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INTRODUCTION

The ion-selective membrane electrode, recently
introduced commercially, has shown excellent promise
as a tool for determining ionic activities and concen-
trations in solution. It was the intent of the author
to study the Orion divalent cation-~selective electrode
with two objectives.

The first objective of this research was to
characterize the responseof the divalent cation-selective
electrode to calcium and magnesium ions in aqueous
solutions. The effect of anions, monovalent cations,
and pH upon this response was investigated. An
examination was made of the response of this electrode
to other divalent cations and of the effect of organic
solvents on the membrane material.

The second object was to ascertain if this electrode
could be used for the quaniitative determination of calcium
and magnesium in the presence of high levels of sodium by
the standard additions technique. A cursory examination
of this electrode as an end-point detector in the

titration of calcium and magnesium with disodium
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ethylenediaminetetraacetate and sodium fluoride was

also nade.



HISTORICAL

The term "membrane electrode is applied to an electro-
chemical system in which a reference electrode is separated
from the solution upon which a measurement is to be made by
a‘membrane(a) that is permeable to certain ions but not others.

The galvanic cell including the membrane electrode can
‘be represented as follows:

Membrane, Electrode

I
Reference oolution anbrane qolution Reference
Electrode Electrode (i}
(1) \ (2)
"1 Eq

The emf of this cell is the sum of the phase-~boundary
potentials E,, E,, Eg, and E4'and a diffusion potential

Ed within the membrane:
Ecer1 = By + Eg = By = By + Ey (2]

The sum of the %g?se—boundary potentials at the membrane-
solution interfaces ’ E2 and E,, and the diffusion potential,

3
Ed' is the membrane potential, Em’
Em = Ey = Eg + By =]
(a)

( ’Such a membrane is termed permselective or semipermeable,.
b .
termed Donnan potentials
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For an ideally permselective membrane (i.e., permeable for

the ion A only) equation 3] reduces to

. RT3
Em"nz:ln al Y_(q

where a, and a, are the activities of the ion A in solutions
1 and 2, respectively. RT/nF is the Nernst factor in which
R is the gas constant, T the absolute temperature, F the
Faraday constant, and n the charge on the ion A (54).

The emf of the galvanic cell [i] can therefore be expressed
as the sum of the electrode potentials, El and Eg, and the

membrane potential, E_:

‘;m.
Ece11 = Ey ~ B4 + E []
which on substitution of equation [4] , becomes N
: g _p. LRI, 2 |
Ece11 = By = B4 + 5F In 55 Te)
or
. ‘ RT . RT

There are two methods available for using a galvanic
cell incorporating a membrane electrode for the determina-
tion of ionic activities., In the first method, the activity
of the ion A on onc side of the membrane is known, and that
on the other side is calculated directly from the measured
cell cmf and a knowledge of the refercnce electrode potentials.
In the second method, a solution of known constant activity
of the ion A is used for solution 1, and a series of standard
solutions of known but different activities of A are used for

solution 2. A plot of Ecell vs - In a or - log a of the
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standard solutions can 'then be used as a working curve
to determine unknown activities of A directly from the
neasured cell emf.

In the second method, reference electrode 1 and
solution 1 are inside the membrane electrode and are
called the internal reference electrode and the internal
reference solution, respectively, while solution 2 and
reference electrode 2 are outside -the membrane electrode
and are called the test solution and the external reference
electrode.

~ The working curve used in the second method is a

straight line which follows the equation

l=E°'+B—Ilna

E A

cel

where a is the activity of the ion in the external
solution and E®' 1is a constant obtalned from the calibra=-
tion curve and not a “standard potential' in the usual
sense. Comparison of equations Y7] and [8] shows that

the term E°' 1s the sum of the first three terms of
equation [7] and is a constant, since with the experimental
design of the second method these three terms are constant.
However, even with the most ideal permselective membrane,
there are two possible additional sources of potential

in the cell., One is a liquid junction potential that

may arise if a éalomel slectrode is used as an external

reference electrode, and the other is a membrane asymmetry
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potential that arises because the two surfaces of the
membrane are not idéhtical and do nbt behave exactly
alike. These two potentials are included in the

E®' term of equation [8) and are small enough that
they may be ignored in most analytical work,

The first significant use of a membrane electrode
was the development of the proton-sensitive glass
electrode and its widespread adoption for the measure-
ment of pH. The development of membrane electrodes
made-from materials other than glass which will
respond, as does the glass electrode, to only one
ionic species has been attempted for the past thirty
years.  Membranes studied for this purpose include
reacted collodion, clay and mineral membranes,
solid and liquid synthetlc ion-exchange resins,
precipitated-impregnated membranes, pressed-pellet
membranes, and single-crystal membranes.

This report will be concerned primarily with
the development and analytical utilization of membrane

electrodes responsive to ions other than the proton.
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I. Glass lMembrane Electrodes

In 1906, Cremer (19) observed that the potential
of an electrode made from a glass bulb was dependent
upon the acidity of the solutions in contact with the
glass; Three years'léter, Haber and Klemensiewicz
(51) obtained acid-base titration curves similar in
shape to those obtained with a hydrogen .electrode and
concluded that the glass eléctrode responded in a
Nernstian manner to -hydrogen ion activity.

In 1922, Hughes (62) directly compared the glass
electrode with the hydrogen electrode and observed
that the glass electrode potential deviated from the
Nernst equation in basic solution. Dole (22) soon
showed that this alkaline error was due to the
glass electrode responding to cations other than H'.

In 1934, Lengyel and Blum (82) reported that the
potentials of membrane electrodes made from alumino-
silicate or borosilicate glasses weré almost as'séensitive
to alkali ions as to H'. Tendeloo (181, 191) reported
constructing glass electrodes that in CaCly or'Ca(NOg)2
solutions acted as a calcium ion-sensitive electrode.

However, in the years from 1934 to 1957, little
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interest was taken in the possibilities of developing
and using glass electrodes for the measurement of ions
other than H*. 1Instead, efforts were directed toward
the development of a pH glass electrode with high H*
sensitivity and low alkaline error. The studies have
been well summarized by Perley (125, 126), Dole (23),
and Bates (6).

| In 1957, Eisenman, Rudin; and Casby (28) reported
a thorough study of the electrode properties of sodium
aluminosilicate glasses over a wide range of composi-
tions. They found that all glass electrodes containing
Aly04- were highly sensitive-to alkali-ions.

As shown in Figure 1, the electrode response of “» “inis
these Al,0z-containing glasses was independent of pH,
except,infth9~most acid solutions and was.determined
by the alkali-metal ion concentration in neutral and
basic solutions. To describe the response of these
glass electrodes in a solution containing two monovalent
cations, a mixture of either hydrogen ion and alkali-
metal ion or two alkali-metal ions at a constant pH,
Eisenman et al. (28) presented the following empirical

equation

1/n 1/n 1/n n
S5 [(m A (1 AB] Rt



TE;mv
n oimK*? }
No Al, O
O.Im Na* 2-3
F_ .
T
100mv
Ly 0.mK*
3% Al;04
B O.ImNa*
0 2 4 - 6 8 0 12 14 pH
| { | .| 1 [ 1 4 | { l» | J_’
FIGURE 1

Effect of A1203 on Response of Glass Electrode
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where KAB and nAB were adjustable paramétérs which were
constant for a given electrode and cation pair, and (A1)
and (B*) were the activities of the ions.A and B, respectively.
Thg c?nsﬁant KAB expressed %Z§ selectivity of the electrode
for ion A relative to'fon B . The constant n,g varied
from 1 to 5.
Of equal importance was the discovery of Eisenman
et al. (28) that the electrode selectivity for different
cations relative to one another varied in a systematic- and
reprocucible manner with glass composition, The discovery
‘led them to recommend general glass compositions which had
sufficiently high selectivity for Nat or Kt to be of
practical use as electrodes to measure Na't or Kt.
‘Eisenman's historic paper was the starting‘point‘fOr
intense developmental studies on glass electrodes selecfive
for particular cations. Glass electrodes useful for the
measurement of Tl+, Li+ (106), NHs* (107) and Ag* (16),
and with improved selectivity for Nat (105, 130, 178)
and XK' (130), were soon reported.  Other workers (35, 194)
reported developing glass electrodes sensitive to the
divalent alkaline-earth cations. Empirical electrode
response equations analogous to that presented by

Eisenman (28) for monovalent-monovalent cation systems were

(a) ,
Thus, if K., = 0.01, the electrode is 100 times more
sensitive BF selective to AT than B
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presented by these workers for binary mixtures of

- divalent~divalent cations

1/m 1/m ~1/ms] m
- xo" ELT ¢2+ » 2+
E=E 42‘ [ﬁ ) -+%m (N“T) ] el
and divalent-monovalent cations . ,
1/m 1/m 2/m |n :
™o RT 5;2‘*‘ +
= E% + == In {(m ) Ky (AT } (1]

where the 'parentheses indicate lonic activity, Ky and.
Kya were selectivity constants, and m was an adjustable
parameter which was constant for a given electrode and
cation pair.

In the early 1960's, several companies introduced
commercially available monovalent cation-selective glass
electrodes.  These commercial glass electrodes fall into
two main categories (142):

(i)  sodium-selective electrodes which are generally

1000 times more sensitive to sodium than to
potassium, and

(ii) cation-selective electrodes which respond to

a range of monovalent cations and are generally
about 30 times more sensitive to potassium: than
to sodium ion.

Monovalent cation-selective electrodes have found
widespread use for the direct potentiometfic determination
of alkali ions in solution. Several workers (53, 200)
determined the sodium content of high-purity boiler-feed

waters in the concentration range 1 to 50 ug/liter
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(4=X'10*8 to 2 x 107 Molar). Comparison of the electrode
method with .a flame photometric .technique showed the: latter
to be faster, less precise, and more dependent on operator:
technique. Jacobson {68) described an AutoAnalyzer system
incorporating a sodium-sensitive electrode for:quélity-control
use in the pharmaceutical industry. Other analytical measure~
ments- reported -include the determination of sodium in acidic
silica sols (180) and in interstitial waters (167)..as well
‘as the determination of several organic cations by direct
potentiometry (148).

Direct measurement of the NH4ffproduced‘by.theﬁreaction
between: urea and the enzyme urease was utilized by several
‘workers for the determination of urea (72) and urease
activity '(71). This reaction was ingeniously used by
Guilbault and Montalvo as the basis for a urea-specific
electrode (47, 48). The urease enzyme was immobilized ‘in
a layer of polyacrylamide gel on the surface of a cation-
sensitive electrode. The urea diffused through the gel
layer of immobilized enzyme and decomposed to ammonium
ion, which was sensed by the glass electrode. - These
authors (110) also-found that the glass electrode, wher
coated with the urease gel, was much ‘more sensitive to
-ammonium 'ions than when uncoated. :

The range of applications of cation-sensitive glass
‘electrodes to biomedical research and ¢linical analyses

has been even more extensive than to inorganic problems.
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Sodium and potassium ion-sensitive electrodesahaveubeenj
used to directly measure ionic activities in biologic media
both in vitro and in vive.” Both applications have utilized
the full spectrum of‘electrode size from the macro to the
ultramicro. This extensive body of literature has been
excellently reviewed by Moore (111).

A potassium-sensitive electrode was used by Geyer and
Frank (39) as an end-point detector for the potentiometric
titration of potassium with calcium tetraphenylboratei
This titrimetric method was applied to the determination of
Cs*,“Rbf;’NH4+
a cation-sensitive electrode. The solubilities of the alka;i—

s and Ag+ by Rechnitz et al. (143) by use of

metal tetraphenylborate precipitates are so sufficiently
similar that mixtures of the ilons were not resolved by:a
single titration..

