makes use of topological features
as well as free-volume characteristics of the network 42. It yields a general expression
which shows the dependence of the normalised diffusion coefficient on factors such as the
degree of swelling, the radius of the solute, the number average molecular weight between
crosslinks and a function related to the mesh size which takes into account the effects of

barriers such as those due to crosslinks and entanglements.

By choice of monomer composition or polymerisation technique the amount of water,
porosity and consequent permeability characteristics can be controlled, that is,

heterogeneous hydrogels with a fixed macroporous structure can be generated as well as
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the homogeneous type mentioned above. This allows hydrogels to be permeable not only to
small molecular weight species but also to macromolecules such as the protein hormones.
Davies 43 in one of the early studies on the use of hydrogels for the controlled release of
high molecular weight spe_cies, such as bovine pancreatic insulin, found the diffusion
coefficient of the hydrogel, D, to be governed by the molecular weight of the penetrant and
the degree of hydration of the polymer. Expressed mathematically by the following

empirical equation:

D =Dg exp[ - (0.05 + 10-6M)P] (1.6)
where Dy, is the diffusion coefficient of the penetrant in aqueous solution; M, the molecular

weight of the solute; and P, the polymer concentration of the gel.

The polymers were based on polyacrylamide (PA) and polyvinylpyrrolidone (PVP).
Langer and Folkman 44 studied the release of the macromolecular species, soybean trypsin
inhibitor (molecular weight 21,000), from poly HEMA, polyvinylalcohol and ethylene-
vinyl acetate copolymer based systems. They found that the release mechanism of such
high molecular weight species could not be determined, and in the case of the ethylene-
vinyl acetate copolymer, simple diffusion could not explain the‘relcasc behaviour. Such
species that were studied do not diffuse through a homogeneous film of the pure polymer.
‘This may be indicative that these macromolecular species permeate out through
heterogeneaties (flaws and cracks) that are formed during the manufacture of the polymer
devices. Indeed, this concept of a heterogeneous "drug-modified polymer" was used by
Brook and van Noort 45 to explain the release characteristics of hydrocortisuae sodium
succinate from acrylic gels. Contrary to the expectations of the free-volume model of
Yasuda 30 which would predict an increase in the rate of release with an increase in the

degree of hydration of the polymer, the opposite was found. The authors concluded that
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diffusion of the drug through the polymer matrix was, therefore, insignificant but occurred,
instead, by surface release and with dissolution into and diffusion through cracks and

channels that were formed due to the presence of the drug within the polymer system.

1.9 Applications of Permselective Membranes,

In recent years synthetic polymeric membranes have been found to be of increasing
commercial importance in industrial and biomedical applications 6. In industry membranes
are exploited in separation processes where they act as a selective barrier, separation being
achieved by exploiting factors such as size exclusion phenomenon or differential transport
rates through the membrane. In biomedical applications the permeability characteristics of
membranes find use not only in separation processes but also in the controlled release of
drugs 10, in gas permeable contact lenses 35, and in sensor devices 46. Some of the
membrane processes that are used in aqueous media have already been discussed section

1.5. It is pertinent now to illustrate these general concepts with some specific examples.

The "precursor” to the study 0f permselective membranes was the early work carried out on
reverse osmosis 47. The classic case of this would be for the desalination of sea and
brackish water using cellulose acetate membranes 2. The membrané has a stronger affinity
for the water than it has for the solute. This results in the existence of essentially pure water
on the surface and within the membrane. The water is subsequently transported through the
membrane under a pressure gradient in the reverse osmosis process. Reverse osmosis is
also employed in the food and dairy industries where it can be used to concentrate solutions
such as milk, juices, syrup and coffee 6. 48, Ultrafiltration is also used by the food and
dairy industries where it finds application in areas such as the recovery of products from
fermentation or in biomedical work such as the preparation of plasma from whole blood

which it achieves by removing all cellular and particulate matter 2.
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One of the major biomedical applications of membranes is in hemodialysis for the removal
of waste materials such as urea, creatinine, and uric acid by dialysis of blood through a
semipermeable membrane 249, Originally hemodialysis used cellophane tubing as the
membrane through which the blood flowed. The tubing was in contact with the dialysate so
that the waste material could permeate through the membrane from the blood side to the
dialysate side according to its own concentration gradient. Later developments led to a
cupra-ammonium cellophane, "cuprophan," being employed. Another type uses amine-
modified polyacrylonitile hollow fibres that can be ionically coupled with heparin to

provide a non-thrombogenic membrane 2.

