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CHAPTER 1 ABSTRACT

Work is reported an the development of a high precision,
low frequency impedance bridge, and the use.of impedance measurement
in characterising the induced polarisation effect of unmineralised
material.

Impedance spectra for a variety of laboratory model clay/
rock/electrolyte systems are analysed in terms of an equivalent
circuit. By measuring the dependence of the parameters of this
circuit, on such variables as electrolyte type and concentration,
temperature and pore geometry, an electrochemical model for membrane
polarisation has been developed. Polarisation is considered to
arise from diffusional limitation of cations at the membrane/electrolyte
interface of clay aggregations in rock pores, and this is found to be

amenable to a Warburg diffusional impedance analysis.



CHAPTER 2 INTRODUCTION TO THESIS

2.1 INDUCED POLARISATION

2.1.1 Introduction

The purpose of this thesis is to examine the electrical mechanism
of a geophysical phenomenon known as induced polarisation, or the "I.P."
effect. This effect appears in the frequency domain as a frequency
dependence of the "resistance" of soils and rock strata. In more
conventional terms the electrical impedance between two points on
the ground surface contains a significant reactive component. In the
time domain, I.P. is characterised by the decay of avsecondary voltage
between one pair of electrodes, following the interruption of a
ground current passed through adjacent electrodes. Although a time
constant is often assigned, this secondary decay is not exponential
and attempts have been made to fit empirically the voltage-time
curves.(197,104). The phenomenon is observed to occur over times
of the order of seconds or tens of seconds.

Provided the medium is linear ( 130 ), time and frequency domain
observations are mathematically equivalent, through the Fourier Transform.

This polarisation effect was known to Schlumberger (177) as early
as 1912, and called by him "provoked polarisation". When attempting
to use this effect to prospect for metallic ores he believed to be
responsible for it, Schlumberger found that the effect of wet soils
interfered substantially with the effect he expected from metallic
sulfides. In conformity with this observation, two distinct mechanisms
are known to be responsible for induced polarisation.

2.1.2 Electrode Polarisation

The most pronounced I.P. effect in geologic materials is the
polarisation which occurs in rocks containing disseminated metallic or
semi-conducting minerals. An electrode reaction is considered (129)

to occur at the interface between pore blocking grains of electron



conductive material* and the pore electrolyte, giving rise to the ob-
served polarisation.

Induced polarisation is a powerful prospecting tool and has been
used since about 1950 primarily to prospect for metallic sulfide bodies.
While the electrochemical mechanism is far from comprehensively understood,
individual grains are considered to behave as polarised electrodes having
an associated Warburg diffusional impedance and double layer capacitance,
from which the measured impedance dispersion or secondary voltage decay,

arise.

2.1.3 Membrane Polarisation

The polarisation process which arises in moist soils is found to
be virtually ubiquitous (134) but is rarely of the same order of
magnitude as the I.P. effect of commercially significant metallic
sulfide bodies. Mayper (134) has shown that the background or "normal"
effect of non-mineralised regions is associated with the presence of
clays. Marshall and Madden in a series of papers (127,128,129,130,131)
have demonstrated that the I.P. effect of clay-electrolyte systems
results from their membrane properties, and that commercial ion exchange
resins can be made to display an I.P. effect which is larger than but
similar in form to that of clays.

Despite substantial experimentation over a period of éecades,

a satisfactory electrochemical model for the polarisation effect

of clay-containing soils has yet to be proposed and experimentally
justified. It is the purpose of the present work to study exclusively
the membrane polarisation phenomenon associated with clay/rock/electrolyte
model soil systems, in an attempt to elucidate the electrochemical

mechanisms.

* Electron conductors include not only metallic sulfides but also
graphite, magnetite and pyrolusite, which are all observed to
give a similar I.P. effect (130).



. 5.
2.2 GEOPHYSICAL PARAMETERS

2.2.1 Introduction

A number of parameters have been evolved to describe both
frequency and time domain data. Each describes a particular property
of the response of a system, although none accurately describes the
I.P. effect. Nevertheless single valued parameters are used
exclusively in geophysical prospecting and in the geophysical

literature, and a brief description of the most common must be given.

2.2.2 Time Domain

The I.P. effect observed in the time domain has the form shown

in Figure 2.1.1, and is associated with three parameters

1) The ratio of the secondary voltage at time t = to' to the primary
voltage; expressed in milli-volts per volt (mvV/V).

2) The ratio of the area under the decay curve to the primary voltage.
This is known as the polarisability and is expressed in milli-volt
seconds per volt (mV-s/V).

3) Despite the non-exponential form of the decay, a time constant is
often assigned, being the time taken for the secondary voltage to

reach 1/e of its value at t,-

2.2.3 Frequency Domain

The precise form of the impedance dispersion is not known,
however at the limits of both high and low frequency the reactance

tends to zero (see Figure 2.1.2).

Ryigh = 12| st Rroy = 12l a0
RHigh < RLow

Three parameters are commonly derived from these limiting

resistances.
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1) The "frequency effect", defined as,

Eally = (RLow-RHigh’/RLow

In practice the "resistances" are often measured at two frequencies
for which the impedance need not have a limiting value.

2) The percentage frequency effect defined as the decrease in the
impedance at frequency £, from the limiting low frequency value. Thus,

$ F.E. = loo(RLow-szI)/RLow

3) The frequency effect and % F.E. have the significant disadvantage of
being dependent on the shunt electrolyte resistance of unblocked pores.

The metal factor is defined to decrease this dependence.

M.F. = 21Tx105 (GHigh-GLow)
5
= 2mx10° Ry Ryson!/ Rrow’ Ruign’
= 2mx10° (F.E) /Ry
where G =1/R

2.3 GEOPHYSICAL LITERATURE

2.3.1 Introduction

A comprehensive historical bibliography of the literature relating
to laboratory investigations of the electrical properties of clays, and
of the membrane polarisation effect of clay and model clay systems has
been previously published (McKubre 1972). The material covered in that
review is of little more than historical significance since, without
exception, workers in this field have attempted to characterise the
observed induced polarisation using single valued parameters.

There is however a-substantial body of work. Many models have
been proposed, and the dependence of a variety of parameters on physical
variables examined, In order to place the present work within the
context of previous studies it is intended to examine briefly the
models that have been proposed for the induced polarisation of non-

metalliferous materials. A large body of material relating to clay



membranes, clay resistance and self potential is of only peripheral

interest and has been discussed previously (137).

2.3.2 Models for Induced Polarisation

These divide naturally into two categories according to whether
the models are associated with the presence of clays (models 4 to $),
or not (models | to3). 1In an attempt to distinguish between these
categories, several models which do not require the presence of clay

were adumbrated by Mayper (134), as follows.

1) "Surface Conduction" due to distortion of lattice potentials and

hence electron band conduction at the surface of solids could,

according to Mayper, lead to electrodic over potentials.

2) The Electrokinetic Effect of Air Bubbles was observed by Mayper

to produce "erratic" relaxation phenomena.
P P

3) The Poor Conductor Hypothesis is based on the assumption that the

electronic conductivity of minerals usually regarded as insulators is

actually sufficient to create overpoténtials. |

Mayper found that the I.P. effect was strongly correlated with
the presence of clay minerals. The I.P. response of clay-containing
core samples was found to become unmeasurably small after firing, and
Mayper was not able to measure any relaxation having a magnitude
corresponding to the I.P. effect of clay-containing core samples, for
specimens which did not contain unfired clay. These results strongly
support field observations that the I.P. effect is exclusively
associated with the presence of electron conducting particles or moist
clays (106). Thus, by confining the region of interest to effects of
geophysical significance it is not unreasonable to reject models
(e.g. 1 to 3) which do not associate membrane polarisation with the

presence of clays.

4) The Ion Exchange Disequilibration Model was advanced by
Vacquier et al (197) and by Schufle (179), and was favoured by

Mayper (134) simply on the basis that it required the presence of clay.
It is assumed that the passage of current through a clay/rock/electrolyte

system electrodialyses the clay - that is causes the exchange reaction




of cations on exchange sites with cations from the electrolyte. This

reaction may be written as
+ + - ot +
M (exchange site) + N (electrolyte)=; N (exchange site) + M (electrolyte)

In the time domain, a steady state condition is approached which
differs from the initial equilibrium condition, so that when the current
is interrupted, the relaxation of the system to equilibrium gives rise
to potentials which are observed as induced polarisation.

This model requires the presence of two different cations, and
thus a system containing homo-cationic clay and electrolyte (M+ = N+),
should not display an I.P. effect. However, Vacquier measured a
significant time domain I.P. effect for the homo-cationic system,
hYdrogen form kaolinite/quartz sand/HCl,which he attributed unjustifiably*
to clogging of the kaolinite exchange positions by Al3+ ions (197).

Both Schufle (179) and McKubre (137) have observed appreciable I.P.
effects for homo-cationic ion exchange resin/electrolyte systems, which

are inconsistent with Vacquier's model.

5) The Dipole Layer Relaxation Model advanced by Henkel and Collins (91 )

postulates a layer of oriented dipoles (the nature of which is not
specified) on the surface of the clay. Rotation of the dipoles within
this layer results in a form of localised dielectric dispersion (see
section 3.4), and Henkel and Collins have developed a mathematical
expression for the resultant polarisatiop. This derivation is based
on an unreasonable assumption of reVersibility for the dipole orientation
process, but the prime objection to this model is that any rotational
polarisation which occurs in a fluid medium (such as the diffuse double
layer) will display a characteristic frequency greater than 1 M Hz, and
thus outside the frequency range of the I.P. effect.

Measurement of the time domain I.P. response of soil samples by

Henkel and Collins yield results which do not support their model.

* Vacquier's results require about 33% of the exchange sites to
be occupied by A13+, but according to Mukherjee et al (148)
kaolinite is only "slightly" susceptible to clogging of its

exchange site.
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6) The Elementary Clay Conductor Model, Henkel and Collins proposed

a second model in which they treat the problem on a macroscopic scale.
They consider clay to be an "electrical conductor” and that electrolyte
saturated earth plugs represent two conduction paths. One path lies
within the electrolyte and the other in the clay but having an interface
with the electrolyte ( 92, 211). The latter path is arbitrarily
considered to involve a 90° phase shift of the current at the
electrolyte-clay interface. Polarisation results from the effective
charge storage in the imaginary component of the current.

The origin of a 90° phase shift is not specified and is difficult
to account for electrochemically. Even supposing the existence of a
large double layer capacitance, resistive shunts within the double layer
would reduce the phase angle from 90°. In fact the model does not
explain the mechanism of induced polarisation but merely characterises

the effect in terms of an oversimplified two element equivalent circuit.

7) The Coupling of Flows. Dakhnov ( 55) proposed a model for the I.P.

effect in unmineralised bodies based on coupling of the flows of
electrolyte and electric current (electro-osmosis). Polarisation
originates (in the time domain) as a streaming potential created by
the inertia of the moving electrolyte. Mayper (134) dismisses this
model because "the time constants would be far too long to explain the
present phenomenon". Marshall and Madden (128, 130) have systematically
evaluated the coupling of flows employing a set of phenomenological
equations based on the coupling of heat, solvent and ion flows under
the driving forces of temperature, pressure and electrochemical potential
gradients. From the calculated coupling coefficients they conclude
that only diffusion coupling could produce polarisation of the magnitude
observed for I.P. The coefficients for electro-osmotic and thermo-
electric coupling are calculated to be too small, thus ruling out
Dakhnov's model. |

Recently Mehran (139) has re-examined the correlation between
electro-osmosis and the electrical dispersion observed for compacted
illite and kaolinite systems equilibrated with NaCl electrolyte.
Electrical measurements were conducted in the frequency domain and a

"conductivity" dispersion* was observed to occur in the frequency range

* The conductivity dispersion parameter is defined by Mehran as

1-G_ . sat .
Gngh/GLow’ where GHigh and GLow are the limiting high and low

frequency conductivities.




11,

»

103 to 107 Hz. This is four orders of magnitude higher than the effect

observed for moist soils but the dispersion is observed to have a form
compatible with induced polarisation. Mehran uses the phenomenological
approach of ;rreversible thermodynamics to derive an expression for the
conductivity dispersion based on electro-osmotic coupling. From
separate measurements of the electrical and electro-osmotic properties
he concludes that for systems as microporous as compressed clays, the
contribution of electro-osmotic coupling to the electrical dispersion
is significant. However, for clay/rock/electrolyte systems having a
‘relatively open pore structure, the contribution of such a coupling of
flows to the effect known as induced polarisation, is probably
negligible.

