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Water

Water — the vital element exists

e as solid ice — in snow crystals, collected in glaciers, and
maritime ice of polar regions

o as liquid —in rain, collected in rivers, lakes, and oceans

® as humidity — evaporated from oceans or agricultural
areas, transpired from plants and collected in clouds

e as moisture — bound to surfaces or volumes of nearly all
substances

The water molecule consists of an oxygen and two hydrogen atoms.
Extremely high dipole forces are the basis of its absorptions in the
microwave and infrared ranges.

Its high permittivity and strong dielectric losses enable the determi-
nation of water in the composite of other substances using different
dielectric measuring methods.

Numerous hydrogen nuclei in moist materials possess high magnetic
moments. In strong magnetic fields they are detectable using nuclear
magnetic resonance.

By the measurement of moisture

- for the estimation of quality characteristics,
- for energy savings and water dosage,
- for reducing environmental damage.

Thus, we

investigate the properties and effects of this life donating
substance,

- learn to understand the world around us, and

- appreciate nature as our partner.

Klaus Kupfer



Foreword

Information about a material can be gathered from its interaction with electromagnetic
waves. The information may be stored in the amplitude, the phase, the polarisation, the
angular distribution of energy transportation or the spectral characteristics. When re-
trieved from the wave, certain material properties may thus be determined indirectly.
Compared on the one hand to direct material analysis, an indirect method requires
calibration and is prone to interference from undesired sources. On the other hand,
however, it permits the determination of features inaccessible by direct methods, such
as non-destructive material interrogation, high measurement speed, or deep penetration
depth. However, being a physical method, the use of electromagnetic waves is still
handicapped by the lack of acceptance by many chemists, who are used to applying
direct approaches.

Historically, the first application of electromagnetic wave interaction with mat-
ter involved measurement of amplitude changes at a single frequency caused by
material properties, and it is still used today by some systems. This approach was
soon supplemented by single frequency phase measurements, in order to avoid
distortions through amplitude instabilities or parasitic reflections. Such single pa-
rameter measurements of course require dependence only on one variable in the
measured process and sufficient stability of all other ancillary conditions. If that is
not the case, the single parameter measurement fails.

Single parameter electromagnetic measurements can be complemented by other
methods, to remove disturbances by undesired sources. The effect of temperature
is frequently eliminated by an additional temperature sensor. However, a much
greater effort is often deployed. For example, in microwave moisture determina-
tion, the influence of varying mass density is sometimes removed by applying
radiometric gauges in order to determine the density. In order to simplify the
measurement set-ups, an electromagnetic two parameter measurement can be
applied and is now state of the art. Amplitude and phase changes due to a material
are determined simultaneously at a single frequency. Instead of acquiring ampli-
tude and phase, the permittivity and loss factor of a material may also be deter-
mined by measuring the shift of the resonant frequency and deterioration of the
quality factor of a resonator. Hence for example the simultaneous determination of
material density or mass and moisture content becomes possible. This has led to
today’s two most important applications of electromagnetic material measure-
ments in process control. One is density independent moisture measurement. This
is important, because the moisture content often has to be determined within an
accuracy of fractions of a percent. The other is moisture independent mass deter-
mination. Thus widespread radiometric mass gauges, which require specialized
personnel for maintenance, can often be eliminated, thus avoiding any undesired
adverse influence of the radiation on materials such as foodstuffs.

Microwave two parameter measurements hitherto work well only in environments
and for materials, where the conductivity is sufficiently small and where dielectric
losses dominate. This is because the effective permittivity and the dielectric loss
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factor already constitute a set of two parameters, which can be determined by a two
parameter microwave measurement. If for example an ionic conductivity is included in
the effective loss factor, as it is often the case in practise, one additional microwave
measurement is required. Such a three parameter determination is not yet standard.
The third parameter could for example be acquired by adding a measurement at
another frequency. Since the dielectric properties change quite slowly with frequency,
care has to be taken to choose a frequency sufficiently distinct from the original one.

In real applications, it is not only the conductivity of a material which interferes
but there are also contributions from many other constituents, which also affect
the permittivity spectrum. Dielectric multi-parameter measurements are then
required in order to take account of that situation and allow the simultaneous
determination of a larger set of unknowns. The question then arises of how to cor-
relate the direct measurement variables like amplitudes and phases at various fre-
quencies and the originally desired information about constituents or properties of
the material and thus calibrate the instrument.

One solution could consist in a physical model of the interrogated material,
which would allow the direct calculation of the desired relations. Such models
have been developed in the past for some idealized compositions of constituents
by applying exact electromagnetic analysis. In addition empirical approaches
exist, but very often it is experienced that a model which works satisfactorily for
one situation fails for another even though it only differs marginally from the first.
This is because in nature, many materials are too complex to describe them suffi-
ciently accurately with such necessarily simplified models.

Hence another solution has been recently proposed which evaluates the statistical
properties of the interrogated matter. Experience has shown that the dielectric spectrum,
when recorded across a wide bandwidth at a limited number of sampling frequencies,
contains a vast amount of information, although in a subtle manner, which is not yet
understood through physical models. The measurement instrument has to undergo a
learning phase, where it is brought into contact with samples of materials having exactly
known properties. The recorded measurement values represent a section of the dielec-
tric spectrum, and a calibration curve can be extracted by applying suitable multivariate
statistics. Then unknown materials can be evaluated using that calibration.

The latter approach has been demonstrated to deliver excellent results not only
with measurement values recorded in the frequency domain, but with time domain
measurements as well. Its utilization is just at the beginning in the radio frequency
and microwave domain, and a great potential can be seen for a large number of
applications. It offers the opportunity to apply and take advantage of electromag-
netic multi-parameter measurements in cases where a concise physical model for a
measurement object still does not exist.

For the researcher working in the field, exciting and challenging problems have
yet to be solved in order to make multi-parameter electromagnetic measurements
work. Benefits will accrue for potential users both from superior manufacturing
equipment and the resultant improved products.

Kiel, June 2004 Reinhard Knochel



Preface

Material investigation and moisture measurement using electromagnetic waves in
a wide frequency spectrum are useful for quality assessment in many branches of
industry, civil engineering, agriculture, and commerce, but also for foodstuffs,
e.g., quality detection of meat, fruits, coffee, and so on. Moisture damage to build-
ings requires restoration expenditure of approximately one billion (10%) dollars
every year in Germany alone.

Electromagnetic Aquametry is a widespread application area of the measure-
ment of water in solids and liquids using methods of frequency domain, time
domain, and nuclear magnetic resonance. This special branch addresses all prob-
lems relevant to both physical concepts and technological aspects of the practical
implementation of electromagnetic measurement techniques for determining the
electromagnetic properties of materials, and the amount of water in moist
substances.

The research of moist materials and development of measuring devices are abso-
lutely necessary. Because this complex area is too complicated and time consuming
for large industry, experts are relatively rare. Their cooperation around the world helps
to solve quality problems in the framework of ISO 9000, to use water and energy
effectively, and to reduce environmental damages.

Conferences about Electromagnetic Aquametry are titled “Electromagnetic Wave
Interaction with Water and Moist Substances”. The first workshops were held in
Atlanta in 1993, in San Francisco in 1996, in Athens, GA, in April 1999 and were
organised by Dr. Kraszewski. The conferences, and also the foundation of the Interna-
tional Society of Electromagnetic Aquametry (ISEMA) should help to support the
cooperation of scientists and users of material and moisture measurements by using
microwave and dielectric measuring methods.

The Material Research and Testing Institute (MFPA) in Weimar was host of the
Fourth International Conference on Electromagnetic Wave Interaction with Water
and Moist Substances in May 2001. This conference was intended as a forum of
theory and practice, where more than 130 scientists, manufacturers, and users
from 24 countries met each other in order to exchange information, and the latest
findings, to offer solutions and devices of research, development, and application,
and to establish contacts as well as acquaintances for the future.

The newest results of research and development in Electromagnetic Aquametry
were presented in 70 contributions. The contributors came from 24 countries: Austra-
lia, Belarus, Brazil, Canada, China, Czech Republic, Denmark, Spain, France,
Germany, Greece, Hungary, India, Israel, Italy, Japan, Korea, Malaysia, New Zealand,
Norway, Russia, The Netherlands, UK, and USA.

An exhibition accompanied the scientific conference, which demonstrated the
basis for practical applications. Exhibitors came from Belarus, New Zealand,
USA, and Germany.

The measuring instruments presented in oral presentations, posters, and exhibits
operated in the frequency or time domains. The whole frequency spectrum from
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0.01 Hz - 300 GHz was used for dielectric measurement methods, but the micro-
wave range up to 10 GHz dominated. Multiparameter methods as well as methods
of principal components and artificial neural networks were used to carry out density
independent measurements. Increasingly the imaging of moisture distributions
were realised by using time domain methods, ground penetrating radar and microwave
instruments connected with various methods of data processing.

The interdisciplinary contributions of the conference covered 21 fields such as
physics, technology, electrotechnical engineering, biological and forest engineering,
environmental physics, food engineering, civil-, geotechnical-, geological-, and
geophysical engineering, oil-, coal-, and mining industry, hydrology, chemistry
and biochemistry, medicine, and pharmacy.

The participating authors work at 17 different institutes e.g. for horticulture,
soils and bio-meteorology, computing and biometrics, biomaterials, agriculture,
meteorology and climate research, material research, geo-ecological research, bio-
diversity and ecosystems dynamics, physical geography and soil science, soil and
rock mechanics, agrophysics, building and climatology, and non-destructive testing.

The ISEMA is glad to get support and cooperation from so many disciplines.
A new society of international scientists, engineers, and manufacturers should not
be limited to moisture measurement alone. Investigations of electromagnetic mate-
rial properties, cancer detection in medicine and in veterinary medicine, water and
air pollution, determination of physical properties such as, density, mass, consis-
tency, concentration of composites, quality, authenticity of foodstuffs, and stan-
dardization of these measurement methods present a very wide work area.

The editor of the book and Springer Verlag, represented by Dr. Merkle, agreed to
publish a collection of actual papers given at the conference which were selected
and revised to represent the state of the art. The book contains 21 chapters written
by well-known experts in the field of Electromagnetic Aquametry from Finland,
France, Germany, Greece, Hungary, New Zealand, Norway, Russia, The Nether-
lands, UK, and USA.

The scope of the book covers all aspects of Electromagnetic Aquametry, which
summarizes the broad area of metrology, including science and technology, applied
in electromagnetic sensing of moist materials, foods, and other dielectrics. The
book is divided into five parts.

The first part is devoted to the physical properties of water in various degrees of
binding in moist substances in the electromagnetic field promoted by model systems.

The second part contains measurement methods and sensors in the frequency
domain. It covers the presentation of different methods of density independent meas-
urements, resonator sensors, microstrip transmission- and reflection-type sensors
in different applications of industry. The use of resonators for water content de-
termination in oil but also the application of small band frequency domain
spectroscopy in the low RF range will be demonstrated during the on-line process
monitoring in soil, and concrete strength.

The third part contains TDR-techniques for environmental problems, such as the
measurement of water in waste deposits, the moisture content determination in soil
and snow to prevent mud streams, and avalanches, and the estimation of filling of
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artificial lakes and the power-generation, as well as the prevention of water
ingress in waste deposits which are located in salt mines.

With the introduction of the High Frequncy Structure Simulator HFSS, com-
plete new applications were introduced for the development and optimization of
sensors and their calibration.

Methods and sensors for quality assessment of biological substances, such as
grain, palm oil, timber and foodstuffs are included in the fourth part.

The nuclear magnetic resonance shown in part five will be applied not only for
foods and pharmaceuticals, but also for brickwork, for density and moisture con-
tent determination in wood panels, and for monitoring concrete hardening.

I want to thank all the authors, the MFPA Weimar, and Springer Verlag for their
cooperation during the editing and revision of this book. I thank the company
IMKO for the cover picture.

[ greatly appreciate the help of Prof. Kummer and my daughter Heike as well as
the extensive work done by my wife Helga in making corrections and reproducing
many figures.

Weimar, June 2004 Klaus Kupfer
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1 Recent Developments in Electromagnetic
Aquametry

Andrzej W. Kraszewski

Balion-Milopotamos, 74057 Panormos, Crete; Greece

1.1 Introduction

The term ”Aquametry” is used here as a synonym of: “measurement of moisture
content in solid and liquid materials,” analogous to ”hygrometry” which is a well
established branch of metrology devoted to “measurement of water vapor content
in gases, mainly in air.” The adjectives "microwave” or “electromagnetic” in the
title of this book indicates that it will be concerned with moisture content meas-
urement of solids and liquids using electromagnetic methods and instrumentation
derived from classical microwave techniques (resonant cavities, waveguide,
transmission line, free-space measurements). The subject of interest for micro-
wave aquametry is searching solids of different form and structure, as well as
liquids containing water, for identification of their properties when placed in elec-
tromagnetic fields of radio and microwave frequencies (attenuation, reflection,
phase angle, shift of resonant frequency, etc.). In this aspect electromagnetic
aquametry utilizes some physical theories on dielectric mixtures and bound water.
But electromagnetic aquametry has also strictly defined practical objectives,
namely quantitative measurements of water content in materials, which are impor-
tant from an economic point of view. Since water occurs in most materials in
nature as a natural component of the material or is introduced during technological
processes, it is quite obvious that measurement and control of moisture content
have great economic and technical importance. The domination of practical aims
over cognitive purposes, influenced the development of microwave aquametry in
the past and also had a serious impact on its present state. The purpose of this
chapter is to present in some detail the recent developments in the field, and to
provide a sketch of the overall field of electromagnetic aquametry without delving
too deeply into the more complicated components.

Typical nondestructive techniques for determining moisture content in material
consist of measuring the electrical properties of the material in a sample holder
and relating these properties to the moisture content. These techniques have their
roots at the beginning of the twentieth century when the possibility of rapid
determination of moisture content in grain by measuring the dc resistance between
two metal electrodes inserted into the grain sample was established [1]. This resis-
tance was found to vary with moisture content. Later, samples of wet materials
were placed in the path of an electromagnetic wave between two horn antennas



2 A.W. Kraszewski

and the simple relationship between the propagation constant and the amount of
water was casily determined. Both the simplicity of the measuring arrangement
and practical utility of the results were fascinating. Because of the particular prop-
erties of microwave radiation, (frequencies between 1 and 100 GHz), the new
method appeared to surpass all other previous methods for measuring moisture
content in solids, such as chemical methods, methods using radiofrequencies
(several MHz), infrared and ionizing radiation. The following advantages were
obvious since the early experiments:

(a) Contrary to lower frequencies, the dc conductivity effects on material
properties can be neglected.

(b) Penetration depth is much larger than that of infrared radiation and
permits the probing of a significant volume of material being transported
on a conveyor or in a pipe.

(c) Physical contact between the equipment and the material under test is not
required, allowing on-line continuous and remote moisture sensing.

(d) In contrast to infrared radiation, it is relatively insensitive to environ-
mental conditions, thus dust and water vapor in industrial facilities do not
affect the measurement.

(e) In contrast to ionizing radiation, microwave methods are much safer and
faster.

(f) Water reacts specifically with certain frequencies in the microwave
region (relaxation) allowing even small amounts of water to be detected.

(g) Contrary to chemical methods, it does not alter or contaminate the test
material, thus the measurement is nondestructive.

These features combined with great potential savings in fuel, energy, manpower
and improvement of the quality of products resulting from the application of mois-
ture content measurement and control, created a powerful incentive for research
and equipment development all over the world.

In the mid-sixties several manufacturers of microwave moisture meters were
established on the market. Among them were Scanpro AB in Sweden. AEI and
Rank Precision Industries Ltd. in Great Britain, Uniplan/Wilmer in Poland, Kay-
Ray in the U.S. (who expanded its line of nuclear radiation meters to include
microwave instruments), and Compur AG in Germany (who produced meters
based on research by Bayer AG). There were new companies being created and
old ones bought by others; successful projects were developed and others closed
and forgotten; but fascination with the potential of the technology has lasted with
varying intensity to this day. The state of knowledge on the subject was summa-
rized several times during the years [2-6]. The first meeting devoted to the
exchange of ideas on the subject took place in 1980. The list of papers published
at that time exceeded 400 [5]. Professional meetings took place more frequently in
the late eighties and a tradition of annual meetings (Feuchtetage) was established
in Germany [7, 8]. Later another meeting of more international character was
established, namely the IEEE International Microwave Symposium Workshop on
Electromagnetic Wave Interaction with Water and Moist Substances in 1993 in
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Atlanta [9], in 1996 in San Francisco [10, 12}, in 1999 in Athens, Georgia [11],
and recently as the International Conferences on Electromagnetic Wave Interac-
tion with Water and Moist Substances, organized by the International Society for
Electromagnetic Aquametry (ISEMA) in Weimar, Germany, in 2001 [13] and Ro-
torua, New Zealand in 2003 [14].

The total number of microwave moisture meters manufactured during the last
forty years throughout the world is unknown. The total investment in research on
the adaptation of microwave techniques to aquametric purposes and the number of
unsuccessful projects also remain unknown. But the bibliography of the subject,
on both physical background and practical application contains well over one
thousand entries [3, 8, 9, 12] and it does not cover internal reports of proprietary
character nor contributions to closed or semiclosed conferences and seminars (the
full text of which were not published in the generally accessible literature). A
recent survey indicated the existence of over thirty companies involved in manu-
facturing and applying moisture meters based on the measurement of microwave
parameters [12]. Eleven countries on three continents are represented and materi-
als involved extend from grain and soil to living fish. This list provides evidence
that microwave aquametry is not only a subject of academic discussions and
dissertations, but also an accepted tool in the field of non-destructive moisture
monitoring and control in modern factories and laboratories.

1.2 Principles and Definitions

The moisture content of material may be defined on a wet basis (w.b.) as a ratio of
the mass of water, m,, to the mass of the moist material, m,,,

R (11

m m, +m,

m

or, on a dry basis (d.b.), as a ratio of the mass of water in the material to the mass
of dry material, m,
m, m,—m,

(1.2)

my my

Most often the quantities & and 7 are expressed in percentage. The definition
expressed by Eq. (1.1) is most frequently used in practice, and when the concept
of moisture content is related to a certain volume of material, v, it can be rewritten
as follows:
m, /v k k A
£ = W (1.3)

_mw/u+md/u:k+g:;

where £ is the partial density of water, g is the partial density of dry material, and
p is the density of moist material. Other relationships resulting from Eqgs. (1.1-3)
are:
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__n_ -_< M
5— > n 1_53 k pé:’ (1-4)

m
g="d - paog =L
v 1+7

There are many parameters of materials that can be correlated with the density of
water in the material, £, but from Eq. (1.3) it is obvious that fluctuations in the
material density, p, have as much influence on moisture content as the variation in
k. This observation is universal, because this disturbing effect of material density
does not depend on the electrical method applied for moisture content determina-
tion. Thus, when % is determined from electrical measurement, determination of
moisture content from Eq. (1.1) or Eq. (1.3) requires that p be known. This infor-
mation can be obtained by keeping the mass of moist material in the measuring
space constant during the calibration as well as during the measuring procedure; or
by performing separate density measurements, for example by weighing a sample
of given volume, or by using y-ray density gauge. A third approach is to use a
density-independent function, an expression relating the moisture content with
electrical properties of the material independent of density and to eliminate, or
seriously limit, the density effect in moisture content measurements. It might be
interesting to note that in many cases the dry basis moisture content is linearly
related to the measured electromagnetic quantities, while the wet basis moisture
content exhibits quite nonlinear relationship. In such cases it is wise to calibrate
the system for dry basis moisture content and then transform the results of mea-
surement to the moisture content on the wet basis required in many branches of
industry.

