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’s cha dütsch, gottlob! - und folg sim Rot!

Johann Peter Hebel

meinen Eltern gewidmet



Danksagung

Diese Arbeit entstand in der Zeit von 2001 bis 2005 am Lehrstuhl für Fluidmechanik
und Prozessautomation der Technischen Universität München auf Anregung von Herrn
Prof. Dr.-Ing. A. Delgado. Ihm möchte ich meinen ganz herzlichen Dank aussprechen.
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Zusammenfassung

Neben der thermischen Behandlung zum Haltbarmachen von Lebensmitteln
gewinnt die Anwendung von hydrostatischen Drücken immer größere Bedeutung.
Es hat sich gezeigt, dass bei Drücken von mehreren 100 MPa viele lebensmit-
telverderbende Mikroorganismen vollständig abgetötet werden können, während
wertvolle Inhaltsstoffe wie Vitamine, Farb-, Aroma- und Geschmacksstoffe weit-
gehend erhalten bleiben.

Bei einer Veränderung des Druckes ändern sich die Gleichgewichtskonstanten1.
Infolgedessen ändert sich sowohl der pH-Wert einer Lösung als auch das Verhalten
von pH sensitiven Reaktionen, wie z.B. das pH-Optimum eines Enzyms oder der
pH-Wert, dessen Unterschreitung zu einer Proteindenaturierung führt.

Wenngleich die Forschung auf dem Gebiet der Hochdruckbehandlung von
Lebensmitteln in den letzten Jahrzehnten intensiviert wurde, so fehlt es doch
noch an in-situ Messmethoden für viele grundlegende physikalische und chemi-
sche Größen, wie den pH-Wert. Zielsetzung dieser Arbeit war es, ein System zur
optischen Messung des pH-Wertes von Lebensmitteln unter Drücken bis 450 MPa
zu entwickeln.

Das dafür entwickelte System beruht auf Absorptionsmessungen eines Indika-
torgemisches in einer Hochdrucksichtzelle. Es wurden 14 Indikatoren verwen-
det, die bei Normaldruck einen pH-Bereich von 2 bis 8 abdecken. Das Sys-
tem wurde mit verschiedenen Pufferlösungen unter Druck kalibriert. Da sich
Säure/Basen-Gleichgewichte unter Druck verschieben, musste das Druckverhal-
ten der verwendeten Puffer berechnet werden. Dazu wurden verschiedene Ver-
fahren aus der Literatur vorgestellt und diskutiert und das Verfahren mit der
besten Übereinstimmung mit Messwerten ausgewählt.

Die Modellierung der spektroskopischen Daten erfolgte mit chemometrischen
Methoden, um die komplizierten überlagerten Spektren beherrschen zu können
und um den Einfluss von Matrixeffekten klein zu halten. Es wurden verschiedene
mathematische Verfahren getestet. Die PCR (Principal Component Regression)
mit 3 Hauptkomponenten erwies sich als die genaueste. Bei der Validierung wurde
damit eine empirische Varianz von 0,25 pH-Einheiten erreicht.

1Der Begriff Konstante ist irreführend, da Gleichgewichte nicht konstant sind, sondern eine
Funktion von Druck und Temperatur.
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Abstract

In addition to heat treatment of food used to enhance shelf life, the relevance
of the application of hydrostatic pressures is increasing. With treatment of sev-
eral 100 MPa many food-spoiling microorganisms can be completely eliminated,
while valuable properties such as vitamins, colouring, smell and taste are mostly
preserved.

Equilibrium constants2 change with pressure. Consequently, both the
pH-value of a solution and the behaviour of pH-sensitive reactions change, e.g.
the pH-optimum of an enzyme or the pH-value under which a protein is dena-
tured.

Although research into high pressure treatment of food has been intensified in
the last decades, there is still a deficiency in in-situ measuring methods for many
fundamental physical and chemical quantities such as the pH-value. The aim of
this work was to develop a system for the optical measurement of the pH-value
of food during pressure treatment of up to 450 MPa.

The system developed is based on absorption measurements using indicator
dyes in an optical high pressure cell. The calibration took place using differ-
ent buffer solutions under pressure. A mixture of 14 indicator dyes was used,
covering a pH-range from 2 to 8 at standard pressure. Since acid/base equilib-
ria shift under pressure, the pressure behaviour of the buffer systems had to be
calculated. For this purpose, different procedures described in literature were
presented and discussed. The procedure which showed the best agreement with
measured data was selected for the calculations. The modelling of the spectro-
scopic data took place using chemometric methods in order to be able to cope
with the complicated overlapping spectra and to keep the influence of matrix
effects small. Different mathematical procedures were tested and the PCR (Prin-
cipal Component Regression) with 3 principal components was considered to be
the best. In validation, an empirical variance of 0.25 pH-units was reached using
the calculations with PCR.

2The term constant is misleading, as equilibria are not constant but a function of pressure
and temperature.



Chapter 1

Introduction

The subject of this thesis is the in-situ-measurement of pH during high pressure
treatment of food. The introduction is divided into sections, the first introducing
high pressure treatment of food, the second pH-value. In the last part, both
sections will be merged to show their connections.

1.1 High Pressure Treatment of Food

An abundance of literature is available which describes high pressure treatment
of food. Good summaries are given by Matser at al. [1], by Smelt [2] and by
Hoover et. al. [3].

With high pressure treatment of food it is possible, as with thermal treat-
ment, to inactivate vegetative cells and some microbial spores resulting in food
products having an enhanced shelf life [3, 4, 5, 6, 7, 8, 9]. As the inactivation of
spores is incomplete even at pressures of up to 1 000 MPa, it is not cost-effective
to use only this method for food in which spores can exist. Here often a combina-
tion of pressure and temperature treatment is expedient, where the self-heating
of the medium by compression can be utilised [1, 10]. This self-heating can be
increased by the choice of a pressure transmission medium with high compress-
ibility [11]. But there exist also some spores in which pressure resistance increases
with temperature [12]. The inactivation of vegetative cells by pressure is caused
mostly by membrane damage [13, 14, 15, 16] and protein denaturing (especially
the denaturing of enzymes).

The major advantage over thermal processes is that high pressure only slightly
affects colour, taste, smell and nutritional qualities: the natural flavour of raw
meat and fish as well as fresh fruits and juices remain in most cases unaf-
fected. Most vitamins, sensitive to heat, survive pressure treatment. In addition,
hardly any colour changes arise, since most natural dyes such as Chlorophyll or
β-Carotene are not affected by pressure [17].

Enzymes, which play an important role in food technology, are affected by

1



CHAPTER 1. INTRODUCTION 2

pressure. This influence can concern the kinetics of enzyme reactions [18, 19] and
inactivation by coagulation [18, 19, 20, 21, 22]. The kinetics of enzyme catalysed
reactions can be altered by the influence of high pressure on each catalytic step,
the result being either increased or decreased activity or changing selectivities
[23].

Furthermore, pressure influences important chemical reactions such as Mail-
lard Browning [24, 25] and Lipid Autoxidation, and possible interactions between
both [26]. In addition, the structure and function of biopolymers such as proteins
[18, 27, 28, 29], starch [30], pectin [31] and other polysaccharides and lipids and
mixtures of them are sensitive to pressure [17, 32]. This enables pressure to be
used to develop products with novel eating characteristics: for example struc-
tural characteristics –such as the creamy sensation of chocolate or yoghurt or the
texture of vegetables [33]– can be affected by the use of high pressure [27, 28, 34].

In general, high pressure methods require a shorter processing time than ther-
mal treatment. Unlike heat, pressure spreads uniformly throughout the whole
vessel, though the conclusion should not be drawn that each changing physical
property is evenly distributed. Because food has often no homogenous composi-
tion, pressure dependent properties such as heating by compression or pH-change
vary inhomogeneously. Even in homogenous liquids, thermal variations are pos-
sible due to heat loss through the vessel walls [35, 36, 37, 38, 39, 40, 41, 42, 43].

The process conditions depend on the product. At a pressure of between 200
and 800 MPa, temperatures of up to 328 K and holding-times of between 5 and
30 minutes, enzymes and bacteria are inactivated while colour, vitamins, taste
and smell remain mostly unaffected.

Another possible method of food treatment is high pressure freezing and thaw-
ing and liquid storage at subzero temperatures [44, 45, 46]. The effects of high
pressure on the liquid-solid behaviour of water open this way to new applications
in food technology. The melting temperature of ice decreases with pressure to
252 K at 210 MPa, while the opposite effect is observed above this pressure.
The method involves cooling unfrozen food that consists mainly of water under
pressure and then suddenly releasing the pressure, thus causing a high degree of
undercooling. Undercooling (or supercooling) is the process of retaining the liquid
state of a substance at a temperature/pressure beyond the melting point and is
only possible if pressure release occurs faster than the crystallisation velocity1.
After decompression, nucleation will occur and a very rapid freezing takes place
(known as recalescence). This sudden freezing forms glassy state ice nucleations
distributed uniformly throughout the sample. Ice made in this way does not have
the ability to form large crystals. This leads to less damage of cell membranes,
which is responsible for the mushy consistency of conventional frozen and thawed
food [44, 45, 47].

1A small undercooling over long time is also possible as the temperature for building seed
crystals is a little lower than that for crystal growth.
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1.1.1 Brief Historical Remarks

The first experiments at pressures above 100 MPa were performed more than
100 years ago [48, 49, 50]. These experiments were made to verify fundamental
thermodynamic theories. The first papers about killing rates of microorganisms
and preservation of food were published around 1900 [51, 52], about a quarter of a
century after Pasteur’s discovery of thermal inactivation of microorganisms. Hite
reported that subjecting milk to a pressure of 450 MPa or greater considerably
reduces the bacterial count. He also investigated the high pressure preservation
of meat, fruit and vegetables [53].

In 1914, Bridgemann demonstrated that high hydrostatic pressure could co-
agulate egg albumin [54]. In the same year, papers about fruit preservation were
published [53]. Following these early investigations, a number of publications
[5, 55, 56, 57] have dealt with the effect of high pressure on microorganisms and
proteins. Phase diagrams of various solutions and solvents, which were measured
in extensive work (e.g. [58]), created the basis for the present development of
methods for high pressure freezing and thawing and subzero liquid storage.

Literature from following years about hydrostatic high pressure describes
mostly research into sea biology (e.g. [59, 60]). Investigations into pressure-
induced germination of bacterial spores were carried out in the late 1960’s [61]
and the early 1970’s [62, 63], but no industrial applications were realised. In the
same period, high pressure technology for the use in the production of ceramics,
steel, carbide components, superalloys, artificial diamonds and polymers were
developed. These experiences in plant engineering and construction provided the
basis for the development of food processing vessels.

In the last decades of the 20th century researchers begin to study potential
commercialisation of high pressure technology in the food industry: in 1982 the
University of Delaware (USA) and in 1987 the University of Kyoto (Japan) started
research projects leading to industrial food applications. The first commercial
products (high pressure combined with careful thermal pasteurisation) arrived
in 1990 on the Japanese market. Since 1996, further high pressure-treated food
is available on the market: in France orange juice, in Spain ham, in England
high pressure-homogenised milk and in the USA avocado purée. In France in
September 1998 an application for acceptance of high pressure-treated food (fruit
preparation) was placed for the first time under the ”Novel Food” regulation. The
present situation in high pressure technology is expatiated by Palou et al. [64]. Up
to now, most of the new procedures are used mainly for fruit and vegetables. In
Japan, for example, one million litres per year of high pressure treated tangerine
juice is already being produced.
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1.1.2 Fundamentals of High Pressure Technology

Influence of High Pressure on Chemical Reactions

Temperature and pressure are two important factors in thermodynamics.
Like temperature, pressure also affects chemical reactions, such as denaturing
processes [18, 19, 21, 22, 56, 65, 66], organic-chemical reactions [67] or ionisation
processes [68, 69, 70, 71].

At constant temperature, the influence of pressure on the reaction rates de-
pends exclusively on the activation volume of the reaction ∆V # and the effect
of pressure on the equilibria depends exclusively on the volume change of a reac-
tion ∆V . The principle of Le Chatelier, Brown and Thomson states that, under
equilibrium conditions, reactions associated with a decrease in volume (includ-
ing changes of conformations or phase transitions) are favoured by pressure. A
numerical expression for the influence of pressure on reactions was given by M.
Planck [49]: (

∂ ln K

∂p

)
T

= −∆V (p)

RT
. (1.1)

Here K is an equilibrium constant, p the pressure, R the gas constant(
R = 8.314 J

K·mol

)
and T the absolute temperature in kelvin. The volume

change ∆V
(
in m3

mol

)
is the difference between the partial molal volumes of prod-

ucts and reactants in an infinitesimally diluted solution.
The equation describing the correlation of the pressure dependency of rate

constants and the activation volume ∆V # is shown in (1.2). It has a similar form
to Equation (1.1) as the equilibrium is the state in which the reaction rate from
reactants to products is equal to that of the reverse reaction2.(

∂ ln k

∂p

)
T

= −∆V #(p)

RT
(1.2)

For rough classification it is possible to divide reactions into groups: reactions
leading to new interactions show mostly a decrease in volume. These interactions
can be the forming of covalent bonds, charge-transfer complexes, ion-solvent inter-
action, dipole-solvent interaction or hydrophilic interaction. Among the reactions
changing covalent bonds, only those with a changing number of molecules have a
large volume change and consequently a high pressure dependency. A decreasing
number of molecules normally leads to a decrease in volume.

2One of the first publications about the theory of the activated complex [72] includes the
influence of activation volume on pressure dependency of rates. Extensive work on this phe-
nomena can be found in the publications of Buchanan and Hamann [73] and Él’Yanov et al.
[74, 75, 76, 77, 78]. A review discussing and itemising activation and reaction volumes is given
by Asano and Le Noble [69, 71].
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A special case can be found in the large volume reductions associated with
reactions forming ions in aqueous solutions such as the dissociation of acids. The
reason for this is the intense interaction between the electric field of ions and
water.

With increased pressure, ionization reactions such as the dissociation of a
neutral acid HA tend to shift more to the side of H+ and A−-ions [79, 80,
81]. Pressure lowers the free enthalpy required to dissolve the ions or, in other
words, enhances the appearance of electrical charges as it is accompanied by
a contraction of the surrounding solvent. Water is substantially more closely
packed in the vicinity of ions. This phenomenon is known as electrostriction.
According to the equation of Planck (1.1) such reactions will tend to smaller
volumes with increasing pressure. As the molar volume change, ∆V , changes
with pressure an equation is required to describe this pressure behaviour. To
develop a comprehensive theory describing this pressure behaviour to be used in
solving the differential Equation (1.1), several factors must be taken into account:

1. Steric Arrangement: it describes the volume change of a reaction if both
products and reactants are treated as being uncharged and nonpolar. The
volume change in this case depends on both the geometric arrangement
of the products and reactants and the ability of the solvent molecules to
arrange around the reactants.

2. Hydration: the water molecules in close proximity to the ion are tightly
bonded and can be regarded as being immobilized, strongly polarized and
highly compressed. The number and geometry of these water molecules
has often a stiff arrangement, but unlike Hydrogen bonds in water such
ion-water interactions tend mostly to decrease volume.

3. Electric Field of the Ion: the Columbic field produced by the charge
of an ion attracts the partial charges of opposite polarity to the water
dipoles and tends to crowd the water molecules closer to it. Therefore the
transference of an ion into water has the same effect as applying additional
pressure. But in contrast to hydrostatic pressure, this ”pressure” is not
uniformly distributed but decreases with greater distance to the ion.

The magnitude of the influence of steric arrangements on the volume change is
approximately that of neutral reactions. Reactions in which all the molecules
involved are neutral usually have volume changes of a few cm3

mol
, while most of

the ion forming reactions have volume changes of between -10 and -35 cm3

mol
[69].

Therefore, the factors of hydration and the influence of the electric field predom-
inate.

Ions have an important influence on the water molecules surrounding them,
these interactions being especially important at high pressures as they lead to
changes in density. An important part in understanding these interactions and
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their pressure behaviour is the interplay between different types of water struc-
tures. The interaction between molecules in liquid water is a complex system
and many models have been developed to describe this behaviour3. All have in
common the supposition that water can be regarded as a type of associated liquid
in which the associations are present throughout the whole of the liquid forming
three-dimensional networks of Hydrogen-bonds, several different configurations
of which can coexist simultaneously. The proportion of these structured associ-
ations decreases with increasing pressure. At pressures above 100-150 MPa (at
298 K) these associations disappear and water behaves as a normal liquid. The
different structures are mostly described as being similar to those of ice modifi-
cations. Each of the coexisting constituents corresponds to characteristic values,
such as dielectric permittivity and density [82].

Thermodynamically, the behaviour of water can be seen as the result of com-
petitive forces. The formation of Hydrogen bonds is associated with an increase in
enthalpy, but to a decrease in entropy owing to the stiff arrangement. Addition-
ally, at higher pressures, mechanical work plays an important role in increasing
the volume which is needed to accommodate these structures.

If ions are present, a further influence is the tendency for dipoles to arrange in
the direction of the electric field; therefore the structure with the better possibility
of such an arrangement will be preferred. Also, denser constituents will be found
in the proximity of ions.

A change in the characteristics of water is the result of both the sum of the
changes of every component and the modification of the composition. In the
vicinity of small ions, the electric field strength and pressure are in an order of
magnitude where little experimental data is available. Whalley [88] has shown in
a rough estimation that the maximum pressure, caused by the electrostatic field
of a small unit charged ion with a diameter of 0.3 nm is approximately 1.4 GPa
and the maximum electric field is approximately 2 GV

m
.

On the basis of theoretical considerations and numerical simulations, a sat-
uration of the dielectric permittivity should take place somewhere between 10
and 1000 MV

m
(see [89, 90] and the literature cited therein). Saturation means

that nearly every dipole is aligned with the field followed by a strong decrease in
dielectric permittivity. Such a parallel alignment can lead to new structures.

The hydration of ions can also be regarded as a structure in a strong electric
field and at high pressure. While this structure is not only a result of the effort to
achieve a dense structure with many dipoles being aligned with the field, interac-
tions with outer-orbitals of the ion also play a role. However, these interactions
are similar to the angle directed forces of Hydrogen bonds which are responsible
for the arrangement of the structures. But a continuation of the ”hydration struc-
ture” is impossible as a regular lattice cannot be expanded while maintaining a
spherical symmetry.

3For an overview see [82], more recent publications are [83, 84, 85, 86, 87].
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It must be pointed out that uncharged polar molecules, such as undissociated
neutral acids, also have an influence on all of the aforementioned items with
regard to charge [88]. Therefore, the electrical part of the reaction volume change
is caused by the difference in the effect of charged products and that of uncharged
polar reactants on the density of surrounding water.

Until now, no comprehensive theory exists which considers all influences on
the volume of the solvent. But several semi-empirical functions can be found in
the literature to describe ∆V as a function of pressure. All of them treat water as
a homogenous medium, neglecting the changes caused by the strong electrical field
and high pressure in the proximity of ions. No publication considers the structural
changes of water directly. But these structural changes have an influence on
the pressure behaviour of solvent properties such as density, compressibility and
dielectric permittivity. While most authors use empirical values or equations for
these properties, there is an indirect account for these structural changes.

An early Equation (1.3) was given by Owen and Brinkley [91]. They used
an equation of Gibson [92, 93] to describe the compression of water due to ions,
based on Tammann’s hypothesis [48, 50, 94] which treats the influence of ions on
water as an additional pressure. This additional ”internal pressure” is equal to
the pressure in which pure water has the same compressibility as the solution at
standard pressure. Therefore, the compressibility at standard pressure, κo, is a
measure for the electrical influence of ions, its value determining how the volume
changes with pressure. The influence of steric arrangements on the volume change
included in the volume change at standard pressure ∆Vo is assumed to be not
influenced by pressure.

RT ln
K(p)

K(po)
= − ∆Vo(p− po) (1.3)

+ ∆κo(B + po) ·
[
(p− po)− (B + po) ln

(
B + p

B + po

)]

where the parameter B is a function of temperature (B (298 K) = 299.6 MPa)
and the subscript o denotes that the values are at standard pressure. ∆κo, the
difference in the molar compressibilities is the derivative

(
∂∆V
∂p

)
po

and can be seen

as the difference in the influence of products and reactants on the compressibility
of the solution at standard pressure. Uncharged molecules are assumed to have
no influence.

Lown et al. [79] have reported that there is a rough but simple correlation
between ∆Vo and ∆κo:

∆κo ≈ 2.13GPa−1 ·∆Vo (1.4)

and they suggested using this equation to calculate the difference in compress-
ibility from volume change data if no compressibility data are available. This
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means that the pressure increase caused by the ions is assumed to be responsible
for both the change in volume and the change in compressibility.

A shortcoming of Tammann’s hypothesis is in treating all water molecules
as being influenced in the same way. But as shown previously, there is a large
difference in the internal pressure in the proximity of ions and that further away.

North [95] derived an equation similar to (1.3) in a completely different way:
he considered only water molecules which were strictly bound in close proximity
to the ion. This ”hydration” is included in the complete reaction.

Instead of

HA ⇀↽ A− + H+

he formulated the equilibrium so:

HA · η1H2O + (η2 + η3 − η1)H2O ⇀↽ A− · η2H2O + H+ · η3H2O

where ηi specifies the number of bonded water molecules. Assuming that other
water molecules are not influenced by the ions, the volume change of this reaction
is:

∆V = V(H+·η3H2O) + V(A−·η2H2O) (1.5)

− V(HA·η1H2O) − (η2 + η3 − η1)VH2O.

He also approximated that the bonded water is incompressible, likewise the ions
H+ and A− and the acid HA. Therefore the change of ∆V with changing pressure
can be calculated as only the volume change of the (η2 +η3−η1) water molecules.
In a similar manner to Owen and Brinkley [91] he used an equation from Tait to
describe the pressure behaviour of water and obtained:

RT ln
K(p)

K(po)
= − ∆Vo (p− po) (1.6)

+ ηtotCVW,o

[
(p− po)− (B + po) · ln

(
B + p

B + po

)]

where VW,o is the molar volume of water at standard pressure and C a constant
(VW,o (298 K) = 18.02 cm3/mol; C = 0.725). B is the same as in Equation (1.3)
and ηtot = η2 + η3 − η1.
Él’Yanov and Hamann [96] reported that North enhanced his Equation (1.6)
with ηtot ≈ 0.213 mol

cm3 ·∆Vo as the number of bonded water molecules is often not
known. This means that the change in the number of bonded water molecules
can be calculated by the volume change at standard pressure. When this term is



CHAPTER 1. INTRODUCTION 9

included in (1.6), an equation is reached which requires only the volume change
at standard pressure as a parameter depending on the individual reaction:

RT ln
Ka(p)

Ka(po)
(1.7)

= −∆Vo

[
(p− po) + 2.78

〈
(p− po)− (B + po) ln

(
B+p
B+po

)〉]
.

This approach is similar to that of Owen and Brinkley with the correlation be-
tween the reaction volume change and the change in compressibilities. Indeed,
if the second derivative of Equation (1.7) with respect to pressure is taken, then
one obtains the compressibility change at ambient pressure, which is similar to
the correlation (1.4) of Lown et al.:

∆κo ≈ 2.28 GPa−1 ·∆Vo. (1.8)

A higher accuracy at higher pressures was obtained by authors which calculate the
pressure dependency of the equilibrium constant by the change in the dielectric
permittivity of the solvent [96, 97, 98, 99, 100, 101], their line of argument was
that pressure enhances the electric permittivity of water. An increase in electric
permittivity lowers the electrical work needed to separate opposing charges which
happens when an acid dissociates or a salt is dissolved [99, 102]. A change
in this electrical work also means a change in the Gibbs free energy. While
a minimum of Gibbs free energy is a precondition for equilibrium, the change
in the equilibrium constant can be calculated by the change of the dielectric
permittivity. This would seem to be an additional influence on the pressure
dependency of the equilibrium constants, but is just another way to formulate
the previously mentioned compression of water by the electric field of an ion. That
is due to both the attractive forces between the ion and water and the electric
permittivity being dependent directly on the ability of the permanent dipoles to
orientate in the electric field and on the degree of the induced dipole moment.
Furthermore, as a consequence of the equation of Planck (1.1), it is essential for
each physical value changing with pressure and having influence on an equilibrium
(such as the dielectric permittivity) to be accompanied by a volume change. Or
in other words, a part of the electrical work expended in separating the charges
is used to compress the surrounding solvent. And as this is the only part which
is accompanied by a volume change, only this part is influenced by pressure. A
change in the dielectric permittivity with pressure is therefore a measure for this
part of the electrical work.
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While most authors compare only separately measured values, Él’Yanov and
Hamann [96] gave an equation for the equilibrium constants derived from the
pressure dependency of the dielectric permittivity:

RT ln
K(p)

K(po)
= − ∆Vop

1 + bp
. (1.9)

where b is a constant (b = 0.92 GPa−1). The term describing the pressure de-
pendency is derived from the pressure dependency of the dielectric permittivity.
The authors used as the basis for their considerations an equation from Born
[102]. Although this equation is based upon a crude model which assumes that
the properties of water, such as the dielectric permittivity, are not influenced by
the electric field of the ion, it has proven to be useful in describing many effects
of ionic solutions.

Nevertheless, Nakahara [103] found a mistake in the derivation of Él’Yanov
and Hamann’s correlation: they showed in their publication an agreement of
the interrelation between the pressure behaviour of the equilibrium constants
and that of measured values of the dielectric permittivity at 298 K, but the
correlation only works at this specific temperature. To prove this, Nakahara
derived a function for the pressure behaviour of the equilibrium constant on
the basis of a fit to the measurements of the dielectric permittivity using the
same assumptions as Él’Yanov and Hamann, but using several temperatures, and
obtained an equation similar to (1.9), but where the parameter b is now a function
of temperature. However, a consideration for the temperature dependency of b in
Equation (1.9) leads to a decrease in accuracy compared with measured values.
Nakahara concluded that the assumptions used for Equation (1.9) do not lead to
the correct findings.

This is at first surprising as the equation of Born has been well proven as
a basis for numerous theories such as the description of activity coefficients of
ions as a function of ionic strength [104] and the dissociation of salts into ions
in solvents of different dielectric permittivities [105, 106, 107, 108, 109] and at
different temperatures [110, 111, 112].

Even so, most of these theories show only tendencies or need empirically
determined parameters and for some solubility experiments in different solvents
the theory fails [113]. Furthermore, Millero [114] described density measurements
of aqueous Sodium Chloride solutions and compared his results with the Debye
Hückel’s theory, which is based on Born’s theory. Like Nakahara he found an
agreement of a theory based on Born’s ideas only at a temperatures of 298 K and
a deviation at other temperatures.

For a comparison of all previously mentioned equations, Figure (1.1) shows a
graph of calculated pK-values (pK = − lg(K)) using the example of the dissoci-
ation reaction of Ammonium Hydroxide at 318 K (Reaction (1)).

Reaction 1 NH4OH ⇀↽ NH+
4 + OH−
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Additionally, measured values of this reaction are plotted.

Figure 1.1: pK-values for the dissociation of Ammonium Hydroxide at 318 K as a
function of pressure, calculated according to the following equations:

Owen and Brinkley: Equation (1.3) with B = 308.1 MPa [115];
and ∆κo = 53.36 cm3

GPa [96];
North: Equation (1.7) with B = 308.1 MPa [115];
El’Yanov and Hamann: Equation (1.9) with b = 0.92 GPa−1 [96];
Nakahara: Equation (1.9) with b = 1.167 GPa−1 [103];

for all equations: ∆Vo = −28.5 cm3

mol [96].
Measurements from Hamann and Strauss [97] (corrected according to [96]).