8) Alternating Transference Zones. Based upon their conclusion that

only diffusional coupling could account for the I.P. effect, Marshall
and Madden and coworkers (127, 128 , 129 , 130, 131 ) proposed the model
shown in Figure 2.2.1. folarisafion results from the difference in
cation transport number (t+) between zones I containing electrolyte

(t+ ~ 0.5) and zones II which are cation selective (t+ ~ 1), pore
blocking clay zones. Using the formalism of irreversible thermodynamics
these authors develop a mathematical expression for the impedance
assuming all selective zones to have identical properties (length, t+,
cation diffusion coefficient), and all non-selective zones to have
identical properties. The expression is extremely complicated (137)
and contains four independently adjustable parameters relating to the
membrane phase (II), which are operationally defined by the model
itself, and are therefore indeterminate.

Fredricksberg (73 ) and Keller et al (5, 103, 104, 105, 106)
have separately proposed a similar model based on the presence of
selective transference zones. Rather than the cation selectivity
arising within a pore completely blocked by clay, both consider the
anion mobility to be reduced in regions where constrictions in the
" rock pores cause the double layers on opposing walls to overlap.
Keller considers this to arise from the double layer of clay particles
adhering to the rock, and Fredricksberg considers the origin to be the
double layer of the rock itself (see Figure 2.2.2). Anions cannot
enter the double layer because of the coulombic repulsion force of

fixed negative charge, and after a prolonged unidirectional current a
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concentration excess will arise. When the current is interrupted this
concentration excess will relax, accompanied by a secondary voltage
decay. Both authors develop mathematical expressions for the time
domain I.P. effect, and Mohomed (143) has demonstrated from measurements
of the polarisability of sandstone samples that Fredricksberg's

model is not inconsistent with experimental results.

Models based on double layer overlap require an effectively
complete blockage of some pores so that anions cannot immediately
diffuse around the double layer periphery, and a concentration excess
can arise. Since the diffuse double layer is likely to be of the order
of 10-7 m thick (50), such a constriction within a rock pore is not
unreasonable, however a major limitation of the models of Keller and
of Fredricksberg is that they fail to predict the I.P. effect observed
for beds of spherical ion exchange resin particles up to 10-3 m in
diameter saturated with electrolyte. Large I.P. effects have been
observed for such beds (130, 137, 179), in which the pores are very
large with the double layer likely to occupy only a small fraction of
the pore cross sectional area, and for which the effective reduction
of anion transport number due to double layer overlap will be
insignificant. This criticism does not apply to the model proposed
by Marshall and Madden and for a bed of ion exchange resin particles,
an effective reduction of anion transport number can occur in a
manner similar to that proposed for pore-blocking clay zones.

Since anions are excluded from within cation exchange resin particles
(i.e. they are cation selective), all pafhs which involve conduction
within both the electrolyte and resin phases fulfill the condition
of alternatiﬁg transference zones required by Marshall and Madden's

model.

2.3.3 Discussion

Sufficient information is available from the literature to
justify laboratory experimentation on carefully selected model clay
systems, in order to elucidate the mechanism of the membrane I.P.
effect. However, the models described in this section, which have been
proposed to describe the I.P. effect, contribute little to the under-
standing of the underlying mechanism and may be grouped under two

general categories.
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A) Models found to be inconsistent with experiment

1) sSurface Conduction

2) The Electrokinetic Effect of Air Bubbles
3) The Poor Conductor Hypothesis

4) The Ion Exchange Disequilibrium Model

5) The Dipole Layer Relaxation Model

7) The Coupling of Flows

B) Models which cannot be tested because of mathematical inexactitude

6) The Elementary Clay Conductor Model

8) Alternating Transference Zones

The purpose of a model is to allow the prediction of properties of
interest from the known behaviour of a system. Clearly none of the above
fulfil this basic requirement, the models being too vague and imprecise
in their prediction. However, the models listed under category B
will be discussed in Chapter 10 with reference to results of the present
study. thile it would be possible, at this stage to propose an
indefinite number of further electrochemical models, without a basis

of experimental observation, this process is not useful.

2.4 STRUCTURE OF THESIS

In order to study the mechanism of membrane polarisation it is
necessary to employ simple systems and to observe the dispersion over
a wide range of frequencies (or times). Unless an equivalent circuit
is known, the single valued parameters used to describe the I.P. effect
have no significance.

This thesis is therefore of an exploratory nature, and the
development of an electrochemical model will be based on the results
of a large number of experiments measuring the effects of physical
variables on the induced polarisation. This approach is reflected
in the structure of the thesis. Experimental results are presented
‘ to develop a model rather than to prove one, and it is not intended
mathematically to examine the parameters of the equiyalent circuit

developed further than is necessary to show this to be physically reasonable.
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The thesis is divided into four parts as follows.
Section I contains introductory material.

Section II contains the primary objectives of this work. Simple
laboratory clay and model clay systems were developed which display

an effectively identical membrane polarisation effect to that observed
in moist soils. In addition a system was developed capable of measuring

and accurately characterising the membrane polarisation of these cells.

Section III involves the development of an equivalent circuit by
which the membrane polarisation effect may be described. From this,
information may be obtained about the dependence of the I.P. effect on
electrolyte type and concentration, particle size, clay type, and

temperature.

Section IV provides a basis from which the ultimate objective of this
research may be obtained. That is to develop a comprehensive electro-
chemical model which describes the effects of all physical variables
on the membrane polarisation effect, not only of laboratory systems
but of the real earth.

2.5 PRACTICAL JUSTIFICATION

Apart from a fundamental electrochemical interest in this
phenomenon, an understanding of the membrane polarisation effect is of

significance in the field of exploration geophysics for several reasons.

1) Present I.P. mineral prospecting techniques cannot differentiate
between electrode (mineral) and membrane (clay) polarisation. If

the mechanisms are different then it may be possible to remove the
background effect due to the presence of clays. This would effectively
increase the sensitivity of I.P. surveys and allow hitherto undetectable

mineral deposits to be prospected for.

2) I.P. surveys have been successfully conducted to find ground water
(197,143 ), utilising the observation that wet clays have a considerably
" larger I.P. effect than dry clays. A greater understanding of the
origin of this polarisation would aid in prospecting for water and for

clays.



16.

>

3) As stated in section 2,4, in the absence of an equivalent circuit,
the significance of the parameters conventionally used to describe the
I.P. effect, is limited. Such a circuit should therefore be developed.

4) The properties of a hydrothermal zone which make it suitable for
power production are high temperature and high porosity. In addition
the ground water has a high salt content and thus resistivity surveys
are highly suitable as a method of prospecting for such zones (89).
If a model for the I.P. response of clay/electrolyte systems could be
extended to temperatures and pressures of the order of those found in
geothermal regions, it is possible that a significant impetus could be

given to prospecting for exploitable steam reservoirs.
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CHAPTER 3 ELECTROCHEMICAL POLARISATION

3.1 INTRODUCTION

A number of electrochemical systems are known to display a
conductance which is not independent of the applied frequency. This
variation or dispersion of an electrical property may be mathematically
represented by defining an impedance having variable real and imaginary
components; and by using a variety of techniques (10, 80) this
impedance may be measured as a function of frequency.

The first step in the elucidation of an electrochemical mechanism
‘from a measured impedance dispersion is generally to postulate an
electrical circuit with the same impedance spectrum as the system under
test. All circuit representations, even those from which prediction of
measurable results is possible, only fulfill the role of an equivalent
circuit, and are not a description of the physical mechanisms involved.
For any electrical circuit it is possible to describe the impedance as
a function of frequency and thus determine circuits having equivalent
electrical properties, but it is not possible to define uniquely the
combination of electrical circuit eiements which constitute the circuit
under test by making two terminal impedance measurements. For electro-
chemical systems the situation is further complicated since the charge
»carriers may be ions.and not electrons. Ions may carry a positive or
A negative charge and may be multivalent, and ionic'transport is influenced
by chemical as well as electric field gradients. It is possible therefore
that an electrochemical impedance be composed of electrically non-ideal
circuit elements. _

Nevertheless, no case has been found for which the equivalent
circuit concept has been demonstrated to be fallacious (85). By
measuring the dependence of the parameters of an equivalent circuit
on physical and chemical properties, a mechanistic significance may be
placed on such a circuit, and a variety of polarisation mechanisms are
known to operate in electrochemical systems.

Specifically, polarisation relates to a storage of charge, and
thus any system in which the current (i.e. the ion flux) lags or leads

the potential gradient may be said to polarise, and a dispersion of
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impedance will arise. Polarisation may arise within a homogeneous
material, because of inhomogeneities within the bulk of a material, or
at a macroscopic discontinuity or phase boundary. There are three
distinct categories of polarisation known to be significant within
electrolyte systems.
1) Electrode Polarisation
2) Membrane Polarisation
3) Dielectric Polarisation
These will be discussed in turn as mechanisms possibly contributing

to the I.P. effect observed in clay/rock/electrolyte systems.

3.2 ELECTRODE POLARISATION

Experimentally, the most familiar form of polarisation in
electrochemical systems arises at a metallic electrode/electrolyte
interface when current is passed across such an interface. In the
steady state D.C. case, the potential € of an electrode through which
current flows differs from the equilibrium potentialt° established
when no current passes through the electrode. The difference between

these potentials

is described as the overvoltage (40 ,201) and opposes the applied E.M.F.
thus increasing the effective cell impedance.

Electrode polarisation is of significance when considering the
I.P. effect of non-mineralised as well as mineralised rock/electrolyte
systems, and will be discus#ed briefly.

A number of separate mechanisms contribute to the phenomenon known
as electrode polarisation, and these have been comprehensively described
by Grahame (85 ) and others (169,120 ), and reviewed by Vetter (201).

Very briefly, electrode polarisation arises because the electrode

reaction by which current flows from ionic carriers in the electrolyte
phase to electronic charge carriers in the metallic electrode phase,

cannot occur instantaneously. Any of a number of processes may impede

the flow of charge resulting in the current lagging the potential gradient,
and thus polarisation. The most familiar of these are,



19,

>

1) Diffusion of material to or from the electrode,
2) Reaction at the electrode,
3) Transfer of charge to the metallic phase.
The electrode impedance is commonly represented by an equivalent
circuit of the form shown in Figure 3.1, although others'have been

proposed (119,120).

Figure 3.1 Electrode Impedance

mml

The impedances arising from diffusion (Zw), reaction (Zr) and
charge transfer (Rct) appear in series, shunted by the double layer
capacitance (Cd) which arises because of the effective separation of
charge in the electrical double layer at the electrode/electrolyte
interface. -Rsol is simply a termvfor the (ohmic) migration resistance
within the bulk electrolyte phase. Of these impedances only Rct
and Zr cannot contribute to the impedance dispersion associated with
the I.P. effect of clay/rock/electrolyte systems,* and Zw and Cd will

be considered in detail in subsequent chapters.

* A membrane I.P. effect has been observed for systems containing
homoionic clay (or ion exchange resin) and electrolyte for which
no chemical reaction, and thus no charge transfer, can take place

(130, 137, 179).
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3.3 MEMBRANE POLARISATION

3.3.1 Introduction

Investigations of the resistance and capacitance of biological
materials as early as 1910 (96 ) have indicated that these materials
display a dispersion of impedance not dissimilar to electrode polarisation.
Measurements on materials as diverse as Muscle Tissue ( 75) and
Frogs Eggs (47), and those by Cole et al on the biologically significant
Squid Giant Axon ( 43, 44,45 ), have all indicated a similar dispersion.
The equivalent circuit shown in Figure 3.2 was proposed by Cole ( 42)
to describe the observed electrochemical impedance, but the underlying

mechanism was not apparent to these authors.

Figure 3.2 Biological Membrane Impedance

R, R,

N
]

R + jX

-X/R = a positive constant

L,

More recently studies on ion selective électrodes, both glass
(31, 32,37 , 38, 39) and liquid ion exchanger (30, 31 ), have
indicated a similar form of impedance dispersion to that displayed by
biological membranes. For both systems the impedance locus* has the form
shown in Figure 3.3, of a distorted semi-circle with centre below the
real axis.

The systems displaying this impedance dispersion may be collectively
described as membranes, and all consist of a phase containing fixed
charges of one sign together with mobile counter ions, separating
electrolyte phases. These systems will thus exhibit membrane and Donnan
potentials (65 ,201) and will display the membrane property of semi-

permeability due to exclusion of the co-ions from the membrane phase.

* The real plotted against the imaginary component of the impedance.
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3.3.2 Equivalent Circuit

On the basis of impedance measurement the equivalent circuit
shown in Figure 3.4 was proposed by Buck (38,39 ), for the bulk glass

impedance (excluding the hydrated surface layer) of glass electrodes

Figure 3.4, Glass Electrode Impedance

RS is the solution resistance and R.g the limiting low frequency
glass resistance. Cd is the double layer capacitance and Zw a Warburg
diffusional impedance, as for electrode polarisation (Fig. 3.1).

