Chimia 14 - 1960 - April

111

Electrometric pH Determination

By R.G.BaTEs
National Bureau of Standards, Washington (D.C.)

Zusammenfassung

Die geschichtliche Entwicklung einer praktischen pH-Skala
fiir wisserige Losungen wird kurz betrachtet. Im Lichte der
modernen Theorie zeigt sich, dafl die experimentell bewihrten
Methoden fiir die elektrometrische pH-Bestimmung nicht

Werte ergeben, die einer theoretisch exakt begriindeten pH-

Skala entsprechen. Eine praktische pH-Skala muf3 deshalh

unvermeidlich willkiirlich oder konventionell sein, und es ist
wichtig, die besonderen Bedingungen zu kennen und zu ver-
stehen, unter denen pH-Messungen theoretisch interpretiert
werden kénnen. Es werden die Bemiithungen, eine internatio-
nale pH-Skala festzulegen, behandelt. Die Méglichkeit der Fest-
setzung analoger brauchbarer Skalen fiir nichtwisserige und
teilweise wiisserige Medien wird ebenfalls erértert. Die weit-
verbreitete Verwendung der pH-Messung in Forschung und
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utility. It is obvious that no single functional relation-
ship such as Equation (6) can describe the variation of
fci with lonic strength with exactitude in differently
constituted standard solutions and unknown solutions.
A similar restriction to the application of measured pH
values to chemical equilibria is inescapable.

Although it is impracticable to recognize specific dif-
ferences of a secondary character, differences of electric
charge are of primary importance and allowance must
be made for them. The interpretation is facilitated by
utilizing the valence relationships of the Debye-Hiickel
limiting law to relate the activity coefficients of other
anions to that of chloride, namely

[~ = fa and f72 = fi.

In many important equilibria, notably the dissociation
of monobasic weak acids, this collateral convention is
all that is required. Thanks to a partial concellation of
activity-coefficient corrections, the treatment is often
very successful.

In the author’s opinion, a universally accepted con-
ventional definition of individual ionic activity coef-
ficients is sorely needed. A formula of this sort would
not only bring uniformity to the interpretation of pH
measurements but would provide a sytematic basis for
the tabulation of other electrochemical data as well.

Above an ionic strength of 0.1, an interpretation of
the practical pH should be attempted only with a re-
cognition that the liquid-junction potential probably no
longer matches closely that of the standard solution.
Even more important, perhaps, is the possibility, not
provided for in Equation (6), that f; passes through a
minimum between y = 0.2 and y = 0.5, as the mean
activity coefficients of some uni-univalent chlorides are
known to do. If interpretations of pH in solutions of
4 > 0.1 containing considerable sodium chloride are to
be made, for example, it would be advisable, following
Davies,!® to add the term — 0.1 i to the right side of
Equation (6). Nevertheless, it is interesting to note that
the right side of this equation is a reasonably satis-
factory representation of the mean activity coefficient
of potassium chloride even above yu = 0.1.

Under conditions of constant ionic strength, when
both the standard (S) and unknown (X) are predomi-
nantly composed of the same neutral salt (e.g. potassium
chloride), it may be justifiable to consider the value of
fu to be a constant. Hence, the difference of E.M.F.,
E, — E, is an index of the difference of hydrogen ion

x
concentration:

iEs

E
peH(X) —peH(S) = o5 e rrji

(11)

where pcH is defined as —log c¢y. To measure pcH (X),
a standard solution of known hydrogen ion concentra-
tion is needed. This procedure has been used with not-
able success by SCHWARZENBACH.3?
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E. Nonaqueous and Partially Aqueous Media

One of the most difficult and least understood prob-
lems facing the chemist who measures pH values rou-
tinely concerns the proper use of measurements made in
media that are not entirely aqueous. The pH cell devel-
ops a reproducible E.M.F. in many solutions that con-
tain little or no water. Hence, the computation of pH
values for these media is fully justified by the breadth
of operational definition embodied in Equation (2). The
interpretation of these pH numbers in the manner sug-
gested in the previous section, however, cannot lead to
useful results when the solvent medium contains more
than a few percent of a nonaqueous component. The fact
that the hydrogen electrode and often the glass electrode
function reproducibly and reversibly in some anhydrous
media and in many partly aqueous solutions suggests
that a quantity which may be termed the ‘proton
activity’ has a definite value in these media. It is this
quantity which BRoNSTED regarded as a manifestation
of acidity in a fairly general sense, free from medium
restrictions.!® Although this concept is esthetically satis-
fying and of considerable academic interest, it cannot
serve to establish a universal scale, because all compari-
sons of the acidity of two differently composed media
involve an indeterminate phase-boundary potential.

