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Laura Ribba, Jonathan Cimadoro and Silvia Goyanes”

Universidad de Buenos Aires, Facultad de Ciencias Exactas y Naturales, Departamento de Fisica, Laboratorio de Polimeros y
Materiales Compuestos (LP&MC), Instituto de Fisica de Buenos Aires (IFIBA-CONICET), Ciudad Universitaria (1428), Ciudad
Auténoma de Buenos Aires, Argentina.

*Corresponding Author: Silvia Goyanes. Email: goyanes@df.uba.ar.

Abstract: In this work, conductive polymer nanocomposites were developed
based on a biodegradable and biobased polymer (poly (lactic acid)), with the
incorporation of only 0.3 wt% of carbon nanotubes (CNTS) to be used as volatile
solvent sensors. The correct dispersion of the nanofiller was achieved thanks to a
CNT non-covalent modification with an azo-dye (disperse orange 3) which
allowed to reach the percolation for electric conduction in values as low as 0.3
wt%. The chemo-resistive properties of the developed sensors were investigated
by exposure to organic vapors (ethanol, tetrahydrofuran and toluene) and water
vapor, showing good selectivity. In addition, considering the manipulation to
which the sensor will be exposed, wear resistance was characterized, finding that
the incorporation of CNTs produced an increase in more than a 50%.
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1 Introduction

Conductive polymeric composites (CPC) are intelligent materials obtained through the incorporation
of conductive nanoparticles within matrices of insulating polymers. Nowadays the lifetime of materials in
general, and in particular of electronic products, is getting shorter. This poses a growing ecological
problem due to the accumulation of waste. Biodegradable intelligent products have great potential to
reduce the environmental footprint of devices. Through the use of biodegradable polymers in the
development of CPC, complex green electronic components can be developed [1,2].

Poly (lactic acid) (PLA) is a biodegradable thermoplastic polymer, which has large stiffness, high
tensile strength, good film-forming properties and gas permeability [3]. Different CPCs based on PLA
have been proposed in literature, incorporating several conductive fillers such as carbon nanotubes (CNT)
[4], graphene [5] and silver nanoparticles [6]. In particular, due to their good electrical conductivity, high
aspect ratio and the quantum effects connected to their nanometric structure, CNTs have been
investigated as sensitive materials [7]. The operation principle of these sensors is based on changes in
their conductivity as a result of adsorption of specific molecules on their surface. The interaction of CNTs
with functional groups (including carboxyl and amino groups), metallic nanoparticles and polymers lead
to the formation of chemically active sensors [8]. This type of sensors has been applied to detect small
concentrations of volatiles in the air [4,7,8]. In particular, Wei et al. [4] show the application of a PLA
and CNTs sensor to detect with high resolution, 50 ppm of chloroform. It is extremely important to
maximize the matrix-nanotube interface area in order to develop this application. The dispersion of the
filler is then a critical aspect of the nanocomposite manufacturing method. However, the inherent
difficulty to obtain proper CNTs dispersions requires the incorporation of a larger amount of nanotubes to
reach the conduction thresholds [9,10].

Several authors have studied polymer-CNTs nanocomposites [4,7,11,12,13]. In order to improve the
filler’s dispersion, different physical and chemical modifications were performed; from the realization of

DOI: 10.32604/jrm.2019.04083 www.techscience.com


mailto:goyanes@df.uba.ar

356 JRM, 2019, vol.7, no.4

covalent and non-covalent functionalizations through electrostatic interactions, to modifications in the
applied shear stress during the dispersion processes, or the inclusion of different additives [14,15,16,17].

Some of these processes can introduce defects on the nanotubes walls or even decrease their aspect
ratio and therefore worsen their important properties. For example, it has been reported that after a
carboxylation treatment of CNTSs, their sidewall began to be destroyed up to their nearly complete
destruction [18]. One way to improve its dispersion, without substantially affecting its characteristics, is
through non-covalent functionalization. In particular, it has been demonstrated that a molecule of azo dye,
Disperse Orange 3 (DO3), can efficiently improve the dispersion of CNTs in an organic solvent,
tetrahydrofuran (THF), without damaging its molecular characteristics and thus preserving its properties
[12]. Moreover, using this methodology PLA-CNTs with important improvements in ductility have been
successfully developed [15].

