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INTRODUCTION

1 Introduction

Since the creation of man, he could differentiate between sour and bitter when eating liquid or
solid foods. We say that vinegar and lemon juice taste sour and that soap water tastes bitter.
This characteristic of these liquids and the marked degree of sour or bitter is indicated by the pH
value. The significance of the pH value is today known to a great portion of our population alone
through the fact that it is accepted that the pH value of swimming-pool water has to be kept
within certain limits. The food we eat contains a lot of water and our drinks are nothing else than
coloured and flavoured water, and this water can be either sour or bitter; or in other words, it will
have a certain pH value.

In general we can say that water is the most important substance on earth. Without water

there will be no life on our planet. People living in areas of severe drought have experienced the
importance of water for their existence. Continuous droughts do not only affect the farmers, they
are a disaster for the entire economy of a nation. It is therefore of utmost importance that we
treat this precious liquid with care, use it responsibly and try to save every drop of it.

Water is everywhere! Three quarters of the surface of the earth is covered with water in the
form of oceans, rivers, lakes and swamps. Brandy, whiskey, beer, wine, cool-drinks, fruit juices,
coffee and tea consist of water containing certain additives which change the property and
the taste of the water. Blood, the vital liquid of our body is mainly water, in fact our entire body
consists of approximately 65% water.

Water is used in industry as cooling water, wash water, boiler water, steam, condensate and
solvent. Dirty water is usually disposed of as effluent. Notably the chemical industry especially
makes use of this universal solvent, because most substances are somewhat soluble in water.
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Through its usage water undergoes changes, the most substantial being the change of its
hydrogen ion concentration. All the above mentioned liquids differ in their hydrogen ion concen-
trations, which makes them either acids or bases, sour or bitter. A measure for the hydrogen ion
concentration of aqueous solutions is the pH value.

[t can be said that the human tongue is the first pH measuring instrument, but only the poten-
tiometric pH measurement provides an accurate and reproducible result, when the acidity or
alkalinity of an aqueous solution has to be determined.

The pH measurement is therefore of vital significance in such diverse fields as biology, medicine,
food technology, drinking water treatment, agriculture, mineralogy, surface treatment in metal
processing, paper and textile manufacturing, chemical and petrochemical industry as well as
waste water and sewage treatment for environmental protection.

On a daily basis the importance of measuring the pH value in industry becomes more significant
and with it new problems in process control appear and have to be solved. Even in laboratories
is the demand for a highly accurate and repeatable pH measurement a predominating factor.

The purpose of this booklet is to supply the basic knowledge of the pH measurement in a brief
and understandable form. If it helps to eliminate the myths and mistakes arising from conceptual
misunderstanding and if it leads to a successful application of pH measurement the author has
fulfiled his task.

14 Booklet Overview

Without a basic knowledge of a few chemical principles as well as of potentiometry and the
functionality of a pH electrode a successful pH measurement is practically impossible.

Therefore certain chemical and physical principles are described in the appendix of the booklet.
These explanations will lead to the definition of the hydrogen ion concentration.

The book starts with the definition of the pH scale, explaining the NERNST equation and de-
scribing the fundamentals of the glass and reference electrode. pH related terminology will be
dealt with in detail, the knowledge of this will lead to the successful application of the various
Hamilton pH electrodes.

One cannot achieve a better measuring accuracy than the accuracy of the buffer solution one
uses for calibration. Hamiltons buffer solutions are described, after which the calibration of the
pH measuring system is explained.

Connecting the pH electrode to the measuring instrument and the “do’s and don’ts” of electrode
handling will conclude the subject of pH measurement.

pH Measurement Guide www.bgb - shop.com/hamilton - lab - sensors 5
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2 The pH scale

If we express the hydrogen ion concentration of an aqueous solution in relation to its molecular
value we derive a scale of 1 (109 via 107 to 10 mole/litre.

This scale is impractical but if written as a function of its negative logarithm a real and simple
scale of 0 — 14 has been created: the pH scale.

H+ concentration (mole/litre) OH- concentration (mole/litre) pH
1 0.00000000000001 0
01 0.0000000000001 1
0.01 0.000000000001 2
0001 0.00000000001 3
00001 0.0000000001 4
000001 0.000000001 5
0000001 0.00000001 6
0.0000001 0.0000001 7
0.00000001 0.000001 8
0.000000001 0.00001 9
0.0000000001 0.0001 10
0.00000000001 0.001 11
0.000000000001 0.01 12
0.0000000000001 0.1 13
0.00000000000001 1 14
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pH is the abbreviation of pondus hydrogenii and means the weight of hydrogen. This term was
introduced in 1909 by the Danish biochemist S. P. L. Sarensen (1868 — 1939).

The pH scale covers the active concentration of the H* ions and OH™ ions and therefore the pH
value is defined as the negative common logarithm of the active hydrogen ion concentration in
an aqueous solution.

1
pH = log

hydrogen ion concentration (mole/litre)

If the H+ ion concentration changes by a factor of ten, the pH value changes by one unit. This
illustrates how important it is to be able to measure the pH value to a tenth of a unit or even a
hundredth of a unit in special applications.

The pH definition refers to the active hydrogen ion concentration and not just to the hydrogen
ion concentration. It is important to understand this difference. Only in dilute solutions are all
anions and all cations so far apart that they are able to produce the maximum of the chemical
energy, i.e. the H* ion concentration and the H* ion activity are identical. For instance 0,01 mole
hydrochloric acid is still classified as a dilute solution which dissociates completely and therefore
concentration equals activity.

0,01 mole HCI: concentration = activity

If the HCI concentration increases, the cation (H*) and the anion (CI") obstruct each other
increasingly as the space between them gets smaller and smaller. In this case the ion activity is
slowed down and does not correspond any longer with the ion concentration. With increasing
concentration the ion activity differs to the ion concentration more and more.

1 mole HCI: concentration > activity

It is important to recognise the fact that a pH measurement determines only the concentration
of active hydrogen ions in a solution, and not the total concentration of hydrogen ions. It is this
factor that is responsible for the observed pH change in pure water with temperature.

If the temperature rises in pure water, the dissociation of hydrogen and hydroxyl ions increases.
Since pH is related to the concentration of dissociated hydrogen ions alone, the pH value actu-
ally decreases although the water is still neutral. Therefore it is very important that we know the
relationship between the dissociation constant and temperature, otherwise it is not possible to
predict the pH value of a solution at a desired temperature from a known pH reading at some
other temperature.

pH Measurement Guide www.bgb - shop.com/hamilton - lab - sensors 7
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The meaning of the pH scale is best explained if we compare the concentration of 1 mol/l pure
hydrochloric acid (HCI) which has a pH value of 0, with a concentration of 1 mol/l pure sodium
hydroxide (NaOH) which has a pH value of 14. When both solutions are mixed in same quanti-
ties, a neutralisation reaction occurs as may be seen by the following equation:

HCI + NaOH - HOH + NaCl
- H,O + NaCl

pHO + pH14 > pH7

The acidic and alkaline properties of the solutions are lost because of the union of the hydrogen
and hydroxyl ions which form water. The newly formed sodium chloride (table salt) does not
influence the pH value.

Generally the following can be stated:

e if the concentration of active hydrogen and active hydroxyl ions in a solution is
of the same quantity, the solution is neutral (pH value = 7)

¢ if the solution has a higher concentration of active hydrogen ions than that of
hydroxyl ions, the solution is an acid ( pH value below 7)

¢ if the solution has a higher concentration of active hydroxyl ions than that of
hydrogen ions, the solution is a base (pH value above 7)

' )\
The pH Scale
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3 The pH Measurement

31  The NERNST Equation

To determine the active hydrogen ion concentration, a pH measurement is necessary.
Three methods are generally used for the direct determination of the pH value in aqueous solutions:

1) The visual method, a colour comparison with pH sensitive indicator paper (litmus) to a
standard colour scale.

2) The photometric method, using a spectrophotometer to measure the wave-length of the
pH sensitive coloured solution.

3) The potentiometric method, an electro-chemical measurement, measuring the e.m.f
created by a chemical reaction, such as that which takes place between metals and
dissolved salts.

The potentiometric method in determining the pH value of aqueous solutions is the only method
which can be used in process control as a continuous in-line measurement and therefore this
booklet will deal exclusively with this method of pH determination.

This pH measurement method is based on the NERNST equation which describes in a relatively
simple form the relationship between the galvanic potential of a defined electrode assembly and
the chemical activity of the ion concentration being measured.

An electrode assembly always consists of a measur- )
ing electrode which is sensitive to the ion activity to
be measured and a reference electrode. The opera-
tion of an electrode assembly in its simplest form is
demonstrated by the following example:

High impadance mV mater

If two hydrogen electrodes (each a thin plate of
polished platinum) are immersed in two solutions,
having different hydrogen ion concentrations, each
electrode will generate a potential which depends on
the active hydrogen concentration of the solution in
which the electrode is immersed. To be able to mea-
sure this potential, the two solutions are connected
by a salt bridge (electrolyte bridge) and the two elec-
trodes are connected to a high impedance voltmeter.
Both solutions are saturated with pure hydrogen gas. | J

pH Measurement Guide www.bgb - shop.com/hamilton - lab - sensors 9



THE pH MEASUREMENT

Since the current passing during such a measurement is negligible, the chemical composition
of the sample solution is not altered. The bridge acts as a phase boundary between solution C,

and solution C, and closes the electric circuit.

A potential difference will be generated between the two platinum electrodes by the differ-
ent active hydrogen-ion concentrations in the solutions. The relationship is expressed by the

NERNST equation:

= potential difference (mV)

absolute temperature in Kelvin (K)

OO dAmmIm
I

= gas constant (8,31439 J x mol" x K)
= Faraday constant (96495,7 C x mol)

= charge number of the measured ion (in this case n,; = 1)
1 = active H-ion concentration in solution C;
> = active H-ion concentration in solution C,

If we select between C; and C, a concentration ratio of 10:1, the equation may be written as:

RxT
x 2,303585

nxF

E is known as the NERNST’s potential, given the symbol Uy. Uy corresponds to the change in

potential with a ten-fold change in activity.

The values of R and F are constant. The charge number n is known for each kind of ion and the

temperature T can be calculated from the measured value in °C.

If we assume the temperature of the solutions to be 20 °C, then:

T =273,15 + 20 = 293,15 Kelvin
This will give us a NERNST potential of

Uy = 58,16 mV

g‘g@
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The pH Scale
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As the ion activity is temperature dependent, so is the NERNST potential (refer to the NERNST

equation). The following table illustrates the temperature dependency:

T°C Uy mV T°C Uy mV T°C Uy mV

0 54.20 35 61.14 70 68.08
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Temperature Dependency of the NERNST Potential.
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THE pH MEASUREMENT

3.2  The pH Measuring System

A basic pH measuring system consists of

(1) the measuring electrode,

a pH sensitive electrode,
(2) the reference electrode and
(8) a high impedance voltmeter.

3.21 The Measuring Electrode

The purpose of the measuring electrode is to determine the pH value of an aqueous solution.

The platinum/hydrogen electrode was originally used to measure the hydrogen ion concentra-
tion in aqueous solutions (since 1897) and today still serves as a reference standard for the elec-
trometric pH determination. The hydrogen electrode consists of a platinised platinum plate or
rod (coated with platinum black), subjected to a flow of gaseous hydrogen. A silver wire coated
with silver chloride serves as a reference electrode.

The basic theory, when employing a hydrogen electrode, is as follows: If a metal rod (electrode)
is immersed into an aqueous solution containing its own salt (silver electrode in silver nitrate), the
atoms on the surface of that metal rod will ionise. The water molecules will attract the positively
charged metal ions from the surface of the rod, which leaves the metal rod negatively charged.
This charge exchange develops a potential difference at the phase boundary metal/solution.
The potential depends on the ion concentration in the solution and is known as the galvanic
potential.

