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The natural rubber (NR) latex consists of polymer particles charged negatively due to the adsorbed phospholipids and proteins
molecules. The addition of stable aqueous suspension of thermally reduced graphite oxide (TRGO) stabilized by ionic surfactants
to NR latex can favor the occurrence of interaction between the stabilized TRGO and NR particles. Herein, the use of two surfactants
of different nature, namely, sodium dodecyl sulfate (SDS) and dodecyltrimethylammonium bromide (DTAB), for the preparation
of (TRGO)/NR nanocomposites, is reported. Zeta potential and particle size measurements indicated that the use of DTAB as
cationic surfactant results in the flocculation of NR particles and promoted the formation of ion-pair interactions between TRGO
and the proteins and/or phospholipids present on the NR surface. This indicates that the use of DTAB can promote a self-assembly
phenomenon between TRGO with adsorbed DTAB molecules and NR particles. The occurrence of self-assembly phenomenon
allows obtaining homogenous dispersion of TRGO particles in the polymer matrix. The TRGO/NR nanocomposites prepared by
the use of DTAB exhibited superior mechanical properties and excellent electrical conductivities reaching values of stress at 500%
strain of 3.02 MPa and 10* S/cm, respectively.

1. Introduction Few interesting studies have already been reported illus-
trating the potential of graphene nanocomposites based on
natural rubber (NR) matrices [3-10]. NR nanocomposites
can be prepared by different methods such as the use of two-
roll mill or by latex technology. The comparative advantage of

the use of NR latex to achieve a homogeneous dispersion of

The use of graphene materials derived from graphite such as
thermally reduced graphite oxide (TRGO) as filler in the pro-
duction of polymer nanocomposites has become an attractive
alternative to achieve superior physical and/or mechanical

properties [1]. The multiple graphene layers stacked together
which are present in the graphite are successfully exfoliated
by oxidation and subsequent thermal reduction process. This
process allows the TRGO sheets to have greater surface area
in contact with the polymer matrix allowing TRGO sheets
homogenous dispersion. This results in the formation of a
nanofiller network, which could favor the increase of the
mechanical and electrical properties of the nanocomposite

[2].

TRGO in the polymer matrix has been demonstrated [11].
NR latex is an aqueous colloidal suspension of cis-1,4-
polyisoprene particles which is stable due to the presence of
proteins and phospholipids adsorbed on the surface of NR
particles. Ammonia and other minor additives are usually
added to preserve the colloidal stability of the NR latex.
Furthermore, these additives hydrolyze the proteins adsorbed
on the surface of rubber particles, which further stabilize
the colloidal suspension of the NR particles [12]. Although



synthetic surfactants could also be used to further preserve
the stability of the NR latex, overuse of surfactants can worsen
the mechanical and permeability properties of the NR films
[13]. Therefore, the use of surfactants for stabilizing TRGO
aqueous suspensions may cause reduction of some properties
of TRGO/NR composites. Aguilar-Bolados et al. [6] have
reported the use of ionic and nonionic surfactants for the
stabilization of aqueous suspensions of TRGO nanoparticles
to be used for the preparation of TRGO/NR nanocomposites.
The results showed that an anionic surfactant such as sodium
dodecyl sulfate (SDS) had a better performance to increase
the electrical conductivity of TRGO/NR composites. The
addition of TRGO stabilized by SDS to NR latex involves
not only the interaction between NR and TRGO but also the
interaction between NR and SDS. It has been reported that
the colloidal stability of NR latex is not affected at low SDS
concentration since its hydrophilic head is oriented toward
the aqueous medium in the latex system. This increases the
electrical charge of the surface of the latex particles, thus
providing greater stability to the system [14]. However, at high
SDS concentrations undesirable effects on the interaction of
TRGO with NR could occur since SDS induces a repulsion
mechanism between NR particles and TRGO, where the
TRGO sheets remain occluded between NR particles [15].
This could adversely affect the homogeneous dispersion of the
filler particles in the polymer matrix.

Therefore, in this work the use of a cationic surfactant to
stabilize the aqueous suspension of TRGO particles, prepared
from natural graphite by the method of Brodie [6, 10, 16], was
studied. The use of a cationic surfactant such as DTAB could
promote interactions between the rubber particles and TRGO
sheets, favoring a more homogeneous dispersion of the
TRGO in the rubber matrix compared to that achieved by the
use of SDS, an anionic surfactant. Moreover, the effect of the
surfactant concentration on the stability of TRGO suspension
and on mechanical and electrical properties of TRGO/NR
nanocomposites was studied. The critical micelle concentra-
tion of the surfactant was considered as criterion for the
preparation of TRGO suspensions and nanocomposites [17].

