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Sônia Marlí Bohrz Nachtigall b, Raúl Quijada a, *

a Departamento de Ingeniería Química y Biotecnología, Facultad de Ciencias Físicas y Matem�aticas, Universidad de Chile, Beauchef 850, Santiago, Chile
b Instituto de Quimica, Universidade Federal do Rio Grande do Sul, Avenida Bento Goncalves 9500, Porto Alegre, Brazil
a r t i c l e i n f o

Article history:
Received 23 May 2017
Received in revised form
22 September 2017
Accepted 28 September 2017
Available online 29 September 2017

Keywords:
Polyamide nanocomposites
Graphene oxide
Carbon nanotubes
Barrier properties
Electrical conductivity
Mechanical properties
* Corresponding author.
E-mail address: raquijad@ing.uchile.cl (R. Quijada)

https://doi.org/10.1016/j.polymer.2017.09.063
0032-3861/© 2017 Published by Elsevier Ltd.
a b s t r a c t

In this study, polycaprolactam (PA6) nanocomposites with thermally reduced graphene oxide (TrGO) and
carbon nanotubes (CNTs) were prepared by melt blending with the aim of obtaining films with im-
provements in permeability (oxygen and water vapor), mechanical properties and electrical conductivity.
The permeability to water vapor and oxygen of the nanocomposites containing TrGO significantly
decreased with increasing filler load due to a more tortuous path to gas permeation. For CNT nano-
composites, low barrier properties were found. The tensile tests showed similar behavior in both cases,
with somewhat higher elastic modulus for TrGO compounds. CNT gave higher electrical conductivity to
polyamide with lower percolation threshold; however this conductivity reached a constant value around
10 wt% of filler. The conductivity of TrGO nanocomposites was lower, probably due to the presence of
impurities in its structure; however, the property increased up to 15 wt% of filler load without evidence
of stabilization at this concentration.

© 2017 Published by Elsevier Ltd.
1. Introduction

The packaging industry has the purpose of generating tools that
allow the consumer to obtain the products in optimal conditions.
Dealing with food, this means preserving its physical, chemical,
biological, and nutritional characteristics. That is why the materials
used for packaging foods must have some specific physicochemical
properties such as, for example, low permeability to gases (mainly
oxygen and/or moisture) and adequate mechanical properties
(resistance to breakage, for instance). It is well known that the
presence of gases affect the taste, smell, color, appearance, among
others, caused by the chemical and metabolic degradation of the
food [1].

Due to their functionality, light weight, easy processing, and low
cost, polymers have replaced conventional materials used for
packaging for more than 20 years. The most widely used polymers
in food packaging are polyethylene (PE), polypropylene (PP),
polystyrene (PS), poly(ethyleneterephthalate) (PET), and polyamide
.

(PA). However, despite their high versatility, there is a limit in the
properties that polymeric materials used in food packaging can
have in terms of permeability to gases like oxygen and water vapor.
The mechanical and barrier properties can be changed significantly
when nanoscaled materials such as clay and graphene are incor-
porated. Depending on the aspect ratio and dispersion of the fillers,
the permeability of some gases could be hindered and the me-
chanical properties can be improved [2e4].

Among the large variety of nanofillers used for technological
applications, carbon-based materials stand out, particularly one-
dimensional (1D) carbon nanotubes (CNTs), due to their excep-
tional properties such as thermal stability (>700 �C in air), me-
chanical resistance (50 GPa), and electrical conductivity (~106 S/m).
The presence of CNTs are thought to increase the tortuosity in
polymer nanocomposite films leading to slower diffusion processes
and hence, to a lower permeability. However, due to their high cost,
alternative less expensive nanostructures have been sought
recently, such as, for example, graphite and its derivatives. Graphite
has the most stable carbon structure under standard conditions,
and it is a low-cost natural material. Nanostructures obtained from
graphite, like graphene and its derivatives, are the fillers with the
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highest potential for replacing costly CNTs [5]. Graphene has
extraordinary properties, with a Young's modulus of 1 TPa and a
tensile strength of 130 GPa, which turn it into the strongest ma-
terial created so far. These properties, together with its large spe-
cific surface area (~2630 m2/g) and impermeability to gases, show
the great potential of graphene for using as filler to improve the
properties of polymers [6]. Recently our research group has been
working on the use of strong oxidizing agents to produce exfoliated
graphite oxide particles bearing hydroxyl and epoxide functional
groups. Such functional groups largely reduce the thermal stability
and the electrical conductivity of the material. However, they can
be restored by a thermal shock at high temperatures in inert at-
mosphere, which gives the thermally reduced graphene oxide
(TrGO). This TrGO is a nanosized form of graphite that seems to be
an excellent substitute of CNTs in polymer nanocomposites
considering that the amount of polar groups in its structure can be
modulated to allow an adequate adhesion with different polymers
[7].

