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of iodine-131 labelled barium iodate and counting the filtrate. The blank
can be reduced by using 20 per cent. methanol. Each determination takes
only a few minutes, and the precision is +2:5 per cent. The apparatus
required is simple and inexpensive, apart from the counting equipment.
The method has been tested with standard kale, and has been applied to
the determination of sulphur in fruticose lichens.
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Ion-selective Membrane Electrodes
A Review*

By ERNO PUNGOR anp KLARA TOTH
(Department of Analytical Chemistry, University of Chemical Industries, Veszprém, Hungary)
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Cyanide-selective electrode
Sulphide-selective electrode
Silver salt containing electrodes for measuring cation activities
Fluoride-selective electrode
Calcium-selective electrode
Other ion-selective electrodes
Further development of ion-selective electrodes

SINCE the supposition that membranes separating cells play an important rdle in the vital
functions of the organism, the behaviour of various membranes has been studied in detail.
This has led to the discovery of the electrical phenomena of membranes in electrolytes. The
purpose of this paper is to summarise the electrical behaviour of ion-selective membranes
that are used as electrodes.

From an electrochemical point of view, the membranes can be divided into the following

oups.
& Porous membranes—Membrane layers that separate electrolytes and permit the diffusion
of both cations and anions, this diffusion being hindered only by the size of the pores of the
membrane. The potential developed across the membrane layer is a diffusion one.

Perm-selective membranes—Membranes containing a matrix with fixed ionic groups, so-
called fixed charges, which allow the transport of the oppositely charged ions in certain
concentration ranges. The upper limit of the concentration range is always determined by
the concentration of fixed charges in the matrix. The perm-selective membranes do not
differentiate between the individual ions, and the potential developed on the membrane
surface is caused by the ion-exchange and diffusion phenomena of the membrane.

Porous and perm-selective membranes have been studied in detail 1.2,

Ton-specific membranes—Membranes with specific exchange properties and perfect semi-
permeability.

Classification can also be made on the basis of the structure of membranes.

Homogeneous membranes—Membranes containing only the material that is responsible
for the electrochemical behaviour of the membranes. They can be polymerised further,
pressed from amorphous particles or polycrystals or grown as a. single crystal.

Heterogeneous membranes—Membranes consisting of an electrochemically active material
and a supporting material.

Naturally all membrane types mentioned previously can be used as electrochemical
sensors, 7.e., potentiometric electrodes, but electrodes selective to individual ions can only
be formed from ion-specific membranes. The ion-selective electrodes can be sub-divided
into glass, salt membrane and special ion-exchange electrodes on the basis of the electrode
material.

* Reprints of this paper will be available shortly. For details see Summaries in the advertisement pages.

(© SAC and the authors.
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Salt membrane electrodes consist of slightly soluble materials, at which a solubility
equilibrium is established on the surface of the membrane.

Special ion-exchange electrodes have fixed ionic groups, which ensure the selective
ion-exchange reaction with the particular ion.

The first step in the development of ion-selective electrodes was the discovery of the
pH glass electrode at the beginning of this century.#® This led to many theoretical and
practical studies which resulted in a new interpretation® of glass electrode potential on the
basis of ion exchange. The electrochemical behaviour and composition of glass membranes
were studied in detail by Lengyel and Blum,? whose work led to the development of alkali-
sensitive glass electrodes. The development of various glass-electrode theories is given
by Eisenman® and more detailed studies of glass electrodes were made by Bates® and
Eisenman.10

Various clay materials and precipitates have been used as membrane electrodes. to 16
These electrodes responded to the change in the electrolyte concentration, but their response
was not selective. At the beginning of the sixties an advance was made in ion-selective
electrodes with the introduction of the highly selective silver iodide based iodide electrode.l?
This work directed attention to precipitates that ensure a rapid precipitate exchange reaction
on their surfaces. Since then the research on ion-selective electrodes has been carried out
in three ways.

In the first method precipitates are prepared with crystal defects or doped crystals
and are incorporated in a suitable supporting material such as silicone rubber, and the
second method involves preparation of slightly soluble single or pressed crystals with crystal
defects or which have been doped. These form the group of solid-state electrodes. The third
method is the synthesis of special ion exchangers with certain selectivity to individual ions,
examples of which are the liquid ion exchangers for copper and calcium.

There is at present a rapid increase in the number of publications on ion-selective elec-
trodes, which indicates the great interest of chemists in this field. However, various contra-
dictory and supplementary hypotheses have been put forward, thus the aim of this study
is to give a summary of the present knowledge of ion-selective electrodes.

THEORY
PRECIPITATE-BASED ION-SELECTIVE (SALT) MEMBRANE ELECTRODES—

The papers on precipitate-based ion-selective membrane electrodes that have so far
appeared in the literature discuss the electrochemical behaviour of heterogeneous and solid-
state membrane electrodes separately.18,19:20,21  However, on the basis of experimental results
this differentiation is not necessary because they differ from each other only in mechanical
and not in electrochemical respects, so in this paper they are treated together.

For the theoretical interpretation of the behaviour of precipitate-based ion-selective
electrodes, silver halide based membrane electrodes were chosen because silver halide salts
have been extensively examined. As far as precipitate-based membrane electrodes are
concerned with the particle size, the defect structure of the precipitate and the adsorption
phenomena on its surface are of great importance. The particle size of the silver iodide
precipitate was studied by Schulek, Pungor and Guba.?2 The examination of the adsorption
of the related Cl-, Br-, SCN- and other ions (SO, and PO2-) on silver iodide showed that
halide and pseudo-halide ions adsorb without their hydrate shell, while the other ions adsorb
with 6 to 8 moles of water.23:2¢ This was concluded from the results of titrations that were
carried out in the presence of organic dyes that adsorb on the surface of silver iodide pre-
cipitate, and behave as surface acid - base indicators, when the surface charge of the precipitate
is changed. This reaction did not take place on the surface of any other silver halide pre-
cipitates, or if it did, then only to a very slight degree. This phenomenon can be used for
the determination of the adsorbed amount of other anions forming precipitates with silver
on the surface of the silver iodide precipitate if a solution containing the iodide and this
other anion is titrated with silver nitrate in the presence of p-ethoxychrysoidin. The proton
uptake and the proton loss of the organic dye was detected with a pH glass electrode.
The end-point, corresponding to the amount of the iodide ion present, was shifted depending
on the type and concentration of the other ion titrated.

The ratio of the shifts of the end-points corresponding to the iodide determined in the
presence of various halide and pseudo-halide ions was inversely proportional to the square
of the ratio of the radii of the anions investigated.
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With a knowledge of the surface area determined by electron microscopy, and the amount
of ions adsorbed, the place occupied by one ion was calculated. These phenomena are im-
portant with respect to the formation of the membrane potential.

The rate of precipitate exchange reaction for silver halide precipitates has been found
to be fast, which is important because of the response time of the electrodes.

Many papers?6:26,27 deal with the defective structure of silver halide precipitates, from
which it can be concluded that in equilibrium the distribution of the space charge is an
exponential function of the distance counted from the surface of the precipitate. On the
surface of a precipitate the space charge is given on the electrolyte side by the partly or
fully hydrated ions, and on the solid side by the lattice defects.

By using either a heterogeneous or a homogeneous ion-selective electrode at zero current
in a solution containing the ion to which the electrode is reversible, the equilibrium between
the solution and solid phase is attained when the difference of the electrochemical potentials
of the solvated ion and the ion bonded to the solid phase is equal to zero. If the electro-
chemical potential of the appropriate -th ion in the solution is

Ne=ps + 2F¥, .. . . .. o (D

N = P + 2F Py - . .. . .. .. (2)
where 7 is the electrochemical potential,
{;/is the chemical potential,
the Galvani potential,
z is the valency, F is the Faraday constant,
s and m are subscripts denoting the solution and membrane phase, respectively.