2. Experimental

2.1. Materials. Thermally reduced graphite oxide (TRGO)
was obtained by thermal reduction of graphite oxide prepared
from natural graphite. Glycine and sodium hydroxide of
analytical grade from Merck were used for the preparation of
a glycine-NaOH buffer solution adjusted to pH 12. The sur-
factants used to stabilize TRGO in aqueous suspension were
sodium dodecyl sulfate (>99%, Fluka) and dodecyltrimethy-
lammonium bromide (>97%, Merck). The prevulcanized
natural rubber with 63% of dry rubber content was provided
by Quimica Miralles SA, Chile.

2.2. Preparation and Characterization of Nanocomposites.
Aqueous suspensions of TRGO (0.3 wt.%) were prepared by
using SDS or DTAB solutions of different concentrations.
These suspensions were sonicated at room temperature to
obtain stable TRGO dispersion. The critical micelle concen-
tration (CMC) of the surfactant was considered as criteria
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for the preparation of surfactant solutions, where surfactant
concentrations equivalent to 0.5 % CMC, 1.0 * CMC, and 1.5
CMC were used for the preparation of aqueous suspensions of
TRGO. CMC values at room temperature for SDS and DTAB
are 8.20 mM and 15.0 mM, respectively. These TRGO suspen-
sions were then added to the prevulcanized natural rubber
latex to obtain nanocomposites containing 3.0 wt.% of TRGO.
Moreover, mixtures of NR latex and surfactant solutions of
different concentrations were prepared as control samples.
All surfactant/NR and surfactant/TRGO/NR samples were
dried at 70°C during 12 h to obtain nanocomposite films.

The particle size and Zeta potential of NR latex as
well as mixture of surfactant/NR latex and that of TRGO
stabilized by surfactant/NR latex were measured at room
temperature using Zetasizer Nano series equipment from
Malvern Instrument Ltd. The TRGO suspension stabilized by
surfactant was sonicated before mixing to the NR latex. The
measurement was performed by adding one drop of NR latex
to 20 mL of glycine-NaOH buffer solution adjusted to pH 12.
The buffer was prepared by mixing 25 mL of 0.2 M glycine
solution, 40 mL of 0.2M sodium hydroxide, and 35mL of
distilled water.

Low temperature scanning electron microscopy (LTSEM)
was performed in a DSM 960 Zeiss microscope at —150°C
and 15 keV. The samples were mounted on a gold specimen
holder using an OCT compound (Tissue, Tek, Sakura, USA)
as adhesive. The holder was submerged in nitrogen slush at
-210°C, under vacuum. Immediately, the sample was trans-
ferred to CT1500 Oxford preparation unit, where the sample
was fractured at —170°C. Then, the sample was lyophilized
at —90°C in order to eliminate the adsorbed water on the
fractured sample surface. Then, the fractured surface was
coated with gold by sputtering during 2 minutes at 2mA and
200 V. The degree of dispersion of the TRGO in the polymeric
matrix was measured by transmission electron microscopy
by using a Philips Tecnai 20 microscope at an accelerating
voltage of 200kV. Ultrathin sections of the samples were
prepared by cryoultramicrotomy at —140°C using a Leica EM
UC6 cryoultramicrotome equipment.

The tensile mechanical properties of samples were mea-
sured according to the ASTM D 412 norm in an Instron
dynamometer model 3366, a crosshead of 500 mm-min~".
The thickness and width of the test specimens were 0.2 mm
and 4 mm, respectively, with jaws separation of 4 cm. Five
specimens of each sample were tested. The electric conduc-
tivity and dielectric permittivity of nanocomposites were
measured in a high resolution dielectric spectrometer (Novo-
control Technology, GmbH). The samples with thickness and
diameter of 0.2 mm and 10 mm were put between two parallel
gold electrodes. The measuring was at room temperature,
using 1V of amplitude of the alternating electrical current,
and the frequency range of the measurements was between
10" Hz and 107 Hz. The electric conductivity of nanocompos-
ites is given by

o (w) = 04 + Aw™, (1)

where oy is the electric conductivity at direct current, A is a
constant, and x is an exponent that describes the dependence
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TABLE 1: Zeta potential distribution of NR latex and mixture of NR latex/SDS, NR latex/DTAB, NR latex/TRGO/SDS, and NR latex/TRGO/
DTAB. The surfactant concentrations were 0.5 * CMC, 1.0 * CMC, and 1.5 * CMC.

