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In order to characterize the state of aggregation, dielectric relaxation due to interfacial
polarization of a system of aqueous agarose gel particles dispersed in a squalane medium jellified by
hydrophobic colloidal silica (denoted below as G/(S-O) emulsion) was investigated over a
frequency range from 10kHz to 3 MHz.

The value of the parameter «, a measure of the distribution of relaxation frequency determined
from complex plane plots, was zero when there was no aggregation. It was positive while
aggregation was progressing and fell toward zero as the aggregation approached the steady state
during storage. When the dependence of « on the uniformity of particle size was taken into account,
the transient characteristics of dielectric relaxation represented by the positive value of o seemed to
indicate that the mode of ion diffusion through the interface layer between particles in contact
changed depending on the magnitude and particle size variation of particle clusters. Microscopic
observation during aggregation supported the hypothesis that positive o appeared during the
progressive stage of aggregation as a result of a transient deviation from uniformity of aggregation.
The influence of aggregation on other dielectric parameters is also discussed.

Keywords——interfacial polarization; dielectric relaxation; dielectric measurement; colloid-
chemical stability; aggregation; dielectric anomaly; relaxation frequency; w/o emulsion

In the previous study” on W/(S-O) emulsion without particle aggregation, i.e., an
emulsion of water in a hydrophobic colloidal silica—oil gel, the dielectric parameter « in Cole
and Cole’s empirical formula was found to be related to electric irregularity, i.e., nonuni-
formity of electric conductivity in the dispersed particles. '

In W/(S-O) emulsion with particle aggregation, the parameter « is positive in spite of the
uniform electric conductivity of dispersed particles.” It is considered that the electric
irregularity in the emulsion is caused by the new dielectrics with different relaxation
frequencies formed by particle aggregation.

However, the nature of the electric irregularity in the new dielectrics has not yet been
clarified. The purpose of the present study was to elucidate this point and to investigate the
dielectric properties of a system of aqueous agarose gel particles dispersed in a squalane
medium jellified by hydrophobic colloidal silica (denoted below as G/(S-O) emulsion) with
various concentrations of surfactant and various sizes of dispersed particles.
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Theoretical

List of Symbols

g*: complex dielectric constant
g: dielectric constant
g,: dielectric constant of dispersed phase
e, dielectric constant of continuous medium
g,: limiting value of ¢ at high frequency
g : limiting value of ¢ at low frequency
electric conductivity (U/cm)
k,: electric conductivity of dispersed phase (U/cm)

X

5

k,: electric conductivity of continuous medium (0/cm)
¢: volume fraction of dispersed phase
f+ experimental frequency (Hz)
fo: relaxation frequency (Hz)
K (1 — @)
fo= - x 17975 x 1012

e, +2¢8,— Dle,~ &y,

y: imaginary part of the complex dielectric constant
K
p=—x1.7975 x 101
f

j: imaginary unit \/—1
o: parameter of the distribution of relaxation frequencies, determined from
complex plane plots

Empirical Formula of Cole and Cole®

The dielectric relaxation can be represented as a function of the frequency, f, in the
following form:

&— &
r=g—jy=¢,+———— 0O<a<l)

1+(iflfo)'

Experimental

Materials——Squalane (¢, =2.10, x,,=5.64x1071°0G/cm) of commercial grade (Kuraray Co., Ltd.), hy-
drophobic colloidal silica (AEROSIL R972, Nippon Aecrosil Co., Ltd.) with an electric conductivity of
1x 10" !30/cm, a particle size range of 10—40nm, and a specific surface area of 120 +30m?/g (BET adsorption
method), sorbitan sesquioleate (NIKKOL SO-15, Nikko Chemicals Co., Ltd.) of commercial grade, agarose (Type
VI, Sigma Chemical Co., Ltd.) of commercial grade and water obtained by reverse osmosis (g, =79.34, K, =
3.11 x 107° U/cm) were used. Reagent-grade KCl was added to increased the conductivity of the water (¢, =79.26,
K, =39.93 x 1075 U/cm).

