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ABSTRACT

Dielectric properties of natural rubber Hevea brasiliensis latex were measured at frequencies 0.2 to 20
GHz, at temperatures of 2, 15, 25, 35, and 50°C and around 30-98% moisture content. Measurements
were done using open-ended coaxial line sensor and automated network analyzer. As expected,
results showed that dielectric constant increased with increasing moisture. From 0.2 to 2.6 GHz,
the losses were governed by conductive losses but for frequencies greater than 2.6 GHz, these were
mainly due to dipolar losses. The former is due to conducting phases in hevea latex, while the latter
is mainly governed by the orientation of water molecules. The results were analyzed at 2.6, 10,
and 18 GHz, respectively. These were then compared with the values predicted by the dielectric
mixture equations recommended by Weiner, Bruggeman and Kraszewski. All the measured values
were found to be within the Weiner’s boundaries and close to the upper limit of Weiner’s model. It
is also close to the predicted values of Bruggeman’s model with a/b = 0.1. All the models including
Kraszewski are suitable for predicting the dielectric properties of hevea latex for frequencies 2.6 to
18 GHz, moisture content 30 to 98% and temperatures 2 to 50°C.
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INTRODUCTION

The dielectric properties of a material refer to the complex relative permittivity £ *= &' — jg’,
where g’ is the real relative permittivity, which is also known as the dielectric constant, whereas
the imaginary part €” is the dielectric loss factor. The dielectric constant is a measure of the ability
of the material to be polarised or energy stored, while the loss factor is a measure of the ability of
the material to heat or energy loss by absorbing energy.

The samples are freshly tapped hevea latex, latex concentrate, diluted fresh hevea latex,
diluted latex concentrate with moisture content (MC) varying from 40%-98% (wet basis) and
deionised water. Hevea latex consists of 55%-80% water, 15%-45% rubber hydrocarbon and
approximately 2%-4% non-rubber constituents (Chin, 1979). Excluding water, the most abundant
non-rubber constituents are proteins, lipids, quebrachitol (methyl inositol), and inorganic salt of
about 0.5%. These include potassium, phosphate ions and traces of copper, iron, sodium, calcium
and magnesium (Chen, 1979). About 2%-3% conducting phases arise from these non-rubber
constituents. This composition varies widely according to season, weather, soil condition, clone,
tapping system, etc. The latex concentrate used was preserved with 0.025% tetramethyl-thiuram
disulphide/zinc oxide and 0.2%-0.3% ammonia and supplied by the Rubber Research Institute of
Malaysia (RRIM). Freshly tapped hevea latex was obtained from the Research Park of Universiti
Putra Malaysia (UPM).
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Dielectric properties of hevea rubber latex at various moisture contents and temperature have
been reported at microwave frequencies. Besides the water content, previous studies have shown
that for the frequency range of 2 GHz to 20 GHz, the dielectric properties also depend on the
geometrical shape of the water molecule which is ellipsoidal (Khalid and Yusoff, 1992; Khalid et
al., 1994; Hassan et al., 1997). Below 2 GHz, the dielectric properties of latex are mainly due to
the migration of dissolved ions which originate from the conducting phases in the latex (Gorton
and Pendle, 1985).

In this study, hevea rubber latex is treated as a biphase liquid, where the rubber particles and
the non-rubber constituents are considered as a single solid phase or solid content of hevea latex
while the other is water. This biphase mixture of water and solid components is assumed to be
isotropic and randomly distributed in space.

BIPHASE MIXTURE MODEL

The dielectric properties of mixtures containing two or more dielectrics are common. It is assumed
that one component of the mixture forms a matrix, in which the other or several others sparsely in
the form of particles, where in general their shape is taken to be ellipsoidal (Suresh et al., 1967).
The complex permittivity of water and rubber can be written as:

£*= 8*w5wﬁ+8*r5rf; (l)

and

Sufu +6.,=1 @

where €% ,, €%, are the complex relative permittivity of latex particles or solid continuum and
complex relative permittivity of water molecules, respectively. Likewise, d,, and J,.are the volume
fractions of moisture and latex particles respectively and fis the field ratio. From equations (1) and
(2), the general forms for the effective complex dielectric constant in terms of the average field for
the water and solid continuum can be expressed as:

eXx=¢g* +(e*,—€%*,)0.f, 3)
and

(e*—e*,)0.f,+(e*—€*,)8£=0 4)

The volume fraction  , is related to the moisture content by the following expression (Krazewski,
1974);

_ Y
Sy = Mu/ [Mw + },w(l - M,) [5]

where M,, is the wet basis moisture content, ¥ and ¥, are the relative of the solid continuum and
water, respectively.

