Nanocomposites of Polyethylene/Polyaniline/Graphite

With Special Morphology
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Nanofillers of polyaniline nanofibers (PANI) with graphite
oxide (GO) or reduced graphite oxide (rGO) were synthe-
sized and characterized. Four samples of PANI/graphite
with 10% and 30% of GO or rGO were obtained. The
addition of GO or rGO in PANI nanofibers increased the
conductivity and improved the thermal stability of the
nanofillers. These nanofillers were used in the in situ
ethylene polymerization producing PE/PANI/graphite
nanocomposites characterized by SEM and TEM,
revealing very particular morphologies. PANI/GO or
PANI/rGO nanoparticles showed a good dispersion in
polyethylene, and an increase in the thermal stability of
the final material was observed. POLYM. COMPOS.,
39:3645-3655, 2018. © 2017 Society of Plastics Engineers

INTRODUCTION

Polyaniline (PANI) is an intrinsically conductive poly-
mer (ICP) that has attracted considerable attention due to
its easy high yield synthesis, low cost monomer, tunable
properties, and high environmental stability [1]. There are
three isolated forms of polyaniline: leucoemeraldine base
(yellow compound), emeraldine base (blue compound),
and pernigraniline base (purple compound). The emeral-
dine salt (green compound) exists in a highly conductive
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form [2]. The conjugated m-electron system of PANI is
responsible for the electronic conductivity. Nonetheless, its
electronic properties can be improved by doping with differ-
ent types of inorganic charges to develop promising materi-
als [3]. Several studies have shown the influence of the
dopant nature and protonation state on the dielectric proper-
ties of PANI. The conductivity can be also enhanced using a
highly conductive filler as graphite. In recent years, compo-
sites based on PANI and graphite have shown scientific and
technological potential in several applications [4-8] such as
batteries [9, 10], sensors [11], electromagnetic shielding
(intelligent packaging) [12], anticorrosive coatings [13],
solar cells [14, 15], and supercapacitors [16, 17].

Graphite is formed by a layered structure of hexagonal
carbon atoms and, due to its electrical and mechanical prop-
erties, it has attracted considerable interest as a filler in pol-
ymers. To obtain efficient electrical properties, the layers
of graphite, known as graphene, must be separated so they
can be dispersed throughout the polymer [18]. Graphite
intercalated compounds (GIC’s) can be obtained using oxi-
dizing agents in which polar groups move away the layers
of graphene [19]. The use of GICs in combination with
intrinsically conductive polymers such as PANI increases
PANI stability and optimizes its capacitance value [20].
Also, the addition of graphene nanosheets into the polymer
matrix can improve the electrical properties of the final
compound. Lin et al. [21] prepared and characterized polya-
niline/graphene composites and they observed that the con-
ductivity strongly depended on the content of sodium
dodecyl sulfate, which was used as a dopant. Graphene
oxide is a promising filler for PANI composites because
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this material is also capable of enhancing its stability and
capacitance [20]. GO not only serves as conductive support
but also provides a large surface for the dispersion of the
PANI nanoparticles [15, 22]. However, PANI/graphite or
PANI/GO nanocomposites do not have a good processabil-
ity. This handicap could be overcome by dispersing PANI/
graphite or PANI/GO nanoparticles in a flexible and high
processing matrix. Polyethylene (PE) could be a very good
matrix choice due to its low cost, good thermal, mechani-
cal, and optical properties, high resistance to chemicals and
excellent processability [21]. Chipara et al. [23] prepared
blends of PE and PANI that were mixed and milled together
on a two-roller mixer. They observed that the electrical
conductivity and mechanical properties of PE/PANI com-
posites depended on the concentration of conductive par-
ticles. The increase of PANI content into the PE matrix
increased the electrical conductivity but decreased the
mechanical properties due to the poor adhesion between
PANI particles and the polymeric matrix. The polymeriza-
tion of ethylene in the presence of PANI nanofibers by in
situ polymerization was studied recently [24] and it can be a
good option for improving the dispersion of the nanopar-
ticles. Recently our research group obtained graphite nano-
sheet/polyolefins nanocomposites with a good improvement
on the Young modulus, crystallization temperature, thermal
stability and conductivity using in situ polymerization with
metallocene catalysts [25]. In this work, the new approach
consists in the addition of PANI nanofibers combined with
graphene into ethylene by in situ polymerization. This sys-
tem could be a good alternative to improve the electrical
conductivity of PANI and to prepare lightweight and easy
processable conductive polymeric materials.