In equilibrium 7, is equal to 7.
M+ z,F¥, = Pm + 2F ¥y

ziF('Pm—*P.)=u,—pm=u:—ya+RT1n(if—;" B

_ RT ., (a),
E=Eo+ozhess . . . . @

while in the membrane

where E is the electrode potential,
E, is the standard electrode potential,
po is the standard chemical potential and
(a;)s and (a;),,, are the activities of the i-th ion in the solution and in the membrane
phase, respectively.

In this deduction of the electrode potential the ion diffusion across the membrane was
not considered as it normally has no effect on the membrane potential at zero current.
However, Buck®® has pointed out that if Eisenman’s concept, s.e., the phase boundary pro-
cesses are combined with the diffusion of the particles and defects in the membrane, is used
here, then the behaviour of the electrode can also be interpreted in solutions containing the
appropriate ion and an ion forming a less soluble salt with the cation of the precipitate used
in the electrode than the appropriate ion (ion composing the precipitate in the membrane).
Furthermore, Buck stated that the mixed adsorption of the ions can also be used for the
interpretation of the electrode potential in bi-ionic solutions.

If the concentration of the appropriate ion is relatively low in the solution examined,
then the electrode potential approaches a limiting value, which can be expressed for univalent
ions in the following way?*—

E = Eo + R;;__T In '\/Sji + \/‘ZH + 4(“5): .. .. .. (5)

where S;; is the solubility product of the precipitate used as electrode.

In a solution containing not only the ion to which the electrode is reversible but another
ion, which also forms a precipitate with one of the components of the membrane matrix,
the following precipitate exchange reaction is established—

Agl + K2 AgK +1 N ()

___(ai)s(ak)m
Kp=ghods® o ),
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On the basis of this exchange equilibrium the following equation can be derived for the
potential of the membrane electrode if the intra-membrane diffusion phenomena are neglected.
—_ RT (ak)s _ RT (Ck)s e
E—E°+z,-Fln (at)sE;Kik (di)s_Eo—i_ZiFln (ci)s"ZKik (ci)s-f e (8)

where a,,c; and ay,c, are the activities and concentrations of ¢-th and %-th ions, respectively

# is the number of ions taking part in the exchange reaction,

f£ is the mean activity coefficient, and

K} is the selectivity constant of the electrode.

The selectivity constant can be deduced from the exchange equilibrium and has the
general form—

SjilIa _ e(ai)sbla 9
Sjkl/"_W e .o . Ly ( )
where ¢(a;) and e(a,) are equilibrium activities of the ions taking part in the precipitate
exchange reaction, which is measured when co-precipitation starts,
a, b, n, m are the stoicheiometric constants of the precipitates built in the membrane
or formed during the exchange reaction, and
S;; and S;;, are the appropriate solubility products.

When univalent ions form the precipitates, then equation (9) reduces to—

Kop=32£ .. .. .. .. .. (o).

Ky =

The validity of equation (8) was proved experimentally with an iodide-selective electrode.
The slope of the linear part of the graph of E versus log a; is, theoretically, 60-1 mV at 30° C,
for which 60 mV was found experimentally. The difference is within the limits of experi-
mental error.

]

=300

~250 -

-200

-150

=100

=50}

~log[x]

Fig. 1. Potentiometric selectivity of
I- membrane electrode to I- in I--
Cl- and I- - Br- binary mixtures. Refer-
ence electrode Ag- AgCl (0-1) electrode
with KNO; salt bridge: A, calibration
graph for I- electrode; B, 10-5M KI in
Br—solution; C, 10-% M KI in Br-solution;
D, 105m KI in Cl- solution; and E,
10¢M KI in Cl- solution; when X is
Cl- or Br- '
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The potentiometric determination of the selectivity constant also underlines the validity
of the theory based on precipitate exchange reactions. The determination of the selectivity
constant can be carried out by a direct or indirect method. The activity of the appropriate
ion is constant and relatively low, while that of the interfering ion varies when the direct
method is used. The opposite is found with the indirect method.

-150

~100 |-

~50 |

50—

100~

150

Fig. 2. DPotentiometric selectivity of Br— membrane
electrode to Br— in Br— - Cl- binary mixtures. Reference
electrode Ag - AgCl (0-1) with KNO, salt bridge: A, calibration
graph for Br- electrode; B, 10—%M Br- in Cl- solution;
C, 10-®*M Br— in Cl- solution; and D, 10-®*M Br- in Cl-
solution

The graphs obtained with the direct method for iodide and bromide-selective electrodes,
presented in Figs. 1 and 2, were the basis of the determination of the selectivity constants
of these electrodes. The break-points of the extrapolated lines gave the activities of the
interfering ions, where they disturb the appropriate halide determination, while the activity
of the appropriate ion was calculated from the concentration of the sample. The ratio of
these activities gave the selectivity constant.

It must be emphasised®® that the solution tested should contain both the appropriate
and other ions when either the direct or indirect method for the determination of the selec-
tivity constant is used. Alternatively, if the method devised by Eisenman?® for glass elec-
trodes8 is used for other ion-selective electrodes, then the conditions of the potential measure-
ment are not well defined because the potential measurement is carried out in the absence of
the appropriate ion. The values obtained for selectivity constants therefore agree only in
magnitude with the theoretical values. The results obtained by Rechnitz, Kresz and
Zamochnick3! and Rechnitz and Kresz,32 who measured the selectivities of halide-selective
electrodes in this way, can only be treated as apparent values.

If the selectivity constant is measured by the indirect method, then the potentiometric
titration curve is a basis for the determination. The activity of the appropriate ion at the
point at which co-precipitation starts can be calculated from the potential difference estab-
lished between the well defined start and the break-point of the titration graph. The activity
of the interfering ion is known from the composition of the solution tested. The titration
method is generally applicable, but it is assumed that the activity of the appropriate ion at
the break-point can always be calculated from the Nernst equation. The ratio of the activities
of the appropriate and other ion established when co-precipitation starts gives the selectivity
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constant. However, this assumption has limitations. If the mean activity coefficient in the
solution is not constant during the titration then the use of the Nernst equation for the
calculation of the activities is not correct. Furthermore, if mixed crystals are formed during
the co-precipitation, then the activities of the appropriate ion at the break-point cannot be
used for the calculation of the real selectivity constant. Despite this, the method is useful
for the approximate determination of the selectivity constant.

In our experience the direct method only gives correct values when the selectivity
constant is not lower than 10-3.

Table I gives a comparison between the theoretically calculated and experimentally
measured selectivity constants of iodide and bromide-selective electrodes. The theoretical
values were calculateds® by using equation (10), the validity of which is proved by the good
agreement obtained. Table I contains the apparent selectivity constant of the bromide-
selective electrode to chloride found by Rechnitz and Kresz,* the value of which is 102
This differs from the theoretical selectivity constant.

TaBLE I
COMPARISON OF SELECTIVITY CONSTANTS
Anion pair Log of selectivity constant
— A N — s N
[Br-] [CI-] at the break real apparent* calculated
10-¢ 7-11 x 10—¢ 2-85
10-8 56 x 10-3 2-75 2-0 2-6
10— 56 x 10-2 2-75
7] [Br—] at the break
10-¢ 5 x 10-2 37 —_ 376
10-8 4-25 x 10-2 3-63 —_

* Measurement carried out by Rechnitz and Kresz.3?
Data taken at 25° C.