Geyer et al. (38) carried out precipitation titrations
of Ag+ with chloride, iodide, and cyanide ions using an
ion~-sensitive glass electrode. They reported no break in
the titration curve with HCl as the titrant; a small break
with NaCl, KCl, and KI; and a well-defined Ereakfwith‘MgClz
or Cals. Vhen silver was titrated with CN™, only the first
break corresponding to the precipitation of AgCN was observed;
a second break representing the formation of'“A.g(CN)2 . was
not observed because the concentration of Agfxwas too low

for the electrode to sense. However, Gerchman and Rechnitz (37)
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reported that the glass electrode did indicate both:end
points. Mokady (109) titrated Cl™ with Ag™ using a
sodium-sensitive electrode and obtained an L-shaped titration
curve,

The response of cationic glass electrodes to monovalent
cations in binary mixed solvents containing organic constituents
was studied by Rechnitz and co-workers (149, .153). ' Using
ethanol, ethylene glycol, acetone, and dimethylformamide
as the organic solvents, they found that the electrode response
in solvent mixtures containing a low percentage of water was
slightly decreased from that in pure Ho,0. McClure.and Reqdy (92)
studied the electrode response in propylene carbonate,
acetonitrile, and dimethylformamide and confirmed that the
response of the glass electrode was essentially $o1vent

independent for a given concentration and type of solute,

II. Mineral Membranes

The possibility of using insoluhle minerals ac ion-
selective membranes for @léctrodes v/as investigated by
several workers. Tendeloo (182, 183, 184) reported that
electrodes prepared from thin plates of fluorite could be
used for the potentiometric determination of calciunm
concentrations in Ca(NO3)2 solutions, with and without
gelatin; and in miik; but the electrode response, while
linear over the concentration range 1.0 to 1 x 10-4 I,

was much lower than the theoretical value. Anderson (1)
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claimed that Tendeloo did not prove the eléctrode to be
calcium specific. -

~ Marshallet al. (93, 94, 95, 96, 97, 98, 99, 100, 101,
102, 103, 104) investigated the use of zeolite and zeolite-
like minerals as membranes. The? found that by proper
heat treatment of the membrane it was possible to prepare
electrodes sensitive only to monovalent cations, others.
sensitive to divalent cations, and still others sensitive
to both. . These electrodes were valence selective in that
they responded to all ions of a given valence rather than

being ion selective and responding only to one ion..

III. Reacted Collodion iembranes

Sollner and Gregor (44, 45, 172, 173, 174, 175, 176)
investigated eclectrodes incorporating a reacted collodion
membrane. These membranes were prepared by casting two
successive films of cdllodioh cotton using a test-tube as
a former. After most of the solvent had evaporated, the
film was coagulated in watcr. The film was then either
immersed in N NaOH to produce cation sensitivity or soaked
in a basic protamine sulfate solution to produce anion
sensitivity. The chemically treated collodion membrane vas
then dried and mounted.

In pure solutions, these membrancs had theorctical
clectrode response to monovalent ions. However, the electrodes
were valence selective rather than lon selective and were very

susccptible to deterioration.
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IV. Synthetic Ion-Exchange Resin Membranes

The yearsfollowing 1950 saw the increasing usc of
synthetic ion-exchange resins as membranes for electrodes.
This type of membrane can be prepared‘iﬁ“two‘ways¢

(i) as a homogeneous sheet consisting of “only the
ion-exchange resin; or

(ii) as a heterogeneous membrane in which particles
or beads of the ion-exchange resin are incorporated
into an inert binder which provides. the required
cohesion and mechanical strength,

Wyllie and Patnode (205) studied electrodes that had’a
theoretical response to sodium ion in pure solutions.
Kressman (7S) reported that the response of a potassium
fon-sensitive electrode was dependent upon the associated
anion although Nernstian slope was ohserved in-all solutions.
Other workers have reported electrodes sensitive to divalent
cations (169) and inorganic anions (4). How:ver, these
membranes were selective to an lon valence type only and
not to individual ions,

Parsons (121) studied titrations of sulfate ion with
barium using both cation- and anion-sensitive membranes.
Basu (5)‘reported obtaining L-shaped curves when he used
an anion-sensitive membrane electrode for titrations of the
halides with silver ions.‘ Ijsseling and Van Dalenx(63, 64,
65, 66, 67) very critically studied the theoretical and

experimental aspects of the use of ion-exchange resin

membrane electrodes in potentiometric titrations.
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V. Multilayer Membranes

Gregor and co-workers (3, 42, 43, 163) developed the
multilayer membrane electrodes. The membrane consisted of
parallel monomolecular layers of alkaline-earth salts of
high molecular weight organic acids. The organic acids
used were stearic, hexadecyl- and octadecylsulfuric, and
hexadecylorthophosphoric, The membrane was mounted between
the electrolyte solutions such that the direction of ionic
transport was normal to the axis of orientation of the long
chain acids in the monolayers.

These electrodes were alkaline-earth cation selective
only when the membrane was pressurized. In an unpressurized
cell assembly, the electrodes were selective in pure solutions
of alkaline~earth salts but not in mixed solutions containing

appreciable amounts of alkali-metal ions.

VI, Precipitate Impregnated Membrane Electrodes
Electrode selectivity has béen sought by incorporating

into the membranes some insoluble salt of the ion of interest.
Tendeloo and Krips (185, 186, 187, 188, 189) studied paraffin
membranes incorporating calcium oxalate, a non-ionic detergent,
and a gauze which supported the membrane., The electrode
response to CaClp in the concentration range 1.0 to 1 x 1073 M
was linear but iess than theoretical. They reported that KCl
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or MgCl,, interfercd only at levels greater than 0,01},

2
Tendeloo and van der Voort (190) investigated a similar
membrane incorporating calcium stearate. They found this
electrode to have a strongerxr Ca2+ response and less K*
interfercnce than the oxalate electrode.

‘However, Cloos and Fripiat (18) found the calcium
oxalate-paraffin clectrode to be porous and non-specific.
Shatkay (166) reported that a pure paraffin membrane gave.
the same response as the calcium oxalate-paraifin membrane,
and neither worked without the gauze being present.

Fisher and Babcock (29) reported that a barium sulfate-
paraffin membrane electrode was not selective to either.
cations or anions. Even so, the electrode was useful as
an indication for titrations of sulfate with barium,
Hirsch-Ayalon (56) prepared barium sulfate~-cellophane
membranes by placing barium hydroxide on one side of the
membrane and sulfuric acid on the other., In a similar -
fashion, Liteanu and Mioscu (83, 89, 90) prepared membranes
of barium sulfate impregnated parchment paper.

Pungor and Hollos<Rokosinyi (134) described a silver
iodide-paraffin membrane electrode that had MNernstian rcsponse
to Ag+ and I even in the presence of high concentrations
of KC1 and Na,SO,. In subsequent work, Pungor et al. (52,
133, 139) described electrodes sensitive to Cl~, Br-, I7,

8042’, and PO43' made from silicone rubber membranes
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incorporating the insoluble salts of the ions: AgCl,
AgBr, AgI, BaSQ4, and BiPQ,, respectively. The silicone
rubber was used to give the mémbranes,improved:mechanical
properties.

The silver halide membrane electrodes are commercially
available and have been independently appraised.. Rechnitz
et al. (146) reported that the iodide-sensitive electrode
showed a linear response to lodide ions over the concentra-
tion range 1.0 to % x 10~7 M with a slope of 56 mv/pl. The
electrode response to iodide was not influenced by the nature
and charge type of cation present. The electrode had good
selectivity for lodide over bromide, chloride, phosphate,
perchlorate, and sulfate. Titration of lodide with silverion
produced a well defined S-shaped curve. Rechnitz and
Kresz (147) studied the bromide--and chloride~sensitive
electrodes., - They reported the AgCl membrane electrode
showed Nernstian response to chloride concentrations from
1.0 to 5 x 1074 M, and the AgBr electrode to bromide
concentrations from 1.0 to 7 x 102 M. The response -of the
silver bromide membrane electrode was interfered with by
iodide ion, while the response of the silver chloride
membrane electrode was affected by both iodide and bromide
ions.. Other -anions such as nitrate, perchlorate, and sulfate

had negligible effect on the response of both electrodes.
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‘Potentiometric titrations of C1~ or Br~ with Agt, using
the appropriate indicator electrode, yielded excellent
S-shaped curves. Several workers (50, 136) répqrted all
three silver halide membrane electrodes responded-td
cyanide ion. The chloride-sensitive electrode has been
used to determine chloride in agqueous cheese homogenates
(58) and in the chloride salts of some drugs (120),
Rechnitz et al. (152) reported a preliminary evalua=
tion of prototype sulfate~ and phosphate-sensitive. electrodes.
They found the sulfate electrode had an approximately
theoretical response (31 mv/pS0O,) at concentrations of

K,S0, greater than 1 x lOf‘4 ¥, The halide ions interfered

2
in concentration above lOfa'M. Although the phosphate-~
sensitive electrode showed poor stability with a drift. of;

1 mv/10 min., the titration of H3P04 with NaOH yielded a

two end-point titration curve with stolichiometry correctly
corresponding to the neutralization of the first and second
hydrogen, respectively.

In an attempt to construct a very selective phosphate
electrode, Guilbault and Brignac (46) studied the electrode
properties of a number of inorganic phosphates embedded
in silicone rubber. The salts tried were: AlPO4, CrPQ,,
FePQy, C63(P04)2, LaPO,, Co(HPO4), Co(en)3P04, and MgoPp04.
Although the electrodes prepared were reproducible and. linearly
responsive to phosphate ion, they lacked selectivity and

responded to all of the anions studied. This was confirmed
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by Buchanan and Seago (15) and Pelletier-Morazzani and
Baffier (124) who found that electrodes prepared from the
phosphates of cobalt, nickel, copper, and manganese
impregnated in either paraffin, collodion, or silicone
rubber were non-specific, responding to the total ion
content.

The behavior of a sulfide electrode which consisted
of silver sulfide-impregnated silicone rubber has been
described by Pungor et al. (132, 135). A cyanide;sénSifivé
electrode has also been deseribed (137, 138).

MacDonald and Toth (91) studied the electrode properties
of several insoluble fluorides embedded in silicone rubber
in an attempt to develop a fluoride~selective membrane
electrode. . Thorium fluoride electrodes were unreprodiucible
while both lanthanum fluoride and calcium fluoride electrodes
gave fluorideeselective responses that were close to theoretical
over the 10"2 té 1074 m concentration range. The method of
preparing the precipitate was impdrtant, for only those
membranes incorporating,a_salt precipitated from solutions
containing an éxcess’of metai ion had a fluoride-selective

response.

VII. Liquid Membrane Electrodes
In these electrodes, the ion-sensitive membrane is
formed from a water-immiscible liquid. There are bt present

two types of liquid membranes: one type is based on liquid
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ion-exchangers; the other on macrocyclic antibiotic
nolecules. The liquid is held mechanically rigid by a
thin porous disc of inert material.

Liquid ion-exchangers are solutions, in water-immiscible
organic solvents, of compounds consisting of an ionogenic
group attached to an organic molecule of sufficiently high
molecular weight to make these compounds and their salt
forms very sparingly soluble in aqueous eclectrolyte solutions
(54). If the ionogenic group upon ionization produces a
negatively charged salt, the membrane is cation-sensitive;

if a positively charged salt, anion-sensitive.

A. Cation-Sensitive Electrodes

1.k Calcium Electrode

A liquid membrane electrode sensitive to ca®t vas
introduced in 1966. The ion-sensitive membrane consisted
of a liquid ion-éxchanger formed by dissolving the calcium
salt of didecylphosphate in dioctylphenylphosphonafe (40, 154,
157, 204).

Ross (156) reported this electrode had a theoretical
response to calcium-ion activity over the cbncentration range
1.0 to 1 x 1074 15, The effect of foreign cations on the

electrode potential for all ions investigated was described

by the following empirical equation

2/Z
E=£ + 32—1-;- 1n {Aca% YA [22]
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where Ai and Zi referred to the activity and charge of

the interfering ion i. Only hydrogen ion represented a
sefious interference. Rechnitz and Lin‘(lSI) essentially
Confirmedythe findings of Ross, but they reported values of
Ki‘for monovalent and divalent cations four to ten times
larger. Whitfield and Leyendekkers (203) reported the
electrode selectivity varied with concentration and was a
function of solution composition as well as ionic strength.

Houston and Butler (59) investigated the behavior of
the calcium electrode in concentrated solutions. They found
that the most‘acgurate measurement of calcium was obtained
when the internal reference solution was similar in concen-
tration to the test solution. The internal reference
solution was varied from 0.10 to 2.89 I with no effect on
the electrode activity slope. The authors obtained theoretical
response in 5 and 6 M solutions of CaCls,

Mukherji et al. (76, 112) described the titration of
calcium with di-sodium EDTA at a pH of 10. Beyond the
end-point the potential rose slightly due to the response of
the electrode to the sodium ions added with the EDTA.
Precision and accuracy werc improved by the presence of
alkali cations. Divalent cations, which reacted with the
EDTA, and anions, which recacted with the calcium, interfered
with the titration. Glauser et al. (41) reported evidence of

a Cap EDTA complex in a similar titration. Successful
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automatedztitrations of calcium with EDTA were reported
by Tackett (179).

