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CHAPTER 1.

INTRODUCTION.

It is the purpose of this thesis to show that a study
of the dielectric loss properties of water adsorbed upon a
mineral may yield information concerning the properties of
'bound' water, by which is meant adsorbed water bonded so
strongly to a surface that it does not exhibit the normal
properties of water in bulk.

For some twenty years 'bound' water has been
postulated as existing in biological and colloidal systems.
A paper by Gortner (23), and the resulting discussion, is a
good point from which to trace the history of this subject.
Two definitions were proposed to distinguish 'bound' and
'free' water. One definition distinguished the two by their
physical properties, viz., that bound water had different
hydrodynamic properties from free water, both from the point
of view of flow through fine-pored media and_the passage of
particles through the bulk fluid. The glternative
definition was biological in origin and stated that bound
water waslnot able to act as a solvent.

Based upon the latter definition, a method (29) was
devised to estimate the bound water content of colloidal
systems. It consisted of adding a known quantity of salt to

the system and observing the resulting change in the vapour
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pressure. From this change the amount of water in which the
gsalt had dissolved could be calculated. The difference
between this quantity and the total water content determined
by drying methods gave the bound water content. In a
gimilar way the depression of the freezing point could be
employed.

On the basis of the physical definition, numerous
attempts have been made to establish the existence of bound
water with varying degrees of success. As far as the author
knows , no approach has been made to the problem by
considering the passage of particles through water as in
normal sedimentation, but the passage of liguid through the

solid has been widely employed.

Two alternative approaches have been used. Firstly,
the water, or other liquid, (the same effect was expected
with other liquids) was passed through very fine bore
capillary tubes, its viscosity being calculated in the normal
way. For this purpose capillaries with bores about 5 microns
in diameter have been used, and numerous workers have quoted
anomolous viscosities, especially with polar liguids.
However, in one case, anomalous results have been shown to
be due to impurities in the liquids (13). When the
impurities were removed the results indicated that a number
of ligquids, including conductivity water, retained their

bulk viscosity at least as close to the capillary surface as
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0.02 or 0.03 micron (200 to 300 A). Secondly, the liquid
may be forced through a bed of fine-pored particles. The
velocity of penetration of various liquids into porous
materials such as kaolin and other clays was investigated by
Wolkowa (42) who found that, although a consistent pore
diameter could be calculated from the results with non-polar
liquids, the pore diameter obtained with pelar liquids was
smaller and variable. To explain this he suggested the
formation of oriented films on the surfaces of particles.

Other workers (41) measured the attractive forces
binding liquids to particles of clgy and sand by several
different methods, and were led to the conclusion that, in
fine-pored systems, part of the liquid exists under the
constraining influence of the surface, but the range of
action of the influence they left an open question.

Finally, Bowden and Bastow (8), who developed a
method for measuring the viscosities of films as thin as
10-5 cm., showed that such thin films of water and other
liquids behaved as normel fluids. They concluded that, if
oriented films existed upon surfaces, they were certainly
less than 1000 A thick.

This mode of approach is one which might have given
a measure of the thickness of the surface lgyer had not
slight irregulariti es in the surfaces and impurities in the
liquids.set & lower limit of film thickness greatly in excess

of the expected thickness of an oriented lgyer. It seems
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likely (5) that surface inaccuracies and impurities in the
liquids were the cause of the apparently positive effects
obtained in some cases.

That adsorbed water films do exist has been shown
conclusively by several independent methods, particularly by
Newhausen and Patrick (36), who found that silica gel
retained 3.8% by weight of water after heating to 5000 c
for six hours in & high vacuum. Thus there is a first layer
adsorbed by materials which is held so tenaciously that the
layer has no vapour pressure even at several hundred degrees
centigrade.

In a recent discussion, the participants were more
concerned to show the conditions under which bound layers
existed then to establish their properties, their existence
being no longer doubted. In this connection two sets of
results by Bond, Griffith and Maggs (6) are particularly
interesting. They showed that diletometer experiments gave
no evidence of the freezing of adsorbed water in pores in
coal in a temperature range down to —720 C. This
temperature is much below the lowest possible freezing
temperature of water which is -220 C under a pressure of
2115 atmospheres (23). In the second experiment they
measured the dielectric constant at 15 Ke¢/s of a sample of
crushed coal containing adsorbed water and found it to
decrease steadily as temperature decreased from 20 to

o)
-70 C. They found no discontinuity in the curve which
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could be attributed to the “freezing" of the adsorbed water.
This latter result should be contrasted with the work of
Alexander and Shaw (2) who made similar measurements on
clays and did obtain a discontinuity which they said
indicated the freezing point of the adsorbed water.

In their concluding remarks, Bond, Griffith and Maggs
note that the adsorbed water on coal must be regarded as an
altogether separate phase from bulk water, being a two
dimensional phase with a hidgh kinetic mobility, in accord
with the results of Bangham and Razouk (3) for alcohol -
charcoal systems.

Until recently, no clear distinction was drawn
between ligquid molecules bound to en ion, i.e., clustered
about it, and molecules adsorbed on the external surfaces
of particles. Now, however, the distinction is made and the
effect of ions on the solvent in ionic solutions is being
studied intensively by dielectric measurements (24).

As for the adsorbed film, efforts have been made to
establish their specific properties. The techniques of
infra-red absorption spectra have been used by Buswell and
Dudenbostel (1l4) in the study of the condition of water in
clays. Two peaks in the absorption spectrum were found to
vary in height with hydration. The peak at the shorter
wavelength was ascribed to "free OH®™ and the other to
"hydrogen bonded OH™. They assumed that the total water

content in the clays was proportionsl to the total area
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under the peaks but did not check this.

Merinesco (35) made an attempt to examine the
thickness of the adsorbed water film in hydrephilic
colloidal systems by measuring the dielectric constant of
the colloids at various water contents. Unfortunately, he
calculated his results using an approximation of the
Clausius-Mossotti formula (7) for dielectric mixtures which
is only velid for the case of non-polar gases at low
pressures. However, he did show that the approach was
useful in the study of adsorbed films.

Several others have employed measurements of
dielectric constant to determine the moisture contents of
materials, but this is not the best approach as the
effective dielectric constant of a mixture is a complicated
function of the volume fractions and dielectric constants
of the constituents. 1In addition, several points have not
been clearly appreciated by workers in this field. TFirstly,
the normal mixture formulae (7) cannot be used where one of
the constituents is a film surrounding a second constituent.
Secondly, the adsorbed film need not have dielectric
properties resembling those of ice, as the film has
probably a two-dimensional structure with different atomiec
spacings from ice. Further, the appearance of a rapid
change of dielectric constant with changing temperature at
a given frequency does not indicate the freezing of the

liquid film but only indicates that the dipoles have not
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sufficient thermal energy at the temperature to follow
higher frequencies, and finally a large decrease in
dielectric constant need not necessarily occur as the liquid
freezes, as the dielectric constant of the solid phase
depends greatly upon the frequency of measurement (38) and
may even be greater than that of the liquid.

The di electric property best suited to a study of the
adsorbed water films is the dielectric loss, as the total
loss of a mixture is the simple sum of the separate losses of
the various components determined from their volume fraction
in the mixture and their loss per unit volume in bulk.

Where the adsorbed film is of polar molecules, as with water,
the measurement of dielectric loss is particularly useful as
polar dielectrics exhibit relaxation losses, i.e., there is
a critical maximum value in the curve of loss against
frequency at constant temperature, this maximum varying in
height and frequency position with such factors as the
strength of the bond to the surface, the degree of order in
the film and its thickness.

Girard and Abadie (22) suggest that free and bound
water can be distinguished on the basis that free water,
owing to its conductivity, gives rise to a high dielectric
loss at low frequencies while bound water does not. On the
contrary, bound water causes an increased loss at higher
frequenci es, where conductivi ty losses are negligible,

because its inclusion in the polar groups of the dielectric
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causes increased polarisability. These workers illustrate
their argument by constrasting results obtained with starch
and gluten, each in a dry and a humid state. The two
dielectric loss curves for starch coincide at higher
frequencies and only dif fer at lower ones, which is taken to
meen that all the water taken up by starch is free water.
For gluten, on the other hand, the two curves differ widely
at all frequencies, the logses for the greater water content
being elways the greater. This is taken to indicate that
adsorbed water exists in both the free and the bound states
in gluten.

Unfortunately, it is not necessarily true to say that
bound water cannot give rise to conductivity losses, for it
is likely that the films of bound water will not be perfect,
and, consequently, rearrangement under the influence of an
applied field will allow the migration of ions and so cause
conductivity losses. This means that an estimate of the
bound and free water contents cannot be made from the
magnitude of the conductivi ty losses. The second distinction
they draw is much more useful, though they do not make clear
whether they believe the increased loss at higher frequencies
to be due to the bound water directly or to some effect of
the adsorbed water upon the samples used.

Dielectric relaxation losses as a means of
distinguishing free and bound water were used by Freymann

4
and Freymann (19) who point out that, at 3.10 Mec/s, bulk
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water shows a maximum relaxetion loss while ice shows no
appreciable loss, so that the discovery of a high dielectric
loss at this.frequency may be taken as proof of the
existence of free water in a system. They quote results to
show that the water adsorbed on alumina and silica gel is
free water and gives a loss at 104 Mc/s proportional to the
water content. This epplication and a second of the same
type (20) indicate that dielectric absorption measurements
may be used in the study of bound water.

Freymenn and Freymenn have assumed, though they do
not say so expliecitly, that, since ice shows no loss at 10
Mc/s, bound water will not either. It is not a justifiable
assumption as it is generally accepted that there can be no
sharp distinction between bound water and free water, and
that, in any system, @ll intermediate stages between the two
will exist. The adsorbed water, owing to its various states
of binding, may be expected to give rise to a number of loss
curves with maxima at frequencies below 5.104 Mc/s, one peak
arising from the water in each adsorbed molecular layer.
The loss at 104 Mc/s will be the sum of the contributions
from each absorption curve.

This objection is particularly applicable to the
interpretation which these workers put upon the results in
their second paper. There they show that the loss at 104

Mc/s, due to the water content of silica gel, decreases
o
graduelly to zero at -90 C as the temperature of measurement
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is lowered. They interpret this as proving that adsorbed
water freezes at —90O C. However, the loss decreases only
graduglly and the discontinuity in the loss/temperature curve,
which is to be expected when water freezes, does not appear.
It seems more likely that the various absorption peaks, which
have just been proposed, shift gradually to lower frequencies
as temperature decreases until the total loss at 104 Mc/s is
zero. Since results are available for only a single
frequency, the component losses cannot be separated to prove
or disprove this point.

.Buchanan et al. have also distinguished free from
bound water on the assumption that all the absorption loss at
:5.104 Mc/s is due to free water, and have calculated the
bound water content of some protein solutions (12).

Roland and Bernard (37) have published interesting
results obtained for silica gel. They measured the
dielectric loss of the gel with adsorbed water, at frequencies
around 10 Ke¢/s, in the temperature range 200 C to —1300 es
At each frequency two sbsorption maxims were discovered. One
maximum occurred at temperatures between Oo and —400 C, being
at a temperature of --50 C at 10 K¢/s and at -350 C for 1 Ke/s.
These figures were so like those obtained for pure ice that
it was assumed that this loss maximum was due to the free
water in the system. The second maximum occurred at -1000 C
for all frequencies and was assumed to be due to the bound

water.,
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Carpeni (15), however, put a very different
interpretation upon the results. Working from the one set of
published curves he set up a few linear expressions and
deduced from them that the two absorption maxima were due to
the same water molecules differently associated at the higher
and the lower temperatures. He deduced, too, that a truely
bound layer, of one molecule thickness, was to be expected
showing its meximum loss at 880 C. This first layer takes
no part in the dielectric absorption found experimentally.
He remarked that the water sdsorbed outside the first
monolayer will be partly bound and partly free giving rise
to dielectric absorptions at low frequencies and ultra high
frequencies respectively.

In addition, it is of interest to note that in the
results quoted the temperature of maximum loss decreases with
increasing tgmperature which shows that, as water content
increases, the lgyers causing the losses become less tightly
bound .

To date, no fuller studies have been made of the
dielectric properties of adsorbed films than these just
quoted, which appear to have been no more than exploratory
attempts. A much more promising base material than silica
gel is provided by the silicate minerals whose particle
shapes, surface areas and surface structures are known.

There is a further advantage in their use, viz., that an

acceptable model has been proposed by Hendricks and
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Jefferson (28) for the actual structure of the adsorbed
first and subsequent lgyers. The proposed structure is a
hexagonal ring arrangement and is two dimensional only,
which meets the condition proposed earlier (6). What is
more, it has been remarked by Joly (30) that a value, in
good agreement with experiment, may be calculated for the
free energy of a monolayer of water molecules in contact
with an orgenic monolayer if the water is assumed to be
arranged in a hexagonel net as is proposed for the water on
clays.

The silicate minerals have yet a further advantage in
that ce;}:ain of them have internal layers of water a known
number of molecules thick and arranged with the same
structure as external layers so that the properties of a
single, double or triple layer are exposed for investigation.

To employ dielectric relaxation absorption measurements
confers the advantage that the separate absorption losses
due to the several layers have maximum values at frequencies
depending upon the interaction of the molecules in each
layer and the binding effect of the adsorbing surface. These
absorption peaks are simply distinguishable as the total loss
is the simple sum of the separate losses. By measuring the
dielectric loss with varying frequency at a constant
temperature, no possible smbiguity arises, as it did with
Roland and Bernard, of the same water molecules being in two

dif ferent states at two different temperatures.
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The work to be described follows these lines and is
a study of the dielectric sgbsorption properties of the
adsorbed lsyers of water on the clay minerals Halloysite,

Kaolinite and Talc.
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CHAPTER 2.

AN OUTLINE OF THE WORK.

In the work to be detailed, attention is concentrated
upon the properties of the clay mineral Halloysite, a
hydrous aluminium silicate. The variety used comes from

Bedford, Indiana, U.S.A.

2.1 - The Mineral Halloysite.

From X-ray studies it is known that the crystallite
of halloysite, which has a hollow cylindrical morphology,
has a layer structure made up of monomolecular water lgyers
alternating with Kaolin-type layers. In the latter the
atoms in the unit cell are so arranged that one face of each
layer consists wholly of oxygen atoms and the other wholly
of hydroxyl groups. Thus, each monomolecular layer of water
is bounded on one side by a plane of hydroxyl groups and on
the other by a plane of oxygen atoms as shown in diagram
(122, b). A structure has been proposed by Hendricks and
Jefferson (28) for this layer of water in which the water
molecules are arranged in hexagonal rings as shown in
diagram (13).

The water molecules in the interlayers are weakly
bonded to the unit cell and mey be removed readily either by
heating the halloysite gently or by placing it in a lower
relative humidity than is normal. To each value of relative

humidity, in which the halloysite has settled, there
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corresponds a definite water content.

When & water layer is removed the oxygen and hydroxyl
surfaces of neighbouring kaolin-type layers move closer.
They become so strongly bonded together by hydrogen bonds
that water molecules cannot be returned to the places
formerly occupied once they are removed. During dehydration,
there is a progressive decrease in the average spacing
between the oxygen and hydroxyl faces of neighbouring layers,
although in any dehydration state the remaining water
molecules must still cause & maximum spacing of the faces
between which they lie.

X-rey evidence cannot distinguish between two possible
modes of dehydration. In the first, dehydration proceeds
by a complete layer of water molecules being removed at a
time while others are untouched. In the second, the water
molecules are removed randomly from the layers leaving
isolated groups of molecules. It is likely that the
remaining water molecules on either model are arranged

according to the Hendricks' model of the undisturbed layer.

In the present work a study of the internal water
layers was intended. It was expected to tell whether this
layer had a random structure or an ordered one, and to

distinguish between the modes of dehydration.

From the point of view of a study of the dielectrie

properties of the interlayers of water, halloysite has
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certain advantages and disadvantages. Its advantages are:-

(1) - The structure of the basic mineral is known with
certainty, and, with it , the probable structure of the water
layer. In particular, the water layer is of one molecule
thickness.

(2) - Samples with a definite interlayer water content may
be prepared by dehydration to equilibrium in a known relative
humidity and this water content may be preserved by storing
the sample in a higher relative humidity.

(3) - Water molecules must be adsorbed on the outer surfaces
of the crystallites and will cause spurious effects. The
effects due to interlgyer water may, however, be distinguished
from those due to surface water because a materiai originally
in equilibrium with a higher relative humidity, then brought
to equilibrium with a lower one and finally brought back to
equilibrium with the first will have precisely the same
amount of water adsorbed on its externsl surfaces in the end
as in the beginning. The interlayer water content will be,
to begin with, that in equilibrium with the original
atmosphere and, to end with, that in equilibrium with the
lower relative humidity. The casnge in properties from
beginning to end will be due to the loss of the interlayer
water. Thus, experimental results may be obtained with a
"dif ference™ method.

There are two possible disadvantages with halloysite.

Firstly, the mineral cennot be obtained in large crystals,
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nor can the small crystallites be oriented by sedimentation.
This prevents the measurement of the dielectric properties of
the water layers for different directions of applied field.
Secondly, because of the cylindrical form of the crystallites,
no simple connection exists between their dielectric constant
and the effective dielectric constant of a mass of them

randomly oriented in air.