A similar circuit was found by Brand and Rechnitz ( 31, 32 )
to apply to a variety of glass electrodes, but for liquid-membrane
electrodes (30) these authors found that.thé frequency dependent component
 did not show a Warburg-like impedance behaviour ( 85). The latter effect
is possibly due to stray or double layer capacitive effects which Brand
and Rechnitz ignore, however their data is of insufficient precision
adequately té characterise an equivalent circuit.

Buck in a subsequent publication (173) observed two distinct
dispersion processes for glass electrodes. One he attributes to "a
slow surface process", and the other to a relaxation mechanism within
the glass phase characterised by a distribution of RC time constants
(see section 3.4). Buck maintains that a Warburg diffusional impedance
is not observed at frequencies down to 0.0l Hz, but purports to base his
model on the theoretical considerations of MacDonald (119, 120)
in which a diffusional impedance is considered to be of significance

particularly at high frequency. Buck loosely described an equivalent

circuit based on MacDonald's (119, 120) theoretical considerations for
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Electrode Polarisation and on empirical fit of impedance locus plots
to the model of Dielectric Polarisation proposed by Cole (4%). He
does not however, adequately consider the implications and limitation
of applying these theories to an essentially membrane system, and the
experimental justification is far from conclusive.

In a previous attempt to describe the membrane polarisation
effect of glass electrodes, Buck ( 48) considered the membrane phase to
be composed of a concentration of fixed anionic sites and mobile cations
from the glass and electrolyte phases. Using the Nernst-Planck equations
he determines the transient potential-current-time profiles after the
manner of Helfferich (90). A general analytical solution is not given
except under certain simplifying conditions, and a strict transform
into the impedance domain has not been performed. Neither is the
impedance data of sufficient precision to accurately describe an equivalent
circuit, and the mechanism for this form of polarisation is far from
understood.

There is some evidence to suggest that ion exchange resins display
a similar impedance dispersion ( 23, 156), but comprehensive studies have

not apparently* been performed.

3.4 DIELECTRIC POLARISATION

3.4.1 Relaxation Processes

The forms of polarisation so far discussed arise primarily because
of the presence of a phase boundary, or diséontinuity of a transport
property. Dielectric polarisation however is a bulk property of matter
and originates because atoms or molecules in an electric field alter
their mean electric configuration to oppose the applied field. 1In
addition to the current due to the flow of free charge, current flows
in a dielectric material because of the oscillation of the electrical
configuration of the constituent atoms or molecules. The extent of the
contribution to the total current due to bound charge is determined by

the permittivity (or "dielectric constant") € . This oscillation however

* These studies have been made in Russia, and information regarding

experimental techniques and results, is limited.
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is a relaxation process occurring with a characteristic relaxation time
constant (or characteristic frequency), and € is not a constant for a
particular material, but is markedly frequency dependent. This is
best explained by considering the mechanisms which contribute to

dielectric polarisation.

1) Debye: The rotation of polar molecules results in a polarisation.
This was first treated by Debye (59 ), who assumed the rotation of
spherical polar molecules in an A.C. field to be opposed by the effects
of thermal agitation and viscous damping. In order to express the

resultant frequency dependence, a complex permittivity was defined

€ = €' + JE" =g, + (€ -€)/(1+jur ) (1]

where €  and Eo are the limiting high and low frequency permittivities
T ™ relaxation time
W = angular frequency

2) Debye-Falkenhagen: Upon application of an A.C. field the ionic

atmosphere about a central ion will oscillate. Dielectric polarisation

resulting from this was treated first by Falkenhagen (69).

3) Maxwell-Wagner: The Debye and Debye-Falkenhagen effects relate to

homogeneous materials, but dispersion can also occur in an inhomogeneous
dielectric. Such a dispersion occurs in a double layer dielectric if the
ratio of the conductivities and permittivities of the two separéted
phases, are not equal. Wagner (205) has mathematically treated the case
of spheres dispersed in a uniform dielectric medium. The resultant

complex permittivity has. the same form as equation [1].

4) Non Localised Diffusion: In addition it has been pointed out recently

(147) that there are electrical relaxation effects associated with long-
range ionic diffusion processes which may lead to an observable dispersion
in thé permittivity. This process has been called Non Localised
Diffusion (in contrast to Maxwell-Wagner dispersion which is a localised
diffusion process) and is divided into two relaxation phenomena, NLD I
-and NLD II, which occur at low and high temperatures respectively (152,153).
NLD involves the movement of free charges and is associated with

a leakage current. In contrast Maxwell-Wagner, Debye and Debye-Falkenhagen
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dispersion represent purely localised translational or rotational
relaxation. In the classical sense a dielectric material supports an
electric polarisation vector due to the presence of oscillating fixed
charge, and it is difficult to see why NLD should be treated as a
dielectric process.

In highly fluid materials all these relaxation processes occur
at high frequencies (>106 Hz) and are thus of no interest in this work.
In solids and viscous liquids however relaxation has been observed with
time constants greater than one second, and much rgsearch has been
carried out to characterise dielectric relaxation processes particularly
in glasses of varying composition (95 ,121 ,152 ,153 ,167), low
temperature electrolytes (121,147 ), ice (47 , 48, 58, 82), organic
solvents (82 , 146,207 ) and organic solids (47 ,149 ,184 ). Relaxation
processes in these materials may occur at very low f;equencies, and
Namikawa (152,153 ) has identified NLD and Maxwell-Wagner relaxation
occurring in oxide glasses with To as large as 102 or 103 seconds.

It is important to distinguish between the observed dielectric
dispersion‘process which occurs in dry glasses, and the membrane polarisation
phenomenon which occurs for glass electrodes. In the former, the ions
which relax rotationally or translationally are the cationic components
of the glass quasi-lattice, and the phenomenon occurs throughout the
bulk of the glass. For.glass electrodes, conduction is primarily by
cations from the electrolyte phase which enter the glass (or membrane
phase) and diffuse normal to the interface. In this case the dispersion
process is not a bulk property of the glass, and the relaxational process
is expected to be associated with the diffusion of electrolyte derived
cations within a region of limited thickness. Both these dispersion
processes occur with characteristic frequencies of the same order of
magnitude as those observed for the I.P. effect of clay/rock/electrolyte
systems, and may be significant contributary mechanisms to such

polarisation.

3.4.2 Equivalent Circuit

The equivalent circuit for dielectric dispersion is shown in

Figure 3.5.1, which is a circuit representation of equation [1].
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Figure 3.5.1 'Figure 3.,5,2

_ . -0 _
R = To/(E-EO) | zZ = TO(J(DTO) /(Eo €,)

The real and imaginary components of the permittivity may be

determined from equation [1],

real E' =€+ (Eo-em)/[l+(wTo)2]

imaginary | e" wTo(Eo—Ew)/[l+(wTo)2]
and the conventional method of plotting complex permittivity data is in
the form of a "Cole-Cole" plot (€' versus €"). From equation [1], the
expected form of such a plot is a semicircle with centre on the real
axis (see Figure 3.6.l1). From experiment the general form is that
.shown dotted in Figure 3.6.1, with centre below the real axis characterised
by the angle o > 0°.

The discrepancy between the measured dielectric dispersion and the
form expected for equation [1] is shown more clearly in Figure 3.6.2, from
which it may be seen that the experimentally observed dispersion is

broader and flatter than the theoretical.

3.4.3 Distribution of Time Constants

The observed broadening of the dispersion spectrum is explained
on the basis of a distribution of time constants. Each molecular dipole
relaxes with a slightly different characteristic time, and the bulk
material permittivity is considered to represent the summation of a
distribution of relaxation times. A variety of mathematical forms

have been proposed for this distribution, and these are discussed by
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FIGURE 3.6 . DIELECTRIC  DISPERSION

3.6.1 “COLE — COLE” PLOT

3.6.2 FREQUENCY DEPENDENCE of the IMAGINARY
COMPONENT

.5 From equation [l]
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Cole (47 , 48 ) and in an excellent review of dielectric relaxation in
~glass by Owen (161). There is however no theoretical basis for any
particular distribution function, and the observed experimental best
fit has resulted in a phenomenological modification to the proposed
equivalent circuit, to give the form shown in Figure 3.5.2.

3.4.4 Dielectric Dispersion in Geologic Materials

The interpretation of the electrical behaviour of clay/rock
electrolyte systems which display a frequency dependent conductance has
been widely based on the formalism of a lossy dielectric (78,80,105,204).
This has been the subject of much debate since the magnitude and time
constant of "dielectric dispersion" in geological material, are many
orders of magnitude larger than for such dispersion processes in
electrolytes. However, the dispersion observed in non-mineralised
geological systems is not inconsistent with NLD dielectric dispersion
observed in glasses or viscous electrolytes.

Fuller and Ward (80 ) consider geological materials to be
homogeneous dielectrics, and attempt to determine theoretically the
transfer function between the electromagnetic field (input) and current
(output). These authors define a complex conductivity and permittivity
and, making use of the time dependent Maxwell's equations and Fourier
‘transform techniques, obtain equations for the frequency dependent
permittivity and conductivity which they demonstrate to be not
inconsistent with experimental results.

This approach however is purely phenomenological and is not a
basis for concluding that the I.P. effect arises from the same translational
and rotational relaxation processes as does dielectric polarisation.
Indeed the complex dielectric formalism merely provides a means of
describing two variables in one equation - just as the impedance formalism
does. There would seem to be little justification therefo;e in using the
concept of permittivity unless the material being examined fulfills the
classical requirement of a dielectric, for which the oscillation of fixed
charge only contributes to the polarisation vector, and thus €. Clearly
also, clay/rock/electrolyte systems are macroscopically inhomogeneous,
and the concept of a permittivity which is a bulk property of the system,
is not totally adequate.
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Throughout this work the measured electrical dispersion will be

expressed quantitatively and discussed, in terms of a complex impedance,

which requires no assumption regarding the causal electrochemical mechanism.

3.5 PROPOSED COURSE OF RESEARCH

The models discussed in Chapter 2 are those which have been proposed

to account for the I.P. effect of clay/rock/electrolyte systems. In no

case can the experimental evidence be shown to be in accord with the

models proposed, specifically because the evidence is limited and

imprecise.

The polarisation models discussed in Chapter 3 are those known to

occur in electrochemical systems, With the exception of Membrane

Polarisation and NLD Dielectric Polarisation, the mechanisms for these

are well understood, but the applicability of any or all of these to the

effect known as Induced Polarisation, is not known.

It is hoped to extend the conclusions of this thesis beyond the

phenomenological determination of an equivalent circuit for the I.P.

effect, and obtain information about the underlying electrochemical

mechanisms. To this end the models and mechanisms of polarisation

discussed contribute no more than possible avenues of exploration, since

no mechanism or equivalent circuit has been shown unambiguously to

represent the I.P. effect. The method by which this problem will be

approached is as follows.

1)

2)

3)

4)

To make precise, wide frequency band impedance measurements on
laboratory model clay/rock/electrolyte systems.

To determine a simple two terminal equivalent circuit which describes
the electrical properties of such systems.

To determine the dependence of the parameters of this equivalent
circuit on such physical properties as are readily adjustable (e.qg.
electrolyte type and concentration, pore size, temperature, clay
type etc.).

From the physical dependence, to determine an electrochemical model
which may be used to make quantitative predictions about the I.P.
effect of geological systems.
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The culmination of this work must necessarily involve wide
frequency band impedance measurement of real earth systems, in order
to examine the predictions of an electrochemical model. This however

is beyond the scope of the present study.



Section

I

Experimental



32.

CHAPTER 4 THE MEASUREMENT OF IMPEDANCE

4.1 PRELIMINARY EXPERIMENTATION

4.1.1 Introduction

Observations of the Induced Polarisation effect may be made in
the time or frequency domains. Field studies are most commonly conducted
in the time domain, frequency.domain observations being limited to
"resistance" measurements at two discrete frequencies.

There are however, significant practical advantages to be gained
from conducting laboratory investigations in the frequency domain. The
most important advantage is that the electrical parameter obtained in
the frequency domain, the impedance, is associated with a well defined
and understood formalism. In addition techniques for bridge measurement
of impedance have been highly developed, and the precision with which
such measurements can be made, is significantly greater than for
comparable time domain measurements.

It was decided to conduct measurements in the frequency domain.
Since the characteristic frequency for the I.P. effect ranges from 0.1
to about 10 Hz, it was necessary to devise a system to measure the
impedance from effectively D.C. to perhaps 1 k Hz. The first technique
employed, involved determining the magnitude of the impedance |Z|, and

the phase angle between the current and voltage ¢, since

Z =R + jX,
= |2|cos ¢,
X = Ilein ¢

This was accomplished initially using a twin beam oscilloscope to
compare the magnitude of the voltage drop across the cell lvcelll' and

across a non-reactive resistance (R) in series with the cell IVRI.
12| = |v g, [R/|Ve]

¢ can be determined directly from the phase difference between the

two traces.
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This technique was limited by the resolution of the oscilloscope,
however sufficient information was obtained to conclude that a four
terminal configuration is imperative, as electrode polarisation effects

completely masked any membrane polarisation present.

