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Flexible nanocomposite films derived from castor-oil
polyurethane (PUR) and conductive fillers of activated
carbon nanopowder (CNP) and carbon black (CB)
nanoparticles were prepared by casting and character-
ized by scanning electron microscopy (SEM) as well as
direct (dc) and alternate current (ac) electrical conduc-
tivity measurements. The fillers exhibited spherical
morphology with diameters ranging between 40 and
60 nm. Compared to CNP, CB was dispersed better in
the matrix. Based on the classical percolation theory,
different universal exponents were obtained from the
conductivity curve analysis. The PUR/CNP nanocom-
posite obeyed the universal percolation theory, while
the PUR/CB nanocomposite did not obey it. The PUR/
CNP nanocomposites exhibited a higher percolation
threshold (pc 5 29.3 vol%) and lower dc conductivity
compared to PUR/CB nanocomposites (pc 5 5.7 vol%).
This difference is related to the physics and chemical
characteristics of the CNP and CB filler dispersed in
the matrix. The ac conductivity of the nanocomposites
was described by the Jonscher power law confirmed
that conduction occurs through a hopping mechanism
between localized hopping. POLYM. COMPOS., 00:000–
000, 2017. VC 2017 Society of Plastics Engineers

INTRODUCTION

Conventional polymers are considered as electrically

insulating materials because of the low concentration of

free charge carriers. However, their electrical conductivity

can be modified by the incorporation of a conductive

filler, for example, semiconductor or conductor particles

and conducting polymers. Conductive polymer composites

(CPCs) are prepared from a conventional polymer and a

conductive filler, permitting the combination of the excel-

lent mechanical properties, flexibility, and facile process-

ing ability of polymeric materials with a better electrical

property of the conducting particles. CPCs are considered

disordered materials, and their electrical conductivity

depends on different factors, for example, preparation

method (amount and distribution of the dispersed filler in

the host matrix), volume fraction, and phase conductivity

[1, 2]. For example, in case of an extremely low

conductive filler concentration, there is a considerable

distance between the particles; hence, the conductivity of

the composite is approximately similar to that of the poly-

meric matrix [3]. On the other hand, in case of a high

conducting filler concentration, an insulator–metal transi-

tion occurs, leading to a continuous conducting path in

the conductive fillers [4]. At this stage, a percolation

threshold is observed, and the conductivity (r) of the

composite abruptly increases [5–7].

The conduction in CPCs is determined by two main

mechanisms, percolation model for hopping and tunneling

conduction, respectively. In the percolation model for

hopping conduction, the conductive fillers are in physical

contact, forming a three-dimensional structure in which

the charge carriers jump between localized states within

the bulk of the composite. On the other hand, in the per-

colation model for tunneling conduction, the conductive

fillers are separated by a thin insulating layer or a barrier

potential [8, 9].
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It is crucial to examine the electrical properties of

CPCs because of their immense potential for technologi-

cal applications, for example, gas sensing, antistatic

shielding, electronic and food packaging, and electromag-

netic radiation shielding, as well as in the electronics and

aerospace industries. Several studies have reported the

preparation of CPCs from carbon black (CB), carbon

nanotubes, carbon fibers, and activated carbon nanopow-

der (CNP), and the potential of a carbon-based filler to

improve the electrical properties of the insulator polymer

matrix has been demonstrated [10–29]. However, few

studies have reported the electrical properties of CPCs

based on biopolymers, such as castor-oil polyurethane

(PUR) with CB and CNP fillers.

The reaction between diisocyanates and polyols leads to

the formation of polyurethanes (PU), which have a urethane

linkage [30]. PUs are classified as multiblock copolymers

because the polymer chain consists of blocks of hard and

soft segments, which permits the control of their flexibility,

hardness, and mechanical properties [31–34]. PUR is

extracted from the castor bean seed, a native Brazilian plant.