BaTEes and SCHWARZENBACH® found, for example, that
the practical pH of dilute solutions of strong acids and
buffers in ethanol-water solvents follows only in a rough
qualitative way the apparent changes indicated by
other acidity functions which do not invelve a liquid-
junction potential. Their results for a mixture of hydro-
chloric. acid (0.002 M) and sodium chloride (0.008 M)
in solvents of composition varying from 0 to 100 vol.
percent ethanol are plotted in Figure 5. As expected, the
Hammett function H_ and the quantity —log (cyfyfc)s
labeled pwe, vary similarly when the alcohol content is
changed. The conventional pH value, however, behaves
in a manner that seems incompatible with the definition
—log ¢y fy; and the form of the relatively reliable curves
for —log (cyfufa) and for the medium effect, f™.

Nevertheless, there is good evidence that a determi-
nation of the relative acidity of dilute solutions in a
particular nonaqueous medium may be quite success-
ful, as long as the composition of the solvent does not
change.3® The hydrogen electrode, and often the glass
electrode as well, is useful for this purpose. The establish-
ment of reference solutions in each medium would fol-
low the procedures outlined for the assignment of values
to the aqueous pH standards, and no partiuclar difficul-
ties should be encountered. The pH in each medium
would be consistent with dissociation constants of the
weak electrolytes present and with mean activity coef-
ficients, both of these quantities being referred to the
standard state corresponding to infinite dilution in the
particular medium. One would then not have to deal
with primary medium effects. This approach has been
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Although the glass electrode is applied almost uni-
versally in the practical measurement of pH, the mech-
anism by which the electrode develops its potential has
not yet been uniquely explained. It seems clear, how-
ever, that water is important in developing this potential
and that some sort of exchange or transfer of hydrogen
ions takes place between the conditioned surface and the
solution in which the electrode is immersed. From the
work of HUuBBARD and his co-workers it is clear that the
hygroscopicity of the glass is an important characteristic,
as is also the durability.26

It has, indeed, long been believed that the solvent in
which the glass electrode is immersed must contain a
large percentage of water to give satisfactory results, or
alternatively, that the electrode must be conditioned
frequently in water before it ¢an be used in a solvent
of low water activity. Recent work has indicated, how-
ever, that the glass electrode is capable of giving ac-
curate results in methanol-water solvents containing
very little water.?2 Glass electrodes were stored in meth-
anolic solvents and were not conditioned in pure water
between measurements. In spite of this, the dissociation
constants for acetic acid in methanol-water mixtures
found from the glass electrode measurements were in
good agreement with determinations based on conduct-
ivity measurements.3® There is some evidence, however,
that the glass electrode does not behave as satisfactorily
in ethanol-water mixtures containing large proportions
of ethanol.

Probably the three most serious limitations of the glass
electrode are as follows: (1) The high electrical resist-
ance and the large temperature coeflicient of resistance;
(2) The tendency of the glass surface to adsorb prefer-
entially a variety of ions; and (3) The pronounced error
displayed by many glass electrodes in alkaline solutions.

The electrical resistance of the average glass electrode
at room temperature lies between 200 and 400 megohms.
At 0°C, however, the same electrode may have a resist-
ance of 3,000 to 7,000 megohms. It is clear that the dif-
ficulty of making an accurate measurement of the sur-
face potential of a given glass electrode is much greater
at 0 than at 25°C. Similarly, if this same electrode is
used at 100°C its resistance will be extremely low. In
addition, the durability of the glass (which decreases as
the resistance decreases) is likely to be correspondingly
low, and the useful life of the electrode in solutions of
high temperature will be quite short.