Many polymer matrices have been used to develop nano-
composites with nanoparticles based on clays (montmorillonites)
and carbon (specifically graphene and its derivatives). Among
them, nylon 11 [8], polypropylene (PP) [9], polycarbonate (PC) [10],
polystyrene (PS) [11] should be mentioned.

In food packaging industry, polyamides like polycaprolactam are
the most widely used because they are characterized by having
excellent mechanical properties, great hardness, chemical resis-
tance (except to strong acids and bases), thermal stability (up to
180 �C), and good barrier properties for different gases, such as
oxygen, but not for water vapor, and as a consequence, multilayer
package is usually used, which utilizes different polymers to pre-
vent the passage of these gases [12]. In addition, in the literature it
was found that using a nanoparticulate material as filler allows
getting the same or better properties as different polymer layers
[3]. R. Scaffaro et al. [13e15] has reported several works where the
elastic modulus in PA6/CNTs nanocomposites has been improved,
reaching improvements up to approximately three times higher
than that of neat PA6 with functionalized CNTs. These enhance-
ments were due to a good dispersion and adhesion between the
CNTs and the PA6. In permeability, Tseng et al. [16] found that in
polyamide/GO nanocomposites, the water vapor permeability was
reduced dramatically by 83% at only 0.001 wt% as a result of an
increase in the tortuosity in the nanocomposite due to a good
distribution of GO in the polymer matrix.

In the present work has the goal of obtaining polycaprolactam
(PA6) nanocomposites containing nanostructures based on carbon,
specifically CNTs and TrGO, by melt mixing in order to compare
these carbon nanoparticles and contribute to the understanding of
how the presence of these particles affects the barrier and me-
chanical properties as well as the electrical conductivity of these
polymer nanocomposites.
2. Materials and methods

2.1. Materials

A commercial grade polycaprolactam (PA6) Ultramid B33 L,
made by BASF (Chile), which has a density of 1150 kg/m3, a melt
flow index (MFI) of 5.9 g/10 min, a melting point of 220 �C, and a
Young's modulus of 2800 MPa was used as the matrix. Thermally
reduced graphene oxide (TrGO) at 600 �C with a surface area of
~261 m2/g synthesized according to reference [5], and commercial
carbon nanotubes (CNTs) of the multiwall type (Baytubes C150P)
supplied by Bayer Material Science were used as fillers. Both matrix
and CNTs were used as received.
2.2. Preparation of nanocomposites

The nanocomposites were prepared by the melt blending
technique in a Brabender PlastiCorder double screw mixer, at
260 �C and 100 rpm, in a nitrogen atmosphere. Approximately 30 g
per batch of a mixture containing PA6, CNTs and/or TrGO filler was
processed for ten minutes. The filler's concentration varied over a
range of 1%e15% byweight. The PA6, CNTs and TrGOwere dried in a
vacuum oven at 80 �C for 16 h prior to be mixed.

2.3. Morphology

The morphology and microstructure of the nanocomposites and
nanoparticles were studied by transmission electron microscopy
(TEM) using a JEOL JEM-1200 Exll system operating at 80 kV.
Samples were prepared using an ultramicrotome RMC CXL.