As can be seen from Figure (1.1) there is a good agreement with measurements
for all equations for pressures up to 200 MPa. Above this pressure the curves
diverge and a good agreement is only reached with the equation of North (1.7)
for pressures up to about 600 MPa and the equation from Él’Yanov and Hamann
(1.9) for the whole of the pictured range (which, incidentally, is the entire region
in which water is liquid at this temperature).

One reason why the theory of Owen and Brinkley shows good agreement with
measurements at lower pressures is that they use the volume change and the com-
pressibility change of a reaction at standard pressure as parameters. The volume
change is proportional to the first derivative and the compressibility change to
the second derivative of the curve in Figure (1.1) (see Equation (1.1)). Therefore
their equation has the same slope and curvature at the intercept with the Y axis
and thus it is not surprising to find a good agreement in the region where there is
no strong change in the curvature. Indeed, Lown et al. [79] proved that it is pos-
sible to reach a satisfactory accuracy in this pressure range if the compressibility
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is treated as being constant. The conformity of North’s Equation (1.7) with the
measured values is surprisingly accurate as he neglected to account for influences
other than hydration. This may be partly coincidental, but could also show the
huge importance of hydration on the volume change of such reactions.

The larger deviation of the curve according to Nakahara than that of Él’Yanov
and Hamann demonstrates that the basic principle of Born’s theory fails. Nev-
ertheless, as a phenomenological description, the equation from Él’Yanov and
Hamann (1.9) shows a satisfactory agreement with the measurements.

An error of around 0.5 and 1 pK-unit predicted by the equations of North
(1.7) and Owen and Brinkley (1.3) respectively for the dissociation of Ammonium
Hydroxide at higher pressures leads to an error on the same order of magnitude
if, for example, the pOH-value of an Ammonium Hydroxide buffer is calculated
using these equations. With the huge relevance of small changes in the pOH-
value in many reactions, such errors can lead to a misleading interpretation of
the results.

The changes of the pK-values (and also the errors in the calculations) are
proportional to the volume change. While, for the example in Figure (1.1), a
reaction with a large volume change was used, most equilibria are not so strongly
influenced by pressure. Organic carboxylic acids, for example, mostly have a
volume change of around -14 cm3

mol
(298 K)4 [69] which is about half that of the

dissociation of Ammonium Hydroxide (-28.9 cm3

mol
(298 K)). Reactions in which

both products and reactants have the same number (and charge) of ions can
have small volume changes. An example of such a reaction is the following:

Reaction 2 NH4OH + H+ ⇀↽ NH+
4 + H2O

which has a volume change of -6.8 cm3

mol
(298 K). This at first appears surprising

as this reaction would seem to be another formulation of Reaction (1), but the
difference in both ”formulations” is the dissociation reaction of water into H+

and OH−, which also shows also a pressure dependency, as two ions are formed.
The volume change of the dissociation of water (-22.1 cm3

mol
(298 K)) is therefore

the difference in the two reactions of Ammonium Hydroxide.
Reactions with changing Hydrogen bond- and Van-der-Waals-forces such as

crystallisations, gelifications, swellings and hydrations have also often a large
volume change and consequently a considerable pressure dependency.

High pressure has also an influence on the so-called hydrophilic interaction (an
overview is given by Asano and Noble [69, 71]). Hydrophilic interaction means
interaction between polar solvents and unpolar groups of molecules. Among the
unpolar groups only Van-der-Waals London forces are relevant. Additionally, be-
tween polar solvents and unpolar groups, the stronger permanent dipole-induced

4An exception is found in the two smallest members in the series of linear carboxylic acids
Formic acid (-8.5 cm3

mol (298 K)) and Acetic acid (-11.3 cm3

mol (298 K)) [69]. This is possibly due
to the dimerisation of the protonated free acid molecules.
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dipole interactions play a role. Also, in water, permanent dipole-permanent dipole
interactions and Hydrogen bonds are present. All these interactions are attracting
forces and therefore a volume reduction is to be expected. As previously men-
tioned an exception is found for Hydrogen bonds in water which form ice-like
structures. Accordingly, observations such as the volume decrease when blending
alcohol and water are caused more by the decrease in Hydrogen bonds than an
increase in hydrophilic interactions. Or in other words: the increase in the inter-
play between water and unpolar groups with pressure is due to a destruction of
the structure of water by hydrophilic groups causing a decrease in volume [69].

The formation and destruction of micelles from Phospholipids, for example,
is also a function of pressure. This reaction is of great relevance in biology as
damage to cell membranes is often responsible for the killing of microorganisms
under pressure [13, 15, 16, 116, 117, 118].

There are many influences on the volume change accompanying the formation
of micelles, and until now it has not been possible to estimate the degree of the
individual influences. A volume increase due to the formation of micelles is to
be expected due to the so called ”hydrophobic interactions” discussed above5.
The arrangement of the hydrophilic groups in a micelle is similar to that of solids
and therefore potentially accompanied by a decrease in volume. The melting of
hydrocarbons is normally associated with an increase in volume of approximately
10 % and a large volume change can therefore be expected for the ”melting” of
membranes.

Another important influence to be expected is the repulsion of like charges
if the micelle is formed by molecules containing a charged group, such as the
Phosphate group in Phospholipids. This repulsion causes an increase in volume
due to forming micelles, particularly as it has to be seen according to the state in
solution in which this group causes a volume reduction by electrostriction. The
effects of destabilising micelles at pressure seem to preponderate as shown by the
experiments made so far. Reactions can also be affected by pressure because of
their activation volume. For example, less radical chain reactions occur at high
pressure, due to the large activation volume necessary for forming radicals.

Influence of High Pressure in Biology

The study of the effects of pressure on living organisms is called barobiology. In
general, gram-negative bacteria are inactivated at a lower pressure than gram-
positive [120] and cells in the exponential phase are usually more pressure sensi-
tive than cells in the log or stationary phase of growth [120, 121]. Some bacterial
spores can resist pressures of more than 1 000 MPa. For inactivation of bacterial
spores a combination of high pressure and temperature treatment is an efficient

5This is only valid for micelles containing hydrophobic groups. But with the exception of
Polyoxomolybdate [119] no micelles without such groups have been described until now. For
the pressure stability of Polyoxomolybdate micelles no data is available.
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method [1, 122, 123]. In addition, the inducing of germinating by pressure or
thermal treatment and killing the vegetative cells by a second pressure or ther-
mal treatment is possible [124, 125, 126]. Viruses appear, as a rule, to be most
resistant to pressure [121, 127, 128], though some phages are sensitive to pressures
of about 200 MPa [5].

Besides food and health technology where researchers are concerned with the
inactivation of microorganisms, another group of scientists are interested in the
influence of pressure on living creatures. These are biologists investigating life in
extreme conditions such as in deep see (e.g. [129, 130, 131]), beneath polar ice
or in deep ground strata (e.g. [132, 133]). Uwins et al. [132] found indications
of life in sandstone sediments at pressures of up to 200 MPa and temperatures
between 383 and 443 K.

The first barophilic bacteria from the deep sea were described in 1979 by
Yananos et al. [134], and the first paper about obligatory barophilic bacteria
was published in 1987 by the same authors [135]. Mammals can also cope with
extreme pressures, whales being able to dive up to a depth of 3 000 m with a
pressure of about 30 MPa.

In particular, the depth of the sea seems to accommodate various habitats
with great biodiversity, comparable with that of the tropical rain forest. An
indicator for this large diversity is that numerous new species are discovered with
every new expedition to these regions (e.g. [130, 136, 131]). Besides the rich fauna
and flora, the deep sea is of great interest as umpteen creatures exists there from
early times of life on this planet [32, 131].

Habitats with the highest pressures can be found in deep sediments mostly
below the ocean bed. Among the organisms from such sediments which can be
cultured at ambient pressure are the smallest and one of the oldest forms of life
which have been observed until now [132].

Biochemical changes which are caused by pressure, such as enzyme activities,
influence metabolism and growth, and also genetic variances and cell division.
Inhibition of cell division is thought to be responsible for filament formation at
high pressure, a morphological change observed in many microorganisms. For
example, at 40 MPa Escherichia coli grows up to 50 times the length than that
at 0.1 MPa [23]. Another possible effect of high pressure is the inhibition of
the availability of energy from microorganisms due to changes of the energy-
producing enzymes. The denaturation of proteins at high pressure has been
attributed to the pressure-induced unfolding of protein chains. Conditions for
denaturation vary greatly for different enzymes.

The effect of pressure on microorganisms is a combination of the fore men-
tioned factors. Some changes in cell morphology can be induced which are re-
versible at low pressure but irreversible at high pressure. At higher pressure
the death of microorganisms is believed to be caused by permeabilisation of cell
membranes [13, 15, 16, 137, 138] or due to a loosened contact between the mem-
brane surface and attached enzymes [139]. Also the inactivation of DNA [140],
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ribosomes [141] or key enzymes, including those involved in DNA replication and
transcription [3], are held responsible for inactivation of microorganisms.

Usually, thermal treatment leads to the irreversible denaturation of proteins
[56]. In contrast, the effect of applying hydrostatic pressure of between 100 and
400 MPa to proteins is often reversible [19]. This is probably due to conforma-
tional changes and sub-unit dissociation/association processes. This phenomenon
could be of practical use in controlling certain enzyme reactions [142].

1.2 pH-Value

The activity of a Hydrogen ion aH+ is a key factor in describing thermodynamic
and kinetic properties of processes occurring in aqueous solutions. Because of the
wide range over which aH+ can vary it is common practice to express aH+ in a
logarithmic scale as pH:

pH = −log(aH+) = −log(γH+

mH+

mo

), (1.10)

where mH+ and γH+ are the molality (in mol/kg) and the activity coefficient of
a Hydrogen ion respectively in the system. mo is a factor to make the activity
dimensionless: mo = 1mol/kg. The definition of pH goes back to Sörensen [143]
(but is there based on concentrations and without activity coefficients). There is
a second ”practical” definition noted in IUPAC’s Manual on Physical Chemistry
Definitions [144] (see also [145]), as the activity coefficient of a Hydrogen ion is an
abstract quantity which cannot be measured directly. In this case, the pH-value
is defined by an electrochemical determination (see Chapter 2) with reference to
standard buffer solutions, whose pH-values are known.

The pH-value of a solution is influenced by all reactions which form or dis-
sipate H+ ions or change the activity of existing H+ iones. These reactions are
influenced by pressure, temperature and ionic strength. Dissociation of an acid
in water is associated with a change in the number and/or the type of ions, e.g.:

Reaction 3 HCl ⇀↽ H+ + Cl−

(See also Reactions (1) and (2)). As already mentioned in Chapter 1.1.2, pres-
sure lowers the free solution energy of ions. The influence of temperature on
dissociation is due to the enthalpy of both the dissociation and dissolving of the
ions.

A major obstacle for studying many different technological and physicochemi-
cal processes in aqueous systems at high pressure is the lack of a reliable and gen-
erally applicable method for measuring the pH-value. If pH-values at high pres-
sures could be accurately measured, this would greatly increase the knowledge of
protolithic phenomena, including acid-base dissociation, hydrolysis, ion-pairing,
solubility processes, and their associated thermodynamic properties. This would
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provide the basis for the interpretation of many phenomena, mechanisms and
generation of structures in fields such as food technology or microbiology.

1.3 pH-Value and High Pressure Food

Technology

Besides the direct influence of temperature and pressure on food there are indi-
rect effects from conductance variables such as viscosity, thermal conductivity,
electric permittivity, diffusion coefficients, ionic strength and pH-value. All of
these are influenced by pressure and temperature and all affect processes during
high pressure treatment of food. This is illustrated by the interactions between
pressure and pH-value and the influence of both on a model protein in Figure
(1.2).

pH-value influences many phenomena in food technology which are also a
function of pressure. For example, a protein can be denatured by pressure and
also by pH-values which are too low or high. In Figure (1.2), a model protein
is pictured with an Amino group which can be protonated. This protein can
exist in two states: native (pictured numbers and in Figure (1.2)) and
denatured (pictured numbers and ). A denaturation of the protein takes
place if the free enthalpy of the denatured structure is smaller than that of the
native structure. A change in the difference between the free enthalpies of both
structures can be the consequence of protonation: Reaction ⇀↽ tends more
to the right, as the structure stabilising interactions between the Amino group
and other polar groups (here symbolised by 	) is smaller for the deprotonated
Amino group then for the protonated. Thus the protein will be denatured by
pH-values higher than the pKa-values of Reaction ⇀↽ .

Denaturation by pressure can be caused by different phenomena (or a combi-
nation of these phenomena):

• If the volume of is smaller then that of , the equilibrium ⇀↽ will
change according to Equation (1.1). The differences in volume of different
structures of proteins in aqueous solutions are mainly a consequence of the
ability of water molecules to arrange around the protein chain.

• Like ⇀↽ , the equilibrium ⇀↽ is influenced by pressure. Here the
volume difference is mainly due to the electrostriction of solvent caused by
the -NH+

3 group and by H+. This leads to a change in the pKa-values of
the Reaction ⇀↽ , or in other words, the pH-value necessary to denature
the protein changes with pressure.

• Finally, the pH-value of the solution can change as a result of other reactions
which are influenced by pressure (in the example of Figure (1.2) the reaction
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of Phosphoric acid on the right hand side) and the denaturing takes place
as a result of the changing pH-values.

Figure 1.2: Influences of pressure and pH-values on the reactions of a model protein.
The ordered wavy line ( ) symbolises the native structure of the protein which con-
tains an Amino group. This Amino group can be protonised or deprotonised
depending on the pH-value of the solution. The denatured structure is displayed as an
unordered clew ( ). In addition, the reaction of Phosphoric acid is shown as influenc-
ing the pH-value of the solution and being influenced by pressure and by the pH-value.
All reactions are influenced by pressure due to their volume change, symbolised by the
blue arrows. Reactions with a changing number of protons are additionally influenced
by the pH-value of the solution and have an influence on the pH-value. Therefore, an
indirect influence of pressure on protein reactions is possible due to its influence on
the equilibrium of reactions such as that of Phosphoric acid followed by changes in the
pH-value of the solution. A further indirect influence is the pressure dependency of the
pKa-values of reactions such as that of between ⇀↽ .
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In summary, it can be said that all reactions mentioned in Figure (1.2) are
directly influenced by pressure due to to the volume change accompanying the
reaction, but there is a second indirect influence as all reactions with a changing
number of protons influence the pH-value and are in turn influenced by the pH-
value.

Similar behaviour can be observed in dissolving of ions, crystallisations, geli-
fications, swellings, hydrations and biochemical and organo-chemical reactions.
These changes influence microbiological quantities such as growth, metabolism
and mortality of microorganisms and germination of spores.

This means that a change in pressure affects not only the pH-value of a
solution, but also pH-sensitive reactions such as the pH-optimum of an enzyme
or the pH-range in which a microorganism can exist.

High pressure food research must take into account the change of pH-
behaviour of reactions such as enzyme activity and protein denaturing and also
the change of pH-values with pressure. To understand the occurrences at high
pressure, especially the interactions of pH-dependant reactions, it is necessary to
be able to measure the pH-value at high pressure.

The build up of pressure is associated with the generation of inhomogeneities
in several physical parameters such as temperature [10, 35, 36, 37, 38, 39, 40,
41, 42, 43, 146] or pH-value. The reason for this could be inhomogeneities in
the composition such as in jelly with fruit pieces, where both components show
different pH changes with pressure, or inhomogeneous changes of other physical
parameters such as temperature which also influence the pH-value. Therefore, the
question must be answered to which degree such a distribution of the pH-value
can occur. Such observations have not yet been studied under high pressure.
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1.4 Conceptual Formulation

The aim of this work is the development of an in-situ method for pH-measurement
during high pressure treatment of food and microbiological samples. An under-
standing of how the pH-value behaves at high pressure would lead to a better
comprehension of many phenomena observed at high pressure. As mentioned
above, observations such as the coagulation of proteins can be the result of many
transformations. It can be the result of a configuration with higher density or
a change in the pH-value of the solution. Without the possibility of in-situ pH-
determination, it would not be possible in such cases to identify the reason for
such occurrences.

In choosing the optimal method for measuring pH, all systems commonly
used at ambient pressure were assessed for the possibility of adapting them to
high pressure.

An optical system with indicator dyes was proved to be the most appropriate.
Therefore indicator dyes and spectroscopic methods will be described in detail.
As such systems require calibration at high pressure and the pH-value of the
buffer systems depends on pressure, calculations of the pH-changes were made.

For calibration, different chemometrical methods were studied. With the use
of the PCR (Principal Component Regression), accuracies of 0.25 pH-units have
been achieved.

For opaque and strongly coloured samples which cannot be measured using
the described system, an adaptation of the configuration was tested with indica-
tors fixed at the end of a fibre optic cable, or on a film attached at a sapphire
window integrated into a high pressure vessel. Instead of the transmitted light,
the reflected or emitted light is measured. Further benefits include an easier
setup and a better protection of the indicator substances against reactions with
solution ingredients such as proteins.

To estimate the influence of inhomogeneities, a setup was developed to observe
the distribution of the pH-value in a high pressure cell where two solutions of
different pH-values were brought into contact inside an optical cell to observe
their mixing behaviour.



Chapter 2

Methods Used for Measuring
pH-Value

2.1 Overview

In this section, the different ways of measuring pH-values will be introduced and
divided into groups. This classification can be seen in Figure (2.1).

”pH” denotes the negative logarithm of the Hydrogen ion activity. Activity is
an abstract thermodynamical quantity, it can only be measured by its influence
on chemical reaction equilibria. The activity coefficients of a single ion cannot
be determined alone as an ion cannot be observed without the presence of a
counter-ion and the influences of both ions cannot be separated.

There are two ways of measuring pH-values indirectly: one is to measure the
concentration of H+ ions, neglecting the difference between the concentration
and the activity, or to correct it using thermodynamical approximations. The
other way is to assess quantities corresponding to a chemical equilibrium with
H+ ions. Here, equilibria are required with reaction partners which are easily
detectable at low concentrations, as the reaction should not influence the activity
of H+-ions. All systems can be calibrated using buffer solutions whose pH-values
are predetermined by definition [144].

Only one publication can be found which describes a direct measurement of
H+ ion concentrations. Cho [147] describes a determination of H+ concentration
using NIR spectroscopy. A problem of direct measurement of H+ concentrations
is the large measuring range, due to of the logarithmic scale of pH. The pH-range
between 0 and 14 corresponds with H+ activities of 14 orders of magnitude and
no measuring system can be exact over such a range1.

The other way of measuring pH is the determination of H+ ion activity with
suitable reactions. This should not lead to the assumption that these measure-

1Cho described measurements of pH and pOH-values in the range between 0 and 7, but
nevertheless the accuracy near the neutral point was poor.

20



CHAPTER 2. METHODS USED FOR MEASURING PH-VALUE 21

Figure 2.1: Classification of different ways for pH-measurement.

ment systems are independent of ionic strength, as all reaction partners are influ-
enced. Therefore, either thermodynamical corrections are necessary or reactions
must be used in which the agents are mostly unaffected by ionic strength. This
is the case for uncharged agents .

A reaction with H+ can be written as follows:

Reaction 4 HA ⇀↽ H+ + A−

where A− is the reaction partner and HA the product, e.g. the deprotonated and
the protonated structure of an indicator dye2. The Law-of-Mass-Action for this
reaction is:

Ka =
aH+ · a(A−)

a(HA)

(2.1)

2Here A− is characterised to be single negative charged, but this is not generally the case.
It is only necessary that HA has one elementary charge more than A.
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where Ka is the equilibrium constant for Reaction (4). At least one of the species
A− or HA has to be easily detectable e.g. strongly coloured. With most methods
which detect reaction partners of H+, concentrations of the reaction partners are
determined and not the activities. Therefore Equation (2.1) must be converted
to contain the concentration of the reaction partners. For the concentration of
HA (cHA), for example, the following equations are obtained:

Ka =
aH+ · γ(A−) ·m(A−)

γ(HA) ·m(HA)

(2.2)

= aH+

γ(A−) ·
mΣ−m(HA)

ρ

γ(HA) ·
c(HA)

ρ

10(pH−pK∗
a) =

cΣ − c(HA)

c(HA)

.

where cΣ = c(A−) + c(HA) ≈ const.3, ci = mi

ρ
, K∗

a = Ka ·
γ(HA)

γ(A−)
and pK∗

a =

− lg K∗
a . The modification of Ka into K∗

a was made in order to include the activity
coefficients of HA and A− (but not that of H+) in the equilibrium constant. K∗

A

is therefore additionally a function of the ionic strength.
If the sensitivity σ is defined4 as the change of the analyte concentration c(HA)

with the change of the pH-value based on the total amount of all forms of the
analyte cΣ, the following is obtained:

σ =
1

cΣ

∣∣∣∣∣dc(HA)

dpH

∣∣∣∣∣ (2.3)

=

∣∣∣∣∣ ln(10)

10(pK∗
a−pH) + 2 + 10(pH−pK∗

a)

∣∣∣∣∣ . (2.4)

The detailed calculation steps which lead from Equations (2.2) and (2.3) to
Equation (2.4) are itemised in Equations (5.1) in appendix 5.1.1. Figure (2.2)
shows the graph of σ for Equation (2.4) in dependency of |pH − pK∗

a |.

As can be seen from Figure (2.2) the sensitivity decreases rapidly if the pH-
value diverges from pKa. Therefore, a measurement on the basis of reactions

3cΣ = c(A−) + c(HA) (in mol/dm3) is not exactly a constant, as the volume is a function of
the composition of c(A−) and c(HA).

4This definition of the sensitivity does not account for the fact that the accuracy of con-
centration measurements often depend on the concentration of c(HA). For example, the law
from Lambert and Beer, ci ∝ ln I

Io , used for the measurements with indicator dyes, is not
linear. I and Io represent intensities of the light passing through the sample with and without
indicator, respectively. A calculation of the sensitivity of this special case is shown in appendix
5.1 (Equations (5.2) to (5.7)). But the graph in Figure (2.2) would not essentially change.
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Figure 2.2: Sensitivity σ = 1
cΣ

∣∣∣dc(HA)

dpH

∣∣∣ in dependency of |pH − pK∗
a | (Equation (2.4)).

The graph shows the changes of the concentration of a detectable analyte HA (e.g. an
indicator dye) with the pH-value. Good accuracy is given with pK∗

a = pH ± 0.5 to 1.

with H+-ions is limited in a similar way as the measurement of concentrations.
While Reaction (4) itself influences the pH-value, the amount of cΣ should be
small compared to c(H+) and c(OH−) or to buffering agents. In pure water, for
example, this condition is practically unfeasible. The reagent has to be easy
detectable in concentrations much smaller than 10−7 mol

dm3 . But most food and
even tap water contain buffering agents in a magnitude of 10−3 to 10−1 mol

dm3 . Such
solutions could be measured with indicator dyes, as they are intensely coloured
even in concentrations of around 10−5 mol

dm3 .
A possible way of taking measurements over the full pH-range is to use a mix-

ture of indicator dyes, where each is responsible for a part of the pH-range. This
method combines the high accuracy of measurements with indicator dyes with
a large measuring range, but is also associated with a complicated data analysis
due to overlapping spectra. However, due to the advances in chemometrics in the
last years these problems can be solved now [148, 149, 150].

Some reactions which are catalysed by H+ or OH−-ions can also used for mea-
surement of the pH-value. Examples are the dissociation of Diazzoacetylethan
(Reaction (5)), the inversion of Saccharose (Reaction (6)) and the oxidation of
Lucigenin (Reaction (7)):

Reaction 5

[H+]

N2 = CHCOOC2H5 + H2O ⇀↽ N2 ↑ + HOCH2COOC2H5

Reaction 6

[H+]

D(+)Sucrose ⇀↽ D(−)Fructose + D(+)Glucose
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Reaction 7

.
The progression of Reaction (5) can be observed by the amount of accumulated
N2-gas, that of Reaction (6) by the change in optical activity and the rate of
Reaction (7) can be determined by the intensity of the luminescence. Here the
reaction rate is a measure for the H+ activity. This allows an extension of the
measuring range, but the measuring time also grows exponentially.

As Nitrogen is a supercritical fluid at pressures above 3.4 MPa, it would be
difficult to adapt a measuring system based on Reaction (5) to higher pressures
(a possibility being to measure the accumulated gas after the pressure treatment,
but dissolved Nitrogen will interfere with the equilibrium).

The adaptation of pH-measurements using Reaction (6) for high pressure
was tried by some investigators (for an overview see LeNoble [151]). The mea-
surements were not successful because they treated the reaction rate as being
unaffected by pressure, but this reaction is influenced by pressure due to the
charged transition state [151]:

Reaction 8

.

But nevertheless, with a calibration at high pressure, a measurement based on
this system would be possible over a limited range of pH-units.

Another reaction rate which depends on the pH-value is the oxidation of
Lucigenin (Reaction (7)). Lucigenin is oxidised by the anionic oxygen radical
O = O−·. This species is formed by an additional enzyme catalysed reaction
(Reaction (9a)) and is in equilibrium with the Hydroxperoxyd radical. This
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equilibrium is a function of the pH-value, as it is a reaction with H+. If an
excess of Lucigenin is used, and the reaction forming the anionic oxygen radical
has a constant rate, the reaction rate for the oxidation of Lucigenin is proportional
to the amount of O = O−·. As Reaction (9b) is accompanied by an emission of
light (luminescence) the rate is easy to detect.

Reaction 9

A measurement at high pressure is possible with such luminescence indicators,
but a calibration at high pressure is necessary, as all concerned equilibria are
functions of pressure.

Another way of measuring a large range of pH-values involves a characteristic
trait of a special group of reactions: reactions with a charge transfer between two
phases. This is the basis for numerous measurement methods to be discussed in
the following section.
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2.2 Determination of the pH-Value Using the

Electrical Potential Difference Caused by

Phase Boundary Reactions

Possible Reactions Used for Electrochemical pH-Measurements

Some reactions at phase boundaries are able to transfer charge from one phase to
the other (e.g. a liquid and a solid phase or two liquid immiscible phases). The
following reactions will exemplify this.

Reaction 10 1
2
H2(l) ⇀↽ H+

(l) + e−(s)

Reaction 11 a) R3SiOH(s) ⇀↽ R3SiO−
(s) + H+

(l)

b) R3SiOH+
2(s)

⇀↽ R3SiOH(s) + H+
(l)

Reaction 12
1
3
Sb(s1) + H2O(l) ⇀↽ 1

3
Sb(OH)3(s2) + e−(s1) + H+

(l)

Reaction 13
Hg(l1) + H2O(l2) ⇀↽ HgO(s) + 2e−(l1) + 2H+

(l2)

Reaction 14

The subscript (s) marks the solid phase and (l) the liquid. In Reaction (13) one
solid and two immiscible liquid phases occur denoted by (s), (l1) and (l2). The
analogous applies for Reaction (13) with one liquid and two solid phases denoted
by (l), (s1) and (s2).

Reaction (10) describes an electrolytic dissociation of dissolved Hydrogen e.g.
on Platinum electrodes and the Reactions (11) describe the occurrences on the
surface of glass electrodes [152, 153], the most commonly used pH-measuring
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system at ambient pressure. R3SiOH represents a part of the glass-surface con-
taining a Hydroxy group. Normally one of the Reactions (11a) and (11b) is
predominant, depending on the pH-value of the solution and the electric poten-
tial difference between the solid and the liquid phase. If not explicitly stated,
the glass-electrode is treated, for simplification, as if only Reaction (11a) would
take place. Note that, in contrast to the other reactions in Reaction (11), no
electrons are added or taken away. Inside the glass the electric potential is held
constant by mobile ions. Similar reactions take place on the gate materials of Ion
Sensitive Field Effect Transistors (ISFET) as described later.

