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Abstract

Cashew nut shell liquid (CNSL) is an abundant and renewable by-product of the cashew nut industry. It appears to be a
valuable raw material for generating semiconductive polyaniline (PAni) nanomaterial with enhanced thermal stability
and well-defined nanofiber morphology following a polymerization dispersion process. This study confirms that CNSL
acts as a soft template during PAni synthesis, leading to an improvement in the nanofiber aspect. CNSL also improves
the thermal stability of the PAni nanomaterial. Moreover, CNSL is an effective surfactant that promotes and stabilizes
the dispersion of PAni nanofibers within water, allowing the more ecofriendly preparation of PAni nanomaterial by
substituting the commonly used organic solvent with aqueous media. Finally, although CNSL promotes the formation
of the conductive emeraldine salt form of PAni, increasing CNSL concentrations appear to plasticize the PAni polymer,
leading to reduced electrical conductivity. However, this reduction is not detrimental, and PAni nanofibers remain

semiconductive even under high CNSL concentrations.
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1. Introduction

Polyaniline (PAni) in the emeraldine salt form is one
of the most widely studied conducting polymers because
of its easy synthesis, low cost, and acid-doping/dedoping
chemistry-based property. Furthermore, the final polymer
shows high stability and excellent electrical properties when
exposed at environmental conditions. A limitation of PAni
in the emeraldine salt form is its insolubility in common
organic solvents and polymers, which limits its application
as a filler in nanocomposites. Many studies have tried to
overcome this difficulty!'-?.

PAni nanostructures can be synthesized with zero dimensions
(e.g., nanospheres'™), one dimension (e.g., nanofibers!,
nanorods?®, and nanotubes!®), and two dimensions (e.g.,
nanobelts!” and nanosheets®). PAni nanostructures have
been widely investigated because they combine the unique
characteristics of a conventional polymer with the quantum
effects of nanomaterials®!". Different experimental parameters
such as type of dopant used, [aniline]/[soft template] ratio,
pH, temperature, and reaction time can strongly affect the
PAni morphology!!!!-13],

PAni nanofibers are prepared by methods such as
using soft templates!*'* and surfactant-free emulsion
polymerization!'”. Micelle as a soft template has been
regarded as an appropriate theory in order to describe the
formation of the PAni nanostructure!'*'!. In this model the
dopant with an amphiphilic structure form ordered templates
like micelles and bi-layers to act as seeds for the growth of
polyaniline chains and therefore the morphology of the final
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product is highly dependent on the structure of the dopant
molecule and its ability to form stable micelles in water.
The high surface area of PAni nanofibers allows potential
applications in nanodevice manufacturing and preparation
of polymeric conductive composites. Therefore, different
mechanisms and methodologies for synthesizing PAni
nanofibers have been studied™'*2%,

The use of different soft template in the PAni synthesis has
been reported in literature. Yin and Yang used dodecylbenzene
sulfonic acid (DBSA) as a soft template in the synthesis
of polyaniline doped with hydrochloric acid (HCI). It was
observed that the morphology and electrical conductivity of the
resulting PAni depend on the ratio [aniline]: [DBSA] and HCI
concentration. PAni nanofibers and nanotubes with electrical
conductivity values of 0.16 S.cm™ and 5.3 x 10? S.cm™,
respectively, were obtained in the presence of low DBSA and
HCl concentrations!'!). Sucrose octaacetate as a soft template
was also used in the synthesis of PAni doped with HC1. PAni
synthesized with different sucrose octaacetate contents showed
electrical conductivity values in the order of 10! S.cm™!, which
are comparable to other conventional methods described in
literature. The morphology of nanofibers or nanorods was
influenced by the sucrose content and agglomerates were
observed increasing the amount of the soft template®!!.
In another work PAni was synthesized using HCI as dopant
and the N-cetyl-N, N, N-trimethyl trimethylammonium
bromide (CTAB) surfactant as soft template. The authors
found that surfactant/oxidant ratio influenced the aniline
polymerization and different morphologies and electrical
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conductivity values were obtained for PAni: nanotube,
nanorod, nanosphere and nanosheet with electrical conductivity
0f 0.92; 0.30; 0.0009 and 0.025 mS.cm™, respectively??.