Thus, in this work we report the preparation of PANI
nanofibers using a modified rapid mixing polymerization
procedure in the presence of 10% and 30% of graphite
oxide (GO) or reduced graphite oxide (rGO) nanosheets.
The effect of the graphite content on the morphology,
structure, conductivity and thermal stability of a PANI/
graphite nanofiller is discussed. The PANI/graphite par-
ticles were used in the in situ polymerization of ethylene
with a metallocene catalyst to obtain PE/PANI/GO and
PE/PANI/rfGO nanocomposites. The nanocomposites were
characterized by scanning and transmission electronic
microscopy and the thermal and electrical properties were
also evaluated.

EXPERIMENT

Materials

Graphite flakes were provided by Nacional de Grafite
Ltda (Brazil). Nitric acid (P.A. 65%, MERCK), sulfuric
acid (P.A. 98%, F.MAIA), potassium chlorate (P.A. 99%,
VETEC), hydrochloric acid (P.A. 37%, NEON), ethyl
alcohol (P.A. 95%, NUCLEAR), ammonium persulfate
(APS, P.A. 98%, VETEC), acetone (P.A., MERCK), and
methylaluminoxane (MAO 5 wt% Al solution in toluene,
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ALDRICH) were used as received. Aniline (P.A. 99%,
SYNTH) was distilled before polymerization.

Synthesis of Graphite Oxide (GO)

The graphite oxide samples were prepared using a
modified Staudenmaier method [26, 27]. Nitric acid
(45 mL) was added to sulfuric acid (80 mL) in an ice
bath and stirred for 1 h. Then, graphite (5 g) and potas-
sium chlorate (55 g) were added while maintaining the
temperature and constantly stirring for 20 min. The reac-
tion mixture was stirred for 24 h, and then 600 mL of
10% hydrochloric acid was added. The crude mixture was
centrifuged, and the first washing water was removed.
Then, the residue was dispersed in water and sonicated
for 4 h. A dialysis membrane was used to reach pH 3.
The concentration was estimated by gravimetry and dilu-
tions were performed to obtain aqueous suspensions of
0.0149 g/20 mL and 0.034 g/20 mL of GO. The suspen-
sion remained in an ultrasonic bath for 4 h.

Reduction of Graphite Oxide (rGO)

The resulting dried graphite oxide was heated in a
quartz ampoule up to 1000°C for 10 s. The particles were
removed from the ampoule using a solution of 70% aque-
ous alcohol. The dispersed solution was dried in a furnace
at 150°C for 3 h and then weighed. Next, 200 mL of dis-
tilled water were added and the suspension was immersed
in an ultrasonic bath for 4 h to obtain a good dispersion
of the material.

Synthesis of Polyaniline Nanofibers/Graphene Nanofiller

PANI nanofibers were chemically synthesized using a
modified rapid mixing polymerization procedure [28, 29].
Distilled aniline (0.6 mL), ammonium persulfate (0.38 g)
and 1M aqueous hydrochloric acid solution (20 mL) were
transferred to GO (10% or 30% aqueous solution) and
stirred at 60°C for 20 s. When the solution began to
change to a dark green color, it was allowed to react for
an additional 2 h. The product was filtered and washed
with distilled water and acetone.

The PANI/rfGO compound was synthesized using the
same method described above. We obtained 4 nanocom-
posites samples with concentrations in wt%, described as
PANI/GO10 (10% of GO), PANI/GO30 (30% of GO),
PANI/rGO10 (10% of rGO), and PANI/rGO30 (30% of
rGO). All the nanocomposites were dried sob vacuum
before characterization and use as nanofillers in the ethyl-
ene polymerization.

Characterization of PANI/Graphite Nanofiller

The PANI/GO and PANI/rGO nanocomposites mor-
phology was analyzed using a FEIInspect F50 and a Field
Emission Scanning Electron Microscope. Transmission
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FIG. 1.
and b and d, bar: 2 pm).

