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Abstract

In this study, the authors evaluate the potential of the reinforcement of cellulose
nanowhiskers coated with polyaniline-DBSA (CNW-PANiDB) in a natural rub-
ber latex nanocomposite. For this purpose, cellulose nanowhiskers (CNWs) were
obtained by acid hydrolysis and coated with polyaniline by in situ polymerization in
an acidic medium using dodecylbenzenesulfonic acid (DBSA). The nanocomposites
based on natural rubber (NR) reinforced with CNW-PANiIDB were obtained by a
casting/evaporation method. Sample characterization was performed by DC electri-
cal conductivity, thermogravimetric analysis, strain—stress test, UV-Vis—NIR and
field emission scanning electron microscope. The UV-Vis—NIR spectrum of the
NR/CNW-PANiIDB nanocomposite revealed three characteristic absorption peaks
around 350, 425, and 830 nm, assigned to PANiIDB in emeraldine salt form. The
mechanical properties of the nanocomposite, such as Young’s modulus and tensile
strength, were improved by increasing the amount of CNW-PANiDB. The electri-
cal conductivity of the nanocomposite increased by seven orders of magnitude by
adding 10 mass% of CNW-PANiIDB. This result indicates that CNWs coated with
polyaniline-DBSA are an excellent material for use as mechanical reinforcement and
to improve electrical conductivity. Thus, NR/CNW-PANiDB nanocomposite films
have potential to be used as anticorrosive, electrostatic discharge, electromagnetic
interference shielding materials, transducers, and electroactive materials.
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Introduction

Materials from natural sources have many advantages over synthetics, such as
low cost of production, abundant raw material sources, and biodegradable char-
acter. Among natural materials, cellulose stands out as the most abundant mate-
rial in nature and is found in plant, algal, and animal organisms. Cellulose is a
homopolymer of high molecular weight composed of repeating units of f-1,4-
D-glucopyranose and has, as its main features, low cost, high crystallinity, and
mechanical strength [1-3]. Its dimensions may be reduced by breaking the
molecular chains (amorphous region) by acid hydrolysis to obtain highly crystal-
line microfibers (CMF) or nanowhiskers (CNWSs) [3, 4]. Advances in cellulose
chemistry have made possible the creation of new materials for use in different
industrial and technological sectors. Cellulose can be applied to coatings, films,
membranes, construction materials, textiles, paper, foodstuff, and pharmaceutical
products [5-7].

The use of cellulose fiber as a reinforcement in composites is another area gar-
nering attention in the last decade [8]. Its excellent mechanical properties and
reinforcing capacity combined with low manufacturing cost, high surface area,
and biodegradability make cellulose an excellent candidate to replace synthetic
material reinforcements [9, 10]. In recent decades, a number of studies have dem-
onstrated the potential of cellulose fiber as a reinforcement of several polymeric
matrices, such as elastomers [11, 12], thermoplastics [13, 14], and thermosets
[15, 16].

The possibility of reducing the dimensions of cellulose fibrils with acid
hydrolysis has opened its field of application in nanoscience. CNWs are usually
obtained in a stable aqueous suspension owing to the sulfate groups on its sur-
faces [4, 17]. Stability of the nanofiber dispersion is an important parameter to
obtain nanocomposites using water-soluble polymer matrices.

Among the polymeric materials, natural rubber (NR) in the latex form has
been extensively used to obtain nanocomposites reinforced with CNW [10, 18];
it is a linear biopolymer with a high molecular mass of the cis-1.4-polyisoprene
chain [19]. The superior features of NR such as elasticity, flexibility, and resil-
ience make it one of the most used polymers in the industrial sector (annual pro-
duction exceeding 12,070 thousand metric tons) [20]. Usually, the rubber indus-
try uses some type of loads (materials organic and/or inorganic), such as silica,
carbon black, or calcium carbonate, to improve the performance of the rubber;
these materials are derived from non-renewable sources, unlike CNW [21].