Reactions (12) and (13) are examples of the huge variety of metal|metal −
oxide electrodes. All of these are composed of a metal and its slightly soluble
oxide or Hydroxide (the vertical dash | represents a phase interface).

Reaction (14) with reduced Polyaniline is an example of an electrode material
made from conductive polymers. In addition to the electric potential, the con-
ductivity and the colour of such polymers depend on Reaction (14) and therefore
on the pH-value. Electrodes with conductive polymers as electrode material are
described by Kaden et al. [154, 155] and by Jovanovic et al. [156]. The advantage
of Reaction (14) is that the only reaction partners in the solution are Hydrogen
ions. This leads to independence from other ingredients and from ionic strength.
But until now no material has been found in which no other reactions such as
ion-changing and redox reactions take place. Therefore methods based on such
reactions have no practical use until now.

All of the above mentioned reactions have a similar electrochemical behaviour
which will be discussed in the following section.

Calculation of the Electric Potential Difference between Phases Caused
by pH-Dependent Reactions

The electric potential difference between two phases and the equilibria of reactions
such as (10) to (14) influence each other. This relationship is described by the
following equations as an example for Reactions (10) to (12):

U10 = U∗
10 +

RT

F
ln

aH+

√
aH2

, (2.5)

U11a = U∗
11a +

RT

F
ln

aH+ · a(R3SiO−)

a(R3SiOH)

, (2.6)

U12 = U∗
12 +

RT

F
ln

aH+ · a(Sb(OH)3)

aH2O · 3
√

aSb

,

= U∗
12 +

RT

F
ln

aH+

aH2O

(2.7)

where Ui is the electric potential difference between the liquid and the solid phase
of Reaction (i) and the standard potential U∗

i is the value for Ui when all activities
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are unity; F is the Faraday constant (F = 96485.3415 C
mol

).
The activity of the pure solids aSb(OH)3 and aSb is constant and per definition

unity. The activities of dissolved gasses (here only aH2) and of the groups on the
glass surface aR3SiO− and aR3SiOH are defined as follows:

aH2 ≡ pH2

101300Pa
,

a(R3SiO−) ≡ γ(R3SiO−)

n(R3SiO−)

n(R3SiO−)+n(R3SiOH)
,

a(R3SiOH) ≡ γ(R3SiOH)
n(R3SiOH)

n(R3SiO−)+n(R3SiOH)

where pH2 is the partial vapour pressure of Hydrogen and n(x) is the number of
groups x per area of glass surface.

In Equations (2.5) to (2.7), the electric potential difference is a measure of
the difference of ”charge-concentrations” between the liquid and the solid phase.

Using Equation (1.10), Equations (2.5), (2.6) and (2.7) become:

pH10 = lg
√

aH2 +
F · lg e

RT
(−U∗

10 + U10), (2.8)

pH11a = lg
aR3SiOH

aR3SiO−
+

F · lg e

RT
(−U∗

11a + U11a), (2.9)

pH12 = lg aH2O +
F · lg e

RT
(−U∗

12 + U12). (2.10)

The last term F ·lg e
RT

(−U∗
i + Ui) is identical for all reactions. For some reactions

such as Reaction (10) (Equation (2.8)), all other terms can be kept constant
(the activity of aH2 can be held constant by saturation with a specific pressure of
H2). Such a behaviour is called Nernstian5. Electrodes with Nernstian behaviour
have the advantage that the gradient angle in an electric potential difference/pH-
diagram depends on nothing other than the temperature6.

There is an interesting analogy between Equation (2.9) and the Henderson-
Hasselbalch Equation (2.11)(and similarly, but not so obvious, between (2.8) and
(2.11) or (2.10) and (2.11)).

pH = pKa + lg
a(HA)

a(A−)

(2.11)

Reaction (11a) can be seen as an acid/base reaction with a pKa-value dependent
on the electric potential difference U11a.

5In honour of Hermann Nernst (1864-1941), a German scientist who formulated the princi-
ples of thermodynamics from electric cells.

6But U∗
i is a function of pressure and temperature.
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From a comparison between Equations (2.9) and (2.11) follows:

pKa(11a) = +
F · lg e

RT
(−U∗

11a + U11a). (2.12)

The electric potential difference, U11a, balances itself, as Reaction (11a) is fol-
lowed by a charge transfer. This means a reaction with a ”apparent equilibrium
constant” changing with the process of the reaction. Therefore, such reactions
can be used to measure across a broad pH-range. The analogous applies for
Reactions (10) to (14).

Reaction (12) (and similarly Reaction (13)) seem to have Nernstian behaviour,
as the change in the activity of water is in most cases negligible. But Equation
(2.10) considers only the electrical potential arising from Reaction (12) and disre-
gards the Antimony ions which dissolve. The number of dissolved Antimony ions
is a result of the solubility product for Reaction (15b). To calculate the electric
potential difference of a real Sb|Sb(OH)3-electrode, Reaction (12) can be divided
into three parts:

Reaction 15

a) Sb(s1) ⇀↽ Sb3+
(l) + 3e−(s1)

b) Sb(OH)3(s2) ⇀↽ Sb3+
(l) + 3OH−

(l)

c) H2O(l) ⇀↽ H+
(l) + OH−

(l).

Even if Reactions (15a) to (15c) do not describe the actual single steps of reaction
(12), the resulting electric potential difference must be the same according to
Hess’s law.

In the equation for the electric potential difference from Reaction (15a):

U15 = U∗
15a +

RT

3F
ln aSb3− . (2.13)

the activity of the Antimony ion aSb3− can be expressed by the equilibrium con-
stants K15b and KW from the Reactions (15b) and (15c) respectively:

pH15 = lg
1

K3
15b · aH2O ·KW

+
F · lg e

RT
(−U∗

15 + U15). (2.14)

A detailed description of the computation is itemised in the appendix 5.1.1. Equa-
tion (2.14) shows that the electric potential difference of an Antimony electrode
depends on the solubility of Antimony Hydroxide (Reaction (15b)) and the dis-
sociation of water (Reaction (15c)). Nevertheless, this influence on the electric
potential difference is in most cases small. Therefore the behaviour of electrodes
such as Sb|Sb(OH)3 are called ”near Nernstian”.

A near Nernstian behaviour is also observed for glass electrodes (Reactions
(11)). Consequently, the activities aR3SiO− and aR3SiOH on the glass surface are
nearly constant with changing pH-values (see Equation (2.9)). This is due to a
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minimal change in the equilibrium (11a) which is followed by a strong change in
electric potential difference. For example, a rise of 5 pH-units causes a decrease in
electric potential difference of about 300 mV (at 101.3KPa/298 K). For a sphere
with a diameter of 1 cm this change in electrical potential means a change of about
10−14 mol elementary charge (detailed calculations in [153]). A transformation of
R3SiOH to R3SiO− in this order of magnitude is in most cases small in relation
to the total amount of R3SiOH and R3SiO−. A further deviation from Nerstian
behaviour occurs if surface reactions with different equilibrium constants take
place simultaneously. For example if both Reactions (11a) and (11b) take place
simultaneously or if different Hydroxy groups on the glass surface show different
behaviour due to their position in the SiO2-structure. This causes a deviation of
the slope with one inflection point in a graph Ui as function of pH [157].

All of the above mentioned electric potential differences are the differences
between two phases. The electric potential of an aqueous solution is difficult to
determine directly. For this reason in most cases a second liquid-solid reaction is
used as antipole. Here, reactions which are not influenced by pH-value are used,
e.g. Reaction (16).

Reaction 16

Ag(s1) ⇀↽ Ag+
(l) + e−(s1)

Ag+
(l) + Cl−(l) ⇀↽ AgCl(s2)

The amount of Ag+ is held constant by addition of the hardly soluble AgCl. This
reaction can take place in the same solution, but in most cases a second separate
cell is used. To ensure the same electric potential in both cells an exchange of
charge between the two liquids is necessary. Since charge transport in aqueous
solutions is only possible with ions, it is necessary to allow an ionic migration
between the two liquids. As only a small difference in the number of positive
and negatively charged ions has a strong influence on the electric potential of
a liquid, only a few ions are needed to migrate between the cells through small
ports. Therefore only a small opening is necessary. This minimizes the pollution
of both liquids by migration of ions between the cells. The viscosity of the solution
in the reference cell can also be increased using a gel or a polymer resin which
helps to minimize the diffusion.

The advantage of using two separate cells is that there are no additional
chemicals in the test sample, such as Ag+, and no ingredients from the test
sample can influence the reference electrode7. If two cells are employed, there it
is possible to use the same reaction as a reference in a solution of known pH-
value. This has the convenience that temperature and pressure affect both cells
in the same manner.

7The electric potential difference of an Ag|AgCl-electrode, for example, is influenced by Cl−

ions, heavy metals, anions forming hardly dissolvable salts with Ag+, such as S−−, and by the
redox potential.
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The disadvantage of liquid junctions is the appearance of diffusion potentials.
A diffusion potential originates from charge separation due to different mobility
of ionic species at the liquid junction between two electrolyte solutions of different
type or concentration. The influence of diffusion of charged ions on the electric
potential can be high. For example, the different mobility of H+ and Cl− and
a concentration gradient of 1:10 between two HCl solutions causes a diffusion
potential of 38 mV at 298 K. This leads to an error of more than half a pH-unit.

It is possible to minimize the diffusion potential by using a highly concentrated
salt solution in the reference cell where the anion and the cation have nearly
the same mobility (e.g. KCl or KNO3). Therefore, the diffusion potential of
both ions would be equal but with opposite algebraic sign. Due to the high
concentration of the solution they will dominate the potential if the sample does
not also contain mobile ions in high concentrations [158].

A possible way of avoiding the use of liquid junctions is a flow-through cell.
The reference and sample solutions are fed with pumps into two tubes in which
the reference and test electrodes are also fixed. After passing the electrodes the
fluids are mixed to adjust their electric potential. Such cells were developed
for experiments with supercritical aqueous solutions by Lvov et al. [159] and
improved by Sue et al. [160, 161] enabling measurement at pressures of up to
29.8 MPa and temperatures of up to 666 K.

It must be mentioned that the diffusion potential of a liquid junction and the
potential of a reference electrode are functions of pressure, as mobility of ions
and solubility of AgCl (if the Ag|AgCl electrode is used) are also functions of
pressure.

A further barrier for the migration of solutes between sample and reference
is possible by using a third cell and two liquid junctions to both measuring and
reference cell (see Figure (2.3a)). This so called salt bridge contains a highly
concentrated salt solution in which the anion and the cation have nearly the same
mobility (e.g. KCl or KNO3). While such an arrangement reduces a diffusion
between sample and reference cell it results in a pollution by the ions of the salt
bridge.

Technical Construction of pH-Electrodes

Figure (2.3) shows some types of pH-electrodes. Hydrogen/Platinum electrodes
(H2|Pt) (a) are normally built as a pair of identical cells, one holding the sample
solution, the other with a buffer solution of known pH-value. The two Hydrogen
electrodes consist of freshly platinised Platinum surfaces8 in an open glass tube
and are connected by a salt bridge. The junction between salt bridge and the cells
is a barrier made of a porous material such as glass, ceramic, Teflon or sintered
noble metal. A continuous supply of Hydrogen at a defined pressure (mostly

8Platinised means the electrolytic precipitation of Platinum to achieve a huge surface.
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101.3 KPa) results in a constant Hydrogen activity in both cells.
When freshly prepared, H2|Pt cells are the most accurate cells, with good

sensitivity and selectivity. Therefore, they are used for reference measurements,
but suffer from complicated construction and handling, from redox reactions be-
tween Hydrogen and sample ingredients and from slow response as a long time
is needed to reach equilibrium between the H2 bubbles and the solved H2 on the
Platinum surface. Furthermore, the Platinum surface can become poisoned by
complexing agents such as KCN , As2O3, SO2 and H2S.

A problem in adapting this system to high pressure is the Hydrogen activ-
ity. It is not possible to maintain a constant activity by bubbling gas through
the solution. Eklund et al. [162] solved this problem by pumping an external
(at ambient pressure) Hydrogen saturated solution through the vessel. They de-
scribed a method of measurement to obtain Henry’s constant of Hydrogen up to
supercritical conditions (298.15 - 723 K; 27.5 MPa) but this system can also be
used for measuring the pH-value. As counter electrode a Hg|HgO|ZrO2(Y2O3)|
electrode (described later) was used.

A simpler setup can be achieved if a Hydoquinone/Quinone mixture is used in-
stead of Hydrogen. For such Quinhydrone electrodes, a wire of Platinum or Gold
with a very small amount of Quinhydrone (an equimolar mixture of Quinone (left
side in Reaction (17)) and Hydroquinone (right side in Reaction (17))), is added
to the solution. As both are hardly soluble, a constant amount present in the
solution is in equilibrium with the precipitation. Reaction (17a) takes place at
the metal surface, resulting in a constant activity of H2 on the metal surface.
But in contrast to the H2|Pt electrode, the Quinhydrone electrode has no Nerns-
tian behaviour. Using the same approach as for antimony electrodes the electric
potential difference between solution and metal can be calculated as the electric
potential difference of a H2|Pt electrode (Reaction (10)) with a H2 activity re-
sulting from Reaction (17b). Or in other words, Reaction (17a) can be treated
as the sum of Reactions (17b) and (10). The activities from Hydroquinon and
Quinone are a result of their solubility. The final electric potential difference is
therefore, in addition to the pH-value, a function of the equilibrium constant of
Reaction (17b) and the solubility of both species. A Quinhydrone electrode can
be used in a pH-range of 0 to 9 at ambient pressure9. Above a pH-value of 9 the
electrode accuracy breaks down, as the Quinhydrone becomes too soluble and
easily oxidised. The solubility of Hydroquinon and Quinon are influenced by the
ionic strength of the solution. Therefore the archived electric potential difference
of a Quinhydron electrode is also influenced by electrolytes. Nevertheless, be-
fore glass electrodes came into common use, such electrodes were customary for
laboratory work at ambient pressure. Because of the pressure dependency of the
solubility of Hydroquinone and Quinone and of Reaction (17a) such an electrode
must be calibrated if it is to be applied at high pressure.

9No data is available for higher pressures.
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Figure 2.3: Setup using different kinds of pH-electrodes. (a) Hydrogen/Platinum
electrode, (b) glass electrode, (c) Mercury electrode (Hg|HgO) and (d) ISFET. For the
electrical connection between measuring and reference electrode different possibilities
are shown: in (a) two identical cells are joined by a salt bridge, (b) and (c) have a
single liquid junction and in (d) the reference electrode is placed directly in the sample
solution.
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Reaction 17

The reaction of a H2|Pt electrode (Reaction (10), Figure (2.3a)) can be di-
vided into two steps. An intermediate step on the Platinum surface is the forma-
tion of Platinum Hydrid (PtH), the second the transformation to Pt, H+ and
e−.

The same reactions happen with Palladium but here more Hydrid is formed
[163]:

Reaction 18

a) 1
2

H2(l) + Pd(s) ⇀↽ PdH(s)

b) PdH(s) ⇀↽ H+
(l) + e−(s) + Pd(s).

Reaction (18a) will happen not only on the surface as Hydrogen is able to diffuse
into Palladium. The interstitial in the lattice of Palladium allows a high degree
of so called atomic solution in a solid. Therefore, it is possible to saturate the
electrode cathodically with PdH at ambient pressure (the return Reaction (18b)).
Afterwards, this electrode can used without the need for additional H2. This is
possible as only Reaction (18b) is linked with a change in charge and therefore
only the H+-ions are responsible for the electric potential difference. Such an
electrode was used by Macdonald et al. [164] (see also [165]) at pressures of up
to 60 MPa and temperatures of up to 548 K.

To enable an electrical contact at the glass surface a metal can be coated
by enamel glass. But as can be seen in Reaction (11) there are no formed or
consumed electrons as found in the other reactions. Therefore, current conduction
is not possible and the measured electric potential difference is a result of load
attraction and rejection as in a capacitor. Enamel electrodes are used for rough
industrial conditions (sometimes the complete coating of a reactor is used as an
electrode) where no exact measurements are necessary.
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A better electrical contact can be made by using a layer of conductive poly-
mers between the glass and a metal surface. Ions from glass can move into or out
of the polymer. By load attraction and rejection, electrons from the polymer can
move between polymer and metal [154, 155].

Apart from these special cases, most applications of glass electrodes use a
thin spherical glass membrane (pictured red in Figure (2.3b)), where both sides
are immersed in aqueous solutions. The solution inside is a reference buffer with
known pH-value. The electric potential is the same on both glass surfaces, the
electric potential difference between the glass membrane and the liquids depends
on their pH-value. Therefore the electric potential difference between the liquids
depends on their pH-difference. These electric potentials are measured indirectly
with the help of a pH independent internal element such as an Ag|AgCl electrode
(Reaction (16)).

Ag|AgCl is the most common internal element, suitable for almost all ap-
plications. Another commonly used electrode is Hg|Hg2Cl2. Internal elements
from Cu|CuCl and Thalamid (T l|Hg|T lCl) are also a possibility but are rarely
used.

In most cases the reference electrode is separated in an additional cell by a
liquid junction similar to those in H2|Pt, the glass and the Hg|HgO-electrodes
(yellow in Figure (2.3)). Many applications for glass electrodes use combined elec-
trodes with both half cells contained in one body as shown in Figure (2.3b). As
for the H2|Pt cell in Figure (2.3a), there is the possibility of interfacing the sam-
ple solution with the reference cell by a double junction containing an electrolyte
solution.

The construction of a glass electrode is easier than that of a H2-Platinum
electrode and sensitivity, selectivity and stability are satisfactory for most appli-
cations. However, glass electrodes have several disadvantages due to the intrinsic
nature of the glass membrane. For example, glass electrodes are easily affected
by alkaline or HF solutions, the selectivity to alkali, silver and ammonia ions
is poor at high pH-values, the fragility of glass confines their applications, they
often exhibit a sluggish response and they are difficult to miniaturise.

For high pressure measurements with glass electrodes it is necessary to pro-
tect the glass membrane with a pressure balance to get the same pressure in all
cells. This pressure equalisation can be realised by a membrane, an insulating
fluid immiscible with water such as silicon oil [166, 168] or by moveable rubber
stoppers [173, 59] or Teflon pistons [171]. The use of silicon oil was criticised by
Withfield [171] because it pollutes the solutions and distorts the measurement.
Measurements with glass electrodes at up to 300 MPa are described by several
authors e.g. [59, 166, 167, 168, 169, 170, 171, 172, 173].

A further way to measure the electric potential of an insulating membrane
is by using Ion Sensitive Field Effect Transistors (ISFET). The surface consists
of a small layer (gate electrode) made from a material such as Si3N4, Al2O3 or
Ta2O5 fixed on p-doped Silicon. This layer shows a similar behaviour to the
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glass surface of a glass electrode (Reaction 11). The p-doped Silicon is enclosed
by two n-doped Silicon electrodes. This electrodes are called drain (p-doped)
and source (n-doped, see Figure (2.3d)). The electrical resistance between drain
and source is influenced by the electric potential of the gate material. This
potential depends on a reaction similar to Reaction (11) and the potential of
the liquid. While Field Effect Transistors (FET) have a satisfying accuracy in
only a small range of electric potential, the potential of the liquid is adjusted
by a reference electrode with the help of an electric circuit. This electric circuit
changes the electric potential of the reference electrode until a predetermined
current between drain and source in the most sensitive range of the FET is
reached. The electric potential difference measured on the reference electrode is
consequently a measure for the pH-value. One of the advantages of ISFETs is
the possibility to miniaturise them.

Until now, the technology of ISFETs has shown problems with the selectivity
and long time stability of the gate materials. An adaptation for high pressure is
in principle possible but has not been executed up to now.

A simple Antimony wire can be used as electrode, as Reaction (12) takes
place when Antimony is submerged in an aqueous solution. pH-electrodes made
this way exhibit problems with reproducibility and long time stability due to
defects in the crystal structure of the generated Sb(OH)3. This means that an-
timony electrodes must be compounded with a pure surface of monocrystalline
Sb2O3. Such electrodes are used, for example, for aggressive samples such as HF
[174], in which glass electrodes corrode, or for in vivo measurements of blood and
muscles [175] because of the possibility to miniaturise them. Unlike glass elec-
trodes, metal|metal− oxide electrodes usually suffer from redox interference due
to the fact that metal-oxides are mixed conductors, and electrons as well as ions
may determine the electric potential. Furthermore, the solubility of Antimony
Hydroxide is too high at pH-values smaller than about 3.

In addition to Sb|Sb(OH)3 electrodes, Milazzo [182] describes electrodes made
from W |WO3 and Mo|MoO3. Other metal|metal−oxide are made from Ir|IrOx

[176] and Bi|Bi2O3 especially for concentrated KOH solutions [178] and Pd|PdO
for in vivo blood measurements [179, 180]. Fog at al. [181] studied various elec-
trodes including Pt|PtO2, Ir|IrO2, Ru|RuO2, Os|OsO2, Ta|Ta2O5, Rh|RhO2,
Ti|TiO2 and Sn|SnO2. The results on pH-sensitivity, working pH-range, ion and
redox interferences and hysteresis indicate that Ir|IrO2 and Ru|RuO2 are most
useful at ambient pressure.

High temperature/high pressure measurements are described for Pt|PtO2,
Ir|IrO2, Rh|RhO2, Zr|ZrO2 [183] and W |WO3 [184] up to 523 K and 400 MPa
and for IrO2 up to 473 K and 26.6 MPa [165].

A Mercury electrode (Figure (2.3c)) is a special case of metal|metal − oxyde
electrode because of the two liquid phases. In practical use the liquid Mercury
is emulsified to a paste with the solid HgO and the reaction takes place on the
Mercury surface. As the liquid Mercury is not crystalline, the electric potential
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difference cannot be influenced by inhomogeneities in the lattice.
With a special construction it is possible to inhibit the solution of Hg+ ions

and therefore the solubility of HgO has no influence on the electric potential
difference [185]. The Hg|HgO-paste is enclosed by a Yttria-stabiliced Zirconia
ceramic membrane (ZrO2 +9%Y2O3). This ceramic is a conductor for oxide ions
because it has the crystal structure of Zirconia (ZrO2) with some Zirconium ions
being replaced by Yttrium. As Yttria (Y2O3) has a lower ratio between oxygen
and metal, some spaces for oxygen in the crystal remain empty. These so called
oxygen vacancies can be filled by oxide ions from the sample solution or from the
mercury oxide on both interfaces of the ceramic. Inside the ceramic the oxygen
moves by hole conductance. Whether more oxygen is moving from the aqueous
solution to the Hg|HgO paste or in the other direction depends on the following
equilibria:

Reaction 19

a) Hg(l1) + O2−
O(s2)

⇀↽ HgO(s1) + VO(s2) + 3e−(l1)
b) H2O(l2) + VO(s2) ⇀↽ 2H+

(l2) + O2−
O(s2).

where VO(s2) designates (in Kroger-Vink notation) an Oxygen vacancy in the
Yttria-stabilised Zirconia lattice and O2−

O(s2) characterises an oxide ion in an an-
ion site in the lattice. With this intermediate step the electric potential difference
of a Hg|HgO electrode is independent of the solubility of mercury oxide. Yttria-
stabilised Zirconia electrodes show an ”ageing” behaviour (decrease of slope and
offset in the electric potential/pH-diagram). This could be caused by surface
reactions or by a further conduction mechanism with OH−-ions. A further dis-
cussion is given in [165].

An advantage of such electrodes is the high mechanical and thermal stability
of Yttria-stabilised Zirconia ceramics. Therefore, they can be used for measure-
ments at high temperatures and at pressures of up to 40 MPa (673 K) (Ding and
Seyfried [185, 186]; Macdonald et al.[162, 187, 188] up to 647 K/38 MPa). The
oxide ion conduction increases with temperature [165]. This favours the above
mentioned high temperature measurements, but at room temperature the mem-
brane is almost an electric isolator which requires a complicated electric potential
difference measuring device.
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2.3 Determination of the pH-Value Using

Indicator Dyes

There are indicators suited for many analytical fields. This work deals only with
pH-(acid-base)-indicator dyes. Thus ”pH-(acid-base)-indicator dyes” are here
simply called ”indicator dyes”.

Determination of the pH-value with indicator dyes is one of the oldest mea-
suring systems for the pH-value. As far back as 1909, Sörensen suggested using
indicator dyes to distinguish between acids and bases [143]. In the years between
1915 and 1917 Lubs and Clark [189, 190, 191] reported some new indicator dye
syntheses to complete a sequence of indicator dyes covering a pH-range from 1
to 14. In the following years, this series became the common way to determine
the pH-value of solutions. A better accuracy was reached when spectroscopic
methods were implemented.

2.3.1 Indicator Dyes

The purpose of an indicator dye is to indicate the pH-value by a specific colour.
Therefore acid-base pairs are needed which vary significantly in their colour.
To ensure that the influence of this indicator acid-base pair on the pH-value is
minimal, the colour has to be intensive enough to be detected with small amounts.
Other required properties of indicator dyes are minimal reactivity with sample
components and stability against light.

The reactions of indicator dyes accompanied by a colour change will be dis-
cussed in the example of one of the simplest indicator dyes, namely p-Nitrophenol.
These considerations will than be extended to cover most of the commonly used
indicator dyes. The theory for following considerations is from Kolthof [192].

The acid-base reactions of p-Nitrophenol are based on a combination of the
equilibria between four states of the indicator dye (Figure (20)). There is one
protonated positive charged state (l on the left side of Figure (20)), two neutral
isomeric states (lla and the state marked by the two resonant structures llb) and
a deprotonated negative charged state (pictured by the resonant structures lll
on the right side). One of the neutral and one of the deprotonated resonant
structures is quinoid10, the others are aromatic. The quinoid groups are marked
red in Figure (20). As with most of the quinoid/aromatic resonance systems,
states llb and lll absorb light in the visible range, appearing yellow.

10Quinoid denotes an electron configuration similar to that of Quinon; see Reaction (17) on
the left side.
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Reaction 20

The equilibrium between lla and llb is an intramolecular acid-base system
between the resonance stabilized Hydroxy and the Nitro group. It tends mainly
to side lla, as the proton of the Nitro group is much more acidic11. Therefore the
indicator dye is colourless at low pH-values.

With the release of a further H+-ion, p-Nitrophenol has only the state de-
scribed by the two resonance structures lll. It is therefore coloured at high pH-
values.

Nearly every commonly used indicator dye is based on such quinoid/aromatic
resonance structures. Most of them are derivatives of two similar molecules:
Phenolphthalein and Phenolsulfonephthalein. These base bodies are shown in
Figure (2.4) and the possible variations caused by different substituents are given
in Table (2.1). The possible reactions of Phenolphthalein are shown in Reaction
(21).

11The resonance stabilisation from the Nitro group decreases the pKa value of the Phenol
group from about 10 to 7, but this value is still much higher than that of a Nitro group.
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Figure 2.4: The indicator dyes Phenolphthalein and Phenolsulfonephthalein. Possible
positions for substituents are marked with a letter (see Table (2.1)).

