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Incorporation of carbon black nanofillers into castor oil polyurethane
improves the electrical conductivity of the materials, through a
thermally activated process.
Conventional polymers are generally considered to be electrically insulating materials because they contain a low concentration of free charge
carriers. Conductive polymer composites (CPCs)—conventional polymers that contain conductive fillers—have thus been developed to
combine the excellent mechanical properties, lightness, flexibility,
and processability of polymers with the electrical properties of conductive solids.1–3 Furthermore, CPCs prepared from natural polymer
matrices—including natural rubber, cellulose nanowhiskers, and castor oil polyurethane (PUR)—have attracted much attention in the last
few decades because they can be obtained from renewable and natural
sources.4–6 CPCs can be used in a wide range of applications, e.g.,
electrostatic dissipating devices, antistatic flooring, sensors, and conductive adhesives.7 It is therefore important to understand the specific
electrical conduction mechanisms that occur in the materials, for each
of their applications.
In previous work, it has been demonstrated that the electrical conductivity of CPCs is strongly influenced by factors such as the preparation method, quantity, and distribution of the conductive filler material
within the polymeric matrix, as well as by the volume fraction and
conductivity of the constituent phases.8 In addition, charge transport in
CPCs can be determined by two main mechanisms: a percolation model
for hopping conduction and the tunneling effect between isolated conducting particles.6, 9 Electrical conductivity is also strongly influenced
by variations in temperature that the CPC is subjected to. That is, as the
temperature increases in the composites, the activity energy of charge
carriers also increases. This makes the hop between localized states
more favorable and the material more conductive.10 Although several
previous studies have illustrated the potential of carbon-based fillers to

Figure 1. The real (M 0 ) and imaginary (M 00 ) parts of the electric
modulus, shown as a function of frequency for different temperatures (between 50 and 70◦C). Results are shown for the castor oil
polyurethane/carbon black (PUR/CB) nanocomposite samples containing (top) 1% and (bottom) 10% CB (by mass), i.e., the 99/01 and 99/10
films, respectively.

improve the electrical properties of insulating polymer matrices, little
research so far has focused on the electrical properties of biopolymerbased CPCs that contain carbon fillers.
In this work,11 we have therefore evaluated how temperature affects
the electrical and dielectric properties of thick films of nanocomposites that contain a biopolymer (PUR) matrix and carbon black (CB)
nanoparticles. We used the casting method to prepare our PUR/CB
nanocomposites, which contained between 1 and 10% (by mass)
CB. We then performed direct current electrical conductivity and impedance spectroscopy measurements to assess the electrical properties
of the samples. In particular, we used an impedance analyzer (Hewlett
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Packard, Model 4192A), in the 102 –106 Hz frequency range, to
measure the AC conductivity of the PUR/CB films at different
temperatures.
We analyzed the electrical response of our material by using the
complex electric modulus formalism, which is based on polarization
analysis. This is possible because interfacial polarization is almost always present in CPCs (due to the fillers that are dispersed in the systems). This interfacial polarization, however, is masked by the electrical conductivity, and the dielectric permittivity can be very high at low
frequencies. Nonetheless, this problem can be overcome by formulating a complex electric modulus, which is calculated from the complex
impedance data.12
We show the real and imaginary parts of this complex electric modulus for our samples that contain CB concentrations above and below
the percolation threshold, for a wide frequency range and different temperatures, in Figure 1. We find that the modulus peaks shift toward
higher frequencies with increasing temperature. This is evidence of
temperature-dependent behavior that can be described by an Arrhenius
equation. In addition, we observe an asymmetric enlargement of the
peak. This indicates propagation of relaxation that involves different
time constants and that exhibits non-Debye-type behavior.

Figure 3. The real component of electrical conductivity ( 0 ) as a function of frequency for the (a) 99/01 and (b) 99/10 PUR/CB samples at
different temperatures. (c) The real component of electrical conductivity as a function of frequency for PUR and PUR/CB nanocomposites
(containing 1, 3, 5, 7, and 10% CB by mass) at ambient temperature.

Figure 2. The maximum peak frequency (fmax ), as a function of the
inverse of temperature (T), for the (a) 99/01 and (b) 99/10 PUR/CB
samples. Ea : Activation energy.

Using the Arrhenius equation, we can then determine the activation
energy of the charge carriers in the samples from the slope of semilogarithmic graphs of the maximum peak frequency as a function of the
inverse of the temperature (see Figure 2). Our results indicate that the
activation energy decreases with an increase in the amount of CB
Continued on next page
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contained within the polymer matrix of our samples. This behavior arises because of the large size of the conductive region, and is
in agreement with previous reports for polymethylmethacrylate/CB
composites.13
We also show the real part of the electrical conductivity, as a
function of frequency and at different temperatures, for the same two
PUR/CB samples in Figure 3. We observe frequency-dependent behavior for samples with CB concentrations below the percolation threshold. For the samples above this threshold, however, our results indicate two well-defined regions in the electrical conductivity curve: a
frequency-dependent region and a frequency-independent region. In
the frequency-independent region, the charge carriers traverse a large
distance by virtue of the tunneling effect. This involves isolated conductors even before the direction of the electric field is reversed.11 In
contrast, the conduction of charge carriers in the frequency-dependent
region occurs via hopping between the localized states, which is why
an almost linear increase in electrical conductivity is observed. Finally,
our measurements also illustrate the influence of temperature on the
conductivity of the composites. That is, our results demonstrate that
the conduction process is thermally activated.11
In summary, we have investigated the electrical properties of conductive polymer composite films that contain a PUR matrix and CB
nanofillers. We have used both experimental and theoretical approaches
to assess the electrical properties. We find that the samples exhibit
excellent electrical and mechanical characteristics, caused by the
incorporation of CB into the PUR matrix. In our future work, we
intend to use other conductive fillers (e.g., carbon nanotubes,
graphene nanoplatelets, and conductive polymers) to improve the electrical and mechanical properties of additional natural polymers (such as
natural rubber), with the aim of making them suitable for application as
electrostatic dissipating devices, and as antistatic flooring and coating
materials.
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