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1. INTRODUCTION

1.1. Purpose of this study

The main aim of this investigation is to provide better experi-
mental evidence which can be used to test theories of dielectric phe-
nomena in colloid|dispersion;‘. In particular, ocur results may be
used to establish the limits of applicability of theories developed
for dilute systems. It appeared possible to improve the calculation
of the permittivity of suspended particles from the permittivity and
the composition of the mixture by taking into account polarization
at the charged phase boundary (O0'Konski, 1955,1960; Lijklema, 1957).

Recent theoretical contributions, especially those of Dukhin and
coworkers (e.g. 1969,1970,1971,1974) are very comprehensive. These
authors gained insight into the mechanism by which concentration po-
larization of the double layer around colleid particles leads to
the very strong low-frequency dielectric dispersion. Their analysis
involves some of the principles of irreversible thermodynamics. Ion
flux equations were used to calculate potentials in the perturbed
double layers.

Dukhin et al. initially considered systems which, when subjected
to a constant electric field, resulted in the formation of a station-
ary state of the charge distributions around the particles. Equations
are obtained for the polarized diffuse double layer. These equations
are used for the interpretation of electrokinetic measurements (Der-
jaguin and Dukhin, 1974},

As a next case, Dukhin et al. treated systems to which an alter-

nating electric field was applied. In this case, the interfacial po-

# It is noted that the word "dispersion"” is used with two distinct
meanings, viz. in indicating the state of matter ("colloid disper-
sion”) and in indicating frequency dependency ("dielectric disper-
sion"). We shall insert the words "colloid" or "dielectric" in
those cases where confusion may arise.



larization created leads to an alternating polarjization field, which
is out of phase with the applied field. This corresponds to a relaxa-
tion effect of the conductance, from which the increase of the permit-
tivity is calculated. Its value depends on some parametérs character-
izing the double layer under static conditions and on the di€fusion
coefficients of the ions, The theory enables calculation of ionic mo-
bilities in the boundary layer to be made along with the ¢d—potential
in the double layer when the experimental data are obtained from di-
electric measurements (Dukhin, 1970). Here, ¢d iz the potential of
the diffuse part of the double layer. In both treatments the polari-
zation of the double layer is the central theme. Reliable measure-
ments are needed to test these theories.

The behaviour of the double layer under dynamic conditions is
also crucial in developing a better understanding of electrokinetic
phenomena, particularly as embodied in the retardation formulae rela-
ting mobilities to electrokinetic potentials in electrophoresis.

Our results may further be used to adapt the DLVO theory treat-
ing the stability of lyophobic colloids (Derjaguin and Landau, 1939;
Verwey and Overbeek, 1948}. In this theory, the repulsion between two
colloid particles is attributed to the overlap of the diffuse part of
the double layers around the colloid particles. An essential assump-
tion of this theory is that during interaction the double layers are
taken to be always in equilibrium. However, the possibility that the
double layers, or part of them, relax on a time scale longer than the
encountexr time of two particles must be investigated. Hence it is not
known to what extent the DLVO-theory applies under highly dynamic con-
ditions. Our results may provide some insight into this matter.

The measurement of dielectric relaxation spectra is finding ever
wider applications in research into both the processes of structure
formation and to changes in structure under external influences. Con-

sequently, this method of investigation is important for several as-
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pects of colleid science. For instance, the size and shape of colloid

particles are reflected in the dielectric dispersion.

These examples clearly illustrate the potential use of dielec-
tric studies in colloid systems. However, in literature very few at-
tempts to apply this method have been reported. The reason for this
is that there are considerable difficulties involved. We shall now
show what the main difficulties are and indicate some likely proce-

dures to overcome them.

1.2, Outline of the experimental difficulties involved in connection

with the theory

In order to apply the theories mentioned above, dilute colloid
systems are required, in which the thickness of the double layer
around the particles is very small compared with the linear dimension
of the particles. This condition is expressed as (Dukhin and Shilov,
1974) :

ka >> 1 (1-1)

As will be seen in section 1.3 only spherical particles will be used.
In this case, a is the particle radius and K—l is the thickness of
the diffuse double layer. k is defined by the relation (e.g. Kruyt,
1952):

«2 = (Zc. 22F%) /eRT (1-2)
i i7i

where ci and zi are the bulk concentrations and the valency, respect-
ively, of ionic species i. F is the Faraday constant, € the permittiv-
ity, R the gas constant and T the absclute temperature.

A second prerequisite, closely related to the first, is that ka
is the same for all particles, i.e. the system should be homodisperse.