Visakh et al. studied the mechanical and thermal properties of a natural rubber
nanocomposite reinforced with nanofibers extracted from bamboo residues and
observed that the introduction of CNW in the NR matrix had a positive impact
on its properties [21]. The dispersion of 10 wt% CNW increased the Young’s
modulus of the nanocomposite from 1.7+0.2 to 3.8 +0.2 MPa. Siqueira et al.
used nanofibrils extracted from capim dourado to reinforce the NR matrices and
observed that the modulus of the nanocomposite increased to (1.6+0.2) X 10?
MPa with the dispersion of 10 wt% of CNW [22]. Similar results were obtained by
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Bendahou et al., who used rachis nanofibrils from date palm trees; they observed
an increase in the Young’s modulus of 0.5+0.2 MPa to (1.18 +0.06) x 10> MPa
with the addition of 10% wt% CNW [11].

Several studies also have proposed the mixture of CNW with intrinsic conduc-
tive polymers (ICPs) to obtain conductive nanocomposites [17, 23—-25]. Polyani-
line (PANi) is among the most studied intrinsically conductivity polymers (ICPs),
owing to its good electrical conductivity, thermal stability, and facile synthesis [26,
27]. PANI can be applied in electromagnetic interference shielding [28], recharge-
able batteries [29], conductive adhesives and coatings [30], and sensors [31, 32].
However, there are some limitations that can influence the application of PANi, such
as poor infusibility, low solubility in organic solvents, and poor mechanical proper-
ties [27, 33]. The solubility and infusibility of the PANi in the host matrix can be
improved by using organic acids such as dodecylbenzenesulfonic acid (DBSA) and
p-toluenesulfonic acid (PTSA) [17]. These organic acids can also act as dopants,
increasing the electrical conductivity of the material [26]. Concerning the mechani-
cal properties, these can be improved by mixing the PANi with a polymeric matrix
to obtain composites or blends. Such observations were evidenced by using CNW as
a support for PANi, where satisfactory results were achieved, and these studies con-
firm the good interaction between the two phases [23, 24]. Mattoso et al. performed
the in situ polymerization of aniline onto CNW and obtained a flexible CNW-PANi
nanocomposite with an electrical conductivity of about 0.01 S/cm [23]. Similar
results were obtained by Hu et al. [34] with an electrical conductivity of around 0.05
S/cm and Young’s modulus equal to 5.6 GPa.

The reinforcement characteristic of the CNW-PANi nanocomposite dispersed in
polymer matrices has also been investigated. Auad et al. analyzed the mechanical
and electrical properties of CNW coated with a PANi-reinforced polyurethane (PU)
matrix [35]. The authors obtained an improvement in the mechanical properties of
PU matrices with the dispersion CNW-PANi, but not in electrical conductivity, due
to the dedoping of PANi [35]. Araujo et al. produced polyamide-6 composite rein-
forced with cellulose fibrils coated with PANi, and the electrical conductivity of the
composite was three orders of magnitude higher than that of the neat nylon-6 matri-
ces [36].

The number of studies that have used CNW as a reinforcement in nanocompos-
ites based on natural rubber is relatively large [11, 22, 37]; however, there is [35, 36,
38] no work yet that has used CNW coated with PANi polymerized in acidic DBSA
medium to reinforce nanocomposites based on natural rubber. In this sense, the pre-
sent work proposes a new conductive nanocomposite which is based on natural rub-
ber, reinforced with CNW, coated with PANi obtained via in situ polymerization of
the aniline onto CNW in DBSA solution. We evaluated the capacity of DBSA to
improve the compatibility, solubility, and infusibility of CNW modified by polyani-
line in reinforcement of the NR matrices and its influence on the mechanical, electri-
cal, and thermal properties of the nanocomposites.
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Experimental
Materials

Ammonium peroxydisulfate (APS), dodecylbenzenesulfonic acid (DBSA), sul-
furic acid, and aniline (distilled under vacuum) were purchased from Sigma-
Aldrich. Cotton fibers with a particle size of 50 um (Sigmacell Cellulose type
50) were purchased from Sigma-Aldrich. Dialysis membranes with the following
characteristics: membrane tube, MWCO: 12 to 14.000, 75 mm flat width, vol/
length=18 mL/cm, length=15 mm, were purchased from Spectra/Por dialysis
membranes, Houston, TX, USA. Natural rubber (NR) latex was collected from
Hevea brasiliensis trees (Clone RIMM 600) in the experimental farm of the
Sdo Paulo State University (UNESP), campus of Ilha Solteira, Brazil. The latex
was stabilized using a commercial solution of ammonium hydroxide to avoid
coagulation. The dry rubber content was determined by standard methods (ISO
124:2014).