The 1980's has seen a considerable increase in interest in clinically relevant electrochemical
sensors 50-52. This interest is based upon the ability of chemical sensors to be miniturised
and to provide valuable real-time information about medical treatment, environmental
contamination and chemical production. This gives them the advantage over the slower

more traditional analytical techniques.

There are, however, many problems in the design and performance of sensors that have yet
to be resolved 30: 53, Many present devices can only monitor a single variable whereas for
a sensor to be commercially viable it is considered that it must have the capability to
measure several analytes 50, One of the major problems concerning clinical sensors for in
vivo monitoring is rejection by the body: that is, encapsulation by body tissues and,
perhaps most seriously of all, the prc.ocation of life threatening responses such as

potentially fatal blood clots forming around the implanted device.
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The term "biosensors" used to refer to any device that measured an analyte that occurred in
a biological system. More recently a "biosensor" has come to mean a device based on a
biologically selective material such as enzymes, cells or monoclonal antibodies immobilised
on or near a transducer (a device for relaying electrical signals or convertin g a non-electrical
parameter into an electrical signal). This distinguishes them from chemical sensors whose
selectivity, for example, in the case of ion-selective electrodes is most commonly based on
a specific chelating agent dissolved in a polymer matrix (usually plasticised poly (vinyl
chloride)). Sensor research has concentrated on a number of electronic configurations such

as .

(1) potentiometric or amperometric electrodes, in which a reaction produces a potential

difference or a current;

(2) enzyme thermistors, devices whose electrical response is a function of reaction

temperature changes;

(3) optoelectrical devices, in which a controlled chemical or biological reaction evokes a

change in light transmission and a consequent voltage change: essentially a mini-

spectrophotometer; and

(4) electrochemical-sensitive transistors, whose signals depend on the potential developed

by electrochemical or enzymatic reactions.

Since this work is concerned with membranes for use in electrochemical sensors, these

devices will now be discussed more fully.
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One of the earliest and perhaps still the most successful is the conventional potentiometric

ion-selective electrode 54. This is based on cell assemblies of the type 52
external reference electrode | sample solution Il membrane Il internal reference system

The membranes used in such systems are typically plasticised PVC containing a selective
chelating agent. Over the years a number of ionophores have been tested and developed for
a range of ionic species 33. The classic example is one which is not synthesised but is
found in nature: the antibiotic valinomycin. This exhibits a high selectivity towards the

potassium ion and as such is used in potassium ion-selective electrodes.

A simpler device was designed by Freiser which he termed coated-wire ion-selective
electrodes 36. Here, the detection part of the electrode is simply a copper, silver or platinum
wire with a coating of an ion-selective membrane. For example, the level of potassium in
blood has been determined using a coated-wire electrode which employed a membrane of
valinomycin in solvent impregnated poly (vinyl chloride) 57. This type of electrode differs

with its earlier counterparts in that it has no internal reference 58.

Some devices are based on semiconductor technology; specifically, field-effect ‘
transistors3%. These sensors can be easily miniturised vid current semiconductor
production methods. Charge movement in a metal oxide semiconductor ﬁeld—éffect
transistor (MOSFET) is controlled by an electrical field between a metal oxide "gate" and a
channel made of an n- or p-type semiconductor. The field controls current between the
source and the drain and very small inputs can be amplified or can cause large currents to

be switched 50.
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The construction of an ion-selective FET (ISFET) is similar to that of the MOSFET, but the
gate is replaced by an ion-selective membrane that is in contact with the solution being
measured 30: 60, The effect of the electrical field in the MOSFET metal oxide is replaced by

the ion-selective effect of the electrical double layer at the membrane/test solution interface.

