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LETTER TO THE EDITOR

The effects of salinity on low-frequency dielectric dispersion in
liquid-impregnated porous solids

B Neitelblad} and G A Niklasson]

{ Physics Department, Chalmers University of Technology, 8-412 96 Goteborg, Sweden
t Teknikum, Uppsala Untversity, Box 534, 5-751 21 Uppsala, Sweden

Received 30 August 1995

Abstract. In this letter we study the dielectric properties of brine-imtpregmated artificial
sandstones. The frequency-dependent dielectric permittivity shows a relaxation due to the
electrochemical double layer at the interfaces. Good agreement was obtained with a theoretical
expression, rigorously valid for dilute colloidal suspensions. The relaxation frequency and
amplitude displayed clear dependences on brine conductivity. At the highest liquid conductivities
studied, electrode effects were observed at low frequencies.

A lot of theoretical [1-8] as well as experimental [9-14] work has been devoted to the study
of the dielectric properties of dilute colloidal suspensions of particles in an electrolyte. It
has been found that the electrochemical double layer around the particles gives rise to a
relaxation at low frequencies. Many elaborate theories exist, but several of them predict a
dependence that can be approximated by the expression [15, 16]
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where ¢, denotes the permittivity at high frequencies (due to other relaxations). The
relaxation frequency, fy = 1/2mt, is in the case of dilute suspensions, roughly

fo= 2 @)

" ma?
Here, D is the diffusion constant and a the radius of the particles.  Even if
experimental results agree qualitatively with the theoretical predictions, there can be
considerable quantitative disagreement, both in relaxation strength and in relaxation
frequency [12,13,17,18]. Ideas such as the ‘hairiness’ of the particle surface [11,19,20]
or interface conduction in the inner part of the double layer [6,21] have been employed to
explain the discrepancies.

Most of the published theoretical work has been restricted to dilute suspensions. In
one study on more concentrated suspensions [7], it is shown that the relaxation frequency
is strongly dependent on the concentration of the solid phase. In fact, it is shown that for
solid-phase volume fractions above 40%, i.e., in the region where we also encounter porous
solids, the relaxation frequency can exceed the value in equation (2} by a factor of 1000
or more. The exact value of the relaxation frequency is dependent on the strength of the
electrolyte; such a dependence has already been found theoretically for dilute suspensions
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{3]. Porous solids also have high solid-phase volume fractions. Here, the solid phase
is connected throughout the material but, otherwise, there is no principal difference to
colloidal suspensions. The electrical properties of porous materials are of great interest. For
example, sedimentary rocks can contain crude oil and natural gas as well as water, meaning
that dielectric measurements can be used for oil exploration {22]. In electrical insulation
systems, oil-impregnated paper is prevalent. For brine-saturated rocks, high values of the
permittivity have been found [23, 24], that cannot be dismissed as ‘electrode effects’. We
have previously measured such effects for artificial sandstone samples [25] and found that
the permittivity did not seem to have a clear dependence on sample thickness. We have
also investigated samples made of sintered polypropylene beads, impregnated with mono-
and di-benzyl toluenes containing tetraisoamylammonivm picrate [26]. For such samples,
we found that we could get a good agreement between the experimental permittivity and
equation (1).

We were not able to use data from our polypropylene—toluene systems to ascertain the
dependence on the liquid conductivity. The relaxation frequency was too low at room
temperature, and the highest liquid conductivity attainable was so low that we could not
achieve a wide range of conductivities. However, for salty water, the relaxation frequency
is higher (due to the higher diffusion constant), and it is possible to vary the conductivity
in a wide range.

In this letter we discuss the dependence of the dielectric dispersion in porous solids
due to interface effects on the conductivity of the pore liquid. The experimental resuits are
obtained from measurements on artificial sandstone samples, impregnated with salty water.
These samples have been described earlier [27, 28], They were composed of Danish beach
sand, giued together with small amounts of epoxy (about 2-3% by volume) and subjected
to pressure before the epoxy was cured. The sand contained 87% quartz, 7% plagioclase
and 6% of k-feldspar. The samples were prepared to attain a log—normal distribution of
grain diameters with a medium value of 0.25 mm. The samples were impregnated in a
vacuum chamber, that was evacuated to 0.1 Torr before letting the slightly saline water
into it. The measurements were taken between 5 Hz and 13 MHz using an HP 4192 A
impedance analyser. The samples were placed in a test cell between brass electrodes, using
a guard electrode to eliminate effects from conduction on the outer surface of the samples,
The electrodes were mounted on plastic screws, which enabled us to make measurements
on specimens with different thicknesses. This arrangement also gave good contact between
the sample and the electrodes.

In figure 1, we present the measured permittivity of a typical sample as a function of
frequency for four different values of the liquid conductivity. The low-frequency permittivity
¢learly increases and the relaxation shifts to higher frequencies with increasing strength of
the electrolyte. We differentiated the curves in figure 1 numerically, by using a five-
point formula to eliminate effects of the higher derivatives (except at the ends where we
used a three-point formula), Since we differentiated the loge’ versus log frequency curve,
differences due to different relaxation amplitudes were eliminated.