2.2 A Summary of Dielectric Theory.

It is possible to predict the nature of the dielectric
properties which the water layers should possess. Water
molecules are electrically dipolar and a meterial containing
such dipoles shows the phenomenon known as 'relaxation
absorpt ion', the precise details of the absorption depending
upon the various constraints acting on the dipoles.

If a dielectric contains dipoles, because of the lag of
the dipolar polarisation upon the applied field, there is a
power loss in the dielectric in alternating fields. This is
taken into account by regarding the dielectric constant &
as a complex quantity &, —j&€; where &, is the normally
accepted dielectric constant and &€, is the dielectric loss
constant. The lat ter is proportional to the rate of loss of
energy per unit time.

Both &€ and &, vary with frequency, and at frequeneci es
near a definite frequency fw the dielectric shows

'relaxation absorption', i.e., &(w) drops from a higher
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value &5 at lower frequencies to a lower value &, at higher
frequencies, while &(~)shows 2 mximum velue at {w. The
curves are given by the Debye equations (3.3) and (3.4) and
are plotted on graph (1).

To establish the Debye Equations it is assumed (2)
that all dipoles in & material are in precisely the same
environment, i.e. they are all constrained in exactly the
same way and (b) that the dipoles do not interact with each
other. If this is so, on the application of a steady field,
the resulting dipolar polarisation reaches its final steady
value exponentially with a relaxation time T . This
exponential approach to equilibrium is necessary if the Debye
equations are to apply. The relaxstion time T is related to
the fregquency of maximum absorption by ?Szya.ﬁ_f._ :

According to the Debye equations the curves are
characterised by two factors. The first, & - €& , is the
total change in &(w) in passing through the absorption
region, and is &lso equal to twice the maximum value of &(w).
The second factor is the relaxation time. In certain limited
cases &-t, may be predicted. No theoretical prediction of
T is as yet possible.

In general, experimental curves are obtained which are
flattened in comparison with the Debye curves, i.e., although
the low and high frequency limits are still the same the
change in & (w) is less rapid and the peak in €&,(«)is broader

and less high. The general case differs from the Debye case
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in the assumed environment of the dipolar molecules. Now

it is assumed that the molecules are either each in slightly
dif ferent states of binding to local non-polar molecules, as
in the case of dipolar molecules in crystelline solids, or
interacting with neighbouring dipoles. In either event, the
€(w) and & (=) curves are the resultants of a large number of
separate curves of the Debye type, each caused by a group of
dipoles having the same environment. The resulting curves
are characterised by two relaxation times To andT,=f*%which
are in effect the limits of the range of possible T values.
Wider and less pronounced peaks occur in the EJFO curves as
the constant/& increases, the Debye curve being the
particular case,/‘-"'—' 1. The maximum value of €(w») oceurs at
2= V/s'n, ;

Knowing this general theory of relaxation absorption,
by fitting theoretical curves to sets of experimental results,
it is possible to find &-&» , T and A and so to tell several
details of the dipolar molecules causing the relai;£ion
absorption. Thus: -

(a) The value of €- & _may be used to calculate the
effective dipole moment of the molecule if the dipoles
are known to be in dilute solution, i.e., not
interacting at all.

(b) The velue of ¥ gives some idea of the state of the
molecule for it is known that 7, depends upon the state

of binding of the dipolar molecule to other molecules
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of the crystal of which it is part, and upon the

degree of interaction between dipoles.

(e) The value offa gives an idea of the degree of
irregularity of the environmenmt of the dipolar
molecules.

Since the two factors o and/ﬁ yield the maximum
information it is better to measure &(«w) than &§(w). The & (w)
curve shows & maximum value, from the frequency position of
which To may be calculated. /6 mey be found from the theoretical
curve which best fits the experimental points. The &(w) curve
shows only a point of inflexion at¢£h‘and the curve does not
alter appreciably with varying,@ . It is important to note,
too, that € (w) for the whole material, because of its
definition, will be a complicated function of the dielectriec
constants of the component materials, whereas &(w) is simply

the sum of the losses of the component materials.

2.5 - The Dielectric Constant of Halloysite.

The dielectric pdrperties of halloysite may now be
consi dered, the §(w) properties being taken first. The
kaolin-type lgyers should show no variation of & with
frequency as the structure is strongly cross-bonded and
contains no relatively free.polar groups. The & for this
layer should be about 8 - the general value obtained for dry
materiel of this nature (25).

The water lgyers are completely dif ferent and are
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composed of dipolar molecules in a definite arrangement,
with the neighbouring molecules so close together that they
must interact. The dielectric constant of such & layer may
be expected to be gbout 80 at a sufficiently low frequeﬁcy
and gbout 3 at very much higher frequencies than the
frequency of the relaxation absorption maximum.

Thus the helloysite crystal is a layer dieleetric
consisting of slternate layers of high and low dielectric
constants. ITf the lgyers were entirely flat then %he
dielectric constant of the whole would have a dif ferent
value in each of two different directions - one €&, which
would zpply for a field direction parallel to the layers and
the other € which would apply for a field direction
perpendicular to the layers. Both can be calculated for
this model by elementary theory. They involve not only the
dielectric constants of the layers but gl so their thicknesses.

The model used above is too simple, however, for the
crystallite is in fact a hollow cylinder. Even if it is
assumed that the individual layers are isotropic in their
dielectric porperties, the crystal, because of its structure,
will possess anisotropic properties, having an G” for applied
Tields parallel to the axis of the crystal and & for fields
perpendicular to the axis. &, will be a simple function of
the dielectric constants of the layers but EJ_ will be a
complicated function because of the distribution of the field

between the layers of high and low dielectric constant.
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Further, halloysite crystallites cannot be oriented,
and, as a result, the material upon which dielectric
measurements must be made is an agglomerate of randomly
oriented crystallites with all interspaces filled with air.
Thus it would be extremely difficult mathematically to
connect the dielectric constant of the material as a whole
with that of the individual crystallites and then with those
of the ksolin-type and water layers.

It is to be expected that the dielectric constant of
the material, as a function of frequency, will show a drop
approximately of the type predicted by the generalised Debye
equation owing to the presence of the dipolar molecules, but
that the cheange observed will be small as the water molecules
are effectively finely dispersed among the kaolin-type lgyers
and the air, both of which are of lower dielectric constant.
The effective dielectric constant will depend more upon the
dielectric constant of the layers of low dielectric constant
and less upon that of the layers of high as the relative
proportion of the latter decreases. Further, because of the
formulae linking the effective dielectric constant with that
of the water lagyer, the curve followed by the former will be
a distorted form of the generalised Debye curve.

The chenge in dielectric constant of the water layer
with changing states of hydration of the mineral is required.
Because of the unknown intermediate formulae mentioned above,

this cannot be done successfully by measuring the effective
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dielectric constant.

2.4 - The Dielectric Loss of Helloysite.

Consider the layers of structure separately. The

kaolin-type layers are expected to have a constant value of
€ at all frequencies and so &, (w) cannot show relaxation

absorption sinece &(w) and & (w) are not independent. However,
there will probably be a small loss in the dielectric because
of internal frictions and thus a small value of &, (w)which
will vary only slowly with frequency.

The water layers are composed of dipolar molecules in
a definite order and certainly interacting. This must give
rise to a relaxation absorption, probably of the genersl type.

The & (w) curve for a crystallite is the sum of the two
separate curves for the kaolin and water layers, i.e. a curve
of the general relaxation absorption type superimposed on an
almost constant background. The & (w) curve for an aggregate
of crystallites will be of the same form, for the loss
introduced by the air filling the spaces between ecrystallites
will be negligible.

At this stage account has to be taken of surface
adsorbed water. This may give rise to two effeéts. Firstly,
these water films have a conductivity &~ and this gives rise

o/

to a loss constant &= *%% yhich forms a background to the

curves mentioned above. Secondly, one external surface of
the helloysite crystal is a hydroxyl surface and another an

OXygen surface. These surfaces are identical with those
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facing the internal water layers, and it is, therefore, to
be expected that adsorbed water will take up a hexagonal
structure like that of internal layers. The binding of the
external water is presumably looser than that of the
internal, and thus the relaxation absorption maximum due to
the external water is to be expected at a higher frequency

than that due to the internal water layers.

2.5 - The Frequency of Relaxation Absorption.

It remains to discuss the likely values of the
frequency at which &(w) will show maximum values. This can
only be done by comparing the arrangement of the internal
and adsorbed water layers with the short term arrangement of
the water molecules in water and the crystalline state in ice.

Water and ice have the same local strueture, ie. each
water molecule has four nearest neighbours which occupy the
four corners of a tetrahedron with the first molecule at the
centre (40). In weater this arrangement does not persist far
beyond first neighbours and the molecules of a group are
always changing. In ice this order persists ﬁhrough the
erystal, each corner moleculeg of one tetrahedron being also
& corner molecule of a second. The frequency of maximum
absorption for water is 3.104 Mc/s at 200 C, while that for
ice is 35 Ke/s at -50 C (16), (31), the vast difference in

the corresponding frequency values being due to the greater
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order in ice.

(2) Internal Water Layers.

The structure of the internal water layer is a two
dimensionel structure. In it each water molecule is
surrounded by three others occupying the corners of a
triangle having the molecule as centre, the spacing of the
molecules being almost the same as that in the tetrahedra in
water and ice. Further, there is a high degree of order in
the layer. From this it is expected that the water layer
will behave like ice and show an absorption maximum at a
frequency of the same order as that for ice.

In addition, the layer is affected by the mineral
layers between which it is confined. The effect of the
'erystaelline field' is to decrease further the frequency
at% which maximum sbsorption occurs.

This frequency might inecrease or remain constant as
the layers are dehydrated, depending upon the way the
arrangement of the water molecules varies. If dehydration
proceeds with the removal of a complete layer at a time,§wm
will remain constant. If, as suggested by Brindley and
Robinson (10a), dehydraetion proceeds with molecules leaving
all layers at the same time, remaining molecules being left
in groups each with the internal arrangement of a complete
layer, §wwill remsin constant with perhaps a slight increase
as the groups become smaller and the effect of long range

order less. ' If the molecules rearrange in the groups, a
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large increase in Sh‘is to be expected, for any rearrangement

will probably be less compact and so dipolar interactions

will be less.

(b) External Water Layers.

The freguency of maximum absorption due to the external

layers can be estimated in the same way. The first layer
adsorbed upon the surface will probably have the same
arrangement as an internal layer as it is adsorbed upon the
same type of surface. This external layer is bonded only teo
one surface and consequently will have a much higher value of
{wthen the internal layer.

If it is assumed that, after the first few molecules
are adsorbed in the first leyer, the others form groups round
them, then the value of Sw\for the incomplete layer will
become that for a full layer before the groups are large
enough to join, perhaps even before the loss due to them
becomes appreciable.

It is possible for more than one layer of water to be
adsorbed on the external surfaces. The second layer will not
have the crystal surface to build upon but will build upon
the somewhat mobile first water lgyer. It will be less
regular in its arrangement of molecules and will be less
constrained by the surface and is to be expected to give rise
to an absorption maximum at a higher frequency than that of

the first lgyer.

The situation will degenerate rapidly with the number



of water layers adsorbed. Perhaps in even a fourth layer
the molecules will be as free as in water with the
absorption maximum due to it oceurring at a frequency
approaching 104 Mc/s.

Further, the second, and to a lesser extent the third
and subsequent layers, will react on the first. Since the
second layer is less ordered than the first, the reaction

will take the form of a weakening of the bonding of molecules

of the first lgyer causing jmafor this layer to increase.

2.6 - The Variation ofJB with Water Content.

(2) Internal Water Layers.

In the case of the internal layers, even at full
hydration, it is not expected that/8==l, for the crystal will
not be perfect, and also the environment of water molecules
at the edges of layers will be different from those in the
centre. 4/3 will vary as the layers are dehydrated in a way
depending on the manner in which dehydration proceeds. It
will remsin constant if the water molecules are removed one
complete layer at a time. It will increase with dehydration
if the Brindley and Robinson model applies because of the
increased edge effects as the group size decreases. It may
decrease if the molecules in the groups rearrange in a less
compact form.

(b) External Water Layers.

The first adsorbed layer should have a greater value
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offs than en internal layer as the external layer is not
expected to be quite as well ordered. The addition of a
second layer is expected partly to disarrange the first
layer further increasingﬁ :

Second and subseguent layers will be less ordered than
the first but it is doubtful whether/6 will be larger or
smaller, for these layers are tending towards the arrangement

of normal water for which/%== 1.

2.7 - The variation of &-&,with water content.

&—& will be proportional to the number of absorbing
water molecules. In the case of interlayer water it will
decrease proportionally with the interlayer water content,
and for adsorbed layers it will increase with the number of
molecules added in the water layer_becoming constant once the

layer is complete.

2.8 - A brief indication of Experimental Results.

Because of its lack of usefulness, the &(w) curve is
seldom taken. Attention is concentrated upon &(w) .

The various intermediate hydration states of
halloysite are prepared by dehydrating the powdered, natural
mineral in known relative humidities. The completely
dehydrated halloysite, or metahalloysite, is prepared by
heating powdered, natural halloysite to 560o C for three

hours. This treatment ensures complete dehydration without

breaking down the structure of the mineral .
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Experimental results on these two types of sample,
the partly and the totally dehydrated halloysite, taken when
they have settled in the same atmosphere give almost the
same curve for both.

These curves show the constant background due to the
keolin lgyers, thefa-=%§£‘background due to the conductivity
of the external water layers and one absorption peak. With
increasing humidity the conductivity background increases
and the absorption peak moves to higher frequencies. Graphs
(7) and (10) are typical of the results.

Since a similar absorption peak is obtained for both
the hydrated and dehydrated halloysites, and the maximum
value moves to higher frequencies with increasing humidity,
the absorption must be attributed to the external water
layers.

The frequency range of measurement possible with the
apparatus used is 2.5 Ke¢/s to 25 Mc/s. The frequency
position of the maximum absorption obtained with metahalloysite
varies from about 10 Me/s in a 100% relative humidity to
2 Ke/s in a 20% relative humidity. At lower relative
humidities the absorption maximum ocecurs at frequencies below
the lower frequency limit of the apparatus.

Throughout the frequency range no evidence is found of
any other absorption maximum. The maximum due to the internal

water layers must therefore occur at a frequency below

2.5 Ke/s, i.e. at a much lower frequency than for ice.



Weighing measurements and a knowledge of the surface
area of the sample shows that the external water is at least
one layer thick even at 20% relative humidity. However, no
evidence is found of an absorption maximum due to even the
second externel layer. This must occur at some freguency well

above 25 Mc¢/s.

2.9 - The Extension of the Investigation.

When it was found that the results were to be
attributed to the externally adsorbed layers of water on the
halloysite, it was thought that the work could usefully be
extended by examining the dielectric absorption curves of the
externally adsorbed layers on minerals related %o halloysite.
By a suitable choice of minerals it was thought possible to
establish the effect of crystal size and shape, and whether
the water lgy ers bonded more firmly to the oxygen or
hydroxyl faces. .

The minerals chosen were KAOLINITE, TALC andGIBBSITE.

Kaolinite . is built up of the same kaolin layers as
halloysite but there are no internal water lsyers. The
crystal is a large, flat, thin plate having a diameter up to
3000 microns. The two large-area surfaces are composed of
oxygen atoms and hydroxyl groups, exactly like those of
halloysite, so that the effect of crystal size and shape may

be examined by comparing the &(w) curves for kaolinite and

halloysite.
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Talc is again a flat, plate-like crystal but having
both large faces bullt of oxygen atoms in The same
arrangement as in the oxygen face of halloysite.

Gibbsite has both main faces composed of hydroxyl

groups similarly arranged to the hydroxyl faces of halloysite.

By a comparison of the curves due to the surface
adsorbed layers on tale, gibbsite and halloysite, it is
possible to tell whether the water layers are bonded to the
oxygen or the hydroxyl surface in halloysite.

Nil results are obtained with the gibbsite, possibly
because the meterial is not & natural mineral but has been
chamicaliy treated, section (6.10).

The results obtained with talc show an absorption
maximum at about 10 Ke¢/s, the maximum increasing as humidity
increases but staying in the same frequency position.

Judging from these results, the first external layer of water
on a large oxygen surface is still building up at 100%
relative humidity and has an absorption maximum at about

10 K¢/s. This indicates that the bonding of water to an
oxygen surface is weak as only one layer is adsorbed, but
that a high degree of order obtains since the frequency of
maximum is as low as 10 Kc/s.

The results obtained with kaolinite are extremely
interesting as two maxime are noted. One maximum is constant

in frequency position at about 10 Ke/s, and is to be compared
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with that obtained with tale. This maximum must be
attributed to the water layer adsorbed upon the oxygen face
of the keolinite. 'The other maximum moves to higher
frequencies as the humidity is increased, and is to be
compared with the maximum observed with halloysite. The
maxima obtained with kaolinite and halloysite are therefore
due to the layer of water adsorbed on the hydroxyl surfaces
of the crystals. As these maxima move to higher frequencies
with higher relative humidities, more than one layer is
adsorbed and the hydroxyl groups are to be regarded as the
stronger bonding centres.