While Phenolphthalein has two Phenol groups which can react in the same
way, the states la, lla, llb, llla and lllb have another isomer or other mesomeric
structures where the other Phenol group is quinoid or deprotonated, as indicated
by the dots. Similar to Nitrophenol, every group of isomers with the same charge
has a preferred state. Here it is lc for the uncharged, llb for the -1 charged state
and lllb for the -2 charged state. For the charge -3 only one state (llll) is possible.
The preferred state can change if Phenolphthalein receives substituents.

The analogous reactions take place for the Phenolsulfonphthaleins (see Figure
(2.4)), but here state lla is often more stable than llb, and la more stable than
lb and lc. Therefore, one can often find a greater number of differently coloured
states at different pH-ranges for solutions of these indicator dyes. Furthermore
the Phenolsulfonthaleins are more acidic than the analogous Phenolphthaleins
(see Table (2.1)).

As can be seen from Table (2.1), an increase in the number of aliphatic groups
increases the pKa-values slightly, whereas groups such as Oxygen or Halogens
which attract electrons will greatly decrease the pKa-values. Taking a closer look
at the effects of alkyl substitution, it can be seen that meta- has a greater effect on
the pKa-values of the indicator dyes than ortho-substitution, that di-substitution
has a greater effect than mono-substitution and that a combination of ortho and
meta-substitution is more effective than di-ortho-substitution. Because of the
great variety of possible substitutions with differing effects, it is possible to cover
the whole range of pH-values with indicator dyes based on these substances.
Most of those indicator dyes were first synthesised and described by Clark, Lubs
and their co-workers [189, 190, 191, 193, 194].
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Reaction 21
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Table 2.1: Indicator dyes based on the bodies Phenolphthalein (P) and Phenolsulfon-
phthalein (PS) with various substituents (see Figure (2.4)).

Substituent Position Body Name pH-Range
a b c d e

H H H H H P Phenolphthalein 8-10; 12.5-14
H H H H H PS Phenol Red 6.5-8

CH3 H H H H P Cresolphthalein 8-10
CH3 H H H H PS m-Cresol Purple 1-3; 7.5-9.5
H CH3 H H H PS o-Cresol Red 0-2; 6.5-8.5

CH3 H CH3 H H PS Xylenol Blue 1-3; 8-10
CH3 H H CH3 H PS 2,6-Dimethyl Phenol 1-3; 7.5-9.5

Sulphophthalein
CH3 H CH(CH3)2 H H P Thymolphthalein 9.5-10.5
CH3 H CH(CH3)2 H H PS Thymol Blue 1-3; 8-10
Cl H H H H PS Chloro Phenol Red 4.5-6.5
Cl H H Cl H PS Dichloro Phenol 3-5

Sulphophthalein
Cl CH3 H Cl H PS Chloro Cresol Green 3-5
Br H H Cl H PS Bromochloro 3-5

Phenol Blue
Br H H H H PS Bromo Phenol Red 5-7

CH3 H H Br H PS Bromo Cresol Purple 5-7
CH3 CH3 H Br H PS 6-Bromo 2,3-Xylenol 6-8

Sulphophthalein
H Br Br H H PS Bromo Phenol Blue 3-5

CH3 Br CH(CH3)2 H H PS Bromo Thymol Blue 6-8
Br CH3 H Br H PS Bromo Cresol Green 4-6
H H H H H P Phenolphthalein 8-10; 12.5-14

NO3 CH3 H NO3 H PS 2,6-Dinitro Cresol 2.5-4.5
Sulphophthalein

O1 H H H H P Fluorescein 6.5-8
O1 I I H H P Erythrosin B. 6.2; 5-4
O1 Br Br Br Br P Eosin Yellowish 3-5
O1 Br NO3 H H P Eosin B. 1-3
O1 Br Br H Cl P Phloxine B. 2-4
O1 Br H H H P Solvent Red 72 5.5-7.5
O1 I I H Cl P Rose Bengal 3.5-5.5
O1 OH H H H PS Pyrogallol Red 1.5-3.5; 5.5-7.5

O1: O-bridge between the two phenolic rings.
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Other classes of indicator dyes are Azo-, Azine- and Triphenylmethan-dyes.
As an example, the reactions of the base body of all Azodyes, Methyl Yellow
(4-Dimethylaminoazobenzene), is shown in Reaction (22).

Reaction 22

Methyl Yellow is hardly soluble in water. However, by introducing polar
groups into the molecule the solubility of indicator dyes in water can be increased.
With a sulfonate group in position c the indicator dye Methyl Orange is obtained,
and with a carboxy group in position a, Methyl Red.

The colour change of indicator dyes is mostly a consequence of a change in
absorption, some fluorescence indicator dyes are also relevant (e.g. Fluorescein
and Eosine B. in Table (2.1)). Some of these change both their absorption and
their fluorescence spectra. This leads to a large number of measurement methods
which are described in detail in Section 2.3.3.

Of less importance are chemiluminescent indicator dyes (see e.g. Reaction
(7)). The reaction rate for the oxidation of the indicator dye depends on the
pH-value. This rate is easily detectable as it is associated with the emission of
light [195]. These indicator dyes are used for some applications with cloudy or
strongly coloured solutions, but their redox dependence can be a problem.

A further group of indicators show no colour change but changes in their
solubility [196]. These turbidity indicators are again acid-base pairs which are
insoluble in their uncharged state, leading to opalescence or clouding. Turbid-
ity indicators can be used for the determination of dead stops during titration
processes, but the determination of the degree of turbidity is mostly too imprecise
to obtain the exact pH-value.
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2.3.2 Possible Errors in pH-Measurements using Indicator
Dyes

Errors occurring during pH-measurements using indicator dyes can have three
reasons: side reactions of the dyes, changes in the equilibria of the reactions with
H+ and inaccuracies in the measuring setup such as noise from the light source.
In the following paragraphs the errors caused by the different possible reactions of
the indicator dyes are discussed. The errors caused by the setup of the measuring
instrument will be dealt with in Chapter 2.3.3.

Influence of Temperature, Pressure and Ionic Strength on the Chemi-
cal Equilibria of Indicator Dyes
Using optical methods one is able to determine the concentration (but not the
activity!) of one or more states of the indicator dye. The pH-value is obtained
from the concentration by the Law of Mass Action (Equation (2.2)). For the
example Reaction (4) and AH as the detectable form one obtains:

pH = pKa + lg

γ(A−)

(
cΣ − c(HA)

)
γ(HA) · c(HA)

 . (2.15)

While the Equation (2.15) is exact, some errors result from neglecting the tem-
perature [192, 197] or pressure [69, 80, 81] dependency of pKa and γi, and from
neglecting the influence of other ingredients of the solution on γi. Here particu-
larly, dissolved ions play a role [158, 192, 193, 195, 197, 198, 199]. The influence of
ions on the deviation of Equation (2.15) is known as the salt error. These errors
can be avoided if the calibration takes place at the same temperature, pressure
and ionic strength as the measurement. The areas in which the errors are smaller
than 0.05 pH-units is roughly: ∆T ≈ 25 K, ∆p ≈ 10 MPa and ∆I ≈ 0.05. If the
difference in temperature, pressure or ionic strength between the calibration and
the measurement is great or more accurate determinations are required, thermo-
dynamical corrections are necessary (analogous to the calculations in Chapter
3.1).

The pressure dependency of equilibrium constants is given in Chapter 1.1.2
(Equation (1.1)) and the temperature dependency is given by the following equa-
tion, which also was developed by Planck [49]:(

∂ ln(K)

∂T

)
p

= −∆H

RT 2
. (2.16)

Here, ∆H is the molar enthalpy change of the reaction, the other symbols are
the same as in Chapter 1.1.2. Both ∆V and ∆H are functions of temperature
and pressure. Note that for most indicator dyes several equilibria are relevant
(see for example Reaction (21)).



CHAPTER 2. METHODS USED FOR MEASURING PH-VALUE 45

For such calculations not many values can be found in literature. Most of the
∆V data available for indicator dyes is tabled in [69, 71]. ∆H and ∆S

(
= ∂∆H

∂T

)
values can rarely be found. Kordatzki [158] lists temperature coefficients (which
are proportional to the enthalpy change) for many indicator dyes and the book
by Kolthof [192] contain tables with crossover areas of some indicator dyes at
different temperatures.

∆H is mostly negative and about 0 to -10 KJ
mol

. ∆V depends on the charge
of the indicator acid, for neutral indicator acids (HA ⇀↽ H+ + A−) it is always
negative and about −10 to −20 cm3

mol
. Negatively charged indicator acids (HA− ⇀↽

H+ + A−−) always have a negative ∆V of about −15 to −30 cm3

mol
and positively

charged indicator acids (HA+ ⇀↽ H+ + A) have small volume changes (10 ≥
∆V ≥ −5 cm3

mol
).

For the correction of the influence of the ionic strength some publications
contain tables with correction factors for different indicator dyes [192, 193, 200].
A correction according to the thermodynamic relations described in Chapter 3.1
requires the Debye radii of the indicator dye, but not many values are listed in
literature. One exception is the early publication from Kielland [201] containing
the Debye radii of the Congo Red anion (3.5 nm).

Changes in the Spectra

In addition, a change in the spectra of each form of the indicator dye can appear
when the temperature or pressure is changed. For example Tsunda et al. [80]
reported experiments with the indicator dyes p-Nitrophenol and Cresol Red at
pressures of up to 600 MPa. They observed a small shift in the absorption bands
of both indicator dyes to a higher wavelength. To avoid errors caused by such
a change in spectra, again a calibration at temperatures and pressures at which
the measurement takes place is necessary. These changes are small compared to
the changes in pKa so therefore a calibration is in any case sensible.

Indicator Error

Another error takes place because Reaction (4) can accept or donate protons and
therefore influence the pH-value of the solution [195]. While the added amount of
indicator dyes is in the order of magnitude 10−5 mol

kg
, this error is only important

with weakly buffered solutions. Here again, thermodynamical corrections are
possible in order to calculate the pH-value the solution would have without added
indicator dye. It is also feasible to estimate the pH-value with a preliminary test
and add a mixture of the indicator dye and its salt in the same composition as
in a solution of the evaluated pH-value [158]. Another possibility is to work with
minimal quantities of indicator dyes but at the same time with a long optical
pathway through the sample [158] (see also the remarks on Equation (5.7) in the
appendix).
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Apart from the above mentioned points describing the influence on the equi-
libria, there are some reactions of indicator dyes with ingredients which can in-
fluence the results. The most important of these reactions are the interactions
with proteins, alcohol and some special ions.

Protein Error

Charged forms of indicator molecules can accumulate on protein chains on
groups which have the opposite charge. This influences the equilibrium be-
tween the forms of the indicator dyes, as one of them is stabilised by the bond-
ing. Therefore the pH-range of the colour change can vary for some pH-units
[143, 158, 192, 193, 195, 198]. In some cases this effect is so pronounced that the
reactions between proteins and indicator dyes are used for the analytical deter-
mination of proteins (e.g. [202]). Here, the fact that only some specific proteins
react with some indicator dyes is problematic. Therefore it is not possible to be
sure that an indicator dye is insensitive to all proteins if it is proven only with
some proteins.

Alcohol Error

The name alcohol error is imprecise, as this expression is also commonly used for
other organic substances. The addition of organic materials to aqueous solutions
can alter both the pKa-values and the colour of indicator dyes [158, 195, 203, 204].
For measurements in such solvents, or mixtures of organic substances with wa-
ter, a calibration with the same composition is necessary or a correction made
according to empirical tables (e.g. in [192]). For a rough approximation, Kor-
datzki [158] suggested a correction of + 0.1 pH-units at 10% alcohol or similar
organic solvents to +1.5 at 70% if the indicator acid is neutral (HA ⇀↽ H++A−).
For positively charged indicator acids (HA+ ⇀↽ H+ + A) the required correction
is smaller and has the opposite algebraic sign.

Interaction with Specific Ions

Some specific ions can react with indicator dyes in a similar way to Hydrogen ions
leading to a similar colour change [195]. Examples are the indicator dye Morin
(sensitive to Ga3+ and In3+), Pyrogallol Red (sensitive to Bi3+, Pb2+, Co2+,
Ni2+ and rare earth metal ions) and 3-Hydroxy-2-naphtholic acid (sensitive to
Al3+). While such interactions are rare, the substitution of such indicator dyes
with others is for the most part possible.

The reactions of all these examples can be used for the determination of the
fore-mentioned metals.

Besides the reactions with dissolved ions, some interactions take place with
the surface of precipitates, especially with those of the Halogenides and Pseudo-
halogenides of silver. While these reactions depend on the charge of the surface
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which changes at the neutralisation point, such indicator dyes can be used for
the titrimetric determination of Halogenides and Pseudohalogenides with Ag+ or
the determination of Ag+ with Br−. Examples are Fluorescein (Cl−, Br−, I−

and SCN− with Ag+), Eosin Yellowish (Br− and I− with Ag+) and Rhodamine
6G (Ag+ with Br−) [195].

Again, a substitution of such indicator dyes with others is the best solution
for such problems.

In conclusion, it must be noted that all the above mentioned reactions with
sample ingredients depend again on temperature, pressure and ionic strength.
As the thermodynamical parameters for such reactions (∆V, ∆H, . . .) are rarely
known, it is once again advisable to calibrate at the same conditions as the
measurement if no substitution with other indicator dyes is possible.

2.3.3 Methods for pH-Measurements using Indicator
Dyes

During the first decades of the 20th century, the pH-value was determined by the
comparison of the colour of an indicator dye in a sample solution with the colours
of the same indicator dye in an array of buffer solutions. A similar method is still
used with indicator papers and a printed colour scale.

The technological advances in spectroscopy lead to an enhanced accuracy and
a simpler operating procedure. The absorbed, fluorescent or emitted light can be
measured and from this the concentration of one or more forms of the indicator
dye can be determined. The fraction of the different forms is a measure for the
pH-value.

Methods using absorption indicator dyes are indirect methods, which means
that the measured value for the absorption cannot be determined directly, but by
the difference between the intensities of a light beam passing through a solution
with and without added indicator dye.

For luminescence measurements, the absolute intensity of light emitted by an
indicator dye is a direct measure of the fractions between the different forms.

Fluorescence is the absorption of light energy at a specific range of wavelengths
and the emission of a part of this energy with another range of wavelengths.
Because the emitted energy is lower than the absorbed energy, the absorption
wavelength is higher than the emitted wavelength, the remainder of the energy
being converted to thermal heat. Emission occurs after the absorption with a half-
life period characteristic for the respective dye. Similar to absorption indicator
dyes, fluorescence indicator dyes occur in two or more forms, whose distribution
depend on the pH-value. The different forms vary in absorption wavelength,
emission wavelength and half-life period. The variation in these three parameters
is the reason for there being a large number of different methods, as every change
can be used for a detection of the fraction between the different forms.
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Some components of the measuring device can be found in nearly every setup:
the light source12, the optical system, the sample cell and the detector.

Light Source

The light source can be one that covers a large range of wavelengths (a so called
broad band light source) or one emitting light at only one or a very small range
of wavelengths. Examples for broad band light sources are Halogen Tungsten
light sources (see Figure (2.5)); examples for small ranges are laser or Sodium
vapour lamps. Additional light sources such as those with Mercury vapour or
Deuterium have both: one or more strong peaks at discrete wavelengths and a
band of continuous light over a range of wavelengths. LEDs have a limited range
of wavelengths with a full width at half maximum of about 50 nm. Therefore,
they lie between broad band light sources and sources with very small peaks. The
spectra of some selected light sources are shown in Figure (2.5).

Broad band light sources are used, for example, when the whole spectra is
needed or if different measurements (e.g. with different indicator dyes for selected
pH-ranges) are made with the same setup. A simpler setup for measurements
needing only one wavelength is possible if a light source can be found with only
this specific wavelength, but the variety of available light sources of this type is
limited. An exception is the dye-laser where a wavelength can be selected from
a broad range, but such lasers are too expensive for most applications.

For fluorescence measurements, light sources with a small range at the exciting
wavelength are common (most of the fluorescence indicator dyes can be excited
with blue and/or ultraviolet light).

If the half-life period is to be measured, a light source with a fast response
time is needed. Here, LEDs are common and some lasers can also be used. Two
methods are possible: an exciting light flash and a direct detection of the emitted
light decay or an alternating light exciting an emission with the same frequency
but a phase shift. This phase shift is a measure for the half-life period.

Selection of Wavelength

If a broad band light source is chosen, an optical system must be used which
can select the required wavelength (the same is true for light sources with more
than one discrete peak). This selection can take place before and/or after the
light passes through the sample. The arrangement with selection of a wavelength
before the sample has the advantage that the sample is not exposed to the broad
range of light energy. This energy can interfere with the sample ingredients by
inducing reactions and/or inducing fluorescence. A wavelength selection before
the light passes the sample cannot fully negate such interference, but can limit it

12An exception is found in luminescence measurements, where the light is generated by the
dye.
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Figure 2.5: Spectra of different light sources. A Xenon light source (ILC 402B from
ILC Technology, California), a Deuterium light source (Deuterium part of DH-2000-S
from Mikropack Avantes, Germany), a Tungsten Halogen lamp (Tungsten Halogen part
of DH-2000-S from Mikropack Avantes, Germany), three Mercury light sources (low
pressure Mercury (blue): L58 W/25 from Osram, Germany for room illumination; high
pressure capillar (red) (CPG 2-1 from Seefelder Meßtechnik) and a Metal Halide lamp
(green) (a high pressure Mercury with added metal Halogenide to enlarge the spectra)
(MHL 150 from ABV, Germany)) and four different standard LEDs. The spectra of
the metal Halide and the capillar Mercury lamp were taken from the spectrometer
MMS1 from tec5; all other spectra were taken with a SQ 2000 #1-UV2-L2-SLIT-50
from Mikropack Avantes. The intensity at the Y-axis is a value proportional to the
electrical current from the detector, it depends on the light intensity, the sensitivity of
the sensor at this wavelength and the properties of the optical fibres and is normalised
for all spectra. Both spectrometers used have Si-sensors with low sensitivity in the
UV-range which accounts for the low readings at low wavelength. Note that there are
different ranges on the X-axis.
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to reactions and fluorescence excitings caused by light at the selected wavelength.
The interference of fluorescence can be eliminated by using two optical systems
which select the same wavelength before and after the sample. A selection of the
wavelengths only after the sample is sensible only if a detecting system is used
in which all wavelengths are determined at the same time.

Three systems are commonly used to select the wavelength: filters, prisms
and gratings. The easiest setup is with filters and a variation is possible by using
a set of interchangeable filters. Also available are linear variable filters in which
the wavelength which is allowed to pass through depends on the place on the filter
(see Figure (2.6)). Here the wavelength can be adjusted by moving the filter in
a slide carrier with a slit.

Figure 2.6: Picture of a linear variable filter (Type LVF from Ocean Optics). This
filter is positioned in a carrier with a variable slit. The position of the slit on the filter
determines the wavelength, the width of the slit determines the range of wavelengths.

The filters normally consist of a glass plate coloured with dyes. Also used are
interference filters. Interference filters consist of multiple thin layers of dielectric
material which have different refractive indices (mostly metallic layers). Interfer-
ence filters are wavelength-selective by virtue of the interference effects that take
place between the incident and reflected waves at the thin-film boundaries.

By using prisms and gratings it is possible to select a wavelength by changing
the angle between the light beam and the prism (or grating). Prisms and gratings
are used in a similar way (see Figure (2.7)): the light is aligned parallelly. This
beam passes through the prism or grating (or is reflected by the grating) and
is split into different colours. The wavelength can be chosen by the position of
the slit. The width of this slit has to be chosen as a compromise between light
intensity and width of the wavelength range. For organic dyes –like indicators–
with broad peaks it is better to use broad slits. It is almost the same compromise
with the width of the inlet light beam: the smaller the light beam, the better the
dispersion, but the lower the light intensity.

The selection of the wavelength can be made by moving the slit or by moving
the prism/grating. The latter is the common way as it makes it possible to obtain
a light beam from the optical system which does not change direction. To obtain
a spectra the whole range has to be scanned. Therefore such instruments are
called scanning spectrometers.
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Another possibility is to detect the whole range of wavelength at once. Ad-
vances in micro-electronics allow the ordering of a linear array of up to 2048
photodiodes on one microchip. This microchip can be placed in the position
where the spectra is to be mapped. A picture of such an arrangement can be
seen in the upper part of Figure (2.7).

Figure 2.7: Schematic setup of an absorbance spectrometer with grating monochro-
mator; (a): scanning version with rotatable grating, (b): version with diode array
detector.

The main advantage of such an array is the possibility of faster measurements.
If the light is intense enough, it is possible to measure the whole spectra in
less than one second. A further benefit is that no moveable parts are included,
enabling a very small and robust setup which avoids elaborate fine mechanics to
position the prism or grating.
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Detectors

Different typs of photodiodes and phototransistors are commonly used as de-
tectors. As they are small, robust and cheap elements they have displaced the
former commonly used tubes. For very low light intensities photomultipliers are
useful with which even single photons can be detected, but for measurements us-
ing indicator dyes it is easier to provide adequate light from a strong light source.
Photodiodes are reverse-biased semi-conductor diodes which become conductive
when illuminated. Photons provide the energy to raise electrons from the va-
lence band (filled orbitals) to the conduction band (unfilled orbitals) creating an
electron - hole pair, causing an increase in conductance. The energy of the stim-
ulating photons must be in the same order of magnitude as the distance between
valence and conducting band. Therefore every type of material for semiconduc-
tors can be stimulated by photons in a specific range of wavelength. Table 2.2
lists the different materials used for photodiodes and the range of wavelength in
which they can be used.

Table 2.2: Materials for photodiodes and their useable wavelength range.

Detector Type Wavelength Range [nm]

Si 200 - 1100
Ge 400 - 1800
GaAs 500 - 850
InGaAs 800 - 1600
InAs 1000 - 3800
InSb 1000 - 7000
InSb 1000 - 5600
HgCdTe 1000 - 25000

While the stimulation of electrons in order to raise them from the valence
band to the conducting band can be by thermal energy, a better signal-to-noise
ratio is reached when the detectors are cooled.

Phototransistors are a combination of a photodiode and a transistor in one
component. It is made by placing a photodiode in the base circuit of an NPN
transistor with the result that the current flowing through the diode is directly
amplified by the transistor (see Figure (2.8)). Therefore, a phototransistor is
much more sensitive to light.

To enhance the range of the photo detectors it is possible to connect the pho-
todiode (or the phototransistor) to a capacitor. This so called Charged Coupled
Device (CCD) detector stores the charge passing through the photo element. At
the end of a controlled time-interval (integration time), the remaining charge on
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Figure 2.8: Phototransistor, Connecting Diagram and Symbol.

the capacitor is transferred to a buffer and this signal is then transferred by an
AD converter. CCD detectors have an enormous dynamic range limited only by
the dark (thermal) current of the photodiode and the speed of the AD converter.

Optical Pathway

The light path can be conducted through the instrument only by lenses and mir-
rors as pictured in Figure (2.7). A minimum of optical components means also a
minimum of sources of error. But for complex sample cells, such as those for high
pressures and/or high temperatures, optical fibres are used. The use of optical fi-
bres is based on the phenomenon of total internal reflection. The fibres consist of
two materials with different optical densities. A core with higher optical density
is surrounded by a cladding of lower refractive index (see Figure (2.9)).

Incidental light is transmitted through the fibre if it strikes the cladding at an

Figure 2.9: Multimode optical fibre: setup and pathway of two light beams with
different angles. If the angle Θ is smaller than the critical angle, total reflection takes
place (red beam). Otherwise a part of the light exits the fibre (blue beam). The jacket
has no optical function, but is used as mechanical protection.
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angle greater than a critical one, so that it is totally reflected by the core/cladding
interface. Most fibres are covered with a protective jacket which has no effect on
the wave-guiding properties.

While all common methods for measurements with absorption and lumines-
cence indicator dyes are similar, a variety of methods using fluorescence indicator
dyes exist. Indeed, Gottwald wrote in his book about spectroscopy [205] that in
fluorescence spectroscopy nearly as many possible methods are known as there are
scientists working with them, and even for the small domain of pH-measurements
with fluorescence indicator dyes several different methods are described. These
will be introduced in the following section.

Methods for pH-Measurement Using Fluorescence Indicator Dyes in
Solution

In contrast to absorption measurements where the light passes through the sample
cell, fluorescence measurements use mostly an angle other than π between the
light from the primary source and the detected fluorescent light. This is to avoid
superposition of the signal and the primary light source. Most common is an
angle of π

2
. Another difference with absorption measurements is the use of two

monochromators, one before and one after the sample cell or the use of a light
source with a limited range.

Reasons for the diversity of methods are the possible variations in both the
change of the wavelength of stimulated and emitted light and the possibility
to detect intensities and half-life periods. The basic principle of the different
methods with fluorescence indicator dyes are:

1. Measurement of the change in light intensity at a fixed emitted wavelength
with one fixed exciting wavelength.

2. Measurement of an emission spectra with a fixed exciting wavelength. The
spreading of the light into different wavelengths as a measure for the spread-
ing of the different forms of indicator dyes contains less sources of error than
measuring the intensity of one fixed wavelength.

3. Variation of the exciting wavelength and measurement of the change in
intensity at a fixed wavelength.

4. Variation of the exciting wavelength and measurement of the changes of the
emission spectra.

5. Alternating intensity of a fixed exciting wavelength and measurement of the
phase angle of the emitted light. This value is a measure for the half-life
period and less sensitive to interferences.
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Method 1 has the simplest setup with satisfying results when suitable indicator
dyes are used. Fluorescein for example shows strong changes in the emission when
excited with blue light (intense yellow-green fluorescence in neutral and alkaline
solutions and no fluorescence in acidic solutions).

Variation of the exciting wavelength (Method 4) is sensible if the different
forms of the indicator dye vary in the absorption wavelength. But this method
is chosen primarily if the indicator dye has two fluorescence mechanisms, one
of them being independent from the pH-value. Here, the fluorescence at the
exciting wavelength which is not influenced by pH-value is a measure for the
amount of indicator dye in the path of the light beam. The ratio of fluorescence
between two exciting wavelengths is therefore a measure for the fraction between
the protonated (or deprotonated) form and the sum of both forms of indicator
dye. This procedure is useful if there are difficulties in adjusting the amount
of indicator dye. It is used, for example, to measure the internal pH-value of
microorganisms (see for example [13]). In this case, the method used to insert
the indicator dye into the cells is not precise and leads to a varying amount of
indicator dye in the single cell. Furthermore, the number of microorganisms in the
light beam can vary. While the intensity of the emitted light is strongly affected
by these fluctuations, the ratio of the fluorescence at the different wavelength is
not influenced.

If the whole emission spectra is taken instead of the intensity at one wave-
length (Methods 2 and 4) interferences can be identified if, for example, the form
of the peak is not as expected. Furthermore, properties such as the area below
a peak are less susceptible to noise than if the intensity at a single wavelength
is used. There is also the possibility to detect the fluorescence spectra of both
forms of the indicator dye if there is a dye with different fluorescence spectra for
the different forms.

A variation in decay time (Method 5) can be the result of different reasons
which are discussed below.

A detection of the pH-value from the decay time of one fluorescence indicator
dye would be possible if both forms of the indicator dye emit light with different
excited-state lifetimes, but such indicator dyes are rare. Furthermore, the decay
time of most fluorescence dyes is a matter of nanoseconds. Thus sophisticated
and expensive instruments are required.