The objective of this work is to develop a poly (lactic acid) CPC to be applied as a volatile solvent
sensor using sufficiently low amounts of additives to avoid altering the ecological character of the
material. In particular, 0.30% by weight of CNTs and 0.25% by weight of DO3 was used. Sensing
properties of the nanocomposites were characterized, showing the great potential of this material in the
field of smart packaging. Besides, the wear of nanocomposites was studied in order to have an idea of the
response to friction with different objects that could wear out the packaging and act on the sensor.

2 Methods

Materials were developed from PLA (10% D-Lactide, 90% L-Lactide) with 67.600 g.mol? and
49.900 g.mol® weight and number averaged molecular weight respectively (Shenzhen Bright China
Industrial Co. Ltd), DO3 dye (Sigma-Aldrich), CNTs (Nanocyl, NC3100) and reagent grade chloroform
(Biopack, Argentina).

The nanocomposites were prepared using three different concentrations of CNTs: 0.05 wt%, 0.1 wt%
and 0.3 wt%, following the procedure previously reported by our group [15]. Basically, 0.0005, 0.0010 or
0.0030 g of CNTs were dispersed, depending on the desired concentration, together with 0.0025 g of DO3
in 50 ml of chloroform by ultrasound for 90 minutes. Next, 1 g of PLA was added and the mixture was
exposed to ultrasound for further 60 minutes. The resulting solution was cast into Petri dishes and the
solvent was allowed to evaporate at room temperature for 24 h. The drying process continued in a vacuum
oven at 40°C during four days and a final stage of 24 hours at 60°C, always under vacuum. The complete
removal of residual solvent was confirmed by NMR analysis. Films of PLA and PLA-DO3 were prepared
in the same way as the nanocomposites for comparison purposes. Five different films of each kind of
sample were prepared. The mean thickness of each set of five samples was 75 um with a dispersion of 2
pm. It should be emphasized that for all CNTs concentrations the same amount of DO3 was used, since in
a previous work [15], it was demonstrated that the inclusion of DO3 in PLA modifies both its mechanical
properties and its crystallinity. Then in order to keep the same matrix material, it was decided to use a
fixed DO3 concentration. The 0.3 wt% value respect to PLA was chosen as it leads to good nanotubes
dispersion for the maximum amount of filler used [19].

The dispersion of CNTSs in the nanocomposite was studied by scanning electron microscopy (FE-
SEM) of the cryogenic fracture surfaces using a Zeiss DSM982 GEMINI equipment operated at 20 kV.

The electrical response of the nanocomposites was studied by recording their resistance when
exposed to successive cycles of dry nitrogen and vapor currents of different solvents at 23°C. Three
different cycle times of exposition at solvent vapors were studied, 10 minutes, 20 minutes and 30 minutes.
In all cases the reversibility study was repeated for three cycles. Solvents used for this work were water,
ethanol, tetrahydrofuran and toluene. The system used to carry out the measurements consisted of flow
controllers, bubblers and a chamber where the sample was placed, as it is shown in Fig. 1(b). Bubbling
dry nitrogen in liquid solvent provides a saturated vapor stream (100% vapor concentration). nAll the
experiments were carried at a constant flow (Qv = 200 cm®mint). The electrical resistance of the samples
was recorded with a Hewlett Packard multimeter model 34401A. In order to improve the electrical
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contact between the alligator clips of the multimeter and the film, electrodes were generated on both sides
of the sample depositing a thin layer of gold using plasma methods (sputtering) as it is shown in Fig. 1(a).
Multimeter alligator clips were attached directly to those electrodes. The resistance (R) was measured
three times on three different samples of each nanocomposite and the electrical resistivity (p) was
calculated by equation:

p=R: ®

where A is cross section of the sample and L is its length. The volumetric electrical conductivity (c) was
calculated as the inverse of the electrical resistivity.

a. b. Flow
Controllers
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Solvent
Bubblers

Nitrogen

Figure 1: a. Scheme of electrical resistance measurement. b. Scheme of vapor sensing device

The relative resistance amplitude value (Ar) was calculated from the resistance values measured by
the equation:

A@®) =@ )

where R represents the resistance of the nanocomposite at time t and Ro the initial resistance when
exposed to the flow of dry nitrogen.