A complete discussion of the results and conclusions

is deferred to chapters 7 and 8.

2.10 - The Apparatus in Qutline.

The dielectric properties are calculated from the
change in natural resonant frequency and Q value of a series
resonant inductance-capacitance circuit when the capacitor
of the circuit is shunted by a test capacitor containing the
powder being examined.

Let such a circuit have a total tuning capacitance C
and a Q value ., when in resonance. Let & capacitor of
capacitance Cp , filled with & lossy dielectriec of complex
dielectric constant é}-J ¢, , be placed in parallel with the
tuning capacitance. The eircuit is detuned by the addition

of the test capacitance, but resonance may be re-established
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by reducing the original capacitance of the cireuit to C, .

This change in capacitance will give §, for
g o= ot
S (4.6)

When resonance is re-established the @ value & will

be lower than Qo It may be shown that
i 1
G=cle - w (4.5)
(2) The Q leter.

The apparatus used to measure the dielectric
properties (diagram 1) is designed round a Q meter by Marconi
Instruments Ltd. This instrument reads Q values directly.

A block diagram of the instrument is shown in diagram
(4). It contains an oscillator, with a working range from
50 Ke/s to 50 Mc/s, which supplies power via the "set power"
unit to a series resonant circuit consisting of an
interchangeable inductor and a variable standard capsacitor.
When the circuit is in resonance the "read Q" meter indicates
the @ value of the circuit. The dial of the standard
capacitance gives C . A capacitor, filled with the powder
whose complex dielectric constant is to be measured, is
connected across the "capacitor test"™ terminals. Resonance
is re-established and G and Q,are found. From these readings
€ and &, may be calculated.

(b) Additionsl Apparatus.

Several additions were mede to the Q meter including
an inductor for each frequency of measurement, an additional

varisble standard capacitor and a unit containing the test
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capacitors.

Reference to equation (4.5) shows that the greatest
sensitivity of measurement of &, is obtained when the total
tuning cspacitance is a maximum. The value chosen is 400
picofarads. An inductance for each frequency of measurement
is then required to resonate with this capacitance.
Measurements are required at only three frequencies in each
decade, but still thirteen inductors are required to cover
the total range of frequency.

Externel to the § meter there are the test capacitor
units. The material in the test capacitor has to be brought
to equilibrium with a definite relative humidity , and
measurements have to be made without disturbing this
equilibrium. To achieve this, units are used of four
capacitors suspended beneath Pye-type sockets passing through
& strong brass plate, which forms the 1lid of a six-inch
dessicator, the capacitors being inside. For test purposes
connection is made to the capacitors via the sockets in the
brass plates.

A set of four small glass tubes is kept in each
enclosure. Small samples of the minerals in the test
capacitors are kept in these tubes, end, by weighing them,
the percentage weights of adsorbed and interlsyer water are
found .

The humidity within these enclosures is meintained by

known concentrations of Sulphuric Acid.
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The capacitance of the test capacitor is chosen by
experiment to be 3.3 picofarads, i.e., as large as possible
within the limit that the total error in measuring a msaximum
value of €, must not exceed three percent. The test
capacitors are built as cylindrical capacitors.

The value of Co is very small so that (&g-& ) S ,
the change in test capacitance over an absorption range, is
also very small, perhaps 10 to 20 picofarads.

As the dizl of the main variable capacitor cesnnot be
read to better then 1 picofarad, the variation of total
capacitance of samples cannot be followed by readings on
this dial, and a further variable capacitor has to be added.
The capacitor used has a total range of 50 picofarads and is
driven via a slow motion dial with a reading limit of
0.025 picofarads, which is beyond the detection sensitivity
of the epparatus. This additional capacitor is mounted
directly upon the cepacitance test terminals.

A short length of best quality coaxial cable,
terminating in a Pye-type plug, connects the test capacitance
to the test terminals.

(¢) The extended Fregquency Range.

Experiment showed that the range of the Q meter,
50 Ke/s - 25 Me/s, was not suffiecient and that an extension
of the range to lower frequencies was necessary.

The major problem involved was the provision of

inductors of sufficiently high Q value » @8 initial Q values
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less than 100 do not allow an accurate measurement of & .
The problem was made more difficult by the fact that the
meximam tuning capacitance was only 400 picofarads requiring
a tuning inductance of 0.6 henrys at 10 Ke¢/s and about

8 henrys at 2.5 Ke/s. It was possible to make inductors of
these inductances, but the highest Q values which could be
produced were about 20 and 2 respectively, the first
inductor having an iron dust core and the latter a laminated
iron core. The latter inductar was the largest which could
readily be made, and thus 2.5 Ke¢/s was the lowest frequency
which could be reached.

The low Q values of these inductors are due partly to
the resistance of the windings and partly to the core losses.
These losses may be overcome if power is supplied to the
inductor by some circuit external to the Q meter. The total
effect of an inductor with such a circuit in parallel is
that of an inductor with lower losses, i.e. higher Q value.

Such an external circuit was constructed as detailed
in section (4.12). The 2.5 Ke/s induetor was the most lossy
of all and the negative resistance unit was designed to give
a maximum effective Q value of 250 with this induector. The
power feedback mgy be varied so that § values of about 200
can be produced with any inductor. The unit was made to plug
into the inductor terminals in parallel with the inductor.

To reach the low frequencies an audio frequency

oscillator was used in place of the internal oscillator of
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of the Q meter.
(d) Overall Calibration.

An overall calibration of the apparatus was
necessary. This was achieved at all frequencies using a
simple series resistance-capacitance network which exhibited
the properties of the Debye absorption curves. The €2
values could be ealculated readily for this circuit, and so,
by making measurements upon it and comparing the calculated

and experimental results, the apparatus could be calibrated.

2.11 - The Method in Outline.

From the natural Halloysite a total stock of about
200 gms. was accumulated after the mineral had been freed
from impurity and had been crushed to pass a 100 mesh sieve.
A sample of this proved to be about 98% halloysite. The
other minerals were already in a finely powdered state when
received and required no further treatment. The kaolinite
was known to be English China Clay and so practically pure
kaolinite. On X-ray examination, the talc proved to be a
good specimen of the mineral but there was some doubt about
the quality of the gibbsite.

(a) Preparation of partially dehydrated halloysite.

The partially dehydrated states of halloysite are
prepared by dehydration in appropriate constant relative
humidities. Three weeks are required for the dehydration

to be completed. TFully dehydrated halloysite, or
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metahalloysite. is prepared by heating halloysite to 360 C

for three hours.

(b) The Measurements.

There are two separate sets of measurements to be
made - one set to determine the dielectiric properties and
the second set to determine the percentage weights of the
interlayer and the surface water.

The dielectric properties are found for & sample in
a test capacitor.by means of equations (4.5) and (4.6), the
necessary unknown quantities being determined using the
Q meter. The total tuning capacitance, C , and initial Q
value, Q,, of & circuit are noted for a tuned circuit
resdnating at the frequency of measurement. The test
capacitance is then shunted across the tuning capacitance.
The decrease in this capacitance, C—(; , required to bring
the circuit back to resonance, and the new Q value Q,
are noted. The air capacitance, Co , of the test capacitor
is known, by calculation, from the capacitor dimensions,
hence & and € ,msy be determined at each frequency.

A complete set of measurements at spot frequencies
between 2.5 Kec/s and 25 Mc/s gives the §(w) and &,(w) curves
for the sample.

To avoid excessive handling of the capacitors the
weighing measurements are made upon small samples of about
0.5 gm. of each mineral contained in weighing tubes. These

weighing samples are always subjected to the same humidity
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as the capacitor samples. Their weights are taken after the
dielectric measurements are complete, and, from them, the

interlayer and adsorbed water contents are calculated.
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CHAPTER 3.

THE THEORY OF DIELECTRIGS.

The dielectric properties of substances are usually
described in terms of the dielectric constant. For most
materials this quantity is independent of the strength of
the electric field over a wide range, but is dependent upon
the frequency if the field is alternating. The dielectric

constant also depends upon temperature.

3.1 - The Static Dielectric Constant.

If a capacitor is taken, consisting of two parallel
plates whose distance apart, d, is small compared with their
linear dimensions, and one plate is charged with a surface
density of charge ++ and the other with a surface density —o—
then, in vacuo, there exists between the plates an
electrostatic field, £, , where £,.=47o” ., Now let the
capacitor be filled with a dielectric without disturbing the
charges on the capacitor plates. Although it is
electrically neutral, the dielectric consists of eqgual
amounts of positive and negative charge which are displaced
relative to each other under the action of the charges on
the capacitor plates. The total amount of displaced charge
passing across unit area parallel to the plates is constant
and is called the dielectric polarisation, P .

A negative surface charge of surface demnsity, P ,



-41-

appears on the face of the dielectric close to the positively
charged plate and vice versa. These two surface charges give
rise to a field Ep=47P in the opposite direction to the
applied field so causing the effective field, E , acting in
the dielectric to be -
E=E, —4nP=bLug —4uiP (3.1)

Now, the dielectric constant & of the dielectric is

defined as the ratio of the field in vacuo to that in the

dielectric in the situation sbove, i.e. &5 = Ev/e.

Introduce a quantity D , the electric displacement,

defined by v G
D = Wi R
Then D E e e A
From equation D = E + Ku P
(3.1) above
e

and so ENS =l e

e
hence U T =

Further, surface densities of charge +P and —P have
appeared on opposite faces of the dielectric which are of
area, Al , and distance apart, of , and so an effective
dipole moment PAd has been generated in a volume Adl .,
Therefore, P may be replaced by mu, the effective dipole
moment generated per unit volume of the dielectric.

Thet is gfiefemoluiE,
In dielectrics, the acquired dipole moment may arise

in two ways. Firstly, an atomic polarisation arises because
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the positively charged nucleus and the negatively charged
electron cloud are displaced relative to each other by the
action of the field. This generates a small dipole moment
per molecule which depends directly upon the applied field.
Secondly, a dipolar polarisation arises when the molecules
of the dielectric have permanent dipole moments. Normally
these dipoles are randomly arranged so that the material as
a whole does not possess & dipole moment, but, when a field
is applied, the dipoles attempt to orient with their axis in
the direction of the field. Orientation is opposed by
thermal agitation so that complete alignment is not possible.
However, an effective dipole moment, proportional to the
applied field, is generated throughout the volume of the
material, its magnitude depending upon the temperature, the
moment and concentration of the dipoles and the extent of

their interactions.

.2 - In Alternating Fields.

Because of the extremely low inertia of the electron
¢loud, atomic polarisation is able to follow precisely the
variation of an alternating applied field of the highest
frequency which can be produced. Molecular dipoles, on the
other hand, owing to their appreciable inertia, are not able
to follow all frequencies of field, and, in general, the

component of polarisation due to dipole orientation lags

behind the applied field.
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If a periodic field E=E® is applied to a
dipolar dielectric, the resultant displacement Dwill lag

behind the applied field and so

J(wt—)
P =D €
The dielectric constaniL:El_ 'ié)s defined by D=¢€E
Sk —
henece Do © = gEo®

This requires & to be complex, i.e. &= & €2 in which
case D =DoGup = &6

and Dout =Do S = §;E,

where the effective dielectric constant consists of two
components €,;and &, which relate the applied field to the
'in phase' and 'out of phase' components of the polarisation.
§ and &, are both dependent on frequency.

&€, is precisely the dielectric constant as defined for
static fields and will be the result of the atomic
polarigsation and the effective dipole polarisation. It has
a larger value & at zero frequency where dipole
polarisation is fully effective and a smaller value €. at a
very high frequency where dipole polarisation is negligible.

€, ,bermed the dielectric loss constant, depends
entirely upon the out of phase component of polarisation
and may be shown (21) to be proportional to the rate of

energy loss in the dielectrie, this being given by
forey E,Ey wo
o
If D and € are linearly related, as is true normally,

&€ and €, are not independent but are connected by the
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equation
2 =]
&8s = ?J: &) === (3.2)

3.3 - The Frequency Variation of &(«) and &.(=),

Before deriving the two equations which give the
frequency dependence of &(«) and &(~) it is necessary to
consider some further points about the two sources of
polarisation. Atomic polarisation arises almost Immediately
upon the application of the field. The resulting steady
value of polarisation is reached by a very rapid approach to
the final wvalue followed by a damped oscillation about it.
Dipolar polarisation occurs when the probabilities of a
dipole occupying any one of a number of initially equally
probable orientations are altered by the action of the
applied field, the orientation nearest in direction to that
of the field being preferred. This chance process leads to
equilibrium polarisation being esteblished exponentielly if
a steady field is suddenly applied. Because of this

exponential approach to equilibrium relaxation absorption

occurs.

3.4 - The Debye Equations.

In a dielectric, owing to the lag of the polarisation,
at any time, €, after a field E(«) has been applied there is

a resulting displacement ®&) such that
D = EM) < E-W
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where < is a decay function expressing the fact that the

polarisation decays exponentially, i.e.

L(V) =C e_t/t

where ™ is a constant called the relaxation time.

There is also a contribution to » due to atomic

polarisation given by
DY = &, EW

The total displacement due to a long established

varying field is

t
DB - & EW+ f E(w)=< (t-w) dus .
o
If this equation is differentiated and the substitution
used: - d<l©) _ = i)
e T

+
od £(8) "
then T d“"féﬂ = LT g 1T+ E® —-l_fcu)-c(t w) e .

adding this equation and the last gives
Tt (D-£.E) +(D -E<E) =T=<(IE.
Now when a constant field is applied

d - e
aP-&8=ec D=EE

and so Tle) = E—EL

therefore U ap (P-E.E) +(®~ 88 = (8-EL)E

This is the differential equation connecting D(Y with EC&

-t
L I~

provided ot (b = =

If now a periodic field is applied,

E-Ec€
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dE : dD :
and FCTE =-—5wE) D = E(w)E ) ‘a_l_' :-—JDE("-’)EJ

which when substituted in the differential equation give

Eg =€
1=K L
Separating the real and imaginary parts of
& -t
€ il R e 3.3
) (w) — €, L (3.3)

Sl s

EZ(“’) 1ok S

(3.4)

which are the Debye Eguations.

Graph (1) shows the variation with frequency of
€(w)and &,(w)es expressed by these equations.
The maximum value of &,(w)occurs when

CtE [
of w

=0 e 20% =/
at which frequency

& = 2(Eg+E) &, = 3(8&-¢)
from which it is seen that the frequency at which &,(w)
has its maximum may be used to find the value of % and the
megnitude of &lw) may be used to give (€s-%€o), which, in
turn, may be used to give the dipole moment per unit volume

and so the dipole moment per dipole.

3.5 - The Applicability of the Debye Equations.

Provided three conditions are fulfilled by a dipolar
dielectric an exponential approach to equilibrium is to be
expected and the Debye equations are applicable. The

conditions are thet -
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1. there is no interaction between dipoles.

2. equilibrium is approached by only one
process such as transition over a
potential barrier.

3. all dipole positions are exactly alike.

Thus the equations are only applicable to gaseé and
dilute solutions of dipolar substances in non-polar liguids.
Exceptions exist particularly in the case of crystalline

solids.

%3.6 - The Generalised Debye Egquations.

As has been noted, the Debye equations are specialised
in their applicability. In practice, it is not usual for
there to be a complete absence of dipolar interaction. When
interaction does occur the energy of a dipole depends upon
the arrangement of its neighbours. This arrangement varies
from point to point throughout the dielectric so that all
dipole positions are not equivalent and one relaxation time

cannot characterise the assemblage.

However, it is possible to choose a distribution of
relaxation times to represent the assemblage. Each set of
dipoles represented by a small range dt of relaxation times
near T will give rise to a contribution E(¥)to the static
dielectric constant and so the total static dielectric

constant will be given by

o0
&8, = jecc) AT (3.5)
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on the basis of which it may be shown (21) that
' SOENE at
Elli=r f “"

f+r.u

Elv) W dT
(). = f iE
Ea o

I+w*Tt?

If the variation of &(+) with frequency is
considered, each group of dipoles represented by relaxation
times in the range dT about T will contribute an &(« curve
of the simple Debye type centred at w='% and of a height
depending upon the number of dipoles represented.

In the practical case, the majority of dipoles fall
into an average grouping such that they can be represented
by relaxation times lying ceontinuously between two extreme
values T and U . It may be assumed that all dipoles are
represented by this distribution, i.e. that no dipoles have
relaxation times outside the range T to T where T ﬁﬁlt’u .
On this assumption the following equations for €,(«) and

£ (w) may be derived from equation (3. 5)-

Gl =(&-&) — ton 122 a0 I_M—l a0
) s ’“,‘jﬂ‘- [ }-J-..f' (5] (3.6)

Graph (1) shows &(w) for various values of the
‘parameter/;'. viz.A= 1, 5 and 10. The curve3=/ is the
normal Debye curve as, atB=/ , T and T, are coincident.
Increasing/!v has the effect of making the curves less high
and broader than the Debye curve. The meximum of &(w)

e e
occurs at 1-3»..*;*/5.(0 -



o~ 0w I = ~ o —hE M~ € N W

o ﬂrerﬂ q.\—izun_..