ISFETSs can be used to measure various electrolytes in body fluids or industrial waste
streams. Other membranes may be desi gned to pass relatively large organic molecules into
the gate region for detection 50, Permselective membranes used in ISFETs have, so far,
tended to be either liquid membranes or the solvent impregnated poly(vinyl chloride) type
mentioned above, using ionophores as mobile charge carriers. For example, a micro-
ISEET for intracellular potassium measurements has been developed 61 which uses a liquid
membrane in contact with the test medium via a glass capillary. Another potassium ion
ISFET used the polymer membrane previously described of valinomycin in plasticised

PVC 62,

Many models of ISFETs respond in less than thirty seconds and some in only a few
seconds. They are also highly sensitive to many ionic species being typically able to detect
concentration as low as about 106 M. However, a problem cxists with research into
ISFETs in that they are currently difficult to obtain and only a few universities have the

integrated circuit fabrication facilities for their manufacture 59,

Although the electronic configurations of the electrodes may differ, the types of sensing
membranes used are the same. In the case of ion-selective electrodes these membranes tend
to be hydrophobic in nature. Such electrodes when used to monitor some component in
blood are vulnerable to membrane fouling by blood proteins, platelets and other

materials30, 63, This has lead some workers to employ dialysis membranes in conjunction
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with ion-selective electrodes as an overlay membrane for the electrode 63. From what was
discussed in section 1.7, this suggests that one of the roles of hydrogels in ion-selective

electrodes may be as blood compatible overlays for conventional hydrophobic sensing

membranes.

1.10 Scope and Aims of This Project,

The permeability of hydrogels in aqueous systems has been a feature of great importance in
setting these materials apart from other polymers. The fact that water exists as an intimate
and essential part of the polymer matrix implies that it might have the ability to modulate
transport behaviour of water soluble species. This is a feature that may be exploited for use

in chemical sensors and related devices.

To date, permeability studies involving hydrogels have been far from systematic. Although
interest in desalination stimulated work on sodium chloride transport through hydrogels in
the late 1960's, for example 30, little work on other ionic permeants has been reported. In
extending this work to enable a more complete understanding of ionic transport processes
in hydrogels to be achieved, it is important to study two distinct aspects of the
phenomenon. The first is the variation in transport rate of different cations in the presence
of a common anion and the second, the effect of the nature of the anion on the transport of
a given cation. It is of further importance that any model or mechanism is capable of
accounting for differences that are produced by changes in the backbone structure of the

polymer, its equilibrium water content and distribution of binding states.

The first part of this work is concerned with the effect of solute/water interactions on the
transport of ions through hydrogel membranes of poly(2-hydroxyethyl methacrylate). The

study then progresses to give a more complete understanding of transport phenomena by
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studying the effect of variations in water-structuring that may be produced by variations. in
the polymer, and thus membrane structure. This involved copolymerising 2-hydroxyethyl

methacrylate (HEMA), with hydrophobic monomers such as methyl methacrylate (MMA)

and styrene.

Another approach to achieve the modulation of transport behaviour of a hydrogel
membrane was to incorporate a selective chelating agent or ionophore into the polymer
matrix. The ionophores chosen were crown ethers because of their selectivity in the
chelation of permeating species and their ready availability. They were incorporated by
encapsulation, that is, not bound to the polymer but trapped within the polymer matrix. The
technique of encapsulation was used because it was the quickest and simplest way of

geting the ionophore into the membranes.

Although this work is mainly concerned with elucidating the various factors surrounding
ion transport through hydrogels using a permeability rig, some work was carried out on
coated wire ion-selective electrodes. These employed conventional sensing membranes of
valinomycin dissolved in plasticised PVC, and the effect of hydrogels as overlay
membranes was investigated. The transport conditions for the ions through the hydrogel
overlay are somewhat different from those carried out on the permeability cell employed in
the general transport studies. With the permeability cell, sink conditions apply, such that
solute transport is steady state in nature. With the hydrogel overlay on the sensor, the final
steady output of the device reflects the equilibrium state for the test ion partitioning in the

membrane. Transport in the pre-equilibrium state is seen in the response time of the device.

This particular investigation relied predominately on HEMA based hydrogel systems, but

there exists a vast synthetic potential in this area, both in the type of hydrogel and the type
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of ionophore. Dr Tighe's research group possesses a large body of information on

hydrogels such as the work carried out by Ng 64, Pedley 65, Atherton 66 and Corkhill 67.

There is also a large amount of literature on ionophores but their use in hydrogels to modify

permeation is a new application of them.
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CHAPTER TWQ

MATERIALS AND METHODS.
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2.1 Introduction,

This chapter deals with the preparation of the membranes studied and lists the reagents
involved. It mentions the techniques used to characterise the membranes and describés the
design and operation of the apparatus for both the transport and the ion-selective electrode
studies. It also includes brief discussions as to why the particular designs of the

permeability cell and sensing electrodes were chosen for this work.

