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ABSTRACT

Due to the increased concern about environmental sustainability, the use of biobased composites in
automotive, construction, packaging and medical applications is in full growth. In order to improve the
overall properties of these green composites, the addition of carbon-based materials as reinforcement is
attracting attention. The use of graphene nanoplatelets (GNPs) due to their high electrical, thermal and
mechanical properties could be the key to enlarge the application of composites in demanding areas such as
military or aerospace. In this work, it was studied the effect of using GNPs as reinforcing agents of poly
(lactic acid) (PLA)/jute composites. For this purpose, first, the fabrication of PLA films by solvent casting
was optimized. After this, for the PLA/GNPs films production several polymeric formulations were optimized
including different percentages of nanoplatelets (0.5, 1, 3, 5, 10, 15 and 30% (w/w)) and the use of
polyethylene glycol (PEG) as dispersive agent. With the polymeric films optimized, the jute/PLA sandwich
composites were produced by compress molding technique using these films with and without GNPs. All the
developed samples were characterized by Raman Spectroscopy, Thermogravimetric analysis (TGA) and
FESEM (Field emission scanning electron microscopy). All the techniques showed that the GNPs were
successfully incorporated onto the composites. After characterization, several properties were analyzed
including electrical conductivity, mechanical tests, electromagnetic interference (EMI) shielding and
antibacterial behavior. A strong correlation was observed between the increased percentage of
nanoplatelets with the enhancement of composite’s properties. The composites with different percentages of
GNPs exhibited very good values of electrical conductivity ranging from 2x10-9 to 39.6 S/m. It was also
observed an increase on Young’s modulus values. Comparing the values obtained without nanoplatelets with
the ones with 3%(w/w), the increase is almost double. The highest increase observed was for the composite
with 30% of GNPs. Antibacterial assays demonstrated that GNPs presents an antibacterial behavior by
contact, preventing the growth of Gram-positive and Gram-negative bacteria. All the composites revealed
EMI shielding effect reaching efficiency values of 39 dB in frequency of 3GHz. Overall, this work
demonstrates that the jute/PLA composites with GNPs presents some potential to be used in several military
areas including automotive and personal protective equipment.

1.0 INTRODUCTION

Nowadays, graphene is one of the most studied materials and is highly attractive for military applications in
the land, air, sea and maritime domains. Their extraordinary physical properties include lightness, flexibility,
thermal conductivity, excellent mechanical and electrical properties [1,2]. However, pure graphene is not yet
produced in large scale and the price is still very high. In contrast, graphene nanoplatelets are already
produced in large-scale with lower manufacturing costs exhibiting exciting properties when compared with
pure graphene [3].

GNPs, have been used in the composites area, as polymer filler/reinforcement replacing several carbon
allotropes (ex: carbon nanotubes and carbon black), metallic nanoparticles and clays mainly due to their high
surface area which improves the interaction between the graphene sheets and polymeric matrix. The addition
of graphene to polymers results in a significant improvement of polymers’ overall properties and can also
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introduce new properties, leading to new applications. For example, these 2D carbon-based fillers are very
attractive for the development of next generation sports equipment, cementitious materials for construction,
anti-corrosion coatings, structural elements in aerospace, wind turbine systems, automotive lightweight
components, EMI shielding materials, military protective equipment, among others [4,5].

