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Abstract: Sustainability has become the primary focus for researchers lately. Biopolymers such as
polyhydroxyalkanoate (PHA) and polylactic acid (PLA) are biocompatible and biodegradable. Intro-
ducing piezoresistive response in the films produced by PLA and PHA by adding nanoparticles can
be interesting. Hence, a study was performed to evaluate the mechanical, electrical and piezoresistive
response of films made from PHA and PLA. The films were produced by solvent casting, and they
were reinforced with graphene nanoplatelets (GNPs) at different nanoparticle concentrations (from
0.15 to 15 wt.%). Moreover, cellulose nanocrystals (CNC) as reinforcing elements and polyethylene
glycol (PEG) as plasticizers were added. After the assessment of the nanoparticle distribution, the
films were subjected to tests such as tensile, electrical conductivity and piezoresistive response. The
dispersion was found to be good in PLA films and there exist some agglomerations in PHA films. The
results suggested that the incorporation of GNPs enhanced the mechanical properties until 0.75 wt.%
and they reduced thereon. The addition of 1% CNCs and 20% PEG in 15 wt.% GNPs’ tensile values
deteriorated further. The PHA films showed better electrical conductivity compared to the PLA films
for the same GNPs wt.%. Gauge factor (GF) values of 6.30 and 4.31 were obtained for PHA and
PLA, respectively.

Keywords: biocomposites; GNPs; piezoresistivity; sensors

1. Introduction

To attend to the increasing demands of the markets and provide solutions for a con-
stantly evolving society, a new generation of materials with multiple functionalities is
emerging. These functionalized materials are finding their applications in various sectors
such as heating, sensing, fuel cells, food packaging, transport, agriculture, electronics,
etc. [1,2]. From a material science point of view, these materials may exhibit one or several
properties that can activate a reaction as a response to environmental conditions or stim-
uli, which may be mechanical, electrical, magnetic, thermal and chemical, among others.
This new generation of materials with advanced properties that allow the application
and suitability of conventional materials to be enlarged are classified as smart materials.
Nevertheless, many questions still require attention to develop smart materials, as they
need to meet high demands regarding every envisioned functionality. Moreover, the
conception of these products brings high costs associated with the difficulty of incorpo-
rating particles of different nature, turning them into an alternative with a high expense
for commercialization.
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One of the most promising attributes of smart materials is the piezoresistive capacity
of sensors to transduce the change in an electrical signal, i.e., the resistance of a device is
converted into an applied pressure [3]. In recent times, elastic and deformable strain-stress
sensors have been evaluated for diverse purposes such as wearable devices, portable
electronic devices, biomedical devices and human motion monitoring sensors [4]. Due to
the increasing scientific advances achieved in this area and the development of nanotech-
nology, composite materials functionalized with nanoparticles with attracting properties,
such as electrical conductivity and a piezoresistive response, are gaining considerable
attention [5-7]. An excellent sensing capacity combined with high levels of flexibility and
deformability is essential for these strain-stress sensitive devices, given the extensive va-
riety of applications [8], especially for the recognition of dynamic responses [6,7]. Thus,
polymer-based materials may operate as sensors with a low amount of conductive mate-
rial. Moreover, the addition of conductive nanoparticles in composite materials helps to
reduce the production costs while increasing the efficiency of the materials from the final
customer perspective.

As per the researchers from the Queen Mary University of London, graphene is a 3D
as well as 2D material [9] and is one of the most investigated nanoparticles [10]. Owing
to its structure, graphene, when compared to other materials, has exceptional electrical,
mechanical, optical and thermal properties [11]. Despite all these benefits and possible
functions, the production of graphene at an industrial scale is not yet competitive with
conventional products due to its high price [12]. To address this, graphene nanoplatelets
(GNPs) are coming forward as a cost-effective substitute with a far superior large-scale
manufacturing capacity. GNPs can be produced by several processes, such as the exfoliation
of graphite in the liquid phase, the exposure of graphite intercalated with acid to microwave
radiation, shear-exfoliation and by ball-milling [13,14]. A large variety of GNPs can be
produced by using the above-mentioned techniques with different thickness, lateral sizes
and concentrations of defects [14]. GNPs are formed by a combination of monolayer
graphene, few-layer graphene and graphite [14]. Moreover, GNPs are appealing for
nanocomposite applications, as they can be simply added to in polymeric matrices with
the help of techniques such as solvent casting or melt compounding [15]. Moreover, GNPs’
electrical conductivity is higher in comparison with the graphene oxide particles [16]. The
value of the electrical conductivity for graphene oxide is 6 x 103 (5/m), whereas it is in the
order of 10° for the graphite flakes [17].

