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SYNOPSIS

The present work is mainly concerned with the development of
new electrodes. Heterogeneous solid state electrodes based on
silicone rubber and P.V.C. membranes which are responsive to
surtactant and potassium ions, have been developed. A surfactant

electrode, which gives good Nernstian response to cationic detergents
over a range of 10-3 to 10-5 M concentrations, and which is stable
for more than two weeks, has also been employed in potentiometric
titrations of cationic detergents with anionic detergent as well as

with some other salts such as sodium tetraphenylboron, ammonium reinekate,

potassium hexacyanoferrate(III) and potassium dichromate. The re-

sponse of a potassium ion-selective electrode based on potassium zinc
ferrocyanide as the active material, is almost theoretical (i.e 59.0

mV per decade). Caesium, rubidium and ammonium interfere but the
selectivity constant for potassium over sodium is better than for

glass electrodes. The potential-activity slope is constant for over two
months.

A new type of ligquid state electrode assembly based on a natural
rubber membrane and using a graphite rod as internal reference elec-
trode, has been developed for use with organic salts which are soluble
in organic solvent. Electrodes have been developed for determination
of zinc(II), perchlorate and tetrafluoroborate ions, using basic dye
salts containing those anions. In general, natural rubber sheeting

is treated with a water immiscible organic solvent containing the

salt; swollen sheeting is used as the membrane. These electrodes re-

spond in a Nernstian manner, giving a potential-concentration slopes
of 28.5, 57.5 and 58.5 mV for zinc(II),. perchlorate and tetrafluoro-

borate electrodes respectively. The slope is stable for a reasonable

length of time, e.g. potential-concentration slope is decreased by



0.5 mV after about three to five weeks, depending on the type of
electrode. In the preparation of these electrodes, the choice of
solvent and the kind of natural rubber has been carefully selected,
as thése factors influence the operation of the membrane. Effects of

solution pH and the temperature variations on response of the electrodes,

have also been studied.

Further work also has been done on studying the Gmelin reaction
(reaction of nitroprusside and sulphide ions) with a sulphide ion-
selective electrode. This reaction involves a study of the reaction
between nitroprusside and sulphide ions, where nitrosyl group is
modified to pentacyanothionitroferrate(Il) imparting a purple colour

to the solution. For determination of sulphide and nitroprusside by

potentiometric titration optimum conditions have been developed.

Also a colorimetric procedure for sulphide determination is

recommended.



INTRODUCTION

For the last four decades it has been known that a glass membrane
electrode having a particular composition may be made part of a poten-
tial measuring cell which will respond to changes in the activity of
hydrogen ions. As a result of a detailed study of the cation sensi-
tivity of the aluminosilicate glasses, Eisenman et altl] showed that
the relative sensitivities to different ions vary systematically with
the glass composition. Thus an incentive was provided to think of new
materials and the preparation of new electrodes. This led to the
development of glass electrodes sensitive to cations other than hydro-

gen 1ons; though Lengyel and Bulman[Z] had predicted long ago that

the preparation of glass electrodes sensitive to metal ions should be
possible; a Nernstian response to Na+ could be obtalined upon the

introduction of A1203 or 5203 (or both) into a glass.

With the development of electrode technology efforts were made
by different workers to introduce new types of electrodes which were
easy to prepare and use and which also were more selective and durable
from the chemical and mechanical points of view respectively. This
led to the invention of new types of electrgndegks}\ttpased on different
membranes. These membranes take the form offion-EDnductive crystals
or inert hydrophobic membranes, the latter being either impregnated
with so0lid ion-sensor or saturated with a solution of a particular
active material dissolved in a non-aqueous phase. Such membranes by

virtue of the ion-conductivity of the sensor present in them distinguish

a particular ion in solution and respond to its activity. Electrodes
with such properties are known as Ion-selective Electrodes.

Over the past 15 years a considerable number of such electrodes
responsive to a wide range of different cations and anions have been

developed. The construction of these electrodes is not restricted



to a particular material, shape, size or design. Various types of

electrodes developed differ mainly in the particular membrane that is

used, as each of the membrane has its own special properties.

The development of this new analytical tool has given an increas-
ing importance to analytical potentiometery as the range of the
technique has been extended greatly and has created a great deal of
interest both theoretical and practical. The ion-selective
electrode forms an electrochemical half cell responding to a
particular ion in the external solution under test. Ideally electrodes

give a Nernstian potential-activity slope within their working range.

The potentials of the electrodes change with change in ionic
activities of the species to which they are selective. None of the
electrodes developed are entirely specific to a particular ion but
will respond to certain other ions which will act as interferants.