The glass surface is easily contaminated with ions, as
well as fouled by films of colloids, proteins, and sludge.
Since the pH response involves a surface reaction, ad-
sorbed material may introduce errors which are partic-
ularly important when the solution is poorly buffered.
The possibility that adsorption of acid may explain the
error of the glass electrode in solutions of low pH has
been suggested by ScHWABE and GLOCKNER.36

A noteworthy study of the E.M. F. behavior of 15 elec-
trode glasses has recently been made by SimMoN and
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WEGMANN.%0 These authors have turned their attention
to four properties of commercial electrodes, namely : the
pH response in the intermediate range, the alkali error
and its dependence upon time, the asymmetry potential,
and the electrical resistance. The best of the commercial
electrodes were found to have an alkaline error of only
about 0.15 pH unit in 1 N sodium hydroxide at 25°C.
Indeed, electrodes fabricated from the new GB glass of
Electronic Instruments Ltd. are said to have an error
of only about one-third this figure.32 It is thus evident
that the problem of the alkaline error which has plagued
the practical measurement of pH for three decades has
largely been solved. This has been accomplished by the
discovery of new and better glass compositions, in partic-
ular the substitution of lithium, barium, and cesium
for the sodium and calcium of the early glass electrodes.
The addition of uranium dioxide to the glass appears to
lower the resistance considerably,3> whereas germanium
dioxide improves the workability.3®

In the past decade there has been an increasing de-
mand for accurate pH measurements at elevated tem-
peratures. Most of the manufacturers of pH electrodes
now offer glass electrodes suitable for use at long periods
near or above 100°C. The GB type of electrode supplied
by Electronic Instruments Ltd. is recommended for
temperatures as high as 160°C. The greatest difficulty
in the design of such electrodes appears to be the proper
choice of internal reference solution and internal elec-
trodes that will have the necessary stability over long
periods of time.

The calomel electrode which is often used within the
glass bulb is known to be unsuitable for continuous
measurements at high temperatures.3? The failure which
begins at about 80°C is believed to be due to a dis-
proportionation reaction. The silver-silver chloride elec-
trode can often be employed successfully, but the high
solubility of silver chloride in relatively concentrated
solutions of chloride detracts from the general useful-
ness of this electrode. Fricke2?! has accordingly des-
cribed a reference electrode consisting of 40% thallium
amalgam in contact with solid thallous chloride and
immersed in a solution saturated with potassium chlor-
ide. This electrode permits a completely symmetrical
cell to be established, for the thallous chloride elec-
trode is suitable as an external reference electrode and
also as a reference within the glass bulb. In both uses,
the electrode is in contact with a solution saturated with
potassium chloride.

FrICKE has pointed out that, ideally, the pH cell
intended for use at many temperatures should be sym-
metrical, and that the buffer solution with the glass
bulb is filled should, if possible, have a zero temperature
coefficient of pH. Inasmuch as the change of pH with
temperature is governed primarily by the temperature
coefficient -of the dissociation constant of the weak acid
or base of which the buffer is composed, it would seem
difficult to achieve this objective. The experiments of
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coefficient of the cell as a whole, a consideration that is
of particular importance when the cell is to be operated
at elevated temperatures.

Reference electrodes do not show the diversity of
types found for glass electrodes. The calomel type is by
far the most popular, although an increasing tendency
to favor other newer types is noted. In place of the
calomel electrode, the silver-silver chloride electrode in
a saturated potassium chloride solution is sometimes
preferred. A mercury-mercurous sulfate electrode in a
solution of sodium sulfate is useful when chlorides must
be excluded. The thallium amalgam-thallous chloride
electrode mentioned in the previous section is finding
increasing application and should be well suited for
measurements over a considerable temperature range.