Extraction of cellulose nanowhiskers

CNWs were prepared by acid hydrolysis according to the procedure described by
Medeiros et al. [39]. Microcrystalline cotton cellulose microfibers were immersed
in a sulfuric acid solution (64%w/v) at 45 °C using a ratio of cellulose microfibers
to acid solution of 1:7.1 g mL~!. The CNW dispersion was stirred vigorously for
60 min and then quenched in cold water (5 mass equivalents). The resulting dis-
persion was centrifuged at 10,000 rpm for 10 min at 10 °C to separate the CNW
from the acid solution containing hydrolyzed amorphous cellulose chains. The
centrifuged cake containing CNW was dispersed in water and centrifuged again.
This operation was performed three times, and the final CNW content was dis-
persed in 250 mL deionized water followed by dialysis against water until reach-
ing a constant pH (4.0).

Preparation of CNW-PANi samples

The CNW-PANI dispersion was prepared by in situ polymerization of aniline onto
CNW surfaces according to the procedure described by Silva et al. [17]. The pro-
cedure consisted of mixing 16.6 mL of CNW aqueous dispersion (4.3 g/100 mL)
and 0.2 mL of aniline in 100 mL of deionized water. This mixture was left under
constant stirring for 2 h at a temperature of 5 °C. DBSA was added to the CNW/
aniline dispersion, and the mixture was maintained at 35 rpm for 1 h at 5 °C.
Finally, a defined amount (0.15 g) of oxidant (APS), dissolved in deionized water,
was added to the CNW/aniline/DBSA dispersion to initiate the polymerization.
After 12 h, CNW-PANiDB was separated from the reaction media by centrifuga-
tion at 7000 rpm for 10 min to eliminate the reaction by-products. The CNW-
PANiDB sample was then re-dispersed in water and centrifuged again, and this
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procedure was repeated three times, following which the final content was either
re-dispersed in water at a desirable concentration (e.g., for characterization) or
kept at high concentration.

NR/CNW-PANiDB nanocomposite preparation

The NR/CNW-PANiDB nanocomposite was obtained by incorporation of an aque-
ous dispersion of CNW-PANiIDB in natural rubber latex at desired mass proportions
(90/10 and 95/05). The NR/CNW-PANiDB mixture was maintained at constant stir-
ring for 2 h at approximately 20 °C to eliminate bubbles and obtain a homogene-
ous dispersion of the CNW-PANiDB into NR latex. The mixtures were then cast on
glass substrates and dried in a conventional oven at 60 °C for 12 h to obtain films
approximately 200 um thick.

The NR/CNW-PANiHC (HC is hydrochloric acid) and NR/PANiDB samples in
the 90/10 mass proportion were obtained using the same methodology as the NR/
CNW-PANiDB nanocomposite, for comparison.

Methods

UV-Vis analyses of aqueous CNW-PANiIDB dispersions and NR/CNW-PANiDB
films were performed using a Cary 50 spectrophotometer (Varian) in the range from
300 to 1100 nm. Thermogravimetric (TG/DTG) measurements were carried out
in the temperature range from 25 °C to 600 °C, at a heating rate of 10 °C/min in
a nitrogen atmosphere with a flow rate of 60 mL/min using an equipment Q500a
model (TA Instruments). Approximately 10 mg was used for each sample. The glass
transition temperature (7,) of the samples (ca. 6 mg) was measured using a TA
Instruments Model MDSC 292 with a scan rate of 10 °C/min within the temperature
range from — 100 °C to 175 °C, in a nitrogen atmosphere.