Standard methods of moisture content determination are direct methods, based
on the definitions of Eq. (1.1) or Eq. (1.2) and performed in laboratories according
to procedures described in formal documents of national or international character.
The most often used method involves weighing a sample of moist material,
removing water by evaporation and reweighing the remaining dry material; an-
other (the Karl Fischer method) uses extraction and chemical titration. The whole
procedure is precisely described, giving time and temperature of drying, exact
amount of chemicals to be used, etc. These methods are accurate but do not
provide rapid results. Drying for up to three days is required in some cases. For
rapid moisture content determination and monitoring, indirect methods calibrated
against the standard methods have been used, and the method using measurement
of microwave properties of moist material is one of them.

Interaction of an electromagnetic wave with moist material can be expressed in
terms of the complex value of the propagation constant of the wave in a dielectric
medium as

. 2
7=a+1ﬁ=1—§—\/€—p (L.5)
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where ¢ = &' - j&" is the relative permittivity of the medium, where &' is the dielec-
tric constant and &" is the loss factor, and p=(/1//1(,)2, where A and A, denote free-
space and waveguide cut-off wavelengths, respectively. Eq. (1.5) may be solved
for two components of the propagation constant being expressed as:

' " 2 (16
A \ 2 Le-p)

for the attenuation constant

and for the phase constant

2r |g'-p

[rad/m].
A 2

=

In free space, where p = 0, the following approximate expressions can be used to
relate the electromagnetic wave propagation to the properties of moist materials,
assuming that g2 >> ¢"? which is valid in most practical situations,

g" 2r

—\/: (1.8) ;7 ' and (1.9)

A)lha

Je' -1 (1.10)
NE

where /7is the voltage reflection coefficient from the surface of the moist material.
Thus, by measuring the more practical quantities,

[rl=

A=20logl r|=8,68ad [dB] (.11

and

¢=(ﬂ—/¥0)d:2§(\/_e-'—l)+360n [deg] (1.12)

where A is the attenuation of the material sample in decibels and ¢ is the phase
shift in degrees; [, is the phase constant in free space; » is an integer to be deter-
mined when the thickness ¢ of the material layer is greater than the wavelength in
the material, and the transmission coefficient | 7| = exp(-a d). The integer n can
be found by repeating the measurement with samples of different thickness or by
taking the measurements at two frequencies [15]. It is clear from the above that
the parameters of the electromagnetic wave are affected by the material relative
permittivity which in turn is related to the water content in the material. It is true,
however, that the relative permittivity also depends on material temperature,
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density, shape and dimensions of its particles, chemical composition, etc. [16].
This is where the real troubles start and the science of aquametry begins.

1.3 Instrumentation

All instruments manufactured recently contain modern microwave integrated
circuitry, high speed signal processors and efficient power supplies, and are
equipped with modern microcomputers (often operating on the Windows plat-
form), with modems, high capacity data storage and other gadgets typical of
modern measuring instruments. Because of general progress in microwave inte-
grated circuit (IC) technology during recent years, the price of microwave compo-
nents has recently been quite comparable with the price of components (mixers,
amplifiers, oscillators, filters, etc.) operating at much lower frequencies. This is
another advantage, since very often in the past, application of microwave meters
was restrained because of their higher costs. In addition to the progress which has
been typical for other measuring instruments, there are certain developments and
recent enhancements specific for microwave moisture meters. Some of them are
briefly reviewed below.

1.3.1 Metrological Enhancements

It may be observed from Eqs. (1.8, 1.9) that the components of the propagation
constant, « and S, are dependent upon the relative permittivity of the moist mate-
rial. Since the relative permittivity in turn depends on moisture content & density
p, and temperature z, the components can be written in a general form:

a :l/jl(g’p’T) and ﬁ:l//z(fﬂprT) (1.13)

According to the definition of Eq. (1.3) and expression in Egs. (1.11, 1.12) and
Eq. (1.13), the components of the propagation constant can be easily expressed in
terms of measured variables 4 and ¢, as

A=@,(k,g,T) and  p=,kg.T) (1.14)
These two equations can be solved to express the partial densities of water and dry

material in terms of measured variables:

k=¥(4,47) and  g=¥(4.4.7) (1.15)

In general, this operation known as an inverse problem can be very complex and
uncertain, but in the case of moisture content in most materials, it can be quite
simple. Thus, the moisture content can now be expressed as:
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_ ¥ (c,,T)
W lagT) ¥ (ApT) (119

which contains only the wave variables, 4 and ¢, and temperature 7, determined
experimentally. Also the density of the wet material

p=¥(4.4,T)+¥%(4,4,T) (1.17)

can be determined at the same time. Thus, the density of moist material is no
longer a disturbing factor in the moisture content measurement, but it can be
determined during this measurement and used for other purposes in a technologi-
cal process. Identification of the relationships in Egs. (1.16) and (1.17) is called
the calibration of the measuring system. It has been suggested recently [17] that
carrying out the measurements of two wave parameters at two different frequen-
cies should allow determination of four variables, for example, moisture content
¢, bulk density p, temperature of the material 7 and material layer thickness d.
Selection of two appropriate frequencies remains to be determined for any given
material.

In a search for more efficient and accurate ways of instrument calibration, other
approaches were also explored. Artificial neutral networks seem to be especially
useful [18]. An artificial neutral network is a collection of simple interconnected
analog signal processors, providing a mathematical structure that can be trained to
map a set of inputs to a set of outputs. The inputs are the measured data of 4 and
¢, and the output is the value of moisture content, & For experimental data taken
in free space at eight frequencies between 10.3 and 18,0 GHz for wheat in the
moisture content range from 10% to 19% and at temperatures between -1°C and
42°C [19], the standard error of calibration was 0.135% moisture. When the
network was trained using only the amplitude of the transmission coefficient
measurements as the inputs, the value increased to 0.219%. This is an important
observation, because eliminating the need for the phase measurements greatly
reduces the complexity of the hardware required to make the measurements.
Application of principal component analysis [20] and partial least squares regres-
sion [21] to the same set of experimental data provided standard errors of
performance, of 0.232% and 0.210%, respectively. One should keep in mind,
however, that the average spread of moisture content in triplicate 10-gram samples
determined by the standard oven method for wheat (130°C for 19 hr) was 0.176%
moisture with standard deviation of 0.077% moisture [22].

For some time now, the concept of a density-independent function has been
considered a vital way of limiting the density effect in moisture content measure-
ment [23]. The idea is to find an expression or function, X, which can be corre-
lated with moisture content, ¢, in a form

E=a +bX or §=a2+b2\/?+b3X (1.18)
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providing elimination or serious limitation of the density effect. Originally, the ratio of
the two measured quantities, 4 and ¢ was considered to be such a function. Later, a
permittivity related function was proposed [24, 25] in the form

X =g"/(e'-1) (1.19)

It has been shown [26], that Eq. (1.19) is a part of the original ratio which in turn
is a linear function of the material loss tangent and can be expressed as

A/¢=ctan5JE/(J§—1) (1.20)

where tan §= ¢7¢, and ¢ is a constant. Because both measured variables of Eqs.
(1.11, 1.12) are directly proportional to the layer thickness, the density-
independent function. Eq. (1.16), can be correlated with the material moisture
content without regard to fluctuations in the material layer thickness d. This is of-
ten a valuable feature.

A recently established density-independent function [27, 28] is based on the
observation that in the complex plane, the normalized variables £/p and &"/p for
all temperatures and moisture contents can be expressed by the linear equation

5"/p=af(€'/p—bo) (1.21)

where ay is the slope of the line, which depends only upon the operating
frequency, and b, is the intercept constant, which, for a given material, has the
same value at all frequencies and corresponds to the density-normalized zero-
moisture material permittivity or to the density-normalized permittivity of the
material at very low temperature. Graphical representation of Eq. (1.21) is some-
times called an Argand diagram. The density of the material can be calculated
from Eq. (1.21); thus, the procedure allows simultaneous determination of the
material density and moisture content. The density-independent function for mois-
ture determination can be written as

P tand _ ab,tano (1.22)
p afg’__gﬂ

The interesting feature of the above relationship is that as more and more experi-
mental data for grain have become available (for corn, soybeans, oats, etc.), all
variables in Eq. (1.22) have been found to have similar values, and since at a given
frequency ay by is a constant, one can consider it a universal function. It must be
stressed that the mentioned commodities have pronounced differences in kernel
dimensions, shape, bulk densities and composition, and the potential for a com-
mon calibration equation for moisture content determination in all of them should
motivate further research
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1.3.2 New Sensors and Transducers

There have been recent developments in microwave moisture sensing devices re-
lated to progress achieved in flat, microstrip, patch antennas [29-35], as well as to
wide application of microwave resonators (cavity and microstrip) [36-49]. Sensors
based on the principle of the reflected wave measurements are easy to use as they
allow one-sided sensing and their robust construction permits operation at the bot-
tom of concrete mixers, in walls of chutes, etc. Several open-ended sensors are
shown in Figure 1.1 together with their simplified equivalent circuit.

0

%

Y% Il

T |
Cos

Fig. 1.1. Various open-ended transmission line structures used as sensors in micro-
wave moisture content measurements. From left, microstrip line, coaxial line, cylin-
drical wave guide and their simple equivalent circuit.

Theory related to the operation of the conical-tip open-ended probe was presented
[39], as well as a comprehensive study of various probe types [40]. The input ad-
mittance of the sensor is related to the permittivity of the material in which the
line is immersed, and, in turn, the reflection coefficient is a function of the admit-
tance expressed as:

1-Y;

I= = where Y, =G+ja)(Cf+gC0) (1.23)
1+7;

and G is the conductance and Crand C, are capacitances as shown in Figure 1.1.
One example of a reflection sensor is a microstrip open-ended probe used for
moisture sensing in the production of curd cheese [41]. Changes of moisture con-
tent produce changes in the resonant frequency, as shown in Figure 1.2, where the
reflection loss (/" expressed in decibels as R;= -20log |/7}) is presented as a func-
tion of frequency for various moisture contents in cheese.
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Fig. 1.2. Return loss of open microstrip sensor immersed in curd cheese, as a function
of frequency for various curd moisture content [41]

Sensitivity of moisture measurement can be significantly increased by using reso-
nant structures as sensors. A microwave resonator is a metallic chamber resonat-
ing when the operating wavelength exactly matches its dimensions. Inserting a
dielectric object into the cavity changes its electrical dimensions and the change
can be correlated with the object permittivity and then with its moisture content.
This principle has been used for moisture and mass determination of single kernels
and seeds [42], as well as in bulk materials up to 3 liters in volume (sugar, phar-
maceutical products, grain, cigarettes, margarine, etc.) measured in laboratory and
industrial conditions [43-49]. A simple cylindrical resonator coupled through
loops with external coaxial lines is shown in Figure 1.3.

Fig. 1.3. Cylindrical resonator and
several resonant curves with amplitude
and frequency decreasing with high
moisture content [45]
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The output signal vs. frequency has the shape of a resonant curve, magnitude of
which decreases for increasing moisture content in the material. The potential
accuracy of frequency measurement has been used advantageously by coupling a
pipe conducting liquid material (e.g., crude oil) into a microwave oscillator circuit
in such a way that variation in water content changes the operating frequency of
the system [49, 50].

Some more interesting concepts should be mentioned here. First, the study on
retrieval of the moisture profile in materials of non-uniform moisture distribution
[51-53]. In many cases the interesting material property is not only a global mois-
tare content, but also its distribution along one or even two axises of the material.
Another concept is based on using the effect of the relative permittivity of the me-
dium on the cut-off wavelength of a waveguide (see Eq. (1.5)). For rectangular
waveguide this can be written as A, = ¢/2a(¢”)"?, where ¢ is the speed of light and
a the wider dimension of the waveguide [54]. Thus, when wet material is flowing
through the waveguide, its moisture can be correlated to the attenuation measured
along the waveguide. The other concept is applying time-domain reflectometry
(TDR), the technique well established for in siru determination of water content in
soil with two-conductor line, to other granular materials such as grain [S5]. These
convenient two-wire sensors in combination with sharp pulse generating circuitry
and precise time measuring devices can be a valuable complement to the family of
high-frequency and microwave moisture meters.

1.4 Summary

This review does not claim to be complete in covering all problems facing micro-
wave aquametry. It was the intention of the author to show that microwave
aquametry is a dynamic developing branch of metrology, full of practical potential
and many needs for research in various fields of physics, chemistry and metrol-
ogy. The truth is that a successful development requires not only an adequate mi-
crowave technology, but also specific knowledge concerning the material of inter-
est. While the microwave performance of a sensor can be expressed in terms of
accuracy of amplitude and phase measurement, predicting the final accuracy in
terms of moisture content dramatically depends on the properties of the material to
be monitored and the particular details of the technological process. As a conse-
quence, there is significant work to be done before making an effective microwave
sensor for a given application.
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2.1 Introduction: Water, the Omnipresent Liquid

Water is the elixir of life on our planet. Molecular processes in the biosphere pro-
ceed almost exclusively in aqueous reaction media. The fact that water was pre-
sent long before the evolution of life on earth suggests that its unique properties
have strongly conditioned life as we know it. The water content of an adult human
is as high as 65-70%. Generally, the content of water in living organisms ranges
from about 96% in some marine invertebrates to somewhat less than 50% in bac-
terial spores [1]. Water does not just serve as a filling material in biological sys-
tems. It promotes the formation of biological structures, enables biological hy-
drolysis, and acts as a solvent distributing nutrients and removing metabolism
products. The multiple functions of water in living organisms is also established
by their inability to survive without a minimum supply of water. It is well known,
for example, that dehydration of DNA leads to denaturation of this biopolymer.

Due to the ubiquity of water in our environment, this extraordinary chemical
plays a key role in a variety of further aspects of human beings. About 95% of wa-
ter available on our planet is contained in the large oceans, holding 1.3-10°'. The
Antarctic ice cap amounts to about 5% of this volume, namely 2.7-10'°1. The proc-
ess of hydrological cycle mainly consists of evaporation from the oceans, subse-
quent precipitation and drain off back into the oceans. Within this cycle, around
1.3-10"%1 of water are contained in the lower 11 kilometers of the atmosphere. The
annual turnover of water amounts to 3.5-10" [1], leading to a continuous expo-
sure of geological structures to water. The climate is evidently controlled by the
humidity of the air but also by the moisture content of the soil. Consequences for
agriculture are obvious.

In addition to the prominent role which water plays in ecological processes, it
has many influences on sociological and industrial developments as well. Much
industrial production would be impossible without water, like broad fields in
chemical technology, power plant operation, flotation and dyeing in textile chemistry.
A multitude of other areas of production and of maintenance of products depends
sensitively on the water content of material. Examples are efficient oil recovery,
the strength of bricks, the consistency of cosmetics, and the storage life of food-
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stuff. There are thus many reasons for a better understanding of the eccentric
properties of water. In view of the widespread and still increasing use of electro-
magnetic waves, there are particular demands for deeper insights into their interac-
tions with this omnipresent chemical. A brief tutorial on some aspects of electro-
magnetic wave interactions with aqueous systems is given. Details and references
to original articles are presented in recent reviews on the dielectric properties of
water [2—5] and aqueous solutions [6—10].

2.2 The Architecture of the Water Molecule and the
Unique Hydrogen Network

2.2.1 The Isolated Water Molecule

The unusual properties of water and its multiple functions in the biosphere and in
technology are related to the architecture of the H,O molecule. As sketched in Fig.
2.1, the water molecule can be roughly represented by a regular tetrahedron with
an oxygen atom at its center, with two protons at two of its vertices, and with lone
pair electrons in orbitals directed toward both other vertices. The H-O-H angle is
somewhat smaller than the angle 109.5° of a tetrahedron. Values in the literature
vary between 104.45° and 105.05°. The electrical charges are not uniformly dis-
tributed over the water molecule so that the vertices of the tetrahedron constitute
poles of electrical charges, of which two are positive since the hydrogen nuclei are
not completely screened by the binding electrons. The lone pair of electrons at the
other two vertices hold the corresponding negative charges. These charges amount
to about 0.17¢ and —0.17e, respectively, where e = 1.602 - 10™'° As denotes the
elementary charge [4, 5].

Because of the particular charge distribution, the water molecule, besides its
electrical polarizability & = 1.444-10°°m’ due to electronic and atomic displace-
ment polarizabilities, possesses also a permanent electric dipole moment,
4= (1.84 £ 0.02) D, resulting from the vector sum of the two H-O bond moments
of 1.53D. Here 1D, the commonly used unit of the molecular electric dipole mo-
ment, corresponds with 10%esu = 1/3 - 10 As.

Fig. 2.1. Sketch of a water molecule as a regular
tetrahedron [S]. The oxygen is shown in black.
Light and dark areas show the binding orbitals to
the hydrogen molecules and the lone electron pairs,
respectively
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The water molecule also possesses quadruple moment components. The mean
quadruple moment almost vanishes. Hence it is the permanent electric dipole mo-
ment that mediates electromagnetic wave interactions with water molecules.

2.2.2 Liquid Water

Because of the positive electrical charges at the only partially shielded protons and
the negative electrical charges of the lone electron pairs, water molecules interact
to form hydrogen bonds. As illustrated by Fig. 2.2, the binding hydrogen atom in a
water dimer forms a covalent bond to one oxygen and a hydrogen bond to the
oxygen of the other water molecule. The bond strength differs by an order of
magnitude. The enthalpy of the covalent H-O bond is as high as 463 kJ/mol,
whereas that of the hydrogen bond is about 20 kJ/mol only. The most stable
configuration of a hydrogen bond is a linear H-O-H arrangement. In ice, the dis-
tance between two hydrogen bonded oxygens is 0.276 nm with the hydrogen
being 0.101 nm apart from one oxygen atom and 0.175 nm from the other one.
The H-bond is largely ionic in character, with covalent parts that can be neglected
on many events [4, 5].

Fig. 2.2. Hydrogen bonded linear water dimer

As each water molecule is capable of four hydrogen bonds, a macroscopically
percolating three-dimensional H-bonded network is formed in the condensed
phases. For hexagonal ice, the ordered hydrogen network structure is illustrated by
Fig. 2.3. Computer simulation studies of liquid water reveal the bond order j,
(/» = 0...4) to follow a binominal distribution. Hence j, may be considered a ran-
dom quantity. Water molecules bound by more than one H-bond are prevented
from reorientational motions. Consequently, only the molecules which, at a time,
are non- or single-hydrogen bonded (j, = 0,1) are able to rotate the direction of
their permanent electric dipole moment into the direction of an external electric
field and thus to contribute to the orientational polarization.
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Fig. 2.4. Fraction R of molecules with N neighbors within a distance of 0.33 nm for water
at 0°C and at reduced (left side, p=0.75 g cm™) as well as normal (right side, p=1 g cm™)
pressure [4]

Computer simulations also show that, at reduced density p, almost perfect tetra-
hedral order is adopted in water. The fraction R, of molecules with four neighbors
within a distance » = 0.33 nm in water at 0°C amounts to more than 80 per cent at
p = 0.75g cm™. On normal conditions (o = 1g cm™) less than 50 per cent of the
water molecules are fourfold coordinated and about one-third of all molecules re-
veals five neighbors within the » = 0.33 nm distance (Fig. 2.4). Hence the regular
tetrahedral structure of ice, yielding a tridymite-like lattice in which the oxygen
atoms form puckered six-membered rings (Fig. 2.3), is significantly disturbed in
water on normal conditions. The defects in the water structure resulting thereby
lead to far reaching consequences for the microdynamics of water. The much
higher number of defects, for example, is the reason why the dielectric relaxation
time of liquid water at 0°C (7 = 17.7ps) is by six orders of magnitude smaller
than the relaxation time of ice (= 20us) at the same temperature.
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The fact that, within the hydrogen bond network of water, the energy of the
covalent bond exceeds that of the hydrogen bond by a factor of more than twenty
suggests the idea of well-defined water molecules also for the condensed phases.
There exists nevertheless an autoprotolysis equilibrium 2H,0 <> 0H™ + H30" in the
liquid, with considerable import for chemistry and biology. The equilibrium con-
stant of the autoprotolysis, however, is small (pK,, = 14, 25°C) so that there is only
a small ion concentration in pure water.