PRECIPITATE-BASED ION-SELECTIVE MEMBRANE ELECTRODES IN THE PRESENCE OF COMPLEXING
AGENTS—

For the discussion of this phenomenon, silver halide electrodes were chosen as the
example. It was experimentally ascertained that all silver halide membrane electrodes
responded to complexing agents such as cyanide or thiosulphate in solutions containing both
the appropriate halide ion and the complexing agent. Further, it was also found that the
response of the halide-selective electrodes to a complexing agent had started when the
activity reached that of the appropriate halide ion (Fig. 3). Naturally all cyanide measure-

23 A
.« O
w 2
B
1 1 1 1 B |
0 1 2 3 4 5
—Jog[CN-]

Fig. 8. Direct cyanide measurements with
a Br— and I- selective electrode in the presence
of I- and Br-, respectively. Reference electrode
S.C.E. with KNO, salt bridge: A, 10-3m I~ +
CN-; and B, 10¢M Br-+ CN-
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ments were carried out® in solutions of pH higher than 11, and the life of the electrodes
depended partly on the activity of the cyanide investigated and the time for which the
electrode was used.

All halide electrodes, however, showed the same selectivity to various anions in the
presence of cyanide as in the presence of the appropriate halide ion. Table IT shows this
comparison for silver iodide based cyanide electrode.

TaBLE II

SELECTIVITY OF I~ MEMBRANE ELECTRODE TO VARIOUS IONS IN THE PRESENCE
OF CN— AND I~ AT 25°C

Selectivity constant in the presence of
= 3

(o h)

Ton CN- b i
Cl- 10-%to 10-¢ 10-¢
Br- 10-3to 10—¢ . 10-¢
I- 1 —_
CN- — 1
NH,+ 10-5to 10— 10-¢
SO2- 10-%to 10-¢ 10-¢

Although the theoretical understanding of the behaviour of jon-selective electrodes in
the presence of complexing agents is far from complete, those theoretical aspects which have
been proved experimentally are summarised. The interpretation is based on the dissolution
of silver halide salts by complexing agents. In the Orion catalogue® the same principle was
used and the response of the iodide-selective electrode was explained with the effect of silver
ion in equilibrium with the cyanide complex. The potential established on the surface of
the cyanide membrane electrode is the result of the continuous dissolution of the silver halide
precipitate and the exhaustion of the electrode by time is therefore understandable. How-
ever, as this interpretation does not answer the selectivity problem of the electrodes mentioned
previously, it seems favourable to discuss the behaviour of the halide electrodes in the presence
of complexing agents on the basis of the exchange reaction used for precipitate forming ions.
In this discussion, the diffusion phenomena are neglected and the following interpretation,
given for the behaviour of the electrodes responding to complexing agents, can be considered
as a zero-order approximation.

The basic reaction is—

AgX + 2CN- = Ag(CN); + X~ N ¢ 1§
which is hindered by the adsorption of the liberated halide on the surfaces of the silver halide
particles. It is assumed that the liberated halide ions determine the inter-facial potential
of the membrane electrodes. A further assumption is that the dissolution of the silver salts
results in an equilibrium, the equilibrium constant of which is as follows—

a - a3
Kyon =2 X . . . . (12
X,CN a“CN- R aAgX ( )
From this, the following equation was derived for the potential of the silver halide based

cyanide electrode in solutions containing halide and cyanide ions—

E = Eo + 0-059 log (ﬂx + a;( + KX,CN aQCN) .o o o (13)
where a, is the activity of the appropriate halide ion in the solution,

ay  1is the activity of halide ion released by cyanide in the membrane layer,
acy  is the activity of cyanide in the solution and

Ky cn is the dissolution constant of an AgX electrode to cyanide ions.
Naturally, if the solution contains only cyanide ions then equation (13) reduces to—
E = Eo + 0’059 log (1/2aCN + KX,CN a?:N ) .o .. . (14).
From equations (13) and (14) it is clear that the original composition of the ion-selective
membrane electrode is responsible for the selectivities of the electrodes to various other ions.
The validity of equation (13) was proved experimentally in the range of 10~ to 2 M
cyanide concentration. All solutions were made 2 M with respect to sodium hydroxide. The
results are summarised in Fig. 4, where the theoretical curve is calculated according to
equation (13). The value of the dissolution constant is 0-1.
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Fig. 4. Calibration graph for CN—:
—~@—-@- theoretical graph; and O points
found experimentally

E, mV

The interpretation given for cyanide is valid generally for complexing agents and it can
also explain qualitatively the phenomenon observed in the presence of thiosulphate. In this
instance, when a silver iodide membrane electrode is used, the concentration ratio at which
the thiosulphate has a marked effect on the electrode is not 0-1 but about 100 (Fig. 5). This
is because the Ag(S,0,), complex is less stable than the Ag(CN), complex.

N

—logC

E, mV
100 mV

Fig. 5. Response of a CN- selective
electrode to cyanide in the presence of NH,*
and S,042~ ions. Reference electrode S.C.E.
with KNO, salt bridge: A, CN—; B, 10—*M
CN- + S;04%~; and C, 10~¢M CN- + NH,*

Another problem is how metal ions forming complexes with the appropriate anions
influence the behaviour of the halide electrodes. It was found that various metal halide
complexes do not interfere with the behaviour of halide-selective electrodes.?® However, the
problem is not so simple for halide-based cyanide electrodes, because if a silver iodide based
cyanide electrode is used then complexes less stable than Ag(CN), still give an exchange
reaction on the membrane surface. It therefore means that the cyanide complex behaves
as if the bound cyanide would partly be free and only a slight shielding effect of the metal
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can be observed when the e.m.f. versus mole ratio of metal ion to cyanide is measured. On
the other hand, complexes more stable than Ag(CN), seriously influence the cyanide deter-
mination. These two limiting cases are presented in Figs. 6 and 7, with cadmium and nickel
complexes.

10-3

ch-r M

1074

1 1 1 1
20 40 60 80 100

[CNT] %
[CN~] + [CdZ]"

Fig. 6. Effect of Cd?t* on direct CN—
measurements. Indicator electrode CN-—
selective electrode; reference electrode S.C.E.
with KNO, salt bridge

The fluoride electrode can be used to determine the presence of some metal fluoride
complexes as indicated by Srinivasan and Rechnitz, who investigated the kinetics of the
complex formation of Fel'>+ and AlF2+. The electrode did not measure the fluoride bound
in these complexes, so it can be used for studying the formation kinetics of these complexes.

103
=
N
g
U.
o4 Ni(CN)e
20 40 60 80 100
CN] o
[CN-T + [Ni2t)

Fig. 7. The effect of Ni*+ on direct CN—
measurements. Indicator electrode CN-—
selective electrode; reference electrode S.C.E.
with KNO, salt bridge

A special problem arose when the anions of weak acids were measured as it was found
experimentally that the component measured was always the dissociated anion and not the

- ¢
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Fig. 8. The effect of pH on the CN-
measurement. Indicator electrode CN—'selec-
tive electrode; reference electrode S.C.E.
with KNO; salt bridge

protonised anion. To demonstrate this, hydrocyanic acid is used as an example. Fig. 8
shows pacy versus pH function; the points represent the experimental results and the solid
line indicates the theoretical values calculated according to the equation—

—log acy = pK — log ¢; + log (ay + K)
where K is the dissociation constant of HCN,
¢, is the total cyanide concentration of the solutions, .e., (CN-) + (HCN), and
ay is the hydrogen-ion activity.
This applies to sulphide membrane electrodes and the second dissociation constant,

calculated®® from the results shown in Fig. 9, gave pK, equal to 12-65, which was in agreement
with the result obtained by Hseu and Rechnitz.3?