In practice it is difficult to meet condition (1-1), because both

11



an increase of a and an increase of ¥k give rise to experimental prob-

lems:

1} Increasing a leads to a shift of the relaxation spectrum to lower
frequencies (Schwarz, 1962). However, measurement on agueous solu-
tions in the lower frequency range leads to an unacceptéble influ-
ence of electrode peclarization (Oncley, 1942; Mandel, 1956,1965;
Schwan, 1963). This effect is due to concentration gradients of
ions present in the solution. The polarization can be described in
terms of an impedance Ze' localized at the electrodes and indepen-
dent of the distance d between the electrodes of the measuring
cell. Impedances containing the measured conductance G and capaci-
tance C, can be plotted as a function of d. From the slopes of the
straight lines cbtained, the dielectric quantities can then be
calculated. In doing so, Ze is eliminated (Fricke and Curtis, 1937).
As Ze increases with decreasing frequency, it is necessary to mea-
sure above a certain frequency to cobtain sufficiently accurate
measurements. In practice, the lowest frequency that may be ap-
plied to attain a certain accuracy is dependent on:

a) the quality of the measuring system;

b) the dimensions of the measuring cell;

¢} the nature of the surface of the electrodes in the cell;

d) the amount and nature of the electrolyte present in the solu-
tion under investigation.

Consequently, due to the experimeﬁtal restrictions, there are se-

rious restraints on the increase of a.

2} From equation (1-2) it follows that an increase in k is obtained
by increasing the amount of indifferent electrolyte in the solu-
tion, also implying that the conductivity of the whole solution
is increased. However, the very existence of a certain minimum
resolution of all bridges, which are to be used for the measure-~

ments, imposes a restriction on the maximally tolerable value of

12
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the conductance G. Difficulties arise when, at low frequencies,
the conductive currents through the sclution become larger than
the capacitive ones. The relationship between G and C of the solu-

tion is given by the expression for the loss tangent §:

tg § =qAC (1-3)

in which w is the anqular frequency of the applied electric field.
Therefore, the above condition can also be formulated such that
tg § should remain below a certain limit. Fortunately, if xa in-
creases, the dielectric increment increases also, leading to a
decrease of tg §.

In the above, it was mentioned that the minimum value of w at
which measurements can be performed is determined by a. Therefore,
according to equation (1-3), the maximum amount of electrolyte in the
solution is also restricted by a.

Conseguently ka >> 1 leads to the condition tg 8§ >> 1, so that
the two imposed restrictions are incompatible. In practice, some
compromise must be sought for.

Moreover, other problems also play a part, e.g.:

a) deviations from the ideal behaviour of the measuring cell, leading

to stray capacitances;
b) non-ideality of the conductance standards used, leading to capaci-

tance errors; .
¢) drift of the conductivity of the solution during the time required
to perform the measurements at different frequencies.

In our study we used two transformer ratio arm bridges to be
able to cover the frequency range from akout 100 Hz up to a few MHz.
By using this type of bridge in combination with a three-terminal
cell, shunt impedances from the terminals to earth are eliminated
{Calvert and Mildwater, 1963; Rosen, Bignall, Wisse and Van der Drift,
1969) . The measuring cell was especially designed for the experiments

13



with the chosen colleoid system (see section 1.3] with our bridges.
Moreover, a conductance box was constructed to enlarge the conduct-
ance range of one of the bridges.

With the equipment used, up to about 1 mol/m3 of a simple elec-
trolyte (e.g. KCl] may be present in the dilute colloid systems used.

1.3. Choice of the subject to be investigated

This choice of the colloid system was limited by several restric-
tions:

1) In connection with the theoretical analysis it is very convenient
to choose a system with spherical particles.

2) In order to find the most favourable radius of the particles (see
section 1.2] it should Be possible to vary the particle size,

31 A heterodisperse system leads to a very broad distribution of re-
laxation times. Therefore, the use of a monodisperse system is
mandatory.

4) The system has to be stable in the colloid-chemical sense during
the time of the measurements. The frequency spectrum has to be de-
termined at several electrolyte concentrations. Considering the
variocus extrapolations and standardizations which are necessary,
this leads to a stability requirement of several weeks.

5) In order to check theoretical predictions, the surface should be
non-porous and the surface charge or surface potential must be
known.

6). It is desirable to be able to vary the surface charge density of
the particles in connection with solving colloid-chemical problems.

7)1 Reasonable standard procedures should be available for character-
izing the system {especially the particle size and the surface
chargel.

Monodisperse aqueous polystyrene latices, prepared according to

a method described by Furusawa, Norde and Lyklema (1972), were found

to be very suitable, because they meet all of the conditions mentioned

14



above. Such latices were used throughout cur measurements.

Fortunately, much work has been performed during the last few
years in characterizing'these colloid systems (Furusawa, Norde and
Lyklema, 1972; Goodwin, Hearn, Ho and Ottewill, 1973,1974; Small,
1974; Stone-Masui and Watillon, 1975; Norde, 1976; Takano, 1978;
Bijsterbosch, 1978).

In summary, this thesis will describe progress in measuring the
dielectric relaxation behaviour of colloids by simultanecusly impro-

ving experimental techniques and using well-characterized model col-

loids.
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2. EXPERIMENTAL EQUIPMENT AND MEASURING TECHNIQUE

2.1, Introduction

Several experimental set-ups have been developed to perform mea-
surements on aqueous solutions. Cole and Gross (1949) designed a
transformer bridge for measurements at frequencies up to 10 MHz.
Schwan and Sittel (1953), Mandel and Jung (1952) and Van der Touw
(1975a, 1975b) have built or modified Schering bridges for the fre-
quency range 10 Hz up to a few hundred kHz. In the early sixties,
bridges became commercially available.