Recently, with the environmental consciousness growing, the interest and research for sustainable materials
are acquiring more and more importance. In this way, the use of bio-based polymers and natural fibres for
composites development is preferable over the synthetic ones [6]. Regarding bio-based polymers, PLA,
extracted from renewable sources, exhibit several advantages, the most important one is their
biodegradability [7]. Likewise, natural fibres, including cotton, jute, sisal, kenaf, flax, are very promising
materials due to its biodegradability, low-cost and lightweight [8,9]. Therefore, these green materials can be
used as a valuable alternative to overcome the problems of hon-biodegradable synthetic polymers and fibres,
leading to the development of environmental-friendly composites. However, the bio-based polymers like
PLA normally exhibit low mechanical, thermal and electrical properties. Thus, the incorporation of nano-
sized carbon based reinforcements as the GNPs, is of particular importance in order to improve the
composites performance for several military applications, including military cloths or tents, vehicle parts,
protective coatings, multi layered personal protection systems and EMI shielding [10]. In this context,
graphene-based materials are being studied for personal ballistic protection. According with Lee et al,
graphene exhibited superior performance when compared with the commonly used steel plates [11]. Nine et
al reported the application of graphene in coatings for anti-scratch, corrosion resistance, flame retardant,
anti-gas, antiseptic and electromagnetic shielding applications [12]. Due to their excellent electrical
properties, graphene based materials are commonly used in monitoring and sensing military applications
including bombs/explosives detection [13] and monitorization of military personnel stress level [14]. In
addition, the development of capacitors using graphene can be used for example to recharge military
electronic devices [15]. Overall, the use of graphene-based materials as reinforcement of jute/PLA
composites could provide an enormous range of solutions for the military field whether in the area of
personal protection, mobility or infrastructures.

In this work, composites were developed based on jute fabric and PLA films by compress moulding
technique. Firstly, the polymeric films production was optimized and performed by solvent casting
methodology. Furthermore, the GNPs reinforcement was performed onto the polymeric films in order to
improve the platelets dispersion and the final composites homogeneity. Several GNPs percentages onto the
PLA formulations were tested and PEG was used as dispersive agent. All the samples were characterized by
SEM, ATR-FTIR, Raman and TGA. Additionally, several tests were perflormed in order to evaluate the
potential of these fibrous systems for applications in the military field. The samples exhibited high values of
electrical conductivity and EMI shielding effect which is very important for their use in smart fibrous
systems (monitoring and sensing applications) and in the signature management field. Along with the
electrical properties, the mechanical properties were also analysed considering their use in the personal
protection area. Finally, the antibacterial capability was analysed having in the horizon their application in
the CBRNe area as protective systems against chemical and biological warfare agents.

2.0 MATERIALS AND METHODS

2.1 Materials

PLA was purchased from Resinex (Portugal). The jute fabric was supplied by RCS (Braga Portugal) with an
areal density mass of 430g /m? The GNPs were purchased from Graphenest® (Portugal) with number of
layers: 8 — 30, thickness: 3 - 10 nanometers, Lateral dimensions: 0.5 - 2.0 micrometers and 150 m?g of
surface area. Dichloromethane was supplied by Sigma Aldrich, PEG 4000 was provided by Acofarma and
Sodium hydroxide (NaOH) 99+% was provided by Normax Chem (Portugal).
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2.2 Polymeric films production

PLA films were produced by solvent casting technique, using dichloromethane as solvent. For the PLA films
without GNPs, 3% of PLA (v/w) was added to dichloromethane and kept under stirring for 2 hours until the
polymer was fully dissolved. After this, the liquid was poured into petri dishes and left at room temperature
for 24 hours, until total solvent evaporation. For the films reinforced with GNPs, several percentages of
nanoplatelets were tested including: 0.5, 1, 3, 5, 10, 15 and 30% (w/w), relative to the polymer initial weight.
The formulations containing PLA and GNPs were subjected to an extra hour of mechanical stirring after
GNPs addition, followed by one hour of ultrasonic bath. The use of PEG as dispersive agent onto the PLA
formulation was also tested using a final ratio of 80%PLA/20% PEG.

2.3 Fabrics treatment and Composites development

As described in several works [16] the fibres® pretreatment could enhance the fibres adhesion to the
polymeric matrix. In this way, the composites were produced using alkali treated jute fabrics. The alkali
surface pretreatment was applied using an aqueous solution of NaOH (1M). The fabrics were added to the
solution under stirring at room temperature for 30 minutes. Afterwards, the fabrics were removed from the
solution rinsed with water and left to dry at 80 °C for 1h.

The alkali treated fabric was used for the jute/PLA sandwich composites development. In this case, one piece
of jute fabric was used with PLA films (with and without GNPs and PEG) on the top and bottom surfaces to
fabricate sandwich composites by compress moulding. The processing temperature was 180°C, with a
pressure of 4 tons under 10 minutes.