Cashew nut shell liquid (CNSL), a by-product of the
cashew industry, is rich in natural nonisoprenoid phenolic
lipids. It contains four major components with long unsaturated
side chains of fifteen carbons: anacardic acid, cardanol,
2-methylcardol, and cardol, as shown in Figure 1124,

The final composition of CNSL depends on the oil extraction
method. Natural CNSL mainly contains anacardic acid and is
obtained from cold extraction. In hot extraction, anacardic acid
is converted to cardanol with 90 wt% yield, giving so-called
technical CNSL. The use of these natural phenolic compounds for
the synthesis of epoxy, alkyd, and phenolic resins, miscellaneous
coating materials, adhesives, and modifying agents for resins
and plastics have been reported®2¢. In addition, the authors
reported that CNSL can act as a secondary dopant and plasticizer
in the synthesis of PAni blends®"2.

The influence of CNSL on the mechanical and electrical
properties of PAni.DBSA and styrene butadiene styrene tri-block
copolymer (SBS) blends was evaluated. Results showed that
the CNSL improved the mechanical and electrical properties
due to the formation of cocontinuous-type morphology on
the blend and a secondary doping process on DBSA-doped
polyanilinel®®. Other researchers evaluated the action of the
CNSL derivative, known as cardanol, functionalized with
butane sulfonic acid, on the PAni synthesis. The functionalized
cardanol acted as a dopant in the synthesis and promoted
the formation of different nanostructures with electrical
conductivities in the range of 10" S.cm™'™. In a previous
work, cardanol was used as a primary dopant for PAni,
producing a polymer with electrical conductivity of 9.7 x
10" S.cm™. The presence of cardanol promoted the formation
of PAni nanofibers mixed with particulates'®!.

Although studies indicate that CNSL can potentially
improve the properties of PAni blends, the action of CNSL in
the polymerization of aniline and its influence on the properties
of the PAni thus obtained have not yet been investigated in
detail. This study investigates the influence of technical CNSL
on the morphology, solubility, and electrical and thermal
properties of PAni synthesized by dispersion polymerization.

2. Materials and Methods

2.1 Materials

Aniline (analytical grade from Synth) was purified by
distillation before polymerization. Hydrochloric acid (HCI)
(analytical grade from Neon), ammonium persulfate (APS)

CH O

anacardic scid cardanol
OH Sk
HCQC. Has HO CizHaz a1
cardol 2-methylcardol

Figure 1. Major components of CNSL.
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(ACS reagent from Sigma-Aldrich), and cashew nut shell
liquid (technical CNSL from Vernisul, Brazil) were used
without further purification.

2.2 Synthesis of doped polyaniline

The doped PAni was synthesized in the absence and
presence of CNSL by dispersion polymerization using HCl as
adopant and APS as an oxidant, according to the literaturel'®..
The [HCl]/[aniline] ratio was fixed at 3.3. HCI 37 wt%
(71.2 mmol) and freshly distilled aniline (21.48 mmol)
were dispersed in 200 mL of distilled water. Then, APS
(33.96 mmol) was added to the solution. The reaction
occurred at 25 °C with continuous stirring for 60 min.
The dark green product was filtered and washed with ethanol
to remove oligomers and dried for 48 h in a dessicator.
By using the same methodology, a different amount of CNSL
(25 and 40 wt% relative to the weight of aniline) was added
to the mixture. The effects of experimental parameters such
as the reaction time (30, 60, and 120 min) and temperature
(0 °C, 25 °C, and 55 °C) were also investigated.