Jenaer Glaswerk Schott und Gen. recommends calo-
mel electrodes for pH measurements in the temperature
range —10 to 80°C and the silver-silver chloride elec-
trode for the range — 10 to 100°C. For a wider range of
temperatures extending from 0 to 135°C, the Jena Com-
pany furnishes its thallium amalgam-thallous chloride
reference (called the ‘Thalamid electrode’). Ingold also
provides a reference electrode especially designed for use
at high temperatures, but the nature of this electrode is
not revealed. Both the calomel and Thalamid electrodes
appear to have a very small polarizability. The silver
chloride electrode has the disadvantage that the solu-
bility of silver chloride in strong solutions of potassium
chloride becomes rather large at temperatures nearing
100°C. There is some danger, therefore, that silver
chloride may be dissolved completely from the electrode
if an attempt is made to utilize this reference for extend-
ed periods at high temperatures. It has already been
noted that the calomel electrode is unsuitable for ex-
tended use above 80°C. Some of the newer glass-
reference electrode combinations will, however, with-
stand numerous sterilization cycles which subject them
to 2 atm. of steam pressure for one-half hour.

The design of the liquid junction is a matter of con-
siderable importance if reproducible and stable pH
measurements are to be obtained. It has long been be-
lieved that static junctions of cylindrical symmetry,
allowing free diffusion, are the most reproducible. Un-
fortunately it is difficult to construct a practical, ver-
satile liquid junction of this type. Consequently, most
commercial reference electrodes are designed in such a
way that the relatively dense saturated solution of po-
tassium chloride flows slowly from the tip of the elec-
trode into the solution. One exception to this design is
to be found in the popular MacInnes-Belcher type of
cell assembly, shown in Figure 7. In this cell, the liquid
junction approaches cylindrical symmetry inasmuch as
it is formed in the bore of a stopcock arranged so that
the potassium chloride solution is below the solution
whose pH is to be determined. With this exception,
however, most commercial electrodes depend upon var-
lous arrangements to permit a retarded flow of potas-
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sium chloride solution into the solution in contact with
the glass electrode.

Beckman Instruments, Inc., supplies three types of
junction. An asbestos fiber sealed into the glass allows
a very slow flow of bridge solution to take place. When
the solution under investigation is of such a composition
that the fiber might become blocked by a precipitate, a
ground-glass sleeve is used to form the junction. A third
type, recently introduced, consists of palladium annulus
sealed into the glass. The very convenient Beckman
combination assembly, in which the glass electrode is
mounted within the cylindrical calomel-bridge tube,
projecting a few mm from the lower end, utilizes a fiber
junction.

The Leeds & Northrup Company has devised a liquid
junction which has been termed the ‘controlled-crack’
liquid junction tube. The glass tube containing the
saturated bridge solution has two very small apertures
or cracks, through which the bridge solution leaks very
slowly, at its lower end. As an added feature, the glass
tube containing the bridge solution can be unscrewed
from the electrode support. It is therefore readily pos-
sible to interchange calomel elements and to replace the
bridge solution. When measurements are being made at
several different temperatures, it may be advantageous
to utilize a series of junction tubes each one of which is
kept at a different temperature.

There is a recent trend to favor liquid junctions form-
ed at ceramic diaphragms or ceramic plugs, and there
is some reason to predict that commercial reference elec-
trodes will gradually utilize this type of junction almost
exclusively. The reference electrodes produced by Ingold
and by Philips (Eindhoven) are of this type. The Jenaer
Glaswerk produces reference electrodes with asbestos
junctions and ground-glass junctions but recommends
its ceramic diaphragm for normal conditions of use. The
resistance of the diaphragm is of the order of 3,000 to
6,000 ohms.

Salt bridges made of porous glass and ion-exchange
membranes have also been studied.!* The former are
fabricated from a leached but unfired Vycor produced
by Corning Glass Works. The electrical characteristics
of both types are favorable, but adsorption of fouling
materials on the porous glass may constitute a problem.
As expected, the juncfion potentials across the ion-ex-
change membranes are relatively large, but the mem-
brane bridges appear to function without the passage of
solution and hence may find use in special applications.

It should, perhaps, be noted that differences among
liquid junctions of different designs often are not ap-
parent when measurements are made in buffer solutions
of intermediate pH. Deviations from the behavior of the
best static-junctions may be revealed only when the
solution has a pH less than 2 or greater than 12. It is well
known that the magnitude of the liquid junction poten-
tial is dependent not only on the mobilities of the ions
at the liquid junction but upon their concentrations as
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well. It is evident, therefore, that the liquid-junction
error will be largest when the concentration of the un-
known solution is quite different from that of the buffer
solution, the pH being equal. In practical measurements,
the error is not likely to be of great concern. The work
of VALENsL® however, suggests that some refinement
in pH measurements might result from correlating the
measured pH with the conductivity of the unknown
solution.