Today the hydrogen electrode still serves as a reference standard especially as its measuring
results are extremely accurate. However for practical reasons the hydrogen electrode has lost its
importance because of its difficult and complicated handling.

®)
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Only the antimony electrode has survived out of various metal electrodes. Antimony is chemically
resistant to hydrofluoric acid and can therefore be used for the pH measurement in solutions
containing hydrofluoric acid. However, the accuracy and reproducibility of the measuring result
incorporates large tolerances.

The Glass Electrode

It was not until the development of the glass electrode that pH measurement became a simple
and reliable tool for all kinds of applications. In recent years the glass electrode has outgrown all
other types of indicator electrodes for pH measurements. The pH determination of an aqueous
solution is today as common as temperature and pressure measurements, thanks to the reliabil-
ity and accuracy of the glass electrode in combination with extreme stable electronic amplifica-
tion. However, the successful application of the glass electrode requires some knowledge about
its functionality and its maintenance, which this booklet will provide.

A glass electrode consists of a shaft made from 1 )
glass which should be highly resistant to hot
alkaline solutions and its electrical resistance
must be several times greater than that of the
membrane glass. The pH sensitive part of the
glass electrode is the normally cylindrically
shaped electrode tip, the glass membrane. The
membrane is made from special hydrogen ion
sensitive glass and is fused to the electrode
shaft. The glass electrode is partly filled with a
buffer solution, normally having a pH value of 7.

Electrode head

Electrode glass shaft

Screen

A defined amount of potassium chloride (KCI) is
added to this internal buffer.

Internal conductor
electrode (Ag/agCl)

A silver wire, coated with silver chloride (Ag/
AgCl) is inserted into the glass electrode right
down into the internal buffer and serves as a pH sanaltive

conducting electrode. Via the core of the co- glass membrane

axial pH cable, the Ag/AgCl wire is connected \ J
to one terminal of a pH meter.

Inner buffer + KCI (pH 7)

The Construction of a Glass Electrode.

The Glass Membrane

All types of glasses possess the property of producing a potential difference relative to the
hydrogen ion concentration in aqueous solutions. However only special types, such as the con-
ventional Mc-Innes glass (Corning 015) produce galvanic potentials which satisfy the NERNST
equation over a wide range of the pH scale.

Every manufacturer of pH electrodes is constantly researching for better pH sensitive glasses.

pH Measurement Guide www.bgb - shop.com/hamilton - lab - sensors 13
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Through constant development Hamilton has achieved results which have not previously been
available without unsatisfactory compromises.

When the membrane glass of a measuring electrode comes into contact with an aqueous solu-
tion, it forms a thin gel layer of approximately 10-4 mm thickness between the glass surface and
the solution. The thickness of the gel layer depends on the quality and composition of the mem-
brane glass, the temperature and the pH value of the measured solution. As the internal side of
the glass membrane is in contact with the inner buffer (an aqueous solution of pH 7) a gel layer
is also formed on the inside of the glass membrane.

A continuous exchange of H* ions in the gel layers and H* ions of the solutions takes place on
both sides of the membrane. This ion exchange is controlled by the H* ion concentration of
both solutions.

If the hydrogen ion concentration of each solution is identical on both sides of the glass mem-
brane, the ion exchange stops after an equilibrium has been reached between the H* ions in the
solutions and the H* ions in the gel layers. Therefore, both sides of the membrane glass have the
same potential and the potential difference is O mV.

If a difference of a hydrogen ion con-cen- 1 )
tration exists between the inner buffer and The Glass Membrane

the outer solution, a potential difference Ag/AgC! electrode
develops between the inner and outer i T

sides of the membrane glass which is pro- appr. 0,5 to 1mm thick '."p"':'u:':h'_.":m

portional to the difference in pH between thick
the inner buffer and the outer solution. To
be able to measure the membrane poten-
tial, the membrane itself has to be conduc-
tive. This is achieved by the mobility of the
alkaline ions in the membrane glass (Li*
ions in most glasses today or Na* ions in
older membrane glasses).

The thickness and composition of the gel
layer determine the response time and the
characteristic slope of the glass electrode.
Therefore the gel layer is of critical impor- \ J
tance to the electrode performance.

Without the gel layer there can be no pH measurement. Unfortunately it takes approximately
one to two days until a gel layer is fully developed. Therefore a measuring electrode needs to be
hydrated (immersed into normal clean tap water) for at least 24 hours prior to use. Most manu-
facturers deliver their electrodes already hydrated (the membrane is kept wet with a KCI solution
in a plastic cap) which renders the electrode ready for immediate use.

g‘g@
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3.2.2 The Reference Electrode

The reference electrode represents a defined electrical connection between the measured
medium and the pH meter. The accuracy of the pH measurement is often determined by the ref-
erence electrode and therefore the choice of the reference electrode is of significant importance.
An ideal reference electrode should produce a predictable potential, which should respond only
in accordance with the NERNST equation. A good and stable reference electrode should also
have a low temperature coefficient and possess no temperature hysteresis.

A reference electrode consists of an internal electrode (similar to the measuring electrode) which
is immersed into a defined electrolyte. This electrolyte must be in contact with the measured
medium. Over the years various reference systems have been employed, but only two systems,
the mercury-mercurous chloride (calomel) and the silver-silver chloride reference electrodes
were found reliable with respect to an accurate and stable potential.

Hamilton applies exclusively the silver-silver chloride reference system. (refer also to “The
EVEREF reference system” on page 29).

At low and stable temperatures (max. 80 °C) the calomel electrode has a high potential stability
and a high accuracy down to a hundredth of a millivolt.

But today the silver/silver chloride electrode has gained r )
practical acceptance and is by far the most frequently

employed reference system. It is easy to manufacture, G

its potential rapidly attains equilibrium between -30 °C

and 135 °C, and is very reproducible. The Ag-AgCl

reference electrode remains stable and accurate es- Electrode head
pecially with wide temperature fluctuations and at high

temperatures up to 135 °C. mﬂ
The internal electrode of an Ag-AgCl reference elec- Refill opening
trode consists of a silver chloride coated silver wire

which is immersed into potassium chloride of 3 mole ':‘h"'-"“!_
concentration situated in a large chamber formed by system

the glass body of the reference electrode.

A diaphragm (normally a small porous ceramic rod) P

is fitted at the bottom of this chamber to permit the

potassium chloride to diffuse or leak into the measured

medium. To complete the electric circuit the silver-

silver chloride wire is connected via a coaxial cable to oW

the pH meter. \ J
The Construction of a Reference Electrode.

pH Measurement Guide www.bgb - shop.com/hamilton - lab - sensors 15
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3.2.3 The Combination (Single Rod)
Electrode

Since 1947 electrode manufacturers have combined the
measuring electrode and the reference electrode into one unit,
hence the name combination electrode. Today, the combina-
tion electrode is almost exclusively employed in laboratories
and industrial plants. Only when the life expectancy is signifi-
cantly different for the measuring and the reference electrode,
is the use of a pH measuring system consisting of two sepa-
rate electrodes recommended.

In a combination electrode the concentric space surrounding
the measuring electrode is filled with the reference electrolyte
and contains the internal reference system. A diaphragm near
the bottom of the electrolyte chamber serves as the junc-

tion between the KCI solution and the measured medium. As
the reference electrolyte is a conductive medium, it acts as a
screen to the measuring electrode.

3.2.4 Combination Electrode filled with
KCI-Gel as a Reference Electrolyte

Reference electrodes incorporating a liquid reference elec-
trolyte are maintenance intensive as their electrolyte level has
to be controlled and regularly topped up. The search for a
maintenance-free electrode assembly led to the development
of the gel reference electrode.

The gel electrode is a low-maintenance electrode. The refer-
ence electrolyte chamber is filled with 3 mol/I KCI electrolyte in
gel form. The diaphragm is normally made from ceramic. The
glass shaft is often reinforced with an outer plastic sleeve or
the electrode shaft is made completely out of plastic (Epoxy).

The gel electrode is mostly used in combination with portable
pH meters or laboratory pH meters for simple measuring ap-
plications, e.g. public swimming pools. This electrode does
not need to be topped-up with reference electrolyte — which
reduces maintenance time. However it has to be taken into ac-
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count that the gel electrode has a reduced accuracy and a shorter life span than its counterpart
with a liquid reference electrolyte.

The response time of a gel electrode is somewhat slower than an electrode filled with a liquid
electrolyte.

3.2.5 Reference Electrode with Polisolve Electrolyte (Polymer)

In the early 1980s electrode manufacturers created the polymer electrode. The polymer electrode
is either a standard combination glass electrode or a separate reference electrode. In both cases
the reference electrolyte chamber is completely filled with a semi-solid polymerised plastic mate-
rial into which the KCl is embedded. No diaphragm junction is required. Therefore the KCI satu-
rated polymer has direct contact with the measured solution. The contact is established through
an aperture, which could either be one or more holes near the bottom of the reference electrolyte
chamber or a fissure separating the bottom electrolyte chamber from the measuring electrode.

- What does not exist can not clog up! -

( 1\

Hole
in electrolyte chamber
J

|\

Since its inception polymer electrodes had a limited use. pH values below 2 pH could not be
measured, the temperature limit was 90 °C, and measurements in media containing organic
solvents were not possible.

With Hamilton’s new developed Polisolve polymer (protected by patent law) these limitations are
a thing of the past. The Polisolve polymer reference system allows pH measurements down to
pH O, and it is resistant to organic solvents. pH measurements in the laboratory or at industrial
plants utilizing the Polisolve reference system are reliable and accurate. The Polisolve polymer
can be applied to almost every measuring problem, including very dirty, fatty, oily, ion weak or
protein media. Suspended solids do not create diaphragm problems any more.

As the KClI saturated polymer is free of AgCl, there is no possibility of silver sulphide contamina-
tion when measuring the pH value of solutions containing sulphides.

The high pressure rating of 600 kPa, its extended temperature rating of up to 130°C and its
maintenance-free operation should make the Polisolve reference system always a first choice.

Electrodes, utilizing the Polisolve polymer electrolyte, are even suitable for steam sterilisation in
biotechnology applications.

pH Measurement Guide www.bgb - shop.com/hamilton - lab - sensors 17
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3.2.6 The Measurement of the Potential Difference

The pH measuring electrode and the pH refer- ( )
ence electrode form a so-called pH measuring
chain within the measured medium. This chain b e

can be compared to a battery of which the
voltage produced depends on the measured
medium.

The difference in potential between the mea-
suring electrode and the reference electrode

is a function of the pH value of the measured
medium. In theory the voltage changes by
58,16 mV per pH unit at 20 °C according to the
NERNST equation. The voltage produced by
the pH measuring chain is large enough not to
present any problem for a measurement. But
the measuring chain is a voltage source from
which no current can be drawn, not even the
low current which a moving coil of a DC voltmeter draws. The potential difference of the measur-
ing chain has to be measured without drawing any current from the voltage source, otherwise
the voltage would be reduced and the pH measurement would be drastically falsified. The
reason is the high electrical resistance of the glass electrode which is mainly determined by the
resistance of the glass membrane.

The resistance values of a glass membrane vary between 10 MQ and 1 000 MQ at 25 °C and
increase 10 times at a temperature decrease of 25 °C. The lowest possible operating tempera-
ture of a pH electrode is often determined by the resistance increase of the glass membrane at
low temperatures, the internal resistance of the measuring instrument, the required accuracy of
the pH measurement and the freezing point of the electrolyte.

Special electrodes are manufactured for pH measurements at very low temperatures, having
especially low resistance due to a particular glass composition and reduced membrane thick-
ness. In order to still achieve an accuracy of +/- 0,1 pH the resistance of the measuring electrode
should not be higher than a hundredth of the internal resistance of the measuring instrument.
The upper limit of the membrane resistance lies at 5 000 MQ (5 x 10°%). Membrane resistance
that is too high causes faults and disturbances in the electronic measuring instrument.