Ruzicka and Tjell (161) described an AutoAnalyzer
system . incorporating this electrode for use in clinical
analyses*oﬁ serum. Other workers reported successful
calcium determinations by direct potentiometry in milk and
dairy products (77), beer (115), and sea water (193).

2. Divalent Cation Electrode

The divalent cation-selective electrode was primarily
designed for the measurement of water hardness and the
determination of calcium and magnesium.

Thompson (192) used this electrode for the direct
potentiometric measurement of magnesium ion in sea water.
The electrode was calibrated with synthetic sea water
solutions that contained the competing ions present and
varied only the concentration of magnesium ion. Garvin (36)

used the same method to determine Mg2+, Ca2+, sp2t

¢ and
Ba2+ in cell suspensions. Fleet and Rechnitz ({30) used
this electrode in flowing systems to monitor the magnesium~-

and»beryllium~ion activities.

'3, Cupric and Lead Electrodes

Liquid membrane electrodes sensitive to Cu2* and Pb2*
were commercially introduced in 1967. The ion-sensitive membrane
consisted of a liquid ion-exchanger formed by dissolving the
metal salt of a high molecular weight S-alkylthioglycolic

acid in a 50:50 mixture of n-decanol and dichlorobenzene (158)}.
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Rechnitz and Lin (150) reported the cupric ion-
'selective electrode had a Nernstian response to cupric-ion
activity over the 10~2 %o 10~3 molar range in aqueous
solutions of pH 3.5 to 6.5, The anions, Cl~, Br™, €104,
‘and‘CéQgg'; were found to interfere with the operation
of the elcctrode. The authors postulated that the
‘iInterfeérence was due to the formation of copper compounds
which were soluble in the liquid ion-exchanger.

The lead ion-sensitive electrode was claimed to have
a linear response to lead-ion concentration over the
2 x 1072"t0 1 x 10-5 molar range (117).

The manufacturer stopped selling these two electrodes

in 1968.

4, Potassium Electrodes

Attempting to develop a highly selective potassium
electrode, Pioda et al. (127, 128) studied the electrode
properties of liquid membranes formed by dissolving
macrocyclic antibiotics in hydrophobic organic solvents..
The antibiotics used were monactin, nonactin, and -
valinomycin. These three were chosen because they formed
complexes with alkali-metal ions having formation constants
which were consliderably larger for potassium than for sodium
ions. They found that a membrane consisting of an 0.009 X
solution of valinomycin in diphenyl ether was highly

potassium selective, The membrane electrode had a linear
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response to potassium lon activity over the range 1 x 10-1
to 1 x 107° My, with a selectivity for K* over Nat and HY
of 4000:1 and 20,000:1, respectively.

Frant and Ross (34) studied potassium selective electrodes
with valinomycin-organic solvent membranes. They reported
that their_electrodes had an approximately theoretical
response to potassium-ion activity over the concentration
range 1 x 1071 to 1 x 10-6 K. The selectivities for Kt
over NH4+, HY, Na*, and Cézf;were 50:1, 100:1, 13,000:1,
and -greater than 5000:1.

The potassium ion-selective electrode of Frant and Ross
is commercially available and has been independently
~appraised. Lal and Christian (80) reported a linear response
to potassium-ion activiﬁy over thé range Lx,lO"l to 1 x-10™% M.
In pure potassium salt solutions, the shape was less than
theoretical and was dependent upoh the anion present. The
selectivity for K' over Na¥ varied ten thousand fold as a
function of sodium ion concentration. The tetraphenylborate
ion affected the electrode response, thus limiting its use
in potentiometric titrations of potassium with sodium

. tetraphenylboron.
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B, Anlon~Sensltive Electrodes

1, Nitrate Electrode

The membrane of this eleétrode consisted of a-1iquid’
jon-exchanger formed by dissolving the nitrate salt of ‘the
cationic nickel complek of a high molecular weight

orthophenanthroline ligand

'R = alkyl or aryl
in a nitrated aromatic liquid such as p-nitrocymene (153).

Potterton and Shults (131) reported the electrode
responded in an approximately Nernstian manner to nitrate-
ion activity over the concentration range 1071 to 10-4:3 1
at a pH between 4 and 9. The anions NOp™, Cl7, EDTA, and F-
interfered with the”a}ectroda regponse td'wa3”,

Paul and Carlson (122) used the &lectroée for the direct
determination of nitrate in aqueous extracts of dried plant
tiﬁsues. Aluminum resin added during extraction eliminated
bicarbonate interference and reduced organic anion interference.
Chloride, if present in high levels, was removed by adding

silver resin. Other workers reported similar dircct nitrate
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measurements in water (74), soil slurries (14), and soil,
extracts (114).

The direct titration of nitrate with diphenylthallium (111)
sulfate was described by DiGregorio and iorris (21). The
:espense‘of‘the electrode to the sulfate ion from the titrant

distorted the titration curves.

2. ‘Perchlorate Electrode

The liquid-ion exchanger membrane of this electrode
consisted of the perchlorate salt of a positively charged
iron (II)  orthophenanthroline complex dissolved in an
aromatic solvent (155).

In a study by Hseu and Rechnitz (61), this electrode was
shown to havg,a,Nernstian;reponse to perchlorate-ion activity
over the le; to 1073+ nolar range in aqueous solutions of
pH 4 to 11, The electrode had good selectivity fo:
perchlorate ion over common univalent anions such as nitrate,
acetate, bicarbonate, and the halides. Baczuk and DuBois ({2)
repcrted finding that the electrode responded linearly to
permanganate, periodate, and dichromate ions over approximately
the same concentration range as perchlorate. A simllar
response to perrhenate and thiocyanate ions and a very
high sensitivity to anionic mercury (II) halide complexes
were observed by Hirsch and Portock (55).

Baczuk and DuBois (2) used the elecirode as an ¢nd-point.

detector for the potentiometric precipitation titration of
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perchlorate with tetraphenylarsonium chloride.  Extremely
large amounts of several univalent anions distorted the
titration curve by decreasing both the magnitude and the
slope of the end-point break.. Smith and Manahan (171)
improved the titration method by working at 2°C, The

lower temperature decrcased the solubility of the precipitate
and sharpened the titration curves, thus resulting in greater

accuracy -and lower limits of detection.

3. Tetrafluoroborate Electrode

Carlson and Paul (17) converted a nitrate ion-selective
electrode to oné selective for tetrafluoroborate. They
extracted the liquld ion-exchanger with a solution of boxic
and hydrofluoric acids, thereby converting the nitrate salt
to-the-tetrafluoroborate form. The electrode responded
linearly to BF4* ioh over three decades of concentration
in the pH range 3 to 11. The interference from several
anions was estimated, with nitrate and iodide being the
grea{@st.

A potentiometric method for the determination of boron
in waters, soil, and ashed plant tissues was developed
by Carlson and Paul (17). Boron wac removed from the
aqueous extraction solution by passage through a boron-
specific-ion-exchange resin column. The boron absorbed on

the resin reacted with hydrofluoric acid to form tetrafluoroborate
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which was then eluted with NaOH. The tetrafluoroborate
content of the eluate was directly measured by the ion-
selective electrode.

Smith and Manahan (171) used the electrode to monitor
the titration of tetrafluoroborate with tetraphenylarsonium
chloride. Comparing titrations at 25°C and 2%c, they found
that the decreased solubility of the precipitate at the

lower temperatures improved the accuracy of the titration.

4. Chloride Electrode

Lee (81) described a method for the continuous measure-
ment of hydrogen .chloride levels in gas and acrosol samples.
The gaseous sample was drawn.through a scrubbing tower where
the HCl was absorbed. in a stream of water. The resulting
solution‘then%leWQd to a detector cell when the chloride-ion

concentration was measured by the electrode.

VIII. Solid-State Membrane Electrodes
These electrodes utilize insoluble inorganic salts in
either single-crystal or pressed-pellet form as the ion-

sensing membrane,

A. .Anion-Sensitive Electrode

1. Fluoride Electrode

In 1966, Frant and Ross (32) announced a fluoride ion-
salective electrode. The membrane was a single crystal of

curopium (II)-doped lanthanym (IXII) fluoride. The electrode
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had Nernstian response to fluoride-ion activity over the
10°% 16 10"6‘molarvrange ifi solutions of pH'4 to 9. The
common‘anions C17, NOé';'and‘SQ42f did not interfere with
the electrode response to fluoride activity.

The unusual selectivity of this electrode has been
studied and confirmed by’ 4 number of workers. Mesmer (108)
and Warner (198) examined in detail the interference of
chloride ion. Electfode response to fluoride down to
2 % 107 M was Nernstian in the presence of 1 M sodium
chloride. Srinivasan and Rechnitz (177) studied the
behavior of the electrode in acidic solutions of pH ! to
3. They reported theoretical responsc to frec fliuoride
ion and no résponse to any protonated fluoride species
(i?é:wHFQT). Similar results -were observed by Baumann (8),
#ho reported that the clectrode response to sodium fluoride
was the same in 1, 5 and 10 M phosphoric acid as in water
alone. Bock and ‘Strecker (12) reported small, negligible
potential shifts resulted from the addition of large
concentrations of the non-ionic compounds, glucoseé) urea,
and hydrogen peroxide, to 10~3 sodium fluoride solutions.
Thus, extensive studies have proved the lanthanum fluoride
membrane ciectrode truly specific in its response to-fluoride
fon.

Lingane (86; 87) studiecd the electrode for end-point
detection in titrations of fluoride with thorium (IV),
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lanthanum (III), and calecium. In neutral, unbuffercd
solutions, lanthanum was found to be the best of the threq
titrants. Although titrations with thorium produced the
greatest overall change in cell emf, the slope of the
titration curve in the vicinity of the equivalence point

was- less than with lanthanum, while calcium showed no
inflection at all, In addition, the equivalence poiht
potential was independent of the amount of fluoride when
titrated with lanthanum but varied considerably in the
thorium titration.. Use of an acetate buffer for pH

control resulted in increased fluoride ion concentrations
after the equivalence point.. Lingane further reported that
titrations in 60 to 70 volume percent ethanol solutions

produced a considerable improvement in the titration curves.
Tﬁexsclubility product of all three metal fluoride precipitates
was decreased to such an e¢xtent that the titrations were quite

successfuly however, the lanthanum titrations were still the

Other workers have used the electrode to monitor titra--
tions with fluoride as the titrant. Baumann (7) utilized
the insolubility of lithium fluoride in ethanol as the basis
for a very accurate and precise titration of lithium. A
similar nonaqueous titration of aluminum with fluoride has
also been reported‘(Q). Jaselskis and Bandemer (69) determined
aluminum by titration With fluoride to a fixed cell emf. The

unknown concentration of Al3* was directly read from a linear
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plot of the millimoles of fluoridé-used to'reach’the same
emf ve, millimoles of aluminum. Fluoride has'been detérmined
in-a wide variety of saaples by éither'difeCtiOrftifriﬁétric
methods, The -high selectivity of the ‘¢lectrode-for fluoride
fon'has eliminated the separations by either distillation or
anion exchandge that were 'so difficult in thé earlier methods.
Frant and Ross (33) described a mothod for the determina-
tion of fluoride in public-water supplies. This technique
was -based on & 1:1 dilution of both standards and”éamplés
with a high ionic strength buffered complexing solution.
This total ionic strength buffer (TISAB) solution, which
contained glacial acetic acid, sodium chléoride, ‘and sodium
citrate with its pH adjusted t6 5 by sodium hydroxide,
performed ‘threée functions:

(1)  the ‘total ionic strength was fixed by the high
level of ions in the TISAB;

(ii) the solutions were buffered in a pH range which
' ‘avoided interference from hydroxide ionj; and

(111) F63+Mand‘A13+\Were"coﬁﬁlexed by'ditfafe;7ihds
displacing any bound fluoride,

This method eliminated virtually all of the effects .due to

the background variation of water supplies andimader

possible the use of a single calibration curve for a wide

range of water samples. The TIGAB method has been extended

to fluoride determinations in sea water (199) and urine (195).
Baumann (8) determined trace ‘amounts of fluoride in

highly acid solutions by a standard additions method, Liberti
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and Mascini (83). determined fluoride in synthetic samples
by-the use of Gran's Plots. The technique was essentially
a: series of known. additions but did not work.well in. the
presence of-large.excesses of complexing agents. ‘Durst.-(25)
described a technique for the measurement of fluoride by
an#late addition. :The.inverse of the standard additions
method, analate additions,calculated the unknown concentra-
tion from the measured change in:potential produced by
addition .of an aliquot-of the analate to a standard solution
of known concentration.