Preparation of G/(S - O) Emulsion without Particle Aggregation——A 2.0 g sample of hydrophobic colloidal silica
was mixed with squalane (total volume: 57.5 ml). The oil mixture was warmed to 70—80 °C. Then 30 ml of 0.3% aq.
agarose solution (70—80 °C) with low or high electric conductivity (g, =79.00, x,, =9.24 x 10~ ~6Ufem; €, ="79.99,
K, =47.47 % 1076 Ujcm) was gently added to the oil phase with vigorous agitation by means of a propeller mixer
(max. rpm=1200). The emulsions were cooled to room temperature. Samples of 0.5, 1.0 or 2.0g of sorbitan
sesquioleate were dissolved in warm squalane (total volume: 12.5 ml). Then, 12.5ml of a sorbitan sesquioleate so-
lution cooled to room temperature was added to each emulsion with vigorous agitation by means of a propeller
mixer (max. rpm = 1200).

Preparation of G/(S*0O) Emulsion with Particle Aggregation First, 0.5, 1.0 or 2.0 g of sorbitan sesquioleate
was dissolved in warm squalane (70—80 °C), then 2.0 g of hydrophobic colloidal silica was added (total volume:
70 ml). Next, 30ml of 0.3% aq. agarose solution (70—80 °C) of low or high electric conductivity (g,; =79.00, x,, =
9.24 x 107°Ufcm; &, =79.99, K, =47.47 x 1079 5/cm) was added to the oil phase, either with gentle agitation by
means of a propeller mixer (max. rpm=200) in order to prepare G/(S-O) emulsions in which the dispersed particles
were coarse, or with vigorous agitation by means of a propeller mixer (max. rpm = 1200) in order to prepare such
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emulsions with fine dispersed particles. These emulsions were cooled to room temperature.
Measurements——Both capacitance and conductance were measured over frequencies ranging from 10kHz to
3 MHz by means of a capacitance-conductance bridge, as in the previous study.?

Results

Figure 1 shows microphotographs of G/(S-O) emulsions with the lower-conductivity
dispersed phase (g,; =79.00, k,; =9.24 x 107° U/cm) with various sizes of dispersed particles
with and without particle aggregation at various concentrations of surfactant immediately
after preparation and 1d after preparation.

Figure 2 shows the complex plane plots for G/(S-O) emulsions with the lower-
conductivity dispersed phase (e, =79.00, k,, =9.24 x 107°U/cm) in the presence of particle
aggregation with various sizes of dispersed particles at various concentrations of surfactant,
immediately after preparation, and 1, 2 and 7d after preparation. The dielectric parameters,
& &, Jo and o of the G/(S - O) emulsions were affected by surfactant concentration, particle size
and storage time. High values for parameter « were observed immediately after the beginning
of distinct particle aggregation (g, > 10), and low values were seen after storage. The values of
parameter « of the G/(S- O) emulsions (g, > 10) with coarse particles were larger than when the
particles were fine at all surfactant concentrations. The rate of decrease of parameter « at
2.09; surfactant concentration was faster than at 0.5%. The complex plane plots of G/(S-O)
emulsions with the higher-conductivity dispersed phase (e, =79.99, k,, =47.47 x 10~° U/cm)
gave plots similar to those shown in Fig. 2.

Table I summarizes the values of the dielectric parameters obtained from complex plane
plots and plots of dielectric loss factor against frequency for G/(S-O) emulsions at various
concentrations of surfactant.

Figure 3 shows the relaxation frequency, f,, of G/(S-O) emulsions at various con-
centrations of surfactant. It was found that the values of f;, of G/(S - O) emulsions with particle
aggregation were smaller than those of G/(S-O) emulsions without particle aggregation, and
were dependent upon the electric conductivity of the dispersed particles.