A Zeiss field emission scanning electron microscope (FESEM-Supra 35) was
used to investigate the morphology of the CNW, CNW-PANiDB, and NR/CNW-
PANIDB samples. Separately, 5 pL of CNW (4.3 g/100 mL) and CNW-PANi
(5.2/100 mL) aqueous suspension were diluted in 1 mL isopropyl alcohol, and 3 pL
of the resultant suspension was cast onto silicon substrates, dried in dynamic vac-
uum for 1 h at approximately 20 °C, and coated with carbon by sputtering prior to
FESEM analysis. The NR/CNW-PANiDB nanocomposites were frozen under liquid
nitrogen, fractured, and coated with carbon by sputtering prior to FESEM analysis.

Tensile tests were carried out using an Instron tensometer at a crosshead speed
of 500 mm/min and 100 N load cell, following ISO 37:2011. The samples were pre-
pared in the tie form with a 23-mm-long and 4.5-mm-wide neck, whereas the thick-
ness of the samples varied between 200 and 300 um. Mechanical tests were repeated
eight times according to ISO 1286:2006.

Electrical conductivity measurements were carried out using two-probe methods
coupled to a voltage/current source of Keithley Instruments model 247 high voltage
supply. Gold electrodes were evaporated onto both faces of the films by evaporation.
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Results and discussion
Morphological analysis

Morphological analyses of the CNW uncoated and coated with PANiDB were car-
ried out by FESEM and are shown in Fig. 1a, b. The average diameters and length of
the CNW are around 36 +3 nm and (3.7 +0.2) X 10? nm, respectively. Results can be
estimated by the aspect ratio (length/diameter) of CNW, whose value was approxi-
mately 10; this is similar to the values found in the literature [17, 40]. When the cel-
lulose nanofibrils are coated with PANiDB, the CNW surface appears rough, indi-
cating that PANiDB are formed during in situ polymerization as expected, Fig. 1b
[17]. The CNW coating with PANi enables its use as an electrically conductive filler
in the reinforcement of the nanocomposite to improve the electrical and mechanical
properties of polymeric matrices.

The incorporation of the CNW-PANiIDB nanofiller into the polymeric matrices
results in an increase in the surface roughness; this fact can be observed in Fig. 2a,
b. This was attributed to the formation of a percolative network by CNW-PANiDB
to concentrations above the percolation threshold. For CNW-PANiIDB, this value
should be close to that of CNW, considering a uniform coating and calculated at
approximately 5.3% vol% or 8.5 mass% [38] (density of 0.93 and 1.5 g cm™ for
NR and CNW, respectively [41, 42]). The CNW-PANiIDB nanofiller was homoge-
neously dispersed throughout the NR matrix. A good interaction between CNW-
PANiIiDB and NR was also observed, as evinced by the absence of holes in the
matrix and around CNW-PANiDB (Fig. 2b); this is an excellent indication of good
interaction between the phases. This behavior was not observed with the NR/CNW-
PANiHC nanocomposite (Fig. 2c, d); there are many holes on the fractured surface,
demonstrating poor interaction between NR and CNW-PANiHC filler.

Optical analysis

The presence of PANiDB on the CNW as well as its oxidation state in the CNW-
PANiDB and NR/CNW-PANiDB nanocomposite was investigated through

Fig. 1 FESEM analysis of a CNW and b CNW-PANiDB
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Fig.2 FESEM analysis of the cryofractured surface of the a, b NR/CNW-PANiIDB and ¢, d NR/CNW-
PANiHC nanocomposite reinforced with 10 mass% of filler

UV-Vis—NIR analysis. Figure 3a, b shows the UV-Vis—NIR absorption spectra of
the PANiDB and CNW-PANiDB dispersion and NR/CNW-PANiDB nanocomposite
film (in proportion of 90/10 and 95/05 wt/wt), respectively.