‘Analytical methods that employed drastic.pretreatments
such as fusion or decomposition of the sample have been
described for the determination of fluoride in metal alloys
(140, 141), metal oxides (129), mineral and rocks (27, 49,
197,-201), and in bone (168). Fluoride has -been determined
in organic compounds -after a-hot flask combustion of ‘the
material (31, 84, 123, 165).

Durst and Taylor (26) described modification of the
fluoride électrode to permit measurementsin volumes as
small as 50 microliters. Ina subsequent'paperx(24), Durst
described a fluoride microelectrode that could be'used in

a 2 nmicroliters sample volume.

2. . Sulfide Electrode -
The ion-sensitive membrane of this electrode consisted
of a pressed pellet of silver sulfide., Several workers

(60, &) have evaluated this electrode. They reported
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Nernstian responsc to silver ion over the range from

10~} to 10™% 15 and to sulfide fon from 10-2 to 1077 K,
The-effoct of a number of ions was found to be negligible:
the antons C17, By”, I7, SCN, Cr0,2", NOs~, C,0,°", and
3042' did not affect the response to sulfide, and Hg2+ was
the only cationic interference.

‘Hseu and Rechnitz (50) reported the electrode worked
well as an indicator: electrode in potentiometric titrations
of either sulfide or silver. Light and Swartz (85) compared
the silver sulfide membrane e¢lectrode with a classical
Ag-AgZS electrode of thc second kind and found the former
to be superior. Several workers (70, 79) have used the
clectrode to monitor argentomctric titrations of halide
ions.

tuller et al. (113) used the clectrode to deternine
silver in the range of 50 parts per billion (5 x 1077 1)
by the standard additions method.

3. Halide Electrodes

Electrodes sensitive to chloride, bromide, and iodide
ions used a mixture of silver sulfide and the respective
silver halide in pressed péllet forn as the ién-sensing
membrane (116).

Katz and lukherji (70) reported that potentiometric
titrations of single halide solutions with silver using the

appropriate indicator clectrode were accurate vhen the hallde
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concentration was greater than 10=3 Ii, 'Fach of the electrodes
was ‘used to mouitor the argentometric titration of teriary
halide mixtures. Only the iodide electrode showed three:
distinct end-points with the order of precipitation: iodide,
bromide; chloride.

‘Van Loon (196) described a method for the determination
of ‘chloride in minerals. 'Bromide and-iodide interference:

was eliminated by reaction with chromic acid.

B, Cation-Sensitive Electrodes

Commercially available electrodes sensitive to cupric,
lead, and cadmium ions used a mixture of silver sulfide and
the respective divalent-metal sulfide in pressed-pellet

form as’‘the ion-sensing membranc.

1. Cupric Electrode

The solld-state membrane cupric-ion electrode was
evaluated by Rechnitz and Kenny (144). They reported the
electrode response to cupric ion was Nernstian over the
concentration range from lO'l_to 1076 1t in water and from
10-1 to 10-% M in binary aqueous-nonaqueous solutions of
methanol, acetone, and acetonitrile. The electrode was
effectively used for the complexometric titration of cupric
ion with several ligands in methanol, acetone, and acectonitrile,

Several workers (10, 160) reported that the solid-state
copper electrode could be used for the complexometric

titration of non-electrode metal ions. In these titrations,
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copper: (II)~ligand complex was added prior: to titration
toyserye as an.indicator and the copper clectrode was

the: end-point.detector. Using this technique,; metal ions
'suchas-zirconium (IV), iron (III), thorium (IV), samarium
(III), and lanthanum (III) were potentiométrically titrated.
Indicator.titrations of calcium were superior to titrations
-that;uéedgthe l1iquid membrane calcium-selective electrodes
as-end-point detectors.. The former titration went to

lower calcium levels, and there was no sodium interference.

2. Lead Electrode

Rechnitz and Kénny (145) reported the response of ‘this
solid<state membrane eclectrode to lead ‘ion'was approximately
Nernstian over the concentration range 107t t6 1070w in
water and binary aqueous-organic solutions of ‘methanol,
dimethylsulfoxide, -1, 4-dioxane, and acetonitrilé. 'The
electrode had excellent selectivity for Pbe* over divalent
cations such as nickel, mandanese, zinc, and magnesium; ‘the
selectivities varied with concentration and solvent system.
The: electrode ‘effectively monitored the complexometric
titrations of lead ion with several ligands in aqueous,
50%. acetonitrile, :and 50% dimethylsulfoxide solutions.

Ross: and Frant (159) used this electrode for the direct
potentiometric titration of sulfate with lead perchlorate.
The: titrations were performed in-a 50 volume percent dioxane
solution. in order to decrease the solubility of the PbSO,

precipitate and increase the potential change at the end-point.
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In this solvent system, thc minimum titratable sulfate
concentration was 5 x 1072 i1, Chloride, nitrate, and
bicarbonate in greater than ten-fold excess interfered

by forming mixed precipitates such as sz(NO3)ZSO4 and,

in addition, tended to decrease the end-point potential
‘break because of complex formation with Pb2%, Selig (164)
adapted this titrimetric method to the micro- and semimicro-
aﬁalysis’of sulfur in organic compounds after oxygen-flask

combustion..

3. Cadmium Electrode ,

Brand et al. (13) reported this eloctrodé had approximatcly
Nernstian résponse to cadmium ion in the concentration
range 101 to below lO"6 1 in pure and mixed solutions of
water and dimethylsulfoxide. The electrode had very good
selectivity for cadmium over cations such as zinc, cobalt,
nickél, magnesium, calcium, and the alkali metals; however,

2+, T1*, and Fe?t did interfere with elecctrode responsc

Mn?*, Pb
in an unexplained manncr. The authors found the electrode
had a linear response to aluminum-ion activity over the
concentration range 102 o 1072 i Surprisingly, the
reported Nerpnst factor of 28.4 nv was much more necarly
equal to that corresponding to n = 2 (29.2 nv) rather than
n =3 (19.7 mv). The electrode proved satisfactoxry for
detecting the end-point in titrations of cadmium with EDTA

and oxine in aqueous and nonaqucous solutions,
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EXPERIMENTAL
I, Reagents

All chemicals used were of rcagent or equivalent grade.
All water used was first passed through a Barnstead
Bantam Demineralizer, then distilled from an

alkaline potassium permanganate solution.
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II. Apparatus

Research pH meter, mddel 1019003 Beckman Instruments,
Incorporated.
This instrument is essentially a line-operated
electronic null-balance potentiometer. It incoxrporates
a solid-state amplifier with a range of -1400 to + 1400
millivolts. The readout 1s graduated in increments of
0.2 mv and can be easily read to the nearest 0.l mv.
Incorporated into the input circuit is a standard cell
which is used as a secohdary input to calibrate the
readout. This gives a relative accuracy of + 0.3 mv
over the entire millivolt range (11).

Ionalyzer(® Divalent-Cation Electrode, Model 92-32;
Orion Research, Incorporated.
This electrode is supplied in a kit which contains the
electrode body, a box of porous membranes, one vial each
of liquid ion-exchanger and internal reference solution,
as well as the equipment required for electrode assembly
(118).

Tonalyzer ~ Single Junction Reference Electrode, liodel 90-01;
Orion Research, Incorporated.
This electrode, when filled with the Orion 90-00-01
fiiling solution, is claimed to exhibit potential
characteristics similar to those of a saturated calomel

electrode (119).
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Electrode Holder, lodel 92-00-01; Orion Research, Incorporated.
This holder will hold an Orion liquld membrane electrode
and two other electrodes at an angle of 20° with respect
to.the vertical.. The ion-sensitive electrode was mounted
at this:angle.to prevent air bubbles from being trapped
under- its: slightly concave bottom surface .(118).

Sargent:Thermcnitorcgwsontrolled Constant Temperature Bath,
Catalogue Number S5-84810; E. H. Sargent and Company.
The temperature of this bath is regulated by a contrbller
whose actuation 1s determined by a glass bead thermistor
immersed in the bath liquid and connected as one arm of
an,A.C, Wheatstone bridge in the controller. Heat input
to the bath is continuously adjusted in accordance with
the direction and magnitude of the deviations of bath
temperature.. Once properly set, a given temperature
will be maintained at + 0.01°C (162).. In the present
work, the bath was filled with Fisher Inhibited Bath-
oil, Catalogue No. 0-5, and the temperature was set
at 30.00°C,

The remainder of the equipment used was,cammon;;abpraﬁory

-equipment.
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III. Assembly of the'Divalent-Cation Electrode

An exploded view and cross-section are shown in
Figures 2 and 3, respectively. '

Prior to filling, the electrode body, bottom cap,
and membrane spacer assembly are rinsed with petroleum
ether and allowed to air dry completely. Using the
plastic tweezers provided, a porous membrane, ‘shiny
side up, is placed exactly-in the center of the membrane
spacer assembly. Taking care not to alter the membrane
alignment by jarring the electrode, the bottom cap is
'replaced and screwed on until finger tight. Using the
glass;syringe provided, liquid ion-exchanger 1is introduced
into' the_ appropriate filling hole. As the membrane absorbs
the liquid lon-exchanger, it becomes translucent. The
internal reference: solution is introduced into the center
filling hole with the syringe provided. It is essential
that no air bubbles be entrapped in the internal reference
solution chambexr. The top cap is replaced-and screwed
on finger tight (118). Once assembled, the electrode was
allowed~to: stand a minimum of one hour, usually overnight,

before any measurements were made,
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IV, The Electrochemical Cell

The electrochemical cell consisted of the Orion
divalent cation-selective electrode and the Orion
reference electrode. All potentiometric measurements
were made with the Beckman research model pH meter. A
constant test solution temperature of 30.00°C was main-
tained by immersion of the cell in the Sargent thermonitor
pbntrqlled constant temperature bath. The test solutions
were stirred constantly by means of a Teflon-coated
magnetic stirring bar. The pH of the test solutions was

measured with a conventional pH glass electrode.
V. Characterization of the Electrode: .

- _The initial efforts of this research were centered
‘on evaluation of the response and selectivity characteristics
of the divalent cation-selective clectrode as a function of
solution composition.
A. Response to Calcium and Magnesium
1. “ In Pure Solutions Containing Calcium and Magnesium
Stock solutions of the acetate, chloride and nitrate

salts of calcium and magnesium were prepared as follows:

lCa(CzH302)2 - A 0.6 M solution was made by dissolving
105 grams of the monohydrate in distilled,
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deionized water and diluting to one liter.
CaClQ‘ - A 1.5 M solution was made by dissolving
220 grams of the dihydrated salt in distilled,
deionized water and diluting to one liter.
The solution was filtered through glass wool
to remove any undissolved solids.
Ca(NOz), =i A 1l.5MN solution was made by dissolving 360
grams of the hexahydrate in disfilied, deionized
“water and diluting to one liter.
Mg(czn302)2‘- A'1.5 M solution was made by dissolving 320f‘
grams of the tetrahydrate in distilled,.
delonized water'and‘diluting to one liter.
MgCly « A 1,5 M solution was made by dissolving 310
grams 0f the . 'hexahydrate in distilled,
~deionized water and diluting to one liter.

Mg (NO - A 1.5 M solution was made by dissolving 380

32
grams of the hexahydrate in distilled,

deionized water and diluting to one liter.