2.4. Permeability to oxygen and water vapor

The permeability to oxygen was analysed by the Time Lag
method in a permeability cell built in our laboratories, according to
a design described elsewhere [4,17,18]. The system was hermeti-
cally sealed and exposed to vacuum (10�3 bar) for 3 h before
running the tests. The permeability to water vapor was measured
by the dry cup method [19]. The mass of the cups was measured
every 24 h for 15 days.

2.5. Mechanical properties

The mechanical properties of the polymeric nanocomposites
were studied by tensile tests according to the ASTM D638-10
standard [20] using an HP D500 dynamometer. For this test, bone-
shaped samples of total length 120 mm, 80 mm distance between
jaws, 10 mm long and 1 mm thick narrow section were tested at a
speed of 50 mm/min, at ambient temperature. The results are the
average values of five measurements (typical deviation ca. 5%).

2.6. Electrical conductivity

The electrical conductivity measurements were made by the
standard two-point method, measuring the resistivity of the sam-
ples with a Megger BM11 megohmmeter at a maximum voltage of
1200 V.

3. Results and discussion

3.1. Morphology

Fig. 1 shows TEM images of the polyamide nanocomposites
containing 1%, 5% and 10 %wt of CNTs (Fig. 1a, b and c) and 1%, 5%
and 10 %wt of TrGO (Fig. 1d, e and f). In the case of the compounds
with CNTs, agglomerations are not seen along the polymer matrix;
however, for higher filler loadings it is possible to observe some
clusters of CNTs. In general, in all the samples the filler is well
dispersed in the polymer matrix. This is likely due to the adequate
matrix viscosity and processing conditions. The individual multi-
walled nanotubes are easily recognizable as long hollow fibers with
a diameter of 5e10 nm. Similar structures of CNTs in a polyamide
matrix have been observed by Meincke et al. [21]. On the other
hand, for the same magnification, some agglomerations are
observed in the nanocomposites containing TrGO, despite the
presence of residual functional groups on their surface that could
promote a better affinity between thematrix and the nanoparticles.
The observed result could be due to an incomplete exfoliation of
graphite during the previous oxidant/reductive processes. It is



Fig. 1. TEM images of a)PA-1wt%CNT, b) PA-5wt%CNT, c) PA-10 wt%CNT, d) PA-1wt%TrGO, e) PA-5wt%TrGO, and f) PA-10 wt%TrGO.
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noteworthy that the polyamide 6 generally present poor affinity
towards graphene-based fillers since the PA6 is a polar polymer and
the graphene-based nanoparticles are highly hydrophobics [22].
Furthermore, it has been reported that the incorporation of GO in
polyamide by the melt process can produce buckling, restacking,
pleating or folding of the GO nanosheets during the process as a
result of intermolecular reactions between oxygen moieties of the
GO, mechanical distortion of the lamella structure under shear
stress, evaporation of the water within the GO structure, among
others [22,23]. Nevertheless, thin platelets and individual layers of
filler are also found in the samples, which can be useful to improve
the mechanical properties of the polymer matrix.
3.2. Permeability to oxygen and water vapor

The results of the permeability to oxygen and water vapor are
presented in Fig. 2. To a better understanding of the barrier prop-
erties of these nanocomposites, theoretical models were used.
Calculated theoretical curves are also shown in the Fig. 2. The
modified Felske Model (F-M) was considered in order to study the
permeability results of nanocomposites with CNTs, since this model
predicts an increase of permeability with filler loadings. This model
predicts an increase of the permeability due to the void's formation
in the polymereparticle interface by a weak interaction between
them as is the case of these systems based on a polar matrix
(polyamide) and an apolar filler (CNTs) [24,25]. On the other hand,
the Nielsen Model (N-M) was used for the systems with TrGO. This
model relates the permeability to the formation of a percolating
network of platelets which can provide a more tortuous path that
inhibits molecular diffusion through the matrix, and therefore, it
predicts a decrease in the permeability [26,27].