Characteristic absorption peaks of PANiIDB in the emeraldine salt form were
observed in the UV-Vis—NIR spectrum of the CNW-PANiDB and PANiIDB dis-
persion at around 350, 425, and 760 nm. The absorption peaks at 425 and 760 nm
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Fig.3 UV-Vis—NIR spectra of the a PANiDB and CNW-PANiDB, and b NR/CNW-PANiDB nanocom-
posites
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are assigned to the polaron-z* transition and z-polaron transition, respectively. The
absorption peak appearing at around 350 nm can be ascribed to the z—z* transi-
tion of the benzenoid rings [43—45]. The same absorption peaks of PANiDB were
detected in the UV—Vis—NIR spectrum of the NR/CNW-PANiDB nanocomposites
at 350, 425, and 830 nm (Fig. 3b). The absorbance ratio of the polaron band (760
to 830 nm) to the benzenoid z—z* electron transition (340-370 nm) can be used
to estimate the level of PANi doping [46]. The estimated values were 1.42, 0.99,
and 0.95 for CNW-PANiIDB, NR/CNW-PANiDB (90/10), and NR/CNW-PANiDB
(95/05), respectively. The lower absorbance ratio for the NR composites indicates
that PANiDB undergoes slight dedoping when it is incorporated in the matrix. When
preparing the nanocomposites, the pH of the CNW-PANiDB dispersion was approx-
imately 3.0, while that of the NR latex was adjusted to 7.0. We believe that during
mixing, dedoping of the PANiDB may occur. On the other hand, the displacement
of the peak is associated with the conformation of the PANiDB chains. According
to Laska [47], the polyaniline conformation chain in polymer blends is influenced
by several factors, such as the chemical nature of a dopant, molar ratio of dopant to
PAN;i, and the solvent and polymer matrix in a blend. In our case, the peak attrib-
uted to the z-polaron transition displaced to a higher wavelength (760 to 860 nm),
indicating that the PANiDB chain is more extended in the nanocomposite. Simi-
lar behavior was observed by Job et al. [48] using Raman spectroscopy, which was
attributed to the chemical interaction between NR and PAN:i.

Thermal analysis

TG/DTG curves of the neat samples and nanocomposites are shown in Fig. 4a and
b, respectively. TG/DTG curves for PANiDB show two ranges of mass loss with
intense peaks at 287 °C (76% mass loss) and 483 °C (12% mass loss), assigned
to the degradation and evaporation of DBSA, and the structural degradation of
PANIDB, respectively [43, 49]. NR showed three main stages of degradation: the
first located between 25 and 127 °C was attributed to the loss of water in the sample;
the second, between 164 and 292 °C, was due to the simultaneous decomposition

(a) 100 (b) 21 NR/CNW-PANIHC (90/10)
— - - - NR/CNW-PANIDB (90/10)
804 - NR/PANIDB (90/10)
< ~-=--CNW-PANIDB
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3\o-/ 60 o _ZARNlDB I
@ ——NR b E 1]
404~ - PANIDB -
g - CNW ‘\ rn '-5
-~~~ CNW-PANIDB
204 NR/PANIDB (90/10) S
— - - - NR/ICNW-PANIDB (90/10) ~ ©
--------- NR/CNW-PANIHC (90/10) e . . P
0 . i . i - 0 A - AN
0 100 200 300 400 500 600 0 1(’)0 260 3(‘)0 4(‘)0 5(')0 600

Temperature (°C)

Temperature (°C)