This biopolymer is obtained by mixing the pre-polymer and

the castor-oil-derived polyol. This biopolymer exhibits prop-

erties, for example, flexibility, lightweight nature, and

mechanical properties, comparable to synthetic PU; these

properties can be controlled according to the pre-polymer/

polyol ratio [35].

In this study, flexible thick films of nanocomposites

based on a biopolymer (PUR) filled with CB and CNPs,

with potential applications as electrostatic dissipative

devices, were produced by casting. Their electrical prop-

erties were evaluated by direct current (dc) electrical con-

ductivity and impedance spectroscopy measurements, and

their electrical conductivity and conduction were evalu-

ated as function of the particle concentration and applied

external electric field frequency. Significant differences in

the electrical properties of the nanocomposites were

observed depending on the filler used, that is, CB or

CNP. Besides of the filler conductive properties, this

behavior can be mainly related to the dispersion of the

filler in the PUR matrix.

EXPERIMENTAL

Preparation of the PUR/CNP and PUR/CB
Nanocomposites

Materials. PUR was obtained at a 1.0:0.7 molar ratio

for the pre-polymer F-329 (derived from isocyanate) to

polyol 21 L (derived from castor oil), and all reagents

were provided by the Analytical Chemistry and Polymer

Technology Group (University of S~ao Paulo, USP). CNP

and CB (XE2/PRINTEX) were purchased from Sigma-

Aldrich Inc. and Degussa LTDA, respectively. Table 1

summarizes the particle size, surface area, and density

of the conductive fillers, supplied by the respective

manufacturers.

Sample Preparation. PUR/CB and PUR/CNP samples

were obtained by mixing the pre-polymer (2.0 g) and pol-

yol (1.4 g) in a 5.0 mL of chloroform under constant stir-

ring, and different concentrations (5–40 vol%) of the

conductive filler (i.e., CB or CNP) were dispersed into

the solution in desired proportions. Flexible nanocompo-

site films, with thickness ranging from 80 to 150 lm,

were obtained by casting the PUR/CB and PUR/CNP

mixtures, followed by the deposition on glass slides and

curing at room temperature for 2 days. The conductive

filler mass, employed in each sample, was determined

according to Eq. 1. Table 2 summarizes the amount of

materials used

mx5mPUR

qx � /x

qPUR � 12/xð Þ (1)

where mPUR and qPUR represent the mass and density of

PUR, respectively. mx, qx, and /x represent the mass,

density, and volume fraction of CNP or CB, respectively.

Characterization

Current–Voltage Measurements. The dc conductivity

was measured by the two-probe method by using a pro-

grammable voltage-current source (KEITHLEY, model

236). Gold electrodes were evaporated on both faces of

the films for electrical contact. The dc electrical conduc-

tivity was calculated using Eq. 2

rdc5
L

R � A (2)

where R is the ohmic resistance (obtained from slope of

the I vs. V graph), A is the electrode area, and L is the

sample thickness.

TABLE 1. Particle size, surface area, density, and electrical conductiv-

ity of the CNP and CB nanoparticles.

Parameters CNP CB

Particle size (nm) 50 35

Surface area (m2/g) 100 1,000

Density (g/cm3) 0.336 0.1

Electrical conductivity (S/m) 27.0 200.0

TABLE 2. Masses of CNP and CB and their respective volume

fractions (in 3.4 g of PUR).

vol% Mass of CB (g) Mass of CNP (g)

5 0.017 0.060

10 0.037 0.127

15 0.060 0.202

20 0.085 0.287

25 0.113 0.381

30 0.146 0.489

35 0.183 0.615

40 0.227 0.762
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Impedance Spectroscopy. Alternate current (ac) electri-

cal conductivity was measured at room temperature at fre-

quencies ranging from 100 Hz to 1 MHz using an

impedance analyzer from Hewlett Packard (model

4192A). The ac complex electrical conductivity was cal-

culated using Eq. 3

r�5
L � Z0

A � Z021Z002ð Þ1
L � Z00

A � Z021Z002ð Þ (3)

where A is the electrode area, L is the sample thickness,

Z0 and Z00 are the real and the imaginary parts of the com-

plex impedance, respectively.