The wear of the developed materials was measured with a Calotest device [20] developed in our
laboratory. The volume displaced by a stainless steel sphere that rotates on the material was calculated
from the diameter of the mark produced. Using the Archard model, the sliding wear coefficient was
determined according to the equation:

V=k-S-N ©)

where k represents the wear coefficient, V the wear volume, S the displaced distance and N the normal
applied force. The tests were repeated five times for each type of material. It should be noted that these
measurements were carried out before exposing the samples to the different solvents.

In order to study the existence and size of crystallites in the different samples, a study via crossed
polarizing microscopy was performed using a Zeiss Axioplan microscope (plan apochromat objectives)
and Nomarski polarizers (DIC-differential interference contrast). Due to the optical birefringence of the
crystallites, crystalline zones should appear with different colors in the microscope micrographs.

3 Results and Discussion

Fig. 2 shows FE-SEM micrographs of the cryogenic fracture surface of a sample of PLA-DO3-CNTSs
0.3 wt%. It is possible to observe a good degree of dispersion of nanotubes in the matrix.
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Figure 2: FE-SEM micrographs of the cryogenic fracture surface of nanocomposite PLA-DO3-CNTs 0.3
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Conductivity values obtained for the different materials are listed in Tab. 1. All PLA-DO3-CNTs
nanocomposites showed an improvement in electrical conductivity compared to pure PLA and PLA-DOS3.
The conductivity of PLA and PLA-DO3 were of the same order. Although the addition of 0.05 wt% and
0.1 wt% of CNTs improved the conductivity of PLA in two orders of magnitude, the nanocomposite with
0.3 wt% of CNTSs presents a conductivity ten orders of magnitude larger than neat PLA.

Different reports in literature indicate that the percolation threshold for PLA-CNTs nanocomposites
occurs with conductivity values ranging from 10° S mto 10° S m™. [7,17,21] Although in our work the
percolation threshold was not determined, the conductivity of the sample with 0.3 wt% of CNTs (1.6 x
10 S m'Y) is much higher than those reported in percolation, indicating that our system is percolated and
that we are working at a CNTs concentration much higher than that needed for percolation.

Table 1: Conductivity values of the studied materials

Material Conductivity (S m™?)
PLA (3+1) x 101
PLA-DO3 (5+1) x 101

PLA-DO3-CNTs 0.05wt% (7 £1) x 10°
PLA-DO3-CNTs 0.1 wt% (5+1) =108
PLA-DO3-CNTs 0.3 wt% (1.6 £0.5) x 10*

Based in these results the nanocomposite with 0.3 wt% of CNTs was chosen to be studied as a
vapors sensor. It was found that each solvent has its own impact on the variation of the resistance, an
extremely useful effect for the detection and identification of gases [10,22]. The relative resistance
amplitude of the sample as a function of time when exposed to periodic successive cycles of 10 minutes
of dry nitrogen and vapor currents of different solvents at 23°C can be seen in Fig. 3.
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Figure 3: Amplitude of relative resistance (Ar) of the material as a function of time when exposed to 10-
minutes cycles of dry nitrogen and vapor currents from different solvents

From curves presented in Fig. 3, it can be seen that the reversibility of the material is complete upon
completion of each 10-minute cycle. For the other cycle times of exposition at solvent vapors the obtained
results were analogue, showing a complete material reversibility. It is also observed that the greatest
difference in resistance was obtained for ethanol, while the lowest difference was for water vapor.

The sensitivity to the different solvents is defined as the highest Ar value reached for each solvent.
Values found are shown in Tab. 2.

Table 2: Sensitivity values found for each solvent

Solvent Sensitivity
Ethanol 64,3+0,1
Tetrahydrofuran 44,4 +0,1
Toluene 148+0,1
Water 49+0,1

The selectivity of the sensors is a very important point, since it would reduce the number of sensors
necessary for the identification of molecules in an electronic nose.

It is known that the swelling of polymer matrices originated from the absorption and diffusion of
good solvents, could lead to the disconnection of the conductive pathways at different degrees and
increase in resistance [4]. While this effect should be notorious near the percolation threshold, in our case
being well above it (3 orders of magnitude in conductivity), this effect should be minimal, at least in the
timeslots and number of repetitions studied. For that reason, a specific study of this phenomenon was not
carried out, but it should be kept in mind if the material would be employed for longer periods than those
studied in this work.On the other hand, the wear coefficient (K) was determined for all materials using the
Archard model [20], as one of the necessary characteristics of the sensor’s material is that it is resistant to
the wear produced by manipulation. From Fig. 4, it can be seen that the addition DO3 increases the wear
coefficient showing that the film with DO3 wears more easily than that of neat PLA. With an addition of
0.05 wt% and 0.1 wt% of CNTs, the wear coefficient does not show significant changes compared to the
one of PLA-DO3. However, with increasing concentrations of the nanotubes, this effect is reversed. The
addition of 0.3 wt% of CNTSs leads to a strong decrease in the wear coefficient, indicating an increase of
more than a 50% in wear resistance.
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Figure 4: Wear coefficient for all developed materials