Fig.4 a TGA and b DTGA curves of neat NR, CNW, PANiDB, CNW-PANiDB, NR/PANiDB (90/10),
NR/CNW-PANiIHC (90/10) and NR/CNW-PAN:i (90/10) samples
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of some lipids and fatty acids, or even reticulation and chain cleavage [50, 51]; the
third, and more intense, located between 300 and 460 °C, corresponded to the struc-
tural decomposition of NR in nitrogen atmosphere [50, 51]. The shoulder observed
at 420 °C was associated with the slow decomposition of polymer chains or highly
cross-linked residues [52]. Three mass loss events were observed for CNW: the
first, below 150 °C, was attributed to water evaporation (8% mass loss); the second,
from 150 to 210 °C (36 mass%), was assigned to cellulose degradation (character-
istic of highly hydrolyzed cellulose); and the third, between 250 and 450 °C (23
mass%), was attributed to CNW degradation from regions that were less-exposed
during acidic hydrolysis [40, 53]. The CNW-PANiIDB nanocomposites exhibited
higher thermal stability than CNW. The PANiDB deposited on CNW is a more ther-
mally stable component and acts as a protective barrier against thermal degradation
[50]. The NR/PANiIDB TG profile was similar to that of NR, demonstrating that the
PANIiDB did not negatively affect the thermal stability of the NR in order to catalyze
degradation processes due to the presence of the dopant.

The NR/CNW-PANiDB nanocomposites typically presented five main degrada-
tion stages, owing to the superposition of the processes for individual phases. The
first stage (30—125 °C) was attributed to water loss, the second (175-292 °C) to the
thermal decomposition of lipids and fatty acids [46, 47], the third (270-316 °C) to
the superposition of the CNW and PANiDB degradation processes, and the fourth
(300460 °C) and fifth (456486 °C) stages to the structural decomposition of
degraded NR and PANiDB, respectively. The NR/CNW-PANiHC nanocomposite
showed the first weight loss before 130 °C owing to the loss of water and secondary
dopant (a fraction of the total HCI content). Two other peaks were observed between
160-261 °C and 255-305 °C, which were primarily attributed to the thermal decom-
position of lipids and fatty acid, and acid evaporation, respectively. Above 300 °C,
the curve profile was similar to that of NR.

Figure 5 shows the DSC analysis of the elastomer nanocomposites based on natu-
ral rubber reinforcement with CNW-PANiDB, CNW-PANiHC and PANiDB and the
effect of the addition of fillers on the matrix glass transition temperature (7). The

Fig.5 DSC curves of the sam-
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Fig.6 Stress—strain curves of 3
the samples a neat NR, b NR/
CNW-PANIDB (95/05), and ¢
NR/CNW-PANiIDB (90/10) (c)
© 24
o
3
P (b)
1]
2 ()
n 14
O T T T T T T T T T T T T

— .
0 100 200 300 400 500 600 700 800
Strain (%)

Table1 Young’s modulus
(Y), tensile strength (o,), and

elongation () at break of the NR (100/0) 0.68+0.05 1.36+0.04 7.00+0.09
composite films and neat NR .
NR/CNW-PANIDB (95/05) 1.3+0.1 17402  64+04
NR/CNW-PANIiDB (90/10) 3.9+03 28202 59402
NR/CNW-PANihc (90/10) 17404  12+0.1  5.6+02
NR/PANIDB (90/10) 15402  3.0+£01  68+0.1
NR/CNW (90/10) 82409 34403  3.9+0.1

Samples Y (Mpa) o, (Mpa) & (%) 107

DSC curve analysis showed no significant effect of the fillers on natural rubber 7,
which was locate around — 64 °C. This result is in accordance with other works in
the literature where no modification of natural rubber 7|, values was reported regard-
less of the nature of fillers [54-58].

Mechanical tests

Figure 6 compares the typical stress—strain characteristic curves of elastomeric
materials for the NR/CNW-PANiIDB nanocomposite with 5% and 10 wt% of CNW-
PANiDB and NR [33]. The addition of CNW-PANIDB in a proportion of 5-10
wt% substantially impacted the mechanical properties of the nanocomposites. This
behavior is indicative of the transfer of tension from NR matrices to CNW-PANiDB
when the sample experiences an external mechanical stress. Both the Young’s mod-
ulus and tensile strength significantly increased upon addition of the CNW-PANiDB
dispersion into NR, while the rupture strain decreased. For 10 wt% CNW-PANiDB,
the tensile strength and Young’s modulus were 3.1+0.3 MPa and 3.5+0.1 MPa,
respectively, both higher than that of the neat natural rubber (1.36+0.04 MPa and
0.68 +0.05 MPa, respectively). The data extracted from the stress—strain curves are
presented in Table 1.
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The improvement in the mechanical properties of the nanocomposites can be
attributed to the phenomenon of mechanical percolation of CNW-PANiDB, which
form a continuous network [59, 60]. Thus, CNW-PANiDB acts as a barrier imped-
ing deformation of the NR chains, i.e., the formation of rigid CNW-PANiDB net-
works facilitates the transfer of stress with CNW-PANiIDB. The mechanical perco-
lation is strongly dependent on mechanical factors such as the aspect ratio of the
nanoparticle-enhanced rod-like format and the origin of the cellulose [60].