The calcium solutions were analyzed by complexometric
titration with standardized disodiﬁm ethylenediamine-
tetraacetate (NaQHQEDTA) using calcein as the indicator (20).
The magnesium solutions werc similarly titrated using
Eriochrome Black T as the indicator (202). These stock

‘solutions werce stored in polyethylene reagent bottles to
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minimize contamination and concentration changes.
The calcium and magnesium response of the divalent
cation-selective clectrode was determined by measurcment

of the emf of the cell

Test
Solution

Divalent Cation

Refercnce
Electrode [13]

Electrode

in a series of standard solutions. The standard solutions
viere prepared by dilution of the appropriate stock solutions
and covered the concentration range 1 x 106 to 1.0 M. The
pH of the standard solutions was adjusted to 7.0 by the
addition of small incrcments of dilute HCl or NaOH.

The response of this elcctrode as a function of calcium-
ion or magnesium-ion concentration is shown in Figurcs 4 and
5. The electrode conccntration response curves were not
linear over the entirc range of concentrations studied;
curvature was obscrved at high and low concentrations.
However, between these two extremes, the concentration
response ‘:as lincar. By regression analysis, the data

in this lincar reglon was fitted to the Nernst-like equation

o] 2+
E = E¢ + 5. log (M ] [14]
where E = measurcd cell enf

E9 = concentration-response constant



FIGURE 4
Electrode Response as a Function

of Calcium Ion Concentration

 @——@ Calcium Chloride
===~ Calcium Nitrate
Lr=+=A Calcium Acetate
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FIGURE 5
Electrode Response as a Function

of Magnesium Ion Concentration

O=— Magnesium Chloride
r~=~[0 Magnesium Nitrate

L—+=8  Magnesium Acetate
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The results are Qunnarlzed 1n Table I.

Electrode Response to Calcium and Magnesium

Results of Regression Analysis

(4

)

Table 1

concentration-response slope

concentration of divalent cation

Salt Concentration Range of
Solution Linear Electrode Response
CaCl, 5 x 1071 - 5 x 10761
ca(nog),  1x 1071 - 5x 106 n
ca(Ac), 1x 1072 -5 %1070 1

4gCly 5x 1071 -5 x 107% 1
1g(NOg) , 5 x 1071 - 5 x 1070 11
Hg(Ac)z 1x lOm2 5 x 1070 n

Q-
E(.‘:
mv

77,1

75.0
71.7

76.3
74.6
75.6

nv?p’

26.3
26.0
25,4
26.8

26.3
26.6

As expected, the concentration range of the linear response

and the terms Eg and Sc

associated with the alkaline-earth cation.

vere dependent upon the anion

The anion

effect was GSpecially‘pronouhcéd with the acetate ion at

higher concentrations.

‘This effect was probably due to

lncreased ionic interaction betwcen the alkaline~carth

cation and the acectate anion.

Plots of cell emf versus calcium-ion or magnesium-ion
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activity are shown in Figures 6 and 7, respectively.

For the solutions of CaCly, Ca(NO3),, Ca(CoHg0,), and
1gCls, lonic concentrations in the range 10~ to 10"3 i
were converted to activities using activity coefficients
‘from the literature (118). In solutions less concentrated
than 1 x 1073 1, values of ccll emf measured in the
alkaline-earth chloride solution and activities calculated
by the values of Kielland (75) were used. The divalent
cation-selective electrode had linear response to calcium-
ion and magnesium-ion activity in the concentration range
1x 1071 to 1 x‘10“5 M, A regreséion analysis to fit the

data in this region to the Nernst equation

0
E=Ez+ Sy log ap ;[15]
where Eg = activity~respcnse constant
S, = activity-response slope
ap = activity of divalent cation
gave

E = 93.1 + 30.0 log (ag,2+) L]

for the calcium-ion activity response curve (correclation

coefficient r = 0.9993) and

E =90.6 + 30.1 log (amgg+) E11

for the magnesium~ion activity response curve (correlation



FIGURE 6
Electrode Response as a Function

of Calcium Ion Activity

© CaCl,
B Ca(NO4) Activity Coefficients Taken
Sel2 From Literature
A Ca(Ac),
© CaCl, . Activity Coefficients
2 Calculated From Theory
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FIGURE 7
Electrode Response as a Function
of Magnesium Ion
Activity

O.MgCl2 - Activity Coefficients Taken From
Literature ' '

- © MgCl - Activity Coefficients Calculated
From Theory -
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coefficient r'= 0,9998). The experimentally obtained
$lopes of EOJO”ﬁQ/paCaQ*\and 30.1 mV/péMg2+'were”in good
agreement with the theoretical slope of 30.1 mv/p532+
predicted by ‘the Nernst equation. No anion effect on the
activity response of the electrode was observed. Once
fonic concentrations have been converted to activifiés;

& straight line plot is obtained regardless of the anion
associated with the metal ‘cation.

In the concentration range 107> to 10~0 I, the response
plots were curved with sub=Nernstian response. Below 1 x 1076 i,
thélplcté?fbfhedva*piateau;’and the electrode did‘not'réspond
to ‘¢hanges in sample cation activity. 'This behavior was
probably ‘éaused by the very small but finite solubility
6f ‘the calcium-organophosphate ester salt in the aqueOﬁs
phase {118). - In very'diluté*éamplé solutibns, the liquid
ion-exchange resin saturated the solution in the immediate
vicinity of the ion-sensing membrane and by dissociation
ralsed the concentration of calcium ioﬁ to a fixed level.

_. The emf of the experimental cell drifted with time,
Over a;twenty»fbur hoﬁr period, random;(bidirectional)_
Cdrifts varyinghfrcm 0.2 to 2.5 mv were observed; however,
over an extended period of thirty days of use, the cell emf
drifted 20-30 mv to more negative values. These variations
in cell emf. were caused by drift in thevpotential of the

ion~selective eiectroda, for the Orion reference electrode
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showed. no: change in potential when measured against a
saturated calomel electrode.  The small daily random

drifts may possibly be due to changes in the membrane.
~asymmetry potential. " The long~term monotonic drift may
possibly be due to changes in the concentration of the
internal reference solution. -The decrease in the level

of the internal reference solution suggested that water

had evaporated and the solution had become more concentrated.
Operational compensation for drift was achieved by
assigning a zero cell emf to a l‘x 10;3’M calcium chloride
solution at pH 7 and making all other emf measurements
relative to thls standard emf. With hourly standardization,
the measured cell emf's were reproducible to + 0.5 nv in
solutions more concentrated than 1 x 1079 M in more dilute

solutions, they were reproducible to + 1.7 nv.

2. Effect of Honovalent Cations

It:has. been found that the response of most ion<
selective . electrodes to thé ion of primary interest is:
affected by;foreigh_ions:f‘This effect can be cither indirect,
with the eleCtiodérresponding.to an altered primary ion
activity, or divect, with the electrode responding to the
foreign ion itself.

In this section, the effect of the monovalent

cations Na*, K%, and NH4f upon the response of the divalent
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cation-selective electrode to Ca2t

and g2t was investigated.
These three monovalent ions were selected because of the
widespread use of ‘their salts in analytical chemistry.

For this study the metal ions were added as their
chloride salts. The preparation of stock solutions of
MgCl, and CaCl, have been previously described. Stock
solutions of the monovalent cation chlorides were prepared

as follows:

NaCl - A 1.000 Msolution was made by dissolving 58.448
grams of the oven~dried salt in distilled,
deionized water and diluting to one liter.

KCl - A 1.000 ¥ solution. was made by dissolving
74.557 grams of the oven-dried salt in distilled,
deionized water and diluting to one liter.

NH4Cl - A l.5 M solution was made by dissolving 80 grams
of the salt in distilled, deionized water and
diluting to one liter. The solution was analyzed
by Kjeldahl distillation of the ammonia into a
4% boric acid solution. The ammonium borate
formed was titrated with standard 0.1N HCl using

bromcresol-green indicator (170).

Each of the stock solutions was then diluted to the
concentrations required for this study.
Measurenments of cell enf were made in binary mixod

solutions in which the concentration of the monovalent cation



FIGURE 8

Effect of’Na+ on Electrode

Response to Ca2+

Pure CaCl2
©--=-© CaCl, + 107" M NaCl

B—-—& CaCl, + 1072 M NaCl
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FIGURE 9

Effect of X' on Electrode

Response to Ca2+

OO Pure CaCl?

@--=-® CaCl, + 107~ M KCl
G——8 CaCl, + 10"2 M KC1
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FIGURE 10
Effect of NH + on Electrode

4
Response to ca?t

Pure CaCl,
®----® CaCl, + 107" M NH,CL

B~ CaCl, + 1072 M NH4Cl
L CaCl, + 10-3 M NH,CL
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FIGURE 11

Effect of Na+ on Electrode |

Response to M92+

o ® Pure M9012
@~--® MgCl, + 1071 M Nacl
E-—3 MgCl, + 10-2 M NaCl
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FIGURE 12
Effect of K¥ on Electrode

-Response to Mg2+‘

Pure MgC].2
Or==® MgCl2 + 10 = M KCL

GG MgCl, + 1072 M KC1

-1
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FIGURE 13

+
Effect of NH on Electrode

4
2+

Response to Mg

Pure MgCl,
MgCl, + 10-1 M NH, C1
MgCl, + 1072 M NH,CL

MgCl, + 1073 M NH4Cl

2
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cation was held constant at either 1 x lOfl, 1 x 10°2,

or 1 x 1073 11 while the concegtration'of the divalent
cation was varied from 1 x lO'l to 1 x 1072 2. The pH of
the solutions was adjusted to 7.0 1+ 0.1 by the addition
of small increments of cither HCL or NaOH.

The effect of Wat, K¥, or NH4+ on the concentration
response o0f the electrode to Ca2+ and ﬁg2+ is shown in
Figures 8 through 13, respectively. The membrane clectrode
fesponded to the monovalent cation when the cell emf in
the binary solution was more positive than in the correspond-
ing pure solutions.

Evaluative studies of ion-selective electrodes have
reported the effect of foreign ions on the electrode response
to the primary ion in terms of a selectivity ratio, Ky,

calculated from the empirical ecquation

popo, AT (e, 2R
where a, = activity of primary lon of charge Z,
ay = activity of foreign ion of charge Z;

ﬁdcordingly, the selectivity of the divalent cation clectrode
can be expressed as the ratioes Keana? K%QNH4’ ceeey ote,

calculated from the equation
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E=£a+2p 1n K_az"'Kzl al] [19-‘\
Two methods for the determination of Kzl were used.

"~ Method I: Equatidn I}é] is combined with the equation
for the membrane electrode in a-solution containing only

the primary divalent cation

RT ' '
. _ 0 | &4
Et! = Ea + oF In a, EXﬂ
to yield
2
a + K . a
- E! = AT 2 21 1
E E_ S In y | [21]

which can be rearranged to give an explicit expression

fOI‘ I<21 .

1
27 %2 [22]

\[0) !
‘ jev)
S
Py
'TJ -
l"’"f\] v,
o)

Light and Swartz (85) have employed this method to evaluate
selectivity ratios for the sulfide ion-selective electrode
by measuring E' and E in solutions containing 1072 i Na,S
and 10”2 M NaosS + 1072 4 NaCN, respectively, both solutions
being 1 molar in sodium hydroxide.

Method 2: An alternative treatment is to express

the cell emf E measured in the binary mixed solution in
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terms of an effective divalent cation activity (az)e

0.2
E= 2y v In (ay) 23

Combining equations [_19] and [28] ahd simplifying, one

obtains
5 .
(az)e = ay + Kyya) [24]

'which can be rearranged to yield

-, a - a
1\21 = ( 2)6?: 2 @51
a .
1
The selectivity ratios were calculated only for those
solutions in which definite electrode response to the
monovalent cations was observed. Concentrations were
converted to activities by the Kielland values (7).