Electron Microscopy (TEM) measurements were per-
formed using a JEM-1200 EXIl microscope. X-ray dif-
fraction (XRD) measurements were carried out on a
Rigaku DMAX 2200 diffractometer. Fourier Transform
Infrared Spectroscopy (FTIR) spectra were recorded on a
Shimatzu FTIR 8300 spectrophotometer in the range of
500—4,000 cm~' at room temperature. The powdered
samples (1 mg) were dispersed into tablets with KBr
(100 mg) and collected in the transmission mode using 32
scans.

Thermogravimetric analyses (TGA) were conducted
under an N, flow at a heating rate of 20°C.min""' from
25 to 900°C using SDT Q600 Ta Instruments. Raman
spectra were recorded on an Olympus microscopy cou-
pled to a Jobin Yvon IHR320 spectrometer attached to a
CCD (charged coupled device) detector using a HeNe as
the excitation laser (632.8 nm). The acquisition time of
20 s. Electrical conductivity was measured at room tem-
perature on pressed pellets (13.4 mm diameter, < 1 mm
thick) using a two-probe method with a model 236 source
measure unit from Keithley Instruments. The pellets were
made using 700 MPa pressure for 5 min at room tempera-
ture. For better electrical contact, circular silver electrodes
(9 mm diameter) were painted on both sides of the pel-
lets. The conductivity was obtained using the equation
c=IxW)/(VxA), where V is the voltage applied to the

DOI 10.1002/pc

SEM images of the PANI/GO10 (a and b) and PANI/GO30 (c and d) samples (a and ¢, bar: 5 pm

sample, A is the silver painted area, W is the thickness of
the sample and I is the current driven through the sample.

Synthesis of PE/PANI/Graphene Nanocomposites

Nanocomposites PE/PANI/GO and PE/PANI/rGO were
prepared by the in situ polymerization of ethylene. The
catalyst used was bis(cyclopentadyenil)zirconium dichlor-
ide (Cp,ZrCl,) and methylaluminoxane (MAQO) was used
as a cocatalyst. A suspension of the filler in toluene was
given an ultrasonic bath for 5 h. Then, MAO (15% in
weight of the filler) was added to the ultrasonic bath for
an additional 30 min. The reaction was carried out in a
100 mL PARR reactor under 60°C at ethylene pressure of
2.8 bars for 30 min. The amount of filler varied between
1% and 10%.

Characterization of PE/IPANI/Graphene Nanocomposites

The nanocomposites PE/PANI/GO were characterized
by MEV and TGA in the same conditions described pre-
viously. Differential Scanning Calorimetry (DSC) meas-
urements were performed on a TA Q20 instrument under
N, atmosphere. The samples with weights ranged from 7
to 10 mg were in the form of powder such as they were
obtained from the polymerization. The samples were
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FIG. 2. SEM images of the PANI/GOrl10 (a) and (b) and PANI/GOr30 (c) and (d) samples (a and c, bar: 5

pm and b and d, bar: 2 pm).

heated from 25 to 160°C, kept at this temperature for 2
min to erase the thermal history and cooled down to 25°C
at a heating/cooling rate of 20°C.min~'. The crystalliza-
tion temperature (T.) was taken from the cooling and the
melting temperature (T,,,) and heat of fusion (AHy) values
were taken from the second heating curve. The degree of
crystallinity (X.) was calculated from AH; and using the
equation AH; X100/64.5 [30].

TEM measurements were performed using a JEOL-
1011 microscope. The electrical conductivity was mea-
sured using two-probe methods as described previously.
A Keithley Instruments voltage source, model 247 and a
Keithley Instruments Electrometer, model 610 C, were
used for electrical measurements.

RESULTS AND DISCUSSION

PANI/GO Characterization

The aniline polymerization reaction is very simple and
fast. The color change of the solution to dark green at the
beginning of the polymerization reaction indicates the for-
mation of PANI in its emeraldine salt form. The time
required for the color change of the mixture depends on the
molar ratio of ammonium persulfate/aniline and the reaction
temperature [28]. In this study, emeraldine salt was rapidly
obtained using a reaction temperature of 60°C. PANI
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nanofillers with 10% and 30% of GO or rGO were synthe-
sized; for higher loads of GO or rGO it was observed the
formation of a film that hinder the polymerization of
aniline.