It was verified that the CNTs showed an unexpected behavior for
low and high nanofiller loading with respect to the permeation of
oxygen (Fig. 2a). At 1 wt% of CNTs the permeability decreased
almost 80%; however with an increase of the CNTs, the perme-
ability showed an abrupt rise, going up tomore than 600% at 15wt%
of them. A similar behavior was found for the water vapor
permeability, as shown in Fig. 2b. Other systems described in the
literature behaved in a similar way. Alexandre and collaborators
[28] found that polyamide/clay nanocomposites showed good
barrier properties at low filler contents but loose this property with
increasing the filler load. The authors concluded that the decrease
in the permeability at low filler load was in accordance with a more
tortuous path for gas permeation. However, for high filler load, the
barrier effect could be lost because of several concomitant effects
such as changes in the physical state of the matrix (size and
orientation of crystallites and crystallinity ratio principally) due to
the presence of the filler, contribution of the filler/matrix interface
to permeability and/or reduction of the molecular mobility as a
result of chain confinement effects. These effects could be the
responsible of the permeability's results. In addition, the low af-
finity between the matrix and the CNTs could potentiate the above
mentioned effects.

Considering the dispersion of CNTs in polymer matrices, Khan
et al. [29] also verified that nanocomposites of polycaprolactam
showed better barrier properties to water vapor for low CNTs
contents, from 0.05 to 0.5%, which was explained by the increase in
tortuosity which led to a slower diffusion. On the contrary, Kim
et al. [30] observed larger water flux in PA membranes containing
~0.1 wt% of CNTs in comparison with the PA membrane without
CNTs. The authors believed that a good dispersion of the CNTs in the
polyamide offered a fast transport way to pass the water molecules,
which could go into the inside of the CNTs by capillary forces,
passing through the hydrophobic inner side of the filler. On the



Fig. 2. Permeability to oxygen (a) and water vapor (b) - Experimental and theoretical results using the modified Felske Model (FeM) for CNT and the Nielsen Model (NeM) for TrGO
filled polycaprolactam.
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other hand, high filler loads can result in agglomeration as it was
observed in the Fig. 1 and this may also have a deleterious outcome
on the barrier properties giving a rise to new pathways for gas
diffusion [31].

The permeability usually proceeds by a solution-diffusion
mechanism in which it can be calculated using P ¼ S$D [31,32],
where S and D denote the solubility and diffusivity of the perme-
ating species, respectively. This relation provides a good basis for a
conceptual understanding of the basic principles of permeability
through polymer films. Once the penetrant molecule has adsorbed
onto the surface of the polymer, it must dissolve in the polymer
matrix and then diffuse down a concentration gradient through the
film, before desorbing from the opposite surface. As a consequence,
the differences between the nature of the gases (oxygen and water
vapor) could be also contributed to the permeabilities obtained
since they have different solubilities. This can also explain in our
results that the oxygen permeability was increased more than the
water vapor permeability likely due to the polarity of the permeant
species. Thus, the solubility of oxygen (apolar gas) in PA6matrix can
be increased as a result of the apolar nanoparticles (CNTs) incor-
porated since they could decreased the hydrophobicity of the PA6
matrix.

Certainly, the dual behavior of the PA6-CNT nanocomposites
with respect to oxygen and water vapor permeation can reflect
competitive ways of gas diffusion in the systems where only very
low amounts of filler are able to improve the barrier properties.

It was observed that the theoretical results calculated for the
oxygen permeability of CNT nanocomposites using the F-M were
significantly lower than the experimental results. This was likely
due to the geometry of the CNTs, which have a high aspect ratio
favoring the formation of preferential channels where the perme-
ating species could go through the matrix easier, increasing the
permeation. In addition, the TEM images showed a good dispersion
of the CNTs, where it can even facility more the path through the
matrix. In general, nanoparticles with cylindrical geometry favor
the formation of these channels, and this is increased with the filler
load [18,30].