The e.m.f. produced by the high resistance measuring chain can only be measured by an instru-
ment having such a high internal resistance that it does not draw a current from the chain. For
practical purposes the pH meter or pH transmitter should therefore have an internal resistance
of at least 10 ohms.
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3.3  The Characteristics of a pH Measuring Chain

The characteristics of a pH measuring chain are the result of the individual properties of the
measuring and the reference electrode. Most of the electrode assemblies in use today are
combination electrodes. For this reason we will refer to the combination electrode when examin-
ing the different properties of a measuring chain. However everything that is said about the
properties of a combination electrode may be applied to the individual measuring and reference
electrode as well.

3.3.1 The Different Potentials of a Combination Electrode

Etotal
« Potential developing on
1* tha cuter gal layer.

Eﬂ: Asymmetry potential of
the glass membrane.

E!-: Potential developing on
tha innar gel layer,
E4: Potential developing on

the Internal conductor
electrada.

E, : Potential developing on
5* tha reference electroda.

. Diffusion potential of
A E5* the diaphragm.

Es E, ., The total potential

E *measurad by a pH
electrode assembly is
2 the sum of potentials
Eq E toEg.
|\ J

When a combination electrode is immersed into a solution to be measured, a potential devel-
ops at the outer gel layer of the glass membrane which forms a phase boundary between the
glass membrane and the measured solution. This potential is dependent on the pH value of the
measured solution and is therefore of primary interest. Unfortunately this potential cannot be
measured individually as there are more phase boundaries in a pH measuring chain which all
produce their individual potentials. Only the resultant e.m.f. of all single potentials added together
is measurable and forms the mV value of the pH determination.
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As can be seen from the picture above there are six potentials which develop on a pH measur-
ing chain, but only one potential — E; — is dependent on the pH value of the solution under test.

Ideally the potentials E, to Es should stay constant during the measuring time in order to enable
the measurement of the variable potential of E;.

E, is the asymmetry potential of the glass membrane. If the measuring and the reference elec-
trode possess the same internal conducting system and if the measuring chain is immersed into
a buffer solution having the same pH value as the internal buffer solution, the potential differ-
ence between the inside and the outside of the glass membrane should theoretically be O mV.
However, in reality even a new and perfect electrode assembly will show an asymmetry potential
of a few millivolts. The asymmetry potential depends mainly on the different thickness of the gel
layers and on the thickness of the glass membrane.

E; is the potential which develops on the inner gel layer of the glass membrane and is depen-
dent on the hydrogen ion concentration of the inner buffer solution. As this buffer solution does
not change in value, the potential E; should be constant at all times.

E, and Es are potentials which develop on the phase boundaries metal/buffer solution (measur-
ing electrode) and metal/electrolyte (reference electrode). If both conductor systems are identical
and buffer solution and electrolyte have the same chloride ion activity the E; and Es neutralise
each other and do not contribute to the total potential measured by the pH measuring device.

E6 is the diffusion potential of the diaphragm. This potential occurs at the boundary between
two electrolytes, when both differ in concentration and composition. It is determined by the dif-
fusion of ions having different polarity and different ionic mobility.

As stated earlier, potentials E, to Es should ideally be constant in order to determine E;. Since the
individual potentials E; to Es are subject to certain errors, there is a resultant zero point error of
the electrode assembly. This is why a zero point calibration is required before a pH measurement
can commence and be repeated in regular time intervals during the measurement duration.

3.3.2 The Zero point of an Electrode Assembly

The zero point of an electrode assembly is the pH value at which the electrode assembly poten-
tial Etotal is equal to O mV. Theoretically the zero point of a pH measuring chain is determined by
the internal buffer solution of the measuring electrode, which under normal circumstances has
the value of pH 7. If the pH value of the measured medium also equals pH 7, then the potential
difference of the pH measuring chain should be 0 mV.

In practice however this is seldom the case, because E, is the resultant of the chain potentials
E; to Es. Each potential reacts differently to temperature changes and to the composition of a
measuring solution. Therefore it is difficult, if not impossible, to produce a pH electrode assem-
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bly with an accurately defined and reproducible zero point.

The zero point tolerance, as stipulated by the German Industrial Standard (DIN), may vary within
-30 mV and +30 mV. Many manufacturers of pH electrodes deliberately set their electrode as-
sembly zero point (pH 7 = 0 mV) slightly lower (approximately pH 6,8) since the zero point tends
to drift upwards during the ageing process of the electrode assembly.

The repeatability of a pH electrode assembly (the uncertainty factor) is seldom stated by elec-
trode manufacturers. Experience has shown that the repeatability of a pH electrode assembly
seldom exceeds +/- 0,02 pH (=1,16 mV).

The exact zero point deviation of a pH electrode assembly has to be established by the user,
prior to a pH measurement, and must then be compensated for by the zero adjustment potenti-
ometer at the pH meter/transmitter. Microprocessor based pH meters adjust the zero point of an
electrode assembly automatically during the calibration procedure.

The zero point check and adjustment has to be repeated at specific time intervals during the
measurement process, as the zero point tends to drift due to the following reasons:

a) Penetration of the measured solution into the reference electrolyte via the diaphragm. This
will either poison or dilute the reference electrolyte. Both will change the chloride ion activity
of the electrolyte, resulting in a change of the reference potential.

b) A change of the internal buffer solution. Due to the exposure to high temperature the glass
membrane of the measuring electrode releases alkali hydroxide into the inner buffer solution
which gradually increases its pH value.

c) Increase in electrode plug and cable contact resistance due to corrosion of the contact metals.

3.3.3 The Asymmetry Potential

In theory the potential difference across the glass membrane of a measuring electrode should
be O mV if both the inner buffer solution and the measured solution possess an equal pH value
(normally pH 7). In practice however a potential difference of a few millivolts, the asymmetry
potential, is measured across the membrane.

The difference in age of the inner and outer gel layer is partly responsible for the asymmetry
potential. The inner gel layer starts developing from the first day after the glass electrode is filled
with the inner buffer solution (following manufacture) and will hardly alter thereafter. The outer
gel layer is continuously attacked through chemical reaction with the measured solution and in
certain cases even by abrasion.

The asymmetry potential can also be ascribed to small imperfections in the manufacture of the
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glass membrane. Exposure of the glass membrane to strong acids or strong alkaline solutions
alters the external surface of the glass membrane to the extent that the response of the mem-
brane to the presence of hydrogen ions gradually changes.

In order to produce a response as near as possible to the NERNST equation an electrode as-
sembly must fulfil certain criteria:

a) The inner and outer gel layers of the glass membrane must produce potentials having identi-
The asymmetry potential should not be larger than +/- 47 mV (=+/- pH 0,8) at pH 7 and can be cal slopes.

compensated for by the zero potentiometer of the pH meter/transmitter during the calibration

process of the electrode assembly.

3.3.4 The Slope or Sensitivity of a pH Electrode Assembly

The slope of a pH electrode assembly is defined as the quotient of the potential difference
developed per pH unit:

In theory a pH electrode assembly should develop a potential difference of +58,16 mV per pH

unit between pH 7 and pH 0O, and correspondingly 58,16 mV between pH 7 and pH 14.

In practise however, a new and well hydrated electrode assembly reaches at best 99,8% of

the theoretical value. With time the slope decreases, initially slowly and later more rapidly. It is 3 m ::‘; i
essential that a slope compensation be ;
carried out during the calibration pro- r ws Homm T
cedure, using the slope potentiometer 400 Slope #t 50°C = 84,12 v \*;.g
of the pH meter/transmitter. As with the L f0°C
| J

zero point adjustment, the slope adjust-
ment has to be performed at regular
intervals.

The slope of a pH electrode assembly is
temperature dependent in accordance
with the NERNST equation. The slope
increases with the rise in temperature of
the measured solution, as can be seen
from the diagram below. In theory, all
temperature dependent slope lines inter-
sect the theoretical zero point (pH 7).

|\

Slopa at 0°C = 5420 mV
Slope at 20 °C = 58,16 mV
Slope at 50°C = 64,12 mV N

g‘g@
‘ www.bgb -shop.com/hamilton -lab - sensors

b) The internal buffer solution must maintain a constant pH value.
c) The asymmetry potential should be as small and as constant as possible.

d) The electrode assembly must be symmetrical, i.e. measuring and reference electrode must
have identical conducting systems in order to neutralise their galvanic potentials.

e) The diffusion potential of the diaphragm should be as small and as constant as possible.

3.3.5 The Isotherm Intersection Point

Again we have a disagreement between theory and practice. In theory all temperature depen-
dent slope lines intersect the theoretical zero point (0 mV/pH 7). When an asymmetry potential

is present — and that is always the case — this intersection shifts either to the right or to the left of
the zero point, as can be seen from the diagram below.

All potentials of a pH electrode assembly vary with temperature. The temperature dependency
of each individual potential cannot be accurately defined, but it will shift the resultant intersec-

pH Measurement Guide www.bgb - shop.com/hamilton - lab - sensors 23



THE pH MEASUREMENT

tion point of all temperature slope lines away from the theoretical zero point and away from the
asymmetry potential. This intersection point is then known as the isotherm intersection point
(Uis = isotherm potential).

In order to perform an accurate pH measurement, the position of the isotherm intersection point
has to be established. Two buffer solutions are required. The position of the isotherm intersec-
tion point can then be determined by measuring the potential difference of the pH electrode as-
sembly against various temperatures (heated buffer solutions). The mV outputs of the electrode
assembly are then plotted against their pH value on graph paper and thereby the position of the
isotherm intersection point is established. The voltage and polarity of the established isotherm
potential Uis can only be compensated for if the pH meter/transmitter used is equipped with an
Uis potentiometer. Nowadays, only the microprocessor based pH meters/transmitters have the
capacity to compensate for the Uis potential.

New electrodes from Hamilton show a maximum compensation error of 0,1 pH when calibrated
at 25 °C and thereafter measuring in a solution having 60 °C.

( 1\

1
x Theoretical Valuss
e Slope st 0°C = 56,20 mV
300/ Slope at 20 °C = 58,16 mV e
350 ©

Slopa at 30 °C = 8412 mV 50

450

|\ J

3.4  The Diaphragm

The diaphragm is a very important and critical part of the reference electrode. It provides an
electrolytic interface between the silver/silver chloride conducting system and the measured
solution. In most cases the diaphragm consists of a porous ceramic plug fused into the glass
wall at the lower end of a reference electrode (porous ceramic diaphragm).
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Various diaphragm types (differing in construction and shape) are available, each type has its
advantages and limitations. It is normally the measurement application which determines the
use of a specific diaphragm.

1 i ) a) Porous Ceramic Diaphragm

The porous ceramic diaphragm is probably the most
fre- quently used today. It possess a high chemical
resistance and it is easy to manufacture.

This junction provides a reproducible electrolyte flow
but because of its large surface it is very vulnerable to
J  contamination.

b) Platinum Fibre Diaphragm

Platinum fibre diaphragms consist of very fine platinum
wires which are spun loosely together and fused into
the glass.

This type of junction resist contamination to a certain
extent but their electrolyte flow is less reproducible than
J  ceramic diaphragms.

c) Single Pore (Trademark of Hamilton) Diaphragm

The Single Pore diaphragm is strictly speaking not a
diaphragm at all. It is a very small glass capillary which
allows a larger leakage rate than a ceramic or platinum
diaphragm. A constant and very reproducible electrolyte
flow is assured. Clogging or contamination is barely pos-
sible. It gives the most accurate and repeatable results.

In combination with a polymeric electrolyte the Single

Pore principle is adapted for industrial electrodes. Due
to the lack of contamination and maintenance it has a
lot of advantages.

The German Federal Physical Technical Institute (PTB) decided during a traceability test in 1997
that the Single Pore pH electrode is the most accurate laboratory electrode. (“Traceability of pH
measurement” by Petra Spitzer; ISBN 3-89429-877-4 or ISSN 0947-7063)
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d) Annular Ceramic Diaphragm

The annular ceramic diaphragm is formed by a porous
ceramic layer between two glass tubes. The direc-
tion of the measured medium is not critical due to the
annular shape of this junction. The electrolyte flow is
not reproducible. Hence it is mainly applied in gel-type
electrodes.