Discussion

In the present study, in order to elucidate the effect of particle aggregation, dispersed
water particles were prepared in a gel with agarose. In this way, size changes of dispersed
particles were prevented during the study.

The different preparation procedures for G/(S-O) emulsions resulted in particle aggre-
gation in some emulsions and no aggregation in others. Thus, particle aggregation is related
to the adsorption of colloidal silica on dispersed water particles, i.e., in the case of G/(S-O)
emulsions without particle aggregation, colloidal silica particles are tightly adsorbed onto the
surface of the dispersed particles and the surface is completely occupied by colloidal silica
particles, whereas in the case of G/(S-O) emulsions with particle aggregation, the adsorption
of colloidal silica particles onto the surface of the dispersed particles was prevented by a
surfactant. Thus, imperfect adsorption of colloidal silica on the surface of the dlspersed
particles gives rise to particle aggregation.

The results shown in Fig. 2 indicate that the transient dielectric irregularity reflects
changing modes of ion diffusion through the interface layer among aggregated particles based
on the magnitude and particle size variation of particle clusters. The dielectric irregularity
disappears during storage when there is a large amount of surfactant. This phenomenon
suggests that the electric conductivity of the surface layer of aggregated particles becomes
uniform after storage of the emulsions.
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concentration of surfactant: 2.09]
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Fig. 1. Microphotographs of Dispersed Particles in G/(S-O) Emulsions with the
Lower-Conductivity Dispersed Phase (g, =79.00, x,, =9.24 x 107%0/cm) at
Various Concentration of Surfactant

a,, by, by: immediately after preparation. a,, by, b;: 1d after preparation. ay,a,: G/(S-O)
emulsion without particle aggregation. by, b,: G/(S-O) emulsion with coarse-particle
aggregation. by, b;: G/(S-O) emulsion with fine-particle aggregation.

The increase of f;, during storage, shown in Fig. 3, was probably caused by ion
contamination from colloidal silica or nonionic surfactant in the oil phase. This is supported
by the fact that the electric conductivity of 30 ml of water containing 2.0 g of colloidal silica is
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Fig. 2. Complex Plane Plots of Dielectric Loss Factor, y, against Dielectric
Constant, ¢, for G/(S-O) Emulsions with the Lower-Conductivity Dispersed
Phase (&,, =79.00, k,; =9.24 x 10~® U/cm) with Particle Aggregation at Various
Concentrations of Surfactant
by, by, by, by with coarse particles. bg, b{,bj, bs: with fine particles. by, by: immediately
after preparation. b;, b{: 1d after preparation. b,,b;: 2d after preparation. b,,b7: 7d after
preparation.
§
~  a) . . .
570 Fig. 3. Plots of the Logarithm of Relaxation
§ Frequency, f,, against Storage Time
§ 6.5 S oa’ a) concentration of surfactant: 0.5%, b) concen-
“ a tration of surfactant: 1.0%, c) concentration of sur-
§ 6.0[’{ factant: 2.0%. a,c,e: G/(S-O) emulsion with the
= . lower-conductivity dispersed phase (g,, =79.00, k Ky =
g 55 /\b’ 9 24 x 107° Y/em) without particle aggregation. a’, c’,
o 1 b " G/(S-O) emulsion with the h1gher-conduct1v1ty
- dispersed phase (¢,, =79.99, k,,=47.47 x 107° Ufcm)
S 5.0 5.0 5.0 without particle aggregation. b,d,f: G/(S-0) emul-
';SE ] ] sion with the lower-conductivity dispersed phase with
=0 . 0Ll— ey 0 coarse-particle aggregation. b’,d’,f": G/(S-0) emul-
EJ 0 2_ 4 (?1)8 02 ‘4 638 02 _4 6 8 sion with the higher-conductivity dispersed phase with
3 Time Time (d) Time (d) coarse-particle aggregation.