Considering the nanocomposites containing TrGO, it was veri-
fied that this filler continuously decreased the permeation to
oxygen (Fig. 2a). At 1 wt% of TrGO the permeability to oxygen
decreased around 90%, while at 15 wt% of TrGO it was reduced
~97%, reaching almost zero in permeability. Graphene has been
considered the most impermeable material known [33]. According
the literature, defect-free graphene is impermeable even to very
small structures such as helium atoms because of its high aspect
ratio and the high electronic density of the carbon rings [3]. As the
increase of graphene load in the PA6 matrix produced an increase
in the oxygen barrier properties, it is possible to suppose that the
filler is sufficiently well dispersed giving a more tortuous path for
the gas permeation. It is already established that barrier properties
are enhanced with the filler load when it is well dispersed in the
polymeric matrix [21]. Probably, the dispersion of the TrGO in the
polyamide was helped by the improved adhesion among the
components after the pretreatment used to expand the graphite.
This pretreatment introduced functional polar groups in the filler
structure which could increase adhesion with the polar polymer
matrix. In this case, the solubility to apolar gases such as oxygen in
the polar PA6 matrix should increase the permeability since the
presence of some residual oxygen groups in the surface of the TrGO
nanoparticles; however the permeability showed a significant
decrease, which lead to assume that in this case the solubility has
not an effect.

For water vapor permeability, a significant reduction was found
up to 5% of filler because of the higher tortuous path for the per-
meant specie. From this concentration on a small loose in perme-
ability was found. According to the literature (Alexeandre [28]),
interactions among the nanocomposite and water can increase the
free volume in the polymer phase through polymer plasticization,
favoring the chain segment mobility. This effect depends on the
local water concentration and increases diffusion. We do believe
that high water concentration can plasticize the material,
increasing the water vapor permeation. However, it was verified
that up to 15 %wt of TrGO, the water vapor permeability was always
lower in the nanocomposites than for the pure polymer matrix. In
addition, the decrease in the water vapor permeability of the
nanocomposites with TrGO could be also attributable to a change of
solubility due to the hydrophobic TrGO, suggesting that the water
vapor (polar molecule) solubility in the nanocomposites can be
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decreased compared to the hydrophilic pure PA6.
The application of the N-M for the TrGO nanocomposites

resulted in values of permeability higher than the experimental
ones for both oxygen and water vapor permeation. This is because
the N-M does not consider the functional groups present in the
matrix and in the TrGO, which causes good affinity between them
and makes the diffusion of the permeating agent to take longer to
go through the matrix. Moreover, this model does not take in ac-
count changes in the physical state of the matrix after filler addition
(size and orientation of crystallites, crystallinity ratio, etc.), the
contribution of the filler/matrix interface to permeability, neither
the reduction of the molecular mobility due to chain confinement
[28]. Such changes may affect the barrier properties, deviating the
experimental results from the theoretical values.

The findings in permeability suggest that the gas barrier per-
formance of polymer nanocomposites is determined by mainly
three factors: filler properties (nature of the nanoparticles, resis-
tance to gas diffusion, aspect ratio, and volume fraction), the
intrinsic barrier property of the polymer matrix, and the quality of
dispersion (agglomeration, free volume, orientation of filler plate-
lets, etc.). In particular, considering the oxygen and water vapor
barrier properties, the addition of TrGO to the polyamide matrix
showed to have a better effect than the addition of CNTs. As TrGO is
a nanofiller more easily obtained, coming from natural resources
that are abundant in the earth, this strategy is very promising to
improve the properties of films that will be used in applications
requiring low gas permeability such as in food packing.
3.3. Mechanical behavior of the nanocomposites

The effects of CNTs and TrGO on the Elastic modulus and on the
deformation at break of the nanocomposites are shown in Fig. 3.