Sample Zeta potential Z-average Peakl .Peak .Peak Peak  Peak 2 .Peak .Peak Peak
(mV) (nm) (nm) height (%) width (%) area (%) (nm) height (%) width (%) area (%)
NR -50.3 551,0 327.6 11.6 2474 100 — — — —
SDS 0.5 * CMC/NR -56.7 593,9 540.1 4.3 143.9 79.4 154.8 22.8 32.4 79.4
SDS 1.0 « CMC/NR -56.9 5318 493.2 3.9 139.7 19.6 158.8 21.9 39.2 80.4
SDS 1.5 * CMC/NR -60.5 526,6 574.9 2.3 188.4 13.7 168.9 20.2 494 86.3
DTAB 0.5 * CMC /NR —45.3 929,3 729.5 32.2 1272 100 — — — —
DTAB 1.0 * CMC/NR -40.0 2736 1005 35.9 170.5 100 — — — —
DTAB 1.5 * CMC/NR -37.0 3136 1015 33.2 168.8 100 — — — —
SDS 0.5 « CMC/TRGO/NR —-60.2 589 606.6 3.8 157.0 18.1 171.7 221 38.1 81.9
SDS 1.0 * CMC/TRGO/NR —63.7 595,3 502.3 3.9 132 18.2 129.5 25.0 25.4 81.8
SDS 1.5 * CMC/TRGO/NR —-64.1 647 460.1 3.5 129.6 17.6 100.3 24.9 19.5 88.4
DTAB 0.5 * CMC/TRGO/NR -42.9 2768 836.5 351 135.0 100 — — — —
DTAB 1.0 * CMC/TRGO/NR —40.6 2909 1005 33.6 167.3 100 — — — —
DTAB 1.5 * CMC/TRGO/NR -34.6 3468 1288 375 189.7 100 — — — —
SDS 1.5 x« CMC/NR latex/TRGO DTAB 1.5 * CMC/NR latex/TRGO
SDS 1.0 * CMC/NR latex/TRGO DTAB 1.0 * CMC/NR latex/TRGO

g | SDS 0.5 * CMC/NR latex/TRGO g DTAB 0.5 + CMC/NR latex/TRGO

_ug' ] SDS 1.5 * CMC/NR latex E DTAB 1.5 * CMC/NR latex

E ] SDS 1.0 * CMC/NR latex § DTAB 1.0 * CMC/NR latex

1 SDS 0.5 * CMC/NR latex DTAB 0.5 * CMC/NR latex I
NR latex NR latex
162 1(')3 162 1(')3

Diameter size distribution (nm) Diameter size distribution (nm)

(a) (b)

FIGURE 1: Particle size distribution of NR latex, NR/SDS mixture, and NR latex/TRGO/SDS mixture (a); NR latex, NR latex/DTAB mixtures,
and latex/TRGO/DTAB mixtures (b), where the surfactant concentrations were 0.5 * CMC, 1.0 * CMC, and 1.5 * CMC.

of o(w) on the frequency (w). The dielectric responses were
evaluated by measuring the complex permittivity (¢*(w))
with respect to the frequency:

" (@) = ¢ (@) + je' (@), )

where &' (w) and &” (w) correspond to the real and imaginary
dielectric permittivity, respectively.

3. Results and Discussions

3.1. Determination of Particle Size and Zeta Potential of NR
Latex. Figurel shows the results of particle size analysis
carried out by dynamic light scattering for NR latex, mixture
of NR latex and surfactant, and mixture of TRGO stabilized
by surfactant/NR latex. Figure 1(a) shows the results obtained
when SDS was used, while Figure 1(b) displays the results
when DTAB was used as surfactant, respectively. Table 1
shows the Zeta potential for all samples. This value is used to

predict the stability of colloids such as NR rubber latex when
simple electrolytes are added. NR latex has a Zeta potential
value of —50.3 mV; an increase or decrease of this value indi-
cates coalescence or repulsion among the rubber particles.
It is observed that the presence of SDS and SDS/TRGO
affects the size distribution of NR particles. An increase in
the population of particles with lower diameter is observed
as a consequence of the disaggregation of NR particles. This
could be attributed to the fact that an anionic surfactant such
as SDS increases the repulsion among the NR particles that
are present as small aggregates in the absence of SDS. This is
supported by the values of the Zeta potential which decreases
with increasing SDS concentration (Table 1). The decreasing
of Zeta potential indicates an increase of the repulsion among
the negatively charged NR particles, therefore increasing
the colloidal stability of NR latex. When TRGO suspension
stabilized by SDS is added to the NR latex, the presence
of SDS could weaken the interactions among the TRGO
decorated with SDS and NR particles. On the other hand, NR
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FIGURE 2: Low temperature scanning electron microscopy images of NR (a), SDS 1.5 * CMC/NR (b), DTAB 1.5 * CMC/NR (c), SDS 1.5 *