2.3 Hydrogen Network Fluctuations and Polarization
Noise

Since the enthalpy of a hydrogen bond (20 kJ/mol) is on the order of the thermal
energy at room temperature (R7 = 2.5 kJ/mol, 25°C) the bond strength of the
hydrogen network of water fluctuates rapidly due to thermal agitation. Fluctuation
correlation times as small as 0.1 to 1 ps have been reported. Normally, after the
weakening of a bond, however, the same bond is reformed again. Reorientation of
a water molecule through a significant angle and thus formation of a hydrogen
bond at another site occurs only on favorable conditions. These conditions inciude
the existence of an additional neighbor, the “fifth neighbor”, in a suitable position.
Such a neighbor constitutes a network defect with considerable importance to the
reorientational motions of water. The additional neighbor molecule promotes the
formation of a branched (bifurcated) hydrogen bond and flattens the potential
energy barriers between different network fluctuations. Reorientational motions
are significantly facilitated thereby, particularly as the additional neighbor offers a
site for the formation of a new bond. For water at room temperature, it takes about
10 ps until a fifth neighbor molecule is present in a position that promotes reorien-
tation. The reorientation of a molecule itself into a new direction resembles a
switching process since it occurs again in a short period of about 0.1 ps. Hence the
reorientational motions of water molecules in the liquid may be characterized by a
wait-and-switch process in which the reorientation time is predominantly governed by
the period for which a water molecule has to wait until favorable conditions for
the reorientation exist. As it is essential for these conditions that an additional
hydrogen bonding neighbor has to approach, the orientational motions of the water
molecules are evidently controlled by the concentration of partners capable of
forming H-bonds. The higher this concentration, the larger the probability for the
availability of the additional neighbor — hence the smaller the reorientation time of
the water molecules [5, 10].

Since the water molecules are provided with a permanent electric dipole moment,
their reorientational motions will produce electrical polarization noise. In principle,
this noise could be used to measure the dielectric properties of the aqueous systems
under study, in particular to determine the time constants of interest. Let us, for
simplicity, consider an imaginary experiment. The dipolar liquid may be contained
in an ideal plane parallel-plate capacitor with the distance between the plates small
as compared to their lateral dimensions. To be able to monitor all changes in the
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electrical charges on the plates, the capacitor is connected to a suitable instrument
with vanishing internal impedance.

Thermal fluctuations in the electrical polarization P of the dipolar liquid in-
duce clectrical charges on the plates of the capacitor. For isotropic liquids the
amount of charges is proportional to the amount P =! P | of the dielectric polariza-
tion. The noise signal monitored by this experiment (Fig. 2.5) displays two essen-
tially ditferent molecular processes. Fast changes in the signal result from electronic
and atomic displacement polarization mechanisms, slower variations in the noise
are due to the reorientational motions of the dipolar molecules. The details in the
time-dependent properties of the noise are reflected in an obvious manner by the
normalized auto-correlation function [5, 7]

#(1) =< P(t)- P(0) >/ < P(0)- P(0) > (2.1)

also named “'dielectric decay function™. For water at 25°C, as an example, the auto-
correlation function of the polarization noise is shown in Fig. 2.5. Due to the fast
displacement polarization mechanisms and also to a high frequency relaxation proc-
ess, the decay function decreases rapidly from ¢ =1 att =0to ¢(4) =0.94- ¢(0)
at ¢ = t;. The slower decay in the autocorrelation function represents the reori-
entational motions of the water molecules. This part of the autocorrelation func-
tionat 7> 7,=2-10"7s (=2 ps) follows almost an exponential

@1 >15) = Pty )exp(~(t — 1)/ 7)) (2.2)

The decay time 7, will be named principal dielectric relaxation time of water in
the following. As mentioned above, for water at room temperature z, s on the
order of 10 ps. Notice, that the dielectric relaxation time of water corresponds with
the macroscopic polarization.

P()

Lo

¢ (t)

Fig. 2.5. Polarization noise (top) and

n ) \ autocorrelation function ¢(¢) (Eq. (2.1))

0 4 8 12 16 20 for water at 25°C (bottom)
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Hence it is not the reorientation time of individual water molecules but rather a
collective quantity. It is a measure of the period over which, at thermal equilibrium,
the direction of the polarization is correlated to an originally existing direction.

2.4 The Dielectric Properties of Water

2.4.1 Complex Permittivity Spectrum

Due to the unavoidably existing noise of the measurement system itself, analysis
of the noise signal of real experiments is difficult. For this reason, it is more
convenient to expose the sample liquid to a disturbing electromagnetic signal. In
doing so the field strength of the signal has to be sufficiently small to guarantee
the sample remains in almost thermal equilibrium and thus avoid any nonlinear
effects during the measurements. The advantage taken from the use of an external
signal is the small preferential orientation of all dipolar molecules that is super-
posed to the thermally driven reorientational motions, resulting in a substantial
enhancement of the signal-to-noise ratio. Two different types of disturbances are
common in measurements of the principal dielectric relaxation of water. Sequences of
step-voltage pulses are used in time domain spectrometry (TDS) that probes the
dielectric decay function @(¥). Alternatively, sinusoidally varying electromagnetic
fields E(v) are applied in frequency domain techniques. The electric polarization
P(v) is then not only a function of the electric field strength £ but also of the frequency
v. Since, due to molecular interactions, the polarization needs a finite time to
establish, it cannot follow electrical field changes instantaneously. Hence there
exists a dispersion in P(v). In addition, a phase shift between P(v) and E(v) occurs
in the dispersion region. Energy of the external electromagnetic field is dissipated
as heat. Both effects, the dispersion in the polarization and the absorption of
electromagnetic energy, are considered by a frequency dependent complex permit-
tivity [5-7]

GO

eW)=&W)—ie"(v)= S E0)
0

2.3)

Here, &, denotes the electric field constant and #* = -1. According to linear system
theory the transfer function £(v) and the step response function @) are related as

£(v) = (£(0)— 1)7{ d‘“’)J 2 g ] (2.4)

where £(0)= lirr%) £'(v) is the low frequency (“‘static”) permittivity of the dielectric.
e d

As ¢(1) is a real function the real part £(v) and the negative imaginary part £”(v)
of the complex permittivity are not independent from one another but are different
forms of the same phenomena, the relaxation of the dielectric.
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Table 2.1. Dielectric parameters of water at different temperatures 7: Static permittivity
values as recommended by the [UPAC Commission on Physico-Chemical Measurements
and Standards [14] and parameters of Eq. (2.5) as following from a regression analysis of
microwave complex permittivity data (v < 100 GHz, [2, 5])

0 87.87 £ 0.07 8791 £0.2 5702 17.67x 0.1
0.3 87.70£0.2 59+02 1642+ 0.2

5 85.83+0.2 5.8+02 1450+ 04
10 83.91 £ 0.07 83.92 +0.2 5.8+0.3 12.68 £ 0.1
15 82.05+0.2 6.0x0.2 10.84 + 0.1
20 80.16 = 0.05 80.21£0.2 57+0.2 937+ 0.05
25 78.36 £ 0.05 78.36 £ 0.05 5.4+02 8.28 £ 0.02
30 76.57 £ 0.05 76.56 = 0.2 5.2+0.3 7.31 £ 0.05
35 74.87 0.2 5304 6.54+0.1
37 74.17 £ 0.2 53+02 6.27+0.1
40 73.16 £ 0.04 73.18 £ 0.2 46+0.7 5.82+0.1
50 69.90 = 0.04 69.89+ 0.2 4.0=+0.5 475 +0.1
60 66.79 = 0.04 66.70 + 0.2 42+0.5 4.01+0.1
70 62.82 +0.05
80 61.03+£0.05
90 58.32 £0.05

The exponential dielectric decay function (Eq. (2.2)) corresponds with a
Debye-type relaxation spectral function, defined by the relation

£(0) — &(0)

- (2.5)
l+iwrt,

e(v) = &)+
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with ® = 2nv and &(e0) = lim £'(v) denoting the permittivity as extrapolated to

frequencies well above the relaxation frequency (v >> (2n7,)"). Parameter & (o)
reflects the rapidly decaying polarization processes in ¢ (#), with relaxation times
smaller than ¢, (Fig. 2.5).

In the microwave region up to frequencies of about 100 GHz, the complex
dielectric spectrum of water can be well represented by a Debye type relaxation
function. As an example the permittivity spectrum at 25°C is shown in Fig. 2.6,
where the meaning of the parameters of Eq. (2.5) is also indicated. It is only men-
tioned that another low amplitude relaxation term has been found toward higher
frequencies, with relaxation time around 0.2 ps (19°C). Within the framework of
the wait-and-switch model outlined above this relaxation term has been attributed
to the single hydrogen bonded water molecules. The concentration of such mole-
cules is small and thus the relaxation amplitude is also small. The content of
molecules with more than one hydrogen bond, providing a suitable site to the
single-hydrogen bonded water molecules for the formation of a new bond, is
larger. Hence the time for which a molecule with only one H-bond has to wait
until favorable conditions for reorientation occur is small and likewise small is the
dielectric relaxation time [10].

Here the discussion will be restricted to the microwave region of the spectrum
(v< 100 GHz). Hence ¢ () means the high frequency limit of the dominating
relaxation process with relaxation frequency (2n7,)”" of about 20 GHz (25°C),
Fig. 2.6). The parameters of the corresponding relaxation spectral function
(Eq. (2.5)) are displayed in Table 2.1.

2.4.2 Static Permittivity

Due to the rather high permanent electric dipole moment = 1.84D of the water mole-
cule in the gaseous state, liquid water exhibits a large static permittivity. It decreases
from £(0) = 107 £ 2 for supercooled water at —35°C to £(0) = 87.87 £ 0.07 at 0°C and
finally to 55.62 + 0.02 < £ (0) < 55.72 £ 0.06 at 100°C and normal pressure [2, 3, 5].
Various empirical relations have been reported to analytically represent the
temperature dependence of the static permittivity of water. In Fig. 2.7 a plot is
given of the simple equation [7]

£(0) =87.853exp[—0.00457(T / K - 273.15)] (2.6)

to show that, in the temperature range between —25 and 100°C, it represents the
experimental data within the limits of errors. Only for supercooled liquid water at
even lower temperatures do the deviations between the measured data and the pre-
dictions from Eq. (2.6) somewhat exceed the experimental errors.
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Theoretical models relate to the static permittivity of a dipolar liquid to the dipole
moment , to the dipole concentration ¢, and to the Kirkwood orientation correla-
tion factor g [5, 7]

EQ)-6)eO4e) - Na (o 0vi o
£(0) 9¢eokpT

In this equation N4 denotes Avogadro’s number and kg the Boltzmann constant.
The orientation correlation factor considers the fact that preferential parallel
alignment of dipole moments results in an enhanced static permittivity (g > 1), as
evident from the dielectric properties of ferroelectrics, and that antiparallel ordering of
dipole moments leads to a reduction in the static permittivity (g < 1). For water the
situation is less clear. The reason is our insufficient knowledge of the high frequency
permittivity &, (n* < & < & () to be used in Eq. (2.7). Here # is the optical re-
fractive index. Kirkwood using &, = #* = 1.33% found g = 2.8 whereas &, = ¢ ()
yields g < 1. It has been shown that &, = 4.3 is in conformity with g = 1, which
would suggest effects of orientation correlation in liquid water to be absent at all.
In this context, it is interesting to notice that the aforementioned high frequency
relaxation term with relaxation time on the order of 0.2 ps (Fig. 2.8) extrapolates

to £ (0)=lime'(v)=34 at v> (2/;1:,)'1 . Despite of the still insufficient know-
ledge about the effect of orientation correlation in the static permittivity of water,

Eq. (2.7) indicates that reorientation of permanent dipole moments occurs against
thermal agitation, tending at equipartition of all states of dipole orientation.
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2.4.3 High Frequency Properties

In Fig. 2.9 the extrapolated high frequency permittivty & () as following from Eq.
(2.5) is displayed as a function of temperature 7. At low temperatures the experi-
mental g(c0) values significantly exceed the high frequency permittivity data that
have been determined by assuming g = 1 and treating &, as an adjustable parame-
ter in Eq. (2.7). At higher temperatures (T > 50°C), however, both sets of data
almost agree with one another. Interesting, the £*(o0) data which, according to
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have been determined from the spectra which include complex permittivities from
THz measurements (Fig. 2.8), also decrease at temperatures higher than 30°C and
reach the squared optical refraction index at 7 = 50°C. Hence &) seems to just
follow the trend in £*(e0). The relative contribution (& (0)—&*(0))/(& (0)~¢ () of
the fast relaxation process to the static permittivity of water increases from 0.025
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at 0°C to 0.034 at 50°C. This finding may be taken to support the assignment of
the fast relaxation term to the reorientational motions of single hydrogen bonded
water molecules, because their concentration is expected to increase with 7 [10].
Also in conformity with the experimental facts, however, is the assumption of the
high frequency relaxation to reflect the reorientation of non-hydrogen bonded
interstitial water molecules.

2.4.4 Principal Relaxation Time

The wait-and-switch model of water reorientation outlined above implies a poten-
tial barrier between two orientations of a water dipole moment as sketched in Fig.
2.10. Normally a water molecule is contained in either of the potential minima
where the strength of its hydrogen bonds fluctuates rapidly with correlation times
on the order of 0.12 to 1 ps, as also mentioned above. Due to thermal activation,
e.g. due to collision with neighboring water molecules, a water molecule will
occasionally posses a kinetic energy that is higher than the potential barrier and
will thus be able to surmount it and to orientate its dipole moment in another
direction [4, 5, 7, 10]. The effect from the additional neighbor in the wait-and-
switch model is a reduction of the potential energy separating different dipole ori-
entations, as indicated by the dashed curve in Fig. 2.10.

Energy
A

Fig. 2.10.

Sketch of a potential energy barrier separa-
ting two directions #and &* of permanent
dipole moment. The dashed line shows the
reduction in the energy barrier due to a sui-
Orientation table additional neighbor molecule

v

Because of the idea of an underlying thermal activation mechanism, it is an
obvious attempt to assume the dielectric relaxation time z, of the dominating
relaxation term of water to be governed by a Gibbs free energy of activation

AG* = AG* - TAS* (2.9)
and thus to be given by an Eyring relation [6]

r, = —k—%;Cexp(AG# /RT) (2.10)
B
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Here AH” and AS” are the activation enthalpy and entropy, respectively, 4 is
Planck’s constant, C a configurational factor, and R = kg, denotes the gas constant.
From the Znz,-vs-T"' plot in Fig. 2.11 AH"=(16.7 £ 0.4)kJ/mol and AS*= (23 +2)
J/(mol K) follows. Hence the activation enthalpy is on the order of the interaction
enthalpy AH =20 kJ/mol of hydrogen bonds in water.
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Fig. 2.11. Eyring plot of the relaxation time 7, of
water. Errors do not exceed the symbols
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The quantities AH* and AS ¥ refer to molecular rather than collective mechanisms
and should thus be calculated from the dipole rotational relaxation times instead of
the dielectric relaxation times . There exists, however, a nice correlation between
the temperature dependencies of the proton magnetic relaxation rate 1/7}, reflec-
ting the proton-around-proton reorientational motion of a water molecule, and z,.
Therefore, the activation enthalpy from the dipole rotational correlation times
almost agrees with that from the principal dielectric relaxation time z,.

It is well established that the principal dielectric relaxation time decreases when
water is exposed to a hydrostatic pressure p. Due to the pressure the density of
water increases and therefore increases the water concentration (Fig. 2.12). Hence
the reduction of the dielectric relaxation time with p may be taken another
confirmation of the wait-and-switch model of water reorientation.
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2.5 Aqueous Solutions

2.5.1 Solute Contributions to Dielectric Spectra

In Fig. 2.13 the complex permittivity spectrum of a 1-molar aqueous soltution of
nondipolar quinoxaline is shown and compared to that of water at the same
temperature. Due to the dilution of the dipolar water by the nonpolar solute the
static permittivity of the solution is substantially smaller than that of the solvent.
Additionally, because of the particular molecular interactions introduced by the
solute molecules, the dispersion (d£'(v)/dv < 0) and dielectric loss region extends
over a broader frequency range than in water and is shifted to lower frequencies.
These effects increase with solute concentration ¢ [6, 7, 10]. The broadening of the
relaxation region, which reflects a distribution of relaxation times, can be consid-
ered by a Havriliak—Negami relaxation spectral function [9]
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Fig. 2.13. Complex permittitivy spectrum
for a 1 mol/¢ aqueous solution of quinoxa-

0 y line at 25°C [7, 9]. Dashed lines indicate the
0.01 0.1 1 10 100 spectrum of water at the same temperature
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Here, 7 is a characteristic relaxation time of the underlying distribution function
and parameters / and b control the shape and width of the relaxation time distribu-
tion. Eq. (2.11) includes some well-known and frequently used spectral functions,
the Cole—Cole (b=0), the Davidson—Cole (A=0), and the Debye function
(b = h=0). With the notation z; = 7, the latter corresponds with Eq. (2.5).

A summary of results for aqueous solutions of low weight organic molecules is
given in [7]. Also discussed in that article and especially in [8, 12] are spectra for
aqueous solutions of low weight electrolytes and polyelectrolytes. As an example,
the complex permittivity spectrum of a sodium chloride solution is shown in Fig.
2.14. The salt concentration corresponds with that of the North Sea. A particular
feature of electrolyte solutions is the strong increase in the &' data towards low
frequencies which results from the contribution of the ionic conductivity o. With
the conductivity term -io/( g, w) the spectral function
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£(0) — g(0)
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Fig. 2.15. Complex permittivity spectrum
for a 1 mol/l solution of 4-aminobutyric acid
in water at 25°C and at neutral pH [9].
Dashed lines represent the water spectrum at
25°C

results which at low frequencies is dominated by the o contribution. Quite remarkably
there is also a significant reduction in the static permittivity (Fig. 2.14) which, at
least in parts, reflects the preferential orientation of the dipolar water molecules in
the Coulombic field of small cations. This effect is normally named dielectric
saturation or structure saturation.

Spectra for aqueous solutions of dipolar solutes often display two well-
separated relaxation regions of which one is due to the water and the other one to
the solute reorientational motions. An example is given in Fig. 2.15 for a solution
of 4-aminobutyric acid in water. The large solute electric dipole moment of about
20D leads to a large amplitude in the corresponding (low frequency) relaxation
term though the aminobutyric acid concentration is distinctly smaller than that of
water. As not all solute molecules are zwitterionic, some ionic species contribute
also a conductivity term to the spectrum. The complex permittivity may thus be
analytically represented by the relaxation spectral function

£(0) — g(0) N &0) io

, 2.13)
A+(or )™ 1+iory, go

e(v) =¢g(w0)+
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where &* is the low frequency limit of the water dispersion as well as the high
frequency limit of the solute dispersion. Parameter z, is the dielectric relaxation
time of the solute.
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Solute contributions with relaxation characteristics may also result for limited
motions of ions. Such mechanisms have been intensively discussed for many
colloidal systems, including solutions of biopolymers as well as such of ionic
micelles and vesicles. Fig. 2.16 shows the complex dielectric spectrum of an
aqueous solution of a cationic surfactant with a conductivity contribution due to
drift ions and with a solute relaxation term resulting from the limited motions of
counterions on the surface of micelles. As a result of Coulombic interactions most
counterions are condensed on the micellar surface where they form a diffusive
layer around the micellar aggregate.

Relaxation terms with large amplitudes and relaxation times result if the limited
motions extend over distances larger than molecular dimensions [12]. Such a “giant”
dispersion is shown in Fig. 2.17 for an aqueous suspension of erythrocytes. Notice
that in this diagram ¢’and £”are displayed on a logarithmic scale.