Fig. 9. The effect of pH on the
direct S?- measurement. Indicator
electrode S?- selective electrode; refer-
ence electrode S.C.E. with KNOj salt
bridge

Hydrofluoric acid was also studied by means of a fluoride-selective electrode. Vander-
borgh® and Srinivasan and Rechnitz® independently published results on the determination
of the dissociation constant of hydrofluoric acid, which are in good agreement with those
obtained by other methods. Srinivasan and Rechnitz also investigated the sensitivity of
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the electrode to HF,~ and concluded that the electrode does not respond to this type of ion,
or to such a slight extent that its effect is negligible.

SPECIAL ION-EXCHANGE ELECTRODES—

The behaviour of special ion-exchanger based ion-selective electrodes was studied by
Stefanac and Simon,%® Ross* and Walker and Eisenman.®? In a detailed study of solid and
liquid ion exchangers?®® the differences and similarities between solid and liquid ion exchangers
are discussed on the basis of the ion exchanger and diffusion phenomena. Eisenman points
out that liquid ion exchangers have advantages over solid ion exchangers because in the
liquid system the ion-exchange sites can move, so the undissociated ion pairs contribute
to the movement of the counter ion in the liquid phase.

Liquid ion exchanger based calcium, copper, perchlorate and nitrate, and so on, selective
electrodes were worked out, the selectivity of which can change with time as was shown at
the Vienna Conference.4

Although a complete theoretical description of the behaviour of liquid ion-exchanger
electrodes is not yet possible, this does not detract from the practical value of the electrodes.
A simplified theoretical treatment of this type of electrode was deduced for calcium-selective
electrodes by Rechnitz and Lin and it was used successfully for the kinetic study of the
replacement reaction of magnesium complexone with calcium.%

Rechnitz and Lin® reported on the application of the copper liquid ion-exchange electrode
for the determination of the formation constants of various copper complexes.

TRANSIENT PHENOMENA OF ION-SELECTIVE ELECTRODES—

The examination of equilibrium conditions of ion-selective electrodes discussed so far
does not give information on electrode processes. Study of the electrode kinetics is extremely
important as the further development of ion-selective electrodes is considered. Furthermore,
automatic analysers and continuous measuring cells require sensors with rapid response.

Only a few papers have so far appeared in the literature on the transient phenomena
of ion-selective electrodes including glass electrodes. The transient phenomena of glass
electrodes? to 5 js not discussed in this paper, but it is noticed that the theory of the transient
phenomena is not entirely satisfactory.

Studies have been made of the transient phenomena of ion-selective electrodes other than
glass electrodes and results have been published.3!,32,33,87,46,55,66 {[Jnfortunately, research into
the transient phenomena has not been carried out under the best conditions as the instruments
generally used for the measurement of the e.m.f. versus time curve have a relatively high
time constant, so the data determined cannot be used completely for kinetic studies. The
results can also be misleading in that instead of the electrode response, the response time
(the time taken for the electrode potential to attain a constant value) of the measuring cell,
involving one or more liquid junction potentials, is measured. The liquid - liquid junction
potentials can also be time dependent, so they may disturb the evaluation of the results.
This relates both to our earlier results and to those of Rechnitz. The response time was
found to vary from a few seconds to a few minutes and Rechnitz has shown that the response
time increases with the increase in the width of the membrane layer.

The transient phenomena can be measured in two different ways: by the immersion
method, in which the electrode is immersed in the solution at { = 0 time instant, and the
injection method, in which a solution of given concentration is injected into the flowing
system with constant speed. A variation of the former method was carried out in our
Institute,% and it was found that two different concentrations of the appropriate ion had
interchanged round the electrode within 1 millisecond, and the change in the electrode
potential was recorded with an oscilloscope. The results were as follows: the e.m.f. versus
time reached a constant value within a few hundred milliseconds; and the transient phenomena
of the electrode can be described with one exponential equation; the response time of the
electrode is independent of the thickness of the membrane layer and depends on the con-
centration level of the appropriate ion and on the concentration jump only to a small extent
and also depends on the direction of the concentration jump; a great excess of other ions
generally decreases the electrode response; the response time of the cyanide electrode is the
same as that of a halide electrode, which also shows that the mechanism of the response
of a halide-based electrode to complexing agent is the same as that of the electrode to
precipitate-forming ions.
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EXPERIMENTAL

The ion-selective electrodes are widely used either directly on the analogy of pH glass
electrodes or as an indicator electrode in potentiometric titrations. In the former instance,
the evaluation of the results is carried out with a calibration graph. The E versus —log ax
calibration graph (X is the ion to which the electrode is reversible) is linear in a certain
activity range but it differs from it below a given activity value, which can be calculated
for every electrode from equation (5). From this it follows that the lowest detection limit
of an electrode lies at that activity value at which the slope of its calibration graph reaches
zero. The electrode can be used for analytical purposes under restricted conditions in that
activity range also, in which the slope of the calibration graph varies, but here the measure-
ments must be repeated to reduce the mean error of the method.

The concentration of a component can be determined from its activity in various ways,
the simplest of which is to work with dilute solutions, where the mean activity coefficient is
about one. Another method of avoiding the effect of the activity coefficient is to use a
solution maintained at a constant ionic strength. Naturally, the test solution should have
the same ionic strength as the standard. Salts, to which the selectivity constant of the elec-
trode is very low, can be used as “‘neutral” salts to maintain the constant ionic strength.
The ratio of the activity of the ion tested to the activity of the “neutral” salt should be
about 100 times higher than that allowed for by the selectivity constant of the electrode.
On the other hand, the use of an indifferent salt in the measurements is accompanied by a
rapid electrode response as discussed in the theoretical part. Other methods such as the
calculation or the measurement of the mean activity coefficient are more tedious.

The application of ion-selective electrodes in potentiometric titrations as indicator
electrodes is analogous to that of any other potentiometric electrode and needs no further
comment. _

The measurements with ion-selective electrodes can be carried out in cells with or without
transference. The performance of the latter cell is not so simple because it requires a
reversible electrode dipped in the test solution containing, in addition to theion to be measured,
a constant or known concentration of its appropriate ion. Such a non-transference cell was
prepared by Pungor and Papp® and involved a perchlorate reference electrode and perchlorate
ions in a relatively high concentration (0-1 to 1 m).

If the measurements are carried out in transference cells then the liquid - liquid junction
potential may cause some trouble, which is especially marked when this cell is used con-
tinuously in flowing systems. Experiments show that the electrolyte around the reference
electrode must also flow.

Some commercially available ion-selective electrodes and their properties are shown in
Table ITI, only those electrodes with which we have had personal experience being listed.
Besides these, Beckman, Corning Glass, etc., have also been advertising ion-selective electrodes.

CHLORIDE-SELECTIVE ELECTRODE—

The applications of a chloride-selective electrode have been discussed generally.32, 8,59

Two methods were devised by Havas, Papp and Pungor® for the determination of
chloride with a chloride-selective electrode in the presence of bromide and iodide ions. In
one method partial oxidation of iodide was carried out with potassium permanganate in
acidic medium and the iodide released was extracted with carbon tetrachloride, while the
excess of potassium permanganate was eliminated with hydrogen peroxide. The chloride
remaining in the solution was measured directly with a chloride-selective electrode. In the
other method the separation of halides was carried out on a column containing a strong base
ion-exchange resin in nitrate form. A solution of 0-5 N sodium nitrate was used for the
elution of the resin. Van Loon used chromic acid instead of potassium permanganate ¢ and
determined the insoluble halides after fusion.