The results are summarized in Tables 2 through 4.
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Table 2

Selectivity Ratio of Sodium for Divalent

‘Cation-Selective Electrode

~+Concentration K‘CaNa KMgNa

M Nat Method % Method 2 HMethod % Iethod g
1 x 1073 1 x 107t 0.079 0.077 0.093 0.083
5 x 1074 1 x 107t 0.045  0.051 0.054 0.051
v x 1074 1 x 107t 0.041 0.041 0.083. 0,050
5x 107  1x107' 0,03  0.03  0.040  0.038
1x1070 1x10t 0.035  0.041 0.039 0,047
1x 1073 1 x 102 0.184 0.234 0.197 0.265

Table 3
Selectivity Ratio of Potassium for Divalent
Cation-Selective Electrode
2+Concentratign KCaK‘ y KﬁgK‘

M K - Method 1 Method 2 Method 1 ﬁethodﬁg
1 x 1073 1 x 107! 0.078 0.077 0.086 0.076
5 x 104 L x 10°1  0.040  0.047  0.050  0.048
1x100% 1x10°l  0.039  0.030  0.054  0.051
5 x 109 1 x 10-1 0.038 0.041 0.041 0.043
1 x 1075 1 x 10°}  0.031  0.037  0.036  0.044
1 x 10-9 1 x 10™2 0.165 0.215 0.173 0.243
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- Concentration, KCaNH4 ”KMQNH4

NH, tlethod 1 HMethod 2 Method 1 "Method 2
1070 1x107l 2386 4,293 3.317  5.013
1002 1x 1077 1.300  2.148  1.879  1.894
10-2 1 x 10-1 1.041 1,008 1.279 1.158
1073 1 x 101 0.582  0.590 0.619 0.588
100 1x107t 0.6 0.462  0.556  0.520
1074 1x 10"l 0.263  0.28¢4  0.379  0.366
1074 1 x 107t 0.296 0.294 0.383 0.362
1079 1 x 10-% 0.229 0.236 0.301 0.282
1072 1 x 107Y  o0.242 0.288 0.298 0.362
1073 1x 1070 3.330 3.879 4,795 4.051
1074 1 x 1072 1.720 2,172 2.581  2.374
10-4 1x 1072 1.363 1.323 1,792 1.635
1073 1 x 1072 1.432 1.457 1.617 1.506
1073 1x 1072 0.839  1.001 1.088 1.001
11073 1x 1003 6.304 9.365 = 8.218  10.226

e e O e D e e O e O = g e O

X

X

(55)

Table 4

Selectivity Ratio of Ammonium for Divalent

Cation-Selective Electrode
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The values of the selectivity ratios appear. to be
dependent upon the concentration of both primary and
foreign ions. The question arises whether this dependence
may not be an artifact of the changes in solution concen-
tration, affecting thé results'ﬁhrough changés in either
ionic strength or liquid junction potential at the external
reference electrode. The lonic strength effect, however,
has been taken into account by converting the ionic
'concentrations into activities. Changes in the liquid
junction potential of the external reference electrode
can be ruled out because the potential is unaffected by
vide differences in ionic concentrations as indicated by
the Nernstian slope obtained in pure solutions of the .
divalent cations in the concentration range 1 x 10"l to
1x 1070 . |

Similar variations in selectivity ratios have beeon
reported by other workers. Rechnitz and Kenny (145)
reported the selectivity of the solid-state lead electrode
for Pb2* over other divalent cations decrcased ten-fold
when the lead concentration changed from 1072 1 to 103
in the presence of 0.1 ¥ interfering cation. Lal and
Christian (80) reported the selectivity for K' over Nat
varied by a factor of ten thousand with the liquid membrane
potassium-ion electrode. Houston and Butler (59) found
the selectivity ratio KCaNa‘fdr the liquid lon-exchange

calcium~selective electrode varied greatly in NaCl-CaCl
2



(57)

solutions of constant ionic strength. To explain this
phenomenon, they postulated that species such as CaClR
(where R was the decylphosphate .group in the ion exchanger)
instecad of CaR, were present in the organic phase at high
chloride ion concentrations. This condition would have
made the liquid ion exchange membrane permeable to
chloride ions. This alteration of the composition of the
liquid membrane would have changed the selectivity ratio.
However, Houston and Butler did point out that this
explanation was speculative and that other phenomena also
might have been responsible for the observed deviations
from ideal selectivity.

From the data presented in the present work and in the
literature, the selectivity ratio is shown to be concentra-
tion dependent. This variation is so extreme that it
raises the question of whether equation [}é] is valid.

The data show that the electrode response to calcium and
magnesium is altered more by ammonium ions than by sodium

or potassium ions.

3. Effect of pH

The dependence of the cell emf on the pH at various
CaCl,y and ligCl, concentrations is shown in Figures 14 and
15. The concentrations of divalent cation chloride used

were 1 x 1071, 1 x 10‘2, 1x 10‘3, 1 x 1074, and 1 x 10-3 i,



FIGURE 14

Effect of pH on Electrode

Response to ca?t

O—~0 1071 u CaCl,
Br—— 1072 M CaCl,
O\ 10-3 M CaCl,

&----0 107% M cacl,

g 107> M CaCl,,
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FIGURE 15

Effect of pH on Electrode

Response to M92+

O—-—0 1071 M MgCl,
@--- 1072 M MgCl,
L~ 1073 M MgCl,
©----@ 1074 M MgCl,
E—-~E 107° M MgCl,
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The 'pH values were varied from 3.0 to 10.7 by the addition
of small increments of HCl and NaOH.

The pH range in which the cell emf was independent
of solution pH became smaller as the divalent cation
concentration decreased, Deviations in the cell emf
were positive if the solution was too acidic and negative
if the solution was %00 basic. Optimum electrode response
to calcium and magnesium was achieved when the pH of  the
test solution was in the range 6.5 to 7.5.

The increasing positive deviations in cell emf with
decreasing pH indicated the electrode was responding to
hydrogen ions. -The negative shifts in cell emf at high
pH's indicated the electrode was sensing decreased divalent
cation activity. The activity was reduced by chemical
_reactions. One such reaction would be the complexation

of calcium or magnesium by hydroxide ion as shown

ca?t + OH- = CaoH*
g2t + OH™ = IigOHT

viith increasing pH, the hydroxide ion concentration

would increase, the chemical equilibria would be shifted
further to the right, and the amount of free divalent
cation would decrease. Another possibility would be the
reaction of the calcium or magnésium ion with the carbonate

ion to produce the insoluble salt. Carbonate would be
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present to some extent in all the sample solutions
as a result of absorption of 002 from the air -- the

higher the pH, the greater the CO, absorption.

B. Response to Other Divalent Cations
Since the manufacturer claimed that this liquid-
membrane clectrode was divalent cation selective, the
electrode response was determined in pure solutions of
bariun (II), cobalt (II), copper (II), iron (II), manganese (11),
nickel (II), strontium (II), and zinc (II). Accordingly,
0.5 11 stock solutions of either the chloride or nitrate

salts of these cations were prepared as follows:

Ba(N03)2 - 33 grams of the salts were dissolved in 250 ml
distilled, deionized water. _The solution was
analyzed by titration with standardized |
Na,H,EDTA using Eriochrome Black T as the
indicator (202).

Co(N03)2 —’38 grams of the hexahydrate were dissolved in
250 ml distilled, deionized water. The solution
was standardized by titration with NazﬁzzﬂTA
with murexide as the indicator (202).

Cu(NO4), - 30 graﬁs of Cu(NOS)z'BHZO were dissolved in
250 ml distilled, deionized water. The solution
Was siandardized by EDTA titration with murexide

as the indicator (202).
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t

FeCl, 25 grams of FeClp®4H,0 werc dissolved in 250 ml of
distilled, deionized water. The solution was
analyzed by titration with standarized potassium
pvermanganate reagent (170).

1inCl 25 grams of MnClp*4H,0 were dissolved in 250 ml

N
]

of distilled, deionized water. Solution was
standardized by EDTA titration with Eriochrome
Black T as indicator (202).

45 grams of the hexahydrated salt were dissolved

1

Ni(NOz),
in 250 ml of distilled, deionized water. The
solution was analyzed by titration with standardized
NaoH,EDTA using murexide as the indicator (202).

Sr012 - 33 grams of the hexalydrate were dissolved in
250 ml of water (distilled, deionized). The
solution was standardized by EDTA titration with

phthaleincomplexone indicator (202).

'

Zn(NOg) 5 - 47 grams of Zn(NOs)Q'éﬁzo‘were dissolved in

250 ml of distilled, deionized water. The

solution was standardized by titration with EDTA

using Eriochrome Black T as the indicator (202).
Measurements of cell emf were made in standard solutions

which véried in concentration from 1 x 1071 if to 1 x 107 M.

The electrode concentration-and activity-response curves

were similar in contour to those obtained with calcium
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and magnesium. The data were fitted by regression analysis
to obtain values of E and S as before, Théﬁrosults are

summarized in Table B,

Table B

Electrode Response to Divalent Cations

] Conce,%tration Response. Actjvity Response
pivalent : ,S? . ca ,&? 1 .
Ca:fon nv mv/ pli nv mv/p il L
Ba<* 69.2 25,6 9.7 29.8
syt 65,7 1 25.1 89.4 29.6
co2t 78.6 26.1 96.5 30.1
cut 93.9 27.0 107.9 30.4
Fe2t 95.4 27.0 109.4 30.4
ln?* 84.7 27.2 96.2 30.4 o
N2 80.1 26.7 93.9 20.1 L
zn?* 91,2 26.6 106.1 30.0
cat 77.1 26.3 93.1 30.0
Lig2t 76.3 26.8 90.6 30.1

The selectivity of the liquid membrane electrode
for other divalent cations relative to calcium or magnesium
can be expressed as the selectivity ratios KCaZn’ Kﬁg?e' cuey

etc., calculated from the cquation



E = E: + g% 1ln [82 + Kgla]] [26]

If the test solution does not contain the primary cation
(i.c. calcium or magnesium) but any other divalent cation
with a selectivity ratio K,,, the clectrode potential, E,
in such a solution-can be expressed by -equation Ezﬂ y obtained

by substituting as = 0 in equation E'zé] :

E=E§+gx nky + L lnay 7]
Combining equation E;ﬂ
Ef = Eg +.%% in a} Exa
with equation [27) yiclds
E- B = Zlin Ky + = lnap- 3% lnaj )

If ay=aon, the equation simplifies to

™
e ™

In Ky, = Fomp [29]

i5s]

.

The selectivity ratio Koy can then be calculated from
values of E and E' measured in pure solutions of the
divalent cation and calcium or magnesium at equal activities.

The results so obtained are summarized in Table 6.
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Table 6

Lot
Sclectivity Ratios of Foreign Divalent Cations

i Equation (29) Equation |30}
Cation atl Kpqts Keart Kigi
Ba2t 0.65 0.84 0.54 0.65
52t 0.52 0.67 0.42 0.53
co2t 1.21 1.55 1.03 1.34
cu®”’ 3,09 3.99 2,86 3.55
Fo2 3.47 4.43 3,14 3.92
2t 1.45 1.91 1.35 1.88
il 1.15 1.49 1.09 1.31
702t 5,72 3.52 5,72 3.30

It scemed to the author that the values of Koy as
calculated by the preceding method would not accurately
describe the effect of other divalent cations on the
electrode response to calcium and magnesium, Therefore,
it was decided to determine the selectivity ratios from
neasurenents in mixed solutions. Accordingly, the cell
emf was measured in binary mixed solutions in which the
concentration of the foreign divalent cation was held

constant at 1 x 10"2 11 while the concentration of calcium

e
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1

» - :—.5
or magnesium was varied from 1 x 10 7 to 1 x 10. X

.L The

R o
selectivity ratio was calculated by equation [36] :

E - E
(R'T'7:2F )] .
Koy =L o " % L20)
2y e

This equation was derived from equation (?6 in the
same manner as equation {gé} was derived from equation
Qsﬂ. Ag shown in Table 7, the seclectivity ratios calculated

by this method are not concentration dependent.

Table 7
Selectivity Ratio of Zinc for Divalent Cation

Selective Electrode

., Concentration -

ca?? Zn** Keazn
5 x 10-2 1 x 1072 0.84
1 x 1072 1 x 1072 2.78
§ x 107° 1x 1072 2,77
1x 1073 1 x 1072 2.86
5% 1074 1 x 10-2 2.64
1x 10-4 1x 1072 2.81
5 x 1070 1 x 1072 .73
1 x 1079 1 x 1072 2.35



(65)

The selectivity ratios calculated by equation [?d} are
listed in Table 6 for comparative purposes.
It is an interesting but unexplained observation

that equation [18]

¥

o

o3

]
P
N
~
o

T}
1
i

C

i)
Ni
94
j —
=
[}
%)
+
S
o

accurately describes the response of the divalent cation-

ve slectrode in divalent-divalent cation nixturcs

;..u

select

but not in monovalecnt-divalent cation mixtures.