Ion-selective electrodes give direct information about the
composition of solutions and this has led to an interest in megsuring
techniques as well as in associated equipment to convert the output
potential signals directly into activities or concentrations. The
increasing use of these ion-selective electrodes is due to certailn
advantages which they have over other analytical ﬁechniques. For
example, the presence of insoluble impurities or colour of the solu-
tions do not have any effect on electrode response; also exq;pt
under special circumstances the solutions do not need any pre-treatment
and can be used directly for potentiometric measurements.

lon-selective electrodes respond directly to concentrations or

activities over a wide range and usually respond very rapidly. The

response times reported in the literature vary but often are under

one minute. According to Rayta), steady potential i1s generally

achieved in 15 sec. to 1 minute, whereas Moody and Thomas(4] have



reported the response time of various electrodes within a few seconds.

A patent(SJ on potassium liquid state electrode indicates such time less than

(6)

one second; also in the recent paper of Fleet, Ryan and Brand
response time reported varies from 10 m.sec to several minutes
depending on the type of ion-selective membrane. This real time
response allows the continuous monitoring of composition changes of
flowing and changiqg solutions. The electrodes have quite long life-
times and are relatively not very expensive; also they can be used
with reproducibility and great accuracy. The electrodes are convenient
to use and for this reason find extensive applications; also being
portable they are conveniently used in field studies.

The generally accepted classification of membrane electrodes
is according to the physical state of the membranes used. The
electrodes are classified into four main types as follows:-

1. Glass Electrodes

2. Solid-state Electroes

al

i. Homogenous solid-state (or crystal) membrane electrode
ii. Heterogeneous solid-state membrane electrodes.
3. Liquid ion exchange membrane Electrodes
4. Gaseous membrane Electrodes
The construction of these electrodes will bé dealt with in
detail in later sections. In general, ion-selective electrodes with

s

glass membranes are prepared by varying the ratio of lithium or

sodium and aluminium oxide in the silica matrix.

The crystal membrane and heterogenous membrane electrodes are
placed under the same class of solid-state because although tﬁey differ
from each other physically, nevertheless they respond in a similar
manner. In general, solid-state electrodes are based on water insoluble

salts and complexes, which form ionically conducting membranes. These



membranes take the form of either a single crystal such as lanthanum
fluoride, a polycrystalline material such as silver sulphide, or
mixtures of silver sulphide and silver halides or silver sulphide
and metal sulphides. The polycrystalline material may be compressed

to form a disc (homogeneous)or may be dispersed in a polymeric mater-
ial (heterogeneous). This latter type was made by Pungor[7] using

silicone rubber and more recently by Moody, Oke and Thomas[a) using
polyvinylchloride. Apart from these forms various materials such as
paraffin wax, collodion and various plastics have been used[g]'

In liquid ion-exchange membrane electrodes, the ion-exchanger

1s dissolved in a watér immiscible solvent held in a reservoir within
the. electrode body. The ion-exchanger is absorbed into a thin porous

hydrophobic membrane which acts as the electrode. As a result of
recent developments, direct measurements of acidic or basic gases can
also be made easily by using a hydrogen ion-sensitive electrode, which
is separated from the test solution by an electrolyte solution and a
gas permeable membrane. The gas permeatéé the membrane changes the
pH of the electrolyte solution and gives airesponse.

The species to which electrodes have been made to respond range
from inorganic ions to organic ions and molecules (particularly those

of biochemical significance). Miniaturized electrodes are meeting

specific demands in biochemical fields. These are designed according

to requirements by varying the construction of the electrode. Such

electrodes are required for in vivo and in vitro measurements, where
the volume of the solutions used is limited. Electrodes have been
modified to be responsive, for example to enzymes, in which generally
the responsive membranes is éovered with a reactive layer.
Ion-selective electrodes behave electro-chemically in the same

manner as hydrogen ion-selective (pH) electrodes, which exhibit poten-



tials according to Nernstian equations,.

E = E° + 2.303 -%;- log a s (1)
where E = potential developed by electrode system,

E0 = g constant potential, value of which depends

on the choice of reference electrode.

R = 0Gas Constant (8.3143 JKm1 mol-l)-

T = absolute temperature.

F = Faraday constant (96487 C mol_ll-
and Z = charge on the ion being measured.

If the same reference electrode is used throughout, the value of
et remains fixed. The term 2.303 RT/F has a fixed value at a given

temperature (58.16 mV at 25001; therefore the value of potential E

depends only on log a To generalise the equation for any cation

H*

or anion, the Nernstian potential-activity response can be given

respectively as,

0 RT | )
E E- + 2.303 T3 log a, 4
D RT
or E = E‘ 2.303 7 log a -

As 1in practice, no electrode is specific for a particular ion,
therefore within certain limits other ions in the solution contribute

to the membrane potential. In such cases the Nernstian equation will

be modified as |

= g° * RT +
Ecell E 2.303 T log a z= + KXY (aYyt]