2.4 Characterization Tests and Properties evaluation

2.4.1 Raman Spectroscopy

Raman spectroscopy was used to analyse the nanoparticles structure and quality, the quantity of stacked
platelets and the GNPs dispersion onto the composites. The spectra were obtained on a Horiba LabRAM HR
Evolution confocal microscope (Horiba Scientific, Longjumeau, France) using a laser excitation of 532 nm
(2.33 eV). A 100x objective lens was used to focus the laser onto the sample.

2.4.2. Thermogravimetric analysis (TGA)

TGA analysis was performed using a STA 700 from SCANSCI to evaluate the influence of jute fibre and
GNPs incorporation on the composite degradation temperature. The TGA trace was obtained in the range
of 25-600 °C, under nitrogen atmosphere, with a constant heating rate of 20 °C/min.

2.4.3 Field Emission Scanning Electron Microscopy (FESEM)

The morphological analysis of the developed samples was performed in an Ultra-high-resolution Field
Emission Scanning Electron Microscopy (FESEM), NOVA 200 Nano SEM, FEI Company (Hillsboro,
OR, USA). Before the analysis, the samples were covered with a very thin film (20 nm) of Au-Pd (80-20
weight %), using a high-resolution sputter coater, 208 HR Cressington Company (Watford, UK), coupled
to a MTM-20 Cressington High Resolution Thickness Controller.
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2.4.4 Mechanical Properties Evaluation

All the composites were subjected to tensile tests according to an adaptation of the standard ASTM
D5035. These tests were made using a Hounsfield tensile tester Tinius Olsen model HL00KPS with load
cell of 100KN traction device, with the following settings: sample width = 40 mm; sample length > 150
mm; distance between grips = 50 mm; testing speed = 100 mm min*. After testing, the modulus of
elasticity was calculated through the stress-strain curves obtained during the test.

2.4.5 Electrical conductivity

The electrical resistivity of films and composites was measured by the 2-wire method, where the voltage
was applied from -0,8V to 0,8V, step of 0,1, and the current measured by a Keithley 6487
picometer/voltage source. The tests were performed at room temperature and in direct current (DC) mode.
The electrical resistivity (p) was calculated by:

P=R

CAFS

1)

where R is the electrical resistance, A is the area of the electrode (6 x 1 mm?) and L is the distance
between the electrodes (2mm). The electrical conductivity is given by the inverse of electrical resistance
(o = 1/p). Three different points in each sample were analyzed in order to confirm the samples
homogeneity.

2.4.6 Electromagnetic shielding (EMI)

The electromagnetic shielding was measured using the standard ASTM D4935-99. The samples were
placed between two coaxial flanges which act both as sample holders and TEM waveguide. The tests
fixture is connected to a Vector Network Analyzer (Rohde & Schwarz ZNB8) with the assistance of two
coaxial cables and two 10 dB 50Q attenuators. EMI shielding can then be measured by the decay of the
transmitted signal between the coaxial ports and referred by the VNA as S21 or S12 scattering parameter
(voltage from portl to port2 or v.v.).

2.4.7 Antibacterial tests

The antibacterial activity of the samples was assessed, following the standard Halo method (JIS L
1902:2008), against Gram-negative (Escherichia coli) and Gram-positive (Staphylococcus aureus)
bacteria. Before adding the samples on the bacterial environment, they were sterilized under UV radiation.
Regarding the Halo method, nutrient agar (NA) was prepared, autoclaved and applied onto petri dishes
until agar solidification. After agar solidification, square composites’ samples of 1cm x 1cm were placed
over the agar dishes and incubated for 24 hours at 37 °C. The antibacterial activity of the samples was
evaluated by the inhibition zone appearance, which indicates the absence of bacteria growth (Three
replicates of each condition).