7 e) Ground Sleeve Diaphragm

Ground sleeve diaphragms are ideally suited for ap-
plications in suspensions and emulsions, as these
diaphragms can be cleaned easily by only pulling up
the glass sleeve. Another successful application of

this diaphragm is the pH measurement in low ionic
solutions or in non-agueous media. The electrolyte
flowrate depends on the roughness of the ground glass
surface of the sleeve and the tightness of the sleeve fit.
However this diaphragm is not suitable for applications
where the pH electrode assembly is subjected to vibra-
tion as this might loosen the diaphragm sleeve.

The selection of the right diaphragm for a measuring application is of utmost importance but not
always easy. Very often only the experimental “trial and error” method will lead to a successful
application of a certain diaphragm type. For detailed information one has to consult the techni-
cal data sheets of the electrode manufacturers.

A diaphragm provides a deliberate leak of the electrolyte solution into the measured medium
whilst preventing unrestricted mixing of both solutions within the reference electrode. Penetra-
tion of the measured solution into the reference electrolyte, and thus poisoning of the reference
conducting system occurs frequently during pH measurements, especially when the measured
solution is pressurised.

There are pH electrodes on the market where the electrolyte storage vessel can be pressurised
in order to counteract the penetration of the measured solution through the diaphragm. As a rule
of thumb a pressure of 100 kPa above the pressure of the measured solution will normally suf-
fice. As a result a small amount of electrolyte solution will penetrate into the measured solution
which is generally of no significance to the process. However this decreases the resistance of
the reference electrode to between 0,1 kQ and 2 kQ, improves the reproducibility of the mea-
surement and prevents the diaphragm from clogging up.

g‘g@
‘ www.bgb -shop.com/hamilton -lab - sensors

THE pH MEASUREMENT

Before the electrode assembly is immersed into the measured medium the stopper which
closes the refill opening must be removed. Periodic inspection of the electrolyte level should be
part of the electrode maintenance programme.

3.41 The Diffusion Potential

Another disturbing factor of the diaphragm is its diffusion potential (Eg). This potential always de-
velops at the phase boundary between two electrolytes of different concentration or composi-
tion. The diffusion potential can be contributed to the different migration velocities of ions, which
again depends on the polarity and size of the ion type.

The illustration below explains the diffusion potential between two HCI solutions of different
concentration:

s A

Potential

Diffusion Potential

Distance

The H+ ions diffuse nearly five times faster to the right than the CI” ions. This creates a poten-
tial across the boundary of the two solutions. In order to keep the diffusion potential at the
diaphragm of a reference electrode as small as possible, the different ions in the reference
electrolyte should have identical ionic mobility. With a 3 mole KCI solution this ideal condition
is nearly reached.

In general it can be said:
1) The higher the KCI concentration of the reference electrolyte, the lower the diffusion potential.

2) The larger the flowrate of the reference electrolyte through the diaphragm, the smaller the
diffusion potential.
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The more the pH value of the measured solution differs from pH 7, the larger the diffusion potential.

Diffusion Potentials which develop between various solutions
and a saturated KCI electrolyte

mole HCI =

mole NaOH =

From the above it can be seen that different measured solutions will create different diffusion
potentials at the diaphragm of a reference electrode.

3.4.2 Diaphragm Contamination through Chemical Reaction

Chemical reaction at the diaphragm between the reference electrolyte and the measured solu-
tion must be avoided at all costs. This reaction will lead to diaphragm contamination, increase
of resistance across the diaphragm and falsified measuring results. The reference electrolyte
contains silver chloride which is prone to chemical reactions, especially with sulphides. For this
reason great care must be taken when measuring pH in solutions containing sulphides, as the
diaphragm may be contaminated with silver sulphide deposits.

Silver sulphide contamination can easily be identified by a blackened diaphragm. As a result, the
response time of an electrode assembly increases substantially, the diaphragm resistance in-
creases radically and it may be impossible to calibrate such a contaminated electrode assembly.
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The EVEREF Reference System 1 )

In order to counteract silver sulphide con-
tamination at the diaphragm Hamilton have
invented the EVEREF reference system. This
system consists of a silver chloride reservoir
from which the silver reference wire leads to
the electrode plug. The reservoir is separated
from the reference electrolyte by a diffusion
barrier consisting of densely packed cotton
wool in a glass tube. The barrier prevents the
loss of silver chloride into the reference elec-
trolyte induced by temperature variations. N )

The EVEREF reference system enhances the stability of the reference potential and extends the
life of the combination electrode considerably.

The EVEREF-B Double Liquid Junction

If a chemical reaction at the diaphragm is unavoidable, the application of a reference electrode
having an inter-mediate electrolyte provides a solution.

The EVEREF-B double liquid junction system from Hamilton with its intermediate electrolyte
reservoir provides such a solution. The reference electrolyte is completely separated from the
EVEREF reference system by an internal diaphragm situated in a second reservoir filled with

an intermediate electrolyte. The life of the pH electrode is greatly prolonged as the reference
electrolyte is absolutely silver-free. The EVEREF-B system performs well in media containing
sulphides and in media with low ion concentration or partly aqueous solutions. Owing to the
maintenance-free EVEREF-B system only the main reference electrolyte needs to be refilled (see
electrode drawing on next page).
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3.5 Alkaline and Acid Error

3.51 Alkaline Error

At a value above pH 10 the gel layer structure at the mem-
brane of a measuring electrode is subject to certain changes
which lead to a measuring inaccuracy, the alkaline error. This
alkaline error is caused by the presence of a high concentra-
tion of alkaline ions, especially sodium ions (Na*). These ions
replace, partly or completely, the hydrogen ions in the outer gel
layer of the glass membrane, and by doing so, contribute to
the potential at the outer phase boundary.

As a result a lower pH value will be measured than the actual
pH value of the measured solution.

In earlier days the alkaline error of glass electrodes already
developed between pH 9 and pH 10. Today, where the glass
membranes contain lithium instead of sodium, the alkaline error
is only noticeable from between pH 12 and pH 13.

The alkaline error increases with increasing pH value, with
higher alkaline concentration and with rising temperature.

In order to counteract the alkaline error, electrode manufactur-
ers use special membrane glasses with low alkaline errors for
electrodes which are used to measure high pH values.
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3.5.2 Acid Error

At low pH values (< pH 2) the potential difference between measuring and reference electrode
will not conform exactly to the NERNST equation. Through experiments it has been proven that
the gel layer of the membrane will absorb acid molecules at very low pH values.

This absorption decreases the activity of the H* ions and results in a lower potential at the outer
membrane phase boundary. The pH measurement shows a higher pH value than the actual pH
value of the measured solution. This effect is known as the acid error.

As with the alkaline error, manufacturers supply measuring electrodes with membrane glasses
having specially low acid errors.

Hamilton membrane glasses show no acid error above pH 1.
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3.6 Temperature Influence and Temperature Compensation

The pH measurement is temperature dependent. Three temperature factors have to be consid-
ered in order to perform a nearly perfect pH measurement:

1) the temperature dependency of the NERNST equation
2) the position of the isotherm intersection point

3) the pH/temperature dependency of the measured solution

pH Measurement Guide www.bgb - shop.com/hamilton - lab - sensors 31



THE pH MEASUREMENT

The temperature dependency of 1
the Nernst equation and with it the

temperature dependency of the theoreti-
cal slope of a pH electrode assembly has
already been discussed in paragraph 3.1.

The slops of & pH alectrods s temparatung
wmmﬂﬁmm

Calibration at 25 'C
The temperature dependency of the OO v e
NERNST equation is easily calculated,

and as a rule, only this temperature influ- T 8 9 10 111213 14

ence is considered by instrument manu- mV Tl i
facturers when they incorporate conven- 5
tional manual or automatic temperature "

compensation in their pH measuring
products. The adjacent graph illustrates
the theoretical error which is compen-
sated for by conventional temperature
compensation.

Theoretical Values
Slops at 25 °C= 59,18 mV

Slope &t 65 °C = 67,08 mV

The position of the isotherm intersection point has to be taken into consideration as well.
The reason for the existence of the isotherm intersection point and the determination of its posi-
tion has been explained in paragraph 3.3.5.

Today electrode manufacturers try to produce pH measuring electrodes which have the
isotherm intersection point positioned as near as possible to the theoretical zero point (pH 7).
This will reduce the residual error of

conventional temperature compensation, 1

as instrument manufacturers nowadays - w.qrmrlﬂh‘
omit the Us potentiometer, which could 2 v B et
be found in earlier days on quality pH Meagurament at 65 'C

meters/transmitters. Nowadays only
microprocessor based pH meters/trans- B
mitters have the capacity to correct the ; Intarsection
position of the isothermal intersection
point (Us).

Measuring Errer after
Temperature Compensation

B 8 10 11 12 13 14
i Tl [

The third factor is the pH/temperature
dependency of the measured solution 1
which is also called the temperature
coefficient of that solution. The dissocia- e
tion of molecules is highly temperature Slope i 36°C = 58,0 ¥
dependent. Any change in temperature e5C
of the measured solution results in a il

\
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change in the hydrogen ion concentration of that solution and therefore in its pH value. This pH
change is a reality and cannot be described as a measuring error.

The pH/temperature dependency of all acids and bases is not known and it is therefore of
utmost importance to state the related temperature when giving a pH value of a solution, other-
wise the pH measurement is meaningless.

3.7  Various Electrode Shapes

It is not possible to use one electrode shape for every application. More often in the laboratory
different electrode shapes are required as there are numerous pH measurement applications.
Electrode manufacturers try to cover most of these applications by offering varying electrode
constructions.

T

Form a)

This is the most common electrode shape and a wide field of applications can be covered with
this type of electrode, both in the laboratory and in process control. Measuring, reference and
combination electrodes are manufactured using this construction.

Form b)

FuTAE ]

A standard combination electrode construction with a ground sleeve diaphragm. This elec-
trode is mainly used in the laboratory where dirty or strongly contaminated solutions have to be
measured. Its application includes non-aqueous media as well. The diaphragm can easily be
cleaned by pushing the sleeve upwards. There is a limited use for this construction in process
control (be aware of vibration).

-
Form c) “ - - S _.“

This construction example includes two electrode features: a ground sleeve diaphragm and a
pipe connector. In order to minimise maintenance time and to pressurise the reference electro-
lyte an external electrolyte reservoir is connected to the electrode via the pipe connector. This
electrode construction can be used in the laboratory and in process control, especially for high
purity water control in power stations.
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Form d)

This electrode construction is mainly used in the chemical industry and in biotechnological
processes. The electrode features a large electrolyte vessel which is sometimes combined with
an intermediate electrolyte vessel. The electrolyte can be pressurised and also sterilised with hot
steam. A special electrode holder is required for this electrode. No laboratory application.

Form e)

The above electrode construction is used in the laboratory where small samples have to be
measured.

Form f)

The feature of this construction is the flat membrane which enables the operator to measure the
pH of surfaces, e.g. skin, leather, paper etc. Hamilton supplies this electrode with an unbreak-
able plastic shaft, as it will often be carried around and used with a portable pH meter.

Formg) foamen —

This construction is used exclusively for combination electrodes featuring a gel or polymer
reference electrolyte. The shaft is made completely from plastic. This design makes the shaft
unbreakable as it is often used with a portable pH meter.

Form h)

|

The above construction, pointed electrode, are normally applied in the food laboratory and in
the dairy industry. They facilitate the pH measurement in meat and cheese.
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3.8 Ageing

3.81 The Ageing of a Measuring Electrode

Every glass measuring electrode undergoes an ageing process, even if it is not in use. The age-
ing process is continuous and starts immediately after manufacture.