C. Behavior of Liquid-Ion Exchange Resin in Organic Solvents

Several workexs have used the solid-state membranc
electrodes in non-aqueous media (86, 87, 144, 145, 159).
Similar utilization of a liquid membrane electrode would
be governed by the effcct of the organic solvent on the
membrane material, If the liquid ion-exchanger were
soluble in the organic solvent or reacted with it, then
the electrode could not be used in solutions of that
organic solvent.

The behavior of the liquid ion exchange resin in
organic soivents was determined by the addition of 3.0 nl
of the organic in 0.5 ml increments to 0.2 ml of the resin.

The results are summarized as follows:

5]
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A homogeneous brownish-red solution was obtained.

This behavior indicated the resin was completely

soluble.

Methanol
Ethanol
n-Propanol
iso-Propanol

n-Butanol

sec~Butanol

tert-Butanol
Propylene glycol
Benzene

Toluene

A heterogeneous mixture which consisted of

Hexanc

Cyclohexane
Chloroform

Carbon Tetrachloride
Methylene Chloride
Carbon Disulfide
Ethyl Ether
p-Dioxane
Tetrahydrofuran

Pyridine

precipitate and a brownish-red supernatant liquid

was obtained.

of the liquid ion-exchanger was soluble in

This behavior indicated one

the

component

organic solvent while the other was either insoluble

or reacted with it.

llethyl Ethyl Ketone Dinethylsulfoxide

Acetone Acetonitrile
Ethylacetate N,N-Dimethylformanide
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3. A heterogeneous mixture which consisted of two
liquid phases was obtained. The top layer was
the liquid exchanger; the bottom layer was the
organic solvent.. This behavior indicated the

resin was probably insoluble in the organic liquid.
Ethylene Glycol

These solubility studies indicatec that the liquid
membrane electrode should be used only in aquecous solutions.
Also, scveral good solvents for cleaning the electrode

were found.

VI. Applications of the Electrode

As shown in the historical, the analytical applications
of ion-selective electrodes are many and varied. In
general, the analytical techniques fall into one of two
classes: direct potentiometric measurements based on the
Nernst equation, or potentiometric titrations.

This phase of the iesearch was centered on evaluation
of the divalent cation~selective electrode as an analytical
sensor. FEach of the two classes of techniques is illustrated:
the first by the standard additions method, and the second
by the titration of calcium and magnesium with EDTA and
NaF.
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A. Standard Additions Method

There are three methods commonly used to relate
the potential of an ion-selective electrode to the
concentration of the primary ion.

The first method is generaliy used with complex
systems where the concentration of foreign ion in the
sample solution is high. An empirical calibration curve
is constructed using a series of standard solutions with
backgrounds closely approximating that of the test
solution and varying only in the concentration of the
primary ion. Using the divalent cation-selective electrode,
Thompson (192) measured Mng.in sea water, and Garvin (36)
measured Mg2*, Ca2*, Sr2*, and Ba®' in cell suspensions
by this method.

For less complex systems, a second method exists in.
which an excess of an inert electrolyte is added to the.
test solution to swamp out interferences and variations
in the sample solution background. An empirical calibra-
tion curve is construcfed from a series of standard solutions
treated in an identical manner. The best example of this
method is the procedure described by Frant and Ross (33)
for the determination of fluoride in public water supplies
using a fluoride ion-selective electrode and a total ionic

strength adjustment buffer (TISAB).
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A third method, which ‘is very convenient for the
determination of the total concentration of a species
in very complex systems, is the standard additions
technique. This method can be used in solutions with
backgrounds containing high concéntrations of foreign
ions or complexing agents. The only preliminary require-
ment is a precise knowledge of the electrode response
to the primary ion. The method consists of measuring
fhe change in electrode potential developed when a small
volume of solution of known primary ion concentration is
added to a known volume of sample solution. The original
sample concentration is calculated from the measured
change in cell emf., No calibration curve is required.

The standard additions method has been used for the
determination of total calcium in beer using the calcium
ion-selective electrode {115). In the beer samples, any
proteins and other calcium~compiexing agents were present
in a 50 to 100 fold excess over the calcium present. It
was not necessary to kﬁow the nature of the complexing
agents or the tetal ionic strength of the solution.

Experimentally, the method described was very simple.
The slope of the calibration curve was determined from
cell emf measurements in pure CaCl, solutions. The
potential of the calcium ion-selective electrode was

measured in 100 ml of unknown solution of pH 6.0, Then

pes,
o
-
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1.0 ml of a ztandard 0.1 I' TaCl, solution vas added and the
clectrode potentia! =~cacurcd azaln, The total caleiun
concentration in the beer zanple was then calculated

from the cquation

O

. a G
(mtiloy AL/3)-)
where C 1s the original concentration of calcliun in the
sarmple, C 4 the change in concentration of the standard
solution due to addition, AE the change in clectrode
potential, and S the slope of the clectrode concentration-
response curve.,
This rmcthod looked highly pro-leing, for it scemed
to offer a technique whereby lonlc concentrations could
be determined rapnidiy and casily {n complex systenms
raving high backgrounds without prior knowlcdge of the
cample ratrix, For this rcason, ¢t was declided to
investigate the standard addition:s =cthod %o ascertaln L
$¢ could be used t0 determine total caleius or ragnesium
concentrations.
However, cquation [bf] w3t derived bty assuming the volun
{ the added standard solution to be negllisible in cemparicon
to the original sa=plc solution wvolu-c. In the prescnt

work, this assu-ptlon =ay not be wvalld; thercfore, a more
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general form of the standard additions equation was
derived.

The cell emf E measured in the sampie solution of
concentration C of primary ion and known volume V is

given by the Nernst equation
-0
E = EC + 5o log C

where Ez is the concentration-response constant and S,

is the concentration response slope. After addition of

a known Qolume V. of a standard solution of known concen-
tration C, of primary ion, the cell emf E; measured in

the test solution of concentration Cf and volume Vf is

given by
Ef = E + S¢ log  Cg
However,
cfvf = CV + C Vg
and
V% = V + Vs

Substituting equation [25) into equation {34] and solving
for C; ylelds

CV + Csvs

Cn = e——
f V + Vs

[s2)

(5]
&l
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which is then substituted into ecquation ‘?él to produce

cv+cCyv. |
o] g 5
E, = E, + 5c log {"‘\T‘T\T;"‘] [37)

The difference in the cell emf due to the standard
addition is the difference between equations [32] and [37]

(CV + C_V.) _
E=E -E=5 lo 5.3 38"
a f I\ (V+Vy) L’]
or
AE _ (CV + CgVs)
S o8 {c (Vive) (9]

Taking antilogarithms and solving for the concentration

of the Griginai samplé solution

c

C= s [40)

V + Vg AE/S Vi
(=T %

8

The above equation takes into consideration the changes
in concentration and volume of both the standard and sample

solutions.
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Equation [31] is a simplified approximatesform of
equation [40] and can be easily derived from it:; When
the assumption V & V made in the derivation of equation
[31) is applied to equation [40] , the term (V+V Vg is
approximately equal to V/V., and the equation reduces
to

.. C,Vs
= V(108E/S 1)

Since C, ifi equation [31] is the change in concentration
of the standard solution due to the addition and is equal
to CSV'S/V, equations &31-_\ anﬁ [4{] are equivalent.

All results in this section were calculated using
equation [@d].

This vhase of the research was centered on the
determination of calcium and magnesium in the range of
concentrations from 1 x 10‘3 to 1 x 1072 M. The
determinations were made in pure solutions containing
only a divalent cation and in mixed solutions containing
both a divalent cation and sodium ion. All metal ion
solutions used were prepared from the chloride salts.
All test solution volumes were 100.0 ml.

It can be seen from equation [Bd] that the accuracy

and precision to which C was determined depended directly

41
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on the reliability to which C., V, Vg, S, and AE were
known. The concentration of the standard solution, Cqs
and the volumes of the sample solution, V, and the added
standard solution, V., were measured as accurately as
hormal volumetric techniques permitted. The slope, S,
had beenudetermined previously with a high degree of
reliability and was taken to be 26.3 mv/pCa for calcium
and 26.6 mv/plig for magnesium. The measured change in
cell emf, AE, was therefore the most critical measurement.
To insure maximum accuracy and precision in AE, all
pdtentiometric measurements were made after the cell emf
had become constant to within + 0.1 mv.
The relative uncertainty in the AE measurement can

be reduced, and‘optimum results obtained by varying the
concentration and volume of the standard solution added
to the sample. To determine the effect of these two
parameters, standard solutions o MgCly were added
incrementally to sample solutions of lgCl, of 1 x 10=9 ¥
concentration. As shdwn in Table 8, the best results were
obtained when sufficient reagent of 0.1 I concentration
Waé added to produce a change in the cell emf of from
SO‘to 80 nv.

. ‘The following procedure was used for the analysis
of unknown sample solutions. The 0.1 ! standard solution

was added drop-wise to the constantly stirred sample solution.
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Table 8

Effect of Volume and Concentratidn of Standard Solution

on Recovery

Increment AL
Volume-ml mv

Recovery
o
.4—-—-&-—-—'

1 x 10~ 1 MgCl, Standard Solution

0.5 46.1 a3.7
1.0 53.9 %4.1
2.0 60.9 101.
3.0 65,1 104.3
4.0 68.7 100.8
5.0 71.8 95.4
5.0 73.9 94.5
8.0 76.8 96.2
10.0 79.1 g6,
1 x 10-2 if 1igCl, Standard Solution
0.5 21.0 96.4
1.0 28.5 21.7
2.0 36.0 90.9
3.0 40.4 ¢0.9
4.0 43.4 ¢l.9
5.0 45,8 2.0
6.0 47,8 %l.7
8.0 50.6 e3.7
10.0 52.6 a6.7
1 x 1073 p 1gCl, Standard Solution

0.5 5.0 01.0
1.0 8.4 91.8
2.0 13.3 89.9
4,0 18.9 92.1
6.0 23.0 88,7
8.0 25.6 89.8
10.0 27.8 89.3
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The addition of standard solution was stopped when
elther the cell emf had changed 60 to 70 mv or the
volume of added reagent reached 10.0 ml.

Sample solutions of CaCly and tgCl, which covered
the concentration range from 1 x 1072 M to 1 x 1073 1
were prepared. Vith the sample volume used, these
concentrations represented a weight range of 0.04-+4.0 my
‘of calcium and 0.02+2.4 ng of magnesium. A5 shovmn in
Tables 9 and 10, the recoveries ranged from 86% to 109%
with an average recovery of 94%.

The method was then applied to sample solutions
containing sodium chloride, Sodium was present at con-
centrations ranging from 1 x 1073 11 to 5 x 10“2 ¥ which
is equivalent to a weight range of 2.3to 115 mg. The
‘method gave correct results only when the concentration
of sodium lon was less than 100 times the divalent
catlon concentration. Vhen the concentration of sodium
was above this limit, high recoveries of calclum and
magnesiun were reported. Vhen the sodium lon concentra-
tion was below this limit, the method worked well., As
shown in Tables 1l and 12, the recoveries ranged from 89%

to 122% with an average of 99%.
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Table 9

Recovery of Calcium In Pure Solutions

Mg Calcium Average % Relative (a)
Present Found Recovery n Precision
4,01 3.95 98.5 14 + 6.8%
2,00 1.85 92.5 6 + 7.4%
0.401 0.368 91.8 11 + 8.4%
0.200 0.188 94.0 6 + 12.1%
0.0401 0.0375 93.5 9 + 14,0%

Table 10

Recovery of Magnesium In Pure Solutions

- Mg Magnesium Average % ' Relative (a)
esent Found Recovery n Precision
2.43 2.34 96.3 9 + 6.7%
1.22 1.14 93.4 6 + 8.3%
0.243 . 0.228 93.8 9 + 4.9%
0.122 ~ 0,112 91.0 6 + 11.8%
0.0243 - 0.0230 94.% 9 + 11.9%

(a) at the two sigma level
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Table 11

Recovery of Calcium in Solutions Containing Sodium

49 Sodium g Calcium Average Relative (a)
Present Present  Found Recovery n Precision
115 4.01 4.28 106.7 6 + 6.2%

23.0 4,01 3.92 97.8 9 + 8.0%

23.0 0.401 0.410 102.2 9 + B.2%%

11.5 0.401 0.403 100.5 9 + 9.3%

2.3 0.401 0.370 92.3 4 e

2.3 0.0401 0.380 94.8 6 + 11.2%
Table 12

"'Recovcry of lMagnesium in Solutions Containing Sodium

MgPSodium Mg Magnesium Average % Relative (a)
rescent Present  Found Recovery n Precision
115 2.43 2.55 105.0 9 + 6.9%
23.0 2.43 2.33 95.9 6 + 7.2%
23.0 0.243 0.253 104.1 9 + B8.5%
11.5 0.243 0.246 101.2 9 + 10.0%
2.3 0.243 0.230 94.7 3 —_—
2.3 0.0243 0.0222 91.4 6 + 12.9%

(a) at the two sigma level
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It appears that the standard additions method
cannot be used for the determination of total calcium
and magnesium concentrations in complex systems con-
taining foreign ions at concentration levels high
enough to alter the response of the divalent cation~
selective clectrode to the primary ions. It is
necesséry to have some knowledge of the sample

matrix before this method can be used.