3.0 RESULTS AND DISCUSSION

3.1 Films and composites development

As previously mentioned, the principal goal of this work was to develop a composite of PLA and jute
fabric reinforced with graphene nanoplatelets. For that purpose, several PLA/GNPs formulations using
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different nanoplatelets percentage (between 0.1% and 30% (w/w)) were optimized for the film’s
development by solvent casting. The dispersion and distribution of carbon-based nanoparticles onto
polymeric matrices is crucial in order to obtain an effective reinforcement and is directly related to their
final mechanical, thermal and electrical properties. Thus, an homogeneous dispersion and distribution of
the nanoparticles in the PLA films could be responsible from forming the nanoplatelets binding network,
transferring its high properties to the final composites [17]. Therefore, it is of extreme importance to
analyze the dispersion/distribution of the nanoparticles in the matrix and its direct influence on the final
composite’s properties. In the case of carbon nanoparticles, due to its high Van der Waals interaction,
which makes difficult the dispersion and stabilization in the matrix, it is necessary to apply different
techniques to achieve a better stabilization [18]. In this way, the introduction of PEG as dispersive agent
was tested. After the film’s formation, they were used for the sandwich jute composite’s fabrication by
compress moulding. For simplify the reading the films were named by: PLA, PLA/PEG, PLA+x%GNPs
or PLA/PEG+x%GNPs and the composites based on the developed films and jute by:
Jute/PLA/PEG+XxGNPs%. Figure 1 shows as example the alkali treated jute fabric used in this work (A),
the jute/PLA composite (B) and the jute/PLA/PEG composite reinforced with GNPs (C).

Figure 1: Treated jute (A), Jute/PLA/PEG composite (B) composite with GNPs (C).

3.2 Characterization of polymeric films and composites

3.2.1 Raman Spectroscopy

Raman spectroscopy is a valuable technique for the structural characterization of graphitic materials,
providing important information about materials’ defects and number of staking graphene layers. The
Raman spectra of graphite/graphene present three characteristic peaks, namely D, G and 2D. The D band
of graphene nanoplatelets at around 1350 cm™ is due to out of plane breathing mode of sp? atoms and
indicates the presence of defects or edges. The G (Ezy phonon) and 2D (major fingerprint of graphene)
peaks are always observed approximately at 1580 cm™ and 2700 cm™ respectively [19]. The shape,
position and intensity of the 2D band relatively to the G band depend on graphene number of layers [20].
Figure 2 shows the spectrum of GNPs powder used in this work for comparison purposes with the final
developed composites. As it can be observed, all the characteristic peaks of GNPs are present including
the D band which even with low intensity indicates the presence of some structural defects. The 2D band
shape, the relation between this band and the G band and the value of 12D/IG ratio (~0.5) is characteristic
of few/multilayer graphene [21]. In addition, Figure 2 exhibits as example, the spectra of three different
surface points in the jute/PLA/PEG+15% GNPs sample. Although some differences in the peaks shape of
the three different points (possibly related with some heterogeneity due to the presence of natural fibres),
in all points it is visible the fingerprint peaks of GNPs indicating that the nanoplatelets are distributed all
over the composite.
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Figure 2: Raman spectra of GNPs powder and three points on the composite jute/PLA/PEG +15% GNPs.

3.2.2 Thermogravimetric analysis (TGA)

With TGA analysis of films and composites (Figure 3) it was possible to infer about the thermal stability
of the developed composites, the maximum degradation temperature of each constituent and the influence
of GNPs addition. The samples were heated to 600°C at a rate of 20°C/min and the weight loss was
measured. It was observed that PLA degradation starts at 305°C until 409°C. For PEG starts at 325°C and
ends at 425°C. For the treated fabric it starts at 204°C and ends at 330°C. Finally, for GNPs, there is no
degradation up to 600°C. For both cases (films and composites) the addition of GNPs increased the
quantity of residues in the samples (after 400°C). The residues quantity is directly related with the
percentage of nanoplatelets under use in each sample.
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Figure 3: TGA of films in relation of addition of GNPs and TGA of composites jute/PLA/PEG + GNPs.
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3.2.3. Field Emission Scanning Electron Microscopy (FESEM)

Figure 4 exhibit the FESEM images of the composite Jute/PLA/PEG with addition of 3% GNPs (B and D)
and 30% of GNPs (A and C). Figure 4 (A) shows the composite surface where is visible the jute fibres
homogeneously coated with PLA. In the Figure (B) and (C) the nanoplatelets are distributed all over the
fabric with the presence of some aggregates. Finally, in Figure (D) one multi-layer nanoplatelet can be
observed between the jute fibre and the polymeric coating.