z/y

where ny is the selectivity constant of the interfering ion Y

relative to primary ion X for the given electrode. It is observed that

- (2)

the selectivity of the membrane changes with the activity of the primary

ion in the solution. If the electrode is giving a perfect Nernstian

response for a primary ion the value of ny is very small. Knowledge

of the value K is of great importance when ion-selective electrodes



are being used in mixed solutions .because it providesan indication of
the concentration of an interfering ion that can be tolerated relative

to the concentration of the primary ion.
Due to the rapid development in the field of ion-selective

electrodes, a vast number of papers and reviews have appeared in the

literature in a relatively short time. Several reviews both long and

short on the general subject have been published [10_27). of which

the most comprehensive are those of Buck[zs' 24]. Moody and Thmmas[ZS],

Kurytatzsl and Tenygl[27]. A recent critical review of Covingtontzal

traces out the history of the development of ion-selective electrodes.

Apart from this, some reviews on individual types, covering different

aspects of glass memhranetzg'al], solid-state(32’33] (crystal membrane)

and heterogenmnﬂamembrane[34-37] have been published by various workers.

The comparison of liquid and solid-state ion-selective electrodes is

briefly discussed by Eisenmantaa]. Also two textbooks, "lon-selective

electrodes”, an N.B.S. publication 314 edited by R.A. Durst[sgl, and

"Selective lIon-sensitive electrodes” - .. by Moody and Thomas[4), are

the main texts on the subject.

Some papers are concerned principally with specific applications

of ion-selective electrodes in various fields. Apart from routine
potentiometric measurements, the ion-selective electrodes have a wide

range of applications in various fields, for example water and pollu-

g(40_45), industrial processes[48’ 47], electroplating[48]

clinical analysis(49' 50]. fertilizer analysis(SI]. and in biological

(52, 53).

tion monitorin

and pharmaceutical applications




GLASS ELECTRODES “w

Glass electrodes are the oldest of the ion-selective electrodes.
Cremer[sq] was the first who observed that a potential difference developed
at 0.02 mm thick glass membrane placed between two aqueous solutions,

was sensitive to changes in acidity. This was further investigated by
Haber and Klemensiewicz(SS), who concluded that the potential difference
between the solutions changes with cﬁange in hydrogen ion concentration;

similar to the change in electrode potential of a hydrogen electrode in

solution of varying pH. Glass electrodes were commercially prepared

(56
from a suitable type of soda lime glass discovered by MaclInnes and Dole ).

Later, lithia-lime-silicate glass membranes were introduced(31], which

had wider error-free pH response and increased durability. But these
glasses possessed high electrical resistance. It was not until the

early 1950's that lithia-based glasses became generally available.

Present day pH glass compositions are all lithia-based; the durability
and pH response have been improved by additon of, for example, “rare earth

and heavy alkaline metal oxides. Resistance has also been reduced by
replacing part of silica with, for example, Uranium Oxide.

With the development of glass technology improved glasses were
introduced, which resulted in the production of glass membranes selec-

tive to alkalimetal cations. This was the major contribution of
(1)

Eisenman and his co-workers, who made a systematic study of simple

glasses containing Na.,0, Al_0_, and Si0. and reported that the sensitivity

Z 2 3 2

for the alkali-metal cations relative to one another and to hydrogen

lon was a function of glass composition.

Glass electrodes can be considered to be a special kind of hetero-
geneous membrane electrode, as the active groups are embedded and dispersed
in the silicate structure. Glass electrodes are usually similar in their
construction except for the marked difference in the compositions of the

glass which is responsible for sensitivity and selectivity. The electrodes
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consist of a high resistance non-ion sensitive glass tube to which

thin membranes of selective ion-sensitive glass is sealed either

directly or through graded glass connections. The selectivity towards
different cations varies according to the type of the glass used.

Glasses are chosen to give as selective a response as possible to one
particular ion. It is possible that the degree 0? selectivity may vary
between different electrodes of the same composition owing to differences

occuring during manufacture. Also asymmetry potential is due to chemical

differences between the two surfaces. This could arise, for example,

from the greater vaporization of Na

2
exposure to the flame[57]. For proper functioning of an electrode the

0 from the outer surface during

membrane thickness 1is critical because above a certain thickness

potential variations occurs and even the best shielding available may

not allow accurate measurements to be made.

The electrode is filled with an electrolyte solution which acts

as a reference medium. A metallic, electrolytically-conducting wire-

electrode connected to the main lead is immersed in the solution to

provide the required electrical connection, a section of the electrode
1s shown in figure 1. At very high temperatures the internal electrolyté
will boil thus disrupting the operability of the electrode. Moreover,
in the case of micro-electrodes used in biological and medical fields

difficulty may be experienced in placing an agueous reference electrolyte

into the minute interior of a capillary tube or in the use of
hydrated gels which would decompose and vapourise at the temperature
at which the electrode is being used. To overcome such difficulties

a solid electrolyte salt connecting one surface of the membrane with the
usual metallic, electrolytically conducting electrode, is usedtsa].