4.1.2 Four Terminal Measurement

With a four electrode cell*, the measurement of impedance was
improved by using a two channel chart recorder (Kipp and Zonen BD 9)
to observe Ivcelll and IVRI below 1 Hz, and a digital multimeter (Fluke
8000 A) above 10 Hz. The phase angle was measured by using the zero
crossing points of Vcell and VR to gate an electronic counter (Heath
EU-805). This system has a precision of 0.1% for R and 1% for X between
10.-3 and 102 Hz, the limitation being measurement of ¢ at high frequency.

A number of measurements were made on ion exchange resin, and
clay four terminal cells. While resins showed a considerable impedance
dispersion (a reactive component of a few hundred ohms in a total impedance
of a few thousand ohms), clay cells displayed only one tenth or one
hundredth of this dispersion. For the clay cells a large non-reactive
resistance appears in series with the frequency dependent impedance. This
non-reactive component being 10 or 100 times as large as the component of
interest, the precision with which the reactive component can be measured
is significantly reduced. It was also clear, particularly for clay cells,
that the impedance dispersion is not complete at 100 Hz>and a greater
bandwidth is required.

The limitations of bandwidth and precision together with the fact
that impedance data was not available from the chart recorder above 1 Hz
and from the digital voltmeter below 10 Hz, thus leaving a very important

decade unmeasured, prompted the search for an improved measuring system.

* The two pairs of electrodes were Ag/AgCl which are reversible to
chloride, and platinised platinum which are known to polarise little
(99). 1In a two terminal configuration however, Ag/AgCl electrodes
polarised significantly (more than 1%) above 100 Hz and platinised
platinum electrodes polarise below 500 Hz. 1In a four terminal
configuration, platinised platinum was used for the current electrodes,

and Ag/AgCl for potential.
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FIGURE 4.1 * BERBERIAN- COLE Low Frequency
Admittance Bridge
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It should be noted at this point that neither conventional nor
transformer ratio bridge measurement can be made directly on a four
terminal cell. Also, there are no commercial systems for impedance
measurement in this low frequency range, and systems of limited precision
have appeared in the literature only in the last few years (10,18 ,19,
30 , 39,67 ,68). None of the systems reported meet the criteria of
bandwidth (better than 0.01 to 103 Hz) and resolution (better than 0.1%
for R and X) necessary to characterise adequately an equivalent circuit
for clay/rock/electrolyte systems. The system proposed by Berberian
and Cole (19 ) and modified by Gammell (81 ) however, proved to be very

successful after extensive development.

4.2 BASIC THEORY OF A BERBERIAN-COLE BRIDGE

The complex admittance* measuring system proposed by Berberian
and Cole (19 ) in 1969 differs from a conventional bridge in that active
circuits are used as bridge elements. The system can be described as
a bridge only in the sense that resistive and capacitive standards are
varied in order to produce an output null, and at this null the values
of the resistive and capacitive standards have some fixed mathematical
relationship to the sample R and C. _

The operation of a Berberian-Cole bridge is shown in Figure 4.1.
Briefly, the voltage developed acr&ss the sample is inverted and one
fraction (0./10) fed through a resistor to the summing point (s) and
another fraction (B/10) fed through a capacitor to s, to be combined
with the unknown sample current. Balance is obtained by varying the
real (0/10) and orthogonal (B/10) fractions until the summing point
voltage, Vs = 0. Berberian and Cole use a tuned amplifier and an
oscilloscope as a null detector, and a picoammeter and filter at low

frequency. The bandwidth stated is from 0.0l to 1 k Hz.

* The complex admittance vector,
Y =A+ jB

is the reciprocal of the complex impedance
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This system is subtle but suffers from a number of significant
disadvantages which result in a resolution much worse than the 0.1l% required.
1) Since the summing point is at ground potential only at balance, the
current through the sample varies with ¢ and B.

2) All four terminals of the cell must be floated at large resistances
from ground with resultant noise problems.

3) The resolution is significantly limited by taking the reading from

the bridge as the setting of two potentiometers, because of the limitations

of linearity and reactivity of even 10 turn helipots.

4.3 A MODIFIED BERBERIAN-COLE IMPEDANCE BRIDGE

With the limitations of the Berberian-Cole system in mind, a
number of modifications were proposed and over a period of two years
three bridges were constructed with increasing bandwidth and resolution.

Limitation (1) above is basic, and a simple modification to
provide an invariant cell current to the summing point is to use a
second amplifier to observe the voltage across a non-reactive resistor
in series with the cell and to drive a voltage to current converter
(a second non-reactive resistor) to the summing point. This procedure
allows one of the cell current electrodes to be connected to ground
(see (2) above). The first bridge constructed used this system.
Resolution of the potentiometers was increased by using a 1 k 10 turn
helipot in series with a 9 k § resistor as a voltage divider. This
proved to be unsatisfactory as a number of range switches must be
employed which cannot be maintained internally calibrated to 0.1%.
Bridge 2 used external decade resistance and capacitance standards as
voltage to current converters and this proved very satisfactory.

Bridge 3 operates in a similar fashion but the amplifier gains were
made variable to allow a wider range of impedance to be measured.*

The bridge to be described in the following sections is the

final modification (Bridge 3 Mark II), and it is with this bridge that

* An additional design criterion is the range of impedance to be
measured. The cells used in this study have impedances between

100 € and 100 k @, with a maximum reactive component of about 10%.
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all impedance determinations reported in this work were made.
The bridge operates as shown in Figure 4.2.
From Figuré 4.2
R". B 1+3jwCR

1
=) (3 ( ————— )R [1]
R R 1+ (“’CRl) 4 =L

z = (
thus the impedance is proportional to R"/R', B/A and R, as well as
being dependent on C and w. It is imperative therefore that Rl’ R' and
R" be non-reactive, and Sullivan 0.1% non-reactive resistances were used
throughout. For R1 two Sullivan non-reactive decade boxes were used
connected in series to span 8 decades of resistance. The calibration
for these decade boxes is shown as Appendix 4.1. The resistive and
cépacitive components of R' and R" were measured at 1592 Hz (using a
Wayne-Kerr B331 Autobalance Bridge), and the resistor discarded if the
resistance or reactance was more than 0.05% from the prescribed value.
For the capacitance standard a Hewlett Packard 4440B capacitance
decade box was calibrated (see Appendix 4.2) and used.

Since the gains, A and B, appear as a ratio in equation (1),
it is desirable that the amplifiers A and B be identical, and that R"

is the same magnitude as 2 so that the input voltages to the two

amplifiers aré similar. Izeiiould be noted that while amplifier B may
have one terminal connected to ground, amplifier A cannot. Also, the
input impedance to both terminals of A must be high (greater than about
lO9 ) so as not to load the probe electrodes.

Amplifiers A and B are the most critical components of the
bridge, and the frequency and temperature dependence of B/A will determine
the accuracy with which impedance can be determined. The device
ultimately chosen for Aand B was the Analog Devicés Instrumentation
amplifier AD520K, and these have proved most satisfactory. Pertinent
specifications are included in Appendix 4.3.

Figure 4.2 is grossly overéimplified and in order to construct
a practical bridge the followin§ factors must be considered.

The cell to be tested is invariably enclosed in a constant
temperature bath (see section 4.5.1) which necessitates the use of
relatively long leads to connect the cell to the bridge. Two problems

arise as a consequence of this.
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FIGURE 4.2 -+ Modified BERBERIAN-COLE Impedance
Bridge
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1) Noise pick-up - primarily 50 Hz mains.

2) Capacitive coupling. A variety of capacitive couples are possible -
chief amongst these being coupling between the probe electrodes, coupling
between each of the probe electrodes and the bath wall, and coupling
between the inputs to amplifier A and the inputs to amplifier B.

The result of (1) above is to reduce the precision available,
as the sensitivity of the null is ultimately determined by the noise
present at the summing point. The result of (2) above is to reduce the
accuracy at high frequencies* and hence to reduce the bandwidth. To
reduce the effects of stray capacitance and noise is the only major
difficulty in the utilisation of this form of bridge.

Two techniques eventually employed to achieve a reduction were,

i) to use input voltage followers** within the constant
temperature bath as close as possible to the cell, to drive the cable
to the bridge, and

ii) to make extensive use of double coax*** cable and connectors.

Using these techniques it was possible to reduce the noise at
the summing point by an order of magnitude, and to increase the practical
upper limit of impedance measurement from 2 k Hz to above 10 k Hz for a
typical cell (Z = 10 k Q).

It is necessary also to employ voltage followers after the outputs
of amplifiers A and B in order to reduce coupling between the bridge
circuit elements, and to reduce errors in the voltage to current conversion
acroés these elements caused by the relatively high output impedance of
2 Q@ (see Appendix 4.3) of the AD520K. Figure 4.3 incorporates these

modifications.

* For a capacitor
Z = -j/uC, W = 2T X frequency
As frequency increases capacitive shunts reduce the apparent cell
impedance and couple the inputs of amplifiers A and B.
** A voltage follower is a unity gain amplifier having'é high input
impedance and low output impedance.
*** This cable has two coaxial sheaths, insulated from each other and

from the central conductor. It is often referred to as triaxial.
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FIGURE 4.3 Schematic Diagram of Bridge Circuitry
(Bridge 3 Mark II)
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4.4 DESCRIPTION OF BRIDGE

4.4.1 Input Followers

The four input followers and R" were enclosed within a die cast
alloy box and placed inside the grounded constant temperature bath. Short
(approximately 10 cm) leads connect the probe electrodes of the cell with
one pair of input followers. The inputs of the other pair of voltage
followers are connected to each side of R" which is mounted on the same
circuit board as the voltage- followers. Each pair of followers drives
the central conductor and first sheath of a 1 m double coax (Suhner G03332)
cable which terminates at the bridge. The outer sheaths of both cables
are connected to the metal box enclosing the followers, and to the ground
of the bridge itself. Double coax connectors* (Suhner 11-BNT-50/23-BNT-50)
were used at both ends of the 1 m double coax cables, and also for the
oscillator input in order that the oscillator could be isolated from the

bridge ground if necessary.

4.4.2 Bridge Circuitry

The double coax cables from the voltage followers terminate at
the chassis of the bridge and coax is carried inside the chassis to the
inputs of the instrumentation amplifiers. This system significantly
reduces noise pick-up - primarily because the cables are driven from
a very low impedance source, but also because the inputs to A and B
are coaxial from the voltage followers and noise induced on either
cable will sum to zero at the output of the differential amplifier.

All circuits within the bridge were constructed as plug-in
modules for ease of modification and to reduce coupling between the
various groups of elements.

All voltage followers are 14 pin dual in line National LM310D
integrated circuits (see specifications Appendix 4.3). This device has
a bandwidth at least 100 times as wide as the instrumentation amplifiers

and a typical gain of 0.9999, thus the use of this voltage follower does

* These connectors will henceforth be referred to as BNT plugs or

sockets. The T stands for the misnomer "Triax".
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not degrade the performance of the bridge significantly. The circuitry
associated with the voltage followers is as shown in reference (154).

1 k Q Braun "helitrim" potentiometers were used throughout to allow a
precise D.C. offset voltage adjustment.

The bridge circuitry is housed within a silver plated 16 gauge
brass box which contains partitions for extra rigidity and to provide
additional shielding (see Figure 4.4). Gammell (81 ) who has constructed
a high precision Berberian-Cole bridge, stressed the importance of a
rigid chassis and has stated: "Any movement of the conductor will cause
interference, and such vibrations will be within the frequency range of
the measurements."

In order for the chassis to function as an electrostatic shield,
it must be a good conductor and have a very good surface conduction to
ground. Silver plated brass fulfills the criteria of conductivity and
rigidity well, and proved far more satisfactory than 16 gauge aluminium
which is not rigid and for which it is extremely difficult to obtain a
reliable ground.

The power supply to the bridge is a +15 V regulated D.C. supply.
It was found necessary to mount the voltage regulator on a separate
chassis and to keep it well separated from the bridge in order to reduce
50 Hz A.C. pick-up. Feed through capacitors to ground are used within

the bridge D.C. entry compartment.

4.4.3 Instrumentation Amplifiers

The connection diagram for one AD520K is shown in Figure 4.5.
Amplifiers A and B are identical in all respects. Four gains (1, 10,
100, 1000) are independently switchable for each amplifier using two
Beckman 4 pole 5 position thermocouple switches. Gain is set initially
by adjusting the resistors in the switched resistance networks. With
the exception of the variable resistances which are Braun helitrims of
values stated, all resistors in these networks are i% metal oxide
resistors - chosen for their low reactivity and relatively low temperature
coefficients.