CMC/TRGO/NR (d), and DTAB 1.5 * CMC/TRGO/NR (e).

latex samples containing DTAB exhibit only one peak in the
size distribution analysis. These peaks represent NR particles
with larger diameter suggesting that the presence of DTAB
favors the flocculation of NR particles. This was confirmed by
Zeta potential results. As the content of DTAB is increased,
the Zeta potential values increase. This could indicate that
the DTAB molecules tend to interact with phospholipids or
proteins present on the surface of NR particles, forming a
possible ion-pair type interaction between DTAB and the
surface of NR. Therefore, the interaction between TRGO
decorated with DTAB molecules and NR particles surface
is improved, thereby favoring a self-assembly between NR
particles and DTAB/TRGO.

3.2. Morphology of TRGO/NR Nanocomposites. Figure 2 dis-
plays images of low temperature scanning electron micros-
copy (LTSEM) of NR, NR and SDS or NR and DTAB mixtures,
and NR nanocomposites with TRGO dispersed in either SDS
or DTAB. The morphology exhibited by samples is similar,
indicating that the presence of surfactant does not affect the
NR film formation process [15]. DTAB/TRGO/NR nanocom-
posite shows apparently a greater aggregation of NR particles
presenting a more homogeneous particle size distribution
than SDS/TRGO/NR nanocomposite. This indicates that NR
could induce self-assembly of TRGO flakes and NR particles.

Figure 3 shows TEM analysis of nanocomposites. Low
electronic density areas observed correspond to NR particles,

while areas with higher electron density around these areas
correspond to TRGO. This indicates that the TRGO sheets
are occluded by rubber particles. TRGO dispersed in SDS
show a higher tendency to form aggregates resulting in less
interaction with NR particles. However, in the case of DTAB/
TRGO/NR nanocomposites, the TRGO sheets show a more
homogeneous distribution in the NR matrix indicating better
interaction with the rubber particles.

3.3. Mechanical Properties on TRGO/NR Nanocomposites.
The mechanical properties of TRGO/NR nanocomposites by
using TRGO dispersed in SDS or DTAB are shown in Table 2.
It is observed that TRGO/NR nanocomposites prepared
by using TRGO dispersed in DTAB at a concentration of
0.5 * CMC and 1.0 * CMC exhibit slightly lower values of
mechanical properties compared with NR. The decreasing of
stress at 100% strain of nanocomposites could be attributed
to the plasticizing effect of DTAB due to the interaction of
DTAB with NR particles [6, 13]. The slight decrease of ten-
sile strength of DTAB/TRGO/NR nanocomposites with low
DTAB content (DTAB 0.5 * CMC/TRGO (3 wt.%)/NR and
DTAB 1.0 * CMC/TRGO (3 wt.%)/NR) could be attributed
to the poor dispersion of TRGO achieved by using these
surfactant/TRGO ratios. Nevertheless, increasing the DTAB
concentration to 1.5 * CMC allows achieving higher stress
at 100% strain compared with that of NR. This suggests that
TRGO achieves a homogenous dispersion in the polymeric
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TABLE 2: Mechanical properties of nanocomposites of NR and TRGO (3 wt.%) dispersed in DTAB or SDS. Surfactant concentrations were

0.5 * CMC, 1.0 * CMC, and 1.5 * CMC.

Sample Stres:s at 100% Stres.s at 300% Stres.s at 500% Maximum stress Deformation at
strain (MPa) strain (MPa) strain (MPa) (MPa) break (%)
NR 0.49 + 0.01 0.83 + 0.02 1.39 + 0.10 13.99 + 1.01 892+ 6
SDS 0.5 * CMC/TRGO (3 wt.%)/NR 0.49 + 0.02 1.04 + 0.03 222+017 455 +0.20 640 + 26
SDS 1.0 * CMC/TRGO (3 wt.%)/NR 0.47 +0.1 0.98 + 0.06 223 +0.13 8.67 + 0.68 837 + 48
SDS 1.5 + CMC/TRGO (3 wt.%)/NR 0.56 + 0.02 0.91 + 0.02 1.73 + 0.06 7.04 + 0.69 792 + 78
DTAB 0.5 * CMC/TRGO (3wt.%)/NR  0.43 + 0.02 0.89 + 0.01 1.68 + 0.04 4.45+0.36 759 + 50
DTAB 1.0 * CMC/TRGO (3wt.%)/NR  0.40 + 0.02 0.89 + 0.01 1.69 + 0.03 4.61+013 788 + 40
DTAB 1.5 * CMC/TRGO (3wt.%)/NR  0.65 + 0.01 1.28 + 0.02 3.02+0.07 15.14 + 1.04 806 + 23