Colloids and suspensions at the liquid junction may be
the source of serious errors in pH measurements. Al-
though the cause of this defect is not completely clear,
it seems possible that the flowing electrodes of com-
mercial design are less influenced by suspensions than
is the case with those few liquid junctions of the static
type.

MaTtTrock has considered the sources of error in the
design of liquid junctions3! and has pointed out that for
high reproducibility strict attention to thermal stability
is imperative.3? It is his belief that the so-called ‘hys-
teresis errors’ of saturated calomel electrodes are to be
attributed largely to a failure to achieve complete tem-
perature equilibrium.

C. pH Meters

The pH meter is essentially a voltmeter of very high
input resistance, designed in such a way that pH units
can be read directly. During the past decade great prog-
ress has been made in electronic instrumentation. As a
result of these developments, many excellent pH meters
are now being manufactured in several different coun-
tries. Measurement techniques have been developed to
such a degree that reproducible pH numbers can easily
be obtained with a precision of a few thousandths of a
unit. It is well to remember, however, that the funda-
mental meaning of the measured pH is considerably less
certain than the accuracy with which the numbers can
be obtained.

Among the criteria which have influenced the design
of pH meters are the following:

(1) The measurement should be unaffected by the high resis-
tance of the pH cell or by large changes in the magnitude
of the resistance.

(2) The meter should have a provision for temperature com-
pensation, preferably automatic.

(3) For many purposes, the pH meter should be operated by
alternating current, and its operation should be indepen-
dent of normal changes in the voltage of the power supply.

(4) The circuit constants should not be altered when the
vacuum tubes are changed. In addition, it is often desir-
able that a recorder be connected to the measuring system
and that the precision of the measurement should not be
affected thereby.

There is considerable diversity in the circuitry of pH

meters, and modern instruments cannot be rigorously

classified by the characteristics of the circuit used. Three
basic types of circuit, however, have played an impor-
tant role in the development of the pH meter, and these
will be explained briefly. These are (a) the null-detector
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method, (b) the direct-coupled feedback amplifier me-
thod, and (c) the frequency-conversion amplifier method.
In actual practice, these types are not separate and dis-
tinct, but a variety of combinations exists. The charac-
teristics of circuits and amplifiers suitable for accurate
pH measurement have been discussed by Hircucox,2
CrARK and PERLEY,® and WorLF.%

The null-detector method is one of the earliest and

simplest and still one of the most satisfactory methods

available. The pH cell is connected to a potentiometer
standardized against a standard cell, and the null cur-
rent is amplified by means of a D.C. amplifier to make it
possible to operate a galvanometer or other indicator.
Theoretically, the voltage of the pH cell may be exactly
balanced against that of the potentiometer. Battery
operation stabilizes the amplifier response, but special
precautions to minimize grid current errors may be
required. The selection of electrometer tubes has proved
a successful means of avoiding a large grid current drain
and its attendant errors.

The popular and reliable Beckman Model G meter and
the Radiometer pH meter 4 are instruments of the null-
detector type. In the Radiometer meter, the plate supply
voltage and the filament current for the output tubes are
developed by a transistor converter operated by 1.5 v
batteries. Reproducibility of measurement to % 0.001
unit is said to be achieved.

By the use of direct-coupled feedback amplifiers, pH
meters can be made to indicate directly changes in the
pH of the solution in the pH cell. This type of circuit
also makes possible the operation of recorders. In a
typical arrangement, an output voltage from the ampli-
fier is fed back in opposition to the input voltage from
the electrodes. This feedback voltage is proportional to
the difference between the cell potential and the balanc-
ing voltage. When sufficient gain is employed, the cur-
rent drawn from the electrodes is negligible, and the
E.M.F. of the cell is measured by metering the feedback
current. Changes in the power supply and in the charac-
teristics of the tubes can be made negligible. They may
have a considerable effect, however, on the zero reading,
and special attention has to be given to the stability of
the voltage supply for the D.C. amplifier in order to
reduce the zero error. In addition, precautions may also
have to be adopted to reduce grid-current errors.