The chloride content of soils and tap water can also be determined directly by means
of a chloride-selective electrode$! and some results are shown in Table IV.

The difficulties involved in the micro determination of chloride might be solved by the
use of a chloride electrode. A method was developed® for determining the chloride content
of analytical-reagent grade potassium hydroxide. The potassium ions were converted into
hydrogen ions on a column containing a cation-exchange resin, and the effluent was readily
determined with a chloride membrane electrode. The chloride can be determined in potassium
hydroxide by this method, at a concentration as low as 10-3 per cent. (see Table V).
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TasLe III
CHARACTERISTICS OF SOME COMMERCIALLY AVAILABLE ION-SPECIFIC ELECTRODES
Pungor et al. type electrodes, Orion type electrodes,
Radelkis, Hungary* U.S.A.¢t
[ A R L A— R
Suggested
Type pre- Reference  Type
Electrode No. Selectivity treatment No. No. Selectivity
Bromide OP-Br-711 CN 1 1to2hours 66, 68 94-35 S2— must be absent
S,0,.2~ 1 in 103 M (solid CN- 1.2 x 104
SCN- 195 x 10— KBr state) I- 5 x 103
Cl- 6 x 10-3 NH,; 05
AsOg23- 1-6 x 10-¢ Cl- 2-5 x 10-3
PO2- 31 x 10-7 OH- 3 x 10-8
CrO2- 1-15 x 10-7
COg%~ 1 x 107
SO~ <107
NO;- <107
Calcium — — — 45,97-110 92-20 Zn2t+ 32
(liquid Ca?+ 1
ion Fe?t  0-8
exchange) Pb*+  0-63
Cu+  0-27
Ni¢+  0-08
Sr#+ 0-17
Mg+  0-14
Ba?t 0-01
Carbon OP-C-711 — 1 hour in — — —
distilled
water
Chloride OP-Cl-711 CN- 1 1to 2 hours 32, 58-67 94-17 CN- 5 X 108
S,042- 1 in 103 ™ (solid I- 2 x 108
SO~ 2 x 1071 KCl1 state) Br- 3 x 102
AsO2- 2 x 10— S,0,% 102
PO2~ 4-8 x 10— NH, 8
COg2~ 4+6 x 10-5 OH- 12 x 10-*
Cy,0,2~ 45 X 10-5 $2- must be absent
SOz~ <10-® No interference from
NO4-, F-, HCO,4™,
SO.2-, PO2~
—_ —_ — — 92-17 ClO,~ 32
(liquid I- 17
ion NOg~ 42
exchange) Br— 1-6
OH- 1
OAc- 0-32
HCO;~ 019
SO2- 0-14
F- 0-10
Copper(11) — — — 46 92-29 H+ 7 x 103
(liquid Fe2+ 1
ion Ni¢+ 5 x 10-3
exchange) Zn?*+ 1 x 10—
Nat less than 10-2
K+ less than 10-3
Ca?+ 5 x 10—
Sr2+ 2 x 10—¢
Ba?t 2 x 10~
Mg?+ less than 104
Cyanide OP-CN-711 Same as that with 6 hours 72 94-06 No interference from
the iodide-selec- in 10-2m (solid common anions
tive electrode NaOH state) such as F—, NO,-,

CO42-
S2- must be absent

Cl-
I -
Br-

10-¢
10
2 x 10-3
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TABLE III—continued

Pungor ef al. type electrodes, Orion type electrodes,
Radelkis, Hungary* U.S.A.t
(o A B Lo A R
Suggested
Type pre- Reference  Type
Electrode No. Selectivity treatment No. No. Selectivity
Bivalent cation — —_ — — 92-32 atpH 6
(liquid Zn2+ 35
ion Fe*+ 35
exchange) Cu*+ 31
Ni+  1.35
Ca?+ 1
Mg+ 1
Bat+  0-94
Sr#+  0-54
Nat+  ~10-2
K+ ~10-2
Fluoride — — —_ 38, 39, 94-09 No interference from
76-96 hydroxide if ten
times less than F—
Iodide OP-I-711 CN- 1 1to2hours 17,18, 95-53 S*-, 5,042, CN-
Br- 1-8 X 10~* in10-%*m 68-71 (solid interfere
SCN- 3 x 10-3 KI state)
[Fe(CNg)]4¢~ 3-5 x 10-¢
SOz~ 55 x 107
Cl- 3-7 x 10-7
SO2~ 1 x 1077
OH- 91 x 10-°
AsOz2- 2-6 x 1010
CrO2~ 66 x 10—
PO2- 25 x 10-1
NO;- <10-8
Nitrate — = — — 92-07 ClO,~ 108
I- 20
ClOy~ 2
Br- 0-9
S2- 0-57

NO,~ 6 x 10-¢
CN- 2 x 10-®
HCO,~ 2 x 10-2
Cl-  6x 10-8

OAc- 6 x 10—
COg~ 6 x 10-2
Perchlorate OP-CIO~711 I- 9 x 10— 1 hour 111 108 OH- 1.0
NOg~ 5 x 10! in 10-1M 92-81 I- 1.2 x 10-2
Br- 49 x 10 KCIO, (liquid NO,~ 1:5 x 10-3
Cl- 2:7 x 101 ion Br- 56 x 10—+
SO2- 26 x 101 exchange) OAc— 5-1 X 10—¢
HPO2-1:5 x 101 Oz~ 35 X 10—¢
OAc- 97 x 102 F- 2-5 x 10—¢
Cl- 2:2 X 10—¢
SO2- 16 x 10—
Sulphide OP-S-711 No interference from 1 to 2 hours 18, 36, 837, 94-16 No interference from
I-, Br—, Cl-, inl0-3m 73-75 (solid F-, Cl-, SO2-,
NO4-, SO.2-, AgNO, state) CO42-, OH-,
POS- PO~

* Data are being published.
t Information derived from Orion catalogues.

The chloride-selective electrode has also been used in biochemistry by Dahms, Rock
and Seligson,® who reported the determination of chloride activity in human serum with a
chloride electrode. They pointed out the effect of the protein on the activity coefficient,
which should be taken into account during these determinations.
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TaBLE IV
DETERMINATION OF CHLORIDE IN TAP WATER
Method Chloride content, pCl
Direct is s e 3-97
Titration .. is o 3-903
Mohr is i3 s 3-903
TaBLE V
DIRECT DETERMINATION OF CI~ IMPURITIES IN POTASSIUM HYDROXIDE
[Cl-], m
— A \ Cl- content, Error,
Calculated Found per cent. per cent.
1-00 x 10— 102 x 10— 7-24 x 10-3 2
1-00 x 10—4 1-04 x 10— 7-38 x 10-3 4
1-00 x 104 1-05 x 10— 7-45 x 102 5
TaBLE VI

DETERMINATION OF CHLORIDE IN URINE AND HORSE-BLOOD SERUM

pCl determination by—
A

o R}
Membrane electrode
Ag electrode — A —_ Mohr method
Sample (titration) (titration) (direct method) (titration)
Urine .. .. .. 0:77, 0-78 0-78, 0-78, 0-78 0-77, 0-78, 0-79 0-754
Horse-blood serum .. 0-85, 0-84 0-86, 0-85 0-86, 0-84, 0-84 0-824

Papp and Pungor®® devised a method for the determination of the chloride content of
horse-blood serum and human serum. The results are summarised in Table VI, where a
comparison is made between various methods used for determining chloride. The results
obtained by different methods are in good agreement with each other. The membrane
electrode methods have the advantage that they do not need to be centrifuged to free them
from proteins before measurement. The results were the same with the direct and titration
methods.