Primary reasons for ageing are :
1) the chemical composition of the membrane glass
2) the steady growth of the internal gel layer of the membrane

3) the chemical and mechanical attacks to the outer gel layer of the membrane during
measuring and cleaning

Ageing is significantly accelerated by:
1) measurements in hot solutions above 60 °C
2) measurements in high acidity and especially in high alkalinity solutions

3) incorrect handling of electrode assemblies when not in use, i.e. cleaning and storage

Typical symptoms of an aged measuring electrode are:
a) anincreased response time

b) an increased membrane resistance

c) adeclining slope, especially in the alkaline region

d) a shift of the asymmetry potential

It is of course impossible to state the lifetime of a glass measuring electrode, especially as a
combination of the above given reasons for ageing may cause the deterioration of the electrode
performance. An electrode, with a potential operating life of 18 months if used continuously in
aqueous solution of pH 4 to pH 8 at ambient temperature and if handled correctly, could last
only 2 months if operated above at 90 °C. Often an electrode already stops performing after

2 to 3 weeks if it is subjected to high alkalinity of higher than 13 pH and simultaneously at high
temperature above 90 °C.
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The increasing membrane resistance, the declining slope and the zero point drift (shift of the
asymmetry potential) may all be compensated for, within limits, by modern pH meters/transmit-
ters during the calibration process.

A deteriorating response time is a certain indication of ageing. If the response time is unaccept-
able to the user, then there is no other alternative, but to replace the electrode assembly with a
new one.

3.8.2 The Ageing of the Reference Electrode

Reference electrodes do not age in principle, but their life may be considerable shortened by
incorrect handling, during usage and storage.

The reference electrode always has to be topped-up with an identical electrolyte used originally
by the manufacturer, otherwise the reference potential becomes unstable, the response time
of the electrode assembly gets sluggish, and in extreme circumstances the entire conducting
system may be destroyed.

The diaphragm, being the most critical part of the reference electrode, has to be kept clean at
all times. No measuring solution must enter the electrolyte vessel through the diaphragm and all
chemical reactions at the diaphragm must be avoided (see paragraph 3.4 The Diaphragm).

Reference electrodes utilizing a gel-electrolyte reduce maintenance cost as they don’t have to
be topped-up with liquid electrolyte. Although they are to a certain degree pressure resistant
(up to 200 kPa) diffusion over the diaphragm does take place in both direction and will gradually
reach the reference system, resulting in electrode poisoning. In addition the KCI concentration in
the gel-electrolyte will be diluted over time by the measured media. Both of the above reasons
result in a limited life of the reference electrode. High temperature or rapid temperature changes
will also shorten the life of a gel electrode. A combination electrode with gel-electrolyte should
never be used in media having a temperature higher than 60 °C. A reasonable life span of a gel
electrode is approximately 6 months if used under normal condition (pH 2 to 12 at temperatures
of 25 °C).

Hamilton reference electrodes utilizing the Polisolve electrolyte can be used in high acidic media
down to pH 0. This reference electrode is absolutely maintenance free. Although the tempera-
ture limit is raised to 130 °C (conventional polymer electrolytes are limited to 90 °C only), it must
be understood that if the electrode is continuously exposed to this high temperature the life
span is drastically reduced. Under normal conditions an electrode with Polisolve electrolyte may
easily be used up to 12 month.
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3.9 Calibration

No pH electrode assembly can measure more accurately than its calibration accuracy! In order
to perform a relatively accurate pH measurement, special care has to be taken when calibrating
a pH measuring system.

3.91 pH Standard and Technical Buffer Solutions

A prerequisite for an accurate pH calibration is the availability of a suitable buffer solution.

pH buffer solutions are mixtures of weak acids and the salt of these acids with a strong base, or
mixtures of weak bases and the salt of these bases with a strong acid. Buffer solutions are char-
acterised by the fact that they resist change to their pH value regardless of additions of small
quantities of acids or bases. Their hydrogen ion activity is stable over a wide range of dilution or
concentration.

The National Institute of Standards and Technology (NIST) recommends nine different buffer
solutions for the exact calibration of pH measuring systems. These buffer solutions also serve as
reference points for the pH scale, as it is impossible to prove the activity of single hydrogen ions
by measurement.

All buffer solutions which are produced according to the NIST formulas are called Standard Buf-
fer Solutions.

As the activity of the hydrogen ions is temperature dependent, so is the pH value of any buffer
solution. The temperature dependency of the NIST standard buffer solutions is given in the table
on the following page.

Standard buffer solutions have an accuracy better than +/- 0,005 pH units between 0 °C and
60 °C. Between 60 °C and 95 °C their accuracies are not worse than +/- 0,008 pH units. NIST
buffer solutions are exclusively used in laboratories. For industrial use, where the demand on
absolute accuracy is normally not as high as in the analytical laboratory, manufacturers offer so-
called Technical Buffer Solutions.

Technical buffer solutions are more stable than standard buffer solutions and easier to manufac-
ture. Their accuracies are given as +/- 0,02 pH units in best cases, but differ from manufacturer
to manufacturer. The temperature dependency of technical buffer solutions is normally printed
on their container by the manufacturer. Conventional technical buffer solutions have a limited
shelf-life, most of them only one year in sealed bottles. Once opened, their shelf-life is reduced
to a few months. Especially alkaline buffer solutions are affected by CO2 contamination from the
atmosphere.
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Not so for the new DuraCal pH buffer solutions from Hamilton. These patented technical buffer
solutions provide a pH stability never achieved before; their high accuracies are guaranteed for
5 years after date of manufacture. The pH 9,21 and pH 10.01 buffer solutions are stable even in
open air.

Each bottle of Hamilton buffer solutions is certified, including the actual pH value and expiry
date. The certification is traceable to primary standards from NIST and PTB.

pH Values of Standard Buffer Solutions according to NIST

NBS
Code B H c D E F 1 G
o Qo 2 o=
£ g S g= £ 3 o o 25, ©
O s 5 S © S % T ks x 355 EDT
T B B C % i < =9 c >
S o X [7a [0 nQ ok ol © 8265 =5
£ g o 23 2o 85 @ ? o c=g8 2£
@ 58 5  ©e 5 S e e o EEs 82
T3 e~ a9 a o o o =L £
£ 5 2 33
= - 3,863 4,010 6984 7534 9464 10137 13,423
5 1,668 - 3,840 4004 6951 7500 9,395 10,245 13,207
10 1,670 - 3,820 4,000 69238 7472 9332 10179 13,003
15 1,672 - 3,802 30999 6900 7448 9276 10118 12,810

30 1,683 3,552 3,766 4,012 6,853 7,400 9,139 9,966 12,289
35 1,688 3,549 3,759 4,021 6,844 7,389 9,102 9,926 12,133
38 1,691 3,548 3,765 4,027 6,840 7,384 9,081 9,903 12,043
40 1,694 3,547 3,753 4,031 6,838 7,380 9,068 9,880 11,984
45 1,700 3,547 3,750 4,043 6,834 7,373 9,038 9,866 11,841
50 1,707 3,549 3,749 4,057 6,833 7,367 9,011 9,828 11,705

55 1,715 3,554 3,750 4,071 6,834 - 8,985 - 11,574
60 1,723 3,560 3,753 4,087 6,836 - 8,962 - 11,449
70 1,743 3,580 3,763 4,126 6,845 - 8,921 - =
80 1,766 3,609 3,780 4,164 6,859 - 8,885 - =
90 1,792 3,650 3,802 4,205 6,877 - 8,850 - =
95 1,806 3,674 3,815 4,227 6,886 - 8,833 - =

L
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Stability Comparison of Hamilton Alkaline Buffer to Conventional Alkaline Buffer

Both buffer solutions have been exposed to blowing air

9.3
92 i
)
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ey
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88 1 FFFF 1
A2 o 12 24 3 48 60 72
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Used buffer solutions should always be discarded and never be returned to their original storage
bottle. For this reason Hamilton have developed a unique storage bottle which includes a cali-
bration compartment with a non-return valve at the bottom, preventing the used buffer solution
1o be returned into the storage bottle. This Calpack bottle is practical: no additional calibration
container is required, and it is economical: only the required amount of buffer solution is used.

The Practicality of the Hamilton Calpack Calibration Bottle

pH Measurement Guide
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Values and Accuracies of Hamilton Buffer Solutions

Buffer Solution pH value Accuracy Stability in months

Hamilton DuraCal 1,09 +/- 0,02 pH 60

Hamilton DuraCal 1,68 +/- 0,02 pH 60
Hamilton DuraCal 2,00 +-002pH 60
Hamilton DuraCal 306 +-002pH 60
Hamilton DuraCal 401 +-001pH 60
Hamilton DuraCal 500 +-002pH 60
Hamilton DuraCal 600 +-002pH 60
Hamilton DuraCal 700 +-001pH 60
Hamilton DuraCal 800 +-002pH 60
Hamilton DuraCal 921 +-002pH 60
Hamilton Duracal 1001 +-002pH 60
Hamiton 100 +-005pH 24
Hamiton 1200 +-005pH 24

It must always be remembered: one cannot achieve a better measuring accuracy than the
accuracy of the buffer solution one uses for calibration.

3.9.2 The Calibration Procedure

It has been said and explained before that no pH electrode assembly responds ideally to the
NERNST potential. The reason lies in the behaviour of the various potential sources of the
electrode assembly as well as their response to temperature change and the changes of these
parameters with time.

In order to use a single electrode assembly (separate measuring electrode and reference
electrode) or a combined electrode assembly effectively and to perform an accurate and repeat-
able pH measurement, the pH meter/transmitter has to be adapted to the characteristics of the
applied electrode assembly.
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Please note: it is not the electrode assembly that is calibrated, it is the mV measuring instrument
which is adjusted in order to compensate for the imperfection of any utilised electrode assembly.
The performance properties of an electrode assembly cannot be changed at will.

The adaptation of the pH measuring instrument to the performance characteristics of the elec-
trode assembly is done by calibrating the pH measuring system (pH electrode assembly plus
instrument) against buffer solutions having definite pH values.

There is a difference in the calibration procedure between analogue and microprocessor con-
trolled pH meters. In principle the calibration procedure should be described in the operating
instructions supplied with all pH meters/transmitters.

A brief description of the calibration procedure for analogue and microprocessor pH meters fol-
lows on the next page.

Calibration of Analogue pH Meters

1) Two buffer solutions of different pH values have to be selected. The pH value of one buffer
solution should be as close as possible to the zero point of the electrode assembly, which is,
under normal circumstances, pH 7.

The second buffer solution should have a pH value which lies as near as possible at the end
of the anticipated measuring range and the value should differ as much as possible from the
zero buffer solution, at least 2 pH units.

If the measuring range covers the acidity and the alkalinity range then a third buffer solution
is required. The pH value of the second buffer solution should lie in the acid region and the
third buffer solution should lie in the alkaline region of the desired measuring range. Both
values should differ as much as possible.
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2) The pH value of any buffer solution is temperature dependent. Therefore the temperature of
the applied buffer solution has to be measured in order to establish the correct pH value of
the buffer solution.

The temperature adjustment potentiometer (manual temperature compensation) must be set
to the buffer temperature. With automatic temperature compensation the temperature sen-
sor, connected to the pH measuring instrument, must be immersed into the buffer solution.

Manual Temperature Compensation Temperature Dependency
of

Technical buffer Solutions

°C |HAMILTON Buffer Solutions

5| 4,01 7,09 10,19
10 | 4,00 7,06 10,15
15 | 4,00 7,04 10,11
18 | 4,00 7,03 10,08
20 | 4,00 7,02 10,06
22 | 4,00 7,01 10,04
25 | 4,01 7,00 10,01
30 | 4,01 6,99 9,97
35 | 4,02 6,98 9,92
40 | 4,03 6,97 9,86
45 | 4,04 6,97 9,83
50 | 4,05 6,97 9,79

3) After rinsing the electrode assembly with de-ionised water, it is immersed into the first buffer
solution for the zero point compensation (normally pH 7 = 0 mV). The electrode assembly
has to stay in the buffer solution for a short time, at least for one minute, till the indication
of the pH meter settles near the pH value of the buffer solution (pH 7) and becomes stable.
Thereafter the indicated value has to be adjusted with the zero potentiometer to the exact
value of the buffer solution. The zero potentiometer is sometimes marked @pH or pH.