3000 . ; 1 1
>
< 300F
© Fig. 2.17. Bilogarithmic plot of the
~ 30 permittivity spectrum of a solution of ery-
_3« throcytes [9]. Again the dotted line repre-
w sents the conductivity contribution and the

dashed curves indicate the water spectrum
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Solute contributions with relaxation characteristics result also from incomplete
dissociation of multivalent salts which, in many cases, is described by the Eigen-
Tamm scheme [13]
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(M"Y + (AT 4y & (M™ (H,0),A°7),,
(Mmﬁ—(HZO)Aav)aq < (MA)Z‘qfa

(2.14)

where M™" is a metal cation and A™ an anion. The (M™ (H,0),A%),, complex with
the anion separated from the cation by two layers of water molecules is called an
“outer-outer-sphere” complex or “Bjerrum ion pair”. The species (M™ (H;0)A™ )y
is called an “outer sphere” complex, and (MA)"“the contact ion pair.
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The dielectric relaxation process and the effects in the ionic conductivity of the
solutions which result from the complex formation are well established. An exam-
ple of the real part of the permittivity spectrum for a solution of a 3:2 valent electrolyte
is shown in Fig. 2.18. As another example the dielectric spectrum of a solution of
3:2 valent aluminum sulifate is compared to that of aluminum chloride in Fig. 2.19.
A suggestive complex plane representation of data is given, in which the negative
imaginary part of the spectrum, excluding conductivity contributions, is plotted
versus the real part. For water, for which the spectrum can be well represented by
a Debye type relaxation (Eq. (2.5)), the data define a semicircle with its center on
the ¢”axis. A semicircle with center somewhat below the &’ axis follows for the
solution of 3:1 valent aluminium chloride, indicating a small distribution of re-
laxation times due to the disturbance of the water properties by the solute. The
spectrum for the aluminium sulfate solution clearly displays two relaxation regions, of
which the low frequency one reflects the reorientational motions of the dipolar ion
pairs (Eq. (2.14) with M™ = AP and A* = SO,%). Two and three valent transition
metal ions with d'° outer electron shell are able to form dielectrically evident ion
complex structures even with monovalent ligands like the halides.
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Fig. 2.20. Complex dielectric spectra for water
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tert-butanol in water at 25°C[9]
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Many mixtures of water with dipolar solutes do not show well separated solute
and solvent dielectric relaxation regions like the aqueous solutions of 4-amino-
butyric acid (Fig. 2.15). Rather the spectra reflect a dielectrically homogeneous
mixture with one principal relaxation, subject to a relaxation time distribution as
represented, for instance, by the Havriliak-Negami spectral function (Egs. (2.11,
2.12)). Examples are mixtures of water with alcohols, alkanediols, mono- and di-
saccharides, urea and its derivatives, dimethylsulfoxide, and various others. In Fig.
2.20, the real part £”and the negative imaginary part &” of the complex permittiv-
ity are displayed as a function of frequency v for a mixture of tert-butanol with
water to illustrate the existence of essentially one dispersion region only. Fig. 2.21
presents a complex plane representation for the permittivity spectrum of an aque-
ous solution of D-glucose. This diagram shows the strong deformation of the
original circular arc plot for water. With the saccharide solution there exists a
broad relaxation time distribution due to the different reorientational motions of
the D-glucose molecules, their dipolar side groups, as well as of the water mole-
cules. The latter will display a relaxation time distribution by themselves because they
are differently affected by the solute.
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2.5.2 Solvent Permittivity Contribution Aspects

The extrapolated low frequency permittivity £* of the water contribution to the
dielectric spectra (Figs. 2.18, 2.19) offers valuable information on structural properties
of the liquid. For solutions of nondipolar solutes £* = £(0). First of all, however,
£* reflects the effect of dilution of the dipolar solvent, namely the reduction of the
concentration ¢ in Eq. (2.7) by the presence of the solute. Due to internal electric
fields in dielectric mixtures £* depends also on the shape of the solute particles.
This effect is sometimes used as a tool to investigate structural aspects of dielec-
trically heterogeneous systems like micro-emulsions. Unfortunately, however,
even for homogeneous solutions of spherically shaped solute particles the effect of
internal fields cannot be rigorously considered. Different theoretical approaches
have lead to a multitude of mixture relations relating the resulting permittivity &,
of solutions of spherical solutes with permittivity £* in a suspending medium with
permittivity & to the properties of the constituents. The graphs of two prominent
mixture relations [6, 7, 9] which are frequently applied to aqueous systems are
displayed in Fig. 2.22. Shown for aqueous solutions at 25°C (g, =£(0)= 78.36,
Table 2.1; &, = 2) are the Bruggeman formula
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Fig. 2.22. Solvent contribution &* to the static

55 - permittivity versus volume fraction v, of solute for
aqueous solutions of small organic molecules, of

500 synthetic polymers, and of salts with large organic

cations at 25°C [6, 7]. The line is the graph of the
Bruggeman relation (Eq. (2.15))
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* 1/3
ﬂ(ﬁ) =1-v, (2.15)
& =&\ &

and a mixture relation originally derived by Maxwell and Wagner:

3v,(e, — &
g*zg]+ 2 (&) — &)

(2.16)
281+ & =vy(& — &)

In these formulas v, denotes the volume fraction of solute.

Also given in Fig. 2.22 for comparison are &£* data for aqueous solutions of organic
solutes. Interestingly, the scatter in the £* data for different series of solutes is
comparatively small, thus indicating that the static permittivitiy of water depends
only weakly on the particular interactions with the solute. The tendency in the
experimental data to somewhat exceed the predictions from the mixture relations
(Egs. (2.15), (2.16)) seems to be characteristic to so-called “hydrophobic hydra-
tion” effects around largely inert molecules or ions. On the contrary, around small
inorganic ions the effects from the above mentioned dielectric saturation may
result in a substantial reduction of the extrapolated permittivity £* (Fig. 2.23).
Besides the preferential orientation of water dipole moments in strong Coulombic
fields, the extrapolated low frequency permittivity of electrolyte solutions may be
also subject to a kinetic polarization deficiency [6, 7]. The model of kinetic depo-
larization proceeds from the idea that a charged particle moving through a dipolar
liquid in an external electric field sets up a non-uniform hydrodynamic flow. The
solvent dipole moments are turned by this flow in the direction opposed to that in
which they are oriented by the electric field.
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It is common practice to express the effect of the solute on the principal dielec-
tric relaxation time 7; of the relative molal shift

B, =L lim [ﬂ) @2.17)
7, m—>0\ dm
and to assume the B, values of electrolyte solutions to be simply given by the sum
+ -
B, =2p;+2 B (2.18)
m m

Here, B; and B; denote the cationic and anionic relative molal shift and m, m”
as well as m are the molal concentrations of electrolyte, cations, and anions,
respectively. In Table 2.2 B, and B; data for some series of organic molecules
and ions are given. Within each series the tendency emerges for the relative shift
in the relaxation time to increase with the number of aliphatic groups per solute
particle. This tendency is a reflection of the aforementioned hydrophobic
hydration. Within the framework of the above wait-and-switch model of
dielectric relaxation the increase in the dielectric relaxation time of water around
hydrophobic molecules or groups results mainly from the reduced density of
hydrogen bonding sites and thus of suitable additional neighbor molecules at the
water-solute interface. However, factors other than the local availability of
additional hydrogen bonding partners are also important in determining the water
relaxation time. These factors may include the overall size and shape of solute
molecules, its flexibility with respect to the water structure, and the steric arrangement
of its hydrophilic groups. Examples are the B,—values for the stereoisomers
N,N - dimethylurea (B,= 0.18(mol/kg)") and ethylurea (B;= 0.13(mol/kg)™).

An opposite effect, namely a reduction of the relaxation time 7, with respect to
7, is also found (B, < 0). The ammonium ion shows indications of weak “negative
hydration”. A prominent example of the effects of negative hydration is the iodide
ion with B} =-0.05 (mol/kg)”". Around this large monovalent anion an enhanced
mobility of water molecules may result from the comparatively soft electron shell,
providing reorientating water molecules with transient hydrogen bond-like interac-
tions. Hence, at least in parts, negative hydration may be also discussed in terms of
the wait-and-switch model. A more detailed discussion of the dielectric properties of
aqueous solutions is given in a more recent review article [7] where complex
permittivity spectra are also considered in the light of a hydration model.
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Table 2.2. Relative molar shifts B, as well as cationic part B, in the principal relaxation
time 7, of water for aqueous solutions of some series of molecules and organic ions (25°C,
pyridine and derivatives 20°C [6]).

Solute B, Solute B,
e (molkg)” . (molkgy"

Pyrazine 0.13 Urea 0.03
Methylpyrazine 0.19 Methylurea 0.08
2,3-Dimethylpyrazine 0.24 N.N-Dimethylurea 0.17
2.5-Dimethylpyrazine 0.27 N,N’-Dimethylurea 0.18
2,6-Dimethylpyrazine 0.25 Ethylurea 0.13
Ethylpyrazine 0.21 Trimethylurea 0.24
2,3,5-Trimethypyrazine 0.32 N-Propylurea 0.19
Quinoxaline 0.19 Tetramethylurea 0.30
2-Methylquinoxaline 0.24 N,N-Diethylurea 0,30
Pyridine 0.19 N-Butylurea 0.21
2-Methylpyridine 0.27

3-Methylpyridine 0.22

2,4-Diemthylpyridine 0.27

2.6- Diemthylpyridine 0.28

Cation By Cation B,

(mol/kg)™! (mol/kg)"

Ammonium -0.04 Tetramethylammonium 0.17
N-Butylammonium 0.28 Tetracthylammonium 0.39
N-Hexylammonium 0.37 Tetrapropylammonium 0.73
N-Heptylammonium 0.38 Tetrabutylammonium 0.88
N-Octylammonium 0.44 5-Azoniaspiro[4,4]nonane 0.29

6-Azoniaspiro[5,5]undecane 0.37
7-Azoniaspiro[6,6]tridecane 0.43

2.6 Conclusions: Microwave Aquametry, an Inverse
Problem

In microwave aquametry, we are normally dealing with a sophisticated inverse
problem. We measure over a more or less broad frequency range the resulting
permittivity £(v) of a composite dielectric and we want to calculate from it the
volume fraction v; = 1-1, of one of the constituents, namely the water. This is an
intricate attempt, because ¢(1) does not just depend on v, but also on shape char-
acteristics of the dielectric mixture and on the permittivities & and &; of the aque-
ous and the non-aqueous phase. The evaluation of the experimental data is more
difficult as, because of the internal polarising and depolarising electric fields, the
permittivity of mixtures cannot be calculated rigorously. Hence, as already men-
tioned above, many different mixture relations exist even for solutions of simply
shaped spherical and ellipsoidal solutes, each formula reflecting the particular as-
sumptions made in the theoretical treatment of the problem. Irrespective of the
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theoretical model, the determination of the desired volume fraction v; from the
mixture permittivity £(v) requires also the most accurate knowledge of the dielec-
tric properties of the constituents. Much progress has been made in the past dec-
ades in our understanding of the complex permittivity behavior of water as a func-
tion of frequency, temperature, and hydrostatic pressure. There exists also a large
amount of data characterizing the dielectric properties of aqueous solutions, which
is important since the aqueous constituent in microwave aquametry often will not
just be water. In this short tutorial only some effects of solutes on the features of
water have been presented and considered in the light of recent ideas about dielec-
tric relaxation of hydrogen bonding dipolar liquids. Attention has been also di-
rected toward solute contributions which, on various events, may dominate the
complex permittivity of aqueous solutions.
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3.1 Introduction

Dielectric aquametry is based on the systematic variation of the dielectric proper-
ties of the material or the system considered with its water content [1-3]. Thus,
one necessary condition for optimizing dielectric aquametry is to investigate and
understand at the molecular level the dependence of the dielectric properties on
water content for various classes of materials. This chapter deals with the system-
atic investigation of the relationships between dielectric properties and water con-
tent in polymers and biopolymers.

In dielectric aquametry the dielectric properties are measured and the unknown
water content of the material under examination is determined on the basis of
these measurements. A more fundamental concept thereby involves the independ-
ent measurement of both dielectric properties and water content and the investiga-
tion of the relationships between the measured quantities. These relationships may
be described in terms of the hydration properties, a general term which refers to
and includes both the way water is organised in the material and its effects on the
final properties of the material itself [4-7]. Dielectric spectroscopy is just one
technique (although a significant one) used to investigate the hydration properties
of materials. Other techniques widely employed to this aim, in competition and/or
synergy with each other, make use of other properties which change sensitively
with water content. A true understanding of hydration properties is essential for
several practical applications in materials science, food industry, biotechnology
etc. [8-11]

Specifying the concept of hydration properties to dielectric measurements, two
basic contributions are expected to the variation of the dielectric properties of a
hydrated material with respect to those of a dry one: that of the polar water mole-
cules themselves and the second one due to the modification of the various polari-
zation and relaxation mechanisms of the matrix material itself by water [6, 12]. In
the low-frequency region of measurements of interest in this chapter there is a
third contribution, often ignored in work dealing with high-frequency measure-
ments, which arises from the influence of water on conductivity and conductivity
effects and often presents features of synergy of the two components [12]. If
broadband dielectric relaxation spectroscopy (DRS) is considered as the main
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technique of measuring dielectric properties, which are then presented as complex
dielectric permittivity at constant temperature, £(f)=¢’- ic”, where f is the fre-
quency of measurements, then, at room temperature, the first contribution relaxes
in the frequency region between several hundreds of MHz and a few decades of
GHz, the second contribution in a broad frequency range typically below MHz
and the third contribution is even slower. In this chapter we will mainly focus on
dielectric measurements below 1 GHz and, thus, consider mostly effects related
with the last two contributions.

In dielectric measurements for hydration studies two extreme cases can be dis-
tinguished with respect to the amount of water in the sample under investigation:
aqueous solutions of the substance under stady [6], if the latter can be dissolved in
water, and hydrated solid samples [13]. Hydrogels, which can significantly swell
but do not dissolve in water, and suspensions, that can be considered as intermedi-
ate cases, are, however, usually considered as solid samples and solutions, respec-
tively. Both solutions and solid samples offer advantages and disadvantages. Solu-
tions are easier to handle and to measure and for biological materials closer to
practical applications. However, the dielectric response is typically dominated by
the excess water, the dipolar response is often masked by conductivity and, as a
result, the analysis of the experimental data in terms of hydration properties is a
difficult task, often ambiguous [14]. Solid samples, on the other hand, offer the
advantages of low electrical conductivity and variation of water content in small
steps [13]. However, samples suitable for dielectric measurements are often diffi-
cult to prepare and handle, whereas for biological materials there is often the ques-
tion of the biological significance of results obtained with such unrealistic sys-
tems. Results described here have been exclusively obtained with solid samples.

In this chapter we discuss in terms of hydration properties results of dielectric
measurements obtained with polymers and biopolymers. The synthetic polymers
studied include both materials with a relatively low amount of water uptake and
hydrogels, i.e., hydrophilic polymeric networks which absorb large amounts of,
but are not dissolved in, water. In the first class we discuss polyurethanes (PUs)
and polyamides (PAs), in the second class poly(ethylene oxide) (PEO) and sys-
tems based on poly(hydroxyethyl acrylate) (PHEA). The protein casein is dis-
cussed as representative of biopolymers, together with results obtained with more
complex biological systems, including seeds and plant tissue. The results pre-
sented here have been obtained by our research group in Athens in the framework
of collaborations with other groups. They are discussed in relation to similar re-
sults obtained by other investigators using dielectric techniques and with results
obtained by employing other techniques of studying hydration properties.

The chapter is organised as follows. In the next two sections we give some in-
troductory remarks on hydration properties (Sect. 2) and on dielectric techniques
and dielectric properties (Sect. 3). Section 4 is devoted to the overall dielectric re-
sponse of the hydrated materials under investigation, whereas in the following
three sections we discuss in some detail the effects of water on the local, secon-
dary relaxations and relaxation of water molecules themselves in a separate water
phase (Sect. 5), the cooperative, primary (segmental) a-relaxation and the glass
transition (Sect. 6) and electrical conductivity and conductivity effects (Sect. 7).
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Final conclusions are drawn in Sect. 8, where also implications of the results pre-
sented here on dielectric aquametry are briefly discussed.

3.2 Hydration Properties

The term hydration properties is used to denote both the specific organisation of
water in the system under investigation and the influence of water on the structure
and, in particular, the dynamics of the matrix (host) material itself. Several ex-
perimental techniques have been used to investigate the hydration properties of a
variety of materials, by making use of either or both of the effects mentioned
above. Next to dielectric techniques [6, 12-22], these include gravimetric water
sorption/diffusion techniques [12, 23, 24], differential scanning calorimetry (DSC)
[23, 25-27], equilibrium and dynamic swelling techniques [15, 28], dynamic me-
chanical analysis (DMA) [5, 20, 21], nuclear magnetic resonance (NMR) tech-
niques {5, 29], ultrasonic wave attenuation measurements [30, 31], X-ray scatter-
ing techniques [7], infrared spectroscopy [32, 33], neutron scattering techniques
[34], Raman spectroscopy [35] and positron annihilation lifetime spectroscopy
(PALS) [5].

Two different approaches have been followed, in general, in the analysis and
the interpretation of the results obtained with various hydrated materials by the
aforementioned experimental techniques. The first, more common and traditional
one is based on the classification of water into different classes with qualitatively
different thermodynamic or dynamic properties, such as freezable and non-
freezable water, free and bound water, mobile, immobile and clustered water [2, 5,
12, 16, 23, 25]. A model is frequently used to visualize such a classification, in
which water molecules close to hydrophilic surfaces are bound to specific hydro-
philic sites and, thus, relatively immobilized, whereas water molecules in suffi-
cient distance from such surfaces are free, behaving like molecules in bulk water.
In many cases other classes of water molecules are also considered, such as that of
interfacial water, characterised by hydrophobic interaction with the matrix mate-
rial, and that of loosely bound water molecules, which form clusters around water
molecules bound at primary hydration sites. The classification depends, however,
on the particular technique employed and, for the same technique, very often, on
the method of analysing the data. Thus, the fraction of modified water measured
by various techniques on the same system, e.g., non-freezable water by DSC, im-
mobile water by gravimetric water sorption and bound water by dielectric tech-
niques [36], is in general different [5, 15, 16, 30]. This point calls for attention
when comparing with other results reported in literature on the hydration proper-
ties of materials by various techniques. In the second approach to analysing and
interpreting results of hydration studies, no resource is made to the concept of
various classes of water characterised by different degrees of interaction with the
matrix and hence different mobilities. Thus, results obtained by DSC in hydrogels
have been explained in a simple thermodynamic framework based on the phase dia-
gram [26], whereas NMR results in hydrogels have been discussed and quantita-
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tively interpreted by assuming the chemical exchange process between water pro-
tons and hydroxyl protons of polymer chains as the major relaxation source [37].

Molecular dynamics simulations are increasingly becoming a powerful tool for
hydration studies. They show that water—water hydrogen bonds are enhanced
around hydrophobic groups in hydrogels by the hydrophobic interaction and stabi-
lised around hydrophilic groups by a severe constraint of the mutual orientation
between water and polar group [38]. As a result of that, the mobility of water
molecules is significantly lowered around polymer chains for both translational
and rotational motions [39]. Molecular dynamics simulations in a poly(vinyl alco-
hol) (PVA) hydrogel with 8% water give evidence for two states of water only at a
temperature below the freezing point of bulk water and show that water molecules
in contact with the polymer are less mobile than free water, even below the freez-
ing transition of bulk water [40].

3.3 Dielectric Techniques and Dielectric Properties

Dielectric techniques are a powerful tool for studying molecular mobility in vari-
ous materials. Molecular mobility refers here to both dipolar reorientation and
charge transport over mesoscopic and macroscopic distances. The main advantage
of dielectric techniques over other techniques of measuring molecular dynamics is
the extremely broad frequency range covered, which extends from about 107 to
about 10'" Hz [41-43]. Obviously, this broad frequency range cannot be covered
by a single technique.