Different mechanisms could produce changes in tribological behaviors of polymeric hanocomposites,
such as changes in morphology of the polymer (molecular weight, crosslink density for thermosets,
crystallinity for semi-crystalline polymers), and a direct effect of nanoparticles on the wear mechanism
(e.g., improved adhesion of the transfer film) [23]. In general higher crystallinity leads to higher wear
resistance [24]. However, if crystal domain sizes differ, this relation is more complex.

In a first approximation, crystalline domains could be thought of as a rigid filler with respect to the
matrix material. In a composite material with microfillers the wear decreases if these can be easily
deformed, while if they do not it trends to increase [25] In a general sense, the interactions among the
elements of the sliding systems are believed to affect the wear process [26]. That is, during the wear
process, the interface between the two materials as well as the difference between the ability to deform of
each one is what determines the result [25,26]. On the other hand, in the case of nanometric fillers several
authors have shown that a low friction and high wear resistance is obtained since the size of nanoadditives
is of the order of surrounding polymer chains what increases bonding of particles to the polymer matrix
[24,27,28]. Also, the nanosized filler tends to produce a tenacious transfer on the counterface, which
protects the composite surface from direct contact with the counterface and reduces the friction and wear
of nanocomposites.

A first way to study the crystallinity of samples would be by X-ray diffraction. In a previous work of
the group it was demonstrated that PLA films had two very small diffraction peaks that correspond to
both, the o and the B crystal structures characteristics of this polymer. In contrast, the diffraction pattern
for the PLA-DO3 film showed more clearly defined diffraction peaks, indicating a greater degree of
crystallinity, which corresponded only to the a-form [15]. When only 0.05 wt% CNTs content was added
together with DO3, the B-form is again observed (26 = 30.9°9), and the pattern shows a strong increase of
crystallinity compared to neat PLA, but less crystallinity than PLA-DO3 samples. Although the results
reported corresponded to the sample with the lowest CNTs concentration, analogous results were obtained
for the concentration of 0.3 wt%.

In order to study the formation of crystalline structures (crystallities), polarized light microscopy was
used. Micrographs obtained for PLA, PLA-DO3 and PLA-DO3-CNTs 0.3 wt% are shown in Fig. 5. Films
of PLA with DO3 showed crystallities of approximately 1 pum, while films of neat PLA did not. This
difference in the crystalline structure of materials is a possible explanation for the fact that the material
made from PLA and DO3 has a lower wear resistance than neat PLA. The material with DO3 shows
small crystalline zones surrounded by big amorphous areas. The outer layer of the film could then be
worn through these amorphous areas easily than the PLA matrix.
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Figure 5: Polarized light micrographs of PLA, PLA-DO3 and PLA-DO3-CNTSs 0.3 wt%

With the addition of CNTSs these crystallites can still be seen for all filler contents (0.05 wt%, 0.1 wt%
and 0.3 wt%). The improvement in wear resistance achieved with 0.3 wt% of CNTs is probably a
consequence of an anchoring effect produced by the filler. Zhang et al. [29] suggested that, when CNTs
are exposed to the sliding interface, substantial CNTs deformation and fragmentation can occur resulting
in a protective effect on the polymeric matrix wear behavior.

4 Conclusions

A new CPC was developed in more than 99% from a biodegradable biobased polymer, capable of
detecting the presence of vapors of different organic solvents. For this, the concentration of percolating
CNTs in the matrix was studied and it was found to be 0.3 wt%. The order of selectivity of the material
was found to be Ar (ethanol) > Ar (THF) > Ar (toluene) > Ar (water), and the sensitivities varied from
(64.3+0.1)to (4.9+0.1).

It is noteworthy to mention that only 0.30 wt% of CNTs and 0.25 wt% of DO3 were used for
manufacturing the material, achieving the desired sensing properties and an improvement in wear
resistance, affecting as little as possible the biodegradable character of the matrix polymer.
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