2.3 Characterization

Field-emission scanning electron microscopy (FESEM)
was performed using an Inspect F50 microscope. The samples
in powder form were metalized with gold. Transmission
electron microscopy (TEM) was performed on a Tecnai
GM2100F microscope with operating voltage of 80 kV.
The electrical conductivity was determined by the four-point
probe method (Keithley Instruments, model 236, and
Multimeter HP34401) on pellet prepared by compacting
the PAni powder. The absorption spectra of KBr pellets
in the infrared region were obtained using a Perkin Elmer
Spectrum One Fourier transform infrared spectrometer
(FT-IR). UV-visible spectrometry (UV-vis) measurements
were performed between 200 and 1100 nm using an
HP Hewlett Packard 8453. Tests were conducted by preparing
a PAni/ethanol solution for each sample. Thermogravimetric
analysis (TGA) was performed using the TA Instruments Q60
under nitrogen atmosphere from 30 °C to 800 °C at a heating
rate of 20°C/min. The crystallinity of the powdered form
was measured using a Shimadzu 7000 X-ray diffractometer
with Cu Ka radiation (A = 0.1540 A) at room temperature.

To evaluate the influence of CNSL on the solubility of
PAni in water, the methodology described in the literature
was adopted™™. Doped PAni (30 mg) was added to 30 mL
of distilled water and ultrasonicated for 30 min at room
temperature. Undissolved PAni was separated by filtration,
dried at 100 °C in an oven for 1 h, and finally weighed.
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3. Results and Discussions

3.1 Influence of CNSL concentration

The FT-IR spectrum of doped PAni (Figure 2) shows
structural characteristics consistent with those of previous
reports. The peak at ~2915 cm! was attributed to the aliphatic
C-H stretching of CNSLP®!, The peaks at 1568 and 1487 cm'!
were attributed with the C=C stretching modes of the quinoid
and benzenoid units, respectively. The peak at 1294 cm'!
was attributed to the C-N deformation of the benzenoid unit.
The peak at 1118 cm™! was attributed to the C-H bending
vibration of the N=Q=N segment***!l. The ratio between the
intensity of the peaks at 1568 cm! (quinoid ring stretching—Q)
and 1487 cm™! (benzenoid ring stretching—B) was used to
compare the doping efficiency between the samples??.
According to the FT-IR spectra of the prepared samples,
theratio [, V[ ... ] is close to 1, confirming that the
doped conductive PAni was in the emeraldine salt form.

Figure 3 shows the UV-Vis spectrum of the investigated
samples. The entire spectra showed two bands at 340 - 370 nm
and 400 - 440 nm and over 700 nm. The first band was
attributed to the n-n* electron transition of the benzenoid
ring while the second and third bands correspond to
the polaron m* transition and m-polaron transition®'*!,
Usually the first two bands are often combined into a flat
or distorted single peak with a local maximum between
the two peaksP**l. The intensity of the polaron bands
absorption decreased with the introduction of the higher
amount of CNSL. This phenomenon is related to the doping
effectiveness of the polymer backbone®*. The ratio between
the polaron band absorbance (790-850 nm) and benzenoid
n-* electron transition (340-370 nm) roughly estimate the
level of PAni dopingP®**l. The values that were found were
0.91, 0.90 and 0.76 for 0% CNSL, 25% CNSL and 40%
CNSL, respectively. The sample with 40% CNSL shows
the lowest level of doping and therefore is expected to have
lower electrical conductivity.

The influence of CNSL on the morphology of PAni can
be evaluated from FESEM micrographs. Figure 4 shows
that PAni produced without CNSL showed a morphology
predominantly formed by agglomerates, whereas an increase in
the CNSL concentration favored the formation of nanofibers.
The agglomerated morphology of synthesized PAni without
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Figure 2. FT-IR spectrum of PAni nanofibers synthesized without
and with CNSL.
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the addition of CNSL can be explained by the formation of
unstable micelles of the dopant-aniline complex in water.
The addition of CNSL can lead to an acid-base interaction
between the CNSL and aniline salts in an aqueous medium
reaction to form stable cylindrical micelles?”). Therefore,
CNSL, acts as a soft template and promotes the formation
of PAni nanofibers with controlled dimensions through a
self-assembly process!??.

Figure 5 shows a TEM image of the PAni synthetized
with 25% CNSL. TEM image of PAni synthetized with 25%
CNSL shows dispersed and interconnected fibers with an
average diameter of (66 = 12) nm and average length of
(1053 + 128) nm, resulting in an aspect ratio of (18 + 6) nm.