2.2 Reagents,
2.2.1 Monomers,
All monomers used (table 2.1, figure 2.1) were purified by conventional reduced pressure

distillation with the exception of methoxy (polyethylene glycol) monomethacrylate, which
was used as supplied and 2-hydroxyethyl methacrylate, (HEMA), which was obtained in
an already pure form (optical grade). This is because HEMA is a very difficult monomer to
purify since it readily undergoes disproportionation to ethylene glycol dimethacrylate and

methacrylic acid. The purified monomers were then stored in a refrigerator until required.

Table 2.1 Monomers Used,

Molecular

Monomer Weight Abbreviation Supplier
2-hydroxyethyl 130 HEMA Ubichem Ltd.
methacrylate
2-hydroxypropyl , 130 HPA ' B.D.H.
acrylate
2-hydroxypropyl 144 HPMA B.D.H.
methacrylate
hexyl methacrylate - 170 HMA B.D.H.
lauryl methacrylate 254 [LMA B.D.H.
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methyl methacrylate 100 MMA B.D.H

methoxy (polyethylene glycol) 496 PEM-400 Polysciences, Inc. ‘
monomethacrylate
styrene 104 St B.D.H.

Figure 2.1 Structures of Monomers.

R R=CH, R'=CH,OH 2-hydroxyethyl methacrylate
[ 3 2
CH,=C
| R=CH; R'=CHj methyl methacrylate
C=0
(!) R=CH 3 R'=CH(OH)CH 3 2-hydroxypropyl methacrylate
|
CHyR' R=CHj3 R'=(CHp)1gCH3 lauryl methacrylate
R=H R'=(CH,)4 CHj hexyl methacyylate
R=H R' = CH(OH)CHj hydroxypropyl acrylate
" R= CH3 R'= CHZ(OCZH4)BOCH3 methoxy(polyethylene glycol)
H monomethacrylate
I
CH2=(I:
Styrene
7N\
H(|2 CH
HC CH
N
H

2.2,2 Crosslinking Agent,
The crosslinking agent employed in this research (table 2.2, figure 2.2) was used as

supplied without further purification. It was stored in a refrigerator until required.

Table 2.2 Crosslinker Used.

, Molecular ‘
Crosslinker Weight Abbreviation Supplier
ethylene glycol 198 EGDM B.D.H

dimethacrylate
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Figure 2.2 Structure of Crosslinking Agent.

CHzch: (I:_—:.CHZ
oY
O——CH2CH2““O

ethylene glycol dimethacrylate

2.2.3 Initiator,

The free-radical initiator was used as supplied without further purification. It was stored in

a refrigerator until required (table 2.3, figure 2.3).

Table 2.3 Initiator Used.

Molecular
Initator Weight Abbreviation Supplier
o-azo-bis 164 AZBN B.D.H
isobutyronitrile
Figure 2.3 Structure of Initiator.
CHsy CHq
H3C-?—N=N—C—-CH3
CN CHN

Azo-bis-isobutyronitrile
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2.2.4 Ionophores,

The ionophores were used as supplied and stored in a refrigerator until required (table 2.4,

figure 2‘4)».

Table 2.4 Ionophores Used.

Molecular
Ionophore Weight Abbreviation Supplier
dicyclohexano-18-crown-6 372 DC-18-crown-6 Lancaster Synthesis Ltd.
18-crown-6 264 Lancaster Synthesis Ltd.
valinomycin 1111 val Aldrich

2.2.5 Polymers,

All commercially obtained polymers were used as supplied (table 2.5).

Table 2.5 Commercial Polymers,

Commercial Polymer Comment Abbreviation Supplier _
poly (vinyl chloride) low molecular weight PVC B.D.H.
MW ~ 100,000
2.2.6 Plasticisers,

The plasticisers were used as supplied (table 2.6, figure 2.5).

Table 2.6 Plasticisers.

Plasticiser Weight Abbreviation SuoDlie%
dioctyl phthalate 390 . DOP Fluka
dioctyl sebacate 426 DOS Fluka
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Kigure 2.4 Structure of Ionophores.
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2.2.7 Salts,

All salts were of analytical grade and purchased from Fisons or B.D.H. and used without

further purification. Salt solutions were prepared with deionised water of ionic conductivity

1.5 £ 0.5 pSiemens.cm -1.