Analysis of Fig. 7 and Table 1 shows that the mechanical properties of the NR/
CNW-PANiIDB nanocomposite are better than those of the NR/CNW-PANiHC and
NR/PANiDB composites. One important factor is the acidic nature employed to
obtain the CNW-PANI filler. The DBSA, used in the polymerization process of the
PANi onto CNW surface, acts as a surfactant modifying the surface of the CNW
improving their compatibility with the NR matrices. In addition, the pH of the
CNW-PANIiDB suspension before being mixed with NR latex was around 3, higher
than that of CNW-PANiHC (pH ~ 1). We believe that since HCI is a stronger acid
than DBSA, it can degrade lipids, proteins, and other components that directly affect
the properties of the composite [53].

A comparative analysis was also performed between NR/CNW-PANiDB and NR/
PANiDB samples. When compared with the NR/CNW-PANiDB, the mechanical
properties of the NR/PANiDB composite are poorer than those of the NR/CNW-
PANiDB nanocomposite, owing to the lack of nanofibers that form a continuous
mechanical network and thus enabling efficient transfer of stress from the matrix to
filler.

DC electrical analysis

The dispersion of the CNW-PANiIDB into NR matrices, in addition to improving the
mechanical properties of natural rubber, may also increase the electrical conductiv-
ity (o4,) of nanocomposites. The experimental values of the dc electrical conductiv-
ity (oy4.) of the NR/CNW-PANiIDB nanocomposites are presented in Table 2. The
introduction of a conductive phase in the insulating matrix can form a conductive

Fig.7 Stress—strain curves of 4
the samples a neat NR, b NR/ (e)
PANiIDB, ¢ NR/CNW-PANiIHC, 1
d NR/CNW-PANIDB, and 3
e NR/CNW all sample with —
10 mass% of filler e (d)
3 (b)
o 21
8
n
14 (a)
c)
0

0 100 200 300 400 500 600 700 800
Strain (%)
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Table 2 Electrical conductivity

1 P i

values of neat NR, neat Samples roportion Oae (Slem)
PANiIDB, CNW—PANlDB, NR 100/0 (13+0.3)x 1071
and NR/CNW-PANiDB . 1
nanocomposite films containing NR/CNW-PANiIDB 95/05 (8.30+£0.04)x 10
different CNW-PANiDB NR/CNW-PANiDB 90/10 (3.7+0.1)x 1077
concentrations NR/CNW-PANiIDB 90/10 (3.7+0.1)x107°

NR/PANiDB 90/10 (6.9+£0.2)x107°

CNW-PANIDB 0/100 (2.1+0.5)x 107!

path when the concentration of the conductive phase is greater than or equal to the
percolation threshold. Conduction in the conductive nanocomposites occurs between
the conductive fillers by means of spreading of charge carriers between conduc-
tive regions and phonon-assisted tunneling when the distance between the conduc-
tive islands is smaller than 20 nm [61, 62]. When the distance between the CNW-
PANIDB fillers is sufficiently large, the conductivity is restricted by the presence of
the NR matrix, and the spreading of free charge carriers between conductive fillers
becomes more difficult. FESEM analysis (Fig. 1a) demonstrates that the CNW pre-
sents a rod-like form and an aspect ratio approximately equal to 10 (diameter 40 nm
and length 450 nm); in this case, the percolation threshold is approximately 5.3%
vol or 8.5 mass% (density of 0.93 and 1.5 g cm™ for NR and CNW, respectively)
[63]. For 10 mass% of CNW-PANiIDB content dispersed in the nanocomposite in
the range of the physical contact percolation threshold, it is expected that the elec-
trical conductivity of the nanocomposite would be similar to that of CNW-PANI,
however, the sample with 10 mass% of CNW-PANiDB presents a lower o, value.
This behavior can be attributed to the partial dedoping of PANi due to the basic pH
of NR latex.