An influence on the decay time can be recorded using a combination of a pH-
insensitive lumiphore (fluorescence or phosphorescence dye) with a long lifetime
(in the order of magnitude of 1 ms) and a pH-sensitive quencher [206, 207]. This
pH-sensitive quencher is nothing more than an absorption indicator dye with an
absorption spectra similar to the emission spectra of the fluorescence dye. Energy
transfer takes place without the emission of a photon if an excited fluorescence dye
has contact to an absorption dye. This is more likely to happen with lumiphores
which have longer excited state lifetimes. For a detailed mathematical description
see [206]. Errors can occur because the probability of a collision of the fluorescence
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dye and the quencher is, in addition to their concentration, a function of viscosity
and temperature. Furthermore, there are also other molecules which can quench
the lumiphore, primarily oxygen.

The third possibility is to use a pair of luminophores with different decay
times and similar excitation spectra [208]. A pH-insensitive phosphorescence dye
with short lifetime (a few µs) is combined with a fluorescence pH-indicator dye
with a lifetime of a few ns. The reference phosphorescence dye gives a constant
background signal (black in Figure (2.10)) while the intensity of the fluorescence
signal of the indicator (blue) depends on the pH-value. The phase of the exciting
LED is nearly the same as that of the indicator dye because of its short excited-
state lifetime. The average phase shift, Φm, as a combination of both signals
(red) directly reflects the intensity of the indicator dye and, consequently, the
pH-value.

Figure 2.10: Phase shift of the total luminescence (Φm, red), the reference (ΦR, black)
relative to the exciting light (which is nearly in phase with the fluorescence of the
indicator dye (Φ ≈ 0, blue). Left graph: the indicator dye is in the form with intense
fluorescence. Right picture: indicator dye is in the form with weak fluorescence [208].

Methods of pH-Measurements Using Immobilised Indicator Dyes

To avoid interactions between sample ingredients and indicator dyes, to be able to
measure strongly coloured and/or cloudy samples and to simplify the measuring
device, optical sensors (optodes) have been developed in which the indicator dye
is immobilised on a window in the sample cell or on an optical fibre (see Figure
(2.11)).

The light does not have to pass through the sample, it interacts only with the
immobilised indicator dye then is reflected on the interface between immobilising
matrix and sample and exits with a similar pathway as it arrived. Therefore, if
the indicator dye is immobilised on the interface, the interaction between sample
and indicator dye takes place at this interface.

If the immobilising matrix contains the indicator dyes the H+ and the OH−-
ions must be able to diffuse into it. As it is rarely possible to find materials which
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Figure 2.11: Possible setups for measuring devices with pH-optodes. All have in
common a light source and a light detector connected to the optode by optical fibres
(red). In version (a) a tube (grey) with a glass window coated with the immobilised
indicator dye (green) is used. Both fibres are fixed in the tube (it is also possible to use
a bundle of fibres for the connection to the detector wrapped around the fibre from the
light source). The tube can be filled with air or an optical material like Silica and the
window can be inclined to avoid interfering reflections. In versions (b) and (c) indicator
coatings directly on the fibre are used. Since in (b) this fibre ends in the sample a beam
splitter is necessary. In version (c) the indicator is coated on a de-cladded part of the
fibre. The light passes this sensitive part of the fibre and is fed to the detector. Devices
like (a) are described by [211, 213, 217, 226, 227], (b) by [219, 220, 221, 228] and (c)
by [214, 215, 216, 218].

have a total reflection on the interface between immobilising matrix and sample
this method leads to a loss of light. To solve this problem an additional reflective
layer such as a thin metal film made from vacuum-metallisation or reflective
particles can be used, but they reduce the required diffusion of H+ and OH−-
ions. If fluorescence indicator dyes are used, the reflection must be minimized to
ensure that mainly the light emitted by the dye is thrown back.

The difficulty when making optodes is to find an immobilising matrix which
is permeable enough for a fast diffusion of H+ and OH−-ions from the sample to
the indicator dyes, but which is impermeable to the dye and sample ingredients
such as proteins. Further requirements are an adequate adhesion on the fibre (or
window), optical transmittance and, depending on the application, the possibility
to clean and sterilise the sensor. A detailed overview of optodes is given by
Wolfbeiss [207], recent developments are reviewed by Lin [209].

Materials for the immobilising matrix are polymers such as Polyacrylamides
[210], ion-exchange resins [211, 212, 213] and Sol-gels [214, 215, 216, 217, 218, 219,
220, 221]. Most promising is the immobilisation using Sol-gels, particularly as all
other materials fail to retain the dye in the matrix. An overview of immobilising
with Sol-gel is given by Wolfbeiss et al. [222] and Lin and Brown [223].
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pH-Measurements Using Indicator Dyes at High Pressure

Spectroscopic measurements of pH-values at high pressure have been described
by several authors. Neumann et al. [81] and Tsuda et al. [80] used only one in-
dicator dye at a time in standard solutions of a selected buffering agent with the
purpose of extracting the acid-base ionisation constant that describes the chem-
ical equilibrium at pressures of up to 650 MPa. Hayert et al. [224] described a
similar system for pressures of up to 250 MPa. They used a fluorescent indicator
dye, neglecting the pressure dependency of its dissociation constant. Lipphard
and Jost [225] used the indicator dye Alizarin Yellow to observe fast reactions
corresponding with a pH-change at pressures of up to 150 MPa. Similar experi-
ments were described by Grant [229] for pressures of up to 300 MPa. In order to
measure the pH-value of seawater at depths of up to 9 km Hopkinsa et al. [230]
described the pressure behaviour of the indicator dye Thymol blue. Hamann and
Linton [231] determined the dissociation constants of various Phenols by their
absorption spectra at pressures of up to 200 MPa, finding among them some
Phenols which can be used as indicator dyes (e.g. Phenolphthalein).

2.4 Comparison of the Different Methods

In principle, several of the above described methods are applicable at high pres-
sure. All of them have advantages and disadvantages. Table (2.3) summarises
the pros and cons of the different methods.

For every method based on electric potential difference there is the possibility
to choose between a reference element (e.g. Ag|AgCl) directly inside the sample
or separated by a liquid junction. A reference element inside the sample gives a
better accuracy and easier setup, but stronger interactions with sample ingredi-
ents. Therefore, in Table (2.3), rows are listed for all these systems both with
and without a liquid junction.

Most of the methods which give a satisfying accuracy need a difficult setup.
Glass electrodes which usually comprise of three cells need pressure equalisation
between all cells. Further difficulties are caused by the fragile glass membrane
which has to be fixed and sealed. Thus, an elaborate and error-prone setup and
large volume is necessary. But a large volume is rare in high pressure applications.
Nevertheless, if these problems are solved, the glass electrode offers a satisfying
accuracy and marginal interactions with sample ingredients.

Pressure balance between cells is a necessity for all methods based on electric
potential difference if a separated reference cell with liquid junction is to be
used. Without such a liquid junction, the electric potential will depend, apart
from the pH-value, on the molality of other ions (for example Cl− if a Ag|AgCl
reference electrode is used directly inside the sample). The molality of Cl− can
be determined by additional analytical methods, which are laborious but lead to
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Table 2.3: Advantages and disadvantages of the different methods for the determina-
tion of pH-values and their adaptability to high pressure. Me|MenOm summarises all
Metal|Metal oxide sensors, except Mercury which has an additional line (Hg|HgO) due
to its different behaviour. All methods which deal with electric potential differences are
listed with and without a liquid junction (labelled LJ). The rating ranges from ++ for
very positive characteristics to - - for very negative ones. Complication of Setup deals
with the difficulties which occur when building the setup; Complication of Processing
denotes the difficulties a laboratory worker would have while measuring. Interaction
System→Sample describes reactions in which the measuring device interacts with the
sample e.g. a reaction of H2 with sample ingredients for a H2|Pt-cell and Interaction
Sample→System describes errors in the pH-value caused by the interference with sam-
ple ingredients e.g. the alkaline error for glass electrodes. Width deals with limitations
caused by properties of the sample e.g. the inability to measure nontransparent media
with absorption indicator dyes.
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Glass Electrode 11 - ++ ± + - ++ ++

- = - + LJ 2.3 b - - ++ ++ + ++ ± ++

ISFET 2.3 d ++ ++ ± - ++ - +

- = - + LJ ± ++ ++ ± ++ - - +

Me|MenOm 12 ++ ++ - - - ++ ++ ++

- = - + LJ ± ++ ± - ++ ± ++

Hg|HgO 13 - - ± ± + ++ ++

- = - + LJ 2.3 c - - - ++ ++ ++ ± ++

Pt|H2 10 - - - - - - ± ++ ++

- = - + LJ 2.3 a - - - - ± ± ± + ++

Pd|H2 18 ++ ++ ± ± ± ++ ++

- = - + LJ - - + + ± + ++

Chinhydron 17a ++ ++ - ± ± - +

- = - + LJ ± ++ ± ++ ± - - +

Sucrose Inv. 6 ++ ++ - ± - ++ - -
Absor./Fluor. 20, 2.7 ++ ++ ++ - - ++ ++

Indicator Dyes 21
Luminescense 9 ++ ++ ± ± ± ± -
Indicator Dyes
Immobilised 20, 2.11 ± ++ ++ ++ ++ ± ++

Indicator Dyes 21
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a good accuracy. Another possibility is a correction using the difference of pH-
values detected at ambient pressure with both a commonly used glass electrode
and the high pressure measuring system without a liquid junction.

Further problems are caused by the influence of Ag+-ions on the sample.
As the molality of Ag+ is fixed by the solubility of AgCl, the redox potential
is predetermined. Furthermore, even small amounts of Ag+ can influence mi-
croorganisms by inhibiting important enzymes. Something similar also occurs
with other reference electrodes, as all commonly used reference electrodes con-
tain chlorides of heavy metals (see Chapter (2.2)). The problem with heavy metal
contamination is also an issue with commonly used measuring electrodes, as most
of them are made from heavy metals and their oxides (see Chapter (2.2)). But
if all of these interactions can be avoided or allowances made, a system such
as Ir|IrO2|sample|AgCl|Ag would be the easiest setup as the IrO2 and AgCl
can be electrochemically made directly onto Ir or Ag wires, and as an adaption
to high pressure only two electrical connectors to the high pressure vessel are
necessary.

A system based on a Hg|HgO electrode will have all of the above mentioned
advantages and disadvantages of Metal|Metal oxide electrodes but a better accu-
racy as there is no influence of a crystal lattice. But the setup and measurement
with a high pressure system containing an interface between sample and liquid
mercury would be difficult. In addition, routine work with such a measuring
device would be more problematic due to safety regulations for working with
mercury.

The complexity of the most accurate H2|Pt electrodes is only warranted for
experiments where the highest accuracy is required. The possibility to satu-
rate Palladium electrodes with Hydrogen at ambient pressure allows a measuring
routine with moderate operating expense and excellent accuracy, but, like the
metal|metal oxide electrodes, problems are caused by the reference electrode and
by side reactions (here, above all, the reduction of sample ingredients with Hy-
drogen). As with a Ir|IrO2|sample|AgCl|Ag electrode, an easy setup is possible
for a PdH|sample|AgCl|Ag electrode. The electrodes can be prepared before the
measurement by using diluted HCl in the sample cell and applying voltage to
force the following reactions:

Pd + H+ + e− ⇀↽ PdH (2.17)

Ag + Cl− ⇀↽ AgCl + e−.

In this way both electrodes will be reconditioned in one step. Additional work
is necessary as Palladium electrodes must be coated electrochemically once in a
while with new Palladium layers to ensure a large surface13.

Quinhydron electrodes allow for the same easy setup. It is not necessary
to prepare the electrodes, but the presence of Quinon and Hydroquinon allow

13Electrochemically secreted Palladium forms porous, spongy distributed structures.
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some additional side reactions, leading to both inaccuracies and influences on the
sample.

The setup for most optical systems is easy, as high pressure cells with sap-
phire windows are readily available and optical components such as light sources,
spectrometer, optical fibres, lenses and polariser are available as construction kits.
Exceptions are the methods using immobilised indicator dyes which are discussed
below.

Sucrose inversion (see Reaction (6)), in which the rate is proportional to the
Hydrogen ion activity, has an excellent accuracy with weak acid concentrations,
but the reaction becomes too fast with low pH-values and very slow with high
pH-values leading to inaccuracies or a long measuring procedure respectively. In-
terference is possible from other reactions which cause a change in optical activity
at high pressure or by mechanisms for the decomposition reaction of saccharose
other than Reaction (8) e.g. by enzymes. The addition of saccharose also leads
to a modification of the sample, particularly with regard to microorganisms for
which it is a foodstuff, can have baroprotective characteristics [232, 233, 234],
and can also be an inhibitor due to its influence on osmotic pressure.

As with the saccharose inversion, single indicator dyes give good accuracies
in only a small pH-range, but the huge variety (especially of absorption indicator
dyes) makes it possible to find dyes for every pH-value and mixtures of dyes
for every possible pH-range. The influence of the indicator dyes on the sample
is small due to the small concentration used and the low reactivity of the dyes.
Problems can only occur with unbuffered solutions and the influence of the alcohol
used to dissolve the dyes. But unbuffered solutions are rare in food science,
and if interference with alcohol occurs there is the possibility to dissolve the
dyes directly in the sample. More difficult to compensate for is the influence of
sample ingredients on the dyes, e.g. protein errors, which are discussed in Chapter
2.3.2. Hence a good knowledge of sample ingredients is required to avoid or to
correct such errors. If the sample is non-transparent or intensely coloured at
wavelengths used for the detection, measurements with absorption indicator dyes
are impossible. Even so, for cases in which these problems can be avoided or
corrected, there is the possibility of an easy setup and a measuring procedure
with a satisfying accuracy.

Fluorescence and luminescence indicator dyes have a somewhat larger appli-
cation range than absorbtion indicator dyes as the sensitivity to turbidity and
coloured ingredients is less troublesome as the light emitted near the surface can
be detected. While several indicator dyes are available for fluorescence mea-
surements, not many luminescence indicator dyes are known. This luminescence
indicator dyes are usually associated with a redox reaction which can interfere
with other redox reactions in the sample. Therefore, both a disruption of the
measurement by sample ingredients as well as an influence of the oxidant on the
sample can occur. Thus, measurements using luminescence indicator dyes are
less suitable than those using fluorescence or absorbance dyes.
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One possibility of avoiding most problems concerning measurements with in-
dicator dyes is the immobilisation of the dyes in a matrix, ideally only permeable
for H+ and OH−-ions. Here, a method to immobilise the indicator dyes inside
a window of an optical cell or on an optical fibre leading to a high pressure cell
must be developed. Such a setup can lead to breakages if linked materials have
different compressibilities. Linked materials with which such problems can occur
are the window and the immobilising matrix, reflecting materials and dye-binding
materials in the immobilising matrix and core, the cladding and the immobilising
matrix if the fibre is fed into the vessel. Further development is necessary as
immobilising techniques which ensure long term stability are not fully developed
even at normal pressure.

To recap, it can be said that there is no possibility of making an explicit
decision in favour of one method as all of them show their advantages and disad-
vantages, but measurement with indicator dyes seems to be the best compromise
between setup, accuracy and interferences.

Therefore the choice was made to use an optical system with absorption in-
dicator dyes. A mixture of indicator dyes was used in order to cover the whole
range of possible pH-values of food.

Furthermore, some preliminary tests were made with immobilised indicator
dyes due to their better width and fewer interactions with the sample.



Chapter 3

Performance of Experiments

3.1 Calculation of the pH-Value of the Calibra-

tion and Validation Buffer Solutions

The choice was made to use a system in which calibration takes place at the
same pressure as the measurement. The pH-value of buffer solutions varies with
pressure due to their equilibrium constants and activity coefficients changing.
This chapter describes the method used for calculating these pH-values at high
pressure. These calculations can be divided into three parts: the method of
calculating the equilibrium constants, the method of calculating the activity co-
efficients and the path of calculations to account for the interactions of equilibria
and activity coefficients and the interaction of multiple reactions if an acid such
as H3PO4, which can form several bases, is used as buffer.

Equation (1.1) (Chapter 1.1.2) is the basis for the calculation of the changes
in the equilibrium constant. It can be converted and integrated to give:

pKa = pKo
a +

lg e

RT

p∫
po

∆V (p)dp. (3.1)

In order to solve this equation, the pressure dependency of the volume change
∆V must be known. This pressure behaviour is discussed in Chapter 1.1.2. As
is shown there, Equation (1.9) from Hamman and Él’Yanov [96] shows the best
agreement with experimental data.

A good approximation for activity coefficients as a function of ionic strength
and temperature is the early equation from Debye and Hückel [235]

lg γi = −Ω · (εT )
3
2 z2 ·

√
I

1 + Λ√
εT

ri

√
I
, (3.2)

with the coefficients Ω = 1.82·106K− 3
2 , Λ = 503

√
K

nm
, the Debye radius ri of the ion

63



CHAPTER 3. PERFORMANCE OF EXPERIMENTS 64

i, the number of elementary charges zi of the ion i, the density ρ of the solution
and the dielectric permittivity of the solvent ε.

The definition of the ionic strength I is:

I =
1

2

Nions∑
i=1

ci · z2
i

co

(3.3)

where ci is the concentration of the ion i, co = 1mol/dm3 and zi is the number
of elementary charges of an ion.

Equation (3.2) is based on a theory from Born [102] and has been well proven
at ambient pressure and temperature and ionic strengths of up to about 0.5. For
higher ionic strength the values obtained using Equation (3.2) are smaller than
experimental data, as the approximation of Debye and Hückel neglects the ability
of ions to arrange themselves with a lower energy level. Equation (3.4), which
shows a better agreement with measured data, is an extended form of the Debye
Hückel equation incorporating an empirically determined term linear in I [236]:

lg γi = −Ω · (εT )
3
2 z2 ·

√
I

1 + Λ√
εT

ri

√
I

+ CI. (3.4)

The additional constant C has a value of 0.2. As the term CI becomes very

small in comparison with Ω · (εT )
3
2 z2 ·

√
I

1+ Λ√
εT

ri

√
I

if the ionic strength is small,

both Equations (3.4) and (3.2) become almost the same with an ionic strength
smaller than 0.5. Therefore Equation (3.4) is valid for the full range of ionic
strength used here.

While Equation (3.4) shows a good agreement with measurements at ambient
pressure it fails when applied to higher pressure [237].

Hamann [237] found the best agreement with measurements for the change of
γi with pressure using the following equation1:

ln γi(p) = ln γo
i +

√
ρ(εo)3

ρoε3
. (3.5)

Hamann found no reason why Equation (3.5) shows a better agreement than
(3.2) and (3.4). Note that the influence of the ionic strength is determined by
the activity coefficient at ambient pressure γo

i . This value can be obtained by
Equation (3.4). A combination of the Equations (3.4) and (3.5) results in:

ln γi(p) = −Ω · (εoT )
3
2 z2 ·

√
Io

1 + Λ√
εoT

ri

√
Io

+ CIo +

√
ρ(εo)3

ρoε3
. (3.6)

1He found a better agreement for the equation: γ(H+)γ(A−)(p) = γo
(H+)γ

o
(A−) ·

exp
{

∆V o(p−po)
RT (1+b(p−po))

}
[231], but with this equation one gets only values for ion pairs. b and

∆V o are the same as in Equation (1.9).
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The equations describing the change in equilibria (2.1) and those describing the
influence of ionic strength (3.6) are connected to each other, as Equation (2.1)
contains the activity coefficients and the ionic strength which are used in Equation
(3.4). This equation depends on the ionic reactions described by the equilibrium
constants from Equation (2.1). An iterative computation was considered to be
the best solution.

The following values must be known:

• The pH-value of the buffer solution at ambient pressure (here measured
with a glass electrode).

• The ∆V o and pKa-values at ambient pressure for all reactions.

• The equilibrium constant KW and the volume change ∆V o
W for the dissoci-

ation of water.

• The sum of the molalities mΣ,B of all components of the buffering agents
(in the example of Phosphoric acid:
mΣ,PO4 = mo

H3PO4
+ mo

H2PO−4
+ mo

HPO2−
4

+ mo
PO3−

4
)

• The Debye radii ri of all involved ions.

Figure (3.1) shows the flow schema for the iterative calculation.
The molality of H3O

+ at ambient pressure is calculated by the pH-value and
the activity coefficient γH3O+ at normal pressure. The calculation of the pH-value
at high pressure is based on the changes of the pKW and the pKa-values and the
balance of H3O

+ ions. The balance of H3O
+ ions is considered by the following

equations:

∆H+
Al

=
J∑

j=0

j ·mHjA −
J∑

j=0

j ·mo
HjA (3.7)

0 =
L∑
l

∆H+
Al

(3.8)

where ∆H+
Al

is the number of moles of H+ per kg solution changing with all
reactions of the acid HJA and J is the number of H atoms in the acid. The
number of involved acids is L and the corresponding index is l (l = 1, 2, . . . L).
Water is treated like an acid. The sum of the all changes must be zero.
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Figure 3.1: Flow diagram for the iterative calculations of pH-values under pressure.

As an example, Equation 3.7 is applied for the reactions of a Phosphoric acid
buffer (Equation (3.9)) and for the the reactions of water (Equation (3.10)):

∆H+
(PO4) = 3 ·mo

H3PO4
+ 2 ·mo

H2PO−4
+ mo

HPO2−
4

(3.9)

− 3 ·mH3PO4 − 2 ·mH2PO−4
−mo

HPO2−
4

∆H+
(H2O) = 3 ·mo

H3O+ + 2 ·mo
H2O + mo

OH− (3.10)

− 3 ·mH3O+ − 2 ·mH2O −mOH− .
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Equation (1.9) can be used to calculate the pKW and pKa-values at high pres-
sure. For a starting pHi-value (subscript i for the number of iteration steps) the
molalities of all components are calculated based on the Law of Mass Action.
From the change of these molalities, the number of H+-ions formed or abolished
by a reaction is calculated. The iteration has converged if the predicted sum of

H+ formed by individual dissociation reactions is zero. If the sum
L∑
l

∆H+
Al,i

is

negative the calculation must be started with a smaller value of pHi, and vice
versa.

3.2 Measurement of pH-Value Using Solved Ab-

sorption Indicator Dyes

3.2.1 Experimental Setup for pH-Measurements Using
Solved Absorption Indicator Dyes

Figure (3.2) shows the experimental setup. By opening the valves, either a sample
or a rinsing solution is pushed through the system by a low-pressure piston pump.
A tubing pump was proved to be not appropriate, as a part of the indicator
dye was absorbed by the silicon tube. After closing the valves, the pressure
can be increased up to 450 MPa by means of a hand-operated piston. The
actual measuring cell has a volume of approximately 2.5 ml and is fitted with
two sapphire windows. It has an optical pathway of 14 mm and an optical width
of 6 mm (total width 10 mm). The temperature is held constant at 298 K by a
thermostat bath (not shown in Figure (3.2)). A combined Deuterium/Tungsten-
halogen light source is connected to the cell by a fibre-optic cable. The light is
parallelly aligned using a lens. On the other side of the optical cell, a further
lens focuses the light into another fibre-optic cable which transmits it to the
spectrometer. As no spectrometer exists which covers the whole range from 250
to 1150 nm, two spectrometric units were used, covering the ranges from 250 to
800 nm and from 500 to 1150 nm. To provide both spectrometers with light the
fibre-optic cable has a Y-junction. The fibre-optic cable from the light source
has also a y-junction and a third y-branched fibre-optic cable connects the light
source to a second pair of spectrometric units in order to correct fluctuations.
The connection between the fibre-optic cable from the light source and that to
the reference spectrometers is pictured in Figure (3.3).
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Figure 3.2: Experimental setup for the optical determination of pH-value at high-
pressure.

Due to the ability to vary the angle and the distance of parts A and B it is
possible to regulate the light intensity arriving at the reference spectrometers.
This is necessary because all spectrometric units are centralised in one housing,
sharing one A/D converter and it is not possible to use different settings such as
integration times. Thus it is necessary to have the same light intensities in each
spectroscopic unit. Both pressure and temperature inside the cell are measured
using commercial measuring devices.

Figure 3.3: Connection of the fibre-optic cables between light source and reference
spectrometer. It is possible to move part B (blue) in the part A (red) in an axial and
a rotational direction to adjust the fraction of the light from the optical fibre from the
right connection into the left one. Note that the connections to the optical fibres are
not centred. Part B can be fixed by screws into A (not pictured).
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3.2.2 Selection of Indicator Dyes

An indicator mix consisting of 16 different indicator substances was used. Indi-
cator dyes are most sensitive when the pH-value is in the vicinity of their pKa

(see Equation (2.4), (5.7) and Figure (2.2)). To achieve an appropriate sensi-
tivity over the whole pH-range, the pKa-values of the indicator dyes are evenly
distributed. Thus the distance from the pKa-value of one indicator dye to the
next is around 0.5 units. The indicator mix covers the range from about pH
1 to 10 at ambient pressure to allow for the changing equilibrium constants of
both indicator dyes and ingredients of samples and buffers. The criteria for the
selection of the indicator dyes are (see the remarks in the Appendix to Equation
(5.7)):

• high absorption of light at small concentrations (high α-values),

• absorption at a wavelength at which most of the other indicators have no
absorption (high Io),

• absorption at wavelengths of high system sensitivity (high Io),

• low reactivity, and

• stability against light.

Table (3.1) shows the composition of the indicator mix used. The amount of
indicator dye was chosen to agree to the condition I

Io = 0.35 from the Appendix
(Notes to the Equation 5.7). As mentioned in the appendix the sensitivity is

Table 3.1: Composition of the indicator-mix. The indicator dyes were solved in
Ethanol.

g/250 ml g/250 ml
Indicator Ethanol Indicator Ethanol

Alizarin 0.15 Alizarin Red S 0.075
Bromocresol Green 0.04 Bromo Thymol Blue 0.04
Congo Red 0.04 Ortho-Cresol Red 0.03
Methyl Orange 0.04 Methyl Red 0.02
2-Naphthol 0.7 2-Nitrophenol 0.6
4-Nitrophenol 0.12 Phenolphthalein 0.025
Phenol Red 0.03 Quinaldine Red 0.2
Thymol Blue 0.4 Thymolphthalein 0.03
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proportional to Io. For different wavelengths, varied system sensitivities are
achieved due to the different intensity of the light source, different sensitivity
of the photodiodes and loses of light by absorption, reflection and so on in the
fibre-optic cable, sapphire windows etc. To illustrate the differences in Io as a
function of the wavelength λ, Figure (3.4) shows the spectra recorded with water
in the sample cell.

The intensity can be regulated by the integration time of the spectrometer,
but it is only possible to set one value for all spectrometers and all photodiodes.
Values which are too high result in an overload of the A/D converter as can be
seen in the spectra at the top of Figure (3.4) for the range of wavelengths between
575 and 600 nm. Nevertheless, this spectra shows a typical adjustment of the
measurements as this range of wavelength is in an area where both spectrometric
units overlap.

Figure 3.4: Spectra obtained with water in the sample cell with adjustments typical
for measurements. The top spectra was taken with the spectrometer unit SQ 2000
#1-UV2-L2-SLIT-50, the other with SQ 2000 #4-OF-1-L2-Slit-50, both spectra are an
average of 200 spectra taken with an integration time of 6 ms. The intensity at the
Y-axis is a value proportional to the electrical current from the detector, it depends on
the light intensity, the sensitivity of the sensor at this wavelength and the properties
of the optical path. It is normalised using the maximum value which can be detected
by the A/D converter.
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The values for the wavelength 485 to 490 nm and 655 to 660 nm where there
are intense peaks of the Deuterium light source are always overamplified. But as
peaks of indicator dyes are always wider than 20 nm there is not much loss of
information if this part of the spectra is omitted. Short integration times lead to
a weak signal resulting in a poor signal-to-noise ratio.