In most cases measurements are carried out isothermally in the frequency do-
main and the term dielectric spectroscopy (DS) or dielectric relaxation spectros-
copy (DRS) is then used. Isothermal measurements in the time domain are often
used, either as a convenient tool for extending the range of measurements to low
frequencies (slow time-domain spectroscopy (TDS), dc transient current method,
isothermal charging—discharging current measurements) or for fast measurements
corresponding to the frequency range of about 10 MHz-10 GHz (time-domain
spectroscopy, TDS, or time-domain reflectometry, TDR). Finally, thermally
stimulated depolarisation currents (TSDC) is a special dielectric technique in the
temperature domain.

For measurements in the frequency domain, capacitance bridges, impedance ana-
lysers, frequency response analysers, radio-frequency reflectometers and network
analysers are typically employed. The principle of these measurements is as follows.
The sample under investigation is placed in a capacitor with empty capacitance C,
which becomes a part of an electric circuit. A sinusoidal voltage with angular fre-
quency @ is applied to the circuit and the complex impedance Z(w) of the sample is
measured. The complex dielectric permittivity (@) = s’(w) - is”(w), defined by

sw) == G.1)
CO
where C is the capacitance of the filled capacitor, is then obtained from
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e(w) = _ . (3.2)
inZ(w)C,

In slow TDS a voltage step ¥}, is applied to the sample and the polarisation or
depolarisation current / (£) is measured as a function of time. The time-dependent
dielectric permittivity & (¢) is then given by

£(f) = C(2) de _ 1) _ (3.3)
C ar G,

0

and

Usually the depolarisation current is measured to avoid the dc conductivity con-
tribution. The dielectric relaxation spectrum is then obtained by Fourier transform
or approximate formulae, e.g., the Hamon approximation [41]. By carefully con-
trolling the sample temperature and accurately measuring the depolarisation cur-
rent, precision measurements of dielectric permittivity down to 10 Hz are possi-
ble [44]. In (fast) TDS or TDR a step-like pulse propagates through a coaxial line
and 1s reflected from the sample section placed at the end of the line. The differ-
ence between the reflected and the incident pulses recorded in the time domain
contains the information on the dielectric properties of the sample [45, 46].

Independently of the specific dielectric technique used, the results of dielectric
measurements are usually analysed in the form of complex dielectric permittivity
e(w) = ¢'(w) - ie”(w) at constant temperature by fitting empirical relaxation func-
tions to €(w). In the examples to be given later in this chapter the two-shape-
parameters Havriliak-Negami (HN) expression [47]

Ag (3.4

is fitted to the experimental data for a relaxation mechanism. In this equation Ag is
the dielectric strength, Ae = g- &,, where & and ¢, are the low- and high-
frequency limits of &', respectively, r is the relaxation time, v =1/27f,, ,
where f,, is a characteristic frequency closely related to the loss peak frequency
Jfmax, and @, [ are the shape parameters describing the shape of &”(w) curve below
and above the frequency of the peak, respectively, 0 <a <1 and 0 <g < 1. This
expression becomes the single Debye form for @ =0, f= 1, the symmetric Cole—
Cole form for @ # 0, f =1, and the asymmetric Cole—Davidson form for a =0,
[ =1 [47, 48]. A proper sum of HN expressions is fitted to £(w) in the case of
more than one overlapping mechanisms plus a term for the contribution of
conductivity, if the latter makes a contribution at the temperature of measurements
[49]. For each relaxation mechanism there are then three sources of information:
the timescale of the response (7), the dielectric strength (A¢) and the shape of the
response («, /). By measuring ¢ () at several temperatures, the time scale of the
response is analysed in terms of the Arrhenius equation for secondary relaxations
and the Vogel-Tammann—Fulcher (VTF) equation for the primary a-relaxation
and valuable information on the activation parameters is obtained [5S0]. Examples
will be given later in this chapter.
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In the temperature domain the TSDC method allows for a fast characterisation
of the dielectric response of the material under investigation. The method consists
of measuring the thermally activated release of stored dielectric polarisation. It
corresponds to measuring dielectric losses against temperature at constant low fre-
quencies of 10°-10"* Hz [51, 52]. In this method, the sample is inserted between
the plates of a capacitor and polarised by the application of an electric field £, at
temperature T, for time #,, which is large in comparison with the relaxation time at
T, of the dielectric dispersion under investigation. With the electric field still ap-
plied, the sample is cooled to temperature 7, (which is sufficiently low to prevent
depolarisation by thermal excitation) and then is short-circuited and reheated at a
constant rate . A discharge current is generated as a function of temperature,
which is measured with a sensitive electrometer. The resultant TSDC spectrum of-
ten consists of several peaks whose shape, magnitude and location provide infor-
mation on the time scale and the dielectric strength of the various relaxation
mechanisms present in the sample [51]. The method is characterised by high sen-
sitivity and, owing to its low equivalent frequency [51], by high resolving power.
In addition, it provides special variants to experimentally analyse complex relaxa-
tion mechanisms into approximately single responses [51-53].

3.4 Overall Behavior

Figure 3.1 shows TSDC thermograms obtained with a PU sample based on poly-
ethylene adipate (PEA), 4,4-diphenylmethane diisocyanate (MDI) and
1,4-butanediol at two water contents, 2= 0.002 and 0.016 [54]. Throughout this
chapter, / is defined as grams of water per gram of dry sample and is determined
by weighing the sample before and after the dielectric measurement. The TSDC
thermogram corresponds to measuring dielectric losses ¢”as a function of tem-
perature T at constant frequency f in the range 10°-10"* Hz. Four peaks are ob-
served in Fig. 3.1 corresponding to two secondary relaxations y and £ in the order
of increasing temperature, the primary « relaxation at about 230 K and an interfa-
cial Maxwell-Wagner—Sillars (MWS) relaxation at higher temperatures [54]. The
latter corresponds to accumulation of charges at the interfaces between phases of
different conductivity and its study may provide significant information on the
micromorphology of heterogeneous systems [24, 51].

The results in Fig. 3.1 indicate that the overall response increases, i.e., dielec-
tric activity increases, with increasing water content. This result has been con-
firmed by measuring more PU samples at various / levels [24, 54], is characteris-
tic for synthetic polymers [18, 55] and is often interpreted in terms of plasticising
action of water on the various relaxation mechanisms present in the sample [8, 9,
11]. It is interesting to note, however, that there are distinct differences between
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Fig. 3.1. TSDC thermograms obtained Fig. 3.2. TSDC thermograms measured on
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190K (d), 0.124 (e), 0.164 (f) and 0.214 (g)

the response of secondary relaxations on the one hand and primary and MWS
relaxations on the other hand, i.e., between local, fast relaxations and slower
relaxations of larger spatial scale. These differences, which are partly attributed to
direct contribution of water molecules themselves to the dielectric response in the
temperature/frequency region of the secondary relaxations, will be discussed in
detail in subsequent sections of this chapter.

Typical TSDC thermograms for globular proteins are shown in Fig. 3.2. They
have been obtained with casein powder supplied by Sigma (St. Louis, USA), used
as received [56, 57]. The powder was compressed to cylindrical pellets of 13mm
diameter and about | mm thickness. Prior to dielectric measurements the pellets
were equilibrated at constant relative humidity and their water content h, indicated
in Fig. 3.2, was determined by weighing. Similar thermograms have been recorded
with lysozyme [57-59], a smaller, well-characterised globular protein, widely
studied by dielectric techniques [60-62].

The thermograms in Fig. 3.2 are similar to those obtained also with other hy-
drated biomaterials, such as cellulose [63], DNA [64] and plant tissue [65]. Two
dispersion regions are observed in these thermograms: a broad low-temperature
dispersion with contributions from both secondary relaxations and loosely bound
water molecules and a complex, high-temperature dispersion connected to conduc-
tivity effects [57-59]. Both dispersions shift to lower temperatures, i.e., they be-
come faster with increasing water content, whereas their magnitude increases.

By comparing the thermograms in Figs. 3.1 and 3.2 with each other, a simila-
rity in the overall behavior becomes obvious, despite differences in the origin of
the individual relaxations to be discussed in some detail later: two dispersion re-
gions are observed and in each of them the response increases and becomes faster
with increasing water content. Measurements on more systems, a part of which
will be described later, confirm that, apart from details, this behavior is typical for
both synthetic polymers and biopolymers. This is true for even more complex
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PHEA

biological systems, such as plant tissue [65, 66] and seeds [67, 68], as suggested
by Fig. 3.3, which shows TSDC thermograms obtained with wheat flour samples
at various water contents [67]. At relatively high water contents the main contribu-
tion to the low-temperature dispersion in Fig. 3.3 arises from the reorientation of
water molecules in water clusters and/or layers around the primary hydration sites,
whereas secondary relaxations of proteins and carbohydrates dominate at lower h
values. Conductivity effects and a glass-like transition [8, 69, 70] make the main
contribution to the high temperature dispersion. The TSDC spectra of different
plant seeds show, superimposed to an overall similar behavior, small but charac-
teristic differences to each other, reflecting the different composition of each spe-
cies with respect to protein and carbohydrate content [68]. In recent years, TSDC
is being increasingly recognized as a powerful tool to investigate the hydration
properties of plant tissue and seeds and to provide significant information relevant
to plant physiology [71-73].

The overall TSDC response of the hydrogels is similar to that of synthetic
polymers and biopolymers. With respect to interpretation of the observed relaxa-
tions at the molecular level, hydrogels take an intermediate place between syn-
thetic polymers and biopolymers, combining the synthetic character and the struc-
ture of the former with the ability of high water uptake of the latter. Fig. 3.4 shows
TSDC thermograms obtained with poly(hydroxyethyl acrylate) (PHEA) hydrogels
at several water contents. The chemical structure of the repeating unit of PHEA is
also shown in the figure. The hydration properties of these biocompatible hy-
drogels have been studied in detail over the last ten years by combining, next to
dielectric techniques, mostly water sorption/diffusion measurements, density
measurements, differential scanning calorimetry and electron microscopy. Next to
pure PHEA homopolymer [36, 50, 53, 74-76], various combinations with a
second hydrophobic component have been used as matrices to improve mechani-
cal stability, including composites [76, 77], copolymers [78] and interpenetrating
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polymer networks (IPNs) [76, 78—80]. As an example, the overall dielectric response
of an IPN of poly(methy! acrylate) (PMA) and PHEA (PMA/PHEA IPN) with 53
wt% PHEA measured by TSDC is shown in Fig. 3.5 at several water contents [80].

Similar to Fig. 3.4, the results show an overall increase of molecular mobility
with increasing water content and a shift of the individual relaxations to lower
temperatures. The origin of the individual relaxations will be discussed in the sub-
sequent sections, as well as distinct differences in the behavior of the various
PHEA-based hydrogels, depending on the morphology (homogeneous or micro-
phase-separated) of the hydrogel matrix [76, 78, 80]. Such a difference is already
suggested by simply comparing Figs. 3.4 and 3.5 with each other and refers to the
appearance of the space charge related peak in the thermograms of the hydrogels
with a microphase-separated matrix [80].

So far to the overall response measured by TSDC. Figure 3.6 shows the overall
AC response of a sample similar to that of Fig. 3.4 measured by broadband dielec-
tric relaxation spectroscopy (DRS) at 298 K. Similar to the TSDC response, the
overall AC response increases with increasing water content. The high values of &’
and ¢” at low frequencies are related with conductivity effects [50]. The
a-relaxation, associated to the glass transition, should appear in the kHz frequency
region [78], is, however, masked by conductivity effects and cannot be studied by
DRS, similar to many other polymers [47, 50]. This is an inherent difficulty of
DRS, however not of TSDC, as indicated in Figs. 3.4 and 3.5, as in TSDC the
steps of polarisation and depolarisation, i.e., stimulus and response, are separated
from each other [53]. The relaxations at higher frequencies in the MHz-GHz fre-
quency region correspond to the low-temperature TSDC peaks in Fig. 3.4 and are
due to the secondary » and f,,-relaxations and, at high water contents, probably
also to reorientation of water molecules themselves [50],
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a controversial point to be discussed in the next section.

Figure 3.7 shows the overall AC response of another hydrogel, based on
poly(ethylene oxide) (PEO) of the chemical structure of the repeating unit shown
also in the same figure, measured by broadband DRS [81]. In addition to an over-
all increase of the response with increasing water content, the results suggest also
the existence of critical water contents of characteristic changes of the spectra, a
point which will be discussed later in relation to TSDC data too. Similar to Fig.
3.6, high values of both ¢”and &” are observed at low frequencies, due to space
charge polarisation and charge carrier motion, respectively. The decrease of the
slope of £”(f) at low frequencies, 5-100 Hz, at # = 0.45 is due to electrode
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Fig. 3.9. TSDC thermograms obtained
with polyamide 12 at four levels of water
content indicated on the plot and the
chemical structure of the repeating unit of
the polymer

Fig. 3.10. Dielectric loss £”vs. frequency f
in the region of the secondary relaxations
in polyamide 12 at the temperatures and
the water contents given on the plot

polarisation [81]. In contrast to the results in Fig. 3.6, a structure is observed at
low frequencies in Fig. 3.7, more clearly as a step in &'(f) shifting to higher fre-
quencies with increasing water content, attributed to the conductivity mechanism
[81, 82]. Finally, the increase of £” at high frequencies shifting to the right with
increasing water content is due to the plasticised secondary y relaxation, studied in
detail by combined DRS and TSDC analysis in Ref. 49.

It is interesting to compare the overall changes in molecular mobility induced
by increase of water content /2 in Fig. 3.7 with those induced by increase of tem-
perature T in Fig. 3.8: increase of T at constant / induces the same effects as the
increase of 4 at constant 7, namely an overall increase of molecular mobility. In
both cases the increase of molecular mobility is reflected in both the increase of &’
and £”due to “free” charge motion and the shift of the secondary jyrelaxation to
higher frequencies with simultaneous increase of its relaxation strength. The ef-
fects on “free” charge motion are by far more striking. Similar results have been
obtained also with PHEA hydrogels [50] and plant seeds [67] and present a mani-
festation of the 7—f~A superposition principle proposed earlier for polymers [83]. It
states that the plasticising effect of increasing water content at constant tempera-
ture is equivalent to the effect of increasing temperature at constant moisture, both
leading to increasing segmental mobility of the polymeric chains. The question,
how the various relaxation processes are affected by temperature and humidity at
the molecular level, remains thereby open.
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3.5 Effects of Water on Secondary Relaxations and
Relaxation in a Separate Water Phase

Figure 3.9 shows TSDC thermograms recorded in the region of the j~ and
Frelaxations of polyamide 12 at four water contents. Figure 3.10 shows ¢”(f) plots
for the same polymer and relaxations at three water contents. The j-relaxation in
polyamides is attributed to motion of (CH,), sequences with participation of the
polar amide and carbony! groups and the S-relaxation to associations of various
dipolar groups and water [18, 55, 83-86]. The y-relaxation is broad in dry polyam-
ides because of the various configurations of H-bonds. When water is sorbed,
H-bonds are broken and new ones are formed, NH-H,O and CO-H,0. Equilib-
rium water sorption isotherms in polyamide 11 and polyamide 12 indicate that not
all NH and CO groups are accessible to water. It is also possible that HO makes
two H-bonds with two adjacent NH or CO groups. These groups are now more
heavy and participate in the frelaxation, with the result that the magnitude of the
[relaxation increases at the expense of the j-relaxation. The remaining non-
bonded groups give a faster and narrower (more homogeneous environment)
relaxation. The TSDC and DRS results in Figs. 3.9 and 3.10 are in agreement with
each other and consistent with this interpretation. Moreover, the TSDC results
suggest that in dry polyamide 12 y consists of two peaks, y; and 4 in the order of
decreasing temperature, which may be attributed to two regions of different den-
sity or to CO and NH groups separately. With increasing water content the slower
y-relaxation diminishes, whereas j remains practically unchanged.

The Arelaxation in polyamide 12 is also double, as indicated in Figs. 3.9 and
3.10, consisting of a stronger and slower component S, and a faster and weaker
component S, in relatively dry samples. These may be attributed to NH-H,0 and
CO-H,0 associations, respectively. With increasing water content the response in
the fregion increases, £ becomes slower and then faster, /4 becomes faster. The
TSDC results in Fig. 3.9 show that the magnitude of /3, decreases again at high 4
values, in consistency with results in polyamide 6 obtained by TSDC and dynamic
mechanical analysis (DMA) [85].

The effects of water on the secondary relaxations of polyamide 12 described
briefly above are typical for polyamides [18, 55, 83-86]. Similar effects have been
observed in other classes of synthetic polymers with chemical structures similar to
that of polyamides [9, 84]. In particular PUs should be mentioned here, where the
origin of the secondary y and SBrelaxations (Fig. 3.1) is believed to be the same as
in polyamides [54]. The dielectric results give no indication for the appearance of
any new relaxation in fully hydrated samples, which might be attributed to relaxa-
tion of water molecules themselves, neither in PUs [24, 54] nor in polyamides
with large number of CH; sequences {13, 55]. This is consistent with the results of
equilibrium water sorption isotherms measurements, which indicate low levels of
water uptake with maximum values below 0.03 and absence of clustering of water
molecules, and of differential scanning calorimetry (DSC), which show no events
of freezing or melting of water [13, 24, 54].
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Figure 3.11 shows TSDC thermograms in the region of the low-temperature
dispersion of Fig. 3.4, corresponding to the secondary y- and so-called f,,-relaxa-
tions of PHEA hydrogels at various water contents. At low 4 values, #=0.01 and
h = 0.02, the dispersion consists of two peaks, y and £, in the order of increasing
temperature, well resolved because of the high peak-resolving power of the TSDC
method. The pdispersion has been attributed to local motions within the side
chain that are able to orient the dipolar moment of the hydroxyl groups, whereas
LFiw 1s caused by the association of one water molecule and two hydroxyl groups of
neighbour side chains [50, 53, 74, 80]. With increasing h, the magnitude of S, in-
creases rapidly, whereas that of the j~peak decreases, so that yappears as a shoulder
to the left of B (h=0.02 and 0.10) and finally disappears in S (h=0.36). The
shift of A, to lower temperatures is due to plasticisation of the side-chain motion.

The DRS counterpart of Fig. 3.11 is shown in Fig. 3.12. As, in contrast to
TSDC measurements, both temperature and frequency can be varied in DRS,
measurements in Fig. 3.12 were carried out at low temperatures, in order to sup-
press the conductivity effects shown in Fig. 3.6 [50]. At #<0.10 the secondary
loss peak becomes slower and broader with increasing 4. These results are
straightforwardly explained in terms of the coexistence of y and S, in agreement
with the (more clear) TSDC results in Fig. 3.11. At # > 0.10, the j-loss disappears
in the B.-peak and the plots show the strong plasticisation of the f,,-mechanism,
in agreement with the TSDC results of Fig. 3.11. Thus, from the point of view of
polymer—water interactions and organization of water in the PHEA hydrogels,
both DRS and TSDC results indicate the existence of strong interactions between
water and the PHEA side chains, particularly at low water contents. These dielec-
tric results are consistent with those of equilibrium water sorption isotherms
measurements, which indicate the existence of strong hydrophilic groups acting as
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primary hydration sites at low values of relative humidity/water content and as nu-
clei for the formation of water clusters at higher values of relative humidity/water
content [12, 36], and of dynamic water sorption measurements, which show that dif-
fusion coefficients of water in PHEA are one order of magnitude smaller than in hy-
drophobic acrylates, such as poly(methyl acrylate) [80] and poly(ethyl acrylate)
[79]. The molecular origin of the jrelaxation is different in PHEA than in polyamides
and in PUs and the range of water contents also. Nevertheless, there are strong analo-
gies in the interplay between yand f(/,,)-relaxations in these classes of polymers.