The results presented in Table 2 demonstrate that when the amount of CNW-
PANIDB is raised in the nanocomposite, the electrical conductivity increases by
approximately seven orders of magnitude compared to neat NR. When we performed
a comparative analysis between the NR/CNW-PANiHC and NR/CNW-PANiDB
nanocomposites, we observed that dedoped PANi occurred more frequently in sam-
ples doped with HCI; therefore, samples doped with DBSA demonstrate greater
effectiveness in the final electrical properties of the composites.

A comparative analysis performed between the nanocomposites obtained in
this paper and in previous studies is presented in Table 3. The NR/CNW-PANiDB

Table 3 Comparative analyses between NR/CNW-PANiIDB nanocomposite and composites reinforced
with CNW-PANI in previous studies

Samples 04 (S/cm) E (MPa) o, (MPa) & (%) 107 References

PU/CNW-PANiHC 22%x10710 31.01+£2.35 1.5+£0.2 7.5+£0.2 Auad et al. [35]
PA-6/CF-PANITS 6.6x1078 680+50 53+12 04+0.2 Araujo et al. [36]
NR/CNW-PANiIDB 3.7%x1077 3.90+0.30 2.840.2 59+0.2 Present work
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nanocomposite possesses superior electrical properties than in other samples rein-
forced with CNW-PANi in previous studies. As the composites of the previous
studies demonstrate, CNW does not fully lose its reinforcement characteristic value
when it is covered with PANi, showing its potential for the reinforcement of poly-
meric matrices.

The electrical and mechanical properties of the nanocomposite obtained in this
study presented the same behavior as samples in previous studies, i.e., dc electri-
cal conductivity, and Young’s modulus improved with an increase in CNW-PANi
quantity into the matrices. This can be attributed to the choice of organic acid in the
polymerization of PANi on CNW, such as DBSA, which improved the compatibility,
solubility, and infusibility of the PANi with the polymer matrices [33, 64].

The influence of the acid chosen to polymerize the PANi onto CNW also influ-
enced the electrical conductivity of the NR/CNW-PANi nanocomposite, as observed
in the data in Table 2. The CNW-PANiHC dispersion suffered greater dedoping
when dispersed in the NR matrix because of the higher pH of NR latex. Conversely,
the NR/PANiDB composite and NR/CNW-PANiDB nanocomposite with the weaker
acid, DBSA, suffered low dedoping when mixed in NR latex.

Conclusion

Flexible films of the NR/CNW-PANiDB nanocomposite were obtained by disper-
sion in an NR matrix of coated CNW by in situ polymerization of PANi in DBSA.
The mechanical tests revealed that the CNW-PANiIDB reinforcement improves the
mechanical properties of the NR matrix, whereas DBSA improves the compatibility,
solubility, and infusibility of CNW-PANi with the matrix. TG/DTG analysis shows
that the neat NR and NR/CNW-PANiDB nanocomposite present approximately
the same thermal profile and thermal stability; however, the NR/CNW-PANiDB
nanocomposite exhibits three mass loss events characteristics of NR, CNW, and
PANiIDB. CNW-PANiDB showed promise as a conductive filler. The dispersion of
CNW-PANIDB in the NR matrix increased its electric conductivity by seven orders
of magnitude in relation to neat NR. CNW-PANi forms a conductive three-dimen-
sional network of percolation in the matrix, through which the charge carriers move
under the action of an external electric field. Results demonstrated that the in situ
polymerization of PANi on CNW in DBSA medium opens novel applications for
this material to obtain new nanocomposites and apply them in electronics and in
pressure sensors.
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