2.3.1 Preparation of Hvdrogel Membranes,
Membranes were prepared by the bulk polymerisation of the monomer reaction mixture in a

membrane mould consisting of one or two polyethylene gaskets ( 0.2 mm thick, with

rectangular hole (6 x 11 cm ) ) sandwiched between two glass plates (3 x 13 cm ) 14. The
gaskets were separated from the plates by two sheets of melinex ( poly(ethylene
terephthalate) ) that were present to aid the release of the membrane and give it a smooth
finish ( figure 2.6). With the assembly being held together by bullclips, the reaction
mixture was transferred into the mould cavity via the needle of a syringe inserted between
the melinex sheets - the gasket being split at one corner to facilitate the entry of the needle.
With the mould held sideways, thus allowing air to escape through the gap created by tﬁe
needle and gasket slit, the mixture was slowly injected into the mould until the cavity was
almost full. On withdrawing the needle the space between the two mould halx‘res was
reduced and the mixture thus filled the mould, with any excess being squeezed out of the
sides. The mould assembly was then placed vertically in an air oven at ()OOC for three days
to allow polymerisation to take place. This was followed by two hours post-curing at
900C. On removal from the oven the clips were remove : and the glass plates prized off.
The gasket was removed and the melinex sheets carefully peeled from the membrane which
was then placed in distilled water to hydrate. On the few occasions when only one melinex

sheet would come off, the membrane and the remaining melinex sheet were placed in
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Figure 2.6 Membrane Mould.
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distilled water for at least a day before being transferred to a beaker of boiling distilled
water. The membrane could then be readily peeled from the melinex. Membranes were
allowed to fully hydrate in distilled water for at least three weeks, with frequent changes of

water to remove any water soluble residue, before being used for study.

2.3.2 Production of Linear Hvdrophilic Polvmer byv_Solution
Pol ..

The reaction mixture consisting of monomer ( 100g ) and initiator ( AZBN, 0.5g ) was

degassed by bubbling N7 through before being added dropwise, over 30 minutes, to a 2
litre reaction vessel containing 1 litre of ethanol, which itself had been similarly degassed.
The system was immersed in a water bath at 600C and allowed to polymerise under a
nitrcgen atmosphere for 9 hours with constant stirring. The vessel was then lifted out of the
bath and the solution left to cool overnight. If any polymer precipitated out it was
redissolved by reheating with stirring. The solution was filtered by pressure filtration. The
polymer was precipitated by adding the solution dropwise to diethylether which had been
cooled with solid CO,. The precipitated granules were then filtered out and washed again
with diethylether. The polymer was dried under vacuum and stored in a refrigerator until

required.

2.4 Properties of Hydrogels.

> 4.1 <. f the D f Leachi

In some membranes that contained ionophore or dilucnt, the degree of leaching of the

additive was determined in the following manner:

On the removal of the membrane from its mould the complete membrane was weighed.
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This was carried out quickly in order to minimise any weight gain through absorption of
water vapour. The membrane was then placed in distilled water to hydrate and left for some
weeks with regular changes of water to allow any water soluble material to leach out. The
membrane was then dried by placing it in a 60°C oven for 24 hours; followed by several
hours in a vac-oven at 800C. The degree of leaching was calculated as a % weight loss

using:

dry weight dry weight
% weight loss = Pre-soaking - post-soaking x 100 2.1)
dry weight
pre-soaking

2.42 ination of the Equilibrium Water C

A disc of Scm diameter was cut from the hydrated polymer sheet under study (alternatively
three discs of 1.1cm in diameter were used), the membrane having been soaked in distilled
water for at least three weeks. The disc then had its surface water removed by careful
blotting on filter paper. The sample was placed in a preweighed weighing bottle and its
hydrated weight, W, recorded. The disc was dried; first in an air oven at 600C overnight
and then in a vacuum oven at 800C until a constant dehydrated weight, W4, was achieved

( at least 5 hours ). The Equilibrium Water Content, EWC, is defined as:

weight of weight of
EWC = Wy_ = _hydrated sample - dehydrated sample x 100
Wh weight of hydrated
sample
= _wh————(' W, - X 100 (2‘2)
Wh
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2.4.3 D < EIE"‘CEE'
The partition coefficient of a particular salt in a particular membrane is defined as the ratio

of the concentration of the salt in the membrane to that of its concentration in solution

(‘equation 2.3 ). This was determined in the following manner:

A disc, S5cm in diameter, was cut from the hydrated polymer sheet under study. The
membrane having been soaked in distilled water for at least three weeks prior to use. The
disc was then transferred to a 250mM solution of the test salt and allowed to equilibrate
over several days at 370C. The disc was then removed and, after carefully drying its
surface, it was weighed. It was then placed in 40ml of deionised water and left for a few
days to allow any salt that was dissolved in the matrix to leach out. The concentration of
this solution was measured by flamé photometry . Since the volume of water added was
known, the amount of salt present in the membrane sample could thus be discovered. The

partition coefficient, Sy, was then calculated using the following equation:

Sm = concentration of salt in membrane / (mMole/g) (2.3)
concentration of salt in equilibrating solution / (mMole/g)

2.5 Permeation Studies,

In the study of membrane transport many different kinds of permeability cells have been
constructed. For equicompartment systems th< various cell designs are usually categorised

by membrane placement: that is, whether the membrane is placed horizontally or

vertically68.
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In horizontal placement the membrane is sandwiched between the two cell halves that are
stacked on top of one another. This arrangement leads to certain problems: for example,
you can get a hydrostatic head produced; stirring the fluid layers at‘thc membrane is
difficult and there is the problem that bubbles may collect on the underside of the

membrane.

In those designs where the membrane is placed vertically, the problem of a hydrostatic head
and air bubbles is resolved but this still leaves the problems of stirring. Some workers
solved this by mechanical means using gears and shafts that penetrate the permeability cell,
such as that of Flynn and Smith 68. Misra et a/ used completely internal stirrers mounted

on shafts which were magnetically coupled to external stirrer motors 69.

It was a permeability cell similar to that of Misra er a/ that was used in this work. The
original cell was obtained from D.C. Sammon of A.E.R.E., Harwell, and first used by
Nigel Atherton 66. Copies of it were later made, thus allowing for more than one

permeability study to be carried out at the same time.

2.5.2 The Design and Set-Up of the Ion Permeabilitv Apparatus

The permeability cell (figure 2.7) was constructed mainly of perspex and was cylindrical in
shape with a diameter of 9cm and about 14cm long. The cell consisted of two chambers
(each of diameter 3.8cm by about 5.7cm) separated by a membrane barrier. Tﬁis test
membrane was held in place b, two silicone rubber gaskets ( 9cm outer diameter, 4cm
inner diameter ). The two compartments were clamped together by six bolts. This had to be
done carefully since if it was too loose then leakage between the chambers may occur and if

too tight then the membrane may be damaged. Each chamber had an inlet and an outlet to
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Figure 2.7 Disgrammatic Representation of the Permeability Cell.
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allow the continuous circulation of fluid. The fluid outlet was directly above the fluid inlet
to facilitate the removal of air bubbles. The solutions on each side of the nﬁembrane were
stirred by paddles positioned close to the membrane. They were driven, via magnetic
couples, by stirrer motors external to the system. The completed cell assembly was
immersed in a specially constructed water bath of the right dimensions to allow the proper
functioning of the magnetically coupled stirrers. As well as regulating the temperature
within the cell, the bath also prevented the edges of the membrane from becoming
dehydrated. Each chamber was connected to a 250ml separating funnel that acted as a
reservoir through which the system could be filled. The chambers were also attached to
sampling tubes that allowed samples to be taken by inserting a needle through the supa-
seal. Alternatively, the low concentration side was connected to a flow through
conductivity cell, thus allowing the concentration to be monitored conductometrically. The
closed fluid loops of each side of the permeability cell were circulated by a peristaltic pump
with a flow rate of 30ml.min-1. The stirring rate was in the region of 150 rev.min-1

(figure 2.8).

2.5.3 Operation_of the Ion Permeability Apparatus.

A disc, of at least 5cm in diameter, was cut from the membran‘e to be studied and
sandwiched between the silicone rubber gaskets. The permeation cell was then assembled
and immersed in the water bath. Each cell half was filled from its respective reservoir, a
process which took a few minutes to fill the cell and eliminate all the bubbles from the
system. The low concentration chamber was filled with deionised water while the high
concentration chamber was filled with a 250mM solution of the test salt. A stop clock was
started as soon as the cell began to fill, this point being taken as the zero time. To prevent a
pressure gradient across the membrane, the hydrostatic pressure in each chamber was

equalised by moving a sampling reservoir up or down until the membrane no lon ger bulged

-58-




to one side. Unequal pressures would have distorted the fragile hydrogel membrane and
affected the permeability characteristics of the system. Finally, the stirrer motors were
switched on and set at their minimum speed ( approximately 150rpm ). The solution to be
assayed was removed, in 1ml portions, from the low concentration sampling reservoir at
set time intervals: either hourly or every 45 minutes. Alternatively, the solution was
assayed conductometrically by having a flow-through conductivity cell attached to the

circulatory system of the low concentration side.