Figure 4: FESEM images of composite jute/PLA/PEG+15%GNPs in different sites and using different
magnifications.

3.3. Mechanical Properties evaluation

The tensile tests were performed to infer about the influence of GNPs addition in the PLA/PEG/jute fibre
composite. Figure 5 shows the relation between the Young's modulus as a function of GNPs percentage.
There was an increase in the modulus related to the increase of GNPs percentage. For the addition of 3%
GNPs, the modulus increased from 0,63GPa, Jute/PLA/PEG, to 1,04 GPa, a total of 65% of increase.
Additionally, for the composite with 15% of GNPs, the Young’s modulus increases to 1,18 GPa, about
87% of increase comparing with composite without GNPs. Lastly, for the composite with 30% GNPs, the
Youngs’ modulus value measured was 1,5 GPa, about 139% more than the composite without GNPs.
Thus, the addition of GNPs turns the composite more rigid, increasing the elastic modulus.
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Figure 5: Young modulus of the composites with addition of GNPs.

3.4 Electrical conductivity

The composites” electrical properties reinforced with GNPs are directly related with the dispersion and
distribution of the nanoparticles in the matrix, the quantity of nanoparticles added in the matrix, the
manufacturing process and the interaction nanoparticles/matrix. Thus, the control of these factors can
increase the possibility to create a binding network between the nanoparticles, conducting electric current,
increasing the final values of electrical conductivity [18-20]. Table 1 presents the values of electrical
conductivity for the GNPs/PLA films and the influence of PEG addition. Thus, it is possible to observe an
increase of electrical conductivity related with the increase of GNPs percentage. Also, the addition of PEG
increased the electrical conductivity when compared to the same quantity of GNPs without PEG. With
this, it is possible to conclude that the addition of PEG increases the dispersion and homogeneous
distribution of the nanoplatelets onto the PLA.

Table 1: Electrical conductivity of films related with addition of GNPs and PEG.

Samples Electrical conductivity - Electrical conductivity -
without PEG (S/m) with PEG (S/m)
PLA - -
PLA +0,5% GNPs - -
PLA + 1,0% GNPs 2,0x 107 3,0x10°
PLA + 3% GNPs 1,8 x 107 4,4 x10*
PLA + 5% GNPs 2,2x 10" 2,1x10"
PLA + 10% GNPs 2,0x 10" 33
PLA + 15% GNPs 8,1 39,6
PLA + 30% GNPs 15,5 19,0

Table 2 shows the conductivity values of the composites produced with the previous presented films.
These composites were produced by compression using two films on each side of the jute fabric. The use
of four films, two above and two below, during the sandwich formulation, increased the electrical
conductivity. This behavior occurs due to the sum of dispersions of GNPs in each film, which when
overlapped, increase the percolation network, and consequently the electrical conductivity. Also, the
addition of jute fabric (with high values of electrical resistivity) did not significantly influence the
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electrical conductivity.

Table 2: Electrical conductivity of composites with 3, 15 and 30 % of GNPs.

Samples Electrical conductivity Electrical conductivity
without PEG (S/m) with PEG (S/m)
Jute/PLA - -
Jute/PLA + 3% GNPs 1,2x10° 1,0x 107
Jute/PLA + 15% GNPs 20,0 55,2
Jute/PLA + 30% GNPs 109,0 73,4

3.5 Electromagnetic shielding

Several studies conclude that the EM radiation in contact with electronic equipment can interfere on the
signal or damage it. At the same time, constant exposure of EM radiation, in the human body, interferes in
the growth of the cells and can cause the formation of cancerous cells [21,22]. Therefore, due the growing
use of electronic equipment, it was noted the need to create materials that prevent the passage of EM
radiation, namely EMI shield. Thus, the efficiency in the shielding of electromagnetic waves is dependent
to the frequency of incident radiation, the environment in which the wave propagates, and the
characteristics of the material used as shield. In this way, materials with high electrical conductivity
presents better shielding responses by reflection, related with electric field of the EMI wave [23,24]. In
this work, the efficiency of the EMI shielding was measured in the frequency range between 0 and 3GHz.
It was observed a relation between the addition of GNPs, with the efficiency increase of the shield, as can
be observed in Figure 6. For frequencies below 500 MHz, the highest efficiency was 76 dB, for the
composite with 30% of GNPs. Additionally, for 3GHz, the highest efficiency was 39 dB, also for the
composite with 30% GNPs. This behavior is associated with the electrical conductivity of the material, as
was observed before, the increase of GNPs on the composites, increases the electrical conductivity of
material [23-25].
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Figure 6: EMI shielding of composites with different amounts of GNPs.
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3.6 Antibacterial tests