Young and Grant (196B) used the less accurate Wayne Kerr B221
bridge, which covers the frequency range 10 Hz - 120 kHz. De Backer
and Watillon (1966,19273) performéd measurements with two Wayne Kerr
bridges (B221 and B601). South and Grant (1970,1972) and Williams and
James (1973,1976) have successfully employed a Wayne Kerr B201 bridge
{0.1-5 MHz)., Rosen, Bignall, Wisse and Van der Drift (1969) used a
thoroughly calibrated Hatfield bridge, type LE/300A, for the frequen-
cy range (0.1~ 10 MHz. A part of the corresponding calibration work
has been performed by the present author (Wisse et al., 1968).

The principles of four-terminal measurements are already known
for many years (Ferris, 1963). Such measurements have been done with
aqueous solutions by Berberian and Cole (1968,1969), Hayakawa, Kanda,
Sakamoto and Wada (1975) and Zwolle (1978). Problems concerning the
electronic part of the design are still difficult to overcome. Fortu-
nately, a very suitable measuring system became commercially avail-

able recently from the General Radico Company, i.e. the GR1621 system,

2.2. Choice of the measurement equipment

For frequencies below 10 MHz the reliability obtained for the
permittivity and dielectric loss of aqueous solutions is inevitably
limited by technical difficulties in bridge measurements and cell

design. We shall now describe the set-up in some detail.

17




2.2.1, Bridge requirements
Transformer ratio arm bridges were chosen because:

1) the potential across a transformer arm in series with the unknown
is balanced in amplitude and phase with a similar potential from
the standard admittance. The same standard compcnents can be used
for measurements over a wide range of admittances;

2) bridges with inductive ratio arms do not requite a Wagner earth .
arrangement. The associated inconvenience of double balancing is
thereby avoided (Calvert, Cornelius, Griffiths and Stock, .1958};

3) transformer ratio arm bridges are particularly suitable for three-
terminal measurements: residual impedance effects, due to resist-
ances and shunt capacitances of the circuit elements and their
leads, are minimized (Cole and Gross, 1949; Middelhoek, 1967; and
Bordewijk, 1968). Only self-inductances play a part. However, as
will be seen in section 2.7, the remaining self-inductances can
be eliminated by performing measurements at different electrode
separations.

A solution in the cell can be represented electrically by an ad-

mittance:

¥ =G+ jucC {2-1)

with j = ¥~-1, The determination of Y involves the balancing of two
currents in different parts of the circuits of the bridge, one of

them flowing through the unknown admittance:

]
]

YW = (G + juC) V (2-2)

with I electric current and V = applied voltage. In the mathematic-
al representation this can be conceived as a current flowing through
G in phase with V and a current flowing through C in quadrature with
V (see fig. 2-1). The phase angle § defined as the loss angle and the

loss tangent is given by equation (1-3). For large values of tg §, an
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Figure (2-1): Argand diagram of the complex current.

accurate determination of both C and G demands extremely accurate
balancing of the current, especially at low w values. Therefore, in
practice a limit of the highest value of tg § will be met, depending
on the quality of the measuring system: special attention has to be

paid to the resolution when a choice is made for a measuring system.

2.2.2. Problems involved in designing the cell

In the case of dielectric measurements on aqueous solutions,
corrections must be made essentially for three possible efrors, which
in part are characteristic for the aqueous solution case:

1) a contribution due to lead impedances;

2) deviations from ideality of the cell, resulting in a residual ca-
pacitance;

3} a contribution by electrode polarization.

ad 1): At high frequencies, deviations due to the occurrence of
inductances in the leads play a part. Attention must be paid to the
quality and length of the leads, connecting the cell with the bridge
and leads betwegn the bridge and external standards, if any.

Ad 2): Residual capacitances arise if part of the electric field
lines pass out of the liquid (stray capacitances). Therefore, it is
important that such stray fields should be strictly controlled during
the experiment. In the cells used, field lines which did not pass
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through the ligquid to be tested were bound to travel through a layer

of teflon (cell wall) either between the electrodes or from the elec-

trodes into the third terminal.

Ad 3): Several methods are applicable to correct for the effects

of electrode polarization:

a) Techniques to reduce the influence of electrode polari-
zation on the measured guantities.
The enlargement of the electrode surfaces by applying platinum
black electrodes or sandblasted electrodes especially has to be
mentioned (Schwan, 1963,1966; Takashima, 1964). A disadvantage of
platinum black electrodes is that they are easily damaged. The use
of platinized electrodes is not sufficient to eliminate the polari
zation effect completely,

b} Frequency variation method.
Oncley (1942) plotted the measured capacitance Cx against Giv—tz-n
in which Gx is the measured conductance and n is assumed to be a
constant over the entire frequency range used. A straight line is
obtained, yielding the capacitance CS of the solution as intercept
However, Cs has to be constant and hence dielectric dispersion is
not allowed to occur in the frequency range used. From preliminary
measurements on polystyrene latices we found that the frequency
range should be chosen below 1 kHz to apply the frequency varia-—
tion method, because relaxation occurs above 1 kHz. Below 1 kHz
unfavourably large tg §-values are encountered and, consequently,
large capacitance errors are met. Therefore we did not apply the
frequency variation method.