Figure 1 shows SEM images of PANI/GO10 and PANI/
GO30 nanofillers (SEM images of PANI, GO and rGO are
shown in the Supporting Information). It can be observed
that PANI is in the form of nanofibers in all cases. Those
nanofibers decorate the surface of the GO layers. As
expected, a higher ratio of PANI/GO showed a larger
amount of PANI nanofibers, as can be seen in Fig. la and
b. Figure 1c and d show the samples with the lower content
of PANI. The nanofibers of PANI presented an average
diameter of 62 nm. Figure 2 shows SEM images of PANI
nanofillers with rGO. The nanofibers can be seen in both
micrographs and the rGO seems to be highly recovered by
them, showing a high interaction between both materials.
This interaction could be due to m-1 stacking [22].

Figure 3 shows TEM images of PANI nanofillers with
GO (3A and 3B) and rGO (3C and 3D) for both concen-
trations. In the micrographs, it can be observed that large
sheets of graphene are transparent and entangled with
each other. The PANI exhibited the nanofiber morphol-
ogy. Graphite and PANI nanofibers are present homoge-
neously distributed in all samples. It is possible to
observe a few lines in Fig. 3c and d that may be sheets of
aligned graphene layers.

DOI 10.1002/pc
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FIG. 3. TEM images of the PANI/GO10 (a), PANI/GO30 (b), PANI/GOr10 (c), and PANI/rGO30 (d) samples (bar: 100 nm).

The TGA curves in Fig. 4 show the thermograms of
pure PANI, GO, rGO, PANI/GO, and PANI/rGO nanofil-
lers in both concentrations (10% and 30%), revealing
weight loss in several steps (the individual thermograms
with their derivates are shown in the Supporting Informa-
tion). The first step shows mass loss relative to the evapo-
ration of absorbed water molecules and volatiles, such as
dopant excess [28]. Pure PANI and rGO loose about 10%
of their weight, while GO looses more weight in this step
(38% at around 70°C). This could be related to the pres-
ence of oxygenated groups that facilitate the adsorption
of water molecules on the GO surface. It was also
observed that nanocomposites with a higher ratio of oxi-
dized or reduced PANI/graphite presented a slightly
higher weight loss (6-7% for PANI/rfGO10 and PANI/
GO10) than nanocomposites with a higher amount of
graphite (4% for PANI/rGO30 and PANI/GO30), proba-
bly due to the facility of water absorption by PANI. The
second weight loss step at 220°C for pure PANI and at
280°C for PANI/GO nanocomposites was due to the loss
of the PANI dopant (HCl) and the oligomers of PANI
[21]. GO has an important loss of functional oxygen
groups (23%) at this temperature, as well as PANI/GO10
and PANI/GO30 that loose 15% and 21%, respectively.
The loss of PANI/rGO nanocomposite is 6-9% of mass,
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which is very similar to the weight loss of pure PANI
(7%). During the third step, at around 430°C for all sam-
ples, the mass loss for PANI is only of 7% and involves
the loss of low molecular weight fragments [4]. The
weight loss above 430°C can be attributed to the
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FIG. 4. TGA curves of: pure PANI, PANI/GO10, PANI/GO30, PANI/
rGO10, PANI/rGO30, GO, and rGO. [Color figure can be viewed at
wileyonlinelibrary.com]
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XRD patterns of: (a) Pure GO; (b) Pure rGO; (c) Pure PANI; PANI/GO10 and PANI/GO30; (d)

Pure PANI; PANI/rGO10 and PANI/rGO30. [Color figure can be viewed at wileyonlinelibrary.com]

beginning of the degradation of PANI. Comparing the
curves shown in Fig. 4, it is possible to observe that
higher amounts of GO or rGO (30%) result in higher
thermal stability in the nanocomposites. Also, the thermal
stability of the samples containing rGO is higher com-
pared to samples containing GO due to the lower amount
of oxygen groups. GO presents several oxygen functional
groups in it structure, such as hydroxyl, carbonyl, carbox-
ylic acid and epoxy [31]. When it is reduced at 1,000°C,
most of these groups are removed, increasing the stability
of the material.