Hansen, Buechele, Koroshec and Warwick® reported on the determination of the chloride
in sweat in new-born infants with a chloride electrode, by using heat stimulation. The pro-
cedure is adequate with the standard technique.

The chloride-selective electrode is used in the pharmaceutical industry to determine
pharmaceutical products by their ionisable or bonded chloride content, as shown by Papp
and Pungor® and Dessouky, Téth and Pungor.%® Dessouky used the Schéniger method for
liberating the bound chloride.

Chloride-selective electrodes have been used in food chemistry by Holsinger, Posati and
Pallansch,®” who developed a method for the rapid determination of the chloride content
of cheese by using a chloride membrane electrode. The method gives good results and is
suitable for the rapid qualitative determination of cheese.

TaBLE VII
DETERMINATION OF CHLORIDE IN COW’S MILK

Chloride content of natural milk, pCl
Ao

Concentration, - —
per cent. v/v Direct method Titration method
Natural milk .. .. 1-460 1-468
50 per cent. milk .. .. 1-468 1-468

20 per cent. milk .. - 1-471 1-468
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The chloride content of natural cow milk can also be measured directly with a chloride-
selective electrode.’? The amounts of chloride calculated from natural and diluted samples
are the same, which means that there are no dissociation problems. Some results are given
in Table VII.

BROMIDE-SELECTIVE ELECTRODE—

For the determination of bromide ions in serum a bromide-selective membrane electrode
can successfully be used as shown by Carter.®® He suggests the membrane electrode method
as a useful screening procedure in psychiatric admissions.

The determination of the bromide content of pharmaceutical products is similar to that
of the chloride.%

IODIDE-SELECTIVE ELECTRODE—

The iodide-selective electrode, produced in 1961, was the first highly selective anion-
specific electrode.l?” Most theoretical studies were carried out with this electrode, but besides
the fundamental theoretical importance of the electrode, it has practical advantages also.

The high selectivity of the iodide-selective electrode to iodide makes the direct deter-
mination of iodide in mineral waters possible. The results of the rapid, direct determination
in some mineral waters occurring in Hungary have been compared with those obtained by
the volumetric Winkler method,® and show good agreement.

An iodide-selective electrode was used for measuring components that release iodide in
a chemical reaction. Such measurements were carried out for determining sulphur dioxide.1®
The gas containing sulphur dioxide was bubbled through an iodine solution and, after
extracting the excess of iodine with carbon tetrachloride, the iodide produced was measured
directly or volumetrically by using the iodide-selective electrode as an indicator electrode.

An extremely interesting application of the iodide-selective electrode was worked out
by Arino and Kramer® for the determination of the iodine-131 and iodine-125 content of
highly radioactive solutions. The specific activity of the iodine solution could be calculated
from the radioactive determinations. The discovery that the 20-Ci radiation field of iodine-131
and iodine-125 has no effect on the behaviour of the electrode is most valuable.

Carter® suggested the use of the iodide electrode for determining the iodide content
of serum in special cases.

The iodide electrode was used as an indicator electrode in the potentiometric titration
of iodide in concentrations down to 10— and 10-° M!® and for the titration of a mixture of
chloride, bromide and iodide.” The end-point of the titration of the mixture of halides for
an individual halide is not correct and the deviation is caused by the adsorption of the halides
on the precipitate surface. This can be overcome by using a large excess of potassium nitrate
as shown by Kiittel, Szabadka, Csdkvary, Mészaros, Havas and Pungor.”? Lower concen-
trations of barium nitrate could also be used.

CYANIDE-SELECTIVE ELECTRODE—

Theoretically, every halide membrane electrode can be converted into a cyanide electrode,
but in practice the silver iodide based cyanide electrode is most suitable for the determination
of cyanide because of its high selectivity. Before measurement, the cyanide electrode must
be pre-treated by soaking it in 10~2 M sodium hydroxide solution overnight. It is carefully
washed with distilled water before use.

The direct determination of cyanide can be carried out with a calibration graph, an
example of which is shown in Fig. 10. The e.m.f. values were measured in solutions, the ionic
strengths of which were maintained constant at 0-1 by the addition of potassium nitrate.
Because the cyanide electrode measures only the dissociated cyanide, the pH of the stan-
dardising solutions was kept higher than 10-5 if the total cyanide content was to be measured
(pPK + 1 = 10-5, where K is the dissociation constant of hydrocyanic acid). Some results
obtained by direct cyanide measurement are collected in Table VIII, where the reproducibility
of the results is given as pCN (—log Cex). It can be seen from this table that the reproducibility
of the cyanide electrode is satisfactory.
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Fig. 10. Calibration graph for CN-.
Reference electrode S.C.E. with KNO,

salt bridge
TaBLE VIII
REPRODUCIBILITY OF THE CYANIDE ELECTRODE AT 25° C

CN-, Emean, Reproducibility,

M mV pCN
10-1 357 +0-02
10-2 300 +0-04
10-3 242 +0-02
104 187 +0-02
10-5 130 +0-05
10-¢ 100 +0-4

Potential measured versus Ag - AgCl (0-1) with KNO, salt bridge.

641

Besides direct measurement, the cyanide electrode can also be used as an indicator

electrode in the titrimetric determination of cyanide.

The shape of the titration curve

obtained when silver nitrate is used as titrant is shown in Fig. 11. Either inflection point
can be used for calculating the cyanide concentration.

200~
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Fig. 11.
with AgNO,.
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Potentiometric titration curve of CN-
Reference electrode S.C.E. with KNO,
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Table IX shows a comparison between the results obtained by direct and titration
methods. The cyanide content of the sample was checked by the volumetric Liebig-Deniges
method, the limit of determination of which is of the order of milligrams. By using the
membrane electrode method, the cyanide can be determined even in a concentration ten
times lower, ¢.e., about 100 ug, with the same accuracy.

TasLE IX
DETERMINATION OF CYANIDE BY VARIOUS METHODS

Cyanide content, mg

Method
— A Rl
Sample Liebig-Deniges Direct Titration
1 4-441 4-293 4-139
2 0-444 0-494 0-409
3 0-044 0-050 0-043

The direct determination of cyanide is essentially important for determining cyanide
in industrial waste water, an example of which is shown in Table X. The results calculated
for the cyanide content of sewage from the e.m.f. values measured in diluted samples were
in good agreement with each other.

TaBrLE X
DETERMINATION OF CYANIDE IN SEWAGE

Cyanide content of sewage,

Sample Dilution p.p.m., by direct method
1 1+1 13-1
1+56 14-6
1410 13-1
2 — 24-7
141 234

To summarise the cyanide determination in industrial waste water it can be said that
all free cyanide and a part of cyanide complexes with a lower stability constant than silver(II)
cyanide are measured by the cyanide membrane electrode. The potential of the cyanide
electrode can be used as a transducer in automatic process control for the elimination of
cyanide with hypochlorite. However, stronger cyanide complexes that are not measured
by the electrode produce an error in such control. This can be overcome by using a potential
much lower than the potential measured under the same conditions in 10-% to 10~7 M cyanide
solutions. If the potential caused by the cyanide concentration produced by the dissociation
of metal - cyanide complexes is higher in the system than the potential used for the process
control, the oxidation of metal - cyanide complexes with hypochlorite can also be controlled.
The products of oxidation, such as CI-CN, are not measured by the cyanide electrode.