Figure 4.6 shows a calibration of the gain for amplifiers A and

B as a function of frequency and output voltage.
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FIGURE 4.4 Impedance Bridge
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FIGURE 4.5 : Connection Diagram AD 520 K
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The switch shown is a Beckman 4 pole 5 position Thermocouple Switch.
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Figure 4.6
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4.4.,4 Primary Voltage Followers

Two groups of voltage followers follow the output of both A and
B. The first group (primary followers) provide signals for the fixed and
l,.C, R' and C'. Rl and C are driven from the
followed output of A and are connected to the front panel of the bridge

variable bridge elements R

via double coax cables and connectors in a three terminal configuration.
High potential is the central conductor, low potential (the current
return path) is the first sheath, and the outer sheath is connected in
each case to the chassis of the variable bridge element and to the
bridge ground. In addition to the two double coax front panel outputs
having a potential identical to the output of A, a further output having
a potential of 0.01020 A is provided by using a simple voltage divider
network (using 1% metal oxide resistors) and following the fractional
voltage to provide a low impedance output. This output is primarily
utilised in measuring very small capacitances - in this case C is
connected to the reduced potential output.

Three primary voltage followers also follow the output of B.
1) The first of these drives R' which is a 100 k 2 0.05% non-reactive
Sullivan resistance mounted on the output follower card.
2) The output of the second voltage follower is a continuously variable
fraction of 0.1389 B produced from a voltage divider consisting of a
4.2 k 0 metal oxide resistor in series with a Beckman 1 k 10 turn
Helipot. The fraction is read out on a Braun three figure digital

duodial, and

Voltage follower output = 1.389:|:10_4 B x dial reading

This output is controlled by an internal switch and either drives a front
panel double coax connector, or a fixed 1027.26 pF* polystyrene capacitor.
The bridge normally operates in this latter mode, and the product of the
attenuation and the capacitance is known as C'. C' is used to offset the
cumulative effects of stray capacitance at high frequencies (see section
4.6.2).

* As measured at 1592 Hz on a Wayne-Kerr B331 Autobalance bridge.
Polystyrene was selected because of the very low leakage current

in this material.
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3) The third primary B follower drives the last of 5 front panel
double coax connectors. This terminal is used to measure large

inductances (see Figure 4.3).

4.4.5 Secondary Voltage Followers

A group of secondary followers provide auxiliary outputs for

a variety of purposes associated with bridge balance (see Figure 4.3).

4.4.6 Output Voltage Follower

The bridge out of balance signal is taken from the summing point
which corresponds to the low potential side of the bridge elements R, C,
R' and C'. As such the central sheath of the 5 front panel double coax
sockets are connected together and to the low potential side of R' and
C' at the high impedance input of the output voltage follower. This
circuitry together with R' and C', and the C'/front panel switch comprise
the output follower module which is mounted within a partition and
isolated from the rest of the bridge. Since at balance the summing point
is at ground potential, it is not necessary to take particular precautions
with the connecting cable, but it is advisable to employ an output
follower to follow Vs (the summing point voltage) to reduce the possibility

of noise pick-up along the cables to the detectors.

4.4.7 Combination Output Filter

Despite extensive precautions to reduce noise, for a typical cell
and using gains of 100 for A and B, the output follower signal at balance
is composed of up to 2 mV of 50 Hz A.C. pick-up and a similar amount of
high frequency noise (see section 4.5.7). 'To alleviate this problem a
50 Hz regenerative notch filter together with a 2 pole 12 db/octave
Butterworth low pass filter was employed (see Figure 4.7). This 3 db
point for the low pass filter was adﬁustable from 5 to 15 k Hz, with
the high frequency roll-off normally set to occur outside the frequency

range to be measured.
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FIGURE 4.7 - Combination Output Filter
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4.5 AUXILIARY INSTRUMENTATION

4.5.1 Constant Temperature Bath

The temperature coefficient of the resistance of a range of clay
and resin cells was observed in the vicinity of 30°C and found to conform
roughly to a 2.5% decrease in resistance per K. Thus if a precision of
+0.01% is to be achieved, temperature must be stable to within +0.004 K.

A Tamson constant temperature bath was utilised to thermostat all
cells, using Tellus 11 light hydraulic oil as a bath fluid. This oil has
a flash point of 94°cC.

Two modifications to this bath were necessary in order to obtain

adequate long and short term temperature stability.* The first modification

was to employ a large volume centrifugal pump for additional mixing - the
stirrer provided in the bath being inadequate for the oil which is
relatively viscous (6 centipoise) in the vicinity of 30°C. The second
modification was to thermally protect the mercury contact regulator
thermometer by pumping oil from the thermostat bath through a specially
constructed enclosing cylinder. In addition a 16 gauge aluminium top was
constructed to complete the electrostatic shielding of the cell.

The combined effects of Joule heating from the bath s?irrer and
auxiliary pump, and good lagging in the bath, make cooling necessary
when operating below 35°C. This cooling was normally provided by passing
a regulated flow of mains supply water through a cooling coil installed
in the bath; By judicious control of the flow of cooling water and the
power available to the control heating element, long term stability
(days or weeks) of better than +0.005°C, and short term stability (hours)
of better than +0.002°C was easily obtained.

4.5.2 Function Generator
The device chosen to provide a sine wave to the cell for impedance
measurement was a Brookdeal type 471 Signal Source. This device is

essentially a conventional function generator coupled with a tracking

* Measured using a Wayne-Kerr B33l Autobalance bridge and a calibrated

platinum resistance transfer standard.
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Band Pass filter. The purpose of this filter is to reduce second and
higher order harmonics which normally are a significant component of a

sine wave produced by shaping a triangular waveform. This feature is

of some significance since the Phase Sensitive Detector used as a null
detector (see section 4.5.7) provides no rejection of odd order harmonics
and serious displacement of the balance point can result if the harmonic
content is high. Brookdeal states (34 ) that the total harmonic distortion
is less than 0.05% between 1 Hz and 10 k Hz.

The signal source has a total bandwidth (with increased distortion)
of 0.001 Hz to 11 M Hz. It also provides a 14 position precision
attenuator with continuous vernier between ranges up to 3.16 V R.M.S.,
can provide output sine or square waves, and operate in a grounded or
floating mode. In the "EXTERNAL" mode the signal source is voltage
controllable.

4.5.3 Counter

An electronic counter (Hewlett Packard model 5245L - 8 digit)
was used to measure the frequency accurately. The counter is used in a
period average mode and the frequency is determined as 106/(period in
micro-seconds). In view of the stated accuracy of the crystal oscillator

(0.02 ppm - ref. 93) calibration was not necessary.

4.5.4 Decade Resistance and Capacitance Standards

Rl consists of the series resistance of two Sullivan 0.1% non-
reactive decade boxes, which combined cover a resistance range of 1.1 M Q
with 0.01 Q resolution. C is determined as the setting of a Hewlett
Packard 4440B decade capacitance with a capacitance range from
40 pF to 1.2 UF, with 2 pF resolution.

Calibrations for Rl and C are presented in Appendices 4.1 and 4.2.
The relatively large (0.5%) reactive error for large value of R1 shown
in Appendix 4.1, is effectively removed by the operation of C'

(see section 4.6.2).
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4.5.,5 Digital Multimeter

A Hewlett Packard 3465A, 4% digit multimeter was utilised in
conjunction with a double polé double throw switch on the back panel
of the bridge to observe the A.C. and D.C. components of A and B. This
device has a maximum sensitivity of 1 uv D.C. and 10 UV A.C.

The initial setting up procedure for the bridge utilises this
meter extensively in order to set the D.C. offset voltage for each of
the voltage followers and the four gains for each instrumentation

amplifier, to their prescribed values.

4.5.6 Oscilloscope

Two techniques were used to determine bridge balance. A
Lissajous Figure null using an oscilloscope was used as a coarse
adjustment because of the speed and visual simplicity with which this
could be done. The oscilloscope used was a Philips PM 3232 twin beam

- with maximum sensitivity 2 V/cm.

4.5,7 Phase Sensitive Detector

The fine adjustment to a position of final bridge null is performed
using a Phase Sensitive Detector (P.S.D.) as a null device. The
instrument chosen was the Princeton Applied Research (P.A.R.) Model 129a,
two phase/vector lock-in amplifier.

Since the P.S.D. is the central component.of the null detection
system it is worthwhile briefly investigating the operation of this device
in order to understand its utility in such an application, and its
limitations.

A P.S.D. functions by modulating the input signal with an external
reference. This modulation can be considered to function by multiplying
the input signal by +1 when the reference input is "high" and by -1
when the reference is "low". For an input signal of the same frequency
as the reference the result is shown in Figure 4.8 for in phase and

quadrature signals. If the time average is taken by passing the modulator
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output through a low pass filter, the result will be a positive D.C.
voltage for an in phase signal, but the out of phase signal will time
average to zero. An A.C. signal of the same frequency as the reference
is known as synchronous, and the D.C. output from a P.S.D. is proportional
to the R.M.S. value of the in phase component of a synchronous signal
applied to the input.

The real power of phase sensitive detection is however in its
treatment of asynchronous (noise) signal, of which there are two broad

categories.

1) Random Noise
a) White noise is generated by the motion of electrons in a
resistor. This is known as Thermal Noise and is the least amount of

noise that can accompany any signal. Its value in volts R.M.S.is given

by
Eg= (4% TB Rs)”
where k = Boltzmanns constant
T = Temperature
B = Bandwidth of measuring system
Rs = Source resistance

To this, each amplifier contributes noise according to its noise factor

(NF, usually quoted in db), and the total thermal noise is given by

E, - L[4k TB RS)E x 10NF/2°]
for all amplifiers in series.

Since the output of the bridge is derived from three LM 310D's
(B = 20 M Hz), one AD 520K (B = 150 k Hz) and a variety of resistors
(and capacitors) in series, in addition to the noise generated within

the P.S.D. itself (Ref.166, p. IV-8), this noise is of some significance.

b) A second type of random noise is known as flicker noise or
1/f noise and has a noise power proportional to the reciprocal of
frequency. This noise is of some significance therefore for low

frequency measurements.

2) Spurious A.C. Noise

a) The most common form of A.C. noise is 50 Hz mains pick-up

which may be of the order of hundreds of millivolts superimposed upon a
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test signal, unless major efforts are made at shielding and ground
loop supression.

b) The other common form of A.C. noise is harmonic distortion
originating in the function generator or caused by non-linearity in

the system under test or subsequent amplifiers.

Since the D.C. component of random noise and asynchronous A.C.
noise is zero, the effect of the synchronous modulator and low pass filter
combination is to reduce the effects of such noise (theoretically)
to zero. The one exception to this is the effect of odd order harmonics,
since the modulator output for these does not time average to zero (see
Figure 4.8).

The P.A.R. Model 129A P.S.D. used in this study simultaneously
measures the in phase (real) and quadrature (imaginary) components of
an input voltage. This is accomplished by generating a reference signal
at 90° to the input reference, to drive the quadrature synchronous
modulator (and low pass filter).

This instrument is an exceptional null detector. Using output
time constants of the order of 1 to 10 seconds, full scale sensitivities
of 10 WV were routinely available without the use of input filtering.
Input filtering was sometimes required however to prevent overloading of
the inputs. Such filtering can also be employed to lessen errors caused
by the presence of odd order harmonics.

The stated bandwidth is 0.5 Hz to 100 k Hz, but reliable
measurements have been made down to 0.2 Hz. P.S.D. nulls down to below
0.1 Hz were accomplished using a Brookdeal 9412 P.S.D. with a stated
bandwidth (34 ) of <0.1 Hz to 3 M Hz. This device will measure only
one component and in phase and orthogonal reference signals must be
switched to adjust the real and imaginary components of the bridge output
voltage to zero. Due to the settling time of the P.S.D. this technique
takes much longer to find a bridge null. In addition the sensitivity

of the Brookdeal P.S.D. is much less than the P.A.R. device.

4.5.8 Two Channel Recorder

A Kipp and Zonen BD 9 two channel chart recorder was invariably

used in order to balance the smoothed D.C. output from the P.S.D. to zero.
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One channel was used for each of the real and imaginary components of
the out of balance signal. This technique is imperative particularly
when operating the bridge at low frequencies and hence with long output
smoothing time constants (10 to 100 seconds).

This chart recorder was also utilised for direct measurement of
the magnitude of the impedance (see section 4.1.2) at frequencies below
1 Hz. To do this the output of amplifier A is fed into channel A of
the chart recorder, and the output of amplifiei B to channel B. The
peak-to-peak voltage on the chart recorder can be determined to within

0.1%, and thus

v, =21 |z] V,=BIR"

where A and B are the gains of amplifiers A and B respectively.