The solid electrolyte contains a mobile cation having a diffusion coefficient

of the same order as that of the mobile ion in the glass. Otherwise a

cation with an unequal mobility will generally create an undesirable polaris
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v

able region between the solid material and the glass. Also as the
electrolyte mass is anhydrous, no surface hydration takes place upon the
interior of the membrane as is the case when the glass is in contact with
an aqueous reference electrolyte. This also avoids the problem of short
circuiting when the two hydrated layers which form continuocusly on either
side of the membrane come in contact with each other after the electrode
has been used extensively.

The conventional glass membrane is in the form of a thin walled
glass bulb, but now thin and needle like electrodes are also available

which are used for some bioclogical and clinical studiestsg). Moreover,

a solid state glass electrode[BD] can also be prepared by first coating

an electro-chemically active metal preferably copper, by a glass mixed

with a salt being a halide of the same metal. This is followed by a

second coating of an ion-selective glass which forms the ion-
sensitive membrane of the electrode. The development of glass

electrodes selective to cations other than hydrogen ions have led to the

direct measurements of monovalent and divalent cations. Apart from this

glass electrodes can also be modified by placing a layer of trapped

enzymes over the membrane surface (Figure 2). The idea was first

introduced by Guilbault and Montalvotell. Later the design was further

modifiedtsz] by holding the enzyme gel on electrode surface by means

of a cellophane film. Electrodes have been developed for example,

for the determination of Urea[BSTBB], amino acids[87-701 and for

assay of serum cholinesterase[71].

Glasses used for membranes contain at least three constituents

8102. RZO and MO (or M203], where R is an alkaline metal and M is a

bivalent or trivalent metal preferably one of the rare earth group.
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RZD and MO may be a mixture of more than one oxide. In general, the

composition range is Si0_ 60 to 75 mole percent; R_0O 17 to 32 mole

2 2
(72)
percent; and MO (or M_0_.) 3 to 16 mole percent .

2 3
In general, stability, selectivity and electrical conductivity

depend on the ionic properties of the modifier elements (for example,
the alkali and alkaline earth cations) in the holes of the glass net-
work and the electrostatic force prevailing there. As a result of

these conclusions MacInnes and Dole's formula (72% 8102 - 6% Cal -

22% NaZD] was modified by introducing lithium to produce a glass

having composition 72% 5102 - 18% L:'LD2 - 10% Ca0. This glass is

supposed to have a working pH range 1 to 13 and to have a reduced al-
kaline error. This latter is due to the fact that Li has a co-ordination
number of four. The strongly bonged lithium ions within the lattice

shqw little tendency to exchange with other larger cations in the
solution. By modifying the composition of the glass, the selectivity
order as well as the degree of selectivity can be changed. As a

result of this, glass electrodes possessing a usable response to

' 3
sodium, potassium, silver and other cations have been developed(7 ]

by changing the amounts of Na20 and A1203 in the system. Glasses of

27% NaZU - 5% A1203 - 68% 8102 composition show a tenfold selectivity

for potassium over sodium and selectivity is in the order of'
H >K >Na >Li”. On the other hand glasses have a composition

11% NaZU - 18% A1203 - 71% 8102 produce a membrane selective in the

+ + + +
order H >Na >Li >K and this composition is used in Corning's
NAS 11 - 18 glass for making sodium selective electrodes. Also a

glass with nearly 104 times greater selectivity for sodium than for

potassium having composition of 69% SiO_ - 11% Li_0 - 12% A1 .0 -

2 2 2 3
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6% B_0_ and 2% Ga_.0_ has been reported[74]. Rechnitz(ll] has made

2 3 2 3

a survey of cation sensitive glass and has recommended the prefered

compositions of lithium, sodium, potassium and silver ion-selective

(73)

electrodes based on the data of Eisenman . (Table 1)

As regards the structure of glass membrane[4), a pure silica
glass, before the introduction of any basic oxide, has no electrode
properties as there are no charge sites available for lon-exchange.
In the model each silicon atom lies at the centre of tetra-hedron

formed from four oxygen atoms, when an alkali metal oxide, e.g.

NaZD, is introduced

0 D
! |
-D-Si-D-Si_D“ -
' !
0 8

L

it disrupts the Si1 - 0 - S1i linkages and gives rise to a singly
charged oxygen co-ordinated to only one silicon atom, this gives a
conducting glass with replaceable cations. Such structure show high

specificity for hydrogen ions over other cations
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For the selectivity of cations over hydrogen ions, an element 1s

introduced in the glass lattice in a8 co-ordination state higher than

its oxidation state. For example, when A13+ (as A1203] in oxidation

state 3 is introduced into glass in a four fold co-ordination 1n place

of silicon (1IV), negatively charged tetrahedral groups are formed

B o

0 0

l !