The cyanide membrane electrode has found application in both agricultural chemistry
and plant biochemistry. Cyanoglycosides are common in many cultivated plants. The
glycoside itself, in which the cyanide is bonded, is not toxic to either human or animal
organism, but hydrolysis produces hydrogen cyanide of high toxicity. The hydrolysis is
catalysed by a glycoside splitting enzyme. Some raw materials, such as sudan grass, sorghum,
almond and the distilled products of certain fruits, contain traces of cyanoglycosides, and
the determination of cyanide must be carried out on these materials.?

The determination of cyanide was studied in various plants and brandies by means of
a cyanide membrane electrode.”® As an example of a glycoside, amygdalin was used. After
the hydrolysis of amygdalin, both direct cyanide determination and argentometric titration
were carried out in twenty different almond distillates. Table XI shows that the determina-
tion of cyanide is more accurate with a cyanide membrane electrode than with argentometric
titration in the given concentration range.

Experiments performed to show the effect of ethanol on the direct cyanide determination
indicate that the effect of ethanol is negligible, ¢.., it does not exceed an error of pCN = 0-15.
The method is, therefore, entirely suitable for the determination of the cyanide content of
fruit brandies without isolating the cyanide from the alcohol.
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TaBLE XI

COMPARISON BETWEEN THE CN~ CONTENT OF VARIOUS ALMOND DISTILLATES DETERMINED
BY ARGENTOMETRIC TITRATION AND THE MEMBRANE ELECTRODE METHOD

HCN content, p.p.m.
A

— Rl
Argentometric Measurement by the
No. titration PCN electrode
1 2656 276
2 280 272
3 243 284
4 267 288
5 271 270
6 248 290
7 246 274
8 263 283
9 277 280
10 256 282
11 244 277
12 280 280
13 280 284
14 281 272
15 249 278
16 241 288
17 256 280
18 240 276
19 244 281
20 271 286
s = 1538 p.p.m. s = 575 p.p.m.

SULPHIDE-SELECTIVE ELECTRODE—

General studies on sulphide-selective electrodes have been made.36:37,% Bock and Puff™
used a sulphide-selective electrode for the determination of sulphide in the presence of ascorbic
acid at pH 13. They found that sulphide ions can be measured in low concentrations (103
to 10-¢M) only if the oxidation of sulphide is negligible, and for this de-aeration is not
sufficient, while the addition of ascorbic acid is sufficient.

The sulphide membrane electrode is an excellent indicator for the potentiometric titration
of sulphide and halides in aqueous solutions.!® It is noteworthy that sulphide does not
interfere in the determination of halides. This is especially important in the photographic
industry, where halide-specific electrodes cannot be used because of poisoning by sulphide
released from gelatin.

SILVER SALT CONTAINING ELECTRODES FOR MEASURING CATION ACTIVITIES—

All electrodes containing slightly soluble silver salts can be used to determine silver-ion
activities. On this basis, the silver iodide based iodide-selective electrode can be used to
determine the local silver-ion activities in the electrochemical corrosion of silver (personal
communication from Dévay and Lengyel). Naturally, similar applications for this type of
electrode can be found.

More interesting is the response of the silver sulphide based sulphide electrode to
mercury(II) ion activities. In the potentiometric method of Papp and Havas,”™ four types
of sulphur compounds can be determined in the presence of each other by successive titrations.
In the titrations a sulphide indicator electrode and mercury(II) chloride titrant were used.
The titration of sulphide and the sulphide content of polysulphides was carried out in 0-1 M
sodium hydroxide solution (pH = 13) and, after adjusting the pH of the same solution to
between 6+5 and 7, the total amount of S,0,2- and SO,2~ was determined. In another aliquot
of the sample the total sulphide content was determined again at pH 13, after which excess
of formaldehyde was added to the sample. Formaldehyde converts the sodium sulphite into
an inert hydrogen sulphide, which is not determined, thus in a further titration of the sample
at pH 7, the thiosulphate content could be determined. Before the third titration a large
excess of sulphite was added to an aliquot of the original sample and the solution was main-
tained at 50° C for 15 to 20 minutes. In this way from the polysulphide sulphur an equivalent
amount of thiosulphate was formed, which could be titrated with mercury(II) chloride
with a sulphide-selective electrode. From the results of the titrations the amounts of the
four sulphur compounds were calculated.
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FLUORIDE-SELECTIVE ELECTRODE—

Fluoride-selective electrodes are either made from a doped LaF, single crystal’® or from
slightly soluble fluoride salts embedded in silicone rubber.?” The single-crystal fluoride elec-
trode can be used for direct fluoride determinations over the range of 10— to 10-¢ M fluoride-
ion activity. Because of the weak acidic properties of hydrogen fluoride the pH of fluoride
solutions must be controlled as stated.®,3® For the determination of fluoride in water Frant
and Ross? suggest a buffer containing acetic acid, sodium chloride and sodium citrate, the
pH of which is adjusted to between 5-0 and 5-56 with 5 M sodium hydroxide solution. In
industrial waste water the standard deviation between the method with a fluoride-selective
electrode and a standard method was 0-06 p.p.m. at 0-3 p.p.m. fluoride concentration. When
the buffer was not used then the standard deviation between the two methods is higher in
the same fluoride concentration range.

Lingane? investigated thorium, lanthanum and calcium salts as titrants in the potentio-
metric titration of fluoride with a fluoride-selective electrode. He found that lanthanum
nitrate is the best titrant and the experimental error is least if the titration is carried out
in a neutral, unbuffered solution. Later, Lingane® studied the direct and indirect determina-
tion of fluoride with a fluoride electrode in ethanolic media and he found that the fluoride
electrode obeyed the expected theoretical relationship up to about the same pF value in
the presence of 60 per cent. v/v ethanol as in aqueous medium. Further, he studied the effect
of acids and stirring on the fluoride determination and observed that the upper pF limit
of the theoretical response is greater in acidic media than in neutral media. The stirring
had no effect in fluoride concentrations greater than 10-2 M, but in lower concentrations it
extended the limit of the theoretical response. Lingane determined the solubility products
of lanthanum fluoride and europium fluoride. They are 1:2 X 10-18 and 2-2 X 10-17 moles 12,
respectively, at an ionic strength of 0-03 M in aqueous medium at 25° C.

Anfilt, Dyrssen and Jagner®! determined fluoride from Lingane’s experimental tech-
nique?™ and compared the experimental and calculated data. The calculation was carried
out by means of the computer program, Haltafall, written by Ingri, Kakolowicz, Sillén and
Warnquist.®2 It was concluded that the fluoride titration with lanthanum nitrate in un-
buffered solution should give an accurate end-point if the titration graph is analysed with
a computer.

The fluoride determination was examined by Bock and Strecker®® in the presence of
various other components. They found that non-ionic compounds, such as glucose, carbamide
and hydrogen peroxide, cause only a slight shift in the calibration graph, while sodium
chloride and magnesium sulphate cause a greater shift. Further, iron, borate and silicate
had no marked effect on the potential of the fluoride electrode, while aluminium, beryllium,
zirconium and titanium did. An addition technique was introduced for the evaluation of
fluoride.

Mesmer8 used the fluoride-selective electrode in a molar chloride medium, and concluded
that the fluoride electrode can be used for measuring fluoride impurities of less than 1 p.p.m.
in chloride salts.

Van Loon® analysed various fluoride minerals with a fluoride-selective electrode. The
fluoride results differ from those calculated by up to about 5 per cent.

A method was worked out by Raby and Sunderland®® for determining fluoride in tungsten.

Baumann®? used a fluoride-selective electrode to determine fluoride in the range of
104 to 10-°M, evaluating the result with the standard addition method. The work was
extended to solutions of sodium chloride, sodium nitrate, acidified sodium silicate, sodium
hydroxide, lithium chloride and phosphoric acid. The effect of metal ions (e.g., AR+, UO,2t,
Fe3+ and Th**) can be suppressed by pre-complexing them with phosphoric acid.