AV,
- 8 v
|z] = 5V, R" +0.2%

The phase angle ¢ can also be determined directly from the chart, but

with a precision not less than 1° (i.e. *0.5%).

4.6 FOUR TERMINAL IMPEDANCE MEASUREMENT

4.6.1 Introduction

The description of the bridge to this point has contained a
great deal of emphasis on resolution, bandwidth and noise, but little
quantitative information has been conveyed as to what limits of these
are necessary or acceptable. The reasons for this are twofold. Firstly
the bridge described in detail is the result of some two years development,
this particular bridge having had two less sophisticated predecessors.
Preliminary measurements have been made using these bridges to observe
the impedance of four terminal cells containing ion exchange resins,
clay and electrolyte, as well as dummy RC combinations. These measurements
have indicated the need for a greater bandwidth, more resolution and less
output noise without indicating any quantitative constraint.

The second reason is more fundamental, and is also the reason
why the bridge and its peripherals have been described in such detail.

Research into low frequency membrane polarisation is essentially open
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ended. Once a satisfactory equivalent circuit has been developed for
the impedance dispersion of membrane systems then impedance measurements
may be made to obtain information regarding ion movement, ion-ion
interaction, double layer structure, ion exchange etc., in these systems.
This information can only be obtained by making high precision, wide
bandwidth, low frequency measurements, and the limits of precision will
determine the limits to which electrochemical systems having relatively
long relaxation times can be understood.

The types of system that can be subjected to low frequency
impedance analysis are large in number and in importance, and include
most dielectric processes in solids ( 47, 48, 95,121,167 ) and viscous
liquids ( 82, 146, 207) as well as many Faradaic electric processes
(6, 7, 8, 9, 10, 67, 68, 119, 120).

Because of the significance of this technique, the development
of a high precision, low frequence impedance bridge has been treated as

a major part of this thesis.

4.6.2 Technique

In order to determine the impedance dispersion of a sample in a

four terminal cell, the following procedure is employed.

1) Current: A variety of cells including_resin,‘clay, latex and
electrolyte only, were tested to determine the effect of cell current
on the potential drop across the cell. These cells displayed an
essentially ohmic behaviour up to current densities as high as

1 ma cm_z. Field IP surveys,however,utilise current densities of the

- -8 -2
order of 10 » to 10 A cm (204) , and Scott and West (181) have shown

the upper limit of linearity in geological materials to be 10_5 to 10-6 A cm

As such the current has been kept below 2x10_6 A cm"2 wherever possible,
to ensure linearity, and in an attempt to conform approximately to field
conditions.

Using the digital multimeter to measure A.C. volts the current

is set to the desired value by observing VB*.

* = "
vB 8 Icell B

-2
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2) Gain: Because the bandwidth decreases and the common mode rejection
increases with increasing frequency (see Appendix 4.3), the bridge
performance is maximised if A = B = 100. However, if the cell impedance
is outside the range 1 to 10 k {, the gains must be adjusted to keep

1 <
Vp ® Vg (£2 V R.M.S.).

3) D.C. Balance: After the current and gain have been adjusted, the

multimeter is set to D.C. volts and used to observe the D.C. component
of VA and VB alternately. These are adjusted to zero using the bridge
front panel potentiometers (Figure 4.4), and are kept at 0%l mV during a

run.

4) Stray Capacitance Balance: As stated in section 4.4.4 stray

capacitances are balanced out using C' at a high frequency (normally

11 k Hz) above which the impedance dispersion of the sample is assumed

to be zero. With C disconnected the bridge is balanced by adjusting

the real and imaginary out of balance signals to zero using C' and Rl.
This determination is not used as a data point but R1 and C' are recorded
to check for subsequent drift. Frequency is recorded from the counter

as the average period in micro-seconds (i.e. 106/f).

5) A.C. Balance: C is now connected and data points obtained by balancing

the bridge using C and R, at the frequencies of interest. C' is not

touched. Data is normaliy obtained at 1/6th decade intervals,
corresponding to frequencies of (1.5, 2.1, 3.1, 4.5, 6.5, 9.5)x10n, where
n=-1, 0, 1, 2, 3. After six determinations C is disconnected and the
frequency returned to the high frequency limit, where the bridge is

re-balanced using Ry and C', to check for drift.

4.6.3 Conversion from Bridge Data to Impedance

The condition of bridge balance is derived in Figure 4.2 and must
be used to determine the cell impedance from the bridge data (Rl, C and

lOG/f).

2
L [2]
1+ (wCR, )

gvg  Rp~JuCR
Z_

T R'A
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Thus R
"
R-EB 1 (3]
1+ (WCR,)
1
2
" CR
X = 11:'2 1 5 [4]
1+(wCR1)

This conversion is normally conducted point by point as the run
proceeds using a Hewlett Packard HP 65 programmable calculator to determine
R, -X and w. In the first instance -X is plotted versus R, the form of
this complek impedance plane diagram being a semicircle with centre below

the real axis for all systems displaying a dispersion of impedance.

4.7 BRIDGE PERFORMANCE

4.7.1 Introduction

In specifying the performance of an instrument it is necessary

to define two general criteria.

1) Accuracy - used to denote the degree of systematic error by which
a measured value differs from the "true" value, (17).
2) Precision - used to denote the degree of random error in a measurement
(17 ).

For an impedance bridge these criteria must be specified for both
the real and imaginary components, and both are'necessarily non-simple
functions of the limitations of the bridge components and input/output

devices.

4.7.2 Accuracy

From equations [3] and [4], R and X may be seen to depend on the
fixed and variable bridge elements (Rl’ R', R" and C), on the instrumentation
amplifier gains (A and B), and on the angular frequency (w). Thus the
combined systematic error or error in calibration of these components, will
determine the accuracy with which R and X may be determined.

The bridge elements have been calibrated and these are presented

in Appendices 4.1 and 4.2. Since it is possible to determine w to eight
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places if required (section 4.5.3), the errors in this term are
vanishingly small, The calibration of A and B is readily accomplished
to within *0.01% at any frequency, however since these are active
devices, gain is a function of both frequency and output voltage
because of variable amplifier bandwidth and slewing rate (Appendix 4.3).
However, since A and B appear as a ratio and are identical devices,
amplifier non-linearities are partially compensated.

The most satisfactory way of specifying the accuracy of an
impedance measuring device is to make measurements on samples of known
impedance. This has been done and the results are presented in
sections 4.7.4 to 4.7.6.

Bridge accuracy is also determined by the magnitude of the

impedance being measured, for two reasons.

1) A and B are adjustable only over a range of 1 to 1000 (with reduced
accuracy at gain G = 1000). Thus if R is large, R1 must be large*, which
results in a decreased accuracy because of poor calibration of R1 in the
higher ranges (Appendix 4.1).
2) The differential (and common mode) input impedance of the bridge is
of the order of 1012 Q (Appendix 4.3). Thus in order to maintain an
accuracy of, say, 0.1%, the impedance being measured must be less than
109 Q** to prevent errors due to the amplifier input impedance forming
a resistive shunt.

In practice the first limitation is more significant-and limits
the range of impedance measurement to about 106 for the bridge circuit

shown in Figure 4.3. The lower limit of impedance measurement is

determined by the bridge precision.

4.7.3 Precision

Two major factors contribute to the precision with which R and X
may be measured.
1) The bridge resolution is directly determined by the resolution of the

variable bridge elements R1 and C. However, the maximum resolution of

* R' and R" are fixed resistances which may be adjusted only by replacing
these elements with further non-reactive resistances.

** This value is effectively independent of frequency up to 105 Hz (154).
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1 part in 108 for R,, and 2 parts in 106 for C, seldom impose any

’
limitation on bridg; operation.

2) The major limitation is the precision with which the bridge null

can be determined. This is determined by

a) the ratio of the bridge out of balance voltage (VA + VB),
to the sensitivity of the null detector, and

b) the total asynchronous bridge output voltage (or noise - see
section 4.5.7) observed at the detector.

The two null detectors used are an oscilloscope (section 4.5.6)
and a P.S.D. (section 4.5.7). Since an oscilloscope is a wide-band
device, the effective noise rejection is small and the available precision
is consequently reduced. The P.S.D. however has an excellent noise
rejection and is capable of tracking a synchronous signal in 100 db
of asynchronous noise (166). Using the P.S.D. as a null detector the

precision available is of the order of

1l part in 10  for R between 1 and 104 Hz,

1 part in 10~ for R between 0.1 and 1 Hz,

1 part in 10 for X between 1 and 103 Hz.

for X between 0.1 and 1 Hz.

1 part in 10~ for X between 103 and 104 Hz J*

1 part in 10

w w b w b

For very low cell impedances, the cell voltage (for a particular
current) is small, but the noise which primarily originates within the
bridge is not correspondingly reduced. This effectively imposes a lower
limit of impedance measurement for which the precision is greater than

the accuracy, of about 10 @ for R, and 0.1 Q for X.

4.7.4 Non-Reactive Dummy Cell

Measurements of the four terminal dummy cell shown in Figure 4.9
were performed in order to determine the accuracy of bridge measurement

as a function of frequency, input voltage and amplifier gain.

* Since X « WC (see equation [4]), at high frequencies the precision

is limited by (1) above.
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Figure 4.9

N.R = NON REACTIVE

The results are most conveniently expressed graphically, and are
shown in Figures 4.10 and 4.11 as a percent deviation from the prescribed
value of Izcelll = 104 Q for R and X. Bridge measurements were performed

as described in section 4.6.2.

4.7.5 Reactive Dummy Cell

A more representative dummy cell was constructed to approximate
the expected reactive properties of clay and resin cells. Bridge impedance
measurements were performed as described in section 4.6.2. The results
are given in Figure 4.12 together with the dummy circuit and its expected

response, and show an accuracy for R and X up to 2 k Hz of better than 0.1%.

4.7.6 Non-Reactive Cells

Before data can be utilised from impedance measurements made on
cells containing model clay/rock/electrolyte systems, it is necessary to
demonstrate that any impedance dispersion observed is not an artifact
of the measuring system, or of the cells used. This may be accomplished
by making bridge impedance measurements on cells containing materials for
which a ‘dispersion of impedance is not expected. A number of such

measurements were made on cells containing
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FIGURES 4.10 and 4.11 Bridge Measurements on
Non-Reactive Dummy Cell (Gain Error)
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Reactive Dummy Circuit

FIGURE 4.12
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1) Electrolyte alone.

2) Electrolyte/ground glass.

3) Electrolyte/glass spheres.
4)‘ Electrolyte/plastic spheres.

At frequencies bélowllo k Hz these systems all behaved non-
reactively within the accuracy of the bridge (Table 4.1), provided C'
was employed (sections 4.4.4 and 4.6.2)., If C' was not used the reactance
was observed to be positive at frequencies above 2 k Hz, increasing
to as much as 30% of the total impedance at 10 k Hz.

In addition measurements made on a number of systems expected
to display an impedance dispersion indicated a reactance only within the
limits of bridge accuracy. These include
1) Clay dispersed in electrolyte.

2) Plastic clay containing about 50% electrolyte,
3) Uncemented clay/glass/electrolyte systems (see section 5.1.5).

These results clearly indicate that any impedance dispersion
observed in model clay/rock/electrolyte systems, is a property of the

system and not of the measurement technique.

4.8 BRIDGE SPECIFICATIONS

- The considerations discussed in section 4.7, together with more

obvious electrical properties of the bridge, are summarised in Table 4.1.
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Table 4.1 Specifications of Impedance Bridge (Bridge 3 Mark II)

4.1.1 Electrical Properties

Power Supply +15 to 18 Vv D.C.
Current Requirements 100 mA
' Input Impedance 10?2 @ (Differential)
1012 2 (Common Mode)
Output Impedance - 0.7 9
Voltage Gain 1, 10, 100, 1000 Vv/V

4.1.2 Impedance Measurement

Real Imaginary Units

Range of Measurement 10 to 106 0.1 to 104 194
Precision
0.1 to 1 Hz 0.1 0.1 %
1l to 1 k Hz 0.01 0.01 %
1l k to 10 k Hz 0.01 0.1 %
Bandwidth*
A B Yy (0.1%) (1%) (0.1%) (1%)
10 10 1v 1 11 1 3 k Hz
10 100 lv 2 10 bk *% "
100 100 1lv 2 11 2 3 "
1000 1000 1V 2 8 1 3 v
100 100 0.005 vV 3 13 3 7 "
100 100 0.17 Vv 2 10 2 3 =
100 100 1.6 V ) | 8 2 3 "

* At the specified accuracy (%)

** Error in reactive balance due to missadjustment of C'.
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CHAPTER 5 MODEL CLAY/ROCK/ELECTROLYTE SYSTEMS

5.1 HISTORICAL

In selecting a laboratory model system from which to gain
information about induced polarisation in the earth it is desirable
that,

1) the system chosen displays a large and reproducible impedance
dispersion, and
2) the type of model cell is realistic in terms of the known physical

structure and impedance dispersion of non-metalliferous bodies.