-a® e n 9 m o -—m@ M~ ®© N T n o @~ O N T o ~ -

249/ #*, _ 149 hd = e Zeig

o =T T
I I ¥ !
1 : : i
g i :
t - 1
i b
1
1 t 1 1 ¥ ﬁ
i 1
o= i
= T 1 1
1 t 1
= H i H i 1
H i T
2ok m; Ean v :
i £ T HiH 1
i, T +
I 1
1 AN - 1
1
T = -
' =
T
T
t = T
o I
== 1 ]
1 o
—
o 1
T = 1
I
| : { 4
T
1 amE -
i .
1aRu b 1
)
X
1 1 11 1T
11 BB =
'
X
aw seaa et e ¥
It
Ir
IT
t 1
H T
surs
i |
oo
1 T
It
T
It
1 i
¥
P = +
. ma -
mm T
INENSESE N 1] - .|
4R YD =m E-
5
X
T -
T m b
1T . an
Tt i
8 it
- o I
: :
1 1
'’ 1 T
T 1 I T i
i it I I ————




-49-

It may be shown that any smooth distribution of
relaxation timeis which is large between To and [51'0 and
small outside this range gives substantially the same
shape of curve near the absorption maximum. The curves
drawn, therefore, may be expected to represent any normal
dielectric in which there is a limited variation of the
conditions applying to individual dipoles, particularly with
respect to the arrangement of nearest neighbours of a
dipole and their interaction with it. Such a dielectric has
& dielectric absorption curve characterised by two
parameters, the angular frequenecy . at which &, ()., . .0ccurs,
and /5=JT7': which is a measure of the breadth of the
distribution of relaxation times.

In the general case of relaxation absorption no
simple relation exists between &, (w~), ., and &-& . The

factor fi must be known, the relation being

J P T LN
Ezfm)mwf-(ﬁs—ﬁo);;;?_,j“‘“{” Fom (5] (3.7)
Alternatively &-—&, may be derived from & (+w)without a
knowledge or/.‘n as

N =7_‘§-J;€;(m) ol (Aog o) (3.8)

{

i.e. from an integration over all significant values of

&(w) of the area under the Gz(w)/’ﬂm curve.

3.7 - The Theoretical Calculation of €s—Ewo .,

The magnitude of &-&s can only be predieted in
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certain specific cases, using the formulae of Onsager and
Kirkwood (21), where such complete details of the dielectric
are known as the number of dipoles per unit volume, the
dipole moment per molecule and the relation of each dipole

to its neighbours.

3.8 - The Calculation of T .

No general formula exists for the calculation of }
but the factors influencing its value may be shown by an
example. Considerfhipolar dielectric in which each dipole
has two equilibrium positions, equally probable in the
absence of a field, and separated by an energy barrier of
height H . On a2 field being applied, the dielectric

polarises exponentiglly with a relaxation time T , which

mey be shown (21) to be Wit
T=Re
where A is a constant depending upon temperature.

Thus T depends upon H the height of the potential
barrier between equilibrium positions. The height of this
barrier will depend upon the crystalline field.

In a general case H will depend upon the crystalline
field, i.e. upon the strength of bonding of the dipolar
molecules to surfaces or ions, and upon the extent of the

interaction between dipoles. An increase in the strength

of bonding or in the degree of interaction will increase T .
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CHAPTER 4.
APPARATUS.
In this chapter details are given of the design and

mode of action of the apparatus which is shown in Diagram (1).

4,1 - The Definition of Q.

Consider a series circuit of inductance L and
capacitance C . Such a eircuit has energy losses associated
with it. These occur mainly in the inductor and are
represented by the addition of a resistance ¥ in series with
the inductance.

Now let an alternating voltage © of angular frequency
20 be applied across the circuit. At this frequency the

impedence of the circuit is
z =+ ot ('~ e )

which is a2 minimum when o= 'JLcl
In this condition the circuit is said to be in resonance.
& voltage YV appears across the capacitance where

SRR LR 1] yeoc
S Q..z__q 2 l'-+J-.:L-—'/ch

QJwt-r _-—-(w""'LC—')
Taking the modulus

V = eﬁucr)l+(w:—-;-l)l_( (4'1)

Vis a maximum when the denominator of the right-hand side

is 2 minimum. To a good approximation, this happens when

AT '/I_C 2




. e P ol
giving \/ = =

If & quantity Q is defined as the ratio of the maximum
voltage generated across the capacitance to that applied
across the circuit then

Q- Yo - =k

i.e. @ is equal to the ratio of the inductive impedence and
the effective series resistance at the frequency considered.
If the full expression for the denominator of equation
(4.1) is differentiated for a minimum, the true angular
frequency of rescnance and the true Q value are found to
differ by a negligible factor from the approximate values
quoted. Thus for all practical purposes the resonant
frequency and Q value of a series resonant circuit are giveg

by ao*he =i Qo

4.2 - The Measurement of & and €a.

Consider first of all the equivalence, as in diagram
(2), between (a) & lossy capacitance (& —) &,) in parallel
with a pure capacitance C; , and (b) a pure capacitance Ceg
with & series resistance ¥ .

The admittance of circuit (a) must equal that of

circuit (b).
|

T g s jet(8t) = e

|
or  JulerEce) 100, = wtedvayele (VK s).
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Equating real and imaginary parts

i Co =-Cy e
or [ ¢ & = ..c_: PRI (4.3)

Now consider diagram (3a). A tuned circuit is
initielly in resonance at an angular fregquency .o with a
total capacitance C , and has a Q value Q. -

A lossy capacitance €(&-(€) is placed in parallel
with the first (3b). The circuit is again brought to
resonance by changing the capacitance C to a new value C ,
and now the Q value is @, .

It may be shown that

§ =

c-C
Co

ez . g; (é_; ...(_'-3-0)

Firstly, the parellel combination of the tuning
capacitance and the lossy capacitance (3b) is replaced by an
equivalent capacitance with series resistor (3c) using the
equivalence derived above.

The Q value measured for this circuit is given by the
ratio of the applied voltage and the voltage developed across

the points H.A.. This voltage is given by
>+ IfJwce
v I/Ju:('e +E+J“9L-

1+ ) wCeV
' Jmt'e(r-ﬂ?)- (M’Me-")
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If, as before, v Vwce then «le¥may be ignored compared
with 1, and the modulus of \/becomes
C
(= et s ey

The Q value follows from this by comparison with eguation

(4.1) and is _ WL
Ql— r+ R
Without the lossy capacitance the circuit has an initial
Q value, Qo = -fﬁl—
= e IR e
Obviously Gl B 8 Qe

Now, it has been assumed that wte¥ ¢l . TFor this condition

the ecircuit will resonate when w"kCe=| and hence

S g TS INE

and referring to equation (4.3)

- o = (6 8)
Since initially and finally the circuit is tuned to the
same frequency, the total resonating capacitance is the
seme in both cases. Thus the initial tuning capacitance
C must equal the final tuning capacitance which is the

equivalent capacitance Ce hence

cd i i’
ea_':?zh R Q.) (4.5)

and from equation (4.3)

El = 4 c‘é:' (4-6)

The assumption used throughout the derivation has

8till to be justified viz. - wlr L/
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From equation (4.4) 2 [| I ]
: weyr =|— = —
Q X
In practice, likely values of Qo and Q, are 200 and 60.

Therefore w e o T
and et L L |

4.3 -~ The Incremental Capacitance Method of Measuring Q.

In this method the applied and output voltages need
not be known absolutely though the applied voltage must be
constant. The Q value is given by two measurements of
capacity.

The circuit is brought to resonance at the required
frequency, the resonant capacitance being C and the voltage
developed across it \/ha maximum velue. The capacitance is
altered by an amountAc¢ and a new, lower voltage \/l = \4../“.
is developed.

The voltage across the capacitance is, by equation

(4.1) J= e//w’-c'-f‘-f-(w‘kcﬂ)"(
Hence %.,\ = E/wf.'r
and «I - e///«‘ﬂ‘((:‘-ﬂc)z"‘t .,.[_'m"LLe-z-ac) -—I]L(

which mgy be reduced to
T
Vi =e i+
\(\“ =

h
Rearr Vil
anging [+AC @ = —n

fa
therefore Q’—= E < b"-'—-d Q -_-fg(\z._,) )

ac* 2
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In normal procedure the capacitance is altered until

Vl = JE\/\“ n =2
S
Ac
This method is useful in cases where the injection

in which case

voltage is unknown although it is constant and is of

particular advantage when low losses have to be measured.

4.4 - The Direct Method of Measuring Q.

In this method @ is obtained from the definition
Q=\_é_*and the magnitudes of the applied voltage e and the
voltage “L;across the capacitance when the circuit is in
resonance. In the application of the method there are
several practical points to be noted. If a true value of
the Q@ of the circuit is to be obtained, the voltmeter placed
across the capacitance must not shunt it with any appreciable
admittance, for any conductance losses introduced by the
voltmeter lower the Q value, and any shunt capacitance
introduced alters the apparent value of the tuning
capacitance.

The source impedence of the generator supplying e
must be very low, otherwise the magnitude of e will depend
upon the input impedence of the series resonant circuit.
This impedence changes very rapidly in modulus as the
¢ircuit is tuned through resonance, the change being more
rapid as the Q value of the eircuit inecreases.

Usually the voltage Vgxis chosen to be about one volt,



=8P
as this is a convenient value for measurement, and so
e=:%% is about one hundredth of a volt. A voltage of this
order having a very low source impedence is best produced
by pessing an alternating current of about one ampere through
a known resistance of about one hundredth of an ohm. The
voltage € is directly proportional to the current flowing,
which is of a magnitude readily measured by a thermocouple
ammeter. If € is a fixed voltage, the voltmeter measuring
f;\mmy be calibrated directly in Q values.

An instrument designed to measure Q by this method
can also be used to give Q values by the incremental
capacitance method, as the input voltage is constant and the

voltmeter mgy be used to indicate the condition \/|-=V~“ w .

4.5 - The Q Meter by Marconi Instruments.

This basic part of the apparatus is designed to read
Q values directly by the method detailed in the preceding
gsection. A block diagram and a functional circuit are shown
in diagram (4).

The oscillator is of the Hartley type, using two
triode valves in push-pull for extra power output at higher
frequencies. Within a range the frequency is altered by
varying the value of the tuning capacitance, the dial of the
capacitor being calibrated directly in frequency. The range
of frequency covered is sltered by interchanging the tuning

induetors which are mounted in a turret behind a rotary
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switch. Seven ranges cover all frequencies from 50 Ke/s
“to 50 Mc/s. The calibration of the oscillator, checked
against a crystal calibrated frequency meter, is correct to
1%.

The power output of the oscillator is varied by
adjusting the H.T. voltage using potentiometers in the H.T.
lead. The output is fed to the load via a loose transformer
coupling, about 0.5 amp. being delivered into 1 ohm.

The 'set power' unit, a thermocouple ammeter in
series with a very small resistance, constifutes the
oscillator load. The resistance is exactly 0.04 ohm and is
non-inductive. A standard voltage of 20 millivolts is
generated across it when exactly 0.5 amp. is passed round
the circuit. This condition is indicated by the
thermocouple ammeter reading against a celibration mark.

The standard 20 millivolts is applied across the
series tuned circuit. The series capacitance is provided
by a variable capacitor directly calibrated from 40 to 475
picofarads in 5 picofarads with, in parallel, a small
variable capacitor directly calibrated from -3 to+3
picofarads in 0.l picofarads. Two 'capacitor test!
terminals mounted on the front panel allow a test
capacitance to be connected in parallel with the main
capacitance. The tuning inductor completing the circuit

plugs into two similar 'inductor' terminals.

The voltage developed across the capacitance is
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measured by the valve voltmeter which consists essentially

of a diode rectifier followed by a directly coupled triode
amplifier with a bridge-connected ammeter to read voltage

or Q value. This meter is set to read zero for zero input
to the voltmeter by adjusting the bias of the triode valve
with the 'set zero' control. The voltmeter has a full scale
deflection corresponding to a Q of 250. The deflection is
linear for Q values greater then 80 and only obviously not
linear at Q values less than_so. Q values may be read to

0.5,

4.6 - The Additional Variable Standard Capacitor.

The total capacitance range of this capacitor is
closely 50 picofarads with a linear capacitance change with
angle of shaft rotation. It is compact and built of silver-
plated metal with ceramic insulating bushes. The shaft
carrying the moving vanes rotates in two ball bearings.

The cepacitor (diagram (5)) is mounted in a brass
scereening box which is designed to be fixed permasnently to
the face plate of the Q meter by one locating pin and a
fixing screw. The mounting is so arranged that the case of
the capacitor is just clear of the 'capacitance test'
terminals when the unit is in position. Two plug connectors
of minimum length and which fit the test terminals connect
the capacitance in parallel with the internal capacitance.

Polystyrene is used as the insulator between the live plug
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VARIABLE STANDARD CAPACITOR.
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and the capacitor case to ensure that the stray capacitance
introduced is of high quality.

The capacitor is driven by a slow-motion Admiralty
pattern disl having a possible rotation of 180 degrees
divided into 100 divisions. One turn of the slow-motion
attachment, which carries twenty divisions round its
circumference, is equivalent to one main scale division.
Thus, a setting of the dial to 1/2000 of full scale is
possible, corresponding to 0.025 picofarad.

A seven-inch length of best quality coaxial cable,
terminating in a plug made to fit Pye-type sockets, passes
through the screening box of this unit and is soldered in
parallel with the capacitance.

The calibration curve of the capacitor is shown in

graph (2).

4.7 - Lead Inductances.

The inductance of leads in series with a capacitor
can alter the calibration completely. If the leads to a
capacitance, € , have an inductance, L, then the effective

input impedence of the capacitance is
[
Jwt
o
sl
1

szC'

This shows that the effect of lead inductance is to increase
the effective capacitance.

In the present case lead inductances set an upper
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frequency limit to the range of measurement. Diagram (6)
shows the lead inductances of the 'test' circuit of the §
meter estimated from the lead dimensions (39). These
inductances are of leads which are in the form of flat
strips of metal almost % inch broad and 1/50 ineh thick and
have an inductance of about 0.0l microhenry per inch.
Appreciable inductance also exists in the 'capacitance test!
and 'inductor' terminals, amounting to 0.0l microhenry for
each terminal.

The most important lead inductance is that in series
with the main variable capacitance. It is of approximately
0.015 miecrohenry, and, when in series with a total
capacitance of 400 picofarads at 25 Mc/s, causes the effective
capacitance to be about 15% greater than the true capacitance.

The additional variable capacitance is also affected.
Its lead inductance aﬁounts to about 0.05 microhenry. The
total capacitance is about 80 picofarads, and at 25 Mc/s the
error is about 10%.

At 10 Mc/s these factors are each about 2% and are
acceptable.

The inductance of the leads has a second effect. A%
25 Mc/s the total tuning inductance required to resonate with
400 picofarads is 0.5 microhenry. Already there is about
half of this value in the leads, and the remaining inductance
required is given by a semi-circular bridge of copper wire

between the terminals. This is practically the minimum size
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of inductor which can be used and so 25 Mc/s is the upper
limit attainable.

These two effects set an upper limit to the frequency
of measurement. Results taken at a frequency of 10 Mc/s are

regarded as correct; those at 25 Mc/s are recorded only for

completeness.

4.8 - The Coaxial Lead to the Test Capacitors.

At a low frequency the value of a test capacitance may
be measured accurately even if it is connected to the
measuring instrument by a coaxial cable. The situation
changes, however, as freqﬁenqy increases and the wavelength
becomes comparable with the length of the cable, which begins
to act in a somewhat similar fashion to an inductive lead,
i.e. the capacitance measured is greater than the true
capacitance.

Since, in this present case, the capacitance and
inductance per unit length were not known the cable length
was kept to a minimum - just sufficient to allow ease of
connection to the test capacitors. An experimental check
showed that the values of test capacitance likely to be
encountered could be measured accurately in spite of being

measured through the coaxial cable.

4,9 - The Test Capacitors.

Diagram (7) shows the constructional details of the

test capacitor units. A unit consists of four coaxial



Diagram 7.
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capacitors each plugging into two short leads connected
beneath a Pye socket, the four sockets being set at the
corners of a square in a circular brass plate. This brass
plate forms the 1lid of a dessicator so that, in use, the
capacitors are suspended in an enclosure at constant humidity.
The capacitors are of the coaxial type and are all of

the same dimensions, viz: -

total length - 2 cm.
internal radius - 0.590 cm.
external radius - 0.830 cm.

The total capacitance of each, not including strays,
is 3.28 picofarads.

These dimensions are chosen to satisfy three
experimental conditions, viz. that (a) the total loss
introduced into the test circuit should not lower the
values to less than 60 near an absorption maximum so that the
error in € is always less then 3% (equation 4.5), (b) the
exposed surface area of the meterial in the capacitor should
be relatively large compared with the total volume of
material to give rapid drying, and (¢) the total volume of
material should not be too great. The quantities chosen are
an exposed area of one sq.cm., & depth of two cm. and a
weight of material of about two gms.

The coaxial form is used, as such a capacitor can be
made accurately, and the true capacitance filled by the

material may be calculated and need not be measured. This
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is important as it is small and not readily measured.