For analogue pH meters it is important that the zero point calibration is always performed
before the slope calibration.

4) After the zero point calibration, the electrode as-
sembly has to be rinsed again with de-ionised
water and dried with tissue paper. When drying
the electrode, care must be taken not to rub the
membrane, i.e. only dab the electrode with tissue
paper. Under no circumstances must an electrode
be rubbed. This might introduce static electricity
into the glass shaft of the electrode and could make

No rubbing!

an accurate pH measurement impossible for hours.
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5) The electrode assembly is then immersed into the second buffer solution (acid or base —
according to the measuring range). After the indication of the pH meter has stabilised, the
indicated value has to be adjusted with the slope potentiometer to the exact pH value of the
second buffer solution. The slope potentiometer is sometimes marked AmV/ApH.

It is advisable to re-check the zero point after the slope calibration has been performed.

It is of utmost importance that the above calibration sequence must be adhered to, other-
wise no valid calibration will be obtained.

6) If the measuring range covers both the acidity and the alkalinity range the third buffer solution
serves as a verifying solution. After the zero point (with the first buffer) and the slope calibra-
tion (with the second buffer) has been accomplished, the calibration over the entire measuring
range has to be verified with the third buffer solution (be aware of acid and alkaline errors).

7) Inorder to keep the temperature error as low as possible, especially )
errors due to the diffusion potential and the isotherm intersection
point, it is recommended that the calibration be executed at the
temperature at which the actual pH measurement will be performed.

8) After the successful calibration the used buffer solution should be
discarded. Never re-use buffer solution and never return it to its
original storage container.

Calibration of Microprocessor-based pH Meters

Microprocessor-based pH meters are more and more employed in laboratories and as on-line
instruments in industrial plants. Even portable pH meters are nowadays microprocessor con-
trolled. Their handling is relatively simple. Normally the operator is menu-guided through the
procedure of his task. These instruments give less reasons for wrong handling and therefore
less measuring errors.

The calibration procedure differs slightly from the calibration procedure with conventional
analogue pH meters. Although two buffer solutions still have to be used, it is not necessary any-
more to calibrate the zero point with buffer 7. The two buffer solutions required should represent
the start and the end of the selected measuring span. The zero point, the slope and even the
isotherm intersection point are all determined by the microprocessor during the different stages
of calibration.

In general the calibration is performed as follows:

1) Two buffer solutions of different pH values have to be selected. The pH value of one buffer
solution should lie somewhere in the region of the beginning of the desired measuring span
and the pH value of the second buffer solution should lie somewhere at the end of the mea-
suring span.
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After the calibration mode of the pH meter is activated, the calibration menu guides the
operator through the calibration procedure. Sometimes the buffer values still have to be
entered manually, very often the microprocessor identifies the buffer values automatically.

2) The temperature of the buffer solutions has to be measured, either with the incorporated
temperature sensor in the pH electrode or separately with a glass thermometer. The tem-
perature values are either entered manually into the microprocessor or, with an incorporated
electrode sensor, detected automatically.

The electrode handling is identical to the electrode handling during the calibration procedure of
analogue pH meters as explained in point 3) and 4) of paragraph 3.9.2.

3.9.3 Re-calibration

The pH calibration has to be repeated periodically. The time interval between calibrations cannot
be specified. This depends on various factors:

a) the measured pH value

b) the measured solution

c) the temperature of the measured solution
d) the age of the electrode assembly

e) the accuracy required

The calibration interval can vary between hours, days, weeks or even months, and has to be
established individually for each application. When working with unknown process liquids, it is
advisable to initially re-calibrate as often as possible. If no significant change of the calibration
values is noticed, the frequency of the calibration may be progressively extended.

The Frequency of re-calibration has
to be established experimentally.
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3.9.4 Response Time

If a pH electrode assembly is immersed into a buffer solution, it does not show the pH value of
that buffer solution instantaneously. A response time of approximately 30 seconds is normal

in order to reach the buffer value with a tolerance of 0,01 pH units (0,6 mV). For this reason it

is very important to wait long enough during the calibration cycle for the indication of the pH
meter to become stable. Only then can the indicated value be adjusted to the buffer value. A
premature interruption of the electrode adaptation to the buffer value is often a major source for
incorrect pH measurements.

The response time of an electrode assembly is especially slow if the electrode temperature and
the temperature of the buffer solution differ by more than 10 °C. In cases where buffer solutions
have to be heated, one has to delay the calibration procedure until the electrode reaches the
temperature of the heated buffer solution.

A further point to consider is the storage medium used for electrode assemblies. Never store pH
electrode assemblies which are not in use, in distilled water, as this will slow down the response
time of that electrode assembly considerably. It has been found that a 3 mole KCI solution is the
best storage medium for glass electrode assemblies.

Modern microprocessor based pH meters/transmitters are fitted with a programme for early de-
tection of a stabilised calibration value (Auto-Read). Verification measurements have shown that
the Auto-Read values do not differ more than 0,01 pH units from the end value of the adapted
electrode assembly when dealing with new electrodes.

3.9.5 Reasons for calibration problems

Three common problems might be encountered when calibrating a pH measuring system.
These are:

1) difficulty in achieving a zero point calibration
2) no success in obtaining a slope calibration
3) avery long response time (longer than 3 minutes)

There could be various reasons for the above mentioned problems. The most frequent ones are
listed below:

a) the utilised buffer solutions are either contaminated or out-dated. It could be that the buffer
solution used is incorrect — therefore never store buffer solutions in unmarked bottles
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b) the electrolyte of the reference electrode is contaminated and/or the diaphragm is blocked
c) atime-worn electrode assembly is utilised

d) an electrode assembly is utilised which has not been hydrated long enough (after dry stor-
age or after cleaning with an acid solution)

e) hair cracks are present in the membrane of the measuring electrode

f) electrostatic charge on the electrode assembly caused by rubbing the electrode shaft with
cloth instead of gently dabbing it with tissue paper

g) atemperature difference between electrode assembly and buffer solution of more than 10 °C

h) the zero point of the pH electrode assembly and the measuring instrument differ. This is
seldom the case as normally both have pH 7 as their zero potential. In exceptional cases the
pH electrode assembly could have a zero point which differs from pH 7

i) the connection between electrode assembly and measuring instrument could also cause
problems: either open-circuit in the cable or short-circuit in cable and/or connection plug
(usually due to moisture ingress)

3.10 The Accuracy to be Expected

The accuracy of a pH measurement depends on many factors of which some cannot be con-
trolled while others can. In order that the non-controllable factors do not influence the result of
the pH measurement to too great a degree, the controllable factors must be monitored and kept
as small as possible.

The calibration of the pH measuring system is one of the most important factors. To ensure a
high measuring accuracy one has to follow the correct calibration procedure, use new and ac-
curate buffer solutions and wait long enough for stable indication values of the electrode assem-
bly to be calibrated. The time interval between re-calibration should be as short as practically
possible. Remember: no pH measurement can be more accurate than its calibration accuracy.

It has been stated repeatedly that temperature influences the result of the pH measurement.

In order to achieve high measuring accuracies the temperature difference between the buffer
solutions used for calibration and the measured medium must be kept as low as possible. The
temperature of the measured medium must be measured accurately or, if possible, controlled at
a constant value in order to perform an effective temperature compensation.

The reference electrode must be kept pressurised by approximately 100 kPa (1 bar) above the
pressure of the measured medium to keep the reference electrolyte flowing and prevent the
ingress of measured solution into the reference electrolyte vessel. The diaphragm must be kept
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clean at all times. The correct matching of the diaphragm type to the measuring problem will
drastically improve the measuring accuracy.

The conducting system and electrolyte of measuring and reference electrode must be identical.

The membrane of the measuring electrode must also be kept clean at all times. Deposits on the
membrane glass will reduce the measuring accuracy dramatically and in extreme cases make a
pH measurement impossible.

Accuracy expectations should not exceed practical achievable results. Realistic accuracies of
between +/- 0,03 pH units and +/- 0,05 pH units can be achieved with a well hydrated and intact
electrode assembly connected to an accurate, state-of-the-art pH measuring instrument having
the required high impedance of at least 10" ohms. In the laboratory accuracies of +/- 0,02 pH
units are achievable.

4  Electrode Handling

pH measuring systems are by nature maintenance intensive. Most of the maintenance activities
are mainly concentrated towards the pH electrode assembly, e.g. calibration and cleaning. The
correct handling of the electrode assembly during the maintenance period is of utmost impor-
tance to the ideal functioning of the entire pH measuring system.

Incorrect handling might shorten the life of the electrode assembly considerably or cause an un-
reliable measuring result. Correct handling of the pH electrode assembly does not only improve
the measuring result, it can also save the plant owner a substantial amount of money.

41  Storage

When considering the storage of a pH electrode assembly, one has to differentiate between the
types of electrodes: measuring electrode, reference electrode or combination electrode. The
time of storage must also be taken into account, i.e. long-term storage for weeks or months, or
short storage intervals between measurements.

411 The Storage of Measuring Electrodes

Measuring electrodes can be stored dry for long periods. However before using the measuring
electrode it has to be hydrated for at least 48 hours in normal tap water or a slightly acidic solu-
tion in order to establish an outer gel layer at the pH sensitive membrane.
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Nevertheless, in order that the electrode is ready for immediate use, most manufacturers supply
their measuring electrodes hydrated, i.e. a plastic or rubber cap filled with a liquid solution is
placed over the membrane. It is essential that this cap is kept filled at all times. The filling liquid is
either tap water or a weak acidic solution. This will keep the membrane hydrated and therefore
the outer gel layer well developed.

If a measuring electrode has to be stored for short periods between measurements it should be
immersed in a container filled with tap water or be fitted with a watertight plastic cap filled with
tap water. Therefore one should not throw the supplied plastic caps away. They should be kept
for re-use.

41.2 The Storage of Reference Electrodes

Reference electrodes should always be stored ( )
wet, i.e. the diaphragm has to be covered with the

same reference electrolyte with which the reference
electrode has been filled. Wet storage must also be
applied when the electrode is stored for a long time.

[t is not advisable to store reference electrodes dry
as the reference electrolyte will slowly penetrate
through the diaphragm and crystallise and subse-
quently cover the complete bottom of the electrode.
The crystallisation itself does not cause a problem
but the reference electrode might dry out com-
pletely which will result in a substantial increase in
the diaphragm resistance. Even when the reference
electrode is refilled with its respective electrolyte,
the high diaphragm resistance will not disappear
immediately and will result in large measuring errors refarence slectrolyte ( 3 molll KCI)

or even make a measurement totally impossible. . J

Therefore for short or long periods of time it is essential to store reference electrodes in their
respective reference electrolyte, with the refill aperture closed by a suitable stopper.

Storage in tap water or in distilled water should be avoided. Any penetration of these liquids
through the diaphragm will increase the diaphragm potential considerably and will significantly
falsify the subsequent pH measurement.
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41.3 The Storage of Combination Electrodes

A combination electrode consists of a measuring electrode and a reference electrode combined
into one single-rod electrode. The storage conditions must therefore be suitable for a measuring
and for a reference electrode. As every reference electrolyte is an aqueous solution it has been
found that the optimum storage liquid is the respective reference electrolyte of that combination
electrode. The refill aperture has to be closed during storage time.

All that has been stated about the storage of a reference electrode applies equally to the storage
of a combination electrode.

Gel-filled combination electrodes are an exception to the rule. These electrodes have no refill
aperture and the drying-out of their diaphragm has to be avoided at all costs. Therefore gel-filed
combination electrodes must be stored wet in a 3 mol/I KCI solution.

This statement applies to polymer electrodes as well.