(a)
FIGURE 3: TEM images of nanocomposites of SDS 1.5 * CMC/TRGO/NR (a) and DTAB 1.5 * CMC/TRGO/NR (b).

matrix when it is dispersed in surfactant solution with a
concentration higher than CMC. A similar effect is observed
for SDS 1.5 * CMC/TRGO/NR composite. This composite
shows slightly higher stress values at 100%, 300%, and 500%
strain than NR, which could be related to a more homoge-
neous dispersion of TGRO in the rubber matrix. However,
the decrease of maximum stress can be related to high SDS
content in the nanocomposite, which could produce SDS
domains as defects in the nanocomposite film [6].

3.4. Electrical Properties of TRGO/NR Nanocomposites.
Figure 4 shows the dielectric spectroscopy of NR nanocom-
posites with TRGO dispersed in SDS (Figures 4(a) and 4(b))
or DTAB (Figures 4(c) and 4(d)), where the electrical conduc-
tivity and dielectric permittivity, as function of frequency,
are shown. DTAB/TRGO/NR nanocomposites exhibit a
significant increase in the electrical conductivity and dielec-
tric permittivity with increased surfactant content as
compared to NR. SDS/TRGO/NR nanocomposites do not
show a marked improvement of the NR properties but
maintain the tendency to increase the electrical conductivity
and dielectric permittivity of the material with increasing
surfactant content. This could indicate that the dispersion
of TRGO in the polymer matrix is favored by increasing
content of surfactants. This is due to the higher number of
Van der Waals type interactions between TRGO and the
hydrophobic tails of surfactants in the aqueous medium. The
nanocomposites with higher electrical conductivity show

(b)

two zones, at low frequencies, a frequency independent zone
or ohmic zone and a second zone at higher frequencies,
where capacitance effects are important. Although ohmic
zone is partially present in SDS 1.5 * CMC/TRGO/NR and
DTAB 0.5 %+ CMC/TRGO/NR, the change in conductivity is
small as compared with DTAB 1.0 * CMC/TRGO/NR and
DTAB 1.5 *+ CMC/TRGO/NR nanocomposites, where the
frequency independent zone appears in almost all window of
frequency analyzed. This is complemented with the negative
slope they present for the dielectric permittivity. This effect
has been related to the Maxwell-Wagner-Sillars effect, which
consists in the interface polarization of insulating polymer/
conductive filler for heterophasic systems [18, 19].

The ability of TRGO for promoting the formation of an
effective electrical percolation network when DTAB was used
is evidenced by comparing the electrical properties of the
resulting nanocomposites prepared by using this surfactant
compared with those prepared with SDS. This indicates that
DTAB promotes the self-assembly between NR and TRGO
nanoparticles and consequently a homogeneous dispersion
of TRGO through the polymer matrix was favored (Figure 5).
This indicates that the nature of surfactant plays a crucial role
to obtain TRGO/NR nanocomposites with higher electrical
conductivities. It is worth mentioning that the proposed
scheme in Figure 5 clearly shows the arrangement of TRGO
layers in the interstices of NR particles evidencing the possi-
ble interactions between polar heads of DTAB with phospho-
lipids and proteins present on the surface of NR particles.
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FIGURE 4: Electrical conductivity and dielectric permittivity of SDS/TRGO (3 wt.%)/NR nanocomposites (a and b) or DTAB/TRGO
(3wt.%)/NR (c and d). The surfactant concentrations were 0.5 * CMC, 1.0 * CMC, and 1.5 * CMC.

4. Conclusions

It is demonstrated that the nature of the ionic surfactant
affects the colloidal stability of NR latex through particle
size and Zeta potential analyses. Although SDS improves the
colloidal stability of NR latex by decreasing the Zeta potential
and disaggregation of NR particles, DTAB promotes a slight
flocculation of NR particles. Consequently, the Zeta potential
values increase resulting in an increment of the number of
NR particles with larger diameter. Therefore, the change
observed for NR latex stability is induced by DTAB. This
can be explained by the existence of ionic type interactions

between the negatively charged NR particles and positively
charged surfactant head. The interaction of TRGO decorated
with DTAB and NR particle surface leads to the occurrence of
self-assembly phenomenon between NR particles and TRGO
particles stabilized by DTAB. This results in a significant
increase of the electrical conductivity and mechanical
strength of the nanocomposites.
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