Mayper (134) has demonstrated that the "normal" induced
polarisation effect is due to the presence of clays in rock pores
and a number of different types of laboratory clay model systems

have been employed by workers in this field.

5.1.1 Core Samples

Induced polarisation studies on clay-containing core samples
have been made by Collet ( 49), Henkel and Collins (91), Keller
( 5, 103, 104, 105), Mayper (134), Mohomed (143) and Fraser et al
(72). WwWith the exception of Fraser et al, all these studies have
been conducted in the time domain and the I.P. effect observed is very
similar to that observed in the field, both in magnitude and character-
istic relaxation time. Fraser et al ( 72) observed in the frequency
domain a small but similar I.P. effect.

Core samples however are subject to two major limitations which
make them far from suitable as model systems in a study concerned with
determining a mechanistic model for induced polarisation.

1) There is no control over the type and situation of clay, or the
pore geometry.
2) Electrode polarisation effects arising from very small amounts of

metallic contaminant may produce large induced polarisation errors (204).




67,

5.1.2 Compressed Clays

Clays compressed to reduce the water content have been the subject
of a limited number of studies. Marshall and Madden (127, 128,129,130,131)
studied the time and frequency domain response of kaolinite compacted
at pressures of from 1 kg cxn.2 to 2.75 kg cm-z. Mehran'(139) has
observed the frequency domain I.P, effect of illite kaolinite, and a
mixture of 50% kaolinite and 50% silica flour consolidated at
unspecified pressures, from 100 Hz to 100 k Hz. Arulanandan (12 )
observed the frequency domain response of consolidated illite grundite
and montmorillonite from 2 M Hz to 70 M Hz. In all three cases
conductivity dispersion occurs at much higher frequencies than is
observed in the field. Mehran observed a characteristic frequency of
106 Hz for kaolinite and Arulanandan about 2x107 Hz for montmorillonite,
compared with 10-l to 10 Hz observed in the field.

Compressed clay systems thus do not display a similar impedance
dispersion to that of non-metalliferous bodies, the observed
characteristic frequencies being much too high, however it is probable
that they are simply a limiting case of the system described in 5.1.5

(see section 2.3.2).

5.1.3 Clay Dispersions

A number of workers have studied the impedance dispersion of
colloidal clays in a range of electrolytes. Arulanandan (12),
Fricke and Curtis (76 ), Olsen (157), Schwan and Schwartz (180)
have observed the dispersion of conductivity and dielectric constant
down to as low as 10 Hz for a range of dispersed clay/electrolyte
system. As with compressed clays, dispersion occurs at higher
frequencies than are found in the field for induced polarisation. It
is also highly unlikely that a significant amount of clay would be in
a dispersed phase under the conditions of electrolyte concentration

typical for rock pores.
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5.1.4 Clay Membranes

A type of clay membrane was initially prepared by Marshall (126)
and has been developed by Bose (24), Adhikari (2) and Pain and
Mukherjee (162). The technique involves evaporating a clay suspension
to dryness. The clay is then cut into disks and heated to a temperature
as high as 600°C. The membrane that results is cation selective,
although not specific, and has properties similar to ion exchange
resin membranes and glass membranes (2). Impedance studies have not
been made on such a system but it is highly probable that an impedance
dispersion would be observed and that this would correspond to an
induced polarisation effect.

The obvious limitation of this technique is the need to fire the
membrane which might seriously alter the electrical properties of the
clay, and Mayper (134) observed that the I.P. effect of clay-containing
core samples became unmeasﬁrably small upon firing. However, Marshall
(126) observed that the membrane potential for a "membrane prepared from
calcium-saturated Wyoming bentonite showed little or no effect with

heat treatment from 300-600°C."

5.1.5 Clay Bonded to an Inert Matrix

In an attempt to simulate the assumed distribution of clay in a
rock pore network, Vacquier (197) formed a system of clay adhering to
a quartz sand by drying a kaolinite/sénd slurry, and rewetting. The
result was an open pored sand matrix cemented with clay, and with clay
adhering to the matrix surfaces. Vacquier made time domain measurements
of kaolinite/sand systems in a number of electrolytes, the results of
these being entirely consistent with field I.P. surveys.

A slightly more sophisticated technique was used by Wright
(137, 209) who dried clay onto a sintered glass matrix mounted within
a pyrex conductance cell, in order to make time domain induced'
polarisation measurements.

The situation of clay in a glass matrix corresponds closely to
that expected for clay in a rock pore, and the I.P. response of such
a system is consistent with that observed for non-metalliferous bodies.

It was proposed therefore to model clay/rock/electrolyte systems by -
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bonding clay onto an inert framework which can be perfused with

electrolyte.

5.2 THE CHOICE OF CLAY

Hypotheses for the origin of induced polarisation in non-
metalliferous bodies rely heavily on the fact that clays have an
extensive electrical double layer. It is reasonable therefore to
select a clay with a large surface area and ion exchange capacity to
maximise electrical effects ( 79). Furthermore the clay should be well
characterised and its important properties (cation exchange capacity,
cation preference, zeta potential, particle size, etc.) known.

Two types of clay were chosen. Preliminary studies were

conducted using Wyoming bentonite and later studies using laponite CP.*

5.3 THE PROPERTIES OF CLAYS OF THE WYOMING BENTONITE-LAPONITE
TYPE

5.3.1 Structure

Wyoming bentonite is a montmorillonite and laponite is a synthetic
hectorite type clay. Both are three layer clays having proposed
structures ( 86) similar to pyrophyllite for which magnesium, sodium
and lithium have been substituted for aluminium in octahedral sites
(see Figure 5.1). The central layer consists of these octahedrally
coordinated metal ions linked by bridging oxygen atoms to tefrahedrally
coordinated silicon atoms in the outside layers. The layers are
continuous in the a and b directions (Figure 5.1) and are stacked one
above the other in the c¢ direction. Montmorillonite_is dioctahedral
since only two out of every three octahedral sites is occupied, while
laponite is trioctahedral as essentially all octahedral sites are

occupied.

* Trade name for a synthetic material marketed by Laporte Industries
Ltd, Redhill, Surrey, England.



FIGURE 5.1 Pyrophylite Structure
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The exposed basal face of three layer clays consists of oxygen

atoms each bonded to two silicon atoms within the lattice

S () (SH  @S) (s (S

<— BASAL

EXCHANGEABLE CATIONS  Fact

5.3.2 Exchange Capacity

Clays invariably have exchangeable cations associated with their
exposed basal surféces, and with the broken edges of the unit layers.
These exchangeable cations are present to compensate for a charge
deficit within the lattice which arises primarily as a consequence of
substitution of A13+ for Si4+ in tetrahedral sites, and MF+ for
M(?+l)+ in octahedral sites.

Grim‘(86 ) ascribes the majority of the cation exchange capacity
for montmorillonites to substitution within the lattice of Mg2+ for
Al3+ and to a lesser extent Al3+ for Si4+. Broken bonds at the particle
edges account for about 20% of the exchange capacity while exchange of
the hydrogen of exposed hydroxfl ions.is not considered important.

Perkins et al (164) consider the exchange capacity of laponite to
arise from substitution of Li' and u' for M92+.

Movement of aluminium from the lattice to exchange positions
reduces the exchange capacity of montmorillonite clays.” This is in
part due to clogging of the exchange positions by Al3+. Grim (86 )
points to unpublished work by Michelson as suggesting that this
movement is facilitated by drying.

A sample of Wyoming bentonite analysed by Grimshaw (87 ) had

a total cation exchange capacity (c.e.c) of 76.5 meq/100 g* with

* Milli equivalents of exchangeable ion per 100 grams of dry clay.
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s
exchangeable cations present in the following percentages.

+ 2+ +
Ion ca* Mg Na© x H Total

% 23.2 19.4 ' 50.7 4.3 2.5 100.1%

Grim ( 86) quotes a figure of 77 meg/100 g determined at neutrality

and states that Wyoming bentonite carries Na+ as the dominant ion.
Neumann (155) has observed the c.e.c. of laponite to be

79 meq/100 g. 7
The exchangeability of various cations is important in producing

a clay of known type. The preference of exchange site for laponite and

montmorillonite is observed (192, 86 ) to be generally as follows

2+ 2+ + + .+
Mg“ > ca‘ > K > Na > Li

5.3.3 Swelling

For a dry clay the unit layers are weakly bonded in the c direction
(Figure 5.1) with a spacing of about 0.96 nm for montmorillonite. When
swelling clays (of which Wyoming bentonite and laponite are good examples)
are hydrolysed however, water molecules enter between the unit layers
causing the lattice to expand.

According to Grim (86 ) after drying at room temperature a
montmorillonite with Na+ as the exchange ion frequently has one molecular
water layer and a C-axis spacing* of about 1.25 nm. With calcium-
montmorillonite there are frequently two molecular water layers and a
C-axis spacing of about 1.55 nm. As the clay is hydrated successive
layers of water molecules enteruthe interlayer regions and Bradley et al
(28 ) have observed four discreet hydrates for Wyoming bentonite having
C-axis spacings of 1.24 nm, 1.54 nm, 1.84 nm and 2.14 nm.

Experiments by Mering (140) and by Bradley (29) with
montmorillonite in the presence of large quantities of water suggest
that with Na+ as the exchangeable cation the unit layers separate
completely, but with Ca2+ and H+ the separation is not complete. This

effect is a probable explanation for the observation made in this work

* That is unit layer thickness plus interlayer spacing.
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that Wyoming bentonite will adhere to glass in the calcium form, but

in the presence of excess electrolyte sodium-Wyoming bentonite slakes
off the glass and forms a dispersion. The phenomenon was also observed

by Vacquier (197) for kaolinite on quartz sand.

5.3.4 Electrophoretic Mobility

There is some evidence to suggést that clay particles are
negatively charged on the basal surfaces, but positively charged at the
broken edges of unit layers. Matijevic has measured the electrophoretic
mobility as a function of pH for sodium montmorillonite (193) and
laponite CP (164). As pH increases both clays show a constant mobility
with a sudden increase to a second constant mobility at some value of
PH. For laponite this occurs at about pH 6 and for sodium-montmorillonite
at pH 9. Matijevic attributes the sudden increase in electrophoretic
mobility to an interaction between hydroxyl ions and the positive
edges of the platelets rendering them neutral or slightly negative.

This expected variation of surface charge with pH might well be
important in theoretically treating induced polarisation data and the
pH was monitored for clay cells using a Radiometer GK2321C combination
-pH electrode. The pH's measured for Wyoming bentonite and for laponite
cells were all between pH 7 and pH 8.5%, over which range the
electrophoretic mobilities of laponite particles are constant at

-3.1 cm s_l V_l (164) and sodium-montmorillonite particles constant at

2.0 cem s T vl (103).

5.3.5 Surface Conduction

Surface conduction occurs in hydrated clays due to ionic migration
of dlffuse7éxchangeab1e cations primarily within the interlayer regions

expanded by water molecules. The thickness of this region in a fully

* The increase in pH invariably observed is thought to be due to partial
conversion of the clay to the hydrogen form - thus reducing the

concentration of hydrogen ions in the bulk electrolyte.
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hydrated calcium-montmorillonite is not more than a few times the

hydrated diameter of calcium ions (86 ) and conductivity in this region

is on a molecular scale. Phenomenological models which assume water
to have its bulk properties are inapplicable to this microscopic
environment and workers employing such models are obliged to postulate
an increased viscosity (109,110,115,116,117),decreased dielectric
constant (60), increased dissociation constant ( 77 ) and decreased
density ( 3, 4 , 145) for the first few layers of water adsorbed on
a clay surface, in order to explain the observed surface conduction.

The foregoing notwithstanding the theories and concepts of
surface conduction have application in this work not only to conduction
observed for clay cells (Chapter 8) but to ion exchange resin cells
and polystyrene latices (Chapters 7 and 8).

The theoretical calculation of the electrical conductivity of
heterogeneous systems has frequently been attempted and numerous
equations have been proposed for various particle geometries (53,187).
For a system composed of (assumed) non-conducting particles surrounded
by a surface double layer and immersed in electrolyte, the conductivity
is considered to be composed of two terms. The first is a solution
conductivity in electrolyte unmodified by the presence of the electrical
double layer, and reduced from the electrolyte-only value by the presence
of non-conducting particles. The second is the surface or excess
- conductivity occurring within the double layer.