Figure 5 presents the XRD patterns of GO, rGO,
PANI, PANI/GO10, PANI/GO30, PANI/rGO10, and
PANI/rGO30. Pure GO shows a diffraction at 20 = 12°,
corresponding to an interlayer distance of 0.77 nm (calcu-
lated using Bragg’s Law Equation [32]), which is typical
of graphite oxide [20]. When GO was reduced to rGO,
this signal shifted to 20=123.0, decreasing the distance
between graphenes to 0.39 nm due to the elimination of
oxygen functional groups. Pure PANI nanofibers show
intense peaks at 20=20.1° and 25.0° that are
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characteristic of the crystalline planes (100) and (110) of
the emeraldine salt form, respectively [18, 20]. In both
samples of PANI/GO nanofillers, the GO peak was
clearly observed around 20 = 11.5°, corresponding to an
interlayer distance of 0.72—0.75 nm. In the nanofiller with
a higher amount of GO (30%), this peak is much more
intense, as it should be expected. For this sample, a well
defined peak is observed close to 19° which has not been
observed for the other samples and that it can be attrib-
uted to a crystalline structure produced by the interaction
between PANI and GO. In the nanofiller with rGO it is
possible to identify the contributions from PANI and rGO
peaks, even though there is an overlap in the region close
to 24°.

The FTIR spectra of GO, rGO, PANI, PANI/GO30,
PANI/rGO30, PANI/GO10, and PANI/rGO10 in the region
of 2,000-600 cm ' are shown in Fig. 6. (The full spectra of
these samples are included in the Supporting Information).
The characteristic absorption peaks for GO are centered at
3,424, 1,625, and 1,181 cm™! assigned to the stretching of
O—H, C=C (the aromatic graphene rings), and C—O

DOI 10.1002/pc
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FIG. 6. FTIR spectra of PANI/rGO10, PANIGO10, PANI/rGO30,
PANI/GO30, pure PANI, rGO, and GO samples in the region of 2000—
600 cm ™. [Color figure can be viewed at wileyonlinelibrary.com]

groups, respectively. The FTIR of pristine PANI shows the
absorption bands centered at 1,590, 1,500, 1,387 and
around 1,100 cm ™' corresponding to the stretching of C=N
quinoid rings, C=C of benzenoid rings, C—N of
—N—benzenoid—N and C=N of N=quinoid=N—, respec-
tively. The band at 822 cm™ ' correspond to C—H bending
vibration of 1,4-substituted phenyl ring [21]. The FTIR
spectrum of the sample with a higher amount of GO
(PANI/GO30) is very similar to GO, the PANI bands seems
to be masked by the strong GO bands. . This result is con-
sistent with the XRD pattern for this sample, in which the
presence of GO is very pronounced. The GO band due to
C—O stretching at 1,181 cm ™' is also present in the nano-
composites PANI/GO10 and PANI/GO30 but as it can be
seen in PANI/GOI0 it is shift to 1,196 cm™' suggesting
some interaction of GO with PANI. In rGO, this C—0O
stretching band appears at 1,158 cm ™' and it is present also
in the nanocomposites PANI/rGO10 and 30 with a slight
shift to lower frequencies. The PANI main bands at 1,590,
1,500, and 1,387 cm™ ! are clearly seen in PANI/rGO10 and
PANI/rGO10 nanocomposites, moreover in PANI/GO10
the benzenoid (1500) and C—N (1387) bands are shift to
1,523 and 1,357 cm ™', respectively, suggesting a possible
interaction of PANI with GO.
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The Raman spectrum of GO, rGO, and nanofillers are
shown in Fig. 7. The peaks centered at 1,350 and
1,591 ecm™ ' in the Raman spectrum of GO and rGO sam-
ples were attributed to the D band (in-plane vibrations of
disordered carbon) and G band (E2g mode) of graphite.
In the pristine PANI, characteristic peaks are centered at
1,173, 1,370, and 1,600 cm L, corresponding to the C—H
bending vibration of the benzenoid or quinoid rings, the
C—N" stretching vibration that demonstrates that the
PANI was in the doped state and C—C stretching vibra-
tion of the benzenoid ring, respectively. The peaks at
1,240 and 1,504 cm ™! were attributed to the C—N and
C=N stretching in the emeraldine state, respectively, sug-
gesting that PANI was in the nanofillers in the conductive
state, which is consistent with the presence of the emeral-
dine color [9]. For all samples, the Raman spectrum of
PANI is clearly seen. The contribution of GO or rGO is
not distinguishable, even for PANI/GO30 which has dis-
tinct results for XRD pattern and FTIR spectrum.