No adequate means have been found to avoid ranges of wavelength where the
signal is very low. In the ranges below 230 nm and above 950 nm the signal is
too low to get any practical information, the ranges 230 to 250 nm and 640 to
950 nm are useable but show a worse signal-to-noise ratio compared with the
values between 250 and 640 nm. An improvement can be made by taking more
measurements at different integration times e.g. with 6 ms for the values between
250 to 640 nm and 20 ms for the values in the ranges 230 to 250 nm and 640
to 950 nm. The intensities below 230 nm and above 950 nm were too small to
get any usable signal (a longer integration time can minimize the signal-to-noise
ratio of the A/D converter, but not that of the photo diodes). This method was
not practised as the available indicator dyes change their colour at wavelengths of
between 250 and 700 nm. In this range the signal is adequate with an integration
time of 6 ms (there are also changes above 1000 nm, but these changes have
proven to be not significant).

Measuring Procedure

Some of the adjustments were only made before the first calibration measurement
and kept unmodified for all calibration and sample measurements (an exception is
when there were repairs made to the cell or if the recorded spectra showed that the
settings had markedly changed). These adjustments refer to the distance between
lenses and the end of the optical fibres, the relation between the intensities of the
Tungsten/Halogen and the Deuterium part of the light source and the settings
of the spectrometer.

The lens situated at the end of the optical fibre from the light source was
adjusted from outside the high pressure cell by changing the distance until the
light beam was parallel. The other lens was adjusted to achieve the highest
possible signal to the spectrometer with water in the optical cell. It was possible
to control the intensity of the Tungsten/Halogen part of the light source to adjust
the ratio between both light sources (see the spectra in Figure (2.5)). This ratio
was optimised to reach an intensity which is as uniformly distributed as possible.

The integration time and the connector between the optical fibres to the
reference spectrometers were adjusted before each measuring procedure.

After rinsing the system with demineralised water, sample solution was
pumped through the optical cell. The first 10 ml were discarded to be sure
that all rinsing water was replaced. Spectra measurements are taken when the
temperature is constant. The integration time of the spectrometer is chosen to
obtain a spectra similar to that shown in Figure (3.4), with a signal strength of
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over 50 % at wavelengths of between 250-640 nm and overload only in a range
where both spectra overlap or at the intense lines of the Deuterium light source.
An integration time of 6 ms was appropriate for most cases. The spectrometer
software provides an opportunity to take an average over a number of successive
spectra readings and this number was set to 200 as an increase in the number of
readings leads to no noticeable increase in the signal-to-noise ratio. Afterwards,
the connector between the optical fibres and the reference spectrometer is ad-
justed if necessary. A setting is chosen in which the reference spectra are similar
to the measurement spectra.

Spectra measurements were taken when the desired pressure was reached and
the temperature was constant. The same procedure was repeated with a mixture
of 25 ml of the sample solution containing 100 µl of the indicator mix. For eval-
uation, the difference between the spectra with and without indicators was used.
The spectra without indicator dyes were required in order to make allowance for
the colour of the solutions and effects such as changing cell geometry or changing
refractive index under pressure. The calibration was performed using buffer sys-
tems and the pressure dependency of their pH-values was calculated as described
in Chapter 3.1. The graduation between each individual test buffer was about
0.25 pH-units. 0.2 M solutions of Citric acid (pH 2.5 - 6.25), Acetic acid (pH
4.75 - 5.5), TRIS (pH 8.0), CAPS (pH 10.0) or Potassium Dihydrogen Phosphate
(pH 2.0-2.5 and 6.25-7.5) were mixed with 1 M NaOH or HCl solutions until the
desirable pH-value was reached. Then, demineralised water was added to make a
0.1 M solution. Before each measurement, the pH-value of the buffer was checked
in a thermostat bath (298 K) using a glass electrode. The buffer solutions covered
a range from pH 2 to 8 at ambient pressure, corresponding to a range from 1.2
to 8.3 at 450 MP. The spectra of calibration buffer solutions were recorded in
50 MPa steps up to 450 MPa.

3.3 Measurement of pH-Value Using Immo-

bilised Indicator Dyes

As discussed in Chapter 2.3.3 and 2.4, immobilised indicator dyes show some ad-
vantages compared with dissolved indicator dyes, but the immobilising technique
is still poorly conceived. Therefore, some immobilising techniques described in lit-
erature were tested at ambient pressure and the most promising ones were tested
at high pressure. Besides the immobilising techniques, two different ideas of pos-
sible measurement setups were investigated: the immobilisation of indicator dyes
directly on the fibre and the immobilisation on a window inside the high pressure
cell. High pressure experiments were performed only with immobilisation on the
window because of the easier adaption of the existing setup for measurements
with solved indicator dyes. Following, the different immobilising techniques de-
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scribed in literature are briefly introduced and afterwards the procedure for the
techniques actually used are described in more detail.

3.3.1 Techniques Used for Immobilising Indicator Dyes

In literature, three basic types for immobilising indicator dyes are described:
absorption, covalent bonding and embedding in a porous matrix [209].

Immobilisation of Indicator Dyes by Covalent Bonding

A covalent bonding of indicator dyes is described with cellulose as the matrix
by Wolfbeiss et al. [93] and two patents [238, 239] describe methods of fixing
indicator dyes onto paper (originally for use as non-bleeding indicator papers).
Another method is described by Kosch [206]. She used an Azzo dye fixed onto
the Polyurethane Hydrogel by a dehydration reaction between the Vinylsulfonyl
group of the dye and a Hydroxy group of the polymer. While these methods
result in consistent bondings between matrix and dye they are limited by the
small number of indicator dyes which can be used for such an immobilisation and
the difficulty of fixing cellulose on glass fibres or on windows. Therefore such
experiments were not carried out in this work.

Immobilisation of Indicator Dyes by Absorption

This method uses the hydrophobic or the electrostatic interaction between the
dye and the matrix. The method is simple, but the binding is not durable as the
interaction between matrix and dye is not much stronger than the interaction
between water and dye.

For an electrostatic absorption, ion exchanger resins are usually used [209,
211]. The loaded ion exchanger resin can be fixed using a polymeric layer of
Polyvinyl Chloride [211]. Other materials were also developed, e.g. Sulfonated
Polystyrene and Polyelectrolyte-containing Silica and a hydrophobic absorption of
indicator dyes on organic polymers such as Amperlite was described by Motellier
et al. [240].

Immobilisation of Indicator Dyes by Entrapment

Embedding of the indicator dyes was first described with cellulose as the matrix
(e.g. [207]). Later publications describe mainly Sol-gel as an embedding mate-
rial (e.g. [206, 215, 216, 220, 222, 223, 241, 242]). The company PreSens uses
Polyurethane Hydrogels as the H+ and OH− transmissible matrix.

Like glass, the main structure of Sol-gel is formed by Si-O-Si bridges, but
in contrast to glass it also contains organic groups. The advantage of Sol gel
compared to glass is the possibility to synthesise it at low temperatures. Like
glass, Sol-gels are transparent over a wide range of wavelengths from UV to NIR
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and resistant to most chemicals. By varying the preparation conditions it is
possible to obtain a wide variety of porosity and pore sizes.

3.3.2 Manufacture of Optodes

Production of Optodes on Glass Plates with Ion Exchanger Resin

These optodes are produced in a similar manner to those described by Vishnoi
et al. [211]:

• Wash the ion exchanging resin IRA 400 with demineralised water.

• Wash the ion exchanging resin with Acetone.

• Dry for four hours at 353 K.

• Pulverise with mortar and pestle.

• Add this powder to a saturated solution of BTB (Bromo Thymol Blue) in
demineralised water.

• Stir for twelve hours at ambient temperature.

• Filtrate, thoroughly wash with demineralised water and dry.

• Pipette some drops of a PVC-solution (50 mg PVC in 5 ml THF (Tetrahy-
drofurane)) onto a glass plate (cover slip for microscopy).

• Partially dry in THF atmosphere.

• Before the PVC is completely dry disperse the dye loaded ion exchange
resin onto it.

• Dry for 24 hours at 333 K.

Optodes made this way are called ion exchanger optodes in the following text.
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Manufacturing of Optodes on Glass Plates by Absorption of Indicator
Dyes in Polyamide

The production of these optodes was similar to that described by Wollenweber
[243]. To obtain a better adhesion of the polyamide matrix on the glass plate,
the glass was first silanised:

• Dissolve 1 ml 3-Methacryl-oxypropyl-trimethoxysilan in 50 ml of 50%
Ethanol.

• Stir for 25 minutes.

• Immerse the cleaned glass plates in this solution.

• Dry the glass plates at 353 K.

The actual immobilisation was performed as follows:

• Dissolve 4.25 g Acrylamid and 0.75 g BIS (N,N-Methylene bisacrylamide)
in 10 ml demineralised water.

• Admix 350 µl of a 0.01 molal aqueous solution of BTB and 15 µl 4-N-
TEMED (N,N,N’,N’-Tetramethylethylendiamin) to 150 µl of this solution.

• Pipette 10 µl of this solution and 3 µl of an aqueous Ammonium Persulfate
solution (132.5 g/l) on the silanised glass plate.

• Dry for 10 minutes at ambient temperature.

• Wash with water.

Optodes made this way are referred to as polyamide optodes in the following text.
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Production of Optodes on Glass Plates with a Sol-gel Matrix

The procedure used for the immobilisation in Sol-gel is largely the same as de-
scribed by Kosch ([206] Chapter 5.2.1).

• Dissolve 3 mg BTB in 1 ml Methanol.

• Add 200 µl TMOS (Tetramethyl Orthosilicate) and mix.

• Add 100 µl HCl (0.1 M) and mix in ice water.

• Store for 6 Days in a sealed tube.

• Dip the glass plate fixed on an adhesive strip into the solution.

• Slowly pull out (≈1 cm/s) the glass plate.

• Dry for a short time.

• Repeat the dipping, pulling out and the drying between 2 and 4 times.

• Dry for one day.

Optodes made this way are referred to as Sol-gel plate optodes in the following
text. Different optodes made according to the same instructions vary greatly
in the thickness of the layer. The adhesion of the Sol-gel was weak and as a
consequence the layer sometimes peeled away.
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Production of Optodes on Optical Fibres with a Sol-gel Matrix

The procedure used for the immobilisation in Sol-gel on fibres is derived from
that described above for glass plates.

• Solve 3 mg BTB in 1 ml Methanol.

• Add 200 µl TMOS and mix.

• Add 100 µl HCl (0.1 M) and mix in ice water.

• Store for 6 Days in a closed tube.

• Prepare the fibre by removing the outer jacket with a knife and the inner
polyamide jacket with a Bunsen burner.

• Etch the glass cladding by dipping the first centimetre of the fibre in a sat-
urated KOH/NaOH solution and heating it with a Bunsen Burner (repeat
this step until the fibre tip appears cloudy).

• Wash with demineralised water, Acetone
and again with demineralised water.

• Dry.

• Dip the fibre in the BTB/TMOS solution.

• Pull slowly out (1 cm/s) the fibre.

• Dry short.

• Repeat the dipping, pulling out and the drying 2 to 3 times.

• Dry for one day.

Optodes made this way are referred to as Sol-gel fibre optodes in following text.
For the first tests it was attempt to make such optodes without the fibre

etching step. These trials failed as the Sol-gel did not adhere stably onto the
fibre. A further advantage of the etching is that the cladding of the fibre is
partially removed, resulting in a larger illuminated surface which can be coated
by the indicator-containing Sol-gel.

A variation of the fibre preparation was tested: a small glass ball (diameter
about 2 mm) was melted from the tip of a Pasteur pipette (Duran) onto the etched
end of the glass fibre. This ball was etched again in the same way. Afterwards
it was treated in the same way as the etched fibre. Optodes made this way are
referred to as Sol-gel ball optodes in later text.
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3.3.3 Experimental Setup for pH-Measurements with
Optodes

Figure (3.5) shows the setups for different versions of the tested optodes. The
optodes on glass plates were tested in both an ambient pressure setup using a
cuvette and with a sapphire window which can be placed into a high pressure
cell.

Figure 3.5: Different types of optodes tested in this work. (a) is a measuring device to
test the optodes at ambient pressure. The optodes on glass plates are attached inside
a cuvette. The light from the optical fibre is aligned parallelly using a lens. The same
lens focuses the reflected light onto the fibres and a Y-junction in this fibre leads the
light to the spectrometer. Setup (b) is similar, but instead of the cuvette a sapphire
window from a high pressure cell was used which enables measurements at both high
and ambient pressure. (c) shows the setup for optodes with the pH-sensitive layer
directly on the fibre and (d) the version with a glass ball melted onto the end of a fibre.
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3.4 Investigations of pH-Inhomogeneities in

High Pressure Vessels

The build up of pressure is associated with the generation of inhomogeneities
in several physical parameters, among them the pH-value. For planning and
interpreting high pressure experiments it is necessary to know the extent of such
inhomogeneities.

The time necessary to adjust imbalances in the pH-value depend mainly on
the convection in the vessel. If there is only a little convection the homogenisation
results from diffusion. Here, the mobility of ions belonging to H+ and OH−-ions
are the rate-determining step, as H+ and OH−-ions are very mobile, but cannot
move without a counter-ion because otherwise an electric field would be generated
which detains the H+ and accordingly the OH−-ions.

To investigate pH-inhomogeneities in a high pressure cell special experiments
were made. The setup for these experiments is a variation of that for the
absorption measurements with the solved indicator dyes and is shown in Figure
(3.6).

Figure 3.6: Setup for the experiments to show pH-inhomogeneities in a high pressure
vessel. The differences to the setup for the pH-measurements with solved indicator
dyes (Figure (3.2)) are marked red.
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The difference to the setup for absorbance measurements (Figure (3.2)) is a
branching out in the inlet pipe and a third valve (red in Figure (3.6)). This gives
the possibility of filling the cell via valves V1 and V3 with an indicator dye/buffer
solution. After closing valve V3 and opening V2, the pneumatic cylinder and the
pipes which are marked red and green in Figure (3.6) can be rinsed and filled
with another indicator dye/buffer solution. While building up the pressure with
the pneumatic cylinder both buffer solutions come together in the optical cell
and the homogenisation can be observed by the colour change of the indicator
dye. The spectra contains only an average value over the whole window, but this
value contains enough information to estimate the time of homogenisation.

A further variation of the setup allows viewing at the allocation of the pH-
value directly (see Figure (3.7)). The light of a blue LED (GaN, λmax = 470 nm,
see Figure (2.5)) is fed through a third window into the measuring cell at an
angle of π

2
to the two other windows. One of these windows is connected to the

spectrometer as in the previous experiments, the other window is equipped with
a camera.

Figure 3.7: Setup for the experiments to show pH-inhomogeneities in a high pressure
vessel with fluorescent indicator dyes. In- and outlet are below and above the pictured
layer and the armatures are the same as in Figure (3.6).

Fluorescein is used as indicator dye and has a yellow-green fluorescence with a
maximum light intensity at about 518 nm in alkaline solutions and no fluorescence
in acidic solutions (pKa(0.1 MPa) ≈ 6). Thus it is possible to simultaneously
measure the development of the intensity at 518 nm and to see with the camera
the areas in which the pH-value is below 6 and where it is above.
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3.5 Sources of Chemicals and Equipment

Chemicals

2-Nitrophenol, Quinaldine Red, Potassium Dihydrogen Phosphate, Sodium Hy-
droxide, Hydrochloric Acid, EPPS (3-[4-(2-Hydroxyethyl)-1-Piperazine] Propane-
Sulfonic acid), Disodium Hydrogen Phosphate Dihydrate and Ethanol 5% v/v
Ether
from Fischer Scientific GmbH (Germany).

Citric acid Monohydrate, Acetic acid, CAPS (3-(Cyclohexylamino)-1-
Propanesulfonic Acid) and Fluorescein
from Fluka (Germany).

Alizarin, Alizarin Red, Bromocresol Green, Bromo Thymol Blue, Congo Red,
Ortho-Cresol Red, Methyl Orange, Methyl Red, 2-Naphthol, 4-Nitrophenol, Phe-
nolphthalein, Phenol Red, Thymol Blue, Thymolphthalein
from Omikron GmbH (Germany).

Polyvinyl Chloride of high molecular weight (K-value 6), Tetrahydrofuran (sta-
bilised), ion exchanging resin: Amperlite IRA 400 (Cl) strong alkaline
from Sigma-Aldrich (Germany).

Acrylamid (Research Grade), Ammonium Persulfate (PA), 3-Methacryloxy-
propyltrimethoxysilan (Purum), N,N’-Methylenbisacrylamid (PA), N,N,N’,N’-
Tetramethylethylendiamin (Research Grade)
from Serva Electrophoresis GmbH (Germany).

Hexadecyltrimethylammonium Chloride (99 %), Methanol (99,8 %), Tetramethyl
Orthosilicate (99 %), Acetone (99+ %)
from Acros Organics (Belgium).

Silicon for the splicing of the optodes:
Rhodia Elch
from Rhodia Silicon GmbH (Germany).
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Equipment

High Pressure Equipment

Optical cell: Type 740.2064,
Hand-operated piston: Type 750.1700,
Thermocouple: Type 791.99.0098-J,
Valves: Type 710.6310,
T-Junctions: Type 720.1633,
Tubes: Type 730.2350 and
Tube Connections: Type 720.0310 and 720.0320
from SITEC (Switzerland).

Pressure transducer: Type 501-7000-1
from Dunze (Germany).

Optical Equipment

Spectrometer UV-VIS: SQ2000 #1-UV2-L2-SLIT-50,
Spectrometer VIS-NIR: SQ2000 #4-OF-1-L2-SLIT-50,
AD converter: ADC-1000,
Light source: DH 2000 MC,
Fibres: FCB-UV600-2-SR,
Lens: COL-UV and
Cuvette holder: CUV-UV
from Micropack/Avantes (Germany).

Cuvettes: Plastibrand PMMA, optical path: 1 cm; volume 2.5 ml
from Brand (Germany).

Cover slip round diameter 10 mm, thickness 0.13-0.17 mm
from Laborhandel Krumpholz (Germany).

Phase detection device (incl. fibre-optic): PDD-470 and
Dual-lifetime referenced optode: SF-pH-HP2
from PreSens (Germany).

Other Equipment

Low-pressure piston pump: ETS15-E/C-230-50-M
from Eckerle Industrie-Elektronik GmbH (Germany).

Thermostat bath: F8-C40
from Thermo Haake GmbH (Germany).



Chapter 4

Presentation and Discussion of
Results

4.1 Discussion of the pH-Measurements Using

Solved Indicator Dyes

4.1.1 Data Analysis of the pH-Measurements Using
Solved Indicator Dyes

During measurements, some changes in the spectra occurred which were not a
result of the absorption in the sample but a consequence of the changing geometry
of the optical cell during pressurisation. These changes were not always the same.
A possible reason for this are changes in the geometry of the measuring cell during
pressure supply. The resulting change in spectra was mainly a general stretch in
direction of the Y-axis uniform over all wavelengths. As there are wavelengths in
which the indicator dyes used show no absorption, the intensity in this range is
a measure of the stretch factor. Therefore a correction was possible by dividing
each transmission spectral value by an average of selected values in this range:

(
Iλ

Io
λ

)
corr

=

Iλ

Io
λ

1
5
·

5∑
i=1

Iλi

Io
λi

(4.1)

where Iλ

Io
λ

is the absorption at the wavelength λ (Iλ and Io
λ are the intensities

at the wavelength λ with and without indicator mix, respectively) and Iλi

Io
λi

are

the absorptions at the above mentioned wavelengths of between 700 and 980 nm.
Both spectrometric units showed a different stretch and were separately corrected.
For the UV/VIS-spectrometer the values Iλi

Io
λi

are the absorptions at 700, 710, 715,

720 and 725 nm and for the VIS/NIR-spectrometer absorptions at 700, 730, 900,
950 and 980 nm.
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Figure (4.1) shows the measured calibration spectra at 450 MPa before and
after this correction.

Figure 4.1: All calibration transmission spectra taken at 450 MPa. Top: before cor-
rection. Below: after correction according to Equation (4.1). Only the data points are
displayed at the wavelengths which were originally used for calibration and correction
according to Equation (4.1).

If there is an anomaly in the transmission spectra which indicates changes
other than a linear stretch, such as the inclined curve between 700 and 980 nm
in Figure (4.2) these spectra were not used.

Additionally, a correction was made for fluctuations of the light source by
means of a second spectroscopic unit. This correction was made by the spectro-
scope software according to the following equation:

Im(λ) = Imm(λ)

Imr(λ)(t = 0)

Imr(λ)

. (4.2)

The direct value from the AD converter connected to the photodiodes is Imm(λ),
Imr(λ) is the same as Imm(λ) using the reference spectroscopic unit and Imr(λ)(t =
0) the value recorded by the spectroscopic unit at a time determined by the
laboratory worker (this is usually when the first ”white” spectra (buffer without
indicator dye) was taken).

Spectra from diode array spectrometers contain a large amount of information.
The spectrometer used provides absorption values at around 2000 wavelengths
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Figure 4.2: Transmission spectra of the indicator mix in a calibration buffer of Imidazol
(pH=6.98) at 0.1 MPa. The inclined course between 700 and 980 nm is a sign that the
measuring cell has changed its geometry compared to the geometry when the ”white”
spectra was recorded (the spectra of the buffer without indicator mix). Spectra with
such a course were discarded.

for each spectra and more than 350 spectra were used for calibration. This huge
amount of data would overstrain the calibration calculations.

A data reduction without too much loss of useful information is possible be-
cause of two characteristics of the spectra obtained from organic dyes like the
indicators used: in some ranges of wavelength there is no absorption (see, for
example, in Figure (4.1) the range between 700-900 nm) and the absorptions at
different wavelengths show multi-colinearity. Two wavelength readings which are
adjacent to one another by and large contain the same information, and one of
the wavelength reading is therefore superfluous. If the absorption at the wave-
length of 350 nm rises, for example, then the absorption values will also rise at
the wavelengths of 349 and 351 nm. But not only absorptions in neighbouring
wavelengths show these linear dependencies, the spectra of the indicator mix is
a linear combination of the spectra of the different forms of the indicator dyes.
Multi-colinearity also means that much of the information in the spectra is redun-
dant. It is possible to describe with some selected wavelengths the same as with
the whole spectra. Spectra can therefore be compressed using suitable methods,
without information regarding the sample being lost.

The following ways to reduce data were chosen:
26 wavelengths were selected in which significant changes in absorption take

place. For each wavelength an average value for all diodes of ±1 nm was taken.
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As the distance between the wavelength of two neighbouring diodes is about
0.3 nm an average of values from between 5 and 7 diodes was used. The chosen
wavelengths are pictured in Figure (4.1) as dots. To select the single values
from the original data files and find the average in the way described a PASCAL
program was written whose source code is attached in Appendix 5.1.2. Special
calibration procedures, namely PCR (Principal Component Regression) and PLS
(Partial Least Squares), were used in order to account for the linear dependencies
of the spectra. Excellent overviews of these methods are given by [210, 244, 245].
Therefore, in this text only the most significant characteristics of these methods
relevant to the aim of the present work are explained.

The basis for both calibration methods was a data matrix containing the
absorption values of 26 selected wavelengths (in columns) of all calibration mea-
surements. The selected wavelengths are mainly in areas where significant effects
were observed (see the points in Figure (4.1)). In addition, it was tested to see
if the accuracy rises if the data matrix was expanded with an additional column
containing the pressure levels used. Each column was normalised by dividing the
values by the highest value of the respective column.

Principal Component Regression

With PCR, the spectral data was analysed for linear dependencies to find vir-
tual variables (or Principal Components (PCs)) [245]. These virtual variables
are linear combinations of the absorption data and contain most of the spectral
information, even though the number of PCs is less then the number of original
data. This so called Principal Component Analysis (PCA) can be regarded as
a transformation into a new orthogonal coordinate system. PCA is a spectral
decomposition with an inverse least square regression method which creates a
quantitative model for the complex spectra. The criteria for choosing the new
axes is the variance of the projection of the data points on the axes: the first
new axis, the principal component 1 (PC1) is the vector parallel to the greatest
variance of the measured values, the next axis, PC2 is the vector with the great-
est variance perpendicular to PC1, PC3 is the vector with the greatest variance
perpendicular to both previous axes and so on. Therefore, principal components
are linearly independent, unlike the measured data. It is possible to obtain as
many principal components as the primary matrix has dimensions, but generally
only the first principal components are relevant. The PCs represent the spectral
variations of all spectroscopic calibration data. Therefore, using this information
to calculate a regression equation produces a robust model for predicting the
pH-value in such complex samples as a mixture of different forms of different
indicator dyes.

The factors between the absorption values from the original matrix and the
PCs are called loadings. They are a measure for the importance of the chosen
wavelengths. Omitting columns with small loadings can lead to a better model.
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This was the case for the wavelengths in the NIR-range.
A decrease in the variance of the PCs means also a decrease in information.

The actual calibration was performed using the first principal components. Cal-
ibrations were tested using a different number of principal components and the
best agreement was reached with a validation data set for the calibration with
the first 3 principal components. For the actual calibration the method of inverse
least squares was used.

A disadvantage of the PCR calibration model is that in the first step, the
PCA, the absorptions at selected wavelengths, are calculated independently of
any knowledge of the pH-value. They merely represent the largest common
variations among all the spectra in the training set. Presumably, these variations
will be related mostly to changes in the pH-values, but there is no guarantee that
this is always true.

A direct consideration of the target value, the pH, takes place in another
calibration procedure, the already mentioned Partial Least Squares (PLS) de-
scribed in the next subsection. Both methods, PCR and PLS, were tested and
the findings are given in Chapter 4.1.2.

Partial Least Squares

With PLS, linear combinations of the measured values were used, but here the
criterion in selecting weights was to reach maximal covariance with the pH-values.
The factors are presented during the calculation in such a way that the variation
of the pH-value can be explained as well as possible by the PLS factors which
are to be determined. Or in other words: it is not only the spectral variance
which is taken into account, but also the variance of the pH-value. This can lead
to a better significance, as the factors are oriented in accordance with the target
value. Unlike PCR, PLS is a one-step process as the obtained factors describe
directly the relationship between spectral data and pH-value.
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4.1.2 Results of the pH-Measurements Using Solved In-
dicator Dyes

Figure (4.3) shows a section of the transmission spectra of the indicator mix at
450 MPa for selected pH-values.

Figure 4.3: The UV-VIS transmission spectra of the indicator mix at a pressure of
450 MPa for selected pH-values. There is no data for the wavelengths 485-490 nm and
653-660 nm, as the lines from the Deuterium light source are so strong in this area that
the values are out of range.

As can be seen, the spectra differ significantly with pH-values. This observa-
tion represents a presupposition of an accurate measurement. To test the stability
of the indicator dyes at high pressure, before and after every calibration measure-
ment a spectra was recorded at ambient pressure. The comparison of these pairs
of spectra showed no irreversible changes during pressure treatment. In order to
illustrate this, Figure (4.4) shows as an example the transmission spectra of the
indicator mix in a 0.1 molal Phosphate buffer before treatment, at 450 MPa and
after treatment.