Field-Emission Scanning Electron Microscopy (FEG-

SEM). The morphology of the nanocomposites was ana-

lyzed using a Supra 35 field-emission scanning electron

microscopy instrument (Zeiss). The nanocomposites were

fractured after immersion in liquid nitrogen and dried

under dynamic vacuum for 1 h. Next, the fractured trans-

verse sections of the samples were coated with carbon.

RESULTS AND DISCUSSION

Morphology

Figure 1 shows the typical grain morphology of the

CB and CNP nanoparticles used as the conductive phase

in the polymeric matrix. CB and CNP particles exhibited

similar spherical morphology, with a diameter distribution

ranging from 20 to 60 nm. The inset of the figure showed

CNP and CB particles, with average diameters of around

45 and 40 nm, respectively. These values are similar to

those provided by the manufacturers.

Figure 2 shows the cross sections of the PUR/CNP and

PUR/CB thick film composites with the introduction of

30 vol% of nanoparticles. CNP and CB nanoparticles

exhibited a homogeneous distribution pattern with differ-

ent phases in the nanocomposite. However, CB particles

(Fig. 2c) were better dispersed than CNP particles (Fig.

2a). In the PUR/CNP nanocomposite, the CNP particles

tend to cluster more in certain regions of the matrix, sepa-

rated by large insulating regions which interfere during

the conduction of charge carriers. On the other hand, the

CB particles were distributed better than the CNP par-

ticles, facilitating electrical conduction.

CB and CNP exhibit different chemical and physical

characteristics. CB is virtually pure elemental carbon in

the form of colloidal particles, which is produced by the

incomplete combustion or cracking of heavy petroleum

products, gases, and vapors under controlled conditions.

Activated carbon, which is physically different from CB,

is obtained from charcoal; it contains pores that can

adsorb heavy metals, poison, and dirt particles, for exam-

ple, in water filtration [36, 37].

Carbon-based materials exhibit four fundamental prop-

erties that determine their potential for different applica-

tions, (i) thickness, (ii) particle size, (iii) internal particle

FIG. 1. FEG-SEM images of the (a and b) CNP particles and (c and d) CB particles and their respective

histograms of the particle size distribution.
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structure, which determines their aggregation, dispersion

behavior, and electrical conductivity, and (iv) surface

functionality, affecting their wettability, viscosity, and

electrical conductivity, respectively [36]. CNP particles

exhibited more surface functionalities and higher particle

size distribution and density compared to CB particles.

From the physical and chemical characteristics as well as

their synthesis, CNPs tended to aggregate because of their

intrinsic van der Waal interactions, leading to their

decreased dispersion [38].

Papers in the literature have demonstrated the good

dispersion of CB and CNP-based polymer composite.

Deniz et al. [25] has observed that the CB particles

presents good dispersion and interaction with the polyvi-

nyl fluoride (PVDF), the fillers with spherical morphol-

ogy showed to a small clusters formation separated by the

PVDF matrix. Similar behavior has been observed by

Arora et al. [27] which carried out a study of the chemi-

cal and physical properties of the acrylic resin/activated

carbon composite.

Electrical Conductivity Analysis

The dc Electrical Conductivity. The dc electrical con-

ductivity measurements were carried out to examine the

effect of the conductive filler on the electrical properties

of the nanocomposites. Figure 3 plots the dc conductivity

(rdc) as a function of the CNP and CB volume fraction of

the nanocomposite samples. As can be observed from

Fig. 3, the percolation threshold was around 5.7 vol% for

PUR/CB and 29.3 vol% PUR/CNP. Above the percolation

threshold the rdc of the PUR/CNP and PUR/CB nano-

composites were 1026 and 1024 S/m respectively, these

values are 6 and 8 orders of magnitude higher than the

rdc of the neat PUR.