The input resistance, grid current, and zero stability
of a D.C. amplifier are largely governed by the quality
of the electrometer tube. Differential amplifiers have
accordingly been used successfully to improve the ampli-
fication characteristics. The basic principle consists in
the arrangement of two identical amplifiers in such a way
that their response to external signals is additive while
that to internal noise or drift is subtractive.2® This type
of circuit has been used successfully in the Electronic
Instruments Model 28 meter.

The Polymetron 42 B meter combines the accuracy of
the potentiometer with the convenience of a direct-read-









Chimia 14 - 1960 - April

have already seen, reference electrodes can be also
devised for extended use under these special conditions.

Considerable attention has been given to the problem
of obtaining a free-flowing liquid junction for elevated
pressures. The Ingold company manufactures industrial
reference electrodes provided with separate stock vessels
for the potassium chloride solution which are equipped
for pressure equalization up to 2 atm. In its industrial
installations, Polymetron provides a differential pres-
sure regulator which maintains the reference electrode
and salt bridge at a pressure of 0.1 atm. in excess of that
on the solution in contact with the glass electrode.

Likewise, the Leeds & Northrup Company has devised
a reference electrode which utilizes a bell-jar principle;
air trapped between the salt bridge and a surrounding
tube is compressed as the pressure on the external solu-
tion increases. The increased air pressure is communi-
cated to the interior of the reference electrode through
a breather hole near the top of the salt-bridge tube. If
the additional air needed at very high pressures is sup-
plied, freeflowing junctions can be obtained at pressures
as high as 7 atm. The manufacturers claim that this
arrangement permits larger pressure fluctuations to be
compensated than do other pressure-regulating devices.

INGRUBER?? has developed a pressurized reference elec-
trode. The calomel element is cooled by a jacket of cir-
culating water, and there is a non-convective thermal
junction in the salt bridge. A pH cell utilizing a glass
electrode in conjunction with this reference performed
satisfactorily at 200°C and a pressure of 14 atm. IN-
GRUBER has also considered the matter of temperature
corrections for measurements of pH cells with thermal
gradients.

Controllers such as the Leeds & Northrup Model S
Speedomax and Brown Elektronik furnish a detailed
record of the process variable. They are able also to
utilize control procedures of the three most useful types,
namely (1) Proportional action, in which the amount
of reagent added is proportional to the deviation of the
pH from the desired control point, (2) Rate action, by
which the amount of reagent added is governed by the
rate of change of the pH, thereby overcoming a time lag
in the process, and (3) Automatic reset, which keeps the
control valve moving when a sustained demand, which
would tend to balance the process above or below the
control point, develops.

The solutions to some typical problems of industrial pH
control have been summarized recently by Gauvcuar.?
In electroplating installations, for example, the problem
of stray currents has been solved by fabrication of a
flow cell from a block of graphite. The cell is provided
with holes for the electrodes and for the flowing solution.
The graphite block simulates a Faraday cage. In quite
a different situation, namely monitoring the acidity of
heavy water, it was found necessary to modify the elec-
trodes by using heavy water in preparing the buffer
solution placed within the glass electrode as well as for
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the saturated potassium chloride solution of the refer-
ence electrode and the salt bridge.

An arrangement for the continuous measurement of
pH and the automatic neutralization of sewage is shown
in Figure 11. This assembly may be considered typical
of many industrial control installations. At the left is an
immersion cell with self-cleaning electrodes and at the
right the pneumatically controlled valve which admits
reagent to the process stream upon demand. The control
panel houses the pH meter, ultrasonic generator, rec-
order, and pneumatic controller. With the use of the
versatile components now available commercially, the
problem of pH control in many complex industrial
processes has been effectively solved.
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tronic Instruments Ltd., Richmond, Surrey (Dr. G.MATTOCK);
Jenaer Glaswerk Schott und Gen., Mainz (Dr. H. K. FRICKE);
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Metrohm AG, Herisau (L. KUnN, B. SUBNER); Polymetron AG,
Zirich (Ing. CH.L.GAucHAT, Dr. H.Jucker); Radiometer,
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