c) Substitution methed.
This method - is based on the subtraction of capacitive increments
observed at a simple electrolyte solution from the corresponding
increment of the unknown solution (Schwan, 1963). Both solutions
must have the same conductance. The measurements have to he made

under the same experimental conditions (in particular, the current

20




density must be egqual and the same pair of electrodes must be
used). Furthermore, it has to be assumed that the polarization
contribution is the same in both cases. However, scme investiga-
tors (Moser, Squire and O'Konsgki, 1966; Wisse, 1970) cbserved dif-
ferences in behaviour of the electrode polarization and magnitude
of polarization errors between the solutions to be tested and the
electrolyte solutions.

d) Method in which a variable electrode distance is in-
volved.
Fricke and Curtis (see section 1.2) proposed this method, whereas
Mandel (1956,1965), Rosen {1966,19638), Young and Grant (1968) and
Van der Touw (1971a,b, 1975¢c) further considered and applied this
technique. The method starts from the assumption that the electrode
polarization capacitance Ce is independent of the distance 4. This
was proven to be correct experimentally by Mandel (1956). Further-
more, it appeared to be a reasonable assumption that Ce remains
constant during the time needed to perform measurements at a re-
stricted number of electrode separations. The time during which Ce
remains constant depends on the solution under investigation (see
section 2.7.2). A disadvantage of this method is that it is very
time-consuming because all measurements have to be repeated at
various d-values.

From the investigations described above, where use has been made
of the variable electrode distance method, it is established that this
method is the most promising one. Therefore, in our investigations
the method involving a variable electrode distance was chosen in com-

bination with the use of sandblasted platinum electrodes.

2.2.3, Instrumentation used
For the frequency range from 70 Hz to 100 kHz, a General Radio
1621 Precision Capacitance Measurement System was applied {see section

2.3). In the fregquency range from 100 Hz to 5 MHz a Wayne Kerr B201
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bridge in conjunction with a Wayne Kerr SR268L scurce and detector
was used (see section 2.5). Both bridges directly measure the parame-
ters Cm and Gm in parallel configuration. The applied frequency was
measured with a Venner digital counter TSA6634A/2. With the help of

a Tektronix 5103N oscilloscope system the voltage across the elec-
trodes of the cell was controlled and kept below 100 mv {(r.m.s. value)
to aveoid electrolysis in the aqueous solutions.

A three-terminal cell was developed for measurements of protein
solutions in the frequency range above 100 kHz (Rosen et al., 1969;
Wisse et al, 1969). We used this celli as a test cell in establishing
the demandé for a more appropriate cell. Hence all final measurements
were performed using a three-terminal cell designed in cooperation
with Blom (see section 2.6). In all the measurements, the cell was
thermostatted with a Calora Ultra thermostat NB-33 (accuracy'ip.OSOC).
The measurements were performed with the solution in the cell kept
under a nitrogen atmosphere.

During the measurements, preliminary computations were made with
a Hewlett Packard HP97 programmable printing calculator to judge the
significance of the results. Final results were obtained by calcula-

tions with a DEC-10 computer.

2.3. The General Radio 1621 Precision Capacitance Measurement System

2.3.1. General features

The 1621 is an assembly of three integrated instruments. Both
the very sensitive GR1238 detector and the GR1316 highly stable oscil-
lator are developed especially for use in combination with the GR1616
bridge, resulting in a measuring system with high sensitivity and al-
lowing easy manipulation.

Eight of the twelve internal capacitance standards of the bridge

* This cell was constructed by Mr. G. Selier and Mr. T.A.C. van Vliet,
Mechanical Workshop, Department of Chemistry, University of Leiden.
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are enclosed in a thermally insulated compartment with a thermal time
constant of six hours to reduce the effects of ambient temperature
changes. Metal film resisters in T-networks with small phase angles
are used to balance the conductance. Standards not in use are discon-
nected to reduce shunt cdpacitances across the detector input. The
detector has a 130 dB gain and contains three meters to increase the
rate of balancing: one displays the magnitude of the voltage, and the
two others show a simultanecus display of the in-phase and quadrature
component of the voltage. The effect of input-signal irregularities
can be reduced by means of a tunable filter, line-rejection filter
(band width 3%) and selectable time constants in the phase-sensitive
detector circuits. The 1316 contains a Wien-bridge oscillator and two
reference outputs, for use in precise balances of conductance and ca-
pacitance.

With this system it is in principle possible to resolve unbalan-
ces as small as C.1 aF and 0.! £S. Detection of such small unbalances
is aided by ratio-transformer voltage capabilities up to 160 Volts
at 1 kHz. However, because a voltage of only 100 mV was applied to
the cell to avoid electrolysis, the detection was not as sharp as
possible but was still satisfactory for our purposes (see section
2.3.2). Furthermore, at high tg §, only the predominant admittance
can be measured accurately {(see section 2.2.1). The high accuracy of
C is lost when a high G has to be balanced, because G standards al-
ways contain some stray capacitance. _

It was considered worthwhile to pay much attention to the Gener-
al Radic system used. As the application of this General Radio system
to aqueous solutions has not yet been given in the literature, we de-
cided to analyse the performance under these conditions in some detail.