Owing to the negative impacts on the environments, researchers are, nowadays, focus-
ing on utilizing reinforcements such as nanocellulose, which can be extracted from cellulose,
with a diameter below 100 nm and length in the range of few micrometers. Nanocellulose
can be classified into several categories (cellulose nanocrystals, nanofibrillated cellulose,
bacterial cellulose) based on the production methods. Bacterial cellulose nanocrystals are
produced from acid hydrolysis [18].

To take advantage of the properties of composites prepared from nanoparticles, such
as the facility of shape and form design for a multitude of applications, many polymers’
matrices are available. Most of these materials are of no value after they are discarded,
as they become a residue with hazardous consequences for the environment. A possible
strategy to develop biodegradable composites is the use of bio-based or biodegradable
polymers [19,20]. The use of this specific type of polymers promotes a circular economy
since the composites produced possess a closed lifecycle. Once biopolymers reach the end
of their lifespan, other industrial processes, such as the production of fuel or feedstock
for more biopolymer manufacture, may reuse them [21]. The possible biodegradable
bioplastics, e.g., chitosan, cellulose, PLA, starch, polycaprolactone (PCL) and PHA, are the
most researched recently. Standing out from the rest, PLA and PHA are used extensively
due to their intrinsic properties.

PLA is widely reported as a successful polymer in biomedical and packing applica-
tions, apart from being a prospective option to substitute regular plastic products with a
reduced environmental impact [22,23]. PLA presents some limitations such as brittleness,
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low impact strength and heat resistance, which require special attention before its usage in
engineered products [24]. Similarly, PHAs are becoming a more environmentally friendly
choice in the development of composites; therefore, intensive work has been conducted in
this regard. PHAs can be produced by using several bacteria with outstanding features
for disruptive functions with a low carbon footprint [25,26]. Therapeutic and medical care
uses such as in circulatory tissue production, cartilage regeneration, ophthalmological
transplantations, nerve restoration and skincare are the very relevant applications of this
type of polymers [25]. PHA is also likely to be a potential material for nonmedical pur-
poses such as packaging, paper finishing, nanoparticles’ stabilization, fiber material and
biofuels in addition to many others [25]. However, the employment of PHA for composite
commodities is difficult since the elevated production cost only makes it possible to utilize
them in high-added-value products [27].

Combining all the considerations above addressed, this study compares the perfor-
mance of PHA and PLA polymers for possible sensor applications. In this paper, PHA
and PLA films produced by solvent casting were reinforced with GNPs to evaluate both
the mechanical and electrical behavior at different nanoparticle concentrations. Once the
percolation threshold was determined, films were produced to assess their piezoresistive
response. Moreover, CNCs as reinforcing elements and PEG as plasticizers were added to
assess their impact on both the mechanical and electrical properties of the composite films.
Microstructural characterization of the films was also conducted.

2. Materials and Methods
2.1. Materials

Polymers such as PHA and PLA and nanofillers such as GNPs and CNCs were used
in this study. Chloroform (CHCl3;) and PEG were used as the dispersing agent and the

plasticizer, respectively. The technical data of the above-mentioned materials are displayed
in Table 1.

Table 1. Technical Data of the Materials.

Material

Technical Specifications Company Details

PHA

Melt Flow Rate =3 g/10 min at 170 °C
Peak Melt Temperature = 140-160 °C Goodfellow Cambridge, Huntingdon, UK

Specific Gravity = 1.24 g/cm?

PLA

Melt Flow Rate =3 g/10 min at 170 °C
Peak Melt Temperature = 140-160 °C Nature Works®, Blair, WI, USA
Specific Gravity =1.24 g/ cm?®

GNPs

8-30 layers
Thickness = 3 and 10 nm

Graphenest, Aveiro, Portugal
Planar size = 0.5 to 0.2 um

Surface Area = 150 m?/ g

CNCs

Average Particle Size =75 nm

Polydispersity Index = 0.181 Celluforce, Windsor, QC, Canada

Spray dried form

Chloroform

Density = 1.48 g/cm? (20 °C)
Vapor pressure = 210 hPa (25 °C)

Honeywell, Seelze, Germany

99% purity

PEG 4000

Solidification point = 54.1 °C
OHCH,-(CH,OCH,)n-CH,OH n: 68-84 Acofarma, Barcelona, Spain

Viscosity = 121.0 mPas
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2.2. Sample Production

Rectangular biopolymer films (15 x 15 cm) were solvent cast in ceramic trays. To
assure proper nanoparticle dispersion, a vortex shaker IKA VORTEX