From equations (3) and (4), the complex permittivity of the mixture can be written as:

8*=8*r+( w r . r 6
3 5;£*r+(8*w_8*r)Al ()
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where A, is known as the depolarisation factor dependent on the axial ratios of the ellipsoid.
Equation (6) was extended (Boned and Peyrelasse, 1983) for high concentrations of inclusion
or high moisture content following Bruggeman’s method (Bruggeman, 1935; Chaloupka et al.,

1980). In this method, the low concentration is gradually increased by the addition of volume

fraction 4§ = % of the moisture content which gives an increment to the complex dielectric
constant d€as: "
dd, €*,—¢€* 1
* — € ES
de (1-35.) 3 §8*+(e*w—e*)A1 ()

In this process, the permittivity of the medium around a particle slowly changes from &*, to
the final complex permittivity of the mixture € *. For the case of a spheroid b = ¢, 4, depends
only on the ratio a/b and 4, + 4, + A.= 1. By integrating equation (7) from 0 to 5 and from &*,
to &*, the following equations can be obtained for a spheroid with a # b = c,

8*r3d 8*W_8*
(1_5‘”):<8*> (e*w—e*,>

1 AU -24) 234 - 1)
;A,‘l ~ (2-3A) (2 —3A)1 - 34)

The complex permittivity of the mixture € *= £ — j&” could be obtained from equation (8)
using the numerical root seeking method (Khalid, 1994).

Another analysis was developed by Weiner where the upper and lower limits of the complex
permittivity can be calculated from:

ex,(1-30)+ex*,2-34) (®)
ex(1—34)+e*,(2—34)

where, A =A4,=A4,d = and K =

ex—1 o g%, —1 %, —1
8*+n_6w8*w+n 5r8*,+n ©)

The mixing condition n provides a means of deducing the orientation assumed by the water
molecules and could be used to obtain information about the degree of binding of the water
molecules in the latex solution (Hassan ef al., 2003). According to Weiner’s theory, the complex
relative permittivity reaches a maximum limit, €*,,,. or Weiner’s upper bound when n = co. This
corresponds to the case where the water molecules, in the form of ellipsoids with their major
axis, are parallel to the direction of the applied field. In this manner of configuration, the water
molecules are said to be loosely bound and are therefore free to move or orientate. The minimum
limit, €*,,,, or Weiner’s lower bound, is obtained when » = 0. This is when the major axis of
the ellipsoids is perpendicular to the applied field and is tightly bound. From equation (9), the
following could be obtained:

E* = OWE*, + 6,6, (10a)

(10b)

The dielectric relative permittivity of the mixture is always bound by € * . in the upper
range and € * mix in the lower range. With n increasing, more water molecules are aligned parallel
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to the applied field, whereas with decreasing n, more water molecules are aligned perpendicular to
the field.

Kraszewski et al. (1976) developed a simple model for a quick analysis from the relation of
the propagation constant, where the complex relative permittivity of the mixture may be written
as:

eX=8,e% )2+ 8e*)? (11)

MATERIALS AND METHODS

Measurement of the complex relative permittivity of latex was done using 4 mm open-ended
coaxial line probes (HP 85070B), coupled with automated network analyser (HP §720B) and
computer, at the frequencies of 0.2 to 20 GHz. The sensor translates changes in the permittivity
of a test sample into changes in the input reflection coefficient. The system software calculates
the dielectric parameters from the phase and the amplitude of the reflected signal at the interface
between the open-ended coaxial line and the sample to be analyzed. With proper calibrations
(Kraszewski et al., 1982), the accuracy of the measurement is about + 5% for £ and = 3% for £”.

A series of solutions were prepared from the latex concentrate and freshly tapped latex. These
solutions were diluted with deionised water with a difference in the moisture content of about 2
to 3%. Latex concentrate registered the minimum moisture of about 38%, whilst deionised water
had the maximum of 100%. Latex concentrate was supplied by the Rubber Research Institute of
Malaysia and freshly tapped latex (RRIM 600 clone) was obtained from the university’s research
park.