By measuring more water contents than in Figs. 3.11 and 3.12 and properly
analysing and presenting the dielectric data, interesting effects may be revealed
[50, 53, 80]. As an example, Fig. 3.13 shows the water content dependence of the
peak temperature 7, and of the normalized (to the same heating rate) current
maximum //b of the low-temperature TSDC dispersion in PHEA hydrogels. 7,
shifts systematically to lower temperatures with increasing 4, for 4 < 0.30, and be-
comes then independent of 4, in consistency with the results of DSC measure-
ments showing freezing and melting events of water, suggesting the appearance of
a separate water phase in the same % range. /,,/b is a measure of the number of re-
laxing units contributing to the TSDC dispersion. It increases practically linearly
with h for /7 < 0.30, suggesting that new water molecules are continuously incor-
porated to the molecular groups responsible for this dispersion, i.e., the number of
primary hydration sites increases with h [80]. The steeper increase of /b with #
for & > 0.30 suggests an additional contribution to the low-temperature TSDC
peak, which may arise from the relaxation of water molecules in a (frozen) sepa-
rate water phase. The results of equilibrium water sorption isotherms measure-
ments indicate significant clustering of water molecules at water contents higher
than about 0.2-0.3 {12, 36] and DSC measurements freezing and melting events of
water in the same /s range [36], in agreement with this interpretation. The results
of TSDC measurements on ice [52] and on several biopolymers to be reported
later in this section provide additional support for this interpretation. As for DRS
measurements at room temperature, the interesting frequency range with respect to
the question of relaxation of water molecules themselves is that of microwaves.
The dipolar reorientation of water molecules gives rise to a loss peak at about
20 GHz at 298 K in bulk water and at lower frequencies for water bound in diffe-
rent states and for interfacial water [6, 11]. The loss peaks at about 0.1-0.2 GHz
(h=10.22) and | GHz (h = 0.42) in Fig. 3.6 may be assigned to the f-relaxation,
it cannot be excluded, however, that a part of the peak originates from the relaxa-
tion of water molecules in a separate water phase. The lower frequency of that
contribution, as compared to that of bulk water, would then be explained as a
result of confinement effects [12].

Johari and coworkers [87, 88] and other investigators [16] measured the relaxa-
tion of supercooled water in poly(hydroxyethyl methacrylate) (PHEMA)
hydrogels in the limited temperature range of about 160-200 K in the Hz-kHz
frequency range. The relaxation could not be reliably followed at higher tempera-
tures, as supercooled water crystallises to cubic ice.
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175 ,

Fig. 3.13. Peak temperature T, (o) and Fig. 3.14. Low-temperature TSDC ther-
normalized current maximum /,/b () mograms of PEO hydrogels at four water
against water content 4 for the low- contents indicated on the plot
temperature dispersion in PHEA hydrogels

measured by TSDC. The lines are guides

for the eye

However, it could be observed at lower temperatures by TSDC measurements.
Thus, the additional contribution to the low-temperature TSDC peak for /2 2 0.30
suggested by Fig. 3.13 may arise from the relaxation of supercooled water. The
peak temperature 7, of the low-temperature TSDC peak for 2 > 0.30, at around
135 K, is very close to the calorimetric glass transition temperature 7, of bulk
glassy water (136 K) and of supercooled water in PHEMA hydrogels (132+4K)
[87] and, thus, supports this interpretation.

With respect to plasticisation of secondary mechanisms and organisation of wa-
ter in a separate phase in hydrogels, it is interesting to compare the results ob-
tained with PHEA (Figs. 3.11-13) with those obtained with PEO hydrogels. Fig.
3.14 shows TSDC thermograms in the region of the low-temperature dispersion
for PEO hydrogels at several water contents indicated on the plot. The peak at
about 130 K at low water contents and the shoulder in the same temperature re-
gion at higher 4 values is due to the j-relaxation, assigned to local crankshaft or
kink motion in the polymer chains in the amorphous phase [49, 84]. Measure-
ments on more water contents show strong plasticisation of the relaxation by wa-
ter, providing support for the existence of strong interactions between water mole-
cules and PEO chains [89]. For #2>0.19, a new peak appears at 152 K with
approximately constant peak temperature and relaxation strength increasing line-
arly with increasing h, attributed to the relaxation of water in a separate water
phase [49]. Interestingly, the high-temperature TSDC dispersion due to the glass
transition in PEO hydrogels, not shown here, is no further plasticised for # 2 0.19,
in agreement with that interpretation. The peak temperature of 152 K is relatively
high with respect to corresponding peaks in PHEA hydrogels (Figs. 3.11 and 3.13)
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Fig. 3.15. Log-log ¢”(f) plot of a PEO Fig. 3.16. Log-log £”(f) plot of a PEO hy-
sample with . = 0.056 at scveral tempera-  drogel with 4 =0.44 at several tempera-
tures indicated on the plot. The fit of a tures indicated on the plot. The fit of a sum
sum of a dipolar HN expression (3.4) of two dipolar HN expressions (3.4) (--)
(-++-) and a conductivity term to the data and a conductivity term to the data at 205

at 213 K is also shown (---) K is also shown (-)

and in biopolymers (Figs. 3.2 and 3.3), suggesting a specific organisation of water
molecules in PEO hydrogels [49, 89].

Figure 3.15 shows ¢”(f) spectra for a PEO sample at 4 = 0.056 over a wide fre-
quency range and at several temperatures indicated on the plot. The secondary
y-relaxation 1s followed in this plot, in addition to conductivity effects at high
temperatures/low frequencies. The activation energy W and the pre-exponential
factor 7, of the relaxation are obtained from a fit of the Arrhenius equation [50,
84}

(T) =ty exp(W / kT) (3.5)

to the data, a plot of the logarithm of relaxation time T against reciprocal tempera-
ture. Measurements at several water contents give values of W decreasing with in-
creasing h, quantifying the plasticising effect of water [49]. At higher water con-
tents, the DRS spectra at subzero temperatures become more complex, as
indicated in Fig. 3.16. A sum of two HN expressions (4), i.e., of two loss peaks,
has been fitted to the £”(f") data at each temperature plus a conductivity term, an
example of fitting being shown in the figure. The relaxation strength Ag, the re-
laxation time 7, and the shape parameters « and /7 at each temperature, as well as
the activation parameters W and 7, in the Arrhenius equation (5), were determined
for each peak and the two relaxations interpreted in terms of relaxation of water
molecules in a separate ice phase and of interfacial Maxwell-Wagner—Sillars
(MWS) relaxation [49, 90]. In this range of water contents and temperatures, the
yrelaxation is shifted at higher frequencies out of the range of measurements in
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Fig. 3.16. Thus, the dielectric relaxation of water molecules in a separate ice phase
was followed in two temperature/frequency regions by DRS (Fig. 3.16) and TSDC
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(Fig. 3.14), in addition to that in a separate liquid water phase, not shown here,
centered at 4-5 GHz at 295 K for a PEO hydrogel with 4 = 0.45 [49].

Figure 3.17 shows, in analogy to Fig. 3.13 for the PHEA hydrogels, results of
the analysis of the low-temperature TSDC dispersion in seeds (Fig. 3.3) in terms
of the dependence of the peak temperature 7, and of the normalized current
maximum /, on water content h. T, decreases continually with h for 2 <0.15-0.20
and becomes then constant, 7,=130-135K. /; increases slowly with A for
h < 0.15-0.20, whereas the increase is significant for larger 4. Similar results were
obtained with beans and cowpea seeds and interpreted in terms of a critical water
content 4, of about 0.15--0.20, where loosely bound water molecules start to form
water clusters and a separate water phase [67-68]. Similar results were obtained
with other biomaterials, such as proteins [56, 57], cellulose [63], DNA [64] and
plant tissue [65,66], in agreement also with other investigators [71-73, 91], A, be-
ing a characteristic parameter for the material under investigation.

3.6 Effects of Water on Glass Transition and Primary
a-Relaxation

Figure 3.18 shows isochronal (constant frequency) £”(7') plots of a model seg-
mented PU sample based on poly(propylene glycol) (PPG) and 4,4'-diphenyl-
methane diisocyanate (MDI) in the region of the a-relaxation (primary or segmen-
tal relaxation) associated to the glass transition of the amorphous PPG-rich phase.
The water content / of the sample was varied between 0.0003 (nearly dry sample)
and 0.02 (saturated sample) and the a-relaxation was found to shift to lower tem-
peratures (i.e., to become faster) and to increase in magnitude with increasing A.
Similar results were obtained also with other PUs and interpreted in terms of plas-
ticisation of the glass transition [24]. Measurements of equilibrium water sorption
isotherms and of water diffusion coefficients on the same sample suggest that
clustering of water molecules is insignificant in the whole range of water contents,
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in consistency with the low values of /# and in agreement with the fact that plasti-
cisation is observed in the whole % range [24].

0.6 T T T T
o) =007
05k /O/ \\:)"Q-DA :
€ /

0.4 - o (r.\.\:io,oo/ 4

/ .‘/./ /’v .\.
03r o /'/ v//v K 0.0603 1

/

o2p v/ ;

e Fig. 3.18. £”(T) plot of a PU
o1k v sample at a fixed frequency of

30kHz and three water con-

0.0 bt . : 4 , , . tents 4 given on the plot
o200 <100 0 100 200 30 40

T (°0)

TSDC measurements on PU samples (Fig. 3.1) and on synthetic polymers, in
general, give a peak close to the calorimetric glass transition temperature 7, [12,
13, 18, 54]. This is because TSDC and DSC are characterized by similar time
scales and because dielectric and thermal techniques have been found to probe the
dynamics of molecular units of similar spatial scale [S1-53]. The latter observa-
tion forms the basis for the convention that 7T, is obtained from dielectric meas-
urements as the temperature where 7 becomes 100 s [50]. Figs. 3.19 and 3.20
show the plasticising effect of water on the glass transition in the segmented PUs
of Fig. 3.1. In Fig. 3.19 the dependence of the glass transition temperature 7, de-
termined by TSDC and by DSC, in good agreement with each other, on the weight
fraction of water in the sample x,, i.e., grams of water per gram of wet sample, is
presented. The latter has been chosen as parameter instead of h to check for the
validity of the Couchman—Karasz equation [92].

xAC, T, +x,4C,,T,, (3.6)

g xAC, +x,4C,,

E

where x; is the weight fraction of PU in the sample, 7, and T, the glass transition
temperatures of dry PU and of pure water, respectively, and AC,,; and AC,, the re-
spective specific heat increments at 7,. For the fitting, values of 7,,,=133 K and
AC=1.94 J/(gK) from the literature have been used [54]. The fit in Fig. 3.19 is
satisfactory, indicating that PU and water form a homogeneous mixture [54]. In
Fig. 3.20 the dependence of the normalised current maximum /7, i.e., of the relaxa-
tion strength Ag [51-53], of the TSDC « peak on water content / is presented for
the same PU as in Fig. 3.19. The results in Figs. 3.19 and 3.20 suggest strong plas-
ticising effect of water. It is interesting to note that similar effects were observed
on the temperature position and the magnitude of the TSDC MWS peak in the
same PUs [54]. This result should be expected, as conductivity and conductivity
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effects in polymers are governed by the motion of the polymeric chains and, thus,
reflect properties of the glass transition [12, 50].
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Fig. 3.19. Glass transition temperature 7, Fig. 3.20. Normalized current maximum
of a PU sample determined by TSDC (O) [, of the TSDC a-peak of the same PU
and by DSC (m) versus weight fraction of as in Fig. 3.19 versus water content /
water x,. The line is a fit of the Couchman—

Karasz equation (3.6) to the data

Figure 3.21 shows results for PHEA hydrogels similar to those shown in Fig.
3.19 for PUs. The x, range of DSC measurements is hmited to x < 0.22, due to
freezing and melting events of water at higher x, values, which provide additional
peaks in the temperature region of the glass transition and do not allow 7, to be
determined unambiguously. Details of fitting and the values of the fitting parame-
ters have been given elsewhere [12, 36]. The good fits in Fig. 3.21 support the
idea that the PHEA hydrogels are homogeneous mixtures for x, values lower than
about 0.2-0.3, whereas a separate water phase is formed at higher values. This
result is in excellent agreement with results shown in Fig. 3.13 for the secondary
relaxations in the same hydrogels.

The results in Figs. 3.13 and 3.21 indicate that dielectric measurements may be
employed to investigate aspects of phase morphology in hydrogels. This possibi-
lity may be extended to include studies of the phase morphology of the hydrogel
matrix. In most applications the hydrogel matrix is a multicomponent system,
combining in the form of blends, copolymers, interpenetrating polymer networks
(IPNs) or composites [77-80] a hydrophilic component to ensure high water up-
takes and a hydrophobic component to improve mechanical stability. Figure 3.22
shows results for IPNs of PHEA and poly(ethyl acrylate) (PEA) for various com-
positions. The water content in this figure refers not to the dry IPN weight, but to
the dry PHEA weight in it, and the data for the various IPNs fall on a single curve,
which, moreover, coincides with the prediction of the Couchman-Karasz equation
(6). The results in Fig. 3.22 show, in agreement with those of equilibrium and
dynamic water sorption measurements [79], that the PHEA component in the
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hydrogels behaves in essentially the same manner like the pure polymer and sug-
gest a phase—separated morphology of the hydrogel matrix at the mesoscopic level
of a few nm [78, 79]. Similar results were obtained also with the PMA/PHEA
IPNs of Fig. 3.5, in consistency with specific volume measurements showing vol-
ume additivity [80],
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Fig. 3.21. Glass transition temperature  Fig, 3.22. Peak temperature T, of the TSDC «
T, of PHEA hydrogels measured by peak of PHEA versus water content of the hy-
TSDC (O) and by DSC (e) versus drogel referred to PHEA weight in the sample,
weight fraction of water x,. Lines are  A/xpyp,s, for several PEA/PHEA IPNs of the
fits of the Couchman-Karasz equation  composition indicated on the plot. The line is
(3.6) to the DSC (-) and the TSDC a fit of the Couchman-Karasz equation (3.6)
data (--) to the data

whereas in hydrogels based on PMA/PHEA copolymers, which are homogeneous
systems characterised by a single glass transition, the peak temperature 7, of the
TSDC a-peak depends sensitively not only on water content referred to PHEA con-
tent, but also on the composition of the dry hydrogel, as shown in Fig, 3.23 [78].

The phase-separated morphology of the hydrogel matrix allows to study by
DRS the a-relaxation of PHEA, which in pure PHEA, like in many other poly-
mers [84], is masked by conductivity, as indicated also in Fig. 3.6 {50]. Fig. 3.24
shows results obtained with IPNs of PHEA and poly(ethyl methacrylate) (PEMA),
where PHEA has been polymerised in the pores of a sponge of PEMA network
prepared by polymerisation in ethanol. At the low PHEA content of 14.6% of the
IPN in Fig. 3.24, the conducting PHEA islands are isolated from each other, with
the result that macroscopic conductivity of the IPN is suppressed and the
a-relaxation is revealed as the strong relaxation at high temperatures shifting to
higher frequencies with increasing temperature. The loss peak shifts to lower fre-
quencies in the dry sample, in agreement with TSDC results for PHEA hydrogels
shown in Figs. 3.4 and 3.5, without any significant change in the magnitude of the
peak. The latter is in apparent contradiction to the TSDC results in Figs. 3.4 and
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3.5, which is however resolved by considering detailed TSDC studies in pure
PHEA hydrogels. These have revealed that conductivity makes a significant con-
tribution to the TSDC high—temperature peak in Fig. 3.4 and that the magnitude of
the dipolar component of that peak does not practically change with water content
[53].
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Fig. 3.24. Log-log ¢&”(f) spectra in
PEMA/14.6% PHEA IPNs at ambient

Fig. 3.23. Peak temperature 7, of the
TSDC « peak in PMA/PHEA copolymers

versus water content of the hydrogel re-
ferred to PHEA weight in the sample,
h/Xpyea. The lines are best linear fits to the
data

relative humidity at several temperatures
indicated on the plot. For comparison two
measurements on the dry sample have
been included
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Detailed TSDC studies in several biomaterials suggest the existence of glass-
like transitions shifting to lower temperatures with increasing water content [69—
73], in agreement with results obtained by other techniques [8,11]. As a result of
the rather complex morphology of many biomaterials, the high—temperature
TSDC dispersion of these materials is multiple, containing other components next
to the a-peak associated with the glass transition, as partly indicated in Figs. 3.2
and 3.3. TSDC offers special techniques for experimentally analysing multiple
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dispersions into approximately single responses [51-53] and their use has pro-
vided strong evidence for glass or glass-like transitions in several biomaterials [69,
70]. This point will not be further discussed here. Instead, Fig. 3.25 shows the wa-
ter content dependence of the effective band temperature T, defined as the geo-
metric centre of gravity of the band, and of the depolarization charge Q, obtained
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Fig. 3.26. Log-log plot of AC Fig. 3.27. Log-log plot of AC conductivity
conductivity ¢’ versus frequency f for a  o’versus frequency f for a PHEA sample at
PHEA sample at 297 K and several 4=0.30 and several temperatures indicated
water contents indicated on the plot on the plot

from the area under the band, of the high-temperature TSDC band in Eucalyptus
globulus leaves. Following common practice, the amount of water in the sample is
characterised here by x,, i.e., the weight fraction of water in the sample. The re-
sults show a remarkable similarity to analogous results obtained with synthetic
polymers (Figs. 3.19-21), suggesting a glass or glass-like transition shifting to
lower temperatures with increasing water content and becoming constant at higher
water contents {69, 70].

3.7 Effects of Water on Electrical Conductivity

Electrical conductivity in polymers and biopolymers increases with increasing wa-
ter content, as indicated by the results already reported for the high—temperature
TSDC dispersion, e.g., in Figs. 3.1-5, and, more clearly, for the DRS response at
high temperatures/low frequencies, e.g., in Figs. 3.6 and 3.7. The high protonic
conductivity achieved with hydrogels, partly on addition of acids, has led to the
design of novel polymeric electrolytes for various electrochemical applications
[94, 95], whereas the strong dependence of conductivity on water content was util-
ised for designing conductimetric microsensors based on synthetic hydrogels for
potential in vivo use [96]. From the fundamental point of view the interest in such
studies is focused on a better understanding of the effects of water on electrical
conductivity, a necessary condition for optimising the design of novel polymeric
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electrolytes based on synthetic hydrogels and for employing conductivity meas-
urements for hydration studies and for dielectric aquametry [75, 81, 97, 98].

Figure 3.26 shows results for the dependence of the real part of AC conducti-
vity o’ (protonic conductivity [75]) in wide ranges of frequency on water content /
for PHEA hydrogels. o7 (in the literature very often simply AC conductivity o)
has been calculated from admittance measurements (Sect. 3) by [43, 48, 50]
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Fig. 3.28. Arrhenius plot of DC conductiv-  Fig. 3.29. 7,-scaled Arrhenius plot of the
ity opc for PHEA hydrogels at several wa- DC conductivity data shown in Fig. 3.28.
ter contents indicated on the plot. The lines Compare Fig. 3.28 for the symbols

are best fittings of the VTF equation (3.8) at

h <0.21 and of the Arrhenius equation (3.9)

ath > 0.29 to the data

o'(f)=2xfee"(f) . 3.7

The plateaus of o’ at low frequencies extending to higher frequencies with in-
creasing h correspond to DC conductivity obc. The change from f~independent
DC-conductivity to f-dependent AC conductivity, the knee in o’(f), corresponds
to the so—called conductivity relaxation [50, 75, 81, 99]. At each A value the re-
gion to the left of the knee is where the charge carriers are mobile over long dis-
tances and the region to the right is where the charge carriers are spatially con-
fined in their potential wells. Thus, o’ (f) is characterized by (and its investigation
reveals aspects of) the topology of conducting paths. The main result in Fig. 3.26
is the significant increase of opc with 4.