— 0—Al(III) — 0—Si(1V) — g—

.

I i ..

These in conjunction with Na

of the kind

20 provide a site capable of cation
exchange thus producing cation-responsive glasses. A low content of
A1203 present in glass structure favours lons of larger radius and
higher A1203 contents favours ions of smaller radius. Apart from the
thickness and composition of the glass membrane, its hygroscopicity

and durability are also_related to the electrode response. It is well

known that glass electrodes should be soaked before use, as this

16
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operation produces a hydrated layer on the membrane surface. This
layer consists of anlonic sites which attracts cations of appropriate
charge to size ratio. The useful life-time of the electrode mainly
depends upon the rate of dissolution of the hydrated layer which
varies from a few weeks to several years. The formation of the hydra-
ted layer depends upon the hygroscopicity of the glass. The glass
keeps on dissolving with further hydration of additional dry glass so
as to maintain the thickness of the hydrated layer at a certain value.

The dissolution of the hydrated layer, however, depends upon the

composition of the glass and the nature of the sample solution. The
glass used for the preparation of the electrode membrane should be of

medium hygroscopicity. For correct functioning of the electrode the

optimum water uptake is usually in the range 50 - 100 mg/cmS. The

effect of hygroscopicity on electrode function is given in Table 2.
Non-hygroscopic glasses such as quartz are found to produce little

Or no electrode functilon.

ok

TABLE (2) Relation between composition, water uptake and

response of electrode[11]

- water ugtake Flectrode function
Glass Membrane
mg/cm (mV)

100% SiD2 =()
2% NaZO + 98% SiD2 15
4% NaZD + 96% 8102 35
10% NaZD + 90% 8102 47
14% Na_.0O + 86% SiO 59

N

2
20% Na, 0 + 10% CabD + 70% SiO

20% Na,0O + 5% Ca0 + 75% SiO

59+ {(Nernstian)
53+ [Nernstian]l

N

2
2

N

20% Na,0 + 80% SiO, >4
25% Na20 + 75% 8102 40
30% Na20 + 70% 81?2 23

20 + 60% 8102 12
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The soaking of the glass membrane is necessary from the point of
view that the movement of ions in the glass is aided by its hydration.

The diffusion coefficients of cations in hydrated glass are about 1000

times greater than in dry glass. This may be due to the presence of
water facilitating ionic movement in the membrane and lowering the

electrical resistance by lowering the energy barrier for the transfer
of protons from the solution to the gel layer. Therefore, these
hydrated layers are considered to be essential for proper electrode

functioning.

But it is also seen that glass electrodes work very well in
molten salts. A borosilicate glass when used in fused ammonium nitrate

produced a response equal to the electrode of similar composition when

+
4 e
This is due to the fact that at higher temperatures the mobility of ions

used in aqueous solution in the order of Na' >Ag+ SEN >K+ >NH

1s increased due to the decrease in electrical resistance of the glasses.
In this case the entire membrane may simply be performing the ion

exchange and diffusion characteristics of the hydrated gel layers at

room temperatures.

When glass electrodes are soaked in an aqueous solution, the
glass membrane swells and produces hydrated layer on both surfaces.
According to Moody and Thomas(4] these layers vary in thickness from
0.05 ym to 1 um, whereas Rechnitz(lll hag described such variations

between .005 uym to 0.1 um (i.e. 50 - 1000 AD). The bulk of the

membrane thickness (about 50 um) remains dry.

GLASS MEMBRANE

Int

ernal Internal Dry plass External External
reference hydrated layer hydrated sample
solution layer layer solution
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In determining  the potential of glass electrode the liquid. junc-
tion potentiai at reference electrode/test solution interface is
minimised by use of an appropriate solution in the reference electrode.
The potential determined is due to glass membrane éf the electrode.

The net potential of such membrane is the result of boundary potentials

at internal solution and sample solution interfaces and a diffusion
potential. The boundary potentials result from ion-exchange reactions
at the membrane interfaces, e.g.
+ .+ + +
H (soln) + Na (glass) —=H (glass) + Na (soln)
where H+ from solutlion exchange wlth Na® in the gel layer. The diffusion
potential is related to the mobilities of the hydrogen and sodium

ions in the hydrated gel. The resulting potential E is given by:

E

E + E + E (3)
fhl d sz

where Efb is the phase boundary potential at reference solution/
1

membrane layer interface, which remains constant due to constant
concentration of the solution inside the electrode. Ed is the.diffu-

sion potential in the glass membrane and also remains constant. Where-

as, Efb is the phase boundary potential at sample solution/membrans
2

interface which depends on the ionic activity of the sample solution;

and any change in the activity of the ions will result in a change of

the phase boundary potential alone. Therefore, the resulting Nernstian

potential of the glass electrode depends upon E only, as the potential

sz

of internal reference electrode also remains constant. Hydrogen ions
selectively_penetrate the glass membrane to yield the electrode
potential. Although it is true that hydrogen ions undergo exchange
across the solution hydrated layer interfaée, and do not penetrate the
glass membrane, for the electrode to function the current must pass
through dry glass as well as the hydrated phase and it is believed that

the charge is carried out through dry glass portion by an ionic mechanism
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involving ions as a charge carrier. In the case of sodium silicate glass,
the current ié carried by the sodium ions moving through the immobile
anionic network. Not a single cation moves through the entire thickness
0% the dry glass membrane, however, for the charge is transported by an
interstitial mechanism by which each charge carrier only needs to move

a few atomic diameters before passing on its energy to another carrier.

In mixed potassium-sodium silicate glass both cations carry current,
though not necessarily in equal proportions.

The selectivity of the glass electrode is influenced by the glass
composition and relatively small changes in composition can result in
large changes in selectivity. As the sodium and other alkali metal ion
selective electrodes have a higher sensitivity towards hydrogen ions,
therefore for useful results the measurements must be carried out at
fairly high pH. Moreover, as the response and selectivity of the
glass electrode depends on the equilibrium constant of the ion exchange
reaction and mobilities of the relative ion in the hydrated glass layer
therefore the electrode must be properly scaked in a solution of the
strong electrolyte containing the primary cation. The generation of the
hydrated layer can require from a few hours to several days, depending
upon the composition of the gla;s. The sensitivity of the glass
electrode potential may also be affected by improper choice of
reference electrode, especially in the case of cation glass elfctrodes.
For example, in the case of the potassium electrode, the use of a calomel
electrode cannot be proved satisfactory because of leakage of potassium

ions from reference solution into sample solution, thus affecting the

activity of the potassium ions. 1In such a case lithium trichloroacetate

is found to be quite satisfactory as the reference electrolyte. This

also takes into account the fact that both ions of the reference solution

should have equivalent conductivity, which avoids the creation of a high
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Junction potential.

Glass cation responsive electrodes have many applications in
different fields of analysis. The most common application is in direct
potentiometery where measured potential is directly related to the

concentration or activity of the solution species. Cation sensitive
75

glass electrodes are used for reaction rate measurement[ ) and 1in

precipitation titration of potassium, rubidium, ammonium and silver

with calcium tetraphenylborate solution[78).. The use of the

electrodes has also been reported in applications to complex formation
: 77 (30)

studies . Sodium ion-selective electrodes are reported to be

at least as good as flame photometers for the analysis of foods, beers
contectionery, suspensions and similar systems where the flame photo-
metric method often requires solution pre-treatment or is subject to
interference. The sodium electrode has a wide application in monitoring
(78)

low concentrations (0.0001 ppm level) of sodium in boiler waters

and has also been used to check the salt content of the water ipr

industrial purposes[so].

Glass ion-selective electrodes are uséd for process monitoring
control in industries to characterise the composiktion of the
solutions and to provide the rapid information which may be used to
operate a controller or as a process computer input. In a variety of
processes and waste monitoring systems, the control of pH is Tecessary
and for this the use of pH electrode is well established. For example,
in pollution studies, during continuous monitoring of total cyanide
contents in a stream, knowledge of pH is necessary; as these measure-
ments can only be carried out in alkaline medium.

Glass electrodes are also used by biochemists and clinicians for
continuous monitoring in vivo as well as rapid in vitro measurements

of sodium and potassium ion level in blood, serum, urine and spinal



fluids, without serious disturbances to living organism. This 1is
because of the insensitiveness of the glass membrane towards oxidation

reduction reactions, because they are not greatly affected by proteins

and because they are indifferent to anions in general. Khuri(7g] has

mentioned a detailed description about the use of hydrogen, sodium and
potassium ion-selective electrodes. Hydrogen ion selective electrodes
for measurement of pH in situ'which avoids the loss of C02 to the
ambient air. Also Khuri has used sodium glass electrode {for measuring
sodium ion-activity in blood in vivo and in vitro, and potassium elec-
trodes for monitoring potassium ions in proximal tubular fluid and
plasma. Annino(BD] has determined sodium in urine and has shown that
results are in compromise with flame photometric results. In quality
(81)

control of clinical electrolyte solutions, Pearson and Elstob have

shown the use of sodium ion-selective electrode as reliable as other
methods such as flame photometery-and titrimetery. The miniature
versions of the electrodes have quite a number of applications in
biomedical including continuous determination of interacellur sodium
and potassium ion activities in muscle cells of crabs and lobsters

also in flowing blood streams and other static body fluids[BS)J

(82)

22

are used
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SOLID-STATE MEMBRANE ELECTRODES

Certain chemcial compounds such as metal salts are capable of
carrying an electric current through their structure by the movement
of one of the constituent ions, especially when the compound is
crystalline. To take advantage of this transfer mechanism, investiga-
tions were carried out to develop such sparingly soluble salts and
their mixtures for use in ion-selective electrode membranes. Such

membranes produce a selective reaction at the interface of a crystal

with solutions containing ah ion that reacts with the ion that moves

through the crystal. This produces a potential across the interface
due to the energy change associated with the reaction, which in turn
is a function of the activity of the ion involved in this reaction.
The potential produced in such cases should follow the potential-

concentration relationship defined by the Nernst equation.