The comparison of the two nanocomposites revealed

that PUR/CB exhibits higher conductivity and a lower

percolation threshold compared to PUR/CNP. This result

is in agreement with the scanning electron microscopy

FEG-SEM images shown in Fig. 2. CNP particles tended

to clump together, thereby forming isolated islands that

are separated by large insulating regions (PUR matrix);

on the other hand, CB particles were better dispersed,

forming a network of conducting islands within the nano-

composite with a lower amount of CB than CNP. This

behavior is mainly related to its higher density and parti-

cle size distribution, pore structure, and functionalized

surface characteristics, which affect the dispersion within

the matrix and electrical conductivity of the PUR/CNP

nanocomposite [39]. A comparative analysis reveals that

the electrical conductivity obtained for the nanocompo-

sites of the present work is close to those mentioned in

the literature. Arora et al. [27] studied the electrical prop-

erties of acrylic resin/activated carbon composites and

reported the electrical conductivity of approximately 1024

S/m with the addition of 30 wt% activated carbon. Cheng

FIG. 2. FEG-SEM images of the (a and b) PUR/CNP composites and (c and d) PUR/CB with 30 vol% of

nanoparticles added to the polymeric matrix.
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et al. [28] obtained binary composite of polyamide 6

filled with CB, and multiwalled carbon nanotubes

(MWCNTs), the electrical conductivity value were 0.5 and

0.04 S/m, respectively. Although electrical conductivity of

MWCNTs is higher than CB, the authors observed that CB/

PA6 binary composite have higher conductivity than

MWCNT/PA6 binary composite. [28] This behavior was

mainly related to the physical and chemical characteristics

of the filler. CB particles have the highest surface energy

and the relatively highest electrical conductivity while

MWCNTs exhibit the highest aspect ratio and excellent

electrical conductivity [28]. However, due to the agglomera-

tion of MWCNTs resulted from the strong van der Waal

forces among them and the high viscosity of MWCNT/PA6

FIG. 3. (a) dc electrical conductivity as a function of the CNP and CB volume fractions. (b) Electrical per-

colation in PUR/CB. (c) Geometrical percolation (by physical contact) in PUR/CNP. [Color figure can be

viewed at wileyonlinelibrary.com]

FIG. 4. Double-logarithmic plot according to Eq. 4 (a) and (c); Eq. 5 (b) and (d). (a and b) PUR/CNP sam-

ples; (c and d) PUR/CB samples.
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composite during the compounding process, MWCNT-based

composites have a major drawback in conduction of elec-

tricity [28]. On the other hand, due to the inherent structure

of CB, it is possible to form a 3D network in the polymer

matrix [28].

By the percolation theory, when the volume fraction of

the conductive filler reaches the percolation threshold, an

infinite conductive path will be created inside the com-

posite, which facilitates the movement of the charge car-

riers. Hence, the conductivity abruptly increases. The

percolation theory predicts that conductivity obeys a

power law for systems formed by insulating and conduc-

tive phases [1, 5, 8]. The rdc behavior for systems with a

volume fraction of conductive particles above the percola-

tion threshold is described by Eq. 4

r � k u2ucð Þt (4)

where u is the conducting phase, uc is the critical volume

(percolation threshold) at which the insulator to conductor

transition occurs, and t is the conductivity critical exponent.

Similarly, the conductivity of systems with a volume frac-

tion less than the percolation threshold is given by Eq. 5

r � q uc2uð Þs (5)

where s is the conductivity critical exponent, and q is a

constant.

Figure 4 plots ln (rdc) versus ln (u – uc) and ln (rdc)

versus ln (uc – u) for PUR/CB and PUR/CNP nanocom-

posites according to Eqs. 4 and 5, respectively, to esti-

mate the critical exponent (t and s) and constant (k and

q). The critical exponent and constant values were esti-

mated by fitting the data shown in Fig. 4. Table 3 sum-

marizes these values.

The critical exponent values for the PUR/CNP nano-

composites were in agreement with the universal percola-

tion theory, which predicts a range of 1.5–2.0 for s. The

conduction of charge carriers occurs through an infinite

three-dimensional network, which is formed by the physi-

cal contact of the CNP nanoparticle agglomerates (Fig.

