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Low Frequency Dielectric Relaxations of
Cellulose Acetate Membranes in
Aqueous Electrolyte Solutions
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Dielectric behaviour was studied of cellulose acetate (CA) membranes with different
degrees of acetyl substitution in aqueous electrolyte solutions. A dielectric relaxation was
observed, being represented by the circular arc rule. The limiting value of the relative
permittivity of the membrane at high frequencies esn is proportional to the water contents
of the CA membranes. The limiting value of the relative permittivity of the membrane at
low frequencies sy is increased with the increase in the value of PH, salt concentration and
surfactant concentration of the ambient aqueous solution, while the value of ¢sn is unchanged.
The relaxation frequency fo linearly depends on the value of the ionic conductivity x5 of the
membrane. On the basis of the results mentioned above, the mechanism of the dielectric
relaxation was discussed in the light of the theory of the interfacial polarization.
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membrane

1. INTRODUCTION

For a system composed of some phases, the dielectric relaxations due to the
interfacial polarization are observed. In order to study the heterogeneous structure
of polymer solids, the dielectric observations of polymer solids were reported by
several authorsi~®. They exhibited that the low frequency dielectric relaxation
was observed and the theories of the dielectric relaxation due to the interfacial
polarization were capable of being applied to the description of the relaxation.

In a previous paper, the dielectric properties of cellulose acetate (CA) mem-
branes in aqueous solution - the different experimental system of the studies men-
tioned above - were reported®. It was found that the low frequency relaxation
was observed for the cellulose acetate membranes in aqueous solution. This paper
presents the report of the characteristics of the low frequency relaxation of the CA
membranes in aqueous solutions and the discussion of the mechanism of the rela-
xation in the light of the theory of the interfacial polarization, for the purpose of
obtaining information on the heterogeneous structure of the CA membrane in
aqueous solution. ’

FERRIRA, TEHE, : Laboratory of Dielectrics, Institute for Chemical Research, Kyoto Uni-
versity, Uji, Kyoto 611, Japan.
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2. EXPERIMENTAL

2.1 Preparation of Membranes

The membranes used in this work were prepared from cellulose acetates with
different degrees of acetyl substitution, the specimens being kindly supplied by
Daicel Co. Ltd. except for the 35.8% acefylated one (Eastman Codak 398-3). The
membrane was obtained by casting the GA solution on a flat glass plate floated on
mercury and evaporating the solvent completely. The acetyl contents, the degree
of acetyl substitution (DS) and the solvents used for preparing the casting solutions
are summarized in Table 1.

Table 1. The degree of substitution (DS), the acetyl contents

of the cellulose acetates and the solvents used for
preparing the casting solutions.

DS Acetyl content solvent used
%)
1.72 31.6 acetone/methanol (3/2)
2.13 36. 4 acetone
2.25 37.7 acetone
2.30 38.2 acetone
2.38 39,2 acetone
2,45 39.8 acetone
2.88 43.8 methylene chloride/methanol (9/1)

2.2  Dielectric Measurements

The dielectric measurements were carried out with Yokogawa Hewlett Packard

specimen
membrane , Pt- elzctroc_!e

0 1 2 -4

cm
Fig. 1. Measuring cell system for the dielectric measurements of
the membrane immersed in an aqueous solution.
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4192A LF Impedance Analyzer operating in a frequency range of 5Hz to 13 MHz.

The measuring cell system is shown in Fig. I. All measurements were carried out

at 25°C.

3. RESULTS AND DISCUSSION

3.1 Dependence of the Degree of Acetyl Substitution (DS) of the CA Membranes

Figure 2 shows the frequency dependence of the capacitance C and the conduc-
tance G observed for the cell systems composed of the CA membrane and the
compartments filled with a 20 mM NaCl solution. Figure 3 shows the complex
plane plots of the same data. Two dielectric relaxations were observed clearly.
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Fig. 2. Frequency dependence of the capacitance C and the con-
ductance G observed for the cell systems composed of
the CA membranes separating a 20 mM NaCl solution.

The dielectric relaxation at higher frequencies may be due to the polarization
at the interfaces between membrane and aqueous solution. Hence, the complex
capacitance of the CA membrane in aqueous solution C/* is found to be calculated
by substituting the complex capacitance of aqueous solutions (,*, using the fol-
lowing equation®:
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Fig. 3. Complex plane plots of the complex capacitance of the
same data as shown in Fig. 2.
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CHA-CFCx (1)
_ G

Where  is the angular frequency and j is the imaginary unit. The relative per-
mittivity &y and conductivity & of the CA memberane are calculated by use of the

following equations at each frequency:

c
E&r= e,,J:St" : (3>
er=C4, (4)

where t is the thickness of the membrane, § is the membrane area and € is the
permittivity of vacuum.

Figure 4 shows the frequency dependence of ¢y, £y of the CA membranes in
20 mM NaCl solution. A dielectric relaxation was observed, being represented by
the circular arc rule of the following®:

(ep—em 1+ (7 cos (2 6)]
14+2(flf)? cos <%,3>—l-(f/fo)2‘s ’

wes(eri—esn) (flfo) Sin(% /9>

T

1+2(f)fe)? cos (= B)+ (fIf)*

where &5, €54 are the limiting values of the relative permittivity ¢y at low and

(5)

sr=em+

(6)

Er=fkp+

high frequencies respectively, &7, the limiting value of £ at low frequencies, f; the
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Fig. 4. Frequency dependence of the relative permittivity ey and
the conductivity &y of the CA membranes in a 20mM
NaCl solution. The curves are the values calculated by
Eq. 5 and Eq. 6.

relaxation frequency and f the distribution coefficient of the relaxation times. By
use of the least square method, the data were fitted to Eq.5, as shown by the the-
oretical curves in Fig. 4. The complex plane plots of the complex relative permit-
tivity of the same data are shown in Fig. 5. The parameters obtained are summa-
rized in Table 2, tbgether with the water content of the membrane H, the mem-
brane thickness t and the relative permittivity of the completely dried CA mem-
brane eyq obtained by the separate dielectric measurements.

The paramatars obtained for the 43.8% acetylated one (DS=2.88) may be the
values for the dielectric relaxation caused by the different origin. The similar
relaxation was observed for the completely dried membranes. It may be attri-
buted to the movement of the side chains®, but being out of the further discussion
in this paper. - The low frequency relaxation was observed for the 43.8% acetylated
one in a frequency range below 50 Hz as shown in Fig. 4.
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Fig. 5. Complex plane plots of the complex relative permittivity
: of the same data as shown in Fig. 4. The curves are
the value calculated by Eq. 5 and Eq. 6.

Table 2. Dielectric parameters obtained for the cellulose acetate membranes

in 20 mM NaCl solution, and the thickness t, the water content H
and the relative permittivity of the completely dried membrane esq.

t K11 Ja H

Ds gm I ern wS cm™t kHz B K %
1.72 9.2 36.5 20.6 2. 30 342 0.43 26.8

9.9 36. 2 14.1 2.14 1080 0. 35 24.9

11, 4 33.0 21,1 3. 16 383 0.49 5.1 25.0

28.1 32.2 19.8 12,76 567 0. 49 5.8 26. 4
2.13 25.6 26.2 16. 7 2.99x 10! 40.2 0. 60 20.7

33.1 26.8 16.8 2.86x 10! 41.6 0.53 4.6 19.5

41.7 28.5 156.9 2.02x 10! 21.3 0.49 20. 4
2.25 8.0 23.6 13.6 3.66x 1072 5.26 0. 58

16.6 22.6 13.8 6.87x 102 11.9 0.53 4.3 15.5

25.8  23.0 13.5 3. 44x 102 5. 40 0. 58 4. 4 16. 4

32.4 23.6 14.8 1.14x 10"t 26.0 0.57 19.5
2,30 7.1 19.2 11.6 8.90x10% - 170 0. 49

10.9 19.7 12.0 1.04x 102 1.76 0. 46 4.2
2.38 7.8 18. 4 11.2 1.83x 1073 0. 268 0. 43 .

11.2 18.6 11.6  4.61x10-® 0. 715 0.51 4.3

26,8 16. 4 11.6 7.10%x 1073 1.65 0. 47 4.4 14.0

3L9 21. 4 12.5 8. 1410723 0.916  0.52 16. 4
2.88 10. 1 10.0 7.7 6. 43 x 105 7.81 0.26 10.5

15.8 9.8 6.9 5.33x10-5 5.15 0.2} 3.9 9.0

16.2 i1.9 6.9 9. 96x 10— 582 0.18 1.8

22,4 10.9 8.9 1. 14%x 104 10.5 0.39 12. 4

26.9 9.2 7.4 6.25%x 105  48.2 0.31 3.5 10.7
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The whole behaviour of this relaxation was, however, not observed because of
the low frequency limitation for the measurements of our instruments. Hence,
the parameters for the 43.8% acetylated one will not be discussed, except for the
limiting value of the relative permittivity at low frequencies ey;,. The value of
¢r; for the 43.8% acetylated one may be considered to be the limiting value of
the relative permittivity at high frequencies for the low frequency relaxation, i.e.,
the value ¢y, of the other data.

Figure 6 shows the plots of es;, €74, €74 against the value of DS. The values
of ey, €7y are increased with the decrease in the value of DS, while erq is almost
unchanged. The value of the water content H increases with the decrease in the
value of DS as summarized in Table 2. The relative permittivities &5, &7 may be

related to the water content H.
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Fig. 6. Dependence of the relative permittivities ey, ern, erq On
the value of DS of the CA membranes.

The value of the relaxation frequency f; linearly depends on the value of «y,
as shown in Fig. 7. It is given by the relation: fo=rky/(2meess). This result
suggests that the mechanism of the relaxation may be related to the behaviour

of mobile charges.
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Fig. 7. Dependence of the relaxation frequency fo on the conductivity
£y of the CA membranes immersed in a 20 mM NaCl solution.

3.2 Dependence on the Salt Concentration and Salt Species

In order to obtain the more information of the characteristics of the low fre-
quency relaxation, dielectric observations of the CA membrane in aqueous solution
were further extended to the cases of the different concentrations and types of
salts. The parameters obtained by the same analysis as mentioned in Section 3.1
are summarized in Tables 3 and 4.

Figure 8 shows the dependence of the values of ¢z, €7, on the NaCl concentra-
tion C; of the ambient aqueous solution at PH=6. The value of e is increased
with the increase in the value of C;, while the value of ¢y, is unchanged. The simi-
lar dependence can be seen from the data of other PH values and different kinds
of salts (Tables 3 and 4). Hence, the limiting value of the relative permittivity
at high frequencies ¢, may be given as a function of the ralative permittivity of
the completely dried membrane ¢rq4 the water content H and the relative permit-
tivity of water &,. This will be discussed later.

The value of the relaxation frequency fp linearly depends on the value of &y,
as shown in Figs. 9 and 10. It is also given by the relation: fo=rys/2 7esesn. The
conductivity £7; can be understood to the ionic conductivity in direct current. The
dependence of &£y on the salt concentration shows that the CA membranes are
weakly charged®. The values of #y, in the results of the different kinds of salts
(Table 4) show the ionic selectivity of the CA membrane. The values of £y in
Table 4 increase in the order:

divalent cation < univalent cation
and

SO < F~<ClI"<Br—<I"<NOs™.
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Table 3. Dielectric parameters obtained for the cellulose acetate membranes
in the NaCl solutions of different concentrations and different PH

values.
DS  NaCl Conc. PH = ﬁz B
2.13 1 mM 6 23.8 17.6  0.181 4,68 % 104 0. 66
10 mM 3 23.4 16.3 1.36 8. 40% 104 0. 44
10 mM 4 240 16.7  0.256 3,83 10 0.53
10 mM 5 25.3 16,9  0.231 5.14x10¢  0.56
10 mM 6 26.0 17.3  0.268 5.93x10¢  0.60
100 mM 3 3.3 - 16.6  2.04 1. 38 % 105 0.53
100 mM 4 3.5 15,9 1.36 1.21 x 105 0. 50
100 mM 5 33.7 165 1.32 9,28 x 104 0.50
100 mM 6 36.9 157 151 8. 69x 104 0.45
2.25 1 mM 6 22.0 15.3  6.59x10-2 1. 69 104 0. 62
10mM - 3 20.9 146  0.488 3.51 x 104 0. 46
10mM 4 2.5 15,0 8.06x10-2 1. 14x 104 0. 54
10 mM 5 93.3  15.3  6.99x 10 1. 69 % 104 0. 55
10 mM 6 24.8 154  0.102 ‘2,51 x 104 0.58
100 mM 3 28.7 145  0.615 3,93 x 10 0. 49
100 mM 4 28.3 149  0.384 3. 45 x 104 0.53
100 mM 5 30.1 144 0.363 2. 80 % 104 0. 48
100 mM 6 33.0 148  0.434 2.99x 10¢ 0. 48
2.38 1 mM 6 16.8 129  4.82x10-4 94.3 0.52
10 mM 3 18.2 123 5.44x10®  5.95x10? 0. 54
10 mM 4 17.7 125  1.31x10-3 1.28x 102 0.52
10 mM 5 17,8  12.8 8.00x10~¢ 83.3 0.51
10 mM 6 174 13.2  '9.84x10~¢  2.21x102.  0.62
100 mM 3 20,1 121 l.41x10-2 1.82x10? 0.53
100 mM 4 20.1 123 8.37x10°® 1. 40x 10 0. 54
100 mM 5 20.2 123 7.63x10-¢ 1. 26 x 10 0. 54
100 mM 6 20.8 124  7.64x10-3 L 16x10° 0.53
2, 45 1 mM 6 19.5 12.8  2.57x10-2  4.26x10¢  0.63
10 mM 3 1770 1.8  4.30x10-2  541x10° 0.5!
10 mM 4 19.6 126  5.37x10-%  3.67x10? 0.55
10 mM 5 20.8 12.9  2.86x10~®  3.34x10? 0.58
10 mM 6 21.7  13.4  2.%36x10-%  4.53x102 0.63
100 mM 3 26.1 12.3 3.23x10-2 L.57x103 0. 54
100 mM 4 26.3 12.6  1.41x10-2 1.27x 108 0.58
100 mM 5 27.1 12,8  1.34x10-2 1.22% 108 0.58
100 mM 6 27.7 12.8  1.50x10-2 1. 29 % 108 0.57

This is considered to be the sequence of permcat%ng the CA membrane with more
easy, being the same order of the reverse osmosis experiments of CA membranes
by other authors.
3:3 The Effect of the Surfactants

" In order to study the effect of the ion adsorption on the relaxation, the dielec-
tric observations were carried out for the cell systems composed of the CA mem-
brane and the compartments filled with the 20 mM NaCl solution containing surfac-
tants. The results are summarized in Table 5.
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Table 4. Dielectric parameters obtained for the 39.2% acetylated
cellulose acetate membrane in the different types of salt
solutions of concentration 0.02 eq./1.

Sal KfL So
alt &t Ern 28 ool s B
LiCl 17.1 11. 4 7.57 x 10~ 62.9 0. 41
NaCl 17.3 1.4 1.83x 10-3 372 0. 45
KCl 17.0 1.2 1. 74 % 10-3 240 0.45
RbCl 17.4 1.5 1. 76x 10-3 200 0. 46
CsCl 175 1.4 1.53% 102 176 0.45
NH;CI 17.5 1.2 2. 46 x 10-2 302 0. 41
CaClz 14.2 12.0 5, 51 x 10~ 73.5 0.73
MgCl; 16. 1 1.9 6. 40 x 10+ 23.9 0. 46
SrCl, 14.5 11.8 5. 59 x 10~ 57.2 0. 60
LaCls 14.3 1.6 7.21 x 104 74.6 0. 60
CeCls 16.2 1.4 8.02x 10~ 13.5 0.43
NaF 17.6 11. 4 1. 15 % 10-8 219 0,42
NaBr 17.9 11.4 2.36x 10~2 281 0.45
Nal 19.8 1.7 3.91x 10-2 643 0. 52
NaNOs 17.0 11.2 6. 56 x 10-3 1.07 x 103 0.50
NazSO, 16.0 12.1 5,77 x 10~ 95,2 0.58

40 T T T

Relative permittivities , €4,&

O 1 | 1
1 10 100
NaCl Concentration , Cs/mM

Fig. 8. NaCl concentration dependence of the relative
permittivities ey, era.
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Table 5. Dielectric parameters obtained for the cellulose acetate membranes
. in the 20 mM NaCl solutions containing surfactants. The surfactants
used are Cetyltrimethylammonium Chloride (CE) and Sodium
Laurylsulfate (SDS).

DS surfactants Conc. eft efh FSL({:n—“T {IOZ B
2.45 SDS OmM  28.8 13.7 1.45%x10-2  8.36x10®  0.53
0.ImM 316 13.5  2.57x10-2 1.69x10%  0.55
0.2mM 341 13.6  3.17x10°? 1.91x10%  0.54
0.3mM  34.3 14. 1 3.90x10-2  2.51x10®  0.57
0.5mM  36.1 14. 1 5.78x10~2  3.07x10®  0.57
2.45 CE OmM  37.8 14.8  4.80x10-2  2.40x10®  0.58
0.1mM  49.9 i4.9 0.183 0 6.58x10®  0.59
0.2mM  47.5 4.4 0.33 l.21x10¢  0.57
0.3mM  47.1 14.9  0.551 2.03x10¢  0.59
0.5mM  48.1 15.8 1 0.746 2,66x10*  0.60
2.38 SDS 0mM  20.6 129 3.94x10-3  5.30x102  0.51
0.lmM 211 124  4.07x10-3  6.21x10?  0.50
0.2mM  21.9 127 4.35x10-®  7.01x102 0.5
0.3mM  22.6 1225 6.90x10-® 1, 19x10®  0.54
0.5mM  23.1 1225 9.47x10-3 1.62x10¢  0.58
2.38 CE 0mM 18.7 1204 2.77x10-*  4.51x102 ~ 0.48
0.1mM  22.7 12.3  5.15x1073 1.15%x10®  0.58
0.2mM  25.6 12,2 5.84x103 1.24x10%  0.59
0.3rM  28.9 12.7  6.24x10°%  1.14x10®°  0.62
0.5mM  30.6 1229 9.83x10°3 1.33x108 0,66

Figure 11 shows the plots of the values of ¢y, s, against the values of the
concentration of the surfactants. The same dependence was observed as that on
the concentration of salts. The value of ¢, is markedly increased with the increase
in the value of the concentration of surfactants, while the value of ¢y is unchan-
ged. The value of the relaxation frequency fo linearly depends on the value of
ks as shown in Fig. 12. '

3.4 Dielectric Model of the Low Frequency Relaxation

The characteristics of the low frequency relaxation are as follows:
1) The limiting value of the relative permittivity at high frequencies ¢ is increa-
sed with the increase in the value of the water contents H of the membrane. 1t
is unchanged under the conditions of the different compositions of the electolytes
in the ambient aqueous solution.
2) The limiting value of the relative permittivity at low frequencies ¢, is increased
with the increase in the value of the electrolyte (except for H* ion) concentration
of the ambient aqueous solution.
3) The value of the relaxation frequency f; linearly depends on the value of the
ionic conductivity £5. It is given by the relation: fo=rks/(2resesn).
4) The values of the distribution parameter of the relaxation times f are 0.4-0.6.
As already mentioned, the value of &5, may be given as a function of the
water content H, the relative permittivity of the dried CA membrane ¢4 and the
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Fig. 11. Surfactants concentration dependence of the relative
permittivities &5, erp. The surfactants used were
cetyltrimethylammonium chloride (CE) and sodium
laurylsulfate (SDS).

relative permittivity of water ¢,. Here, three cases of binary mixture model as
shown in Fig. 13 are considered.

The case (a) is that of the molecular mixture of water and CA matrix, the
relative permittivity of the whole system ¢, being given by the following equation

according to Onsager®:

(ern—¢w) (2ewerntnut) (ern—era) Qeraerntnst) 1 1y —
ew(2ern+n,2)t H + era(2erp+nys2)? (1-H)=0, (7
where n; ny are the refractive index of GA matrix and water respectively. The
case (b) is that of the water pore in the CA matrix (W/O type) and (c) is that
of the CA matrix in the water continuum (O/W type). The relative permittivity
¢rn of the cases (b), (c) is given by the following equations according to Brugge-

mani®:
ern—twferalt_ |
te(e)P o, (W/O type) (8)
Ern—Era _51 1/3__
*—‘ew—e,«xm) —H. (O/W type) (9)
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Fig. 13, Schematic presentation of the mixture
model of CA matrix and water.

Figure 14 shows the curves calculated by use of Eqs. 7-9, together with the
experimental values summarized in Table 2. The theoretical curves of the molecu-
lar mixture model is best fitted to the experimental points, provided that the value
of the relative permittivity of water &, is 64. It is reasonable that the value of
the relative permittivity of the adsorbed water is smaller than the value for the
bulk of the water, 78!, Hence, the CA membrane in aqueous solution can be
considered to be the homogeneous mixture of CA matrix and water. The dielec-
tric relaxation characterized by the relaxation frequency fo=t s/ (2mesern) is, however,
seen to be attributed to the interfacial polarization caused by the heterogeneous
structure of the CA membrane. Hence we consider as follows.

The water distribution in the CA membrane may be a little heterogeneous,
because of a little heterogeneous distribution of the degree of acetylation or car-
boxyl substitution or other reasons. The distribution of the value of the relative
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Fig. 14. Dependence of the relative permittivity esn on the water
content H. The theoretical curves are the values cal-
culated by Eq. 7 (a), Eq. 8 (b) and Eq. 9 (¢), provided
that the value of ew is 78 instead of 64.

permittivity in the CA membrane is almost homogeneous, since the value of the
relative permittivity of the CA membrane is proportional to the water content.
On the contrary, the ionic conductivity depends on the water content markedly.
For instance, the ionic conductivity is 100 times as large as the increase of 14%
in the water content (Table 2). Hence the CA membrane in aqueous solution can
‘be considered to be composed of various phases of almost the same value of
the relative permittivity but of the different values of the ionic conductivity. In
order to clarify this, the quantitative analysis is carried out for the simplest model.

For a disperse system of spherical particles with the complex permittivity e
in the continuous medium with the complex permittivity e.*, Wagner proposed the
following equation for the complex permittivity ¢* of the whole system!?:

& Y
gr=g X 2;;;165* +%;)D<<eeaf_ ;l:k; g 10)

where @ is the volume fraction of the dispersed particlés and the complex permit-
tivity is given by e*=e+r/(Jwe,).

The limiting values of ¢, £ at low (subscript 1) and high (subscript h) frequen-

cies and the relaxation frequency fy, are expressed as'®

_ 2eatei—20(ca—¢s) |
fn=fa 2€a+5i+@(5a—€i> ’ <ll)
L E 9(eka—¢eaks) D
€L—5a,ca+ [2/Cg,+lfi+¢(/Ca,“/Ci>jz ’ i (12)
. 2katu:—20 (ko—ks) (1%)

LR kA D (a—rr)
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__ En 9(kiea—FKati) €D
'C”_K“ea‘+ [(2eat+ei+D(ea—e:) ]2 a9
r 1 2kt i+ O(ka—ks) ‘
f°_27rev 2eqt+ei+D(ca—er)’ (15)
when the value of ¢; is equal to the value of &, Eqs. 11, 12, 13, 15 are
En==E1=CEa, (16)
K Iepka(ka—r:)D
EL=En 2k atks+D(ko—ki) )2 an
o 2ICa+ICi—2(D</Ca—ICi>
K1 =FKqa 2/Ca,+lfi+@(l\fa,—lﬁi) > (18)
1
.fOZM[ZICa‘I‘Ki‘*‘(D(ICa—ICi)]. (19)

By means of the procedure explained in Appendix 1, the values of &i, £a, @ are
calculated from the observed values of esu, €51, £, fo, The analysis is carried out
for some cases in Table 2 and the results are listed in Table 6. The value of the
ratio £ifte is below 9. Such a little difference may occur when the water content
of “i" plase is a few per cent as large as compared with that of “4” phase.

Table 6.. Phase parameters calculated from the data summarized in Table 2.

kS JSo ka Ki
DS NaClconc. e egn (/xS pp— i 28 em 4 o [
.72 20mM 33.0 2l.1 3.16 3,83x 108 1.67 14. 2 0.32
2.13 20mM 26.8 16.8 0.286 4.16x 10t 0.146 1.24 0. 34
02,25 20mM  22.6 13.8 6.87x10"2 1.19x10¢ 3.41x102 0.299 0.35

2,38 20mM 186 11.6 4.61x1073 7.15x10® 2.16x10-3 1.46x10-2 0.42
2.45 10mM 217 13.4 3.36x1073 4.53x10® 1,56x10-3 1,09x10-2 0,42

The value of the distribution parameter of the relaxation times [ shows that
the morphology of the heterogeneous structure of the CA membrane in aqueous
solution is very complicated. Hence, the quantitative analysis of the whole relaxa-
tion behaviour is very difficult. In consideration of the dependence of the value of
¢s, on the concentration of salts, surfactants and H* ion, it is inferred that the
surface charge may affect the low frequency rexalation!®.
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APPENDIX

1. Calculation of Phase Parameters £a, &1,
For simplification of calculation, we put as follows:
2ot hi=x, (AD)
O (ko—r:) =y, (A2)
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Substituting Egs. Al, A2, Egs. 17, 18, 19 are

I”L gﬁa. _5_[ - 4
X—ay ke

= (A9)
x+y=>6re.erfo=2, ‘ (A5)

Rearrangement of Eqs. A3, A5 with respect to x, y gives

_ 2 (ﬂ _ £L_>
YT Ok \er Ko/ (AB)
= _i(ﬁt__ﬂ) \

x=z—g A ") . (A7)

Substitution of Eqs. A6, A7 into Eq. A4 and rearrangement of Eq. A4 gives
Bta? — (2 g 86 Jrat 2,0, (A8)

By solving Eq. A8, we can calculate the parameter £, from the observed parameters
€1, €ny K1, fo. The parameters r;, @ can be calculated from the parameters ra, €1,
ens K1, Jo, using Eqs. Al, A2, A6, A7.
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