Fig., (2-2) gives the fundamental bridge network.

2.3.2. Sensitivity of the system
The unknowns Cx and Gx can be determined with an accuracy which
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Figure (2-2): Simplified circuit diagram of the GR162]1 measuring
gystem. D = GR1328 detector. H = high terminal. L = low terminal
O = GR1316 oscillator. Yg, 5. = external standards. Yj, kg, = inter
nal standards. Yy = unknown admittance.

-

depends on the sensitivity of the detector. In our special case the
bridge has to measure extremely large capacitances and cenductances.
The accuracy, as calculated by the General Radic Company (1974a,b),
based on the detector sensitivity, does not apply to the conditions
of our studies, because of the high tg § values involved. Therefore,
it was found necessary to determine the attainable detector sensitivi
ty independently.

When the bridge is balanced:

Yx = Yst ' (2-3)

Yx is the unknown admittance and Yst is the sum of the internal and

external standards (see fig. 2-3}. The amplitude of the minimum de-
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Figure (2-3): Elementary diagram of the balanced bridge.
p.s.d. = the two phase sensitive detectors of the GR1238, ¥gt =
sum of the internal and external standard admittances, ¥y = un-
known admittance. AY, = minimum detectable change of Yy.

tectible voltage Vd across the two phase sensitive detectors of the

GR1238 is equal to:

Vg = Vop = V3 * jvq _ (2-4)

Application of Kirchhoff's laws gives:

H
1]

{Yx+ AYx)VBA = (Yx+ Mx) (v+ Vi + qu) {2-5)

and

Iap = Tpa~ Iac = YetVap = Yae V- Vi — 3V (2-6)
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in which AY is the minimum detectable change of Y . Let Y, be the
total admittance of the phase sensitive detectors, then

IAC = YVac = "Yd(Vi*'qu) _ (2-7)

Combining equations (2-5), (2-6) and (2-7) results into:

V-V -3V V43V
AY, = Yae T IV - Y5 VRV - Yy (2-8)

Vi and Vq decrease gradually from about 130 nV at 10 Hz to 40 nV

at 500 Hz (Vi=vq= 70 nv at 120 Hz; Vi =Vq=55 nv at 220 Hz) and
Vi==Vq==40 nvV for frequencies above 500 Hz (General Radio Company,
1974b) . The applied voltage is 100 mV. Therefore,

V>V, and V >> V ‘ (2-9)
i q :

Combining equations (2~3), (2-8) and (2-9) gives:

V2+23VV Vi+jV
Ay vy 2 94 _y =24 (2-10)
X X 2 da v
v
with Yx=Gx + chx' AYx= Gx.: + ijCx and Yd= Gd + jwcd equation (2-10)
can be written as:
. VJi 2c_+Cy v,
N\ - ——— —_— -
AGx n Gx v2 (l!Vq v + Gd v (2-11)
and 2
. YS_ ZGx-l-Gd Vi
ac_ ¥ c 2 * Vo tC v (2-12)

Using the detector specifications C, = 20 pF and G, = 1 nS (General

Radio Company, 1974b) AGx and Acx h:ve been calculgted for some re-~
presentative experimental conditions (see table 2-1).

As may be deduced from the experimental data, both AGx and AC_
are always mainly determined by the second term in the equations
(2-11) and (2-12) respectively. Therefore, AGx increases with in-

creasing mcx, whereas Acx decreases with increasing w, because in the
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TABLE (2-1). AGx and ACx calculated with equations (2-11) and (2-12),

cell v ] Gy Cy | 8G4| [ac, |
content (Hz)} {mm) (us) {(pF) (pS) (pF)
5,0 120 5 17.947  114.50 - 0.13 0.03
120 10 8.865 47.28 0.06 0.02

993 5 18.439 79.49 0.78 0.002

993 10 9.079 38.64 0.42 0.001

69850 5 18.584 76.03 53 0.00004
69850 10 9.219 37.38 29 0.00002

1.000, 706 4 2056.89 11102.4 69 0.37
?giffn 706 10  809.09  1761.1 11 0.15
H,0 993 4 2064.78  7253.8 63 0.26
993 10  810.78  1153.0 10 0.10

7019 4  2085.26 439.16 28 0.04
7019 10  813.49 89.88 6.2 0.02

69850 4  2090.13 106.60 72 0.004

69850 10  813.74 38.35 30 0.002

polysty- 221 4 2648.18 86835 169 2.10
;:2: tﬁgfx 221 10  1050.25 13919.2 27 0.83
mol/m3 KC1 705 4  2668.93 14296.5 89 0.49
705 10 1051.74  2405.2 15 0.19

993 4 2693.51  8408.8 73 0.34

993 10 1055.49  1502.6 13 0.14

7019 4 2720.11 981.54 61 0.05

7019 10  1062.37 306.76 20 0.02

69860 4 2797.60 221.14 142 0.005

69860 10  1085.05 84.98 58 0.002
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frequency range covered Gx is independent of w to within 1%. The pos-
sible increase or decrease ofmcx with increasing w depends on the
amount of electrolyte present in the solution and on the extent of
electrode polarlzatlon. This becomes clear when AG (w) for Hzo and
1.000 mol/m KC1l or the polystyrene latex are compared The dependen-
ces of AGx and Acx on w, as predicted by the equations (2-11) and
{2-12), are always experimentally obeyed in transformer bridge meas-
urements on pure water or poorly conducting seolutions.