It was seen that the elastic modulus increased with the filler
content, and this rise was greater for the TrGO nanocomposites.
Fig. 3a shows that the elastic modulus for TrGO compounds was
increased up to 58.8% at 10 wt%, while for CNTs it was risen up to
24.8% at 10 wt% as well. These increases can be due to the addition
of rigid nanoparticles, such as CNTs and TrGO, to polymer matrices
which can easily improve the modulus since the rigidity of inor-
ganic fillers is generally much higher than that of the organic
polymers, a phenomenon known as load transfer mechanism. R.
Scaffaro et al. [13] reported an increase in the elastic modulus of
approximately 33% with 2 wt% of CNTs in PA6. Furthermore, when
Fig. 3. Mechanical properties of PA-CNT and PA-TrGO:
the CNTs were functionalized with oxygenated moieties (fCNTs),
the elastic modulus was risen up to 107% at 2 wt% due to that the
fCNTs have polar groups on their surface and they are likely more
adherent and well dispersed in the PA6 matrix. The largest increase
shown by the nanocompositematerials with TrGO can be explained
by the stronger adhesion between the polyamide matrix and these
fillers due to the presence of oxygenated residual groups obtained
after the oxidative/thermal treatment of graphite, similar trend to
the improvements reported with the fCNTs. Moreover, the rough
and wrinkled texture and the presence of defects in the filler par-
ticles also increase the mechanical link with the matrix. This trend
was similar to those reported by other authors using carbon-based
fillers in polypropylene and polyamide matrices [9,34,35]. The en-
hancements in the elastic modulus could be also due to changes in
crystallinity of the nanocomposites. It is well-known that the
incorporation of nanoparticles in PA6 can had a profound effect on
the crystallization due to the fact that they act as heterogeneous
nucleating agents and accelerate the formation of a-phase crystals
with the absence of g-phase crystals [32,36,37]. This occurs because
the nanoparticles accelerate the crystallization of the matrix and
the a-phase crystals constituted the most thermodynamically sta-
ble phase in PA6 with a faster growth rate [32,38,39]. Logakis et al.
reported an enhancement in the mechanical properties in PA6/
CNTs nanocomposites due to two factors; the conversion of the g
phase crystals to a-phase crystals, and from the transfer of stress
from the PA6 to the CNTs. This behavior has been also found in PA6/
clays nanocomposites [32]. However, in this work the crystallinity
of these nanocomposites was not studied and deserves a further
analysis. It is interesting to observe that the elastic modulus
showed a tendency to increase at low loads and then it reached a
plateau in both cases. The stabilization of Young's modulus was
around 5 wt% for CNTs and around 10 wt% for TrGO
nanocomposites.

With respect to elongation at break, it was verified that the
behavior of TrGO and CNT nanocomposites was very similar. From
Fig. 3b it is possible to see that the property showed a fast decrease
for low concentration of both fillers, falling to around 91.3% for 3 wt
% of CNTs and 5wt% of TrGO. Themarked decrease in the elongation
at break in these nanocomposites is likely due to the fact that the
nanoparticles are much stiffer than the PA6 matrix; in fact the
filling materials have virtually no deformation due to its high
stiffness [18]. In addition, these nanoparticles strongly restrict the
polymer chain movement of the polymer chains when it is
a) Young's modulus, and b) deformation at break.
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subjected to stress. This restriction prevented them from stretch-
ing, thereby reducing the elongation [18,40,41].
3.4. Conductivity behavior

Fig. 4 shows the electrical conductivity variations of the nano-
composites at different CNTs and TrGO loads in PA6.

Significant differences are clearly seen in terms of the minimum
concentration required for each conductive filler (CNT or TrGO) to
achieve conductivity changes, a concentration known as the elec-
trical percolation threshold. CNT compounds presented a lower
electrical percolation threshold (~2 wt%), characterized by a drastic
increase of the material's conductivity, reaching values in the order
of ~10�5 S/m with only ~3 wt% of CNT, thereby giving rise to a
semiconductor material. For TrGO compounds, the electrical
percolation threshold appeared around 5 wt%, achieving the con-
ductivity of a semiconductor material when the filler percentage
was greater than 10 wt%. Furthermore, the maximum electrical
conductivity achieved in each case can have differences of up to
three orders of magnitude. The great difference in terms of
conductive properties presented by these nanocomposites con-
taining different carbon-based fillers is due to the fact that the TrGO
may contain impurities in its structure, such as reminiscent
oxygen-bearing functional groups (produced by the previous
oxidative process), which do not allow a good electrical conduc-
tivity within the matrix. In addition, it has been reported that
incomplete oxidation and exfoliation of GO and agglomerations of
graphene nanosheets can result in low electrical conductivities
[42], and both incomplete exfolation and agglomerations were
observed in the Fig. 1 (d, e and f). On the other hand, the CNTs have
high purity and a cylindrical structure which facilitate the forma-
tion of a continuous percolated network throughout the matrix,
with preferential channels through which the electrons can freely
travel [43]. In addition, the Fig. 1 (a, b and c) showed a better
dispersion of the CNTs in the polymer matrix, which can contribute
in the formation of preferential channels in the polymeric matrix.