The resulis from the differentiation are plotted in figure 2. We observe a clear
dependence on liquid conductivity. In figure 2, we also give the corresponding derivative
of equation (1) for a typical relaxation frequency 30 Hz (solid line). Note the
strong resemblance of the experimental curves and the theoretical curve for low liquid
conductivities. This supports the validity of equation (1). For the highest frequencies, we
experimentally observe deviations from the expected constant value of —1.5. Since the value
of tan§ (the dielectric loss factor) is very high at these frequencies, the permittivity values
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Figure 1. The measured appatent dielectric permittivity of a typical sample (39% porosity) as a
function of frequency for the liquid conductivities 0.8 mS m~! (circles), 11 mS m~! (squares),
0.12 S m~! (diamonds), and 1.0 S m~! (triangles).
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Figure 2. Differentiated values d(lne’)/d(In f) as functions of frequency for the sample of
figure 1 (same notation as in figure 1). The solid line is the differentiation of equation (1)
(fo = 10 Hz) and the chain-dotted line is the differentiation of the Debye dependence
(fo = 10 Hz),

are somewhat uncertain. We may also have interference from other relaxation processes.
The values of the derivative are thus not accurate for those frequencies.

Strong deviations from the theory are noticeable at low frequencies for the measurements
at the two highest liquid conductivities. It is tempting to explain this in terms of the
occurrence of a second relaxation process at these frequencies. It is seen that the curve
for the highest liquid conductivity in figure 2 displays an almost constant value at low
frequencies. This signifies a power-law behaviour of the dielectric permittivity with an
exponent in the range 0.7-0.8. Such behaviour is very common for the dielectric response
of metal electrodes in an electrolyte [29,30]. Hence, we believe that this low-frequency
power-law response is due to polarization effects at the contacts. (We have obtained
exponents around 0.8-0.9 when making measurements on the liquid alone.) Evidence for
this interpretation is shown in figure 3. We cut one specimen into several samples of different
thicknesses. If the original specimen was macroscopically homogeneous, the samples should
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have the same bulk properties. In figure 3, the measured dielectric permittivity and AC
conductivity are shown as functions of frequency for two samples from the same specimen,
having different sample thicknesses (5.1 mm and 3.5 mm). The measurements were taken
at two different values of the liquid conductivity: 0.23 S m~ and 2.3 mS m~!. We see that
both the permittivity and the conductivity appear to be the same for the two samples at the
lower value of the liquid conductivity. Hence, it seems as if the measured results are due
to ‘bulk’ effects. For the higher value of the liquid conductivity, however, the measured
permittivity and conductivity values are not equal at the lowest frequencies. Actually, the
measured capacitance and conductance are almost the same for the two samples at the lowest
frequencies, suggesting that electrode effects are dominant here. Note, however, that the
differences appear to decrease at higher frequencies, suggesting that bulk effects gradually
become more important.
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Figure 3. The measured permittivity (a) and AC conductivity (b) of a 44%-porosity specimen
cut into two samples of different thicknesses. The liquid conductivity was 0.23 S m™! for a
5.1 mm sample {circles) and 2 3.5 mm sample (squares); and was 2.3 mS m~! for 2 5.1 mm
sample (diamonds) and a 3.5 mm sample (triangles}.

The effect of electrode interfaces may, according to some theories [31, 32], be modelled
as an equivalent circuit consisting of an ideal capacitor in parallel with an ideal resistor.
This circuit is connected in series with the sample. Assuming a similar model for the
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sample, this addition would yield a Debye-type relaxation. Since our high-frequency data
in figure 2 seem to show a somewhat steeper slope than —1.5, we also included the
theoretical differentiation of a Debye dependence in figure 2. Note that a Debye relaxation
is incompatible with the experimental data.

100 ¢ ‘ L
(o) ' .
: /
E s
5 .’
v
" 10 | [ I R
S 7 o%*
"N
*
v
he v
-~
1 TN AT BRIy B ETTY E S T
10t 10® 102 10! 10® 10
liquid conductivity [S/m]
B
A —
© E
: @ .
: -
E= .,
2 7 | % §
g 107§ P :
&
9
St
g
@)
ol
A 105 AU BT BRI SRR BT
tot 10% 102 107 10" 10!

liquid conductivity [S/m]

Figure 4. The estimated relaxation frequency (a} and relaxation amplitude (b} (according to
equation (1)) of the 39% porosity sample in figures 1 and 2. The dashed lines are computer fits
to the dependences fo o o, and A o o2 .

Restricting ourselves to the part of the experimental data that appears to be due to a
relaxation process that can be described by equation (1), we use computer fits to exiract
values for the relaxation frequencies and amplitudes. In figure 4(a), we show the relaxation
frequency as a function of the liquid conductivity, 0y;4,:4. Although there is some scattering,
the relaxation frequency displays a clear dependence on the liquid conductivity. As the
liquid’s conductivity is increased, the relaxation frequency increases too. The amplitude
factor, A, is presented in figure 4(b). Here too we get an increase with increasing liquid
conductivity; however, the dependence is much weaker. Figure 4 seems to indicate that
power laws would give reasonable approximations to the results. Actually, good agreement
is obtained by fo c,?;;ui 2 and A o cﬁ'fﬁi‘,. Although it must be stressed that the data are too
limited for drawing any definite conclusions about the exact dependence, it is interesting
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that those exponents yield the following result for frequencies far above the relaxation
frequency: €' & Oliguia/@w 1, which motivates the use of the so called reduced frequency
[33-35] to display data measured at different liguid conductivities.

In conclusion, we have found that a low-frequency relaxation found in dielectnc
measurements on impregnated artificial ‘rocks’ is shifted upwards in frequency as the
conductivity of the impregnation liquid is increased. The relaxation amplitude is also
increased, although the dependence is weaker. The frequency dependence can be fitted
with an expression describing electrochemical double-layer effects in a dilute suspension.
The validity of this expression for porous materials may seem surprising, and a rigorous
theoretical justification cannot be given at present. The indication is that the relaxation is
due to the electrochemical double layer. For high values of the liquid conductivity, the data
seem to display a second relaxation. We suggest that this second relaxation is due to the
electrodes.
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