4.2  Cleaning of Electrode Assemblies

Industrial pH electrode assemblies are often immersed into process solutions which tend to
contaminate the membrane of the measuring electrode or the diaphragm of the reference elec-
trode or both. The result is one, or a combination of the following:

a) a zero point shift
b) tareduced slope
c) alongresponse time

Principally the electrode assembly has to be clean at all times in order to guarantee an ideal pH
measurement. Therefore the periodic cleaning of the electrode assembly should be part of any
regular plant maintenance schedule. As the cleaning frequency depends solely on the measur-
ing solution, a cleaning time cycle has to be established individually for each pH measuring
application. The cleaning interval could vary between hours and weeks.

The cleaning procedure also depends on the kind of contamination. The following procedures
have been found practical and effective:

e |nitially always try to remove any deposits from the membrane or from the diaphragm by rins-
ing the electrode with a mild detergent.

e Calcium deposits may be removed by soaking the electrode for several minutes in a solution
of 0,1 mol/I HCI.

e To remove oil and fat deposits the use of a strong household solvent is recommended. If this
is unsuccessful a brief rinsing in ethyl alcohol is advisable.
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e Measuring solutions containing proteins tend to contaminate the membrane and diaphragm
of the electrode assembly. Soaking the electrode assembly for several hours in a solution of
1% pepsin in 0,1 mol/I HCI is normally a remedy.

¢ |norganic coatings can be removed using commercially available glass cleaning solutions.

e Measuring solutions containing sulphides will react with the silver chloride present in most
reference electrolytes. This reaction will lead to the contamination of the diaphragm with silver
sulphide deposits (black diaphragm). To remove the silver sulphide deposit the electrode has
to be soaked in a thiourea/HCI solution until the diaphragm is totally bleached.

e Highly resistant deposits may be removed with hydrogen peroxide or sodium hypo-chloride.

e Any other acid or alkaline soluble deposits may be removed by either rinsing the electrodes in
0,1 mol/I HCl or in 0,1 mol/I NaOH for a few minutes only.

It is very important that after each above mentioned cleaning process the cleaned electrode
has to be soaked in its respective reference electrolyte (normally 3 mol/I KCI) for at least 12
hours, or preferably a day (hydration process). As the cleaning solution may have penetrated the
diaphragm which will change the diffusion potential, it is absolutely necessary to perform a re-
calibration after the soaking time in the reference electrolyte and before a new pH measurement
takes place with the cleaned electrode (see paragraph 3.8)

During the cleaning process the electrode should only be rinsed or soaked. Under no circum-
stances must an electrode be cleaned mechanically, i.e. with a knife, screwdriver or any other
sharp tool as this might destroy the electrode. Rubbing with a cloth must also be avoided as this
will introduce static electricity into the glass shaft of the electrode and prolong the response time
considerably (see paragraph 3.8.2).

4.3  Refilling or Replacing the Reference Electrolyte

A reference electrode or a combination electrode utilising a liquid reference electrolyte has to
be inspected at regular time intervals to check its electrolyte level. The electrolyte has to be
replenished when the internal reference system is no longer fully covered by the electrolyte. The
topping up is done by injecting a corresponding reference electrolyte through the refill aperture.
This can easily be done by using a pipette or syringe.

If the reference electrolyte is contaminated by the ingress of the measured medium or if the
concentration of the reference electrolyte has been increased through the evaporation of water,
the reference electrolyte should be replaced completely.

Hamilton supplies a brief operating and maintenance instruction for each of their electrodes.
Please observe these instructions — they could save you a great amount of trouble, frustration
and a lot of money.
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5 The Connection of the pH Electrodes
to the pH Measuring Instrument

51  Measuring Electrode Connection Cable

The pH measuring electrode has inherently a high internal resistance (up to 5x10° ohms in some
cases) and, therefore the electrical connection to a pH meter or transmitter is prone to all kinds
of electro-magnetic interference. For this reason special and high demands are made to the
quality of the cable which connects the pH measuring electrode to its measuring instrument.

A measuring electrode is always connected with a low-noise screened coaxial cable to the mea-
suring instrument. This cable must have a very high insulation resistance, always higher than the
input impedance of the measuring instrument (normally 10 Q). The market offers coaxial cables
having an insulation resistance of 10" Q to 10" Q per metre cable length.

Another specification to observe is the cable capacitance. This should be as low as possible in
order not to increase the time constant of the signal transmission. Experience has shown that
the capacitance of a pH connection cable should not be higher than 150 pF/m. A 200 pF/m
cable capacitance on a 50 m long cable would add approximately 50 seconds time delay to the
response time of the electrode assembly. Coaxial cables available for pH measurements have a
capacitance of between 64 pF/m to 102 pF/m.

The temperature rating of the pH connection cable also has to be considered. For normal mea-
suring applications below 70 °C, standard pH connection cables have a temperature rating of
-30 °C to +80 °C. Special high temperature cables are available having a maximum temperature
rating of 130 °C.

5.2  Reference Electrode Connection Cable

The connection of a separate reference electrode to the measuring instrument is not problematic,
as long as the cable is protected from any electro-magnetic interference. Normally a standard
single core, screened cable suffices. Temperature ratings of the cable must be observed.

5.3 Combination Electrode Connection Cable

What has been said about the cable requirements for a separate measuring electrode must
also be observed for the connection of a combination electrode. It is advisable to use a double
screened coaxial cable (triax cable). To save costs it is normal practice to connect the inner
screen of the coaxial cable to the reference electrode part of the combination electrode.
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54  Cable Preparation and Cable Routing

The insulation of the internal conductor of a pH connection cable is not only screened with cop-
per wire mesh but also with an additional black semiconductor layer. This layer suppresses volt-
ages which might be created when moving the coaxial cable. It is of importance that this black
layer must be carefully removed when preparing the cable ends for connection to the electrode
plug and/or to the measuring instrument. If the black layer is not removed, it will cause a short
circuit between the internal conductor and the copper screen. When stripping the coaxial cable,
tools and hands of the technician should always be dry and clean. After stripping, the cable
ends should be cleaned with alcohol or ether, which can be done with a cloth or a brush, both
of which should be absolutely clean. Touching the stripped cable ends with wet or fat-stained
fingers will reduce the insulation resistance down to, or below, 10" ohms, which will result in a
short circuit of the high resistance measuring chain — a pH measurement becomes impossible.

When routing the pH connection cable care must be taken not to route the pH connection
cable parallel to power cables. Parallel situated power cables in the vicinity of the pH connec-
tion cables would lead to electro-magnetic interference (induction), which must be avoided at
all cost. The outer screen of the triax cable (combination electrode) should always be earthed
on one side only. In principle, every pH connection cable should be as short as possible, but
should under no circumstance be longer than 50 metres.

pH connection cables cannot be buried straight into the ground. If this has to be done these
cables must be installed in a metal or plastic conduit.

p

Coaxial cable PVC astamal Triax cable

conductor layer

55 Plug or Cable?

Various electrode manufacturers supply their pH electrodes in two configurations: either with an
integrally installed cable (normally 1 metre in length), or with an electrode plug connection. Both
configurations have their advantages and disadvantages.
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If the cable is installed to the electrode by the manufacturer, the customer can be assured that
the cable connection is water tight and measuring faults attributed normally to the electrode/
cable connection (short circuit, moisture ingress) can be ruled out. On the other hand however,
when the pH electrode assembly has to be replaced (remember: a pH electrode is a consum-
able item with a certain life expectancy), the cable also has to be re-purchased.

An electrode plug connection eases the electrode removal or replacement during the mainte-
nance period and is more economical in the long run (saving of cable cost). However, care must
be taken to always connect the electrode socket firmly to the cable plug, otherwise moisture,
the biggest enemy to the electrode/cable connection, might penetrate the socket/plug coupling.
Once moisture has entered this joint, a reliable pH measurement is no longer possible.

Electrode head
with integrated cable Electrode socket = cable plug
and connection

different instrument plugs

N8

SSNID:0010
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6 Appendix: The Hydrogen lon
Concentration

Before the term pH can be defined, certain chemical and physical principles have to be de-
scribed, central of which will be the water molecule with its two hydrogen atoms (H,) and its one
oxygen atom (O).

6.1 The Atom Structure

In ancient Greek philosophy the word atom was used to describe the smallest bit of matter that
could be conceived. This fundamental particle, to use the present-day term for this concept,
was thought of as indestructible; in fact, the Greek word for atom “atomos” means “not divis-
ible”. Knowledge about the size and nature of the atom grew very slowly throughout the centu-
ries as people were content merely to speculate about it.

With the advent of experimental science in the sixteenth and seventeenth centuries, progress in
atomic theory accelerated. Chemists soon recognised that all liquids, gases and solids could be
analysed into their ultimate components, or elements. For example, salt was found to be com-
posed of two distinct and different elements: sodium and chlorine, which are joined together in
an intimate bond known as a chemical compound.

The atoms are the building blocks of an element. All atoms of any given element behave chemi-
cally in the same way. Thus, from a chemical viewpoint, the atom is the smallest entity to be
considered. The chemical properties of the various elements are quite different; their atoms
combine in many different ways to form a multitude of different chemical compounds. There are
as many different atoms as there are elements. Today we know of 112 different elements.

In 1911 the British physicist Ernest Rutherford (1871 — 1937) formulated a theory of atomic
structure that was the first visualisation of the atom as a dense nucleus surrounded by a cloud
of electrons. Rutherford established that the mass of the atom is concentrated in its nucleus.
The nucleus has a positive charge of electricity; the electrons each have a negative charge.
The charges carried by the electrons add up to the same amount of electricity as resides in the
nucleus, and thus the normal electrical state of the atom is neutral. Rutherford called the par-
ticles, forming the nucleus, protons. Rutherford’s vision of an atom was revised in 1913 by Niels
Bohr (1885 — 1962) (see next paragraph “The Bohr Atom”).

In 1932, another British physicist James Chadwick (1891 — 1974), discovered another particle in
the nucleus of an atom , known as the neutron, having the same mass as the proton but without
an electric charge. It was then realised that the nucleus is made up of protons and neutrons.

In any given atom, the number of protons is equal to the number of electrons and hence to the
atomic number of the atom (its position in the “Periodic Table of the Elements”).
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6.2 The Bohr Atom

To explain the structure of the atom, The Danish physicist Niels Hendrik David Bohr developed
in 1913 a hypothesis known as “The Bohr Theory of the Atom”. He assumed that electrons are
arranged in definite shells, or quantum levels, at a considerable distance from the nucleus. The
arrangement of these electrons is called the electron configuration.

The Bohr Atom

The number of such electrons equals the atomic number of the atom: hydrogen has a single
orbital electron, oxygen has 8, and uranium has 92.

The electron shells are built up in a regular fashion from

a first shell to a total of seven shells, each of which has an
upper limit of the number of electrons that it can accom-
modate. The shells are named from inner shell to outer shell:
K-shell, L-shell ... to Q-shell. The K-shell is complete with
two electrons, the L-shell can hold up to eight electrons,

the M-shell 18 electrons and in general the nth shell 2n?
electrons. Only the electrons in the outer shell determine the
chemical behaviour of the atom.

The Bohr Atom

Atomic shells do not necessarily fill up with electrons in
consecutive order. The electrons of the first 18 elements in e I
the periodic table are added in a regular manner, each shell e e
being filled to a designated limit before a new shell is started. J

Starting with the 19th element, the outermost electron starts a new shell before the previous
shell is completely filled. A regularity is still maintained, however, as electrons fill successive
shells in a repetitive back-and-forth pattern. The result is the regular repetition of chemical
properties for atoms of in-
creasing atomic weight that

corresponds to the arrange- NS HOae Aoy
ment of the elements in the Electran orhit i O Aou
periodic table.

Electron” Proton®
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6.3 The Periodic Table of Elements

In 1869 the Russian chemist Dmitri lvanovich Mendeleyev (1834 — 1907) arranged all ele-
ments known at the time in a table according to their atomic mass. By doing so, he discovered
that certain properties of the elements repeat themselves periodically. Therefore Mendeleyev
grouped the elements with similar chemical activities in the same columns underneath each
other. This element arrangement is called the periodic table.