Only at frequencies below 1 kHz and at d-values below about 7 mm,
ACx becomes insufficient iprolystyrene latices with about 1.5 mol/m3
of a simple electrolyte are measured. However, as will be seen in
chapter 4, measurements below 700 Hz are less interesting with our
equipment, due to the occurrence of an other relaxation mechanism
below 1 kHz.

The lowest decade which is needed in the conductance measure-
ments is 1-10 nS. Therefore, the minimally detectable AGx is suffi-
ciently low for our measurements.

Based on preliminary measurements, similar to those described
here, the sensitivity of the GR1621 system was found to be sufficient
to perform measurements on polystyrene dispersions with a maximum of

about 1.5 mol/m3 simple electrolyte present,

2.3.3. Accuracy _

The most important reason for the limitation of the accuracy at
frequencies above 10 kHz is the presence of a leakage reactance in
the ratio transformer. The difficulty in determining the residual pa-
rameters of the numerous switch combinations renders impracticable the
detailed calculgtion of errcrs for correction of most measurements.

The uncertainties are given by (Homan, 1968):

2
Cerror =~ ¢ chsclsLsg (2-13)

and
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= = 2 -
Serroxr = ~ U chsclsng (2-14)

with Chs = shunt capacitance from the high terminal side to ground;

Cls = shunt capacitance from the low terminal side to ground. Patch

cord contributions have to be included in ChS and Cls' Lsg and ng

are, respectively, the resistance and inductance of the path from a

virtual common point in the shield surrounding the unknown admittance

to the ground point in the heart of the bridge. Equations (2-13) and

{2-14) do not contain d. Therefore, the permittivity £ and conducti-

. vity ¢ of the measured solutions are independent of Cerror and Gerror

{see section 2.7).

In addition, the elimination of Ze will introduce errors. As may
be seen from table (2-1), values up to about 90 nF for the capaci-
tance of polystyrene sclutions may be found. The calculated permitti-
vities at the frequencies mentioned are about ten times the permitti-
vity of water. The corresponding capacitances amount only 0.9 nF, be-
ing only 1% of,Cx. Several measurements have to be performed at one
frequency to eliminate Ze' Advantage was taken of this necessity by
using the same measurements to calculate standard deviations of ¢
and g.

Although the resistors for the external conductance box (see
section 2.,4) were carefully selected, systematic errors will be in-
evitably present. The accuracy of the resistors is better than 0.1 %.
The accuracy in o will be influenced also by the extent to which it
will be possible to correct for the time drift in o (see section 2.7.2).

In combination with the results given in section 2.3.2 it is
clear that:

- 1) the final accuracy of € in the frequency range of the GR1621 sys-
tem 'will depend more on Ce than on the quality of the measuring
system;

2) the final accuracy in ¢ does not depend on the quality of the meas-
uring system; but on the quality of the conductance box and on the
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time drift in o;

3) in addition to errors always present (e.g. due to the non-ideality
of the cell) the standard deviations are a measure of the reprodu-
cibility.

*
2.4, The conductance box

The GR1616 has the disadvantage of a conductance range which is
too limited for our purposes. Therefore an extra conductance box was
constructed, to be used in conjunction with the bridge. This box, with
a conductance Gb' ranging from 10 pS to 9 mS, is connected to the ex-
ternal standard terminals of the bridge (see fig. 2-2).

The 100 kQ standard of the bridge; in combination with the ter-
minal selector and the external multiplier, has been used to select
by comparison sets of low inductance metal film resistors of 100 kf,
10 kQ and 1 kf} (Draleoric Electronic GmbH, SMA 0207). This type of re-
gistor is very stable {(temperature coefficient: 50 ppm/K; constant
conductance value and aimost constant reactance value up to 100 kHz).
The selected resistors were placed parallel in the box. The resistors
were connected to the terminals of the box by three sets of push-
button switches (Oreor CTN 1008). The same switches were used to
earth the resistors not in use.