Different pressures produce different spectra for the same pH-value due to
both the changing absorption spectra of each form of indicator dye and changing
dissociation constants. There are three ways of compensating for this:

1. to calibrate each pressure step individually,

2. to treat the pressure as an additional input, or

3. to calibrate with data over the full range of pH and pressure.
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Figure 4.4: Transmission spectra of the indicator mix in a 0.1 molal Phosphate buffer
at ambient pressure/pH 6.99 before pressure treatment (red); at 450 MPa/pH 5.58
(black) and after pressure treatment 0.1 MPa/pH 6.99 (blue). As in Figure (4.3),
there is no data for the wavelengths 485-490 nm and 653-660 nm, because of the lines
from the Deuterium light source. For the range between 570 and 700 nm, values from
both spectrometric units are pictured.

The first method leads to a great additional operating cost for both calibra-
tion and measurement without the prospect of a noticeable increase in accuracy.
Therefore, only methods 2 and 3 were tested.

To test the accuracy of the system, spectra of eight buffer solutions at different
pressures evenly distributed over the pH and pressure range were used for valida-
tion. The test buffer solutions were prepared in the same way as the calibration
buffers. Figure (4.5) shows a comparative parity plot and the corresponding data
is given in Table (4.1).
The reference values are shown in relation to the values calculated from the spec-
troscopic data using PCR and PLS. The reference values are computed in the
same way as the calibration buffers. Similar accuracies and comparable results
were produced using PLS (with 2 factors) and PCR (with 3 principal compo-
nents). The empirical variance ∆pH was 0.34 (PLS) and 0.39 (PCR) pH-units.
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Figure 4.5: Parity plot of the calculated data from thermodynamic (pH Reference)
and spectroscopic data using two different methods; PLS: Partial Least Squares and
PCR: Principal Component Regression. The measuring points cover the whole range
between 0.1 and 450 MPa. For additional information about these measurements see
Table (4.1).

Table 4.1: pH-values of the validation buffer solutions (pHRef ) at different pressures
and the findings achieved with PLS (pHPLS) and PCR (pHPCR) from the spectroscopic
data. pHo

Ref is the pH-value of the buffer at ambient pressure. The data of the last
three columns is pictured in Figure (4.5) above.

Buffer p [MPa] pHo
Ref pHRef pHPLS pHPCR

Phosphate 450 2.63 2.02 1.72 2.12
Citrate 200 2.84 2.65 2.58 2.76
Citrate 400 4.04 3.45 3.58 3.69
Acetate 0.1 4.51 4.51 4.73 4.56
Citrate 300 6.06 5.26 4.85 4.88
Phosphate 350 7.28 6.11 5.81 5.82
Phosphate 100 7.39 6.98 7.61 7.77
Phosphate 50 7.96 7.75 7.65 8.10
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Figure (4.6) compares the results of PCR including and excluding pressure as
additional input (the normalized pressure p/pmax (pmax = 450 MPa) was used as
an additional variable). The corresponding data is displayed in Table (4.2).

Figure 4.6: Parity plot of the calculated data from thermodynamic (pH Reference) and
spectroscopic data using PCR including and excluding the pressure as an additional
input. The measuring points cover the whole range between 0.1 and 450 MPa. For
additional information about these measurements see Table (4.2).

Table 4.2: pH-values of the validation buffer solutions (pHRef ) at different pressures
and the findings achieved with PCR including (pHincp) and excluding (pHexcp) pressure
as an additional input. pHo

Ref is the pH-value of the buffer at ambient pressure. The
data of the last three columns is pictured in Figure (4.6) above.

Buffer p [MPa] pHo
Ref pHRef pHincp pHexcp

Phosphate 450 2.63 2.02 2.18 2.12
Citrate 200 2.84 2.65 2.66 2.76
Citrate 400 4.04 3.45 3.73 3.69
Acetate 0.1 4.51 4.51 4.49 4.56
Citrate 300 6.06 5.26 4.94 4.88
Phosphate 350 7.28 6.11 5.91 5.82
Phosphate 100 7.39 6.98 7.64 7.77
Phosphate 50 7.96 7.75 7.99 8.10

As can be seen, there is no great difference in the findings of both methods.
When including pressure data as an additional input, the empirical variance was
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0.35 pH-units, not much more accurate than without. A similar behaviour can
be observed for PLS (∆pH = 0.33).

Indicator dyes are influenced by the ionic strength (see, for example, Gal-
ster [177]). To test the system for sensitivity to ionic strength, two Phosphate
buffers, one with a high ionic strength (2.80 at 0.1 MPa) and one with a low ionic
strength (0.0015 at 0.1 MPa) were used. The calibration buffer and all other
validation buffers had an ionic strength of between 0.03 and 0.70. The results of
the measurements are shown in Figure (4.7) and Table (4.3).

Figure 4.7: Parity plot of the calculated data from thermodynamic (pH Reference)
and spectroscopic data using PLS, including pressure data over the full pressure range
with different ionic strengths. For additional information about these measurements
see Table (4.3).

As can be seen, the deviation increases with the difference between the ionic
strength at calibration and the ionic strength at validation (or measurement).
Because the ionic strength of a food sample is often unknown, it is not sensible to
calibrate with the ionic strength as an additional input. But there are two ways to
gather information about ionic strength from the spectroscopic data: one method
is to use the different effects of various indicator dyes on ionic strength, which can
be measured if there is an overlapping pH-range between adjacent indicator dyes.
The other way is to observe the difference between the pH-value measured using
the above-described system and the pH-value measured with a glass electrode,
both at ambient pressure. The advantage of the first method is that all of the
information is contained in the spectra, but calibration measurements over the
full range of ionic strength are necessary. Although an array of indicator dyes with
overlapping pH-ranges over the full pH-range is required, each pair of adjacent
indicator dyes has significant differences in their sensitivity to ionic strength. The
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Table 4.3: pH-values of the validation buffer solutions (pHRef ) at pressure p, ionic
strength I and the results achieved with PLS (pHPLS) from the spectroscopic data.
pHo

Ref is the pH-value of the buffer at ambient pressure. The data of the last two
columns is pictured in Figure (4.7).

Buffer I p [MPa] pHo
Ref pHRef pHPLS

Phosphate 0.093 450 2.63 2.02 2.01
Citrate 0.060 200 2.84 2.65 2.60
Citrate 0.228 400 4.04 3.45 3.65
Acetate 0.041 0.1 4.51 4.51 4.59
Citrate 0.581 300 6.06 5.26 4.85
Phosphate 0.267 350 7.28 6.11 5.79
Phosphate 0.267 100 7.39 6.98 7.70
Phosphate 0.289 50 7.96 7.75 7.90
Phosphate 0.0015 0.1 6.62 6.62 7.39
Phosphate 0.0015 50 6.62 6.40 7.22
Phosphate 0.0015 100 6.62 6.20 7.12
Phosphate 0.0015 150 6.62 6.02 6.96
Phosphate 0.0015 200 6.62 5.85 6.86
Phosphate 0.0015 250 6.62 5.70 7.09
Phosphate 2.80 0.1 7.38 7.38 6.51
Phosphate 2.82 50 7.38 7.18 6.25
Phosphate 2.83 100 7.38 7.00 6.09
Phosphate 2.84 150 7.38 6.83 5.98
Phosphate 2.85 200 7.38 6.67 5.88
Phosphate 2.86 250 7.38 6.53 5.80
Phosphate 2.87 300 7.38 6.39 5.72
Phosphate 2.87 350 7.38 6.27 5.64
Phosphate 2.88 400 7.38 6.15 5.50
Phosphate 2.88 450 7.38 6.04 5.44
Phosphate 2.80 0.1 7.38 7.38 6.25

second method used to adjust for changes caused by ionic strength is much easier,
but some approximations are needed. Neglecting the change of ionic strength with
increasing pressure and approximating that the influence of the ionic strength is
the same at different pressures, one can measure the pH-value at ambient pressure
with both the above-described system and using a glass electrode, on which the
influence of the ionic strength is small.



CHAPTER 4. PRESENTATION AND DISCUSSION OF RESULTS 94

Therefore, the pH-value can be calculated by Equation (4.3):

pHp = pHs,p − (pHs,o − pHg,o) (4.3)

where the subscripts denote the pressure (high pressure: p, ambient pressure: o)
and the measuring system (spectrometric: s, glass electrode: g). With this cor-
rection, the values from Figure (4.7) reach a better agreement with the reference
data as can be seen in Figure (4.8) and Table (4.4).

Figure 4.8: Parity plot of the calculated data from thermodynamic (pH Reference)
and spectroscopic data over the full pressure range. The values for the buffers with an
ionic strength of 0.0015 and 2.80 M (at ambient pressure) are shown with and without
correction. The correction of the vertical black and red crosses (+) has been carried
out using Equation (4.3). For additional information about these measurements see
Table (4.4).

The improvement in accuracy afforded by this simple correction is enormous:
the empirical variance for the validation with buffers with an ionic strength of
0.0015 and 2.80 M improves from 0.94 to 0.24 pH-units, a more accurate value
than that reached at calibration and validation with a similar ionic strength
of between 0.03 and 0.70. A small trend is detectable: a fit of the measured
values seems to have a smaller gradient as the plotted bisecting line. This is
presumably a characteristic of changes in ionic strength with pressure caused by
the dissociation of Phosphate. A calibration which accounts for this is impossible,
as changes in ionic strength with pressure are not predictable for samples with
unknown ingredients. The influence of buffering agents on the changes in ionic
strength are not predictable if the composition of the buffering substances remain
unknown.
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Table 4.4: pH-values of the validation buffer solutions (pHRef ) at pressure p, ionic
strength I and the results achieved with PLS with (pHPLS,corr) and without (pHPLS)
correction according to Equation (4.3). All buffers are made of Phosphoric Acid. pHo

Ref

is the pH-value of the buffer at ambient pressure. Only those buffers are listed here in
which the ionic strength at calibration and that at validation differ significantly. The
data of the last three columns is pictured in Figure (4.8).

I p [MPa] pHo
Ref pHRef pHPLS pHPLS,corr

0.0015 0.1 6.62 6.62 7.59 6.62
0.0015 50 6.62 6.40 7.42 6.45
0.0015 100 6.62 6.20 7.31 6.34
0.0015 150 6.62 6.02 7.15 6.18
0.0015 200 6.62 5.85 7.05 6.08
0.0015 250 6.62 5.70 7.22 6.25
2.80 0.1 7.38 7.38 6.61 7.38
2.82 50 7.38 7.18 6.34 7.11
2.83 100 7.38 7.00 6.18 6.95
2,84 150 7.38 6.83 6.08 6.85
2.85 200 7.38 6.67 5.99 6.76
2.86 250 7.38 6.53 5.91 6.68
2.87 300 7.38 6.39 5.85 6.62
2.87 350 7.38 6.27 5.79 6.56
2.88 400 7.38 6.15 5.66 6.43
2.88 450 7.38 6.04 5.62 6.39
2.80 0.1 7.38 7.38 6.45 7.22
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Figure (4.9) shows the course of the pH-value with pressure of a sample of yoghurt
centrifugate.

Figure 4.9: Course of the pH-value with pressure of a sample of yoghurt centrifugate.

The values at 50 and 300 MPa do not fit as they are higher than surrounding
values, but the deviation is in the range of the accuracy of measurement. What
is interesting is that the gradient ∂pH

∂p
seems to increase with increasing pressures.

This behaviour is not to be expected as buffering agents in yoghurt centrifugate
should behave according to Equation (1.9) (Chapter 1.1.2). But the accuracy of
measurement is too low in comparison to the observed effect so that one cannot
be sure that yoghurt centrifugate shows an exception.
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4.2 Discussion of the pH-Measurements Using

Immobilised Indicator Dyes

4.2.1 Data Analysis of the pH-Measurements Using
Immobilised Indicator Dyes

As in the high pressure experiments with dissolved indicator dyes, a shift along
the Y-axis is noticeable in the range of the spectra where there is no absorp-
tion (see Figure (4.11)). Possible reasons for this could be changes in the the
position of the cuvette during cleaning or changes in the connections between
light source/fibre, fibre/optode, or fibre/spectrometer. A correction method sim-
ilar to the one applied to the absorption spectra of the dissolved dyes was again
used with the wavelengths for which no absorption occurred. For the optodes
where BTB was used as the indicator dye, the range which shows no absorption
is between 750 and 850 nm .

Iλ = Im(λ) ·
Īm(750−850)

Īm(750−850)(pH3)
(4.4)

Here Īm(750−850) is the average of the intensity between 750 and 850 nm and
Īm(750−850)(pH3) is the same as Īm(750−850) for the reference measurement at a
pH-value of 3. The values labelled with an m are the measured values.

Similar to the measurements with dissolved indicator dyes, a correction is
made for fluctuations of the light source according to Equation (4.2).

With the exception of the DLR-optodes from PreSens, all optodes contained
BTB as an indicator dye and the spectra of these BTB-optodes were all analysed
in the same manner. In the following paragraphs, the derivation of the function
that was used to fit the spectral data to the pH-values is given.

In Figure (4.10) the transmission spectra of the alkaline and the acidic form of
BTB are shown, as well as the spectra of the Sol-gel plate optode and the Sol-gel
fibre optode made with this indicator dye in alkaline buffers. The basic difference
between spectroscopic measurements with optodes and solved absorption dyes is
that with optodes it is not possible to take a reference spectra without indicator
dye. Therefore, these spectra are related to the spectra obtained at a pH-value
of 3. As BTB has a pKa-value of about 7.1, the dye is nearly completely in an
acidic form at a pH-value of 3.

The basis for the following calculations is the Lambert and Beer law:

lg
Iλ

Io
λ

= −α(λ)dc. (4.5)

Here α(λ) is the absorption index for the wavelength λ, c the concentration, and
d the length of the sample through which the light beam passes. The length d
is unknown for optodes but has the same value for all wavelengths. Iλ is the
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intensity of light with the wavelength λ after passing through the sample and Io
λ

is the intensity of light at λ without indicator dye which can only be determined
if a form of the indicator dye is colourless at a specific wavelength, for example
when λ > 590 nm for BTB as indicator dye (see Figure (4.10)).

Figure 4.10: Spectra of the indicator dye BTB. The orange and red curves show the
transmission spectra of the alkaline and the acidic form (0.1 ml of an indicator solution
(0.1004 g BTB/100 ml Ethanol) in a 1 ml TRIS or respectively a Citric acid buffer
solution; cuvette: 1 cm/2.5 ml; integration time: 10 ms, average of 100 records); the
blue curve shows the signal of the Sol-gel fibre optode in an alkaline buffer and the
brown curve the signal of the Sol-gel plate optode (measuring details are described
above). As the signals of the optodes are relative to the signals of the same optode
at a pH-value of 3, this spectra shows the changes in the absorption, based on the
first measurement at this pH-value. There is no data for the wavelengths 653-662 nm
because of the intense lines from the Deuterium light source.

In order to obtain a relationship between the spectral data and the pH-value,
the ratio of intensity values from a range of wavelengths where only the alkaline
form absorbs light (590-652 nm) and from a range of wavelengths where both
the alkaline and the acidic form of the indicator dye absorb light with nearly the
same α-value (366-391 nm) is taken:

lg I600
Io
600

lg I375
Io
375

=
−α600dc(A−)

−α375dcΣ

=
c(A−)

cΣ

· α600

α375

. (4.6)
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The values labelled with 600 are the averages of the range of wavelengths between
590 and 652 nm, and those labelled 375 correspond to the range of 366-391 nm.
c(A−) is the concentration of the alkaline form of the indicator dye and cΣ is the
total concentration of the indicator dye (the sum of the concentrations of the
alkaline and the acidic form).

The intensities I600 and I375 are the measured values (with the correction from
Equation (4.4)), Io

600 = I600, (pH=3) as the acidic form of the indicator dye does not
absorb at wavelengths higher than 590 nm. The parameter Io

375 had to be fitted
to the measured values (see below). The single values of the concentrations c(A−)

and cΣ are not required as it is possible to find a relation between the fraction
c(A−)

cΣ
and the pH-value based on the Henderson Hasselbach equation (compare

to (2.2)):

pH = pK∗
a − lg

c(HA)

c(A−)

= pK∗
a − lg

cΣ − c(A−)

c(A−)

10(pK∗
a−pH) =

cΣ

c(A−)

− 1

1

10(pK∗
a−pH) + 1

=
c(A−)

cΣ

. (4.7)

To formulate Equations (4.6) and (4.7) as functions of the fraction
c(A−)

cΣ
has

the further advantage that the system is independent of changing indicator dye
concentration, e.g. bleeding out.

The combination of Equations (4.6) and (4.7) leads to:

lg I600
Io
600

lg I375
Io
375

· α375

α600

=
1

10(pK∗
a−pH) + 1

(4.8)

pH = pK∗
a − lg

 lg I375
Io
375

lg I600
Io
600

· α600

α375

− 1

 . (4.9)

In order to determine Io
375 Equation (4.8) can be converted to:

Io
375 = I375 ·

(
I600

Io
600

)α375
α600

(10(pK∗a−pH)+1)
. (4.10)
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For a better possibility of a good fit, Equation (4.8) can be divided into two parts:

Yl =
lg I600

Io
600

lg I375
Io
375

· α375

α600

(4.11)

Yr =
1

10(pK∗
a−pH) + 1

. (4.12)

The symbols Yl and Yr stand for the left and the right side of Equation (4.8).
Ideally they are the same, but if errors in the measurement and in the fit function
are accounted for, the following equation is obtained:

Yl = Yr + e (4.13)

with the error e, which has to be minimized by the fit. Yl is a function of the
measured values containing the unknown value Io

375. Yr is a function of the pH-
value and the unknown value pK∗

a . For each set of entered data (I375, I600, pH),
one data point of Io

375 was reached. Among the range of these values, the value
that showed a minimum for e in Equation (4.13) was ascertained. The same
applies for the pK∗

a-value of BTB, which depends on the immobilisation matrix.
It is possible to calibrate both values, Io

375 and pK∗
a independently from each

other as the pK∗
a-value only effects a translational displacement along the X-axis

and the range of Yr (Equation (4.12)) must always be between zero and one.
Therefore, Io

375 can be varied until all points of Equation (4.11) lie on a sigmoidal
curve between zero and one and afterwards the pK∗

a-value can be fitted to give
a good agreement between Yl and Yr. In order to visualise this, Yl and Yr are
plotted against the pH-value for different optodes in Figures (4.12), (4.19) and
(4.20).

4.2.2 Results of the pH-Measurements Using Optodes

Results with Glass Plate Optodes in Cuvettes

The measuring setup for these experiments is given in Figure (3.5a). The op-
todes were fixed inside a PMMA (Poly(Methyl Methacrylate)) cuvette using a
PVC-solution (50 mg PVC in 5 ml THF (Tetrahydrofuran)) as adhesive. The
cuvette was placed in a cuvette holder with connector pins for optical fibres and
integrated lenses (originally used for transmission measurements). The spectra
were recorded in transmission mode, with a reference ”white” spectra at a pH-
value of 3. The measurements were averaged over 50 records with an integration
time of 30 ms.

Before each measurement the cuvette was cleaned with deionised water and
rinsed twice with the buffer solution which was used for the measurements. Figure
(4.11) shows the spectra obtained using a Sol-gel plate optode. The value on the
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Y-axis is the intensity relative to that achieved at a pH-value of 3. As BTB has
a pKa-value of about 7.1, the dye is almost completely in the acidic form at this
pH-value.

Figure 4.11: Spectra obtained using a Sol-gel plate optode at different pH-values. The
value I/IpH3 is the intensity at a particular wavelength relative to the intensity at the
pH 3 buffer. The spectra on the right hand side were corrected by relating I/IpH3 to the
average of the I/IpH3 for the range of wavelengths between 750 and 850 nm (Equation
(4.4)). The measurements are in the order of increasing pH-values except for the dark
blue line which was the last measurement and which was taken at a pH-value of 3.
There was no data for wavelengths between 654-659 nm because of the strong line of
the Deuterium light source.

As can be seen, there is a clear dependency of the spectra on the pH-value. At
pH-values above 9 an elution of the dye was clearly visible to the naked eye.
The last measurement at a pH-value of 3 shows high intensities at wavelengths
between 400 and 550 nm, a range where the dye absorbs light at low pH-values.
As the intensities are based on the first measurement at a pH-value of 3, there
should be a straight line at I/IpH3 = 1.00. This deviation is an indication that
an elution has taken place during the measurements.

Figure (4.12) shows the result of a fit to Equations (4.11) and (4.12) with the
data from a Sol-gel plate optode. The crosses correspond to Equation (4.11) with
measured intensity values, while the line corresponds to Equation (4.12) with a
fitted value for the pK∗

a . All measured values are near the calibration curve, but
an accurate determination is only possible for values near the pK∗

a-value (7.28)
because the red curve is steeper in this range.
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Figure 4.12: The intensity relation for the fit of measured values on Equations (4.11)
and (4.12). The values on the Y-axis are Yr (Equation (4.12)) for the red line, and the
crosses represent the Yl-values obtained from the spectral data according to Equation
(4.11) at the corresponding pH-values. The measurements were carried out using a Sol-
gel plate optode with different buffers at ambient pressure. The pK∗

a-value in Equation
(4.12)was found by trial. The best fit was achieved with pK∗

a = 7.28 in Equation (4.12).

Results with Optodes on a Sapphire Window of a High Pressure Cell

These tests were similar to those carried out with glass plates in cuvettes, de-
scribed in the last chapter. But in these experiments a sapphire window from a
high pressure cell was used instead of the cuvette. All glass plate optodes de-
scribed in Chapter 3.3.2 as well as one dual lifetime referenced (DLR) optode
commercial available from PreSens were tested.

The setup is pictured in Figure (4.13).
The first tests were carried out at ambient pressure by dipping the optode,
which was fixed on the sapphire window, into a buffer solution inside a dark-
ened housing. No pH-dependent signal was found for all optodes made in our
own laboratories, although a colour change was visible to the eye. This could be
attributed to reflections on the air/sapphire, sapphire/adhesive, adhesive/glass
and glass/immobilisation matrix interfaces.

Another disadvantage of the ion exchanger and the polyamide optodes is the
fast bleeding-out of the dye.

Although the setup for the optodes from PreSens are similar to the optodes
made in our laboratories, a significant change in the signal was detected. The
most probable reason for this difference is the use of a fluorescence indicator dye
(7; 8-Hydroxy-1, 3, 6-Pyrenetrisulfonic acid) instead of BTB. Another potential
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Figure 4.13: Setup for the pH-measurements using optodes fixed on a high pressure
window. The picture at the top shows the high pressure window unit with an optode
from the outside. The two pictures below show cross-sectional drawings. The picture
in the middle is the setup for the glass plate optodes made in our own laboratories.
The bottom picture shows the setup with the commercially available DLR optode from
PreSens.

reason for this could be the fact that the optode from PreSens has one interface
less than the optodes made in our laboratories (the indicator was immobilised
in a hydrogel which was fixed with a silicone as adhesive; all other optodes had
a glass plate between the immobilisation matrix and the adhesive (see Figure
(4.13))).

The setup for the measurements taken with the dual lifetime referenced optode
from PreSens differs somewhat from the other measurements as it is based on the
dual luminophor reference method. This method needs a special light source and
a special photodetector; a complete instrument including these components was
used. This instrument needs no branched fibre, as the light beams are separated
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inside the instrument. As the fibre that belongs to this instrument had a different
connector than those used in the previous measurements, it was not possible to
connect it to the lens. Thus, the fibre was fixed by an adhesive strip directly
into the drill hole leading to the sapphire (see Figure (4.13) bottom). The DLR
optode operates with a pH-independent long decay time reference dye and a short
decay time indicator dye which changes the intensity of its fluorescence based on
the pH-value; both luminophores have similar excitation and absorption spectra.
Besides the intensity, the average decay time was also measured to determine the
ratio of the intensities of the fluorescent dyes. Thus, the signal was internally
referenced and therefore insensitive to any fluctuations of the light source or to
changes in the optical path (see also Chapter 2.3.3).

The light source was a blue LED with sinusoidally modulated intensity (mod-
ulation frequency: 49 kHz; GaN, λmax = 470 nm, the same type of LED as the
blue one in Figure (2.5), Chapter 2.3.3). The light was detected with a single
photodiode located behind a filter which is translucent for the emitted yellow-
green light. Using an RS 232 interface it was possible to control the measuring
device with a computer. The output signal contained information about both
intensity and phase shift of the emitted light.

Figure (4.14) shows the detected signals of both the phase shift and intensity
measured at ambient pressure with different buffer solutions. Both signals vary
significantly with the pH-value and a fit similar to that for the Sol-gel plate
optodes (but with the tangent of the phase angle Φ, for the derivation see [208])
leads to an accurate fit as can be seen in Figure (4.15).

Figure 4.14: Intensity of the emitted light (red) and the phase angle Φ (blue) between
the exciting light and the emitted signal. These values were achieved with DLR optodes
with different buffers at ambient pressure.
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The fact that the phase shift is less susceptible than the intensity to interfer-
ences, such as those caused by movements of the window and the optical fibre
during the changing of buffer solutions, can be seen by comparing both curves;
this is especially distinct between the buffers at pH-values of 8.0 and 7.0.

Figure 4.15: The phase angle Φ as function of the pH-value; achieved with DLR
optodes with different buffers at ambient pressure. The crosses are the average of the
measured buffers pictured in Figure (4.14). The red line fits to a spline of ln(tan(Φ))
on a1

10(pK∗a−pH)+1
+ a2 to these values (A derivation of this correlation is given in [208]).

The best agreement was found with a1 = 0.80323, a2 = −7.8340 and pK∗
a = 6.871.

As the results of the measurements through a high pressure window were
only reliable for the DLR optodes from PreSens, these optodes were chosen for
the high pressure tests. For these tests, an optode with a thicker luminescent
layer than that used at ambient pressure was implemented. The result was a
stronger signal, but with the disadvantage of a slower response.

Figure (4.16) shows data from both phase shift and intensity, measured at
different pressures and with different buffer solutions.

Both the phase shift and the intensity showed a significant dependency on
the pH-value and pressure. But both signals do not revert to their original value
after pressurisation, especially with alkaline pH-values, and this makes calibration
impossible. A possible reason for this phenomenon are potential changes in the
lumiphores, such as bleeding-out or decomposition. Another reason could be
changes in the immobilisation matrix leading to charge differences between the
phase interfaces (similar to Reaction (14) in Chapter 2.2) which would influence
the equilibrium of the indicator dye.
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In Figure (4.16) the different response of the two curves with regard to pressure
change is remarkable. This can be most clearly observed during the pressure
reduction with the citrate buffer. Unlike the phase shift, light intensity is not
only a function of the pH-value and pressure, it depends also on the gradient of
pressure. Such differences are caused by changes in the optical path (fluctuation
of the light source is another variant, but was ruled out as it has no dependence
on pressure). As the differences only appear when the pressure changes, there
seems to be a movement of the optode on the window during this process.

Figure 4.16: Intensity of the emitted light (red) and the phase angle Φ (blue) between
the exciting light and the emitted signal. These values were achieved using DLR optodes
with different buffers and at different pressures.

Results with Optodes as Detecting Layer Directly on the Glass Fibre

In order to test the optodes with the pH-sensitive layer directly on the end of
the fibre, the fibre was coupled with a direct contact to the branched fibres (see
Figure (4.17)).

The branch in the fibre was created by arranging the two fibres side by side in
an SMA-SMA coupler. The direct contact between the measuring fibre and the
branched fibre in an SMA-SMA coupler caused a loss in light, but nevertheless
the light was sufficient for the measurements. Results were only adequate if both
ends of the fibres stayed close together to avoid reflections. Figure (4.18) shows
the spectra achieved with a Sol-gel fibre. The spectra were taken in transmission
mode with a reference (”white”) spectra at a pH-value of 3. The final value was
an average of 20 records, each with an integration time of 500 ms.
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Figure 4.17: Setup for the measurements with the optode directly on the fibre.