Over the years more and more elements were discovered and the periodic table had to be
rearranged a few times. The table, as we know it today, is illustrated on page 50. The elements
are arranged by their ascending atomic number (number of protons in the nucleus) horizontally
in seven rows. Each row represents one of the seven electron shells of the atom. Hydrogen in
position 1 in row 1 is the lightest element. The last element in the table is, for the time being, the
artificial element “ununbium”, taking the 112th position with an atomic mass of 277. The table
provides for a total of 118 elements. The 18 vertical columns group the elements according to
their chemical activities, i.e. the numbers of electrons in their outer shell.

6.4 The Molecule

The molecule is the smallest unit of a chemical compound having the same chemical properties
of that compound. The water molecule consists of a single atom of oxygen and two atoms of
hydrogen joined by an electrical force called a chemical bond.

It was the French chemist Antoine Laurent Lavoisier (1743 — 1794) who proved that water was
not a basic element, as the ancient philosophers thought, but a compound of oxygen and hy-
drogen — as expressed by the present-day formula H,O.

Molecules are held together by sharing two -
electrons (covalent bonds). In order to maximise
these bonds, the atoms adopt specific positions
relative to each other, i.e. each molecule has its
own definite structure. For instance in the water
molecule two hydrogen atoms are bonded to
the oxygen atom at an angle of 104,5°. Therefore
water has a dipole moment as the hydrogen
electrons are attracted slightly towards the ™
nucleus of the larger oxygen atom. In contrast
the structure of CO; is linear and has therefore
no dipole moment.

104,5°

The Water Molecule H,O

s N\
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Certain elements do not combine with other ele- ( )
ments. These are the group of noble gases. Their Elactren Configuration

atoms contain either 2 electrons (He) or 8 electrons of Nobls Gases
(Ne; Ar; Kr; Xe and Rn) in their outer shell. Any other
element having less than 8 electrons in its outer shell
will form a bond with other “non-noble” elements.

The stated theory of noble gases does not hold
good any more — at least not for the three heavi-

est noble gases: krypton, xenon and radon. Since
1962 scientists have succeeded in producing certain
compounds involving Kr, Xe and Rn. But with the aid
of this theory the phenomenon of the chemical bond
can be explained.

The number of bonds that an atom can form is called
its valence. Oxygen has a valence of two as it has 6 .
electrons in its outer shell and needs another 2 elec-

trons in order to reach the magic number of 8. Hydrogen has only 1 electron in its single shell,
the outer shell, and has therefore a valence of one; it requires another electron to fill its shell or it
can give an electron to an atom which is short of 1. As oxygen requires 2 electrons, two hydro-
gen atom fulfil its needs and together they form a molecule of water.

ﬁrﬂw
1 reem The Periodic Table of Elements
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When the elements sodium (Na) and chlorine (Cl) ( )
combine to form the molecule sodium chloride (NaCl) The lonic Bond

which we know as table salt, they form an ionic bond. of Sodium and Chlorine
The neutral sodium atom, having a single electron in i
its outer shell, will share this electron with the chlorine
atom which has 7 electrons in its outer shell. Again the
outer shell is, by this bonding, filled with 8 electrons.

This changing of an electron will throw both atoms out
of their electrical equilibrium, The sodium atom will be-
come a positively charged (loss of one electron) sodium
ion (Na*) and the chlorine atom will become a negatively
charged (gain of one electron) chlorine ion (CI). The
new shell-structure of the sodium ion resembles that of
a neon atom and the new shell-structure of the chlorine
ion is similar to an argon atom. Both ions are held
together by their electrostatic attraction.

NacCl

6.5 Thelon

An ion is a particle formed when a neutral atom gains or loses one or more electrons. An atom
that loses an electron forms a positively charged ion called a cation; an atom that gains an
electron forms a negatively charged ion, called an anion. The word “ion” derives from the Greek
language and means “the traveller”. Under the influence of an electric field ions will migrate
(travel) to their opposite pole, and thereby they create conductivity in gases and liquids.

If the ionic bond of a NaCl molecule is broken either through high temperature or through solu-
tion in water, the chlorine atom will keep its gained electron, and stays a negatively charged ion.
The sodium atom will stay a positively charged ion.

6.6 Dissociation

Water is an excellent solvent for three groups of chemical compounds: salts, acids and bases.
When introduced to water, these chemical compounds separate into their ions — they dissociate.
When sodium chloride is placed into water, the polar forces of the water molecules will reduce
the electrostatic attraction between the negatively and positively charged ions and pull the ions
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apart. The ions are then surrounded by water molecules (they become hydrated) which prevents
the recombining of the ions. Hydrochloric acid will dissociate in the same way into H* and CI”
ions and sodium hydroxide (caustic soda) will dissociate into Na* and OH™ ions.

The dissociation of salts, acids and bases in water causes the water to become an excellent
conductor. The resulting solutions are therefore called electrolytes.

s s N\

The Dissociation of Sodium Chioride
HaCl

Electrolytes

®®

e

Crien

If two electrodes are immersed into an elec-
trolyte and a potential difference is applied to
these electrodes, the negatively charged ions
will be attracted by the positively charged elec-
trode (anode) and by reaching the anode will
lose their charge (lose electrons). Hence the
name anion. Similarly the positively charged
ions will move towards the negatively charged
electrode (cathode) and lose their charge by
gaining electrons (cation).
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6.7 Acids — Bases — Salts

In chemistry we differentiate between three electrolytes: acids, bases and salts.

Acids are chemical compounds which, when dissolved in water, produce a concentration of
hydrogen ions, H* (protons), greater than that of pure water. An acid is therefore a proton donor
(proton = positively charged hydrogen ion H?).

Acids taste sour and turn litmus red. Litmus is the oldest and most often used indicator of
whether a solution is an acid or a base. It is a pink dye derived from licheus, a plant organism
composed of a fungus and an alga in symbiotic association.

The most common acids are:

Hydrochloric acid HCI Component of gastric juices

Nltrlc acid HNOSW ‘ Used téﬂmanufaé{ure dyes',nénd expiésives
Acet|c acid CH3060H Vinega'rm
'I.:“‘C;Fmic aoidw HCOCH)'H Used féﬂr dyeingénd tanniﬁ'g
Subhuricacid  H,SO, ~ Batteries
'Isﬁc‘asphorioécid HSPO! Dentaléement, fértilizer

Bases are chemical compounds which, when dissolved in water, produce an excess of hydroxyl
ions, OH™ or accept protons — a base is a proton acceptor. Bases taste bitter and turn litmus
blue. A base feels slimy. The most common bases are:

Sodium hydroxide NaOH Drain and oven cleaner

(caustic soda)

6‘é'|‘oium hyd‘f‘oxide Ca(OH')‘z Slated I|me (useduin mortarﬂi“or Constﬂr'ﬁction)
Aluminium hydroxide  AI(OH), ~ Raw material for aluminium compounds
Eat‘assium h;/‘droxidew KOH Soft sdép

(potash lye)

Magnesium hydroxide Mg(OH),  Milk of magnesia.

Ammonia NH;

Household cleaners
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Salts: When aqueous solutions of an acid and a base are combined, a neutralisation reaction
occurs. This reaction takes place very rapidly and generally produces water and a salt. For
example, sulphuric acid (H.SO,) and sodium hydroxide (NaOH), yield water and sodium sulphate
(NaSO,).

HgSO4 + 2NaOH = 2H20 + NaZSO4

Salts are produced by substituting the H* ion with a base part or by substituting the OH™ ion with
an acid part. Cations and anions combine to form an electrically neutral compound.

Examples:

Sodium nitrate NaNO; = Na*+NOj

Aluminium sulphate Aly(SO,)s; = 2AI3*+3S0,*

Calcium phosphate

Ca;(P0O,), = 3Ca?+2P0O,*

6.8 The Mole

“The mole is the Sl unit of an amount of substance equal to the quantity containing as many
elementary units as there are atoms in 0,012 kg (12g) of carbon-12. The elementary entities must
be specified and may be atoms, molecules, ions, electrons or other particles. The unit was
established in 1971 for international use.”

(The Oxford Dictionary)

The number of elementary particles contained in 12g of carbon-12 (the atom against which other
substances are measured) is 6,0221367 x 10%. This number is known as the Avogadro’s num-
ber in honour of the Italian physicist Amedeo Avogadro (1776 — 1856). Avogadro postulated in
1811 that equal volumes of gases, at equivalent temperatures and pressures, contain the same
number of molecules.
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A mole, then, is an amount of any substance that weighs, in grams, as much as the numerically
equivalent atomic weight of that substance.

1 mole H, = 249
imoe HO = 18g
1m0|eC|2=71 g
1mole Rn = 222g
1mole HCI = 365g
1mole NaOH = 40g

6.9 The Hydrogen lon Concentration in Aqueous Solutions

Not only does water dissolve electrolytes and further their dissociation, but a small amount of
water molecules dissociate as well into positively charged hydrogen ions (H*) and negatively
charged hydroxyl ions (OH").

H,O = H* + OH"

H* = Positive electrically charged hydrogen ion with acidity action

OH"

Negative electrically charged hydroxyl ion with alkalinity action

If the amount of hydrogen ions equals the amount of hydroxyl ions, the water is called neutral. In
clean, neutral water only one out of 10 000 000 (107) water molecules will dissociate.

The hydrogen ion is in reality a proton and the union of a hydrogen ion with an electron to form
hydrogen may, in the generalised theory of acids and bases, be viewed as the simplest acid-
base neutralisation:

2H* + 2e = H,

Actually hydrogen ions, or protons, do not exist freely in solution but are associated with water
molecules. The ionisation of water should thus be written more correctly as:

2HOH = H;0* + OH™
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Hs;O* is called the hydronium ion and is, in aqueous solutions, the ion responsible for acidic
properties. For simplicity, equations are normally written using H*.

By dissolving an acid in neutral water the H* ion concentration is increased by the H* ions which
are produced by dissociation of that acid. The water changes its characteristic, i.e. it tastes sour
like vinegar or lemon juice, it becomes corrosive and dissolves metals.

By dissolving a base in neutral water the OH™ ion concentation is increased by the OH™ ions which
are produced by the dissociation of that base. There, the relative amount of the H* ions will be
reduced. The water changes its characteristic, i.e. it tastes bitter and feels slimy like wet soap.

In both cases we cannot call the solution water any more, we have to speak of an aqueous solution.

v L

Acidity solution Alkalinity solution

N

All aqueous solutions of acid and bases owe their chemical activity to their relative hydrogen ion
(H+) and hydroxyl ion (OH") concentration.

The hydrogen ion concentration in an agueous solution is expressed by the amount of non-
dissociated water molecules in relation to one hydrogen ion, i.e.

e if one H* ion is found in 100 water molecules we write 1:100 or 1/10? or 10

e if one H* ion is found in 10 000 000 water molecules we write 1: 10 000 000 or 1/107
or 107,

e and if one H* ion is found in 1 000 000 000 water molecules we write 1:1 000 000 000
or 1/10° or 10°.

The ion product of dissociated H+ ions and dissociated OH™ ions in water has been found to be
a constant of 10 (mole/litre) at 22 °C. Thus, when the concentration of H* ions and OH™ ions in
pure water are equal, the H* ion concentration must be 107 and, of course, the OH™ ion concen-
tration must be 107 as well.
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This automatically leads to the pH definition which is expressed as

the negative common logarithm of the active hydrogen ion concentration
in an aqueous solution

or in mathematical terms:

1
pH = log

hydrogen ion concentration (mole/litre)

(please refer to page 6 of this publication).

For detailed technical specifications and application notes on Hamiltons pH electrodes please
visit Hamiltons website at www.hamiltoncompany.com or contact your local dealer.

Theory is necessary -
Experience is essential

Good luck with your
pH measurement!
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