The results obtained for the electrical conductivity of
the nanofillers are presented in Table 1. Although there is
no significant differences in the experimental values for
the nanofillers with GO in comparison with rGO, it can
be observed that the incorporation of GO or rGO into
PANI nanofibers increased the electrical conductivity of
the nanofillers about 6 times, even though GO has a very
low electrical conductivity (insulator). This suggest that
electrical conductivity of PANI is enhanced due to the
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PuePANl A,

PANIFGO10
PANIGO10 ' |

PANIGO30

PANITGO30 : '
500 750 1000 1250 1500 1750
Wavenumber (cm’)
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FIG. 7. Raman spectrum of GO, rGO, and nanocomposites PANI/GO
and PANI/rGO.
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TABLE 1. Electrical conductivity of PANI and nanofillers of PANI
with GO and rGO.

Sample Conductivity (S.cm™ ")
PANI 0.68 X 1072
GO 5.6 X 1077
GO 18.8 X 1072
PANIGO10 3.7 X 1072
PANIGO30 33 X 1072
PANIrGO10 41 %X 1072
PANIrGO30 1.8 X 1072

interactions between PANI nanofibers with GO and rGO
sheets. According to Wang et al. [22], the oxygen groups
of GO sheets may interact with PANI through hydrogen
bonding and electrostatic interactions, while rGO sheets
may interact with PANI mainly by m-m stacking. The
SEM images of the nanofillers indicate that graphene
sheets provide a flat template for adhesion of as-
synthesized PANI [6] increasing the orientation of the
nanofibers and enhancing the electrical conductivity.

PE/PANI/GO Characterization

Table 2 shows the results for catalytic activity and
thermal properties of in sifu polymerization of ethylene
with nanofillers. It can be observed that the catalytic
activity decreases with the increase of the amount of the
nanofiller, which is probably due to the presence of the
oxygen groups of GO and rGO, which can deactivate the
catalyst. Previous works have shown that the addition of
small amounts of PANI results in an increase of catalytic
activity due to an interaction between PANI and the cata-
lyst [Cp,ZrCl,]/MAO during the in situ polymerization of
PE [24, 33], in agreement to the results obtained in this
work, specially for 1% of the nanofiller PANI/GO10.

Melting temperatures (7,,,) showed small variations,
within 2-3°C compared to pure PE, without any system-
atic trend. The degree of crystallization (X.) of the nano-
composites is systematically higher for samples
containing 1% of nanofiller, maybe due to the interac-
tion between PANI and the catalyst, as mentioned above.
For larger amounts of nanofillers, this parameter
decreases without any specific trend. The crystallization
temperature (7,) increases within 2-6°C for all nano-
composites compared to pure PE, indicating the nucle-
ation power of the filler [34]. The thermal stability
obtained from the maximum degradation temperature
(Tmax) from TGA also increases within 5-37°C, being
larger for the nanocomposites with a higher amount of
GO or rGO (30%). These results suggest that the pres-
ence of the nanofiller slows the process of the thermal
degradation of polyethylene.

The morphologies of the nanocomposites were studied
by SEM and TEM. Figure 8 shows SEM images of PE/
PANI/GO10—10% (A), PE/PANI/GO30—7% (B), PE/
PANI/rfGO10—6% (C), and PE/PANI/rGO30—6% (D),
revealing distinct morphologies. For the PE/PANI/GO
samples (A and B) it is possible to see some sheets of
GO covered by PE. The PE/PANI/rGO10 (Fig. 8c) sam-
ple contains an exfoliated, very ordered morphology, sug-
gesting that the nanofiller acted as a template for the
growth of the polymer chains.

Figure 9 shows the TEM images of the nanocompo-
sites, revealing a very different morphology between the
samples containing GO and rGO. The nanocomposites
containing PANI/GO (A and B) present large sheets of
PE, suggesting that the polymer used the GO sheets as
templates. This morphology is similar to the one pre-
sented by metals when the crystallization occurs through
a planar growth. Conversely, the nanocomposites with
PANI/rGO (C and D) look more like the branches of a

TABLE 2. Catalytic activities and thermal properties of nanocomposites PE/PANI/GO and PE/PANI/rGO.