Compared to the spectra of the Sol-gel plate optode in Figure (4.11), the peak
at high pH-values between 300 and 550 nm is more noticeable in the spectra of
the Sol-gel fibre (see also the blue and the brown line in Figure (4.10)). The
reason for this is that over time the indicator dye bleeds out. The range of 366-
391 nm is a range where both forms of the indicator dye show similar absorption
behaviour. Thus a decrease in absorption in this range is an indication of a
decreasing concentration of both forms of the indicator dye. Figure (4.19) shows
the result of the fit of the measured values using Equation (4.8).

A ratio of the fitted value Io
375 with the intensity I375 for this measurement

shows that there is only about one third of the indicator dye left when compared
with the first measurement at a pH-value of 3:

lg I375;1
Io
375

lg I375;2
Io
375

=
−α375dcΣ1

−α375dcΣ2

cΣ1

cΣ2

=
lg I375;2

Io
375

lg I375;1
Io
375

= 0.31. (4.14)

Here, I375;1 is the average intensity between 366 and 391 nm of the first mea-
surement, I375;2 that of the actual measurement and cΣ1 and cΣ2 are the sums of
the concentrations of both forms of the indicator dye of the first and the actual
measurement.
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Figure 4.18: Spectra obtained with a Sol-gel fibre optode at different pH-values. The
value I/IpH3 is the intensity relative to the intensity at the same wavelength in a
pH 3 buffer, corrected by relating the averages of the values between 750 and 850 nm
(Equation (4.4)). The measurements are in the order of increasing pH-values, except
for the last measurement at a pH-value of 3 (red). There is no data for the wavelengths
653-662 nm because of the intense lines from the Deuterium light source.

While the bleeding out of the indicator dye occurred as the pH-value of the
calibration buffers was increasing (except the last value), the level of accuracy
observed can be misleading. To verify this, a second fibre optode was made in
the same manner as the one described above. In contrast to the measurements
with the fibre optode just discussed, the ordering of the pH-values of the buffers
was random, to avoid the overlay of the following two effects: changing spectra
due to changing pH-values, and bleeding out of the indicator dye. The spectra
are similar to those of the first fibre optode. A fit to Equation (4.6) is shown in
Figure (4.20).

As can be seen in the comparison of Figures (4.19) and (4.20), the fit on
the measurements with a random order of pH-values shows less agreement of
Equations (4.12) with (4.11). Therefore the results of the fibre optode measured
in a regular order of pH-values should be handled with care. The results obtained
with the Sol-gel ball optodes were similar to those with Sol-gel fibres, but a less
intensive signal was recorded and this led to a greater signal-to-noise ratio.
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Figure 4.19: The fit of the intensity relationship of measured values using Equation
(4.11) and those based on Equation (4.12). Measurements were carried out using Sol-
gel fibre optodes with different buffers at ambient pressure. The values were recorded
as the pH-value increased, except for the last value at a pH value of 3. The Y -axis
for the red line is Yr of Equation (4.12). The Y -axis for the crosses is Yl which was
obtained from the spectral data according to Equation (4.11) at the corresponding pH-
values. The pK∗

a-value in Equation (4.12) was found by trial. The best fit was found
with pK∗

a = 8.10.

Figure 4.20: The fit of the intensity relationship of measured values using Equation
(4.11) and those based on Equation (4.12). Measurements were carried out using the
Sol-gel fibre optodes with different buffers at ambient pressure. The Y -axis for the
red line is Yr of Equation (4.12). The Y -axis for the crosses is Yl which was obtained
from the spectral data according to Equation (4.11) at the corresponding pH-values.
The pK∗

a-value in Equation (4.12) was found by trial. The best fit was found with
pK∗

a = 7.21. In contrast to Figure (4.19), the buffers were sampled in a random order.
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4.3 Results of the Investigations into pH-In-

homogeneities in High Pressure Vessels

As mentioned earlier, pH-value strongly influences biochemical reactions. Thus, a
knowledge of the pH-value throughout the sample would be helpful. A generation
of pH-gradients will take place if inhomogeneous samples are pressurised. The
results presented here show that the time necessary to homogenise the pH-value
can be long compared to the time usually applied for high pressure treatment of
food.

The measurements were implemented as described in Chapter 3.4. Figure
(4.21) shows a typical run of the intensities of transmitted light at selected wave-
lengths of an experiment with an absorption indicator dye.

Figure 4.21: Progression of pH-homogenisation in a high pressure vessel at 400 MPa.
A 1.1 M HCl solution is forced into an optical cell filled with a 0.1 M Imodazole buffer
(Imidazole/HCl pH 7.0). Both solutions contain the indicator dye Phenol Red (0.4 ml
of indicator dye solution (0.1 g Phenol Red in 1 l 20% Ethanol) in 100 ml Buffer/HCl).
During the mixing of the two solutions the colour of the indicator dye changes (at the
beginning most of the optical path contains the Imidazole buffer). This colour change is
pictured for the intensities at wavelengths where the greatest changes appear (430, 510
and 1020 nm, see Figure (4.22)). The value I/Io is the intensity I of the light passing
the sample relative to the intensity Io with water in the measuring cell at ambient
pressure.

The spectra for this indicator dye at 400 MPa with different pH-values is
pictured in Figure (4.22).

It was found that the homogenisation time in the optical cell (2 ml) is between
10 minutes and 5 hours for experiments where 1 M HCl or KOH is pressurised
in a 0.1 M buffer solution. The measurements only yield interpretable results if a
solution of a strong acid or base with high molality (about 1 mol/kg) is pressurised
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Figure 4.22: Spectra of the indicator dye Phenol Red at 400 MPa for different
pH-values (0.1 ml of a indicator solution (10 mg Phenol Red in 100 ml 20% Ethanol)
in 25 ml Buffer). Apart from the spectra at pH-values of 13.7 and 1.42 the measured
spectra are from a mixture of the different forms of Phenol Red similar to that of Phe-
nolphthaleine in Reaction (21). The wavelengths in which the absorptions are plotted
against the time in Figure (4.21) are marked by a black line.

in a buffer solution with lower molality (about 0.1 mol/kg). The reason for this
is possibly a mixing due to a forced convection by the added solution. The
homogenisation caused by such a mixing is so fast that it is difficult to follow. If
the added solution has a high molality the convection is small due to the higher
density.

An example of measurements with fluorescent indicator dyes is given in Figure
(4.23). The optical cell was filled with Phosphoric acid containing the indicator
dye (1 ml Phosphoric acid 80% + 1 ml Florescein Solution (1 g/100 ml Ethanol)
+ Water up to 100 ml). In this solution a 1 M KOH solution was pressurised
containing the same amount of the indicator dye. It was possible to observe with
the help of the camera a boundary between the alkaline part of the solution with
a yellow-green fluorescence and the acitic part which showed no fluorescence. To
illustrate this, the top of Figure (4.23) shows three pictures taken during the
experiment. It took about 4 hours for this boundary to travel the distance of the
window (diameter: 6 mm). This is also the time in which a sharp increase in
emitted light was observed at the spectrometer (see Figure (4.23 bottom)).
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Figure 4.23: Progression of pH-homogenisation in a high pressure vessel at 400 MPa.
A 1 M KOH solution is forced into an optical cell filled with diluted Phosphoric
acid. Both solutions contain the indicator dye Fluorescein. During the mixing of both
solutions the fluorescence of the indicator dye increases (at the beginning most of the
optical path contains the Phosphoric acid; in acidic solutions there is no fluorescence
of Fluorescein). The top part shows three pictures taken with the video camera, the
picture on the left was recorded just after the pressure increase caused by pressurising
the alkaline solution in the cell; the middle picture was taken after 2:31 hours and the
right picture shows the end of the experiment after 6:27 hours when all of the observed
part of the sample was alkaline. The intensity of the fluorescence observed by the
spectrometer is plotted on the bottom for the wavelengths where the greatest intensity
of emissions appear (500-520 nm, arithmetic average). Imax is the highest observed
intensity at this range of wavelengths (500-520 nm, arithmetic average).
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4.4 Conclusions and Outlook

During high pressure processing of food, the pH-value affects many phenomena
and processes, e.g. protein properties such as denaturing, gelification, enzymatic
activities, the growth and mortality of microorganisms, the germination or inacti-
vation of bacterial spores, and chemical reactions such as Maillard Browning. At
high pressure, the pH-value varies significantly with the absolute pressure level
due to changing dissociation constants of attendant acids and bases. The equi-
libria of reactions forming or dissipating ions or those which change the charge
of existing ions, such as the dissociation of acids or dissolving of salts, depend
on pressure as equilibrium constants and activity coefficients are both functions
of pressure. In particular, acid-base reactions, which are responsible for the pH-
value of the medium and for reactions of food ingredients such as proteins, play
an important role in high pressure microbiology and food science. To understand
more about such reactions it is important to recognise the pressure behaviour of
such reactions. In this thesis the background and the most important methods
from previous studies to determine this pressure behaviour were introduced and
discussed, specifically for reactions affecting the pH-value. The reason for the
changes of equilibrium constants with pressure and the basis for the calculation
is the volume change accompanying a reaction. This volume change is caused
mainly by the electrostatic interaction between an ion and surrounding water. A
comprehensive theory has not yet been proposed, but some models described in
the literature show an adequate agreement with existing measurements and can
be used to interpret experimental results.

A starting-point for a theory describing the interaction between ion and water
could be a comparison of the pressure behaviour of equilibrium constants with
the many other properties influenced by these interactions. These properties
are activity coefficients, reaction rates, equilibrium constants, conductivities, vis-
cosities, densities, refraction indices, electrode processes, dielectric permittivities
and so on as functions of pressure, temperature and ionic strength in different
solvents. Many experiments have been performed to explain these properties,
but models derived from this experimental data often account for only one or a
few of these properties. For example, the model of different structures occurring
in liquid water, which has been proven to explain such properties as how pres-
sure and temperature affects density and viscosity of water, has not been applied
in characterising the behaviour of activity coefficients, reaction rates, equilibria
constants and refraction indices. An account on the findings of all experiments
and developed models could be useful in finding a theory to describe the compli-
cated interactions between ions and solvents which are a key to understanding
the behaviour of ionic solutions under high pressure.

The pressure dependency of the pH-value of food cannot be predicted as its
composition is often unknown, and even with a known composition many equi-
librium constants are still unknown. The study of the high pressure handling of
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food requires simple and fast measuring methods for the determination of fun-
damental thermodynamic values such as the pH-value. Thus a pH-measuring
device was developed for application at pressures of up to 450 MPa. Different
methods of pH-measurement are discussed and tested for a possible adaption to
high pressure. Various methods should in theory be applicable to high pressure,
they are based on either electrochemical or optically detectable reactions. Elec-
trochemical methods suffer from difficulties with the reference element. Either
such reference elements show interactions with the sample solution or a liquid
junction, integrated in the device to avoid such interactions, causes inaccura-
cies. Among the optical methods, measurement of the pH-value using the colour
change of indicator dyes has been proved to have the greatest potential.

An optical in-situ pH-measurement system with absorbance measurements of
indicator dyes for fluid food at pressures of up to 450 MPa was developed for use in
the pH-range of 2.0 to 8.0. Through a high pressure cell with sapphire windows
a light beam passes the sample and the intensity modifications were observed
with a spectrometer. For analysis of the spectral data and the calculation of the
pH-value, chemometric methods were used. The calibration was performed with
buffer systems, whose pressure dependency is known from theoretical calculations.
The achieved accuracy was 0.24 pH-units.

Compared to the large influence of small changes in the pH-value on bio-
logical media and food ingredients the precision reached is not great, but exact
pH-measurements are rarely possible even at ambient pressure. For an example,
[246] describes a comparison of different laboratories which measured pH-values
with a glass electrode according to a very elaborate method. They allowed the
electrode 30 minutes to settle for both calibration and measurement and used
no liquid junction. As the potential of the reference Ag|AgCl-electrode depends
on the Cl−-concentration if no liquid junction is used, the Cl−-concentration was
determined by a further analysis step (gravimetries or titration). Using these
methods they reached an accuracy of 0.02 pH-units. As common laboratory
measurements cannot normally afford such a time-consuming method, routine
measurements with glass electrodes show accuracies of about 0.05 to 0.1 pH-
values.

Until now, the effects of temperature and interactions between food ingredi-
ents such as alcohol or proteins with some of the indicator dyes have not been
considered. Such interactions are described in literature (e.g. [202, 203, 247])
and consequently, it must be examined in which way the accuracy of the system
is influenced by these interactions. While the pH-value and sensitivity on the
pH-value is also influenced by temperature, and high-pressure food treatment is
often accompanied by additional heat or at least self-heating due to compression,
it is necessary to extend the calibration to include temperature.

For opaque and strongly coloured samples which cannot be measured using
the described system, an adaptation of the used configuration was tested with
indicator dyes fixed at the end of a fibre optic cable, or on a film on a sapphire
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window integrated into the high pressure vessel. Instead of the transmitted light,
the reflected or emitted light was measured. Further benefits include an easier
setup and a better protection of the indicator substances against reactions with
proteins or alcohol.

Most of the methods tested to immobilise indicator dyes were not able to fix
the dyes for an adequate time. Among them only Sol-gel showed enough stability
to take some measurements. The best fixation of the dyes was achieved by using
a commercially available optode made from a hydrophobe polymer as immobil-
isation matrix. This optode used a fluorescence indicator dye and was the only
optode whose signal-to-noise ratio was high enough to reach a satisfactory accu-
racy when included in the high pressure setup. For the other optodes, the ratio
between the light passing the indicator layer and that being reflected elsewhere
onto the optical path was too low. But for the fluorescence optodes with a good
signal this signal showed a drift during high pressure measurements, possibly due
to ionic reactions on the surface, leading to potential differences which influence
the equilibrium of the indicator dye. During this work it was not possible to
eliminate such reactions or to find a way to correct their influence, but this could
be a starting point for further investigations.

The investigations about the time needed for homogenisation, if pH-gradients
appear, are not comprehensive, but nevertheless show that in some cases the time
required for such an adjustment is great compared to the time commonly used in
pressure treatments of food. Even in the small measuring cell used, with diameter
1 cm, homogenisation times of up to 5 hours could be observed. Therefore, the
assumption often used that pH-value is always evenly distributed across a sample
is not valid.



Chapter 5

Appendix

5.1 Auxiliary Calculations

5.1.1 Derivation of Equations Used in the Text

Calculations of the Sensitivity σ

Following, the detailed calculation steps which lead from Equation (2.2) and (2.3)
to equation (2.4) in Chapter 2.1 are itemised.

K∗
a

a(H+)

=
cΣ

c(HA)

− 1

c(HA) = cΣ

a(H+)

K∗
a + a(H+)

1

cΣ

(
dc(HA)

dpH

)
=

1

cΣ

(
dc(HA)

da(H+)

da(H+)

dpH

)
; a(H+) = 10−pH

= −
ln(10)K∗

aa(H+)(
K∗

a + a(H+)

)2

= − ln(10)
K∗

a

a(H+)
+ 2 +

a(H+)

K∗
a

= − ln(10)

10(pH−pK∗
a) + 2 + 10(pK∗

a−pH)
(5.1)

1

1With the assumption that the accuracy of aHA is independent from the value of aHA.
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Calculations of the Sensitivity ∂I/∂pH for pH-Measurements with In-
dicator Dyes (Chapter 2.1)

The pH-value measurement with indicator dyes is based on absorption measure-
ment, described by the law of Lambert and Beer (4.5). If other errors such as
protein errors, incorrect concentration of the indicator dyes and changes of the
cell geometry are excluded, the inaccuracy of the measurement is a result of only
the error in the determination of I and Io. A reasonable definition for the sensi-
tivity σI (the subscript I denotes measurements with indicator dyes) is therefore
(as in Chapter 2.1 with that HA as the coloured form of the indicator dye):

σI ≡
∣∣∣∣∣ ∂I

∂pH

∣∣∣∣∣+
∣∣∣∣∣ ∂Io

∂pH

∣∣∣∣∣ =
(∣∣∣∣∣ ∂I

∂cHA

∣∣∣∣∣+
∣∣∣∣∣ ∂Io

∂cHA

∣∣∣∣∣
)
·
∣∣∣∣∣∂cHA

∂pH

∣∣∣∣∣ (5.2)

using the same assumption ∂cHA ≈ ∂aHA as in Chapter 2.1 it is possible to
include Equation (2.4):

σI ≡
∂I

∂pH
+

∂Io

∂pH
=

(
∂I

∂cHA

+
∂Io

∂cHA

)
· ln(10)

10(pK∗
a−pH) + 2 + 10(pH−pK∗

a)
. (5.3)

The derivations ∂I
∂cHA

and ∂Io

∂cHA
can be derived from the law of Lambert and Beer

(Equation 4.5):

I

Io
= e−αdcHA (5.4)

∂I

∂cHA

= −Ioαd · e−αdcHA (5.5)

∂Io

∂cHA

= Iαd · eαdcHA

= Ioαd (with (5.4)) (5.6)

A combination of Equations (5.3), (5.5), (5.6) and (2.2) leads to:

σI =

Ioαd ln(10) ·
(

e
− αdcΣ

10(pH−pK∗a)+1 + 1

)
10(pK∗

a−pH) + 2 + 10(pH−pK∗
a)

. (5.7)

Using the derivatives from σI it is possible to obtain the optimal values for
light intensity, absorption index, length of the optical pathway, concentration of
the indicator dye and the pH-value of optimal sensitivity for a given pK∗

a-value.
As the derivations lead mostly to complicated equations which can only be solved
numerically, they are not given here. But some remarks describing the findings
are itemized:

• The sensitivity is proportional to Io, it is limited only by the range of the
photodiode. Note that the calculations are based on only one indicator dye.
If a mixture of indicator dyes is used, Io is the light intensity if only the
considered indicator dye is omitted.
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• There is an optimum in sensitivity for the product αdcΣ. This means that
indicator dyes with high absorption indices and measuring cells with a long
optical pathway require less concentration of the dye. The optimum for the
product αdcΣ is reached when I

Io ≈ 0.35 for the indicator dye being in the
coloured form.

• In contrast to Equation (2.4) there is not always optimal sensitivity for
pH = pK∗

a . It exists an product αdcΣ which has an optimal sensitivity
for a given pH-value. But for a sensible combination of α, d and cΣ the
pH-value of the highest sensitivity is near the pK∗

a-value.

Calculation of the Influence of Antimony Hydroxide on the Electric
Potential of an Antimony pH-Electrode (Chapter 2.2)

The electric potential of an Antimony electrode as a function of the activity of
Antimony ions in solution is (compare to Equation (2.13)):

U15a = U∗
15a +

RT

3F
ln(a(Sb3−)). (5.8)

The dissociation products for Antimony Hydroxide and water are:

K15b =
a(Sb3−) · a(OH−)3

a(H2O)

(5.9)

KW =
a(H+) · a(OH−)

a(H2O)

. (5.10)

Equation (5.8) combined with (5.9) and (5.10) gives:
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F
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K3
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F

[
ln

(
1
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+
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15a) F

RT
= ln
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1

K3
15b · a(H2O) ·KW
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− pH

lg(e)

pH = − lg(e)F

RT
(U15a − U∗

15a) + lg

(
1

K3
15b · a(H2O) ·KW

)
.

(5.11)
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5.1.2 A Program to Select and Pre-treat the Values from
Spectral Data Files

The following PASCAL program, sw4 exc9.exe, was written to select data from
the ASCII files produced by the spectrometer. The spectrometer controlling
program generates new data files containing the spectral data. The name of
these files consists of up to 5 alphanumerical signs which must be given by the
operator and an ascending number. Four files with adjacent numbers correspond
to one measurement using the four spectrometers. For further data processing
with Microsoft EXCEL it is convenient to present the information in four files,
each representing an individual spectrometer. The program selects, therefore,
data from the files which are four numbers apart. A file called inifile.txt is
needed to tell the program the path and name of the source files and the required
wavelength. Following is an example of the content of this inifile.txt:

UV.txt

340 363 375 400 406 425 438 710 715

ttt

4

5

Phos2\

phos2

1

Phos23\

phos23

1

Phos26\

phos26

1

Ende

The first line contains the name of the new data file, the next itemizes the
wavelengths which are to be selected. The following line gives the extension of
the source files and the next line the step between the numbering of two data
files followed by the number of the column in this file. Finally, the source files
are specified by the path, the beginning of the name and the first number. In the
last line must be written ”Ende”.

In the above-mentioned example the data for 340, 363,. . . 715 nm from the
5th column of the following itemized files are selected and written in a new file
called UV.txt.

\Phos2\phos2001.ttt,

\Phos2\phos2005.ttt,

\Phos2\phos2009.ttt,
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...

Phos23\phos2301.ttt,

Phos23\phos2305.ttt,

Phos23\phos2309.ttt,

...

Phos26\phos2601.ttt,

Phos26\phos2605.ttt,

Phos26\phos2609.ttt,

...

The actual program code is given below:

program SW4_excel;

uses dos, crt;

type

vv = ^lamda;

lamda= record

fl: vv;

ll: double ;

end;

var

fi, fs, fn, fp: text;

datneu, ps: string;

vl, v2: vv;

sp, j, p: integer;

d: double;

procedure LESE(datl: string; sp: integer);

var ch: char;

t: string;

vw: vv;

i,m: integer;

a: array[1..5] of double;
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Begin

writeln(fp,’ gefunden’);

assign(fs,datl);

reset(fs);

write(fn,datl,chr(9));

readln(fs,t);

write(fn,t,chr(9));

readln(fs,t);

write(fn,t,chr(9));

readln(fs,t);

write(fn,t,’;’);

readln(fs,t);

readln(fs,t);

new(vw);

vw:=vl;

j:=0;

d:=0.0;

while not (eof(fs) or (vw^.ll=0)) do

begin

for i:=1 to sp do

begin

t:=’’;

repeat

read(fs,ch);

case ch of

’ ’:;

’;’:;

chr(13):;

else t:=t+ch;

end;

until((ch=’;’) or (ch=#13));

val(t,a[i],m);

end;

if ((a[1]>(vw^.ll-1))and(a[1]<(vw^.ll+1))) then

begin

d:=d+a[sp];

j:=j+1;

end;

if (a[1]>(vw^.ll+1)) then

begin

d:=d/j;

vw:=vw^.fl;

write(fn,d:6:4,’;’);
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d:=0;

j:=0;

end;

while ch<>#10 do

read(fs,ch);

end;

writeln(fn);

close(fs);

End;

function FileExists(FileName: string): Boolean;

{ Returns True if file exists; otherwise,

it returns False. Closes the file if

it exists. }

var

f: file;

begin

{$I-}

Assign(f, FileName);

Reset(f);

Close(f);

{$I+}

FileExists := (IOResult = 0) and

(FileName <> ’’);

end; { FileExists }

procedure Name(var fi: text; p: integer);

Var i, j, k, s: integer;

datei, datl, pfad,

trt,z, dat: string;

Begin

clrscr;

readln(fi,trt);

if trt=’’ then

readln(fi,trt);

readln(fi,sp);

readln(fi,s);

readln(fi,pfad);
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repeat

readln(fi,dat);

readln(fi,i);

i:=i+p;

str(i,z);

if length(dat)>6 then

repeat

datei:=dat[1];

case i of

0..9: k:=6;

10..99: K:=5;

100..999: K:=4;

else K:=3

end;

for j:=2 to k do datei:=datei+dat[j];

datei:=datei+’~’;

datl:=pfad+datei+z+’.’+trt;

i:=i+s;

str(i,z);

write(fp,’Suche ~datl: ’,datl,’ i: ’, i, ’ k: ’,k);

if fileexists(datl) then lese(datl, sp)

else

begin

writeln(fp,’ ~’,datl,’ nicht gefunden’);

writeln(datl);

end;

until (not(FileExists(datl)))

else

repeat

datei:=dat;

case i of

0..9: k:=7;

10..99: k:=6;

100..999: k:=5;

else k:=2

end;

while (length(datei)<k) do datei:=datei+’0’;

str(i,z);

datl:=pfad+datei+z+’.’+trt;

write(fp,’Suche datl: ’,datl,’ i: ’, i, ’ k: ’,k);
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if fileexists(datl) then lese(datl, sp)

else

begin

writeln(fp,’ ’,datl,’ nicht gefunden’);

writeln(datl);

end;

i:=i+s;

until (not(FileExists(datl)));

readln(fi,pfad);

until ((pfad=’Ende’) or (eof(fi)));

close(fp);

End;

function init(var fi: text):string;

var text: string;

begin

if not eof(fi) then readln(fi,text)

else text:=’end’;

init:=text;

end;

procedure leseinit(var fi: text; vi: vv);

var re: double;

begin

if not eof(fi) then

repeat

read(fi,re);

vi^.ll:=re;

new(vi^.fl);

vi:=vi^.fl;

vi^.ll:=0;

until(eoln(fi))

else writeln(’Fehler 2 Leseinit’);

end;
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Begin

clrscr;

if fileexists(’inifile.txt’)then

begin

for p:=0 to 3 do

begin

assign(fp,’Protokoll.txt’);

rewrite(fp);

assign(fi,’inifile.txt’);

reset(fi);

str(p,ps);

datneu:=ps+init(fi);

assign(fn,datneu);

rewrite(fn);

new(vl);

vl^.ll:=0;

leseinit(fi,vl);

write(fn,’Datei’,chr(9),’Text’,chr(9),’Integrationszeit’,chr(9),

’Average\Lamda->’);

v2:=vl;

while v2^.ll<>0 do

begin

write(fn,’;’,v2^.ll:4:0);

v2:=v2^.fl;

end;

writeln(fn);

name(fi,p);

writeln(fn,’Spalte: ’,sp);

close(fn);

close(fi);

end;

end

else writeln(’Nix inifile.txt’);

writeln(’Taste druecken’);

repeat until keypressed;

End.
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(2001) Chem. Eng. Technol., 24, 1120.



BIBLIOGRAPHY 134

[156] M. Jovanovic, A. Dekanski, G. Vlajnic, M.S. Jovanovic (1997) Electroanaly-
sis, 9, 564.

[157] D.L. Harne, L.J. Bousse, J.D. Meindl (1987) IEEE Trans. Electron Devices,
ED-34, 1700.

[158] W. Kordatzki: Taschenbuch der praktischen pH-Messung (1938) Müller &
Steinicke, München.

[159] S.N. Lvov, X.Y. Zhou, D.D. Macdonald (1999) J. Elec. Anal. Chem., 463,
146.

[160] K. Sue, M. Uchida, T. Usami, T. Adschiri, K. Arai (2004) J. Supercrit.
Fluids, 28, 287.

[161] K. Sue, K. Murata, Y. Matsuura, M. Tsukagoshi, T. Adschiri, K. Arai
(2001) Rev. Sci. Instr., 72, 4442.

[162] K. Eklund, S.N. Lvov, D.D. Macdonald (1997) J. Electroanal. Chem., 437,
99.

[163] J.V. Dobson (1972) J. Electroanal. Chem., 35, 129.

[164] D.D. Macdonald, P.R. Wentrec, A.C. Scott (1980) J. Electrochem. Soc.,
127, 1745.

[165] W.L. Bourcier, G.C. Ulmer, H.L. Barnes (1987) Hydrothermal Experimental
Techniques Ed. by G.C. Ulmer, H.L. Barnes, Wilney-Interscience, New York,
157.

[166] S.D. Hamann (1963) J. Phys. Chem., 67, 2233.

[167] A. Distéche, S. Distéche (1965) J. Electrochem. Soc., 112, 350.
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