B. Potentiometric Titrations

In contrast to the direct potentiometric’methods
based on the Nernst equation, potentiometric titra-
tions are generally more accurate and precise. For
this reason, a cursory examination was made of the
ability of the divalent cation-selective electrode to
monitor titrations of calcium and magnesiﬁm with EDTA
and NaF..

1. EDTA Titrations

According to the comprehensive work of YWelcher
(202), the complexometric titration of calcium and
mégnesium with EDTA is generally carried out at a pH
of 10 or higher. Usually, the pH is adjusted by the

addition of an ammonium chloride-~ammonium hydroxide
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buffer. Unfortunately, the ammonium ion significantly
alters the response of the divalent cation-selective
¢lectrode to calcium and magnesium,

A 0.2 M solution of NajH, EDTA was prepared by
dissolving 74 grams of the dihydrated salt in one
liter distilled, deionized water. The solution was
standardized by titration against CaCO3 using calcein
as the indicator (20). This stock solution was diluted
with distilled, delonized water and 2M NaOH to produce
a titrant that was 0.0938 M in NagH, EDTA and 0.2 i
in NaOH. The use of this highly alkaline EDTA
solution as the titrant eliminated the need for a
high pH buffer.

For the complexometric titrations, the sample
solution consisted of 10.0 ml of either a 0.0998 M
CaClo solution or a 0.0957 M lMgCl, solution added
to 90 mls distilled, deionized water. The pH of the
sample solutions was adjusfed to 10.0 by the addition
of 2 M NaOH. In the céurse of the titrations, the
solution pH rose to 11.9. The titrations weré carried
out in the usual manner with care being taken that the
céil emf had stabilized before the next increment of

titiant was added. In the immediate vicinity of the
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equivalence point, the electrode showed considerable
potential drift and required waiting periods of 4 to
6 minutes to obtain a steady value. Outside of this
region, the electrode response was more rapid with
a steady cell emf being obtained in one minute or
less,

The resulting titration curves are shown in Figure
16, The total potential change from the start to the
conclusion was 55 mv for the calcium titration and
60 mv for the magnesium titration. No sharp drop
in cell emf, which would have indicated an end point,
was readily observed in either titration. Therefore,
it was necessary to use two other methods to locate
the end-point. The first method evaluated the end-
point from the first derivative curve of the titra-
tion data, the end-point having been taken where
the slope, AE/AV, was a maximum. The second method
placed the end-point at that point in the titration
curve where the cell emf abruptly began to plateau
prior to increasing. The end-points obtained by
these two methods are compared with those obtained
by visual titrations using metallochromic indicators

in Table 13.



FIGURE 16
Titration of Calcium and Magnesium
With EDTA
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Table 13

 Compariéon of Methods for End-Point Detection

Visual - Electrode Titration
Ion Titrationn  First Method Second Method
Titrated Volume ml Volume ml  Error Volume ml Error
Ca?t 10.63 10.8 1.9% 11.0 3.8%
ug2* 10,20 10.0 2,0% 10.0 2,0%

Each titration was performed three times. ‘The varia-
tion in cell emf between different runs did not exceed

a maximum of 1.1 mv. As a result, the variation in end-
point volume was only + 0.1 ml for a precision of 0,9%
in the calcium titration and 1.0% in the magnesium
titration.

Comparable titrations of calcium with EDTA using the
calcium fon-selective liquid-membrane electrode have been
reported by several authors. Mukherji and co-workers
(76, 112) reported titrating 2-»10 mg of calcium with an
average error of 2%. Tackett (179) reported an automatic
titration with an error of 0.12% and a relative precision
of + 0.05%.

As shown in Figure 16, the emf rose after the end-point.
This positive deviation was probably due to the presence

of sodium ions and was in direct contrast to the behavior
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reported for the calcium ion~selective electrode.

With the Ca<" electrode, different workers (76, 112,
151, 179) reported observing either a constant potential
or-a slight positive increasc after the end-point. This
comparison emphasizes the improved calcium-sodiunm

selectivity of the calcium-ion-selective electrode.

2. Fluoride Titrations

Lingane (86) used the fluoride ion-selsctive solid-
state membranc electrode to monitor titrations of fluoride
with calcium. An identical titration, with the divalent
cation~selective electrode as the potentiometric monitorx,
was carried out.

A 0.1000 ¥ solution of NaF was prepared by dissolving
4,2000 grams of the oven-dried (110°C) salt in distilled,
deionized water and diluting to one liter. The sample
solution was prepared by diluting 4.0 ml of the stock
solution to 100 ml with distilled, delonized water., The
pH of the sample solutions was adjusted to 7.00 by the
addition of 2 il NaOH., The solutions werc titrated with
0.0100 1 CaCly with carc being taken that the cell emf had
stabilized before the next increment of titrant was added.
After cach addition, a stable clectrode response was
obtained within one minute. In the course of the titrations,

the pH of the sample solutions dropped to 6.60.
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The resulting titration curve is shown in Figure 17.
The plot was completely devoid of detail; it was
essentially a smooth cur&e with no break to indicate
the end-point. Lingane (86) obtained a straight line
with no inflection at the equivalence point. The solubility
of calcium fluoride in water was too large to permit the
titration of fluoride ion with calcium in purely aqueous
media. Lingane was able to carry out éuccessful titrations
only by going to a 75% ethanol solution. Use of this media
sufficiently decreased the solubility product of calcium
fluoride that an end-point was obtained. Such an alterna-
tive was not available with the divalent cation-selective
electrode because of the incompatibility of‘the ethanol
with the liquid ion-exchange resin, as shown previously.

For the purpose of comparison, the inverse titrations—
i.e. the titration of calcium and magnesium with sodium
fluoride—were cafri&d out. For these titrations, the
sample solution consisted of 10.0 ml of either a 0.0980 M
CaCl, solution or a 0.0977 M MgCl, solution added to 90 ml
distilled, deionized water. The pH of the test solutions
was initially adjusted to 7.0 with 2 M NaOH and dropped
to a final value of 6.7. The titrant was the 0.1000 M
solution of sodium fluoride described earlier and, the
titrations were cariied out in the manner described

previously. Waiting periods of 8 to 10 minutes were



FIGURE 17
Titration of Fluoride With Calcium Chloride
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required to obtain a steady cell emf in the vicinity
of the equivalence point. Outside of this region the
electrode response was more rapid, with a steady cell
emf being obtained in one minute or less.

The resulting titration curves are shown in Figure 18,
Comparison of the curves show that the calcium titration
was far superior to the magnesium titration. The total
potential change from the start of the titration to its
conclusion was 57 mv for the calcium samples but only
10 mv for the magnesium solutions. The plot for the
magnesium titration was a smooth curve with no break
to indicate an endnpoiﬁt. The calcium titration cuxrve
appeared to be very good since it had a very large break.
However, the potential break did not indicate an end-point
close to the theoretical equivalence point. In both
cases the solubility of the metal fluoride in water was
too large to permit a successful titration.

The theoretical volume of MaF required at the
equivalence point in the calcium titration was 19.60 ml
and 19.54 ml in the magnesium titration. The potential
at the theoretical equivalence point in the calcium
titration was -5.8 mv, which corresponded to a

(a)

caleium ion concentration of 7.4 x 10‘4 M

a
( )The concegtration of Na' at the equivalence poiat was
1.6 x 10" M. The concentration of Ca2+ and Mg<4t were
taken from the electrode response curves in the presence
of 1 x 10-2 M NaCl.



FIGURE 18
Titration of Calcium and Magnesium
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Since the concentration of fluoride ion was twice this
value, the solubility product was (7.4 x 10“4)(1.5 X 10"3)2,
or 1.7 x 107, A similar calculation from the data of the
magnesium titration with an equivalence point potential of
+17.8 mv gave 2.0 x 106 as the solubility product of
magnesium fluoride.

The solublility product of 1.7 x 1079 for CaF, agreed
well with the value of 5.3 x 109 reported by Lingane (86)
but differed considerably from the handbook (57) value
of 3.95 x 1071, The calculated solubility product of

2.0 x 10=6 for MgF_. also did not agree well‘With the

- handbook value of 2.4 x 109, The discrepancy between
the éxperimental and handbook values for the soiubiiity
product may be due to the small particle size of the
freshly precipitated metal fluorides, for the smaller

precipitate particles are more soluble than larger ones.
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S [dMARY

' 'The‘performanée of a liquid-membrane electrode
selective for divalent cations has been evaluated.

" The response of the electrode to calcium and
magnesium ions was determined over the range of
concentrations from 1 x 10°® to 1.0 M. Plots of cell
emf versus the logarithm of the ionic concentration
were not linear over the entire concentration range;
curvature was observed at high and low concentrations.
The concentration range of linear electrode response
was dependent upon the anion associated with the alkaline-
earth cation. Plots of cell emf versus the logarithm
of the ionic activity were linear over the range of
concentrations from 1 x 10~ to 1 x 101 M. The slopes
of the activity response curves were in good agreement
with the theoretical value predicted by the Nernst
equafion.

The effect of the monovalent cations Nat, K+, and
NH,* on the electrode response to Ca2* and Mg2t was

determined. ~ Selectivity ratios calculated using the
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modified Ross equation were dependent on the concentra-
tions of both monovalent and divaient cations.,

The electrode response to calcium and magneéium ions
was determined at different pH values. The pH range in
which the cell emf was independeﬁt Qf solution pH
decreased as the alkaline-earth catioh concentration
decreased. Deviations in the cell emf were positive in
highly acidic solutions and negative in highly basic
- solutions. Electrode response to ca;cium and magnesium
was'af an optimum when the solution pH was between
6.5 and 7.5.

The response of the electrode to other divalent cations
was also determined. Plots of cell emf versus ionic
concentrations and activities were linear over the range
of concentrations from 1 x 10™ to 1 x 10~} 1. The
slopes of the activity-response curves were in good
agreement with the theoretical value predicted by the
Nernst equation. The selectivity of the electrode for
other divalent cations relative to calcium or magnesium
was detemined by calculating seledtivity ratios using
the Ross equatién. Values of the selectivity ratio
calculated from cell emf measured in separate pure
solutions and iﬁ mixed solutions were in agreement and

were not concentration dependent.
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The behavior of the liquid ion-exchange resin was
determined in a number of organic solvents. Only
ethylene glycol appeared to be compatable with the
resin. The other organic solvents dissolved either
one or both of the components of the liquid ion-
exchanger.

The electrode was used for the determination of
small amounts of calcium and magnesium by the standard
additions method.. Calcium in the range 0.040 to 4.0
mg and magnesium in the 0.024 to 2.4 mg range were
quantitatively determined in the presence of a 52 to
100-fold excess of sodium.

A cursory examination of this electrode as a monitor
of potentiometric titrations involving calecium and
magnesium was performed. EDTA titrations of calcium
and magnesium compared favorably with similar titrations
using metallochromic indicators. The titration of fluoride
with calcium chloride was unsuccessful; the titration
curve having no break to indicate the end-point. The
titrations of calcium and magnesium with sodium fluoride
were slightly better but still not good enough for analytical
applications. From the calculated values of Ksp for Can
and HgF,, it appeared that the solubility of the netal
fluorides in water was too large to permit successful

titrations in purely aqueous solutions.
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