1c). However, the critical exponent values for the PUR/

CB nanocomposite were not in agreement with the uni-

versal percolation theory. A similar behavior has been

reported previously [40, 41]. In this case, the conductive

filler or clusters are sufficiently near to facilitate conduction,

the hopping and tunneling of the charge carriers occur

between the neighboring conductive fillers (Fig. 1b).

The ac Complex Electrical Conductivity. Figure 5

shows the real (r0(x)) and imaginary parts (r00(x)) of the

complex conductivity as a function of the frequency for

the PUR/CNP and PUR/CB nanocomposites. The com-

plex conductivity for both nanocomposites was similar to

TABLE 3. Parameters obtained from linear fit using Eqs. 4 and 5 for

the PUR/CNP and PUR/CB nanocomposites.

Parameters k (S/m) q (S/m) t s

PUR/CNP 2.92 3 1028 7.95 3 1029 1.53 21.99

PUR/CB 4.39 3 1028 7.87 3 1029 2.91 22.94

FIG. 5. The ac complex conductivity as a function of frequency for (a and b) PUR/CNP and (c and d)

PUR/CB with different volume fractions of the conductive filler.
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that for disordered solids [8]. At above the percolation

threshold, the samples exhibited two well-defined regions

in the curve of r0(x). In the first region, ac conductivity

exhibits a plateau at low frequencies, while in the second

region it shows a frequency-dependent behavior at high

frequencies. The critical frequency represents the stage at

which the transition between the different regions occurs.

Below the critical frequency, the conductivity is approxi-

mately equal to rdc.

At low frequencies, the charge carriers scan a large

distance inside the composite before the direction of the

electric field is changed; in this case, the mean distance

covered by the charge carriers at frequencies less than the

critical frequency is greater than the correlation length

(size of the largest finite-size cluster); hence, conductivity

is independent of the frequency [42]. Although at high

frequency, the conduction of the charge carriers occurs by

hopping between the localized states; hence, an almost

linear increase in r0(x) is observed [43]. The ac conduc-

tivity in disordered solids r0(x) exhibits universal behav-

ior, which can be described by the Jonscher power law

and expressed as follows:[44, 45]

r05rdc1rac5rdc1Axn (5)

where rdc is the dc conductivity (frequency-independent

behavior), x is the angular frequency of the applied electric

field (x 5 2p
Ð
6 ), A is the pre-exponential factor, and n is the

fractional exponent. The n value represents the degree of

interaction between the charge carriers and the surrounding

environment; typically, this universal behavior of the n
value ranges between 0 and 1, suggesting that conduction

occurs through hopping [46, 47]. On the other hand, several

previous studies have reported n values greater than 1

[48–52]. According to Papathanassiou et al.,[50] there is no

physical argument to restrict the n value to less than 1 at

the empirical universal law of Jonscher.

Table 4 summarizes the A and n values, which are

obtained by fitting Eq. 5 from the plot of log r0(x) versus

log frequency for all of the PUR/CNP and PUR/CB nano-

composites. The n value for the PUR/CNP nanocomposite

ranged between 0.7 and 1.0, while that for the PUR/CB

nanocomposite ranged between 1.0 and 1.73 (Fig. 5).

According to the n values obtained for both samples, the

characteristic behavior of charge conduction involves

hopping between localized states inside the conductive

filler. Figure 5a,c shows the mathematical fitting by using

Eq. 5, confirming the validity of the model for all sam-

ples at high frequencies. For the PUR/CNP and PUR/CB

nanocomposite in which the concentration of the conduc-

tive filler is less than the percolation threshold, a

frequency-dependent behavior was observed, which was

described by the power law (Eq. 5). The main conduction

mechanism is related to the dipole movement of the poly-

mer chains and spatial charges trapped at the interfaces

between the matrix and conductive clusters.