Cremers ( 52, 53, 54 ) utilises an equation of the following

form to describe surface conductivity.

K = Ks/f + Kc

where K = observed conductivity
K, = electrolyte conductivity
K0 = surface conductivity.

The formation factor, f, is essentially the ratio of the solution
to the observed conductivities in the absence of surface conduction.
Plots of K versus Ks as a function of electrolyte concentration are
obéérved to have a linear region at high concentrations for many

materials ( 54,136,187), from which £ and Kc can be calculated.
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The value of Ky is a function of a geometric factor and the
concentration and equivalent conductivity of mobile ions in the double
layer. Assuming a Gouy type diffuse layer, then the equivalent surface

conductivity (57),

Y

Ay = - (2eRTc/TF?) ? Asinh (FZ/2RT)

where € = dielectric constant
R = gas constant
T = temperature
F = Faraday constant
A = equivalent conductivity of mobile ions
L = zeta potential
and
Ko = A 0s/f<1>
where S = surface of solid per unit volume
¢ = porosity = volume fraction of liquid.

Correlation between the observed surface conductivity and the above
theory has been made for a number of particulate dispersions (51,
52 , 53, 56, 57,187,199) and electrolyte saturated porous plugs (136,
175, 208), with moderately good agreement. Specifically, Cremers ( 54)
obtained a value of Ks for a suspension of sodium-Wyoming bentonite
in 0.02 M NaCl of (1.75%.25)x10™° Q™ cm ' from which he calculated the

following parameters.

1.10x10--7 meq e 2 (surface charge density)

0.42 nm (distance of plane of shear from clay surface)

)
]

-78 mV (potential of plane of shear).

The value of £ obtained from K0 would imply at least two partially
hydrated adsorbed layers within thé Stern region and is larger than is
commonly assumed (192). The variation of [ from the electrokinetically
determined value of -33 mV (section 5.3.6) is considerable, and Cremers
suggests an increased viscosity or decreased dielectric constant as
possible explanations. It is probable however that this failure of the
theory is on a molecular scale for which the concepts of viscosity and

bulk dielectric constant are inapplicable.
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In addition to excess surface conductivity, Cremers and
Thomas (53 ) utilise the concept of excess diffusion coefficient,
defined similarly, and determined from self diffusion measurements.
For Na+ in sodium-montmorillonite/0.025 M NaCl the excess diffusion
coefficient is determined to be Dy = (0.3881.007)x10-5 cm2 s—l, which
is a little under half of the bulk electrolyte value (168).

Values of K0 and D_ are not available for laponite or hectorite.

(o)

5.3.6 The Zeta Potential

The zeta potential (Z) is the potential of the plane of shear
outside which an electrolyte carrying diffuse ions of one sign may flow
with respect to a surface carrying the opposite charge. The zeta
potential within the interlayer region will be different from C for
a dispersed particle because the structure of the double layer will be
different. The former however is not measurable.

The zeta potential of clays is determined by measuring the electro-
phoretic mobility of the dispersed phase colloidal particle and using

the Smoluchowski equation (87),

U = €L/4mn

where € = dielectric constant
C = zeta potential _
N = viscosity of electrolyte
‘W = electrophoretic mobility

Stone (186) calculated the zeta potential by this method for three
samples of Wyoming bentonite and obtained a value of -33%*1 mV at pH 8.8
Touret and Vestier (196) measured the electrophoretic mobility from pH 2
to pH 11 and found the zeta potential to be essentially constant at a
value of -33%3 mv.

It should be noted that the zeta potential data of Touret and
Vestier (196) are not consistent with those of Swartzen-Allen and
Matijevic (193) who find the electrophoretic mobility (and thus )
to increase sharply for sodium-montmorillonite at a pH of about 9. This

discrepancy is puzzling but may be associated with the difficulty in
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measuring the pH of an inhomogeneous system, and ascribing this pH to
the layers of relatively immobile water adjacent to the clay platelet
surfaces (192),

Utilising the data of Perkins et al (164), the zeta potential of
laponite for pH greater than 7 may be calculated from the Smoluchowski

equation as

C = -44%*2 nv,

5.3.7 Particle Dimensions

The shape and size of montmorillonite particles is rather poorly
characterised. According to Grim ( 86) electron micrographs of this
material "show irregular fluffy masses of extremely small particles”.
Some of the individual particles appear to be about 2 nm thick - that
is of the order of thickness of the unit layer (Figure 5.1). Grimshaw
stated that "the larger proportion of particles are 50 nm (long), and
that those over this size are probably agglomerates."

Laponite particles are much more regular, and Neumann (155)
describes the particles aS being platy, lath-shaped having approximate
dimensions 40x10xl nm, and having an area (determined by nitrogen
adsorption) of 354 mz/g.

The basic particles of montmorillonite and laponite ;ré thus of
similar size and since the densities are approximately the same one
would expect the area's to be éimilar. However because of the presence
of agglomerates the area of montmorillonite is not simply determined, and
the value obtained depends upon the technique chosen to measure it.
Nitrogen adsorption gives a very low value (27-71 mz/g, Ref.192)

presumably because N, molecules are unable to penetrate between unit

2
layers and adsorb onto the interlayer basal faces. Adsorption of water
and of ethylene glycol which are known to penetrate between unit layers
give more realistic values of 400-440 m2/g ( 145, 178 ) and approximately

700 mz/g (178 ). The latter is a commonly excepted value.
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5.3.8 Chemical Purity

While the dominant clay-mineral cémponent of bentonite is
montmorillonite, other clay minerals particularly illite and kaolinite
are usually present as are non-clay minerals notably Cristobalite and
silica (86 ). As such,an extensive purification process was employed to
remove soluble and non-colloidal impurities (137) from Wyoming bentonite
before it was used in this work.

A significant advantage of laponite is that.it can be prepared
reproducibly in rather pure form, and as such is free from various
contaminants commonly encountered in natural clays (155). According to
Neumann (155) "Apart from traces of soluble sulphate and carbonate it is

free from detectable impurities."

5.3.9 Summary of Data for Wyoming Bentonite and Laponite Type Clays

Table 5.1
Property Symbol Bentonite Laponite ' - Units
Structure 3 layer 3 layer
Dioctahedral Trioctahedral
Particle Length X 50 40 nm
Dimensions: Breadth » ' 10 il
Thickness z 2 i § nm
Surface Area A 400-700 354 ﬁz g-
Cation Exchange Capacity c.e.c 77 79 meq/100 g
Electrophoretic -1 -1
Mobility (pH=7) u -2.0 -3.1 cms ~V
Zeta Potential (pH=7) ' T -33 -44 mv
G -9 -1 -1
Surface Conductivity Ko 1.75x%10 Q2 om
Surface Diffusion -5 2 -1
Coefficient Py 9-3haxly el
Surface Charge Density o] 1.10x10_7 meq cm
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5.4 PREPARATION OF CLAY CELLS

5.4.1 Introduction

Cells of the type used by Wright (see section 5.1.5) were
prepared and an attempt made to observe a frequency domain I.P.
effect, however extreme difficulty was encountered in bonding
sufficient clay to the sinter to produce a measurable impedance
dispersion (137). A technique similar to that of Vacquier (197,
see section 5.1.5) was then employed using ground pyrex or soda glass
spheres instead of quartz sand.

This latter technique involves dry mixing clay and glass, mixing
this with water and then drying. Under suitable conditions the clay
cements the glass particles and this matrix may be perfused with

electrolyte without slaking of the clay.

5.4.2 Preparation of Materials

Pyrex was prepared by grinding and sieving and soda-glass spheres
by sieving, and the glass was then washed and dried. It was necessary
to remove impurities from Wyoming bentonite but laponite was considered
to be sufficiently free from impurities (see section 5.3.8). The clays
were exchanged to the required cationic form using an ion exchange resin.
All these techniques have been described previously (137).

Initial wetting was performed using double distilled waﬁer and
all electrolytes were prepared from Analar reagents and double distilled

water.

5.4.3 Determination of Clay:Glass Ratio

Experiments were conducted to determine a suitable clay:glass
ratio from which to construct cells for impedance measurement.
Quantities of clay and glass were mixed with water in a 5 ml beaker,
and dried. For mixtures containing between 5 and 10% clay this
technique produced a rigid framework of glass cemented with clay,

which when rewetted with electrolyte could be subjected to some
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mechanical stress. For mixtures containing less than 5% clay there
was no apparent cementation after rewetting with electrolyte, and
when lightly stirred the clay slaked off the glass surface forming

a dispersion. For clay/glass mixtures containing greater than 10%
clay, when rewetted with electrolyte the clay swelled and filled the
pores in the glass framework, and the system behaved much like a
gritty clay.

The limits of 5 and 10% depend somewhat on the glass grain size
and type, and no cementation could be observed for Wyoming bentonite
with soda-glass spheres. The cationic form of the clay and the nature
of the rewetting electrolyte also are important and sodium-Wyoming
bentonite matrices rewetted with 0.01 M NaCl resulted in slaking of the
clay from the glass surface, while calcium-Wyoming bentonite rewetted
with 0.01 M CaCl2 produced a stable matrix.' This effect has been
described previously (section 5.3.3) and is probably due to the fact
that the double layer is compressed by multivalent ions and clay-clay
(and clay-glass) electrostatic repulsion terms are overcome. A
consequence of this is that reliable measurements cannot be easily

made on sodium Wyoming bentonite cells.

5.4.4 Practical

To prepare a cell for measurement the following technique was
employed. Appropriate weights of cleaned, exchanged clay and sieved,
cleaned glass were mixed together dry, then wet with double distilled
water and mixed to a thick paste. This was forced into the central
section of the conductivity cell (see section 5.7) using a funnel,
and the whole dried in air under a heat lamp for two dayé and then in
an oven at 80°C* for four days. The cell was then assembled,
perfused with electrolyte and placed in the thermostat bath to
equilibrate for two days.

After measurements had been made it was possible to re-equilibrate

laponite cells with a new electrolyte concentration by passing electrolyte

* Temperatures greater than 80 C were not used in order to prevent
complete and irreversible dehydration of the clay lattice (86 ),
+
and to prevent movement of A13 into exchange positions (see

section 5.3.2).



82.

through the clay/glass matrix. For Wyoming bentonite cells however
attempted repercolations invariably resulted in clay eluting with the

electrolyte, and reproducible determinations were not possible.

5.5 FOUR TERMINAL IMPEDANCE CELLS

5.5.1 Requirements

The experiments which prompted the use of a four electrode
configuration have been described (section 4.1) and the requirements of
such a cell are as follows.

1) The cell must be capable of being placed within a thermostat bath.
2) It must contain a chamber in which clay/glass matrices and other
model systems can be placed.

3) The current electrodes should not contribute to the series impedance
of the cell.

4) The potential electrodes must be non-polarisable, and be placed

within, or close to, the system under test.

5.5.2 Electrodes

Only the last of these requirements is restrictive and after
some experimentation (137) Ag/AgCl electrodes were seleéted as non-
polarisable potential electrodes. These electrodes are reversible to
chloride ions and restrict measurements to systems in which chloride
ions are present. The most important asset of Ag/AgCl electrodes
is that they are small, compact, can be used in any orientation, and
do not usually significantly contaminate any medium in which they are
immersed (99). They are not difficult to prepare, and using a series
plating technique (Appendix 5.1), asymmetry potentials of the order
of 0.1 mV can be obtained. A significant defect of tﬁese electrodes
is an aging effect having a much longer time constant than that
discussed by Janz (Chapter 4,99 ). Over a period of weeks or months
Ag/AgCl electrodes were observed to change colour from a deep purple-
brown to light yellow-brown, accompanied by an increase in asymmetry

potential between pairs of electrodes from *#0.1 mV to as high as %5 mvV.
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It is imperative therefore to provide within the cell for replacement
of Ag/AgCl electrodes periodically,

Platinised platinum was used for the current electrodes since
these electrodes were also used for two terminal A.C. bridge conductivity
measurements. Platinisation of the electrodes was performed as described

in Appendix 5.1.

5.5.3 Cells

Cells were constructed in five parts as shown in Figure 5.2.
Potential electrodes (1 and 2) were constructed by chloridising
(Appendix 5.1) a 1 mm dia. silver wire passed through 35 mm of 7 mm
dia. PTFE* rod machined at one end to a 1 in 10 taper to fit a 5/13
pyrex socket. The main advantage of this system over a conventional
silver/glass electrode is the greater mechanical strength of silver/PTFE.
In order to pass silver through pyrex it must be joined to platinum
and then tungsten and the glass flowed over these two welds. This
junction was found to be susceptible to damage, particularly when
removing the chloride layer and cleaning an old electrode (using several
grades of emergy paper) before re-chlorid<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>