The solid-state sensors used for this type of ion-selective
electrode should basically be imporous, have a very low solubility,
be mechanically stable, chemically inert and should have the ability

to equilibrate very quickly with the ions to be measured in the

sample solution and also show good selectivity. It should be avail-

(4)

able as large crystals and exhibit minimum photo-electric response .
It may not be possible to make an electrode of the second kind if the

metal is unstable in the presence of air and water, for example,

La/LaF3 or 53/58804[28]. The membrane is fixed at the end of a non-

conductive and chemically inert tube. 1In single crystal membrane
electrodes the electrical contact is made through a suitable electrolyte

containing chloride and anion common to the membrane and using a suitable

internal reference electrode (Figure 3). Coleman(IS) has modified this

system by using a doped solid connection to the inside of the membrane

system. Durst and Taylor(84] have replaced the solution by filling the
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electrode with a gel, saturated with the appropriate solute. Such modifi-

cation allow the electrodes to be used in the horizontal or vertical

position.

This work led to the use of lanthanum fluoride[BS] as an active

portion of the electrode which by its virtue of conductivity to fluoride
ions alone is highly selective. There are many compounds which could be
used for this purpose but these do not possess the property of conductivity.
Such materials can, therefore, be used for membrane purpose on the basis

of electrodes of third kind-by doping with a semi conductor material

provided they contain an anion or cation in common with it. Silver sulphide
is proved to be the best matrix for such type of electrodes because of

its low solubility and higher ionic semi conductivity. Solid state halide

electrodes[as) as well as a few other electrodes are based on this system.

Electrodes of fourth kind can also be prepared by adding an additional

dopant to the membrane containing an anion or cation in common with the

initial dopant. Farren[87] has reported a sulphate electrode _containing

(88}

such a sensor, that is AgZS/PbS/PbSD . Also Rechnitz, Fricke and Mohan

4
have produced a similar electrode having membrane composition of
32 mole % Agzs, 31 mole % PbS, 32 mole % PbSD4 and 5 mole % Cu S,

In the membrane crystal of the solid state electrode, at least one
lattice ion is involved in the conduction process. This ion has the
smallest ionic radius and the lowest charge. The ion moves'between
the vacancy sites in the crystal lattice and the vacancy at the cf&stal
lattice is so tailored and is so powerfully selective that it only
accepts the ion of that particular size, shape and charge; with the
result that no other lon can enter that vacancy and take part in the
conduction process and potential response of the electrode. All crystal

lattices have such vacancies but they must show a good dzal of ionic

conductivity so as to be potentially useful as electrodes; that is,
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ions must have freedom to leave their normal lattice and fall into other.

vacancies. This provides a conduction path thrbugh the crystal by

defect migration.

The first commercial solid-state electrode was developed by Frant

(89)

and Ross of Orion Research Inc. :  for the selective determinations

of fluoride ions. The membrane of the electrode was made from a single
crystal of lanthanum fluoride having low resistivity which was further
reduced by doping with europium to improve the room temperature
conductivity. Reagent grade chemicals frequently contain sufficient

impurities to produce "structure senstive"” enhanced conductivity at

room temperature which is well above the intrinsic conductivity of the
pure material[go]. The membrane of 1 cm in diameter and 1 to 2 mm
thick is sealed to the end of a rigid polyvinylchloride tube with epoxy
cement, using 0.1 M Nacl and 0.1 M NaF solution in contact with

Ag/AgCl reference electrode, whose potential is fixed by the chloride
ion activity and fluoride ion activity controls the potential of the
inner surface of the lanthanum fluoride membrane. Thus the potential

varies with the change in fluoride ion activity on the outer surface

of the membrane. Moody and Thomas[4] have described the measuring

cell as:
F-[D.IM] Lan[S) Test Reference
Ag} AgC].[S] _ o
Ci(0.1M) Equ(S) solution electrode

S S S —
SR Em(Int) Evlext) = &d * Egw”

<——F1luoride Electrode —mm———>

and e. m. f., E is given by:

E = E
Rt ¥ Emeint) t Emeexty By * Bre (4)

As potentials ER' and EN[int) are constant due to fixed concentration

of fluoride-chloride solution, the equation can be given as:




E=E> - 2,303 -EI- log a?* (5)

where £ is the total measured potential; and ED is the algebraic sum

of the potentials of the silver-silver chloride electrode, the saturated

calomel reference electrode, the liquid junction potential between test
solution and the reference electrode and the potential across the

membrane when fluoride activity in the test solution is Unity. The actual
value of E° for any lon-selective electrode, will depend on the choice

of internal and external reference electrodes, as well as the internal
reference solution, and the magnitude of the liquid junction potential.