The imaginary part of conductivity (r00(x)) at all con-

centrations of CNP or CB exhibited frequency-dependent

behavior (Fig. 5b,d). Imaginary conductivity was propor-

tional to the imaginary impedance (Eq. 3); hence, it is

associated with the energy-dissipation effects of the mate-

rial. As can be observed from Fig. 5b,d, the r00(x) behav-

ior was independent of the conductive filler, but it

increases with increasing frequency of the alternating

TABLE 4. Parameters obtained from fitting of the experimental data

using the Jonscher’s equation for the PUR/CNP and PUR/CB nanocom-

posites and neat PUR.

Samples rdc (S/m) A n

PUR 2.16 3 1027 9.54 3 10213 1.032

PUR/CNP (85/15) 1.09 3 1026 1.52 3 10-10 0.90

PUR/CNP (80/20) 2.18 3 1026 4.35 3 10210 0.91

PUR/CNP (75/25) 7.98 3 1026 6.56 3 10210 0.91

PUR/CNP (70/30) 1.04 3 1025 2.19 3 1029 0.88

PUR/CNP (65/35) 1.25 3 1025 1.71 3 1029 0.79

PUR/CNP (60/40) 5.09 3 1025 6.63 3 1029 0.85

PUR/CB (95/05) 3.17 3 1027 3.73 3 10211 1.02

PUR/CB (90/10) 7.72 3 1027 5.68 3 10211 1.10

PUR/CB (85/15) 3.67 3 1026 2.66 3 10211 1.30

PUR/CB (80/20) 1.43 3 1025 1.28 3 10213 1.73

PUR/CB (75/25) 1.11 3 1024 3.04 3 10213 1.71

PUR/CB (70/30) 1.39 3 1024 4.24 3 10212 1.60

FIG. 6. Nyquist plot of the (a) PUR/CNP and (b) PUR/CB samples at

different volume fractions of the conductive filler.
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electric field. In addition, r00(x) increased with the

increase in the CNP or CB volume fraction, related to the

high number of charge carriers that participate during

conduction; similarly, energy dissipation is observed.

Figure 6 shows the complex impedance spectrum or

Nyquist plot (Z00 vs. Z0) of the PUR composites at various

CNP and CB concentrations at room temperature. In the

typical Nyquist plot of the samples with CNP and CB

concentrations greater than the percolation threshold, a

broad semicircle was obtained for the entire frequency

range examined; this behavior indicated that a single con-

duction mechanism is applicable in CNP [53]. An almost

perfect semicircle for conductive samples suggested that

it obeyed the Debye relaxation model. The semicircle

gradually decreased with increasing conductive filler con-

centration, suggesting that the conductivity of the samples

increases. The high-frequency semicircle observed for the

samples in which the CNP and CB concentrations were

greater than the percolation threshold is mainly related to

the material bulk properties.

CONCLUSIONS

Flexible nanocomposites based on castor-oil-based PU

were obtained with different content of CNP and CB

nanoparticles by casting. Morphological characterization

of the nanocomposites revealed that CB particles exhibit

better dispersion compared to CNP particles.

The percolation threshold (pc) values were 5.7 and

29.3 vol% for PUR/CB and PUR/CNP, respectively. The

PUR/CB samples exhibited higher dc conductivity com-

pared to PUR/CNP samples. The critical exponent values

for the PUR/CNP nanocomposites were in agreement

with the universal percolation theory; on the other hand,

the nonuniversal critical exponent for the PUR/CB sam-

ples is associated with electrical percolation. The expo-

nent n values obtained from the Jonscher power law

confirmed that transport in the PUR/CNP nanocomposites

occurs via a hopping mechanism. The exponent n> 1 was

observed for the PUR/CB nanocomposite, indicating that

the conduction occurs by localized hopping without leav-

ing the surrounding of CB. CB exhibited a better impact

on the electrical properties of the matrix compared to

CNP particles, demonstrating its potential as conductive

fillers, electrostatic dissipating devices, and antistatic

flooring and coating materials.
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