Several studies report an antibacterial activity adding GNPs in different polymerics matrix [26-28]. To
explain the antibacterial response of GNPs, three mainstream mechanisms are proposed, namely nanoknives,
explained by the action of sharp edges that in contact with the bacterial result in a loss membrane integrity
and leakage of ribonucleic acid (RNA). Oxidative stress, that can interfere in a bacterial metabolism,
disrupting essential cellular functions, causing the cell death. And lastly, wrapping of bacterial membranes,
related from the flexible thin film structure of GNPs that can isolate the bacterial from their surrounding
environment [29-32]. In the present study, antibacterial tests using the halo method were performed in order
to analyze the antibacterial effect of GNPs. The tests were performed using Staphylococcus aureus (S.
aureus) and Escherichia coli (E. coli) bacteria cultures. Jute fabric was used as control and the
jute/PLA/PEG+15%GNPs composite was tested as example. The samples were in contact with the bacteria
cultures for 24 hours. After this time, the samples were removed and the antibacterial activity by contact was
analyzed.

Figure 7 presents the obtained results for the jute fabric in contact with S. aureus (A) and E. coli (B); bacteria
growth after jute removal (B and F); composite in contact with both cultures (C and G) and bacteria cultures
after composite removal (D and H). After jute removal (B and F) it is possible to observe that the culture was
intact, the bacteria continued to growth. However, when the composite with GNPs was removed (D and H),
no bacteria was observed in the sample site exhibiting the antibacterial behavior by contact of the composite
with GNPs.

(72}
=
(]
—
=
@©

0

Figure 7: Antibacterial tests: (A) S. aureus with jute; (B) after jute removal; (C) with Jute/PLA PEG+15% GNPs
and (D) after composite removal. From E to H: the same samples under study but using E. coli.

4.0 CONCLUSIONS

In this work, PLA/jute composites reinforced with GNPs were produced. For this purpose, several polymeric
formulations were optimized in order to develop PLA films with different amounts of GNPs. These films
were used for the jute composites development by compress moulding. Regarding the films, the addition of
PEG improved the GNPs dispersion in the matrix, and as consequence was observe an increase on electrical
properties. Also, it was observed that with increased percentage of GNPs the conductivity value also
increased and values between 2x10° and 39.6 S/m were achieved. The composites produced were
characterized by Raman spectroscopy, TGA and FESEM. FESEM demonstrated that compressing moulding
technique was efficient for the polymer impregnation in the jute fabric and the presence of GNPs was also
visible. Additionally, the Raman spectroscopy exhibited a homogeneous dispersion and distribution of GNPs
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onto the composites by the measurement of different points in the same sample.

Several properties of the composites were studied, namely: mechanical and electrical, EMI shielding and
antibacterial. In all the cases, the GNPs addition in different percentages promoted the properties
enhancement. For example, when 30% of GNPs was added, there was an increase in the elasticity modulus
of 139% when compared to the composite with nanoplatelets. At the same time, the composite reached very
high values of electrical conductivity (109 S/m) and electromagnetic shielding efficiency of 39 dB at 3GHz.
Regarding the antibacterial behavior, the addition of GNPs inhibited the Staphylococcus aureus and
Escherichia coli growth by contact.

Considering the application of the developed systems in the military field, they are very promising solutions
for personal protective equipment. However, they could be great solutions for interior parts of military
vehicles. Their sustainability, lightness (natural fibres), smart properties (electrical conductivity), EMI
shielding effect and antibacterial properties could be the solution for the increasing demands of the
automotive area about sustainability, lightweight and active materials.
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