Durst and Taylor®® elaborated on an apparatus for the micro determination of fluoride,
which permits measurements on volumes as small as 1 drop. By using linear null-point
potentiometry®® down to 0-38 ng of fluoride in 10 ul was determined.

The determination of fluoride with a fluoride electrode in air and stock gas samples is
described by Elfers and Decker.®® The air, containing about 1 p.p.m. of fluoride, was filtered
through cellulose acetate membrane filters impregnated with sodium formate. The fluoride
retained by the filter was liberated by washing the filter with 0-1 M sodium citrate. Down
to 0-25 part per 10° of fluoride in air could be measured in this way. Stock gas samples
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containing gaseous fluorides are allowed to react with a hot glass probe to form gaseous
silicon tetrafluoride, which hydrolyses in water to form soluble fluorosilicic acid. In both
instances, the adsorbed fluoride is determined by a direct potentiometric method in a citrate
buffer. The use of the fluoride specific-ion electrode has been shown to be rapid and con-
venient.

The fluoride-selective electrode has also been used in biochemistry. Singer and Arm-
strong® determined fluoride successfully with a fluoride-selective electrode in bone ashes.
They prefer to use this method for normal and pathological classifications of materials such
as kidney stones.

The fluoride content of human parotid saliva was determined by Groen, McCann and
Brudevold.®? The best results were obtained when the pH of saliva was adjusted to between
4-7 and 4-8 before the measurements. The other components of saliva did not interfere in
the fluoride determination. Fluoride determination on enamel, dentine or bone has also been
reported by McCann.®® An aliquot of the sample was dissolved in 0-5 M perchloric acid,
and diluted with 0-5 M trisodium citrate. The fluoride determination was carried out with
a fluoride-selective electrode, which was influenced only by aluminium. Brudevold, McCann
and Groen®® studied the determination of fluoride in human teeth.

Light and Mannion? gave a method for the micro determination of fluorine in organic
compounds by potentiometric titration with a fluoride electrode.

Besides the common potentiometric applications, Muto and Nozaki®® recommended the
use of a fluoride electrode as an indicator electrode in the coulometric titration of fluoride.

CALCIUM-SELECTIVE ELECTRODE—

Ross?? found that the calcium salt of didecylphosphoric acid dissolved in di-octylphenyl
phosphonate was suitable for the determination of calcium-ion activities. This calcium-selec-
tive electrode was used by Thompson and Ross?® for measuring the calcium content of sea
water.

Shatkay?®® investigated the suitability of paraffin membranes, solid polymeric membranes
and Orion liquid ion-exchange electrodes for the measurement of calcium activity. It was
concluded that the polymeric and Orion electrodes are equally selective to calcium ions.
On this subject a polemic has started between Rechnitz!?® and Shatkay.!® This was followed
by the paper by Frant, 2 who disputes the validity of an assumption made by Shatkay,?
that the calcium single-ion activity is directly proportional to the mean activity of calcium
in 1 to 10-5 M calcium chloride solutions. This is answered by Shatkay.1%?

Bloch, Shatkay and Saroff!™ have reported on new calcium membrane electrodes made
from an inert poly(vinyl chloride) matrix impregnated with tributylphosphate or a mixture of
tributylphosphate and thenoyltrifluoroacetone. Both types of electrodes were tested for
calcium selectivity and were found highly specific for calcium in the presence of sodium,
barium and magnesium ions.

A calcium-selective electrode was evaluated for use in the routine measurement of serum
calcium by Arnold, Stansell and Malvin.1% The electrode permits the direct assay of calcium
in fresh serum with an error of 0-2 to 0-3 mg per 100 ml.

A calcium-selective electrode has been used!%® as an indicator electrode in complexometric
titrations, and the results used for chemical-complex studies.

The calcium-selective electrode was also used for physico-chemical studies. Rechnitz
and Lin*® used the calcium ion-specific electrode for a kinetic study of the calcium and
magnesium - EDTA exchange reaction. The formation constants for Ca - EDTA and Ca-
NTA were successfully evaluated and the kinetics of the above reaction were elucidated
within the limits imposed by the properties of the calcium electrode.

Nakayama and Rasnick!%? used a calcium-selective electrode for investigating the dis-
sociation and solubility of calcium sulphate dihydrate.

The determination of calcium at concentrations above 1-0 M in the presence of sodium
was studied by Huston and Butler.1® Reproducible measurements were made with up to
5-5 M calcium(II). From the examination of the Nernst response of the electrode, it was
concluded that the most accurate measure of calcium activity in a given solution can be
obtained if the internal solution is of similar concentration to the test solution. From the
selectivity measurement, it is obvious that the selectivity of the electrode for calcium over
sodium decreases at high chloride concentrations.
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A calcium-selective electrode made from a solution of the calcium salt of a dialkylphos-
phoric acid in collodion has been reported.1%®

Rechnitz and Hseu'!® used the calcium-selective solid ion-exchange electrode elaborated
by Schulz et al.1%® for measuring calcium-ion activity and for studying the complex formations
between Ca%+ and various complexing agents.

OTHER ION-SELECTIVE ELECTRODES—

Light!! gives a summary on such liquid selective electrodes as bivalent copper chloride,
perchlorate and nitrate. The properties of these electrodes are shown in Table XII, according
to Light.11

TasLE XII
CHARACTERISTICS OF COMMERCIALLY AVAILABLE LIQUID ION-EXCHANGE ELECTRODES!!!

Manufacturer’s characteristics

Electrode , -
designated for Range Interferences, selectivity constants

Calcium - .« pCa 0 to 5 Zn2t 32, Fe+ (-8, Pb?t 0-6, Mg+ 0-01, Ba?+ 0-01, Na+ 0-0003
pH 55toll

Bivalent metals .. pPM 0 to 8 Zn2t 3.5, Fe?t 3-5, Cu?t 3-1, Ni?+ 1.4, Ba2t 0-9, Na+ 0-02

(water hardness) pH 55toll

Copper(II) .. .. pCu 1 to & Fe?t1-0, Ni*+ 0-005, Zn2t 0-001, Ca2+ 0-0005, Na+, K+ 0-0001
PH 4 to 7

Chloride .. .. pCl 1 to 5 1I-17, NO; 42, Br-1-6, HCO;~ 0-19, SO2- 0-14, F- 0-10
pH 2 toll

Perchlorate .. .. pClO; 1 to 5 I-0-012, NO;~ 0:002, Br— 0-0006, F- 0-0003, C1- 0-0002
PH 4 toll

Nitrate .. .. PNO; 1 to 5 I-20,Br=0-9, NO,~0-06, COz2-0-006, SO.2-0-0006, F-0-0009
pPH 2 tol2

FURTHER DEVELOPMENT OF ION-SELECTIVE ELECTRODES—

The great development of ion-selective electrodes has opened a new vista in both
analytical chemistry and process control. The further development of the application of
ion-selective electrodes is in progress,112:113 and they will be used on a large scale in industry
as sensors in process control. However, future progress depends on whether or not more
ion-selective electrodes can be developed.

The assumption that no more will be developed may well be disproved in future work.
We therefore think that some directions relating to the development of ion-selective electrodes
should be made. Research must be directed to matrixes, on the surface of which the appro-
priate ion gives a faster exchange reaction than any of the other ions, and across which the
ionic-electrical transfer is assured. The electrodes on which the electron transfer is fast
are good redox electrodes.

Finally, the large amount of work that needs to be carried out both in the practical
and theoretical aspects should be emphasised.
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