2.5.4 Use of Flame Photometer,

Ion concentrations of the samples taken from the permeability cell were assayed by flame
photometery using a Model A EEL Flame photometer (Evans Electro-Selenium Ltd.). The
species studied were K+, Na+, Li+ and Ca2+, Calibration curves, covering a number of
ranges up to 10 mM, were constructed by preparing a series of standard solutions of their
chloride salts. The appropriate filter for each salt was chosen and the flame photometer
adjusted to read "0" for distilled water and "100" for the top concentration of the particular
calibration curve range ( either 0.1, 1 or 10 mM) of the salt under study. The readings of
the intermediate concentrations could then be noted and a graph of photometer reading
against concentration plotted. The readin g obtained from an assay could thus be read off as

a concentration using the relevant calibration curve.

2.5.5 Calibration of the Conductivity Cell.

As has been mentioned, as well as flame photometry, some permeation runs were
monitored conductometrically. A flow-through conductivity cell (cell constant k = 1) was
employed with an Alpha 800 conductivity meter (CP Instruments Company Ltd.). The

relatively small concentration changes occurring in the low concentration chamber (always
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Figure 2.8 Permeability Apparatus: Solution Flow Path,
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within 0-10 mM) meant that conductivity changed linearly with concentration. This meant
that only one standard solution was required to convert the conductivity readings to
concentrations. The conductivity cell was calibrated by selecting a standard solution of the
test salt that lay within the range of measured conductivities (either 0.1, 1 or 10 mM). This
allowed a simple conversion factor to be calculated to translate usiemens to mM. The
conductivity of standard solutions was determined by placing the ATC probe in a beaker
containing 150ml of the solution and the dipping and removing the flow-trough cell into
this solution to rinse the solution through the cell (the cell having been previously flushed
through with deionised water). This was repeated a few times, ensuring no bubbles

appeared in the cell, until a constant reading was obtained.
2.6 C | Wire Ton-Selective Electrode Studi

The relatively simple construction of coated wire ion-selective electrodes, CWISE's, as
well as the ease with which different membrane coatings can be changed, makes these
devices a useful test-bed for studying new sensing mcmbranelfonnulations that are also
suitable fof more sophisticated devices such as ISFETs. The design and construction of
both the CWISE and the electrochemical cell are now described, in addition to the

techniques employed to determine some important parameters of the sensing electrode.

2.6.2 P ion_of Meml Coating Solufi

A typica: preparation was as follows:
Poly (vinyl chloride), PVC, (0.4g, 40% by weight); the plasticiser, dioctyl sebacate, DOS,
(0.6g, 60%) and the ionophore valinomycin (0.01g, 1%). The membrane components

were weighed out and dissolved in unstabilised THF to yield a 10% by weight membrane
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coating solution. The other hydrophobic membrane formulations were prepared in a similar
manner. For the hydrogel membranes, 10% by weight of the linear polymer dissolved in

methanol was found to create a suitable coating solution.

2.6.3 Coated Wire Ion-Selective Electrode Construction.

The electrode socket was removed from a Coming BNC electrode lead, exposing the
coaxial cable. About 2cm of the outer insulation was removed from the exposed end and
the braided outer copper conductor cut away. 0.5cm of the inner insulation was removed
and the exposed copper wire was twisted tightly together. Onto this was soldered 2cm of
platinum wire (Aldrich, Gold Label, 0.25mm diameter). The Pt-wire was washed with
detergent and water; thoroughly rinsed with deionised water; and dried with acetone. The

wire was then rinsed with chloroform and allowed to dry.

The cable was clamped vertically and the membrane deposited by dipping the wire in the
coating solution, to a depth of 1cm, five times quickly. The coating was allowed to dry for
one minute before repeating the dipping process. This was continued until a bead of
approximately 2mm in diameter had been built up at the Pt-tip. The membrane was left to
dry over-night before wrapping the coated-wire tip in Nescofilm, erm about lcm above
where the outer insulation was cut, up to 2mm from the end, thus leaving only the

deposited membrane bead exposed (figure 2.9a).