The results of conductivity obtained for the CNT and TrGO
nanocomposites are similar to those reported by other studies
[5,44e46]. In our study, we observed that the CNT compounds
showed the lowest percolation threshold and the highest electrical
conductivity. However, this conductivity reached its maximum at
10 wt% of CNTs and did not increase at all above this load. On the
Fig. 4. Electrical conductivity of the PA-CNT and PA-TrGO nanocomposites at different
loads.
other hand, TrGO nanocomposites showed the highest conductivity
at the highest load tested (15 wt%); however it did not appear to be
stabilized at this concentration. This behavior suggests that, if
necessary, higher loads of this inexpensive filler could improve
even more the electrical conductivity in PA6/carbon-based nano-
composites. These carbon based nanocomposites could have sig-
nificant applications in hot areas at present, especially in electrode
materials, solar cells, and supercapacitors [47]. Moreover, these
carbon based nanoparticles can be been prepared by combining
CTNs or TrGO with other materials, such as metals and semi-
conductors in order to have a wider range of applications. Another
application can be sensors since graphene has a huge theoretical
surface area, in which all atoms of a single-layer graphene sheet
could be exposed to the air. Accordingly, they can adsorb gas
molecules and provide the extraordinary sensing sites per unit
volume [6,48]. In the case of CNTs, in the last decade, they have
been usually combined with metal oxides such as aluminum di-
oxide, titanium dioxide, zinc oxide, iron oxide, among others and
applied toward novel devices with remarkable properties for an
extensive range of applications [49]. Therefore, the findings in this
work could be a step in the understanding and development of
future applications.

4. Conclusions

Polyamide nanocomposites containing carbon nanotubes
(CNTs) and thermally reduced graphene oxide (TrGO) were pre-
pared by melt mixing. TEM images indicated that the CNTs were
well dispersed in the polymer matrix. On the other hand, TrGO
were also well distributed in the matrix, although it showed some
non-exfoliated structures, which it is probably as a result of the
previous treatment used for graphite exfoliation and due to a
restacking of the TrGO nanosheets during the melt process.

In barrier properties, the addition of TrGO to the polyamide
showed a remarkable decrease to oxygen and water vapor per-
meabilities, reaching a 90% of reduction with just 1 wt% and almost
zero at 15 wt% of TrGO in oxygen permeability with similar a trend
in the water vapor permeability. This behavior can be related to the
existence of a more tortuous path for the gas through the matrix
and to the nature of the TrGO. On the other hand, the addition of
CNTs to the polyamide slightly decreased oxygen and water vapor
permeabilities up to ~3 wt%, increasing rapidly the permeation of
these gases above this concentration. This behavior was likely as a
result of the formation of preferential channels at the nanotubes
surfaces, which facilitated the gas permeation.

Regarding the mechanical properties, CNTs and TrGO fillers
increased the stiffness in the polyamide due to the load transferred,
and the deformation at break was considerable reduced since the
nanoparticles strongly restrict the polymer chainmovements when
under stress.The conductivity tests indicated that CNTs gave rise to
semiconductive materials at low concentration (around ~3%);
however the conductivity reached its maximum at ~10wt% of CNTs.
TrGO nanocomposites only achieved semiconductive properties at
10 wt%. The conductivity of TrGO compounds was always lower
than that of the CNT compounds for the same filler loadings,
however it did not seemed to be stabilized at the highest load
tested (15 wt%). Such behavior suggests that, if necessary, higher
concentrations of TrGO may be used to increase the conductivity.

The results point to a good perspective regarding the use of
TrGO in polyamide, aiming to obtain films with barrier properties
superior to those obtained in similar nanocomposites containing
CNTs. The materials can also show good electrical conductivity and
excellent mechanical properties. Furthermore, for futureworks, it is
recommended to study and analyze the crystallinity since it plays a
crucial role in PA6 nanocomposites.
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