Table 1 shows electrical conductivity values of PAni
synthetized with and without CNSL. The conductivity values
are of the same magnitude of those found in literature!''->221,
With the addition of CNSL, the electrical properties of PAni
degrade yet not in a detrimental manner. This result is no
surprise and can be explained by the chemical structure of
CNSL. Specifically the CNSL has a long aliphatic side chain
attached to an aromatic ring. Compounds with long side
chains can act as plasticizers, increasing the spacing between
polymer chains, thus decreasing in crystallinity and increasing
solubility. An increase in the spacing between the polymer
chains reduces the mobility of charge carriers!'?. In addition
the insertion of CNSL also affects the doping efficiency of
polyaniline as shown in Figure 3. These associated effects
result in a decrease in electrical conductivity mainly for the
sample containing 40% of CNSL.

The XRD scan in Figure 6 shows that the PAni prepared
without CNSL exhibits four characteristic diffraction peaks
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Figure 3. UV-vis absorption spectrum of PAni with and without
CNSL. (a) 0% CNSL; (b) 25% CNSL, and (c) 40% CNSL.
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Figure 4. FESEM micrographs of synthetized PAni with (A) 0% CNSL, (B) 25% CNSL, and (C) 40% CNSL.
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Figure 6. X-ray diffraction patterns of PAni nanofibers synthesized
without and with CNSL.

with distinct intensities located at 20 = 6°,15°,19° and 25° as
described in literature®®™!, The peaks located at 26 = 6° and 15°
disappear with the addition of CNSL, indicating a lower
organization of the polymeric chain*’.. The ratio between
the intensities of the peaks at 25° and 19°, [L.]:[L ,.],
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Table 1. Solubility, electrical, and thermal (as obtained by TGA)
properties and XRD data of PAni synthetized without and with
CNSL.

. Solubility
CNSL Cflllflclfzgjilty wet Lo pp gy OTPAM
(%) (S.em™) cC) (°0O) 27 in water
(%)
0 2.6 x 10° 327 408 6 8
25 8.1 x 10" 350 443 2 94
40 23 %103 352 447 1 97

indicates the crystallinity of PAni; the higher the value of
this ratio the better the ordering in the crystal structure.
Table 1 shows the ratios [1,.]:[1,,.] of the prepared samples.
Higher crystallinity was observed in polymers prepared
without the addition of CNSL. This is because CNSL can
plasticize PAni, and thus, PAni nanofibers containing the
highest amount of CNSL show lower crystallinity. These
results are consistent with the electrical conductivity results.
As discussed, lower crystallinity results in lower electrical
conductivity!.

The main disadvantages of conductive PAni in the
emeraldine salt form are insolubility in water and conventional
organic solvents and incompatibility with many conventional
polymers owing to high aromaticity™®. The solubility of
the prepared PAni samples was evaluated, and the results
are shown in Table 1 and Figure 7. Table 1 indicates that
the presence of CNSL increased the solubility of PAni in
water. The size of the CNSL side chains promotes interchain
separation, facilitating the penetration of solvents molecules
in clusters of polymer chains!'?.

Figure 8 shows TGA curves of the PAni nanofibers
synthesized with different CNSL concentrations. PAni
shows four stages of weight loss, independent of the
experimental conditions. The initial weight loss between
50 °C and 100 °C can be attributed to the evaporation of
water molecules. The second stage between 100 °C and
250 °C is due to free HCI (dopant unbound) and removal of
low-molecular-weight oligomers®®#?, The third stage between
250 °C and 300 °C is attributed to loss of the primary dopant
HCIBF*>41 The final stage between 300°C and 700°C is
attributable to the degradation of the polymer®*#+-46, PAni
is completely oxidized at ~700 °C3%#!, Table 1 shows that
increasing the amount of CNSL in PAni nanofibers leads
to an increase in the initial degradation temperature (T )

onset

and maximum mass loss rate temperature (T ) relative to
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those of pure PAni. T and T increase by ~25 °C and
~40 °C, respectively, when using 25% CNSL and 40% CNSL.
These results indicate that CNSL significantly improved the
thermal stability of PAni nanofibers.