The dielectric used to form the bases of the
capacitors is chosen because of its rigidity and low loss
properties. It is of unknown msnufacture. The spacers in
the Pye sockets are made of this same material to keep the
losses of the test capacitors to a minimum, for these losses

form a background to the &.(w)curves.

4,10 - The Constant Humidity Enclosures.

These are 6" dessicators with the lids replaced by
the brass plate holding the capacitors. The acid to maintain
the constant humidity is contained in a dish of 5 cm. dia.
kept in the bottom of the dessicator. Thirty c.cs. of acid
fills the dish.

Four small weighing tubes are kept in a rack on the
tray of the dessicator. The tubes are one inch in length
and weigh sbout 3 gms. each. A % gm. of mineral fills about
4 of the tube length. Three similar tubes, made from pyrex,
are kept for the determination of the internsl water content

of halloysite. These tubes weigh just over 4 gms.

4.11 - The External Oscillator.

There is a vacant place on the coil turret of the
Q meter, and, when the selection switch is in this
position, no connection exists between the oscillator and
the 'set power' unit. An external oscillator of lower

frequency range may now be connected in its place at the
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points marked RA on diagram (4). The input impedence at
AR is nearly one ohm, and the current required to set up
the standard voltage is 0.5 amp.

The oscillator used is a resistance-capacity
oscillator made by Jackson, Ohio, U.S.A. It has a
transformer output with an output impedence of 10 ohms. A
second transformer of 9:1 impedence ratio is used to match
this output . impedence to the one ohm load.

In the Q meter the points AA are within the screening
box of the oscillator. TFor convenience, in the present work,
2 short length of best quality coaxial cable is soldered to
these terminals and is brought to a Pye-type socket on the
front panel of the instrument. Experiment shows that the
permanent connection of this cable and socket does not affect
the normel operation of the instrument. A Pye plug connecis
the low frequency oscillator, with its matching transformer,
to the socket and the 'set power'! circuit. The current is
adjusted using the output control on the oscillator.

The oscillator is designed to cover frequencies in
the audio range and has an upper frequency limit of 20 Ke¢/s.
It is frequency controlled by a 'Wien bridge' feedback
network. The power output is lamp stabilised.

The dial of the oscillator is calibrated directly in
frequency and the oscillator is always used at the
frequencies 2.5, 5, 10 and 20 Ke/s according to the

frequency dial. The actual frequencies of oscillation
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differ from the dial settings and are measured to be -

2.34 Kc/s at a dial setting of 2.5 Ke¢/s.

4,64 " . " 8:8
908 .t " o 10.0 "
18.0 % " 2 20.0 *®

These true frequencies are calculated from the
Lisgsajou figures obtained on a cathode ray tube screen when
the output of the audio frequency oscillator is compared
with the output of the internal oscillator of the Q meter.
They are estimated to be correct toX2%.

4.12 - The Negative Resistance Unit.

Consider an inductor of inductance L with losses
which may be represented by an effective parallel resistance
"R . At an angular frequency «2 such a coil has a Q value
Qo Eﬁ. When an active circuit having a negative resistance
characteristic is put in parallel with the inductor the

effective Q value becomes
] Q(_R“) e, | K Rw 1
Rett = lpiel @tlg. R |

where K..is the magnitude of the negative resistance.

: R R\
Qett is greater then ), since 'R_“-—?> R
The effective Q value becomes greater as ¥, decreases
towards K , i.e. as the power supplied by the negative
resistance increases towards the power dissipated in the
eircuit. Oscillation results when the two are equal.
For measurement purposes stability is of primary

importance, i.e. the effective Q value must not change during
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the time required for a complete set of readings, It is
seen that K. and R must be almost equal if any appreciable
increase in Q value is to be obtained, and this makes the
stability of K. and so of the active circuit of utmost
importance.

Recently a useful circuit has been derived using the
properties of the cathode follower. Diagrem (8a) shows the
essentials of the circuit. The voltage developed across the
cathode resistance, and so that developed in the input cirecuit,
is in phase with the input voltage, while the power developed
at the input is much greater than the power consumed.

Because of the very high negative feedback developed across
the cathode resistance the circuit has exceptional stability.

A cathode follower must always give less than unity
voltage gain between the valve grid and the cathode load, and
so, to provide a higher voltage across the cathode load than
across the input to the circuit, a transformer is required to
step up the input voltage before it is applied to the grid of
the valve. The actual transformer shown in diagram (8a) may
be absorbed into the other components of the ¢ircuit as shown
in the succession of disgrams (8a, b and ¢).

Power is fed back through the resistance'ﬂ‘?. This
resistance is variable and controls the power fed back.

Details of two practical circuits are in the
literature (17), (26), both reducing essentially to circuit

| (8d). Harris analyses the stability of the gemeral eircuit
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mentioned and shows that it is the ratio of the effective
and initiel Q values which influences the stability and noﬁ
their actual values. In addition, he shows that, with the
practical circuif quoted, a Q value may be multiplied about
100 times before the stability of the multiplication becomes
not iceably poor.

The negative resistance unit used in the present
apparatus is based directly upon the circuit given by Harris.
The valve, however, is different and the component values
have been altered to provide the required range of negative
resistance. The circuit diagram, with component values, is
given in diagram (9). For convenience in operation the
variable resistance,?f ,1s in two parts - a coarse and a fine
control.

When in use with the most lossy inductor, i.e. at
2.5 Ke/s, the unit is able to produce an effective Q value of
200 with just sufficient stability o allow readings to be
mede. The estimated multiplication factor is about 100, and
a variation of Q@ wvalue from 200 to 20020 in one minute is
usual. About 15 seconds are required for a reading. At the
other frequencies, where the multiplication factor used is
much smaller because of the higher initial Q values,
instability is not noticeable.

The unit is used at the four lower frequencies where
only inductors of low initial Q values can be produced. The

unit will function at frequencies up to at least 1 Mc/s, but
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its use offers no advantage in the present work. |

Diagrem (11) shows the constructional details of the
unit which is designed to fit over the 'inductor' terminzals
of the @ meter. Electrical connection is made between the
unit and the inductor terminals by two plugs which also
gserve to support the unit in position. The +tuning inductor
is plugged into either a pair of terminals, similar to the
'inductor' terminals, or into a Pye socket. Internal copper
strips, across which the electrical circuit is connected,
join these terminals with the plugs so that inductor and unit
are in parallel across the 'inductor' terminals.

The power to operate the unit is obtained from the

power supply of the Q meter.

4,13 - The Inductors.

For each frequency at which measurements are made, an
inductor is required to resonate with a total capacitance of
about 400 picofarads. The inductor must have as high a @
value as possible but not exceeding 250.

Complete details of the inductors used are given in
table (1). All are specially made to suit the present
application except the three for the frequencies 250 and
500 K¢/s end 1 Mc/s. These were supplied with the Q meter.

At the two lowest frequencies attainable, the
inductances required can only be produced using laminated

iron cores. Q values of only 5 and 2 are obtained owing to
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the high magnetic losses in the cores which are not intended
for use at these frequencies. The lower limit of frequency,
2.5 Ke/s, is set by the largest inductance which can be

produced. An inductance for 1 Ke/s of 62.5 henrys is out of

the question owing to its magnitude and probable losses.

4.14 - Calibration of the Logs Measurements.

To check upon errors whose magnitudes are unknown, &
calibration is required of the gpparatus as an instrument
measuring & (w).

A likely source of error is the harmonic content of
the output of the osecillators, particularly the low
frequency oscillator. Harmonic currents flowing through the
'set power' circuit cause an additional deflection of the
émmeter, with the result that the current of fundamental
frequency is too low even though the power input is set
correctly according to the ammeter. Thus the input voltage
to the tuned circuit and so the Q value recorded are too low.
This affects the &, values calculated, for, if the true Q
values are w times greater than the measured values,

ammending equation (4.5)

true &, =—§o— “—;-l —-.‘%D).____\'_x. easureat &5
Precisely the same form of error arises if the ammeter is
incorrectly calibrated, but in the latter case the
correction factor is the same at all frequencies, while in

the former case it varies from frequency to frequency with
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the harmonic content.

To provide an overall calibration, an &(w)is required
which is known at all frequencies. It is not possible to
make measurements on an actual dielectric as no material with
a standard €, is known, but it is possible to make measurements
on & resistance-capacitance circuit which shows properties
like those of a dielectric.

Consider the circuit shown in diagram (10) consisting
of a pure capacitance C; in parallel with a series resistance
¥ and capacitance C, . If 8 steady voltage is suddenly
applied to the circuit, the steady state is reached
exponentially with a time constant ¥ =Y , as the second
capacitance charges through the resistance. Such an
exponential approach to equilibrium leads to a relaxation
absorption.

This circuit is equivalent to a capacitance C filled
with a lossy dielectric & — J& . Equating the admittances

of these equivalent circuits

Jm&(-&mtzt =J‘-“-’CI o *+VJWCL

or 7 Ca -'.-.92(1}*'
H:lef‘ z l+w?cy 1+ Wi v
Equating real and imaginary parts and using T = ;v
Sy e T RS A
A e (&s—€.) «oT
= 6 =
then &, Eo + e~ T 2. e
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These are the Debye equations (3.3 and 3.4).

(ot Aovvor, &= 2Bt L Sy tstm ey ).

Knowing this result it is possible to arrange a

Debye absorption at any frequency for calibration purposes.
A particular case is chosen in which the shunt capacitance

C, is made zero, and so
(4.7)

for which & o)t ok at bl ot © S

The value of C, is determined by consideration of the
total loss which is introduced into the test circuit when
the calibration circuit is connected, as the same order of
change in Q value is required in this case as when the test
capacitance is connected. Thﬁs, the celibration capacitance
must be about 8 picofarads. Once C,is chosen the frequency
at which the maximum loss occurs is set by the resistance r.

During calibration the coaxial cable from the Q meter
is plugged into a Pye socket behind which the calibration
circuit is soldered. Two precautions are taken to ensure
that the shunt capacitance € is zero - (a) the lead from
the socket to the resistor is kept to & minimum length, and
(b) connection is made by a soldered joint which is broken
for each reading of @ .

In order to calculate the true &,(«w) values, the series
capacitance C, of the calibration circuit must be known.

Its value is estimated from the effective shunt capacity
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which the circuit introduces at a frequency which is so low
that &(w)is practically zero. The capacitance determined
in this way is the effective capacitance in the circuit.
Repeated estimation of its value shows that it may be

determined to X 39%.

4.15 - The Calibration of the Normal Range of the @ Meter.

The accuracy of measurement in the normel range of
the Q meter is checked by taking &, measurements using the
calibration circuit as load. Altogether four absorption
curves cover the frequency range 50 Kc/s to 25 Mc/s. These
are shown in graph (3).

The experimental points plotted do not lie exactly

upon curves given by equation (4.7) but fit those given by

&) =(1+k) fj;'tft:- (4.8)

The same value of Kk applies %o all curves taken, and,
therefore, it may be assumed that the ammeter of the set
power unit is off caelibration. Since the value of k is
0.1 the ammeter is reading 10% high.

It is possible to check that the ammeter is in error
by comparing the Q value of an inductor (a) as given by the
direct reading of the Q meter, and (b) as calculated by the
incremental capacitance method. It is mentioned in section
(4.3) thet, for the second method, the injection voltage

need not be known. Hence the results obtained do not depend
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upon the ammeter calibration. The following table contains

typical results obtained by the two methods using inductors

of a range of Q values: -

Incremental
Capacitance Direct
Method. Method. Ratio.
Qe Qd Qe/Qad.
210 194 1.08
168 159 1.06
1058 100 1.05
87.3 80 1.09
68.4 61 L
50 45 3led ki
32.5 B0 1.095

Average 1.09 0.02
Qd, which depends directly upon the ammeter

calibration, is found to be low by 9% thus confirming the

value of k.obtained egrlier.

4.16 - The Calibration of the Extended Range.

A different approach has to be made in the frequency
range 2.5 to 20 Kc/s where harmonic content, as well as an
error in ammeter calibration, affects the correction factor
which, therefore, must vary from frequency to frequency.

The calibration circuit is arranged to show a

maximum value of &;(w)at a frequency between 2.5 Ke/s and
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100 Ke/s and experimental values of €3

are obtained.

Altogether five curves, shown in graph (4), cover the whole

range of frequency.

They all have several points extending

into the nomal renge of the Q meter, i.e. above 50 Ke/s,

and a curve is fitted to these points using equation (4.8)

with K = 0.1. This curve gives the true value of &, (w)at

each of the low frequencies assuming the higher frequency

meagsurements to be correct.

The correction factors by which

the experimental velue must be multiplied to give the true

value can then be calculated.

The factors for each frequency

calculated from each of the five curves are given in the

table below. An average velue and an average deviation from

the mean is given for each frequency.

Average
Frequency. Curve Numbers. Average. Deviation.
Ke/s 1 2 3 - 5
2.5 0.61 0.62 0.57 0.60 Q.60 0.015
5.0 0.89 0.92 0.93 0.79 0,77 0.86 0.086
10.0 0.80 0.85 0.87 0.75 0.79 0.81 0.03
20.0 0.94 1.00 0.94 0.86 0.89 0.92 0.04
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CHAPTER 5.

THE EXPERIMENTAL METHOD.

An sccount of the method is given in section (2.11)

and this chapter supplements the information given there.

5.1 - The Preparation of the Minerals.

The minerals were required in finely powdered form
for the experiments. The Kespolinite, Talc and Gibbsite were
received as fine powders, but the Helloysite was in rock

form and had to be prepared.

5.2 - The Preparation of Halloysite.

The rock to be powdered was chosen for its apparent
freedom from veins of coloured impurity. Before being
crushed, each piece was scraped well to remove a shallow
surface deposit, which was obviously of a different texture
to that of the halloysite. Impurities hidden in the body
of the rock were removed when they came to light during
crushing. The powder was made to pass a 100 mesh sieve.

In this way a stock of 200 grams of powdered
halloysite was accumulated, and, from it, all halloysite
used was drewn. A sample, examined by Dr. J. Goodyear
using X-ray powder pattern techniques, was found to contain

some 3% impurity which was almost wholly Gibbsite. This

impurity probebly came from a part of the surface deposit
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which had not been completely scraped away as the deposit .

was identified as Gibbsite (section (6.10)).

5.3 - The Preparation of the Intermediate
States of Hydration.

Samples of halloysite with hydration states between
full hydration and complete dehydration are produced from
stock powder by drying above known concentrations of
sulphuric acid.

The dehydration is carried out in vacuum, the powder
and acid being sealed together in a preserving jar closed
with & metal 1id and rubber sealing ring. Sulphuric acid
of the desired concentration is placed in the jar to about
one inch depth, and then ten grams of powder, in a test tube,
are put in. The metal 1lid is sealed in place by evacuating
the jar.

The jar is stored for at least three weeks, usually
2 month, to allow the interlayer water content to reach an
equilibrium state. The time required for dehydration is

determined experimentally (section (7.1)).

5.4 - The Preparation of Metahalloysite.

Sam@les of Metahalloysite are prepared, as required,
by heat-treating halloysite. The halloysite is placed in a
porcelain crucible and heated in an electric furnace to a

o
temperature between 300 and 360 C, determined by a mercury
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in glass thermometer. The heating is continued for at least

three hours after which the sample is allowed to cool

naturally.

5.5 - The Preparation of Capacitor Samples.

The test capacitor is loosely filled with the mineral
until it is overflowing, and then the charge is compacted,
at first gently, and then firmly, by tapping the capacitor
on the bench, an excess of powder being kept piled on top.
When no further shaking down occurs with tapping, the excess
powder is cleared carefully from the top leaving the charge
exactly level with the brim of the capacitor.

This method ensures a reasonably uniform state of
packing of the charge. Further, because of the initial
compacting, the charge does not shake down with normal
handling during the period of measurements. The packing used
gives a background loss which does not seriously interfere
with the absorption losses (section 7.2 and 7.3).

When charged, the test capacitor is plugged into a
socket in a test capacitor unit in a constant humidity
enclosure. The enclosure is kept sealed for a minimum period
of four days to allow the surface water content to reach

equilibrium.

5.6 - The Maintenence of Constant Humidity.

The constant humidity in an enclosure is maintained
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using a solution of sulphuric acid. A solution of given
concentration has a standard vapour pregssure lower than
that for water at the same temperature and so will maintain
a steady known relative humidity in an enclosure. The
vapour pressures of solutions of sulphuric acid at 200 C are
given in Landolt Tabéllen 5, Auflage II, p.1395, 1923, and,
from these, and the saturation vapour pressure of water at
200 C, the relative humidity maintained by a given acid
concentration mey be calculated. A graph of relative
humidity against acid concentration is given in graph (5).

The two extreme humidities, 0% and 100% are obtained -
using Phosphorus Pentoxide and distilled water.

In the present work the exact relative humidities
need not be known, for the state of hydration of the minerals

is specified by the percentage weights of water absorbed and

adsorbed by the mineral.

5.7 - Determination of the Interlayer Water Content
of Halloysite.

The determination is based upon considerations
detailed in section (6.6).