7.44 x 107%0/cm, and that of 30ml of water containing 0.5g of nonionic surfactant is
44,58 x 10740 /cm. The results in Fig. 3 and Table I suggest that the new dielectrics regarded
as the origin of the dielectric anomaly? have a small relaxation frequency, and that this
frequency is influenced by the electric conductivity of the dispersed particles. This supports
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TABLE L. Values of ¢, ¢, f, and « of G/(S-0) Emulsions

G/(S-0O) emulsion with the Ibwer- G/(S-0) emulsion with the higher-

Concn. of Aggrega- Particle Time conductivity dispersed phase® conductivity dispersed phase®
surfactant tion size @
) &y & Jo o & & Jo o
(kHz) (kHz)
0.5 (=) Coarse 0 5268 5.875 7943 0 5336 6.010 15849 0
1 5.290 5940 1479.1 0 5.300 5978 2089.3 0
2 5.292 5965 15849 0 5.212 5888 2138.0 0
7 5.222 5862 1698.2 0 5.325  6.040 2138.0 0
(+) Coarse 0 5.64 6.90 281.8 0.043 5.46 6.95 631.0 0.048
1 6.21 11.38 426.6 0.258 5.93 10.63 707.9 0.211
2 6.21 11.93 416.9 0.211 6.35 11.88 562.3 0.147
7 6.55 1540 2344 0.143 7.08 19.48 331.1  0.100
Fine 0 6.20 15.80 158.5 0.137 6.50 19.70 199.5 0.113
1 6.40 24.20 141.3  0.107 6.25  20.20 199.5 0.103
2 6.40  24.50 1349 0.089 6.70  27.90 177.8  0.069
7 6.75  28.20 1259 0.058 6.90 24.80 177.8  0.059
1.0 (—) Coarse 0 5.270 5945 19953 0 5320 6.100 3020.0 0
1 5.230  6.025 3311.3 0 5.252 6.080 3548.1 0
2 5235 6.020 3981.1 0 5200 5953 4168.7 0
7 5.260 5978 3981.1 0 5.140 5860 4466.8 0
(+) Coarse 0 6.74 9.30 446.7 0.131 6.52 9.32 794.3  0.099
1 6.70  17.75 602.6 0.147 6.72 17.56 676.1 0.133
2 6.80  19.25  501.2 0.102 7.10 19.20 631.0 0.091
7 720 24.80 338.8 0.078 775 2520 416.9 0.031
Fine 0 6.80 16.70 446.7 0.081 6.90  20.70 398.1 0.072
1 7.20  33.30 233.9 0.056 720 33.20 316.2 0.044
2 7.00  30.85 223.9 0.056 7.50  30.70 316.2 0.026
7 710 3285 208.9 0.056 7.30  28.00 302.0 0.022
2.0 (=) Coarse 0 5.268  6.135 4168.7 0 5.240 6.200 47863 0
1 5240  6.195 50119 0 5.295 6.278 53703 0
2 5.240  6.190 50119 0O 5272 6.215 53703 0
7 5210  6.072 5370.3 0 5.202  6.110 58884 0
(+) Coarse 0 7.00 10.44 794.3  0.203 6.63 11.68 1000.0 0.113
1 7.50 17.50 851.1 0.048 8.00 1735 1122.0 0.011
2 8.20  20.00 7943 0 840  20.20 9550 0
7 8.25  22.68 537.0 0 825 2022 6310 0
Fine 0 6.25 13.50 891.3 0.103 6.81 15.79 851.1 0.067
1 7.80  25.60 5248 0 7.50  20.60 631.0 0
2 7.60  23.95 5012 0 7.80  24.80 501.2 0
7 7.60  25.00 4786 0 7.80  27.20 501.2 0

a) &, =179.00, K1 =9.24x107O/em.  b) £,2=79.99, 1,,=47.47 x 10~ U/cm.

the contention that the dielectric anomaly is related to the ion diffusion among water particles
through the interface layer of aggregated particles.
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