Figure 3.27 shows results for the same hydrogel at a fixed water content,
h=0.30, and variable temperature. Comparison with Fig. 3.26 demonstrates the
validity of the 7-f~h superposition principle [50, 81-83], discussed on the basis of
g’ (f) and &” (f) for PEO hydrogels in Figs. 3.7 and 3.8 and extended here to in-
clude conductivity phenomena in addition to dipolar ones. Peleg [100] proposed a
model to quantitatively account for the effects of moisture and temperature on the
stiffness of solid biomaterials at and around their glass transition.
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The investigation and proper analysis of the temperature dependence of dc con-
ductivity provides important information on the conductivity mechanism. Figure
3.28 shows the Arrhenius plot of dc conductivity of PHEA hydrogels at several
water contents. Values of opc at each temperature and water content were ob-
tained from Z plots (plots of the imaginary against the real part of the complex
impedance) [75], in very good agreement with values obtained from o’ (f) plots.
At each water content, DC conductivity appears at temperatures higher than the glass
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transition temperature 7, (Fig. 3.21). At h<0.21, the temperature dependence of
o is described by the Vogel-Tammann-Fulcher (VTF) equation {47, 48, 50, 84]

B (3.8)
T-T,)

v _
Oy =0y exp[

where o, B and T are constants. At the highest water contents of 0.29 and 0.46,
the obc(7) dependence in Fig. 3.28 changes from VTF type to Arrhenius type

w
ol =0, exp[—ﬁj , (3.9)

where W is the apparent activation energy and £ is Boltzmann’s constant. The re-
sults suggest that at 4 <0.21 conductivity is governed by the motion of the poly-
meric chains, whereas at # > 0.29 conductivity occurs through a separate water
phase [75]. Thus, with respect to effects of water on molecular mobility and to
critical water contents, the results for conductivity are in very good agreement
with those for the secondary (Fig. 3.13) and the primary (Fig. 3.21) relaxations.
The effects of increase of segmental mobility with increasing temperature on
conductivity can be further studied on the basis of T,-scaled Arrhenius plots [101],
like the one shown in Fig. 3.29. The 7, values at the different # values were ob-
tained from DSC and TSDC measurements [36, 75]. The results in Fig. 3.29 sug-
gest that a significant part of the increase of opc with increasing water content at
constant temperature in Figs. 3.26 and 3.28 arises from the corresponding decrease
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of T,. There is, however, a remaining part, probably due to concomitant increase
of charge carrier concentration.

The results in Figs. 3.28 and 3.29 can be also discussed in terms of the
strong/fragile classification scheme proposed by Angell [101], i.e., in terms of de-
viations from the Arrhenius behavior. They suggest that the hydrogels under in-
vestigation are fragile systems, i.e., deviation from the Arrhenius behavior is sig-
nificant, and that fragility increases slightly with increasing water content [50, 75].
Interestingly, the shape of the response of the conductivity relaxation, studied
within the modulus formalism [75], does not deviate much from Debye behavior
of a single relaxation time. Thus, in the PHEA hydrogels, like in proteins and con-
trary to liquids and polymers, non—Arrhenius behavior does not correlate with
non—-Debye behavior [101, 102].

The plot in Fig. 3.30 shows for wheat flour samples results similar to those
shown in Fig. 3.26 for PHEA hydrogels. The transition from AC-conductivity to
DC-conductivity occurs for water contents between 0.13 and 0.22, i.e., in the
range of critical water contents determined by low—temperature TSDC measure-
ments (Fig. 3.17) for the completion of the primary hydration layer and the ap-
pearance of loosely bound water molecules forming clusters around hydrophilic
sites and by TSDC measurements at higher, sub-zero temperatures for a glass or a
glass-like transition [67-70, 103]. Careri and coworkers interpreted the appear-
ance of DC-conductivity in hydrated seeds in terms of percolative proton transfer
along threads of hydrogen-bonded water molecules on the macromolecular surface
and provided evidence that the percolation threshold is close to that necessary for
germination {104]. The correlation of critical water contents for physical effects,
such as glass transition and percolative proton transport, to those for physiological
and biological effects, such as germination for seeds and enzymatic activity for
proteins [62], provides a basis for describing and understanding biological func-
tions in physical terms [8].

3.8 Conclusions

We presented and discussed in this chapter several results on the hydration proper-
ties of synthetic polymers and biopolymers obtained with dielectric techniques. In
addition to the classical dielectric relaxation spectroscopy (DRS) over the broad
frequency range from 107 Hz to 20 GHz, thermally stimulated depolarisation cur-
rents (TSDC) techniques were employed, typically in the temperature range from
77 to 300 K. Information on the hydration properties of the materials under inves-
tigation were obtained by studying in detail the effects of water on (a) the local
secondary relaxations present or induced by water in the materials, (b) the coop-
erative, primary a-relaxation associated to the glass transition, and (c) conductiv-
ity and conductivity effects. Less attention was paid here to the investigation of
the dynamics of water itself, as a source of information on hydration properties,
either as liquid water at temperatures above 0°C/high frequencies or as super-
cooled or crystallised water at subzero temperatures/low frequencies.
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The results demonstrate the power of dielectric techniques for hydration stud-
ies. The main advantage of these techniques, in particular of DRS, as compared to
other techniques, with respect to hydration studies, is the wide frequency range of
measurements, which allows following on the same sample processes of very dif-
ferent time scale and, thus, spatial scale. For each of these processes information
has been obtained, by proper analysis, from the time scale and the magnitude of
the response. Less attention was paid here to information obtained from the shape
of the response, which is related to long- and short-range interactions, this point
deserving more attention in future studies.

The results show that also TSDC can be very powerful for hydration studies,
mainly for other reasons than DRS: it provides a quick characterisation of the
overall behavior of a material and it is characterised by high sensitivity and high
resolving power. The low equivalent frequency of TSDC measurements, in the
range of 10°-10~* Hz, responsible for its high resolving power, also provides also
the possibility to work at low, subzero temperatures, with the advantage that the
water content of the sample does not change much with time. Thus, TSDC is a
powerful, complementary technique to DRS and contributes much to the suitabil-
ity of the combined DRS/TSDC analysis for hydration studies.

The results discussed in this chapter refer to several aspects of hydration prop-
erties, such as the organisation of water in the material under investigation, the es-
timation of critical water contents, the assessment of the strength of polymer—
water interactions and the micromorphology developed. Similar information is
also provided by various other techniques and critical comparison in this chapter
has shown that, if the specifity of each technique is properly taken into account,
the agreement is often good, also in quantitative terms.

Some of the results discussed in this chapter could be utilised in the future for
dielectric aquametry. From the DRS results, the dependence of DC- and/or AC-
conductivity on water content at room temperature, such as that presented in Fig.
3.26 for PHEA hydrogels and in Fig. 3.30 for wheat flour, could form a basis for
dielectric aquametry at low frequencies. In the case of TSDC measurements, the
dependence of the temperature position and/or of the intensity of the low-
temperature dispersion on water content, shown in Figs. 3.13 and 3.21 for hy-
drogels based on PHEA and in Fig. 3.17 for seeds, appears most promising. The
low temperature of measurements and, in general, temperature as a variable is dis-
couraging. The high reproducibility of the results, however, suggests that the tech-
nique might be an interesting alternative, at least for special cases.
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4.1 Introduction

Determination of the water content of porous media (e.g., soil, powders, cereal
grains) from measured bulk dielectric, &, is based on the dominance of the high
dielectric permittivity of liquid water relative to that of solids and air. Dielectric
measurements in many minerals comprising soils for example, exhibit behavior
described by a general empirical relationship [1], while measurements in high sur-
face area materials or in particles of high aspect ratio exhibit unique and varied
dielectric-water content relationships. Factors contributing to the unique dielec-
tric-water content relation of certain porous media include water binding and
dipole interactions that arise from particle geometry and water-phase configura-
tion in addition to measurement frequency and dielectric loss. Thermal perturba-
tion of high surface area porous media demonstrates strong interactions between
bound and free water that have been shown to produce either an increase or
decrease in bulk dielectric for a fixed water content. This effect is demonstrated by
modeling the dielectric permittivity of bound and free water-phases, where the
surface area-dependent bound water film thickness and the temperature-dependent
permittivity of free water are combined. The water-phase permittivity is the least
well-defined constituent and yet the most critical for predicting the bulk permittiv-
ity of a three-phase water-, solid- and air-system. A three-phase dielectric mixture
model is shown to provide a physically-based approach for modeling porous media
permittivity. Phase configuration in addition to estimates of particle and packing
densities facilitate volume tracking with water content change.

4.1.1 Dielectric Mixing Theory

A dielectric mixture may be described in terms of the volume fractions and
dielectric permittivities of constituents. A host of different mixture models have
been developed for multiple phases using different methods of homogenization,
including variations on constituent geometry leading to isotropic and anisotropic
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mixtures and combinations thereof [2]. We approximate a porous mixture as a
two- or three-phase system made up of solids, water and air. The confocal ellip-
soid model shown in Fig. 4.1 is an example of such a three-phase system and
serves as a geometrical basis for a unit cell leading to an approximate porous mix-
ture. We assign water-, solid- and air-phase permittivities &, (80), & (1), & (5) and
volumetric fractions &, ¢, and 4, respectively [3]. As we will demonstrate later,
& will be subject to temperature and relaxation effects requiring further attention for
improved modeling. Constituent volume fractions are related through measurable
quantities of dry bulk density (0, = dry solid mass per bulk volume) and solid particle
density (p; = solid mass per solid volume) from which we obtain total (bulk) porosity
(&), which describes the fluid-filled portion of the mixture (i.e., @ = 1 — p/0,). The
air (&) and solid (#,) fractions may be described as ¢, = ¢, — ¢, and ¢ = 1 — ¢, re-
spectively. Dielectric mixture theory offers the advantage of physically-based pre-
dictions of bulk permittivity based on constituent permittivities and their volumet-
ric contributions to the mixture [4]. Predicting the dielectric permittivities of
constituents in high surface area materials is complicated by the presence of bound
water.

VLR DL

P

Fig. 4.1. On the /ef?, a three-phase unit cell described as a confocal spheroid (core, &, and
shell, &) contained in a background, &. The orientation of the electric field (E) is either
normal (Et%) or parallel (E/®) with respect to the rotation axis, @, of the spheroid. On the
right, a random mixture of spheroids forms an idealized porous medium

4.1.2 Geometrical Effects

Particle shape may influence electromagnetic measurements, depending on the
particle geometry and orientation (random, aligned) with respect to the applied
electrical field [5] as illustrated in Fig. 4.1. The shape of soil particles or portions
of cereal grains from the kernel itself, to the starch granule, to the molecular com-
ponents, influence the dielectric measurement due to the dipole moment each
component imposes in an electromagnetic measurement of permittivity. Aspect
ratio is a common descriptor for geometry, and those of clay minerals can be
extreme in comparison to nearly spherical sand grains. Minimum and maximum
aspect ratios for several clays are listed in Table 4.1, given based on estimates of
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particle planar diameter and thickness. Aspect ratios for three common cereal
grains are also listed. Particle shape effects have been measured on individual ker-
nels [6] and on mixtures of isotropic [7-9] and anisotropic particles [5].

Table 4.1. Dimensions and aspect ratios of certain clay minerals and cereal grain kernels.

Clay mineral’ Thickness, a Diameter, b Minimum o/b  Maximum a/b
Kaolinite 50 0.1-4 0.5 0.0125
Chlorite 10-100 0.1-2 1 0.005
Tllite 5-30 0.1-2 0.3 0.0025
Montmorillonite 1-10 0.01-1 1 0.001
Kernel} Length, a Width, b Minimum a/b ~ Maximum a/b
Corn 8-17 5-15 0.5 3.4
Rice 5-10 1.5-5 1 6.7
Wheat 53-8 2.5-45 11 2

T[101, f[11].

4.1.3 Bound Water

Water that is “bound” to solid surfaces is subject to surface forces that hinder its
response to an imposed electromagnetic field, resulting in both a lower relaxation
frequency and in lower g, relative to free liquid water.
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Fig. 4.2. Water-phase permittivities computed as a function of distance from the center of
DNA [12] and measured thickness on the surface of silica gel [13] and metal [14].
The mono-layer water thickness is assumed to be 0.28 nm
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The first monolayer of bound water closest to the solid surface is held most tightly
and has the lowest measured &,. The bulk permittivity of successive molecular wa-
ter layers increases with distance from the solid surface up to that of free water at
around 3 or more molecular layers (see Fig. 4.2). The dielectric permittivity of wet
materials, high surface area, (i.e., clays, peats, starches, proteins, etc.) exhibit re-
duced bulk dielectric permittivities compared to materials with lower surface areas
at the same volumetric water content as a result of bound water and shape effects.
The large surface area of minerals is often associated with plate- or needle-like
particles of high aspect ratio as shown in Table 1. Assuming disk-shaped geome-
tries, specific surface areas range from 15 to 750 m”® g for Kaolinite and Mon-
torillonite, respectively. In the case of biological materials, the molecular structure
is much more complex but capable of similarly large specific surface areas, only a
portion of which are generally water accessible.

4.2 Theoretical Considerations

Modeling the dielectric behavior of a complex porous mixture is generally
approached using a simplified representation of constituents, configurations and
geometries, all of which play a role in the bulk dielectric. Here we briefly consider
models describing the water—phase, the influence of shape and the configuration
of constituent phases.

4.2.1 Water-Phase Permittivity

Water molecules are subject to thermal and interfacial effects that can create sig-
nificant changes in the water-phase permittivity with changes in temperature and
measurement frequency. In addition, the specific surface area of the solid-phase is
proportional to the amount of water bound within a porous medium. Air and most
solid materials, unlike water, show little change in permittivity with changes in
temperature or frequency [15, 16]. In the following we will discuss water as “free”
molecules in bulk water or as “bound” molecules that are hindered to some extent
in their movement or rotation. The effects of temperature on the permittivity of
free and bound water will also be discussed.

Free Water

A water molecule possesses both a permanent dipole moment, resulting from the
structure and charges of its atomic components, and a polarizability component
that is in proportion to the magnitude of an applied electric field. In the presence of
strong electric fields, the polarizability component may actually reduce the dielectric
permittivity of water significantly [17]. In the presence of a mild alternating electric
field, water molecules exhibit dielectric dispersion leading to a frequency dependent
real component of permittivity that is reduced as frequency increases. This
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phenomenon results from the molecules’ inability to reorient in response to the
changing electric field. As a consequence, the permittivity contribution of the
permanent dipole orientation is diminished and eventually lost at higher frequen-
cies. The reduction in the real permittivity component shows up in the imaginary or
‘loss” component, which for free water arises in the GHz frequency band, where a
phase lag develops between the applied electric field and the dipole orientation. This
effect draws energy from the electric source that is dissipated as heat. For water mole-
cules whose motion is hindered by the attractive forces of solid surfaces and adjacent
molecular forces (other than neighboring free water molecules), their relaxation
frequency may be reduced to within the MHz frequency range.

Permittivity measurement instruments vary both in their application (for meas-
uring liquid, solid or gas) and in their frequency measurement range. Time domain
reflectometry (TDR) instruments, for example, exhibit a frequency bandwidth, £,
which is largely determined by the rise time (%) of the instrument. Instrument rise
times commonly employed in soil sciences vary from 125 to 300 ps [18] corre-
sponding to frequency bandwidths of 2.8 to 1.2 MHz respectively (e.g.,
fo = In(0.9/0.1)/(2nt,) ~ 0.35/¢;, {19]). Lower frequency capacitive measurement
instruments may have much lower measurement frequencies in the MHz range.

Bound Water

The influence of water binding on permittivity reduction has been measured [12-
14]. The water-phase permittivity associated with attachment to different solid
materials is illustrated in Fig. 4.2, where increased water layer thickness leads to
an increase in permittivity. These measurements are more difficult to make than
free liquid measurements owing to the molecular scale at which they occur and to
differing measurement methods. It is understood that the mechanism causing the
permittivity reduction is related to the hindered rotation of the water molecules in
the vicinity of solid surfaces. Less well understood is the character of the bound
water, its density and packing arrangement.

4.2.2 Water-Phase Temperature-Dependence

The temperature dependence of the dielectric permittivity of porous materials can be
attributed largely to the effect of temperature on the water-phase. The temperature
dependent permittivity of free water is described by the following expression [20].

&4, (T)=78.54{1-4.579x107 (T - 298)
+1.19x107(7 —298)* — 2.8x107% (T —298)’]

.1

where 7 [K] is the temperature. The temperature dependence of the bound portion
of water is more complicated, especially since the boundary between bound and
free water is vague. Or and Wraith [21] derived a temperature-dependent model
describing bound water content (M), expressed in terms of the bound water layer
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thickness, x(T) [m], the specific surface area, 4, [m” g™'], and the bulk density,
0 [g m™], of the porous medium, written as

M, =x(T)-4 - p, (4.2)

where x(T) was derived from the viscosity profile of water as a function of
distance from a clay surface coupled with the Debye [22] model predicting relaxa-
tion frequency of a polar liquid. Or and Wraith have used a cutoff frequency,
f* [Hz], below which bound water relaxes and thus practically does not affect a
TDR signal. The resulting temperature-dependent bound water layer thickness,
x(T) [m], is computed as

a (4.3)

_M.m[_;gl*]
8nric £

where the constants a= 1621 [A K], d = 2.047 x 10° [K], ¢ = 9.5 x 107 [Pa s],
k is the Boltzman constant (1.38062 x 10 [J K']) and r [m] is the radius of the
bound water molecule (~ 1.8 - 2.5 A).

x(T) =

4.2.3 Particle Shape Effects

The depolarization factor accounts for the dipole effect arising from the particle
shape-field alignment, which influences the measured bulk permittivity. The exact
solution to the depolarization factor given by Landau and Lifshitz [23] is written
in terms of field-axis orientation (e.g., N* = E = field parallel to « in Fig. 4.1)

(abc)du
2u+ P+ @)+ b)Y+ )

N = i—abe (4.4)

where N*+N°+N° = 1 and u is a scalar. Equation (4.4) was parameterized in terms
of a spheroid (b = ¢) using the aspect ratio (a/b) ranging from a disk- (&/b = 0.001)
to a needle-shape (a/b = 1000) [5]. The resulting depolarization factor-aspect ratio
relation was defined using the following empirical expression for parallel and
normal and E-field alignment with respect to a spheroid’s rotation axis.

N? 1 N,,_]“NP (4.5)

- a aY S22
1+1.6| —{+0.4| —
[bj (b)

where the depolarization factor for the electrical field aligned parallel to the
axis of symmetry (rotation axis) is N° and is N" when normal to the axis of sym-
metry (see Fig. 4.1).
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4.2.4 Three-Phase Dielectric Mixture Model

Modeling the bulk permittivity of a three-phase system consisting of inclusions
comprised of a core and outer shell of confocal ellipsoids (Fig. 4.1) allows account-
ing for particle shape effects via the depolarization factor in addition to phase con-
figuration effects. The core, &, and the outer shell, &, are contained in a background
host medium of permittivity, &. The effective permittivity of an isotropic three-
phase confocal system of ellipsoids may be written as [4],

€o

L (nva’)
3 i=pnn\ & . (4.6)
-1y Nl’(”vaj

&y =&yt

i=p,nn &

where the polarizability term in parenthesis is given as a series expansion written
here for the dual, confocal ellipsoid system as

‘
no

e, :(¢1 +¢2)'

(51—50)4'[51+N1'(50—51)}'— ]

@.7)

i i i (62—81) r
[80 +N, (81—50)J+N1 (I—Nl )(81_80)'[81+N2[ (& —51)]

where ¢, and @, are the volumetric fractions and N, \'and N,' are the depolarization
factors of the shell and core ellipsoids, respectively. Various combinations of
solid, liquid- and gas-phases may be assigned to the core, shell and background.