Immediately the segl is broken on the vacuum jar
containing the halloysite in its intermediate dehydration
state, a sample of about 0.5 gm. is transferred to a small
pyrex tube. The tube with sample is weighed in a weighing

bot tle fitted with a ground stopper. This first weight,
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together with the initial weight of bottle and tube, gives
the weight, Wi, of a sample of halloysite settled in a
definite humidity and containing both interlayer and
adsorbed water.

The tube is then put in a brass block and heated in
an electric furnace to 5600 C for three hours. While the
tube is still as hot as can be handled it is replaced in the
weighing bot tle and reweighed. This second weight, with the
initiel weight, gives the weight, W, , of the minersl in a
completely dry state.

The sample is then allowed four days to resettle to
equilibrium with the original relative humidity in the
enclosure beside the capacitor containing the halloysite,
the humidity being maintained by the original acid from the
vacuum jar. After the dielectric measurements are complete,
the tube is reweighed, and this third weight, with the
initial weight, gives the weight, Wy , of the mineral with
the surface adsorbed water appropriate to the originsl
humidity.

The percentage weights of surface and interlsayer

water relative to the weight of the mineral in the completely

dry state are then: -

% interlayer - Eﬁ;:lﬂé.. 100%
Wz

% adsorbed - W3=Wz _ 100%
Wz
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5.8 =« The Determination of adsorbed Water Content.

When the capacitor is charged the corresponding
weighing tube is filled. This tube is weighed before and
after filling, the amount of material put in being about
0.5 gm.

The samples are allowed to settle at 0% relative
humidity, the dielectric measurements are made and then the
tube is weighed. TFrom this weight the weight of the
perfectly dry mineral is found.

At another humidity the same procedure gives the
weight of mineral together with adsorbed water. From this
weight and the weight at 0% relative humidity the percentage
weight of adsorbed water may be calculated.

When more than one tube is to be weighed the
enclosure is opened only for as long as is required to
transfer a tube to the weighing bottle. Unfortunately such
a procedure allows the weight of surface water on halloysite
and metehalloysite to change by as much as 10% during the
time required to weigh four tubes - about three quarters of
en hour. To minimise this error the tubes are always
weighed in strict rotation - the halloysite first; then
kaolinite, talc and gibbsite in that order. All weighings

are made to 0.1l m.gm.

5.9 - The Dielectric Measurements.

It is usual to start readings at the upper frequency
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limit, i.e. at 25 Me/s, and then to work downwards. This

is done as the background loss, due to conductivity

(section 7.2), becomes increasingly great as freguency
decreases and often sets & higher limit to the readings than
2.5 Ke/s. Normaslly, readings are discontinued once a

Q value less than 40 is obtained with the test capacitor in
circuit.

Equation (4.5) shows that the greater the value of
the tuning capacitance C the greater the value of €,

‘which can be determined for given upper and lower Q values.
For this reason C is chosen to have a value of about 400
picofarads, which is almost the meximum available with the
standard used. An inductance is then chosen to resonate at
the frequency of measurement with this capacitance.

At each frequency of measurement the osecillator
frequency is set by the calibrated diel, and its power
output is arranged to give the standard deflection on the
'set pover' ammeter. The inductor appropriate to the
frequency is plugged in place and the zero of the valve-
voltmeter, i.e. the dial reading Q value, is set using the
zero control. This is done with the main capacitance either
at meximum or minimum but well away from the resonance value.

The dial of the additional variable capacitor is
checked to be set to the standard dial mark - the reading

90 - at almost maximum capacitance, and the circuit is tuned

to resonance which is indicated by a maximum deflection on
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on the @ dial. A note is made of the total capacitance
recorded on the dial of the tuning capacitance and of the

Q value read from the meter.

The test capacitor is then brought into ceircuit by
plugging the Pye-type plug into the appropriate socket in
the 1id of the constant humidity enclosure. The circuit is
again brought to resonance using the additional variable
capacitor. The new dial reading and the new Q factor of the

circuit are noted.

The same performance is repeated at the next lower
frequency and so on. The frequencies chosen run 10, 5, 2.5
and 1 through each decade, measurements at these frequencies

being sufficient to record the absorption curves faithfully.

A1]1 the experimental results are recorded in one
table together with the steps in the calculation of Ei&u)
from them using equation (4.5). This equation requires the
total tuning capacitance at resonance which, in this case,
is the capacitance read from the main capacitor dial plus
the total shunt capacitance introduced by the additional
variable capacitor when set at the dial mark, 90. The
quantity Co is known from the capacitor dimensions. If
desired, &(w) may also be calculated from the results

using equation (4.6).

A set of results is worked out immediately it is
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taken so that readings obviousgly in error may be checked.
Once that is done the constant humidity enclosure is
opened and weighings are made to complete the series of
measurements for the sample in that humidity.

The acid is then replaced by a new concentration
and again four days are allowed for the surface water
content to reach equilibrium when a further set of results
is taken.

With all the minerals except halloysite the same
gsample is used throughout the whole humidity range of a
series of measurements, but with halloysite a fresh sample
is used in each relative humidity. This is done to reduce
the time required to complete a series of measurements
since the interlayer water content takes three weeks to
settle at each humidity. The material is previously
propared in the required relative humidity and a test
capacitor is filled with it in the usual way. Four days
are allowed for the surface adsorbed water content, which
changes during the time required to fill the capacitor, to
reach equilibrium again, the acid above which the sample
was prepared being used to maintain the humidity in the
enclogsure.

Finally, all the dielectric loss curves of a series
of measurements are recorded on one sheet of graph paper.

Graph (11) is typical of this.
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CHAPTER 6.

THE MINERALOGY OF HALLOYSITE AND RELATED MINERALS.

6.1 - Halloysite: Nomenclature.

An exact definition must be given of the terms
halloysite, partially dehydrated halloysite and
metahalloysite used throughout this work as there is
confusion of terminology in the literature. It is necessary
to distinguish two distinct cases. The first coneerns the
internal water content of the minersl: the second concerns
the adsorbed water content.

In the first case, the fully internally hydrated
mineral is named halloysite. DPartially dehydrated
halloysite refers to those states of halloysite retaining
only some of the original internal water content, while
metahalloysite is that form of halloysite produced when all
the internal water content is driven off by heat treatment.

This teminology agrees with that proposed recently
by MacEwan (33) who recommends that halloysite be used as a
generel term; that 'dehydrated halloysite! be used to
indicate the intermediate states; and that metahalloysite
be used to represent the dehydrated variety.

The terms halloysite and metahalloysite are used
generally throughout the European literature with closely

the meanings given above. Confusion arises when American
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literature is considered. The terms, at present in general
use, suggested by Alexander, et al. (1), are 'Endellite!
for halloysite, and 'Halloysite' for metahalloysite.
American papers published before 1938 use the European
terms, while those published since 1938 may also use the
terms proposed by Hendricks (27), viz. 'Hydrated
Halloysite'! for halloysite and 'Haslloysite' for
metahalloysite.

Considering the second case, the externally adsorbed
water content depends upon the morphology of the crystal.
This is a hollow tube in the fully internally hydrated
mineral and may still be so in the states of the material
produced by gentle dehydration above a drying agent. It is
2 split and partly unrolled tube when dehydration is
produced by heat treatment. Thus, when a surface adsorbed
water is being considered, halloysite refers to materizal,
like the fully hydrated mineral, having a hollow
cylindrical morphology, while metahel loysi te refers to
material with the morphology produced by heat treatment,
i.e. a split and partly unrolled hollow cylinder. This

distinction does not appear in the literature.

6.2 - The Structure of Halloysite.

Only the commonly accepted structure of halloysite
will be discussed, viz. that proposed by Hendricks (27).

The two alternative structures proposed by Mehmel (1935)
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and Edelmean and Favejee (1940) are critised by Alexander
et al. (1) on the grounds that (a) they are not fully in
accord with X-ray data and (b) they do not account for the
easy dehydration of the mineral.

Hendricks proposes a structure of alternate water and
keolin-type layers. The basic kaolin layer has the chemical
formula (31203.28102.2H20) and has its atoms arranged in
planes in a way which can be represented by the structural
formula - Sis0z3

0,0H
A1, (CH),
The chemical formula of helloysite is
(£1203.23102.4Hg0) which may be written structurally as
Sig0s
050H
A1, (OH) 5
2H,0

i.e. a kaolin unit with an attached water layer.

The actual atomic arrangement of a unit cell of
halloysite is shown in diagram (12 a,b). The mineral
consists of these cells in layers extending indefinitely in

directions (a) and (b) and stacked in direction (c¢).

6.3 - The Layer of Oriented Water lolecules.

Following upon the structure just mentioned, Hendricks

and Jefferson (28) propose a structure to apply generally to
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the water layers occurring in gilicate clay minerals. This
structure is based upon the knowledge that in the hydrated
forms of the silicate layer minerals, of which halloysite is
one, the mineral layer has one face in which lie the bases
of silicon-oxygen tetrahedra. In each tetrahedron, the
silicon atom occupies the centre and the four oxygen atoms
occupy the vertices (diagram (12d)). Three of the oxygen
atoms of each tetrahedron lie in the face of the mineral,
and the tetrazhedra are linked by the sharing of each of the
oxygens in this face by two tetrahedra. This linkage resulis
in a2 hexagonal ring structure for this oxygen surface
(diagram (12c¢)).

Hendricks and Jefferson propose that the molecules of
the water layer are arranged in a hexagonal network to fit
that of the oxygen face. This requires a distance between
the oxygens of neighbouring water molecules of 3.0 Ang.
which is comparable with the corresponding distance of 2.76
Ang. in ice and 2.85 Ang. in water (Wells (40)). The water
molecules are bonded to each other and to the surface
oxygens by hydrogen bonds, the stability of the water layer
arising from its association with the stable oxygen surface.
Diagram (13) shows the reletion of the water and oxygen
layers. The dotted lines indicate hydrogen bonds.

In halloysite, the water layer lies between an oxygen
and a hydroxyl surface. The hydroxyl groups are arranged

in 2 hexagonal network of nearly the same dimensions as the
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oxygen network. Alternate groups have a hydrogen bond
available which links with the oxygens of alternate water
molecules, giving additional stability to the water layer.
Diagrem (14) shows the complete model of the water layer
structure.

This structure is in accord with the experimental
details of the mineral properties. The mineral is known to
dehydrate at temperatures as low as 500 C (27) to a
structure consisting of kaolin-type layers randomly
oriented in the a,b plane. This can only be explained by
& simple dehydration process, such as the removal of a
water layer, and not by a complex process involving the
breakdown of the structure as required by other proposals.

The fact that rehydration of metahalloysite is not
possible even by immersing it in water for three months
(27) can also be explained, for, when the water layer is
removed, the oxygen face of one kaolin layer approaches
the hydroxyl face of the next and hydrogen bonding arises
between the two. This bonding is too strong to allow
water molecules te repenetrate the lgyers.

On dehydration, the basal spacing shown in diagram
(12a) drops from 10.1 Ang. at full hydration to 7.2 Ang.
at complete dehydration which is consistent with the

removal of a monomolecular layer of water for the effective

diameter of a water molecule is almost 3 Ang.
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6.4 - The Dehydration of Halloysite.

The interlayer water of halloysite is almost
completely removed by heating overnight to 500 € (L, 2%7)
and may be completely removed by heating for a few hours
to 400o C (11). Intermediate water contents may be
prepared by drying in atmospheres of lower relative
humidity. These intermediate states are quite stable.

The dehydration of halloysite has been studied by a
number of workers, e.g. Alexander et al. (1), and has been
examined in considerable detail in relation to humidity,
temperature and pressure by Brindley and Goodyear (9), and
Brindley, Robinson and Goodyear (11l), employing both X-ray
and weighing techniques.

The basal spacing in the fully hydrated minerzal is
10.1 Ang. When the water layer is completely removed this
gspacing is reduced to 7.2 Ang. If, during dehydration,
water molecules are removed uniformly from all the layers
in the mineral, the effective, average spacing of the
oxygen and hydroxyl layers is to be expected to decrease
uni formly from 10.1 to 7.2 Ang.

This, in fact, does not occur. In the naturally
occurring mineral there are initially two phases present.
That of major importance is characterised by a basal
spacing of 10.1 Ang., and the other by a basal spacing of

7.9 Ang. As dehydration proceeds the material is
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transformed steadily from the first phase into the second,
the first phase disappearing completely upon dehydration
in 5% relative humidity. This transformation is shown by
the changing relative intensities of the first order basal
X-ray reflections. During dehydration there is also a
uniform variation of the peak positions of the reflections.
That of the first phase changes to 9.5 Ang. for the
remnants of the phase, and that of the generated phase to
7.4 Ang. in a 0% relative humidity.

Thus it appears that the water molecules can be
removed more readily from one part of the mineral than
another, hence the growth of the second phase at the expense
of the first, but, in addition, water molecules are removed
simulteneously from both phases.

The same writers show that, put in other terms,
continuous dehydration takes place between the fully
hydrated state of 1 water to 1 kaolin layer and the state
having 2 water to 3 kaolin layers, and again between the
states having 1 water to 3 keplin layers and 1 water to 4
kaolin lgyers. In the intermediate states water is lost
very rapidly. Further, in the dryest atmosphere 1 water
leyer remains to every 4 keolin layers.

Relative humidity alone cannot fully dehydrate the
mineral. DBassl spacings between 7.4 Ang. and 7.2 Ang. can
only be produced by heat treatment at temperatures rising

)
to 400 € (11).
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6.5 - Surface Adsorbed Water on Silicate Clay Minerals.

Hendricks and Jefferson note that one outer surface
of each silicate clay mineral crystal hes an oxygen face in
which the oxygen atoms are in the hexagonal net arrangement
of diagram (12c¢). Hence, adsorbed water molecules are
expected to form a first layer which is hexagonslly
arranged to fit the oxygen surface upon which it is adsorbed,
i.e. to take up a structure identical with that proposed for
the interlayer water in halloysite.

A second layer of adsorbed molecules fits upon the
first layer and binds to it by hydrogen bonds which join
alternate water molecules in the second layer to
corresponding oxygen atoms in the first layer. This
arrangement is shown in disgram (15). Third and subsequent
layers may be added in the same way, the final thickness of
the adsorbed film being such that the vapour pressure of the
outermost layer is equal to that of the surrounding
atmosphere. The layers are not expected to have an
extensive regular transverse structure but are expected to
be organised in groups.

6.6 - The Determination of the Water Contents
of Halloysite.

On the basis of the proposed model for halloysite
there are three types of water associated with the mineral.

l. Constituent water of the kaolin layers,



Diagram 15.

© ] A ] e O

\
\
o b 6 Oxygen surface.

HENDRICKS® MODEL FOR ADSORBED WATER.




e b P

existing as hydroxyl groups.
2. Interlayef water.

3 Weter adsorbed upon external surfaces.

Water of type (1) can only be removed by destroying
the kaolin layers. The results of differential thermal
analysis indicate that the structure breaks down when the
mineral is heated to temperatures above 6500 C. On the
other hand, the interlayer water is certainly completely
removed by heating to 350O C for three hours, so that this
water may be removed by heat treatment without endangering
the structure of the kaolin lgyer. Once the interlayer
water is removed halloysite cannot normally be rehydrated
C(B2)

Surface adsorbed water exists in appreciable
quantities on samples of halloysite as the crystallites
prove to be small, giving a large effective surface érea
per gram of mineral. Normal dessication removes almost
the whole of this water, the process being completely
reversible.

Once these points are known the interlayer and the
surface adsorbed water contents may be distinguished by
the following weighing method: -

If the two contents are to be determined for a

sample of partially dehydrated halloysite kept in a

relative humidity of R %, then about 0.5 gm. of the

material is removed and weighed a first time. It is then
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s}
heated to 350 C for three hours to remove all interlayer

and adsorbed water and weighed a second time. Finally, it
is allowed to readsorb surface water in the R % relative
humidity after which it is weighed a third time. If the

weight s recorded are respectively - W;, Wp and Wz then

Wy - weight of metahalloysite plus weight of
interlayer water plus weight of adsorbed
water appropriate to R % relative humidity.

Wz - weight of metahalloysite.

W; - weight of metahalloysite plus weight of
adsorbed water appropriate to R % relative

humidity.

The percentage weights of interlayer and adsorbed
water relative to the weight of metahalloysite with which
they are associated are -

% interlayer - W - W

100
Wo F

% adsorbed = - Wz - W

Wo

1004

In this method the major assumption is made that the
quantity of surface adsorbed water is the same in a given
relative humidity whether the adsorbing surface is that of
halloysite or metahalloysite. No experimental evidence

exists yet to say that this is, or is not, so.
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6.7 - The Morphology of Halloysite.

In sections (6.2) and (6.4) only the ¢ dimension of
the kaolin unit cell is mentioned. That the a and b
dimensions are also of considerable interest is shown by
Bates, Hildebrand and Swineford (4).

Referring to diagram (12a), the kaolin layer has an
upper face composed entirely of oxygen atoms. The b
dimension of the unit cell messured glong this face is 8.93
Ang. The other face is composed entirely of hydroxyl groups
and, where such a face occurs free from the influence of
neighbouring oxygen feces, as in Gibbsite (Alg(0H)3)p, the
unit eell spacing is only 8.62 Ang. Thus, a hypothetical
isolated unit cell would be wedge-shaped.