The above equation holds good over a range of 1 M to 10-8 M for fluoride

lon activity, but this range is restricted by pH. With further decrease
in activity the potential tends to become constant, presumably because
the lanthanum fluoride from the membrane then contributes more fluoride

lons to the solution than are originally present(glj'

In lanthanum fluoride electrodes, the charge is transported by

.

moving fluoride ions. There does not seem to be any significant inter-
ference from common anions, such as, halides, nitrate, sulphate, and
bicarbonate. Neither phosphate nor acetate has any significant effect.
The only major interference is from hydroxide ion at higher pH where
_[Dﬁ) Z (F). This is attributed to their simllar size and charge
which presumably causes hydroxide ion to penetrate the crystal and

contribute to the diffusion potential[agl. But it has also been

SUEEBSth(4] that when an equilibrium of the type:

La Fy (s) + 3 0H — talOH),(s) + 3F (6)
takes place, fluoride ions are released which raises the sample
fluoride level to give a more negative potential. The useful pH
range of the electrode is limited because it varies with the fluoride-
ion activity or concentration; 1lower the fluoride level more restricted
is the pH range. Also at pH 4 - 5 the formation of HF and HF;'lowers

2
the fluoride activity and give more positive readings. But it is
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| reported(4) that, even below pH 5, the electrode is still responding

correctly to the fluoride that remains uncomplexed, with a near
Nernstian slope of about 60 mV per decade. Thus it is quite realistic

to quote a proper pH range of 0 to 11 for ID-IM fluoride rather than

5 to 11; similarly pH range for ID—SM fluoride is 0O to 8.6.

Buffle, Parthasarathy and Haerdégz] have studied the phenomenon
limiting the sensitivity of the fluoride ion-selective electrode.
According to them although the interference of electrolyte ions or
fluoride impurities play a part in this lower detection limit, it seems

that the adsorption of fluoride ions at the membrane-solution inter-

face and the solubility of the electrode crystal are two principal

parameters. ;

Linganetgl] found that in titration of fluoride ions with
thorium, lanthanum and calcium using the lanthanum fluoride electrode,

the largest potential jump is obtained with lanthanum and this is

enhanced in presence of 60 to 70% volume percent of ethanoltgal'

Fluoride complexes with iron(III) aluminium (III), calcium (II) and
magnesium (II) affect the response of the electrode. Errors can be

avoided by using 'total ionic strength adjustment buffer' (TISAB)

which consists of 10_3M sodium citrate, 1.0 M sodium chloride, 0.25M

acetic acid and 0.75M sodium acetate(g4). This releases the fluoride

lonsby preferenfially complexing metal ions as citrate complexes and
maintains the pH of the solution at about 5.5. This latter prevents
the formation of HF and HF; as the dissociation constant of HF is

4.7. Furthermore, in cases where samples contain aluminium or iron
more than 10% of the fluoride present, disodium CDTA (cyclo-hexy-
lene dinitrilo tetra acetic acid or l,2-diaminocyclohexane N,N,N',N°*

tetra acetlic acid) is used instead of citrateIgSJ.

A single crystal fluoride membrane is preferable to a mixed

crystal membrane in that the mixed fluoride membrane exhibits a higher
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electric bulk resistivity and tends to give a somewhat noiser electrode,

as 1s the example of LaF3 - NdFS[QB).

Farren[g7] has reported a non-porous LaF3 - CaF2[10 - 50% CaF2]
electrode, but Moody and Thomas(4] have suggested that calcium fluoride
1s too insensitive, since the solubility produce K = 3.9 X 10“11 would

SP
in principle generate about 4 x 10‘4M or 8 p.p.m. 0of fluoride. The

other possible materials suggested are scandium, yttrium, lead and
bismuth fluorides. Bismuth trifluoride membranes can be produced by
compression but chloride and sulphate interfere seriously.

A considerable number of papers have been published on the use of

fluoride solid-state electrodes. A brief survey is also given by

(47) (44) (4)
, er

Light , and Moody and Thomas "3 only a few applications

Web

are mentioned here. Apart from direct potentiometric analysis of

fluoride, the electrode is employed for study of dissociation constant of

hydrogen Fluoride[gal, metal-fluoride association constantstgg], and
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