4.3 Measurements and Modeled Results

For a fixed volume fraction of water the measured bulk dielectric can be signifi-
cantly different for different porous mixtures. Possible contributors to these differ-
ences are discussed here and models for describing these effects are presented, in-
cluding the interplay between bound and free water, geometrical effects, specific
surface area related to water binding, porosity and density and phase configuration.
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4.3.1 Permittivity Measurements in Porous Mixtures

The permittivity of porous mixtures has been described using empirical relation-
ships such as those shown in Fig. 4.3. The Topp et al. [1] equation has been
widely used to describe the permittivity of mineral soils measured using TDR. The
empirical relationship given by Schaap et al. [24] was fitted to measured permit-
tivities of forest soils. The differences between these two models can be attributed
to several effects, including bound water present in porous media having high sur-
face area, effects due to particle geometry, and the configuration of the water-
phase [25]. A mineral soil and a pure clay mineral from Dirksen and Dasberg [26]
are well described by these two models.
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Fig. 4.3. Measured and modeled permittivities as a function of volumetric water content in
different porous media. Groesbeck and Attapulgite data are from Dirksen and Dasberg
(1993), the kernel and starch data were taken from Jones and Or (2002). The Topp et al.
(1980) relation describes a wide range of mineral soils. The Schaap et al. (1996) model
describes the permittivity of forest litter

4.3.2 Thermal Effects of Bound Water

The thermodielectric effect on the bulk permittivity of water within soil was sug-
gested by Or and Wraith (1999) to be the result of an interplay between 1) the
reduction in the permittivity of free water with increasing temperature, and 2) the
increased permittivity brought about by the liberation of bound water to a less
hindered state (i.e., greater permittivity illustrated in Fig. 4.4). They modeled this
effect using Eq. (4.3) to represent the bound water influence on the bulk dielectric
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constant of sand and clay mixtures illustrated in Fig. 4.4. They found an apparent
lag in the temperature response and suggested a possible correction for this effect.
Surface area was also back calculated by optimizing the thermodielectric effect on
permittivity measurements.

9.0 o —
(a) 3 4
288 T 2 “
E 8.6 N - 1 -‘_E- |
384 ? g
= .| B
B 82 IR

13 S e ! 100
‘2‘ —————— Aodeted \ a
3121 | 3
£ - g
= 11 o = 10
2 R
= // - ; x
g0 |3
. b |
< [ S —— (b) 1 1 et e et o]
0 10 20 30 40 50 0 10 20 30 40 50
Temperature (°C) Water content (w.b.)

Fig. 4.4. The thermodielectric effect is illustrated in (a) for fine sand and in (b) for a sand-
montmorillonite clay mixture, each at 15 % mass water content. Dominance of the oppos-
ing temperature dependence of bulk water in (a) for low surface areas, and bound water in
(b) for high surface areas is demonstrated {21]. The thermodielectric effect is illustrated dif-
ferently by permittivity measurements in corn starch using (c) at network analyzer at 500
MHz and (d) a time domain reflectometer [25].

The thermodielectric effect is further illustrated by bulk permittivity measure-
ments in cornstarch shown in Fig. 4.4 and in other studies [27]. Network analyzer
measurements (Fig. 4.4¢) reveal a cross-over in the permittivity-temperature rela-
tionship with increasing water content at about 40 percent (wet basis) measured at
a frequency of 500 MHz. TDR measured permittivities (Fig. 4.4d) also demon-
strate the effect of bound water ‘release’ throughout the measured water content
range up to 50 percent. The reversal in the temperature-permittivity trend occur-
ring at higher water contents happens when starch granules approach water satura-
tion, leading to a buildup of “free” water within and eventually between granules.
Near saturation, temperature increase leads to reduced permittivity of the starch,
similar to the reduction in free water permittivity with increasing temperature
(Eq. (4.1)). The large permittivity differences at mid range moisture contents sug-
gest an abundance of bound water which is liberated upon heating, and the non-
linear nature of the starch permittivity increase with added water also suggests an
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evolution of the surface area with wetting or drying. Configuration of the water
associated with solids combined with surface area evolution leading to changes in
bound water fraction were suggested by [25] to cause the distinct plateau in the
permittivity-water content curve shown in Fig. 4.4d for comn starch, and also noted
in whole corn kernel measurements [28].

4.3.3 Modeling the Total Water-Phase Permittivity

Combining the temperature-dependent water-phase permittivity of bound and free
water allows the use of a three-phase mixing model with shape effects. The bound
water temperature-dependent expression, x(T) (Eq. (4.3)), was coupled with Eq.
(4.1), following an exponential increase in permittivity with water layer thickness,
tw, resulting in the following expression

£,(1) =g, (T)-{l —exp(x—(t;) H (4.8)

where ¢, [m] can be calculated with M, where t,, = M, /(4 p,). Computed tem-
perature-dependent free water and bound water-phase permittivities are shown in
Fig. 4.5. The temperature effect is presented in Fig. 4.5a where the free water
permittivity, &, at 5 and 25°C is illustrated by a reduction in the water-phase
permittivity. In Fig. 4.5a the temperature increase from 5 to 25°C is described by
the reduction of x(T) releasing bound water to a more rotational state, which re-
sults in a higher effective permittivity. The free water permittivity is reduced with
increa-sing temperature. The second phenomenon is the apparent ‘release’ of
bound water from a lower to a higher rotational state, which occurs with increas-
ing temperature. This bound water effect is illustrated in Fig. 4.5a by a reduction
in the bound water layer thickness, x(T) with increasing temperature. In Fig. 4.5b
these compe-ting phenomena are illustrated as the total water-phase permittivity
plotted using Eq. (4.8) (» = 2.5x10™"°, 4 = 400 m* g, /* = 1 GHz) and demon-
strating the thermodielectric behavior as a function of water content Predicted
permittivities in Fig. 4.5b are generally correlated to measurements in silica gel,
metal powder and DNA shown in Fig. 4.2 and to temperature dependent meas-
urements shown in Fig. 4.4. From Fig. 4.2 the average of the measured and simu-
lated dielectric permittivities for mono-molecular layers 1, 2, and 3, are 27, 47,
and 69 while corresponding modeled values (T = 25°C in Fig. 4.5) are 22, 49, and
63, respectively.
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Fig. 4.5. Tlustration of the thermodielectric effect described in a) by the temperature-
dependent responses of reduced free water-phase permittivity (&,) with increasing tem-
perature and a reduced bound water layer thickness (x(T)). In b) these competing phenom-
ena are illustrated as the total water-phase permittivity
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4.3.4 Modeling Geometrical Effects

Particle shape effects influencing the dielectric permittivity of particulate mixtures
may occur throughout a hierarchy of shapes and scales. In cereal grains, for exam-
ple, this scale extends from the kernel to the starch grains and their complex inter-
nal structure, which extends down to the long chain and clustered polymers of
amylose and amylopectin. In such complex structures the influence of shape on
permittivity is difficult to determine. Effects of shape have been measured (using
TDR) and modeled in simple systems using anisotropic packings of mica flakes
where bound water is negligible [5].

Figure 4.6 illustrates measured permittivities in 0.25 mm diameter mica parti-
cles that were generally correlated to model predictions based on particle aspect
ratio (geometry) and electrical field alignment as determined by probe orientation.
Using Eqgs. (4.5-7) and a combination of phase configurations the wet mica per-
mittivity was modeled using an average aspect ratio of 1/25 and a porosity of 0.8.
At mid- range water contents, measured data of & is approximately half of the
&4 measurements. The measured permittivity of glass beads (inset) using the
same system shows only a mild effect from the TDR probe (E-field) orientation.
Reduced permittivity measurements in high surface area materials (e.g., clays)
have been typically attributed to bound water effects. The reduction in permittivity
in mica, which have very low specific surface area (4, < 0.06 m> g), should be
attributed primarily to geometrical effects arising from the depolarizing influence
of these high aspect ratio (a/b = 1/25) particles.
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Fig. 4.6. Time domain reflectometry (TDR) measured bulk permittivity of partially satu-
rated mica (0.25 mm diameter) and glass beads (inset). The orientation of the electric field
(E) is described in Fig. 4.1 as being either normal (E1®) or parallel (E,f) with respect to the
rotation axis, a, of the mica particle assumed oblate and layered horizontally [5]
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Although the binding of water is well correlated to A, measuring or estimating
specific surface area is generally not as simple as calculating A based on well
defined particle geometry in the simplified mica system.

Specific Surface Area Determination

Specific surface area, 4, of a porous medium can be defined as the total surface
area of solid constituents per unit mass and is intimately tied to the sizes of parti-
cles and to their shape. For example, rounded sand particles may exhibit values of
A, from 1 to 10 m? g”! while plate-like clay particles may yield a specific surface
area ranging from 100 to 1000 m? g”*. This fundamental property of soils is corre-
lated to important phenomena such as cation exchange, adsorption and release of
chemicals, swelling, water retention and conductivity in addition to mechanical
properties. Adsorption techniques are typically used to measure 4 directly [29].
Knowledge of particle size and geometry allows estimation of A using geometri-
cal calculations of surface area. Another approach is based on the air-dried or
hygroscopic water content, &, (volume basis) as suggested by Robinson et al.
[30]. They reported a linear correlation for 4, [m* g'] as a function of @, that
resulted from fitting data of 42 soils, given as

A4,=357.0, (4.9)

Various techniques have been used to determine water binding in biological mate-
rials using measurement techniques including calorimetery, dilatometry, nuclear
magnetic resonance, electron spin resonance, thermally stimulated depolarization
currents, and others [31, 32]. Estimating specific surface area of the kernel or
starch grain may be derived from the measured mono-layered water content and
an estimate of the density of the mono-layered bound water. The assumed struc-
ture of the water molecules will also influence the estimate slightly. Ryden [33]
suggested a relationship for water molecule spacing, s [A], based on water density,
Pw [g cm™], and packing given by

s=3—2 (4.10)

where K, is a packing constant given as 28.21 [¢ A® ecm™] for tetrahedral and
29.92 [g A® cm™] for cubic packings. Assuming a water density of 1 g cm™, the
resulting water molecular spacing is 3.04 A and 3.10 A for tetrahedral and cubic
packings, respectively. These values are representative of the intermolecular spac-
ing of free water [34]. For bound water, however, two contrasting views have been
presented. One suggests that the density of water is less than the density of free
water [35, 36] leading to larger spacing between water molecules. Reduced densi-
ties were suggested to arise from inter lattice spacing constraints between clay
platelets which were numerically simulated, producing fluid densities both greater
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than and less than free water density depending on platelet separation [37]. For
cereal grain constituents of protein and carbohydrate molecules, it is also concei-
vable that for certain structural spacing within and between molecules, reduced
water densities are achievable.

Another view suggests water densities greater than that of free water [38-40],
which correspond to a reduced water molecular spacing. Gur-Arieh et al. (1967)
showed a constant wet flour density for moisture contents (w.b.) from 0 t0 0.07 g g,
after which the wet density decreased steadily up to the final measured moisture
content of 0.26. From this result they calculated a mono-layer water density, Om, of
1.48 g cm™ and a density of the second molecular layer of water to be 1.11 g cm™.
The remaining water layers were calculated to have a density of 0.967 g cm™. For
a tetrahedral packing and using a mono-layer water density of 1.48 g cm™ and a
second layer density of 1.11 g ecm?®, Eq. (4.10) gives molecular spacing of 2.67
and 2.94 A, respectively. These estimates lie on either side of spacing found in ice
(hexagonal) of 2.76 A (Robinson and Stokes, 1959) and are similar to other esti-
mates of bound water spacing of between 2.5 A and 2.8 A [41]. For mono-layered
water content given on a dry basis, My, an estimate of the specific surface area,
Ag [m* g, is given using the estimated mono-layer water density, p,, [¢ cm™], and
packing constant, K, (Eq. (4.10)), given by

_ My (4.11)

A =
pml 'K;/S

S

Estimates based on this approach suggest 4, values of from several hundred to one
thousand m? g for starches and flours [32, 42, 43].

4.3.5 Modeling Porosity and Density

The physical make-up of porous mixtures is complicated by variations in texture
and structure varying in size and shape. Particle geometry may take any number of
forms from being plate-like to cylindrical or fiber-like to granular or blocky. Ex-
amples are found in soils where aspect ratios of certain clays (a/b = 0.033-0.025
[44]) and mica particles (a/b = 0.04, [5]) are extreme examples of oblate shapes
(See Table 1). Many soil particles are generally spherical like sands (a/b = 0.46) or
Tuff (a/b = 0.35) [9]. Prolate shapes are found in minerals such as hematite (a/b =
3.4, [45]) or fibers of peat (/b = 10 to 100). As mentioned earlier, such shapes are
often approximated using ellipsoidal or spheroidal geometries. From such
approximations, physical characteristics of volume and surface area may be calcu-
lated. For porous mixtures comprised of spheroidal particles, an approximation of
bulk porosity, ¢, references the ratio of the representative particle volume to sur-

face area [46]
2

V3
¢b__.l_kSL (412)

14
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where £ is an empirical scaling coefficient, V; is the volume of the particle and S,
is the individual particle external surface area. The dimensionless volume to sur-
face area ratio, sz/ 3/Sp, forms a unique relationship for a spheroidal geometry and
varying aspect ratio. Using approximate relationships for a spheroid of unit
volume whose surface area [5] varies with aspect ratios (a/b) from 0.001 to 1000,
the following empirical expression was obtained

V2/3 a 2 b -1
2 _1453+0.671] In2 | +0.309 —) (4.13)
S b a

4

Modeled porosities as functions of aspect ratio are plotted using Eqs. (4.12) (k= 3)
and (4.13). The volume-surface-area relationship reproduces the general trend of
increased porosity as aspect ratio deviates from that of a sphere (a/b = 1) for either
oblate or prolate shapes. Comparison to measured or computed bulk porosities in a
variety of porous media suggest these relationships provide reasonable predictions
of bulk porosity illustrated in Fig. 4.7. The fitting parameter, &, simply provides
vertical scaling of the curve.

Next to water content, bulk density of the porous medium is among the most
varied and critical factors affecting the permittivity measurement. Bulk density is
directly related to the bulk porosity through the density of solids, p,, in a given
volume of porous media. This relationship is of a similar form to that in Eq. (4.12)
and is written as

4, =1-22 (4.14)
ps

For shrinking or swelling materials such as cereal grains or clayey soils, p, varies
with water content and therefore the determination of bulk density is coupled to
water content determination. For cereal grains, especially, the water contained
within the grain may be directly tied to the change in kernel density, which is re-
lated to a commensurate change in p,. This is illustrated using an expression rela-
ting the dry solid density, p;, density of water, p,,, and the wet basis moisture con-
tent, M., to the kernel density, p, written as [47]

Ps (4.15)

e
1+(&—1 M,
P,
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Fig. 4.7. Modeled bulk porosity of random packings of uniform spheroids as a function of
particle aspect ratio. Data shown are measured porosities in (not necessarily randomly
packed) mica particles [3], silica-hematite prolates [45], wooden cylinders and fiberglass
rods [48], a variety of cereal grains [49], and legumes [50]

This simple expression requires only the dry solid density as a fitting parameter.
For bulk density of the kernels, we consider the effect of kernel shape on packing
by combining Eqs. (4.13) and (4.12) and setting them equal to Eq. (4.14) to solve
in terms of bulk density. Note that for the bulk packing calculation, the solid den-
sity in Eq. (4.14) is assumed equal to the kernel density and Eq. (4.15) is substi-
tuted for p; yielding

k-p, (4.16)
2
{4.53+0.671(ln%j +0‘309[2)]-[1+[&—1)MW}
a pW

This expression contains effects of the additional porosity and packing going from
the kernel to the bulk packing. These two models are plotted in Fig. 4.8 compared
to measured kernel and bulk densities in yellow-dent field corn.

Inverse bounds on constituent volume fractions derived from complex permit-
tivity measurements and evaluation of the structural moments and geometry [51]
may provide improved measurement capability where bulk density or porosity is
often an unknown and confounding factor for water content determination. Fur-
thermore, recent work using free-space measurements of complex permittivity at

Py =
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GHz frequencies in cereal grains demonstrates the potential for density-
independent measurements of moisture content [52].

To summarize geometrical effects, the specific surface area is a critical parame-
ter used to estimate bound water content in porous media. Particle shape and parti-
cle density directly affect the specific surface area, packing and arrangement of
the bulk mixture and can be used to compute estimates of 4, p, and ¢y,. Each of
these characteristics plays an important role in dielectric measurements for water
content determination. These parameters can be employed in modeling permitti-
vity using applicable dielectric mixture theory.
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Fig. 4.8. Measured individual kernel [53] and bulk kernel densities [54] of field corn. Mod-
eled results are obtained from Eq. (4.13) for kemel density (p, = 1.34 Mg m™) and Eq.
(4.15) for bulk density (k= 3, a/b=2)

4.3.6 Constituent-Phase Configuration Influence on Bulk Permittivity

Friedman (1998) demonstrated the influence of constituent-phase configuration on
modeled permittivities for six unique configurations of a concentric spherical
model similar to the illustration in Fig. 4.1. Among the six possible combinations,
water, solid, air (WSA), SWA, and ASW cover the range of permittivities exhib-
ited by a wide range of porous media. Equation (4.6) was used to plot the configu-
ration-dependent permittivities shown in Fig. 4.9. The combination of ASW and
SWA forms an envelope about the permittivity of common mineral soils repre-
sented by the Topp et al. (1980) equation. Reduced permittivities found in high
surface area porous materials are more closely described by SWA and WSA con-
figurations.
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Fig. 4.9. Modeled permittivity of three different constituent-phase configurations where, for
example, WSA represents water, solid and air with permittivities assuming modeled values
of 80, 5, and 1, respectively. The Topp et al., 1980 expression describing mineral soils is
shown for comparison

Swelling soils and plant seed constituents may expand, unfold and relax during
drying and wetting, which for seeds may be accompanied by a change in shape
and volume. Volume increases in soybean with hydration were found to be sub-
stantially greater than the weight of water imbibed, suggesting that polymeric seed
constituents unfold with hydration [55]. We suggest this is a mechanism for in-
creased surface area or evolving water-phase configuration. Evidence of this is
seen in the sigmoidal shape of corn starch (Fig. 4.4c and d) and corn kernel (Fig.
4.10) moisture content-permittivity curves. Measured permittivities (200 MHz,
[28]) of yellow-dent field corn kernels are shown in Fig. 4.10 where a combination
of SWA and WSA could describe the complex water-solid configuration in cereal
grains. A sigmoidal weighting distribution describes the relative contribution of
SWA and WSA configurations shown in Fig. 4.10, which resulted in the modeled
curve marked EMA. Such an approach was used successfully to model the three-
phase system of moist soil combining configurations of ASW and SWA with an
effective medium approximation (EMA) and estimates of bound water based on
surface area [56]. Our justification for this approach is linked to kernel swelling or
shrinking that occurs throughout the hierarchy of geometries contained in the
starch grain. A second attempt to model the corn data was based on the surface
area of the corn, which was increased 10 times at a critical water content to
approximate a surface area increase for additional water binding (curve marked
Ax10). The effects of water binding in cereal grains and swelling soils are com-
plicated by the volume change accompanied by wetting/drying processes and by
the associated sample density changes.
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Fig. 4.10. Modeled permittivity of field corn using a sigmoidal increase in A (Ax10) and
using an effective medium approximation (EMA) of the two configurations, SWA and
WSA with a sigmoidal increase in the WSA fraction with water content increase

4.4 Summary

Several factors influencing dielectric permittivity measurements in porous media
have been identified using measurements and modeling approaches. Bound water
associated with large surface area materials may lead to reduced dielectric, but
other effects may also play a significant role in alteration of the permittivity-water
content