In the mineral ksolinite, which is built up of
leyers of such unit cells extending indefinitely in the a
and b directions and stacked in an orderly manner upon esach
other in the ¢ direction, the oxygen face of one lgyer is
less than 3 Ang. from the hydroxyl face of the next. The
mineral occurs as large flat plates, and hence the bonding
arising between the oxygen atoms end the hydroxyl groups
must be so strong that the hydroxyl group spacing is
stretched to equal that of the oxygen face.

However, in halloysite, water molecules intervene
between the oxygen and hydroxyl faces of neighbouring

keolin-type layers. In effect the oxygen-hydroxyl bond is



=9 A=

weakened and the hydroxyl group spacing is not stretched
appreciably. The kaolin type layers in halloysite are,
therefore, compogsed of wedge-shaped unit cells and are
curved and not plane. Calculating from the unit cell
dimensions the layers curve into cylinders of 125 Ang.
radius.

Layers cannot be built with less than this radius as
this requires the hydroxyl groups to be compressed into a
smaller spacing than is natursl. Layers can, however, be
built with a greater radius for this requires only a slight
inerease in hydroxyl group spacing. Thus a tube may be
built up by the addition of other layers outside a first
cylindrical layer of 125 Ang. radius. The thickness of the
tube so built up will be limited by the strains set up in
the outermost layers due to the stretching of the bonds
between hyd roxyl groups.

There is also a discrepancy in the unit cell dimensions
in the a direction, and this gives rise to a similar
curvature of the layers with a radius of curvature of 285 Ang.

Bates, Hildebrand and Swineford present the above
explanation to account for the appearance of a hollow tube
morphology for halloysite when studied with the electron
microscope. The measured inner diameters of the tubes range
from 200 to 1000 Ang. and are of the same order as those

arising from the structure proposed. The measured

thicknesses of the tubes range from 100 to 700 Ang., i.e.
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from 14 to 99 layers.

Further, thelr micrographs show that the tubular
structure is split and partially or completely unrolled.
This they explain by supposing that, when halloysite is
dehydrated, the oxygen and hydroxyl faces approach which
results in an attempt by the oxygen face to stretch the
hydroxyl face. Consequently, large internal strains are
set up which can cause the tubes to split longitudinally
and to unroll.

It is conceivable that some of the tubes are so
strong that, given a sufficiently gentle dehydration, they
do not split but reftain a tubular structure with the
neighbouring oxygen and hydroxyl layers held apart. It may
be that the existence of such tubes accounts for the fact,
discussed by MacEwan (32), that a fraction of a sample of
halloysite *gently dehydrated without heat (for example
over P,05)' may be regenerated as halloysite after

treatment with ethylene glycol and later cold water.

6.8 - Qther Points about Halloysite.

Halloysite is obtained naturally as a clay or a
soft rock, normelly white in colour - sometimes a little
grey and occasionally faintly blue. This elay or rock is
composed of aggregates of halloysite crystals which are
known to be from 1 to 15 mierons in length (4), and less

than 0.2 micron in diameter. Because of their elongated
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shape the particles cannot be oriented by sedimentation.
Partial orientation under extreme pressures has Dbeen
reported (11).

The surface area of metahalloysite is quoted by
Daly and Hendricks (18) as 44.4 sq.m. per gm. measured by
the Brunauer, Emmet and Teller (BET) method for a sample
of particles of apparent diameters less than 2 microns
prepared from Indiana halloysite by sedimentation.

In this connection, McDowall and Vose (34) show that
particles of halloysite form & loose lattice structure in
the suspension, and that this so impedes the settling that
the particles do not separate into size groups on
sedimentation. Hence the surface area gquoted above
probably applies equally to the finely powdered minerel

and to the 2 micron fraction.

6.9 - The Related Minerals: Kaolinite, Talc and Gibbsite.

Kaolinite, AlE(OH)481205, is a silicate layer

mineral (10b) with the structural formula Sig0Os

050H

Ala(OH)3
The atomic structure of fthe unit cell is exactly the same
as that of metahalloysite, but the successive layers
constituting the minerel are more closely spaced and
stacked in a more orderly manner than in metahalloysite.

The structure is shown diagramatically in diagram (16).
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The crystals of kaolinite are large pseudo-hexagonal
plates with a longer diameter ranging from 0.25 to 3000
mierons (4). The surface area of a sample of crystals of
apparent diameter less than 2 microns is given by Daly and
Hendricks (18) as 28.2 sq.m. per gram measured by the B.E.T.
method.

Talc is also a silicate layer mineral and has a unit
cell composed of two silicon oxygen tetrahedral sheets
condensed with a brucite sheet, Mg(OH)g2. The unit cell and
the arrangement of cells in the crystal are shown in diagram
(16). The talec crystal may be of any size depending upon
its previous history, but it has a flat, plate-like
morphology.

Gibbsite, A1(OH)3, has a layer structure represented
by the unit cell arrangement in diagram (16). The hydroxyl
faces of this minerasl are precisely the same as those in

kaolinite and halloysite.

6.10 - The X-Ray Examination of the Minerals.

The X-ray powder method of analysis is particularly
suitable in the study of minerals and provides a powerful
means of identification, as every crystalline substance
gives its own characteristic powder pattern, e.g. those
for kaolinite, talc and gibbsite (diagram (17)). By
calculating the spacings between the lattice planes of the

crystals and estimating reletive intensities of the lines
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recorded on a powderlphotograph, the individual materisals
constituting the powder can be identified.

The four minerals used in the present work were
examined by Dr. J. Goodyear, employing the X-ray powder
technique.

By this method it was shown that the keolinite and
talc were good specimens of the two minerals and did not
contain any appreciable impurity.

The &ibbsite gave the correct line spacings upon the
powder photograph, but these lines appeared rather diffuse
compared with those obtained with a natural gibbsite. Since
the mineral used was supplied by a chemical suppliers as
Aluminium Hydroxide, it may have been treated chemically.

Attention was paid mainly to the samples of halloysite.
The relevant portions of the photographs obtained are
reproduced in diagram (17). Photograph,a, was obtained from
the prepared stock of halloysite. Photograph,g, was obtained
from a surface impurity found on the halloysite which proved
to be gibbsite. On the negative of the photograph for
halloysite faint lines due to gibbsite were to be seen.

This showed the presence of gibbsite impurity in the stock
halloysite. The amount was estimated to be lesé than 3%.

The photographs 6f halloysite and metahalloysite
differ only in the positions and character of the basal
reflections, i.e. reflections from lattice planes parallel

to the structurel layers. The photographs a, b and ¢ show
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stages of dehydration. The line garked on the photographs
is due to the first order basal reflections, and it is in a
position in, a, corresponding to the 10.1 Ang. basal
spacing of the fully hydrated halloysite. This line moves
to the right as dehydration proceeds until in, ¢, the
photograph for newly prepared metahalloysite, it is in a
position corresponding to 7.2 Ang.

The remeining photograph, d, was taken using a sample
of metahalloysite upon which a full series of dielectric
measurements had been made. The sample was damp when
photographed and had been in a lOOﬁ relative humidity for
over three weeks. Comparison between this photograph and

the preceding one shows that no rehydration has taken place.
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(a) Halloysite, as supplied.
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(b) Halloysite, heated to 100°C.

(c) Metahalloysite, freshly
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for three weeks.
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(e) Kaolinite.
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CHAPTER 7.
RESULTS .

7.1 - The Dehydration Rates.

(a) Interlayer water.

The dehydration rate of halloysite was studied in
two different ways, the same conclusions being reached with
both.

The dehydration of a sample was followed by weighing,
the dehydrating sample being removed at successive time
intervals from the constant relative humidity and weighed in
& weighing bottle. Once the total weight of the sample
became constant over several weighings the experiment was
discontinued. The decrease in weight of the sample was
calculated for each stage, and, from this and the final
decrease in weight, the percentage approach %o equilibrium
was found. This was plotted against the time required to
reach the stage. The curves of graph (6) are typical of
the results obtained.

The form of the sample, i.e. its outward surface
area, its thickness, the fineness of the powder and its
degree of compactness, did not affect the dehydration rate,
for the same experiment was performed on various forms of
sample with always the same result. The samples used were -

1. - A sample contained in a capacitor, packed ready

for dielectric measurements, having an exposed
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area of 1 sq.cm. and a depth of 2 cm.

2. - A sample compacted to much the same extent as in
(1) but spread over a watch glass and having a
surface area of about 8 sq.cm. and a depth of about
3 mm.

3. - A sample in which the powder was pressed into a
pellet, having a surfece area of about 8 sq.cm. and
& depth of about 2 mm. Its density was about
1.8 gm./cc. compared with 0.5 gm./cec. for (1).

4. - A number of lumps of halloysite broken from the
natural rock to a size sbout 1 mm. across, density

about 2.1 gm./cc.

The results, contained in (graph 6), were obtained
for these various samples dehydrating in a 30% relative
humidity, but curves closely resembling these apply at
other humidities.

The dehydration was followed by dielectric loss
measurements also. In this case a sample of natural
halloysite was packed in a capacitor and placed in a constant
humidity of 35%. The &,(w) curves of graph (13) were recorded
at succesgive time intervals during the dehydration. This
method had the advantage-that the constant humidity enclosure
was not opened at all during the period of test.

The results of both approaches show that the final

state is reached in about 21 days with any form of sample,
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from which it mey be assumed that the limiting factor is
the diffusion rate of the interlayer water from the interior
of the halloysite crystal, and not the diffusion rate of the

water from the interior of the sample.

(b) Externally Adsorbed Water.

Dielectric loss measurements were used to study the
dehydration and rehydration rate of those minerals having
only surface adsorbed water contents. It was found that
equilibrium hydration was reached in possibly three,

certainly four days.

7.2 -— The Form and Analysis of the &(«) curves.

The dielectric loss curves are the sum of three
components. -

(2) - A basic loss, almost constant at all frequencies,
due to the losses in the insulators of the test
capacitor system and in the basic mineral content of
the sample. This loss is that measured when the
sample is completely dry.

(b) - A conductivity loss arising from the conductivity

of the adsorbed water. The resulting loss is given

by E(w) =42 ynere 6 = conductivity.

This has an increasingly large value at lower

frequencies, but normally a negligible value at high
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frequencies. The value of &,(w) depends upon the
conductivity, the water content, and so upon the
maintained humidity.

(¢) - A relaxation absorption loss of the generalised

Debye type.

For illustration, graph (7) shows the experimental
curve for halloysite in a 60% relative humidity analysed
into three components.

A curve is analysed in the following way. First of
all, the basic loss is found. Where a minersl has only a
surface water content the basic loss is given by the curve
in a 0% relative humidity, but for halloysite, where a
different sample is used for each humidity and no sample is
examined in 0% relative humidity, a different procedure is
followed. The total weight of halloysite put in is noted
when the capacitor is charged. The weights of water and
metahalloysite contained in the capacitor can then by
calculated knowing the percentage water content determined
using the weighing sample data. The basic loss introduced
by the metahalloysite may be calculated from the loss shown
by actual metahalloysite samples in 0% relative humidity as
the basic loss is directly proportional to the weight of
the lossy material. |

Once the basic loss is known, a curve is fitted to
the low frequency values to account for the conductivity

loss, i.e. the remainder of the loss at these frequencies.
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This curve is then extrapolated to the higher frequencies
where, together with the basic loss, it forms a background
to the relaxation absorption loss. The difference between
the predicted background and the experimental curve gives
the relaxation absorption curve.

A someﬁhat different situation arises in the kaolinite
results where the experimental curve can be resolved into two
separate relaxation absorption curves. In resolving the two
it is assumed that they are Debye curves. A sample
experimental curve of the kaolinite set is shown in graph

(8) together with its components.

7.3 - Conductivity Loss.

The conductivity loss is of special interest as it
forms a background which may mask the absorption loss.
Experiment shows that the magnitude of the loss increases
not only with the maintained relative humidity but also with
the density of packing of the sample. As it is desirable
that the relaxation absorption effects should be as little
hidden as possible, it is necessary to use & loose state of
packing, though the opposite is required if the sample is
not to compact further during the period of a series of
measurements. A reasonable compromise is found in the mode
of packing described in section (5.5).

The effect of packing upon the background loss was
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investigated mainly in a qualitative way, but illustrative
results were obtained for the same sample of halloysite as
& loose powder and as & fimly compacted pellet.

A die was prepared, in which powdered halloysite
could be compressed into a parallel-sided pellet, one inch
in diameter, one eighth inch thick and weighing about 4.5
gms. It was sufficiently firm to withstand normal usage,
and its dielectric properties were measured with it gripped
between the plates of a parallel plate capacifor in a
humidity enclosure.

The curves obtained, graph (9), as the pellet
dehydrated, showed only a very high conductivity loss at
all stages of dehydration. It was presumed that pressing
the material increased the cross-section and conductivity
of bridges of water between the mineral particles to such
an extent that the relaxetion absorption loss was obscured
by the conductivity loss.

Pressing the halloysite into the pellet did not alter
the nature of the material as a pellet giving a curve 'A!
could be powdered and this powder would yield a curve 'B'
identical with that for the original powder before

compression.

7.4 - Deductions from the Relaxation Absorption Curves.

The Debye absorption curves deduced from the

experimental results are too broad to be fitted by the
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simple Debye equation and the generalised equation (3.6)
has %o be used. This being so, three factors are required
to describe the curves completely, viz: -

1. - The angular frequency,®., at which maximum

absorption occurs.

2. - The breadth of the distribution of relaxation
times expressed in terms of a constant, /3 (section
3.6).

3. ~ The value of &-&, &

The constant/B is found from the generalised Debye
curve described by equation (3.6) which fits the deduced
curve best.

From/e and #«2 _the minimum relaxation time o of the
distribution of relaxation times may be deduced for

A S

The value of & —&, is derived from &(w) max. using
equation (5.7),/& being known. The alternative method of
finding & &, , equation (3.8), cannot be used as the &,(~)
curve is not known with suffieient accuracy at all

frequencies at which it has a significant value.
7.5 - Results.

The remainder of this chapter contains the results
obtained by dielectric loss measurements. The actual

experimental results are given in graphical form. Tables

are included in which are collected the wvalues of the
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constants, such as,g and T, , referring to the relaxation
absorption curves derived from the experimental curves.
The water contents at the various relative humidities are
contained in other tables. Comments upon the results are
contained under the heading of the minersl to which the
results apply.

The accuracy of the results mey best be assessed by
noting firstly that individual readings of & at a given
frequency for a given sample may be repeated to within 3%,
and, secondly, that two like samples prepared separately
yield &(w) curves which are practically coincident at all
frequencies. When non-identicsl samples are used the
derived absorption curves lie at the same frequency for the
same humidity. The absorption curves derived from the
experimental curves are necessarily somewhat in doubt, but
the quoted values of &(w),._  are probably not in error by
more than *5%. In the metahalloysite results the likely
range of/S is estimated for each humidity. The conclusions
drawn from the results are based principally upon the
frequency positions of the abgorption maxima which are known
to sbout one tenth of a decade compared with the total range

of measurement of five decades.

7.6 - Metahalloysite.

The experimental curves are shown in graphs (10) and

(11) together with some of the relaxation absorption curves



=110~

derived from them. Table 3 contains the constants derived
from the curves. It is difficult to estimate the magnitude
of the conductivity background in the two cases, 80 and 100%
relative humidity. In the 80% relative humidity case there
is not much doubt about the derived absorption curve as the
high frequency values are not affected by the conductivity
loss while the curve as a whole is symmetricel. In the 100%
relative humidity case the conductivity background cannot be
located precisely owing to the limited frequency range of
measurement available. Howevef, two limits cen be set upon
the background loss on the assumption that the resulting
absorption loss curve must be symmetrical. This gives the
probable 1limits within which the loss curve must lie and
these are quoted in table (3).

At the lower humidities, the 30% relative humidity
curve is resolved on the assumption that the conductivity
background is of no importance. This is reasonable as the
experimental curves show that the background becomes of
legser importance as humidity decreases. The frequency of
maximum loss is judged for the results in 20% relative
humidity on the assumption that the peak shape is the same
for this and 30% relative humidity.

The deduced absorption curves are not perfectly
symmetrical so that in finding the value of/3 the
theoretical curve is chosen which best fits the deduced

curve over a frequency range of five times on either side



-111-

of the maximum.

The values of/s found for the various humidities are
ell about 10 with an uncertainty of X1 except for the 30%
relative humidity wherep=6t0-5. Since the conductivity
background cannot be allowed for in this latter case the
}% value may be much in error and can be ignored. Thus, it
is assumed that /6=’0 for all the metahalloysite curves.

&.-&, and T are then calculated on this assumption.

7.7 - Halloysite.

Two sets of data are included here. One set is
obtained using samples settled at the various humidities
(graph 12) and the other is obtained during the dehydration
of halloysite above 35% relative humidity (graph 13). The
derived constants are contained in tables (4) and (5).