A problem in the construction is the occurrence of lead induct-
ances Lb' leading to changes in Cx by an amount LbGi' To reduce this -
effect Lb was kept low by applying short coaxial cables and by plac-
ing the decade with the highest Gb closest to the terminals. Although
the products Lbi were kept as low as possible, it was found necessa-

‘ry to calibrate the deviations C,_ in the capacitance readings of the

b
bridge. This was performed by comparing the wvarious settings of the

# Developed in cooperation with J. Blom, A.J. Korteweg and R.A.J. Wegh,
Laboratory for Physical and Colloid Chemistry, Agricultural Univer-
sity, Wageningen, The Netherlands.
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conductance box, connected to the external standard terminals of the
bridge, with additional selected resistors of the same type and val-
ues connected to the unknown terminals of the bridge. To obtain re-
producible results, the additiconal resistors were soldered on two
parallel brass plates, fixed in a small shielded box. The capacitance
of the empty small box was measured directly with the bridge. The ob-
tained corrections AC on Cx' including the residual capacitance of
the conductance box, are used for all the calculations, AC values are
listen in appendix A, The values appeared to be independent of the
frequency up to at least 80 kHz.

2.5. The Wayne kerr B20]1 and SR26BL measuring system

The B201 is meant to be used for the frequency range 100 kHz to
5 MHz. Calvert (Wayne Kerr monograph no. 1] described the principles
of this bridge. Bordewijk (1968) used a B20l1 to investigate the di-
electric behaviour of alcohols. South and Grant (1970,1972} and Wil-
liams and James (1973,1976) used this type of bridge for measurements
on agueocus solutions.

A simplified circuit diagram of the measuring system is shown in
fig.(2-4). Tappings on the two bridge transformers are connected to
decade controls. Thereby it is possible to perform measurements with
an accuracy of 0.1% for capacitances from 1 pF to 1 nF and an accuracy
of 0.5% for conductances from 1 uS to 0.1 S. The accuracy for both C
and G decreases above 1 MHz proportionally to the square of the fre-
quency. Therefore almost all measurements wexe performed below 1 MHz,

The source level and gain control of the bridge were preset to
their maximum values, because the attenuators on the SR268L generator
and detector were used to reduce the time required for balancing. The
balance point is displayed on a magnitude null-meter.

Because only a small contribution of Ce exists for Vv>100 kHz,
Cx<0.2 nF for the measurements with the B201. Therefore this bridge

is used for measurements of usual Cx values. Already much attention
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Fig. (2-4). Simplified diagram of the Wayne Kerr measuring
system, D= SR268L detector. O= SR268L generator. Yg+ = standard
admittance. Yy = unknown admittance.

has been paid in literature to the B201 (see section 2.1). Hence it
was not considered necessary to repeat the analysis of the merits
and demerits of this bridge.

As with the GR1621 system, the standard deviations of € and o

are calculated from the different measurements at one frequency.

*
2.6. The measuring cell

2.6.1. General description
An important prereqguisite in the construction of the cell is the

#* Designed and constructed in cooperation with J. Blom, A.J. Korteweg
and S. Maasland, Laboratory for Physical and Colloid Chemistry,
Agricultural University, Wageningen, The Netherlands.
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necessity of a variable distance d between the two plane parallel
electrodes (see section 2.2.2). Cells with this option have been de-
scribed by Mandel and Jenard (1958), Schwan and Maczuk (1960), Broad-
hurst and Bur (1965), Young and Grant (1967,1968), Rosen et al. (1969)
and Van der Touw, Selier and Mandel (1975c).

The essential features of the c¢ell are given in fig. (2-5). The
electrodes have a diameter of 25 mm and are made of platinum to en-
sure ideal polarization as well as possible (Grahame, 1946,1947,1954).
The total surface area of the electrodes was increased by sandblast-
ing. Accordingly, the influence of Ze is reduced as described by
Schwan (1963,1966,1968). In a theoretical analysis, Scheider (13875)
associated the frequency dependence of Ze with surface roughness.

The fixed bottom electrode (32) is connected to the high terminal of
the bridge. The upper electrode (31) and the shield (15) are connec-
ted to the low terminal, The other metal parts, including the guard-
ring (27) are earthed. The upper electrode, the glass tube (%) con-
taining the coaxial cable (5) and the plateau (8) can move together
upwards and downwards. This plateau is moved manually. The fine sget-
ting is achieved by a set-screw (2). The asscciated displacement is
registered by a Compag 523 GL 10 micrometer gauge (1). The inner dia-
meter of the cylindric sample holder (18) is 26 mm. In the top plate
(12) of the sample compartment there are three openings: two (11) for
the inlet and outlet of nitrogen gas and one {10) for the introduc-
tion of electrolyte with an Agla syringe micrometer.

For @d> 10 mm stray fields have been found to play a part. Cur-
rents from the lower electrode passing through the solution and the
teflon cell wall (14) to the shield are purely capacitive. The po-
tential drop in the solution is almost completely determined by Gx
and 4, because in our measurements usually Gx>-wa. This was verified
by Blom (1979), performing measurements on a 1.000 mol/m3 KCl1l solu-
tion. During these measurements the upper electrode was connected to

earth, the shield to the low terminal and the bottom electrode to
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Figure (2-5)., The cell construction.
For legends to this figure see the next page.
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Materials used:

Bragss = A. Copper = B. Stainless steel = C. Polyvinyl chloride = D.