An alternative and more convenient assembly was the detachable-tip CWISE (figure 2.9b).
In this case, instead of soldering the Pt-wire to the electrode lead, a sliding terminal blade
(250 blade, R.S. Components Ltd. 0.25") was crimped onto the inner copper wire. The
blade was filed down to a width of 0.11 inches to allow it to fit a 110-in-line receptacle

(R.S. Components Ltd.). A 2cm piece of Pt-wire was crimped into this receptacle, having

-62-




Figure 2.9 Coated Wire Ion-Selective Electrode.
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Figure 2.9a Conventional CWISE.
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first folded over 0.5cm of the end of the wire that was being crimped to ensure a secure
attachment. A small piece of 1.6mm heat shrinkable sleeving was slid over the Pt-wire
leaving lcm of the wire exposed. 2.4cm diameter sleeving was placed over both the smaller
sleeving and the crimped part of the receptacle. Using a hot air blower the sleeving was
shrunk to achieve a tight fit. Only the parts of the receptacle that receives the blade at one
end and the Pt-tip at the other, were left uncovered. The membrane was dip-coated onto the
Pt-wire and the tip wrapped in Nescofilm as before. In the case of layered membranes,
each layer was allowed to dry for 24 hours before the next membrane formulation was

deposited.

The blade that was attached to the electrode lead was covered by 2.5cm piece of 3.2mm
diameter heat-shrinkable sleeving that extended about 1cm beyond the end of the blade such
that when the blade Qas inserted into the in-line receptacle, the sleeving covered the point
of attachment thus protecting the assembly from any possible splashes from the test

solution.

When testing a particular membrane formulation was completed the membrane was readily
changed by carefully cutting off the Nescofilm and scrapping off the old membrane. The

Pt-wire was then cleaned and the new membrane attached as previously described.

2.6.4 The Design and Set-Up of the Electrochemical Cell,

The coated-wire ion-selective electrodes were tested on the following electrochemical cell
(figure 2.11):

Agl AgCl, 140MKCI110.1M NH4NO;3 I C M KCl | test membrane | Pt

The indicator electrode is shown schematically in figures (2.9a and 2.9b) and its
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construction is detailed above (2.6.3). In the choice of reference electrode there is the
possibility that the electrolyte in the salt bridge may interfere with the test ion determination.
This was resolved by use of a flowing double junction Ag/AgCl reference electrode that
employed AgCl saturated 4M KClI as the internal reference solution with 0.1M NH4NOj as

the outer reference solution.

The reference/CWISE electrode pair were placed close together in a 100ml beaker and the

solution was stirred magnetically by using a teflon-coated stirring bar. The potential

produced was measured with the aid of a WPA CP460 pH/mV meter.

2.6.5 Calibration of the Coated Wire Ton-Selective Electrode.

The CWISE was calibrated by measuring the potential produced by the electrode when
placed in a series of potassium salt solutions. The calibration curve was constructed by
plotting the electromotive force, EMF, in mV against minus the log K+ ion activity. The
slope could thus be determined for the linear portion of the curve. Activities were calculated

from an extended form of the Debye-Huckel equation 70 :

0.511 22 m0.5
-logay = (2.4)
1 +3.3x107 { m0.5

where aj is the activity; i is the ion size parameter; Z, the ionic charg~ and m, the ionic

strength of the test solution.

A series of KCI solutions from 10-1M to 10-6M were prepared from a 10-1M KClI stock
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solution. The CWISE was conditioned overnight in 10-3M KCl followed by 10 to 20
minutes in deionised water, prior to use. The CWISE / reference electrode pair was then
immersed in the solution of lowest concentration, the solution being stirred by a magnetic
follower. Typically at intervals from 1 to 5, or 5 to 20 minutes, depending on the test
membrane. On attaining a steady reading the electrode pair was transferred to the next test
solution and the measuring procedure repc;ated. From this data the calibration curve, and

hence the slope, could be determined.

2.6.6 D ination of Selectivity Coeffici

The potential of an ion-selective electrode is not wholly dependent upon a single ion activity
but other interferent species may ‘also elicit a response. This is quantitatively described by
the selectivity coefficient, kj K. Of the various techniques developed to determine this
parameter, the two <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>