In general the absorption curves are more readily
obtained from the experimentsl curves for halloysite as
the absorption occurs at higher frequencies for a given
humidity vwhen coppared with metahalloysite. An approximate
value for the frequency of maximum in 80% relative humidity
is estimated from the trend of the experimental curve in

the first set.of data.
7.8 — Talcc

Deductions from the curves (graph 14) in this case

are difficult because of the very low absorption losses



-112-

observed. Since the absorption occurs at the lower limit
of the frequency range, no estimate can be made of the
conductivity loss occurring, and consequently the values
for 8 and &€,(w),.., given in table (7) are estimated on the
eassumption that these losses are zero. This assumption is
not wholly justifiable as the experimental curve for 100%
relative humidity does show a slightly different shape
which mgy be attributed to an appreciable conductivity

background.

With this mineral two absorption maxima may be
derived from each experimental curve (graphs (15) and (16)).
The data for each absorption curve are given separately in
tables (8) and (9).

At 60% relative humidity and above,the absorption
losses are obscured by the conductivity background. An
estimate may just be made of the frequency of the upper

€:(«) v, in the 60% relative humidity case. Little
trouble arises in separating the two absorption curves
for 50%, 40% and 30% relative humidity, although an
estimate of the conductivity background has %o be made in
the first two cases to arrive at symmetrical curves. In
the remaining three humidities the two absorption curves

are very close together and may only be separated by

assuming a simple Debye absorption for the fixed frequency
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curve. Such a procedure gives some idea of the two
frequencies of maximum and the meximum absorptions. It is
not possible to separate the two absorption curves at 0%

relative humidity.

7.10 - Surface Layer Thickness.

On the basis of the Hendricks and Jefferson model
for the surface layer arrangement, the surface area
covered by each adsorbed molecule may be calculated as the
arrangement is such that there are two molecules of water
per hexagonal oxygen ring of the adsorbing surface. The
dimensions of the oxygen ring are given in diagram (12c¢),
and, from them, the surface area covered by one water
molecule is 11.19 10-16 sq.cm. from which the weight of
water required to cover one square meter of surface is
0.268 m.gms.

The surface areas of some of the minerals used are
given by Dyel and Hendricks (18). They are for fractions
having apparent diameters less than 2 microns and
consequently mey give an over estimate of the surface area
of the actusl samples used.

The falues are: -

Metahalloysite ; - 44.4 sqg.m. per gm.

Halloysi te
Kaolinite - 28.2 sSQ.m. per gm.

The materials used by Dyal and Hendricks were
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Indiana halloysite and English china clay, i.e. from the
same source as those used for the present experiments. It
is assumed that the surface areas for halloysite and
metahalloysite are the same.

The weights of water required to cover the total
surface area of one gramme of each mineral with a
monomolecular layer can best be expressed as the required
percgntage water content by weight. The percentage water
contents to form a monolayer are: -

metahalloysite)

) = 1.19%
halloysite )
kaolinite - 0.755%

The thicknesses of the adsorbed water films in Terms
of the number of molecular lgyers are calculated from tThis

data and the measured weights of adsorbed water. The values

are tabulated in tables (6) and (10).
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CHAPTER 8.

CONCLUS IONS .

The results are considered in the order -

metahalloysite, halloysite, talc and kaolinite.

8.1 - Meteahalloysite.

First of all it should be noted that the X-ray
photographs, section (6.10), show conclusively that the
metahalloysite does not rehydrate in the various relative
humidities, which is in accord with the published data
previously quoted. This being so, the dielectric absorption
peaks obtained for metahelloysite can only be due to the
peculiarities of the adsorbed water lsyer.

The graphs and table of results show that there is
oonéiderable variation in the frequency at which maximum
absorption occurs for the material settled in the different
humidities. It is of interest to consider this in
conjunction with the veriation in weight or, more
importantly, in thickness of the adsorbed water film. This
ranges from just over two to about thirfy molecular layers.
For comparison, the frequency of maximum absorption is
plotted against the layer thickness in graph (17). For
reasons stated later (section 8.5) it is taken that the
adsorbed layer thicknesses are twice those tabulated.

On the basis of the considerations outlined in
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sections (2.5) and (2.6) certain conclusions may be drawn.
There it is taken that each monomolecular layer of adsorbed
water will give rise to an absorption meximum. In the
results, only one meximum is obtained and so attention is
concentrated on a single adsorbed layer.

The absorption meximum moves from lower frequencies
into the frequency range at 30% relative humidity, i.e. at
an adsorbed film thickness of 2 to 3 molecular layers, and
passes to higher frequencies for greater thicknesses.

Since the peak is already changing position by 50% relative
humidity , the molecular layer which gives rise to it must
be complete and other layers must be building upon it. The
characteristic frequency at which the absorption maximum
lies for a partially complete (and just complete) layer is
certainly below 2.5 Ke¢/s, from which it msy be taken that
the molecules of the layer are well co-ordinated, i.e.
there is strong interaction between molecules. This case
may be compared with that of ice where the abscrption
maximum ocecurs at 30 Ke¢/s at -—5O C. (31). The much lower
frequency position of the absorption due to an adsorbed
layer is probably a consequence of its two dimensional
structure.

It is seen from table (3) that the value of & &,
is almost a constant throughout the humidity range. This

is consistent with the assumption that the absorption peak

observed is characteristic of one layer already complete,
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for a constant value requires a constant number of
adsorbing molecules.

The values of (3 quoted may only be taken as constant
at/3==10. This large value indicates considerable
dirregulerity in the environment of molecules in the layer,
which may be interpreted as showing that the layer is
composed of many small, well organised groups. The constant
value indicates that these groups keep their same size
throughout the humidity range.

The question is still open as %o whether the peak
observed is characteristic of the first or the second layer,
both of which are complete at the outset. Several workers
(15 and 36) point out that the first layer, owing to its
rigid adhesion to the surface, has properties very different
from those of the bulk liquid. Whether the properties of
the layer dealt with here are sufficiently extreme for this
to be a first layer cannot be judged from the present data
which do not contain a second pesk for comparison.

The position of the pesk is sensitive to the
variation in the number of adsorbed layers until over five
are complete, and thereafter the effect of additional
layers becomes less and less, the peak tending to a final
position. Thus, the 'pinding'of a layer is weakened by the
addition of further external layers, the effect of each
successive one being progressively less.

Within the range of humidities used there is no
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evidence of peaks characterising either more tightly or
less tightly bound layers. The fact that no second peak
appears, from lower frequencies, in the frequency range
does not assist in answering the question of whether the
peak observed is characteristic of the first or the second
layer, as presumably a tightly bound first layer, such as
that supposed to0 exist on silica gel, would not be much
affected by the addition of other layers. The non-
appearance of a higher frequency absorption indicates that
the next layer outside that observed must be very loosely
bound, for the lowest frequency position of its absorption
must lie above 25 Me/s. Since this is only three decades
in frequency below the region in which water in bulk shows
its absorpt ion maximum, the third, say, adsorbed layer on

metahalloysite must be in the state of bulk water.

8.2 - Halloysite.

The results obtained with halloysite show the same
type of variation of position of the absorption maximum as
with metahal loysite. However, the interpretation might be
different, for halloysite has the complication of an
interlayer water content, so that the single peak observed
might be due to either interlayer or adsorbed water, or
peaks due to both might be superimposed at each humidity to
give the composite curve. TFortunately the complication may

be removed as the interlayers in halloysite cannot be
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rehydrated while the surface adsorbed water content

depends only upon the humidity. Thus, if the one absorption
peak obtained experimentally is due wholly or partly to
interlayer water, then the whole absorption peak or a
portion of it will not shift when the materizl is placed in
& higher relative humidity. ZExperiment, in fact, shows that
a halloysite prepared in a lower relative humidity and then
allowed to settle in a higher produces closely the curve
appropriate to the higher humidity. The absorption maxima
obtained are therefore due to the surface adsorbed water and
not to the interlayer water.

From the results it is seen that a complete single
lgyer of water on an external surface gives rise to an
absorption maximum at a frequency below the lower limit of
measurement. The absorption maximum for a complete
interlayer is expected to be at a still lower frequency as
the interlgyers are acted on by two surfaces.

A curve linking the frequency of maximum absorption
with the number of adsorbed layers is plotted in graph (17)
and may be compared with the corresponding one for
metahalloysite. The frequency of the absorption maximum
for halloysite occurs at a much higher frequency for the
same adsorbed layer thickness, which indicates a lesser
co-ordination in the adsorbed layer.

It is interesting to compare the dehydration data

obtained with those which have been published. TFirst of
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all, the dehydration time of three weeks is vastly in excess
of the two days quoted by Brindley and Goodyear (9). They
worked with Utah halloysite which may have a very different
crystal length from the Indiana halloysite used here. This
would explain the discrepancy.

Alexander et al. (1) and Brindley and Goodyear both
quote dehydration data for samples of Utah halloysite. The
results of the lat ter workers, which are in general
agreement with those of the former, are for dehydration in
relative humidities less than 25%, and are not comparable
with the data quoted in table (6). However, comparison is
possible with the results of Alexander et al. For this
purpose, the data of table (6) have been recalculated to
give the percentage weights of adsorbed and interlayer water
which would be removed from a sample, initially settled in
80% relative humidity , when dehydrated in various lower
relative humidities. The percentages, which are calculated
relative to the total weight of sample in 80% relative
humidity , mgy then be compared with those of Alexander et al.
These latter results were calculated relative to the weight
of the sample in 75% relative humidity. The comparison data
are contained in table (11).

From the interlayer water results it is seen that the
percentage weight of water removed in each humidity is
greater for Indiana halloysite. This variety appears to be

a more hydrated form of the mineral.
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The percentages of adsorbed water are also quoted.
However, the adsorbed water contents quoted here and in
table (6) may not be a true measure of the water content on
a halloysite as they are for a sample the crystallites of
which may have been modified morphologically by heat treatment.
This is discussed later in section (8.6). The material of
Alexander et al. was not heat treated.

 If the adsorbed water content is in doubt, then so is
the interlayer water content for the lat ter is calculated
knowing the former (sections (5.7) and (6.6)). The total
water contents may be a better means of comparison. Here

again the Indiana halloysite shows the greater water content.

803 - Talc.

The pattern of results obtained in this case is very
simple. An absorption maximum at 10 Ke¢/s is observed to
build up as the relative humidity increases. From this it
may be concluded that a layer of water molecules, probably
the first, is being built up throughout the range of humidity.
If this is so, there should be a linear relation between
& - &, and the adsorbed water content, but the results quoted
do not satisfy this,possibly because no allowance can be made
for conductivity losses in deriving the values of (w)... .

The two main surfaces of talc are alike. They are
plane and contain oxygen atoms only. Hence it may be

concluded that the absorption maximum discovered at 10 Xc¢/s
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is characteristic of a first layer of water molecules
building up on an oxygen surface. Such a surface must be
a poor adsorber since the first layer is still being

completed in 80% relative humidity.
8.4 - Kasolinite.

Of the minerals examined, kaolinite produces the
most complex curves of dielectric loss, two separate
absorption maxima being apparent in the experimental
results. One peak is practically stationary in frequency,
its position ranging only from 6 to 12 Ke¢/s in the range
0 to 50% relative humidity. In addition, the peak builds
up @s humidity increases. A parallel may be drawn between
this peak and that obtained with talc, for both peaks are
stationary in frequency and the values of &,(w)..., build
up at comparable rates with increasing relative humidity.

The second pesk moves rapidly to higher frequencies
as the humidity inereases and passes beyond the upper
frequency limit of measurement for relative humidities over
50%. Its height increasq;slowly over the same range. This
peak may be taken to resemble that obtained with
metahalloysite.

In dealing with talc, it was concluded that the
stationary peek characterised a first adsorbed lgyer upon
an oxygen surface. Since kaolinite has one of its two main

surfaces a plane, oxygen surface exactly like that of tale,
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the stationary peak in the kaolinite results may be
interpreted as arising from the first adsorbed layer being
built upon the oxygen surface.

The ofther main surface of a keolinite crystal is a
hydroxyl face, and the moving peak may be ascribed to a
layer residing upon it. The results indicate that in a 0%
relative humidity the layer still exists and gives rise to
an absorption at about 10 Kc¢/s. This layer is very much
affected by the addition of other layers as may be seen from
the very rapid change in the absorption frequency with layer
thickness, graph (17).

As with metahalloysite and halloysite, no evidence is

found of any other absorption peak.

8.5 - Kaolinite, Metahalloysite and Halloysite.

The interpretation of a moving peak as being due to an
adsorbed layer on a hydroxyl surface may be carried over to
the results obtained with metahalloysite and halloysite, for
these minerals, too, have one hydroxyl face.

Since the only peak observed with kasolinite is
apparently due to the first layer upon the surface, the
peaks observed with the other two minerals are probably also
due to the first lgyer. The layers obtained on
metahalloysite and halloysite are more regularly arranged
than those on keolinite, judging from the fact that in any

humidity the frequency of the absorption maximum is greatest
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for the kaolinite, although the thickness of the adsorbed
film is less on kaolinite than on metahalloysite.

The other mein face of metahalloysite and halloysite
is an oxygen one, and it is to be expected that a fixed
frequency peak arises due to the surface water on it. The
fixed pesk, however, probably occurs at the same frequency
as that for a just complete hydroxyl adsorbed layer - as
shown by the kaolinite results. With metahelloysite and
halloysite this frequency is off the range of measurement.

The major part of the adsorbed water must reside upon
the hydroxyl surface of these three minerals so that the
adsorbing surface area is effectively halved. Consequently,
the adsorbed film thicknesses are double those given in

tables (6) and (10).

8.6 - Surface shape effects.

The absorption maxima for the first water layers
upon metahelloysite, halloysite and kaolinite occur at
different frequencies - even when all three minerals are
settled in the same humidity. Since the three adsorbing
surfaces are of the same type, the difference in the
co-ordination in the adsorbed lgyers must arise from
different surface shapes. The cerystel of halloysite is
known from electron-microscopy and other data, section (6.7),
to be a hollow cylinder. That of metahalloysite is

believed to be a crystal of halloysite which is split and
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unrolled to an extent determined by the method of
dehydration. Keolinite is a plane-faced crystal.

To examine the effect of surface shape upon the
frequency of maximum absorption, five experimental curves
were taken. These are plotted in graph 18. The vertical
scales of the several curves have been altered to make
easier the comparison of the frequency positions of
maximum absorption. All curves are for materials settled
in 60% relative humidity, the materials being - (1) a
halloysite previously prepared in a 60% relative humidity,
(2) a halloysite previously prepared in a 0% relative
humidity , (3) a metahal loysite prepared in the usual way
(section 5.4), (4) a2 metahalloysite prepared by heating
halloysite to about 450° C for three hours, and (5) a
keolinite.

From the curves for the first three materials it is
seen that progressive dehydration of halloysite produces a
crystal shape, the adsorbed film on which gives an
absorption maximum at progressively lower frequencies. On
the ﬁodel dealt with in section (6.7) it is to be expected
that progressive unrolling occurs with dehydration and that
the movement of the absorption peak corresponds to the
gradual flattening of the adsorbed film.

However, the curve for the fourth material is to be
expected to be due to a completely flat adsorbed film, as

the material was produced by dehydrating halloysite at such
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2 Temperature that violent dehydration should have occurred,
and consequently the crystal should have splift and unrolled
almost completely. The curve obtained differs widely from
the previous three in showing a peak absorption at some
frequency above 25 Mc/s but resembles the curve for
kaolinite. This is not unreasonable as the keolinite
surface is truely plane.

Thus one can infer that there is a progressive
change in the shape of halloysite crystals as they are
dehydrated, resulting in the absorption peek moving from a
higher to a lower and finally back to a much higher
frequency. This effect may be brought about in two ways -
(2) the shape of the filmhas a direct influence on the
absorption, or (b) the new shape of surface may encourage
or discourage the adsorption of layers, which in turmn
react upon the peak.

A complete investigation on the lines mentioned here
might lead to evidence supporting the crystal shapes
proposed by Bates, Hildebrand and Swineford, and might
yield further evidence in support of their explanation of
MacEwan's work. '

Particle size may also/effect the absorption peak,
particularly its breadth (section (2.6)). No attempt was
made to separate ranges of particle size to examine this

possibility.
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8.7 - Concluding Remarks.

The work described in this thesis is in the main
qualitative. No quantitative accuracy is possible because
of the powder nature of the dielectrics. It is intended to
be an exploratory survey of the phenomena encountered when
the study of the bound water constituent of clay minerals
is attempted by observing the Debye relaxation loss arising
from the bound water itself. In this approach the
difficulty of allowing for the losses arising from the
conductivity of the water films is involved, but, despite
this, the absorption maxima may be sufficiently well
resolved for a qualitative survey.

This study, which to the author's knowledge is the
first of its kind, shows that only a few layers of bound
water exist upon the surface of a c¢lay mineral such as
helloysite and that probably the number of layers affected
by the adsorbing surface does not exceed about three. At
least one water layer, presumably the first on the
adsorbing surface, is so strongly affected as to show
greater long distance order than ice: +this layer is
retained at 0% relative humidity. In addition, the results
are interpreted to show that a hydroxyl surface is a much
more powerful adsorber of water than an oxygen surface.

The outcome suggests that the approach is

sufficiently powerful to warrant additional development of
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apparatus to encompass lower and higher frequencies, and to
warrant application to other materials and adsorbed films,

the approach being applicable to any dipolar adsorbed film.
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