Sample Nanofiller (wt.%) PE Yield (g) Catalytic Activity® Twm CO) T. (°C) X, (%) Tma,(b “C)
PE 0 5.6 2000 134 114 74 480
PE/PANI/GO10 1.0 8.2 2899 134 116 81 477
2.0 4.3 1506 134 116 77 488
4.0 5.3 1817 135 115 74 480
10.0 34 1093 134 117 69 485
PE/PANI/GO30 1.0 4.5 1591 135 117 84 517
3.0 4.8 1662 136 118 68 512
6.0 1.8 604 136 118 70 513
7.0 3.0 996 135 120 71 492
PE/PANI/rGO10 1.0 5.9 2086 135 117 87 481
3.0 5.7 1975 138 117 69 486
6.0 2.2 739 136 117 74 485
PE/PANI/rGO30 1.0 6.2 2190 135 118 81 495
3.0 5.7 1964 135 117 70 491
6.0 3.9 1312 136 117 65 491

3Catalytic activity of polymerization reaction = (kgPE molZr~ ' bar~' h™ ).

®Maximum degradation temperature obtained from TGA analysis.
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FIG. 8. SEM images of the nanocomposites PE/PANI/GO10 10 % (a), PE/PANI/GO30 7% (b) PE/PANI/
rGO10 6 % (c), and PE/PANI/rGO30 6% (d) bar: 10 um).

FIG. 9. TEM images of the nanocomposites PE/PANI/GO10 10 % (a), PE/PANI/GO30 7% (b), PE/PANI/
rGO10 6% (c), and PE/PANI/rGO30 6% (d) (bar: 0.5 pum).
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tree. This dendritic morphology is normally presented by
metals when their dissipation of heat during solidification
is fast [35]. Probably the presence of rGO, that present a
higher thermal conductivity than GO, increases the heat
dissipation rate producing this dendritic morphology dur-
ing the crystallization of the nanocomposite.

The nanocomposite PE/PANI/GO10 presented large
electrical resistivity and is considered insulator, even for
the sample containing 10% of PANI/GO10. Conversely,
the nanocomposite PE/PANI/GO30 presented a conductiv-
ity of 1.3 X 10°°S cm L compatible with semiconduc-
tor materials, with only 7% of PANI/GO30, suggesting
that higher amounts of GO in the nanofiller may increase
the electrical properties. The nanocomposites PE/PANI/
rGO behave as insulators probably due to the maximum
amount of filler (6%) obtained in these preparations,
which was not enough to achieve the conductivity thresh-
old. This behavior confirms the results of Table 1 that the
electrical conductivity occurs mainly through the PANI
-1 system but the interaction with GO or rGO sheets
through n-m stacking has the synergic effect to enhance
conductivity independent on the graphite nanosheet used.

CONCLUSIONS

Nanocomposites of polyaniline with graphene oxide
and reduced graphene oxide were easily synthesized by a
modified rapid mixing polymerization. TEM and SEM
images showed the nanofiber morphology of PANI
entangled between the GO or rGO layers, indicating a
well dispersed material. The thermal stability was
increased by the presence of rGO in the nanofillers. The
electrical conductivity of the nanofillers was improved by
about 6 times with the addition of GO or rGO compared
to pure PANI. PANI/GO and PANI/fGO were used as
nanofillers to obtain PE/PANI/GO or PE/PANI/rGO nano-
composites. The good dispersion of the nanofillers in the
PE nanocomposite was observed by electronic micros-
copy. The SEM and TEM images revealed significant dif-
ferences in morphologies between the polyethylene
nanocomposites obtained by PANI/GO or PANI/rGO
nanofillers. Nanocomposites with GO resemble layered
materials and with rGO resemble branches of a tree. Elec-
trical conductivity seems to occur mainly through the
PANI polymer but the interaction with GO or rGO sheets
has a positive effect on it. Polyethylene nanocomposite
with 7% of PANI/GO30 as filler showed potential as flex-
ible semiconductor.
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