PTFE (teflon}) = E. Perspex = F. Glass = G. Aluminum = Al. Platinum

= Pt. Butyl rubber washer = 8@ ,

Desecription:

1:

WO~y kW

LU L I T R L Y S T T}

10:
11:
12:
13:
14:
15:
lé:
17:
18:
19:;
20:
21:
22:
23:
24
25:
26:
27:
28:
29:
30:
31:
32:
33:
34

micrometer gauge

set-screw (Al)

mounting of the set-screw (A and steel)
fastening block upper electrode tube (F)
coaxial cable (GR874)

guiding slide (C)

bearing slide (C)

plateau (C)

tube (G)

plug (D) with O-ring

Ny-inlet or Ns-outlet opening (D)

top plate (C)

thermostat mantle (A)

cell wall (E)

shield (a)

inert isolating liquid (3M company, FC75)
thermostat liquid (water)

sample

mounting hottom electrode (E)

end ring (D)

packing plate (D}

tightening plug (D)

coaxial cable (GRB74)

tightening plate (D)

outer wall (D)

guarding case (A,B)

guard ring (A)

inlet thermostat liguid (D)

conical bolt to fix the electrode (A)
mounting upper electrode (E)

upper electrode (Pt)

bottom electrode (Pt)

coaxial cable (GRB874)

wire,
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the high terminal of the bridge. With this methed the stray capaci-
tance was obtained from the bridge readings, because the potentials
of the electrodes and the shield are the same as in the normal meas-
urements. It appears that the stray capacitance is independent of the
frequency with our cell.

2.6.2. Equivalent circuit of the cell

It is generally accepted that the total impedance of connecting
leads and the cell filled with a conducting liquid may be represented
by the equivalent circuit as shown in fig.(2-6)} (e.g. Mandel, 1965;
Young and Grant, 1968; Van der Touw et al., 1971a). It is convenient
to write the impedance Z of the circuit without Cr:

1 i
Z = +
G_+ juc G_+ jucC
s s e e

+ R+ Jul_ (2-15)
Yx is the admittance of the completed circuit:

Y =
x

(ST

+ ijr {2-16)

In electreode kinetic studies it has been argued that the posi-
tion of Cs is somewhat different, i.e. parallel with the combination
-1 .
ce'Ge . However, it has been shown that for measurements in the fre-

quency range below 10 MHz this is of no importance (Van Leeuwen, 1978).

2,7. Calculation of the permittivity and conductivity

In this part the techniques involved in obtaining the permitti-
vity € and the conductivity ¢ of the solution under investigation
will be described.

2.7.1. Mathematical formulation

Yx is measured with both bridges as a parallel capacitance Cx
and conductance Gx' Due to the use of the conductance bex as an ex-
ternal standard, Cx mist be corrected with AC {see section 2.4). We

define:
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Figure (2-6)}. Equivalent circuit of the cell.

Co = electrode polarization capacitance. Ge = electrode polariza-
tion conductance. Cg= capacitance of the bulk of the solution in
the cell. C,= residual capacitance, depending on the construc-
tion of the cell. L; and R, : inductance, respectively resistance
due to the part of the cell not localized between the electrodes

and due to the coaxial cables connecting the cell with the ter-
minals of the bridge. GS= conductance of the bulk of the solu-

tion in the cell.

C =C_ - AC
b4 X

(2-17)

With (2-16) the relation between the measured quantities and the com-

ponents of the equivalent circuit becomes:

1
Gx + jmcy =5+ jwcr (2-18)
Combining (2-15) and (2-18):
G+ J0C, = JWC_ = ——me + e+ R_ + jul (2-19)
X ] Y Iy G_+ jwC G_+ juC c jwc
s s e e
After separation of the real and imaginary parts of (2-19):
G, G G
X = 5 + —£ + R {2-20)

2, 2 2 2 2.2 2 2.2 c
+w (Cy - Cy) Gg+®WCg GgotuC
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and: (2-21)

c c C (o
T 33 aat T sttt T T2
G +w (C_~C)) G +wcC G +wC G +w (C_-C)
x Yy r s s e e Y r
For aqueous solutions at frequencies below a few MHz,
Gy
R << ——=n— (2-22)
c G2 + w2C2
s s

Therefore, under these conditions, Rc may be neglected.

Cr depends on the nature of the solution in the cell and on 4,
which makes it impossible to determine Cr exactly in advance. Further-
more, mCr has to be compared with mCs and Gs to decide whether it is
allowed to neglect Cr in equation (2-21). For d< 25 mm it was shown
by measurements on a 1.00 mol/m3 KC1l sclution that Cr< 0.4 pF (see
also Blom, 1979). The smallest value of CS is about 17 pF. Particular-
ly for large values of Gs/mcS = tg GS, found at low frequencies, the
influence of Cr is negligible in the left hand term of the equations
(2-20) and (2-21). As a first approximation, the equations (2-20) and
(2-21) can then be simplified to:

G G G
5 = S5+ %5 (2-23)
G +w C G +w C G +w C
X =3 S e e
and C
c c c
M S + e + X + L (2-24)

E+r’c? P’ et Pre¥? ©
X v s s e e Y
Use will be made of the well-known expressions for an ideal con-

densor:
c == ' (2-25)

and an ideal conductance:

Y -
G, =3 {2-26)

with:

E = €4€, (2-27)
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