Figure 7. Solubility of different samples of PAni in water:
(A) 0% CNSL, (B) 25% CNSL, and (C) 40% CNSL.
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Figure 8. TGA plots of PAni samples.
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3.2 Influence of reaction time and temperature

The morphology and electrical properties of PAni are
strongly influenced by the experimental conditions. Therefore,
the influence of temperature and reaction time on the properties
of PAni nanofibers was evaluated*’*]. As described above,
adding 25% CNSL improved the nanofiber morphology and
thermal properties, and therefore, this experimental condition
was fixed so as to evaluate the other parameters. Table 2
shows the evaluated parameters and results. To evaluate the
influence of reaction time on the morphology and electrical
properties of PAni nanofibers, small and large reaction time
of30 and 120 min, respectively, were evaluated. In all cases,
FTIR and UV-vis spectra (not presented here) confirmed the
generation of PAni in its conductive emeraldine salt form.

Figure 9(a) and Table 2 indicate that PAni synthesized
with a shorter reaction time of 30 min showed good-quality
fibers but with low electrical conductivity of 8.7x10*S.cm™.
This is because the reaction time was not sufficient for fully
doping the polymer, leading to a low degree of protonation.
On the other hand, Figure 9(b) and Table 2 indicate that a
longer reaction time of 120 min favored the formation of
agglomerates and reduced electrical conductivity. This is
because of secondary growth during polymerization.
The longer the reaction time, the higher is the probability
of the PAni polymeric chain becoming a support for the
growth of irregular structures®’. As shown in Figure 4(b)
and Table 2, a reaction time of 60 min is sufficient to

Table 2. Electrical conductivity under different experimental
conditions.

Reaction time Temperature Average Electri.ca.l
. conductivity
(min) (°C) diameter (nm) (S.cm)
30 25 64+ 11 8.7 x 10
60 25 66+ 12 8.1 x10?
120 25 74+ 15 1.3 x10*
60 0 85+ 14 1.1 x 10*
60 55 68+ 13 1.0 x 10°

Figure 9. FESEM micrographs with reaction time of (A) 30 min and (B) 120 min.
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Figure 10. FESEM micrographs of PAni synthesized at temperature of (A) 0° C and (B) 55 °C.

produce conductive polymer nanofibers with well-defined
morphology.

Polymerization was performed at three different
temperatures: 0 °C, 25 °C, and 55 °C. FESEM images showed
the presence of aggregates of PAni nanofibers for reactions
at temperatures of 0°C and 55°C (Figure 10(a) and (b),
respectively), whereas the reaction at 25°C generated
high-quality nanofibers (Figure 4(b)). The electrical
conductivity was also sensitive to temperature. The sample
prepared at 25°C showed electrical conductivity that was
100 and 10 times higher than that of samples synthesized
at 0°C and 55°C, respectively, as shown in Table 2.

4. Conclusions

Adding CNSL during the synthesis of PAni promoted
the formation of nanofibers and increased the thermal
stability. Moreover, CNSL appears to be an effective
surfactant that promotes and stabilizes the dispersion of
PAni nanofibers in water, allowing ecofriendly synthesis.
The presence of CNSL promotes the plasticization of
PAni nanofibers, thus degrading the electrical properties.
Nevertheless, PAni nanofibers remain semiconductive even
at high CNSL concentrations (i.e., 40%). Nanofibers with
the best conductivity and most well-defined morphology
were obtained when the reaction occurred at 25 °C for
60 min. Reaction times of 30 or 120 min and temperatures
of 0 °C or 55 °C resulted in the formation of agglomerates
and reduced the electrical conductivity. These results clearly
indicate that the lateral aliphatic chain allows CNSL to act
as a soft template, thus improving the PAni morphology and
increasing the surface area of the polymer. Thus, CNSL,
a biodegradable and renewable resource, can potentially
expand the technological applications of PAni nanofibers.
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