The measurements were made at the temperatures of 2 to 50°C using ice bath and water bath
to cool and warm the samples, respectively (Hassan et al., 1997). The actual moisture content (wet
basis) was obtained by oven drying three 1.5 to 2.5 grams of the samples at 70°C and the average
results were recorded.

RESULTS AND DISCUSSION

The experimental values of the dielectric properties of hevea rubber latex, at 2, 15, 25, 35, and
50°C, with the values predicted from the mixture equations are summarised in Figs. / to 3. Curves
show the dielectric constant, £ and the dielectric loss factor, £” at the frequencies of 2.6, 10 and
18 GHz, respectively. The dielectric constant and loss factor increased with increasing moisture at
all frequencies, except that the loss factor is almost independent of the moisture at 2.6 GHz. This
is because the total losses are dominated by conductive losses at 2.6 GHz, and by dipolar losses
above 2.6 GHz. Complex permittivity of the biphase mixture model was for identical ellipsoidal
particles which were randomly distributed in space. The dielectric properties of liquid do not only
depend on the content of water, but they are also strongly dependent upon the geometrical shape
of the water molecules (Chaloupka ef al., 1980). The values predicted from the mixture models
include Weiner’s (upper and lower bound), Kraszewski and Bruggemann, with a/b = 0.01, 0.1 10
and 100 (Bruggeman, 1935; Boned and Peyrelasse, 1983). Both the fitted experimental data and
predicted values are tabulated in Tables 1-3. From the figures shown, all the measured values lie
within the Weiner’s boundaries, and they are also well below and close to the upper limit of the
Weiner’s model. This means that the water molecules are loosely bound and they can be easily
polarised.

The measured values were very close to the predicted values of Bruggeman’s model with a/b
= 0.1 (prolate spheroid) for all temperatures and frequencies, except at 50°C for 2.6, 10 and 18
GHz and 35°C for 10 GHz, where a/b = 10 (oblate spheroid). A better fit of Bruggeman’s model
to the data is given if water molecules are treated as oblate rather than prolate spheroids at 50°C.
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Fig. 1(a-e): Experimental dielectric data for Hevea latex solution with the theoretical data calculated from
the mixture equations, Weiner s upper, Bruggeman (a/b = 0.01, 0.1, 1, 10, 100) and
Kraszewski at 2.6 GHz and 2, 15, 25, 35 and 50°C, respectively
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Fig. 2(a-e): Experimental dielectric data for Hevea latex solution with the theoretical data calculated from
the mixture equations, Weiner s upper, Bruggeman (a/b = 0.01, 0.1, 1, 10, 100)
and Kraszewski at 10 GHz and 2, 15, 25, 35 and 50°C, respectively
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Fig. 3(a-e): Experimental dielectric data for Hevea latex solution with the theoretical data calculated from
the mixture equations, Weiner s upper, Bruggeman (a/b = 0.01, 0.1, 1, 10, 100)
and Kraszewski at 18 GHz and 2, 15, 25, 35 and 50°C, respectively
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Generally, the mixture models from Kraszewski and Bruggeman are suitable for predicting
the dielectric properties of hevea latex for frequencies 2.6 to 18 GHz, moisture content of 30 to
98% and temperatures of 2 to 50°C.

CONCLUSION

Dielectric properties of natural rubber Hevea brasiliensis latex were measured at microwave
frequencies from 0.2 to 20 GHz. The dielectric constant was found to increase with increasing
moisture. The losses are governed by conductive losses for frequencies of up to 2.6 GHz and
by dipolar losses for frequencies greater than 2.6 GHz. The conductive losses are due to the
conducting phases which arise from the non-rubber constituents in hevea latex, while the dipolar
losses are mainly governed by the orientation of the water molecules or dipoles. The biphase
mixture model from Weiner, Kraszewski and Bruggeman (a/b = 0.1) are therefore suitable for
predicting the dielectric properties of hevea latex. All the measured values lie within the Weiner’s
boundaries and are close to the upper limit of the Weiner’s model. This suggests that the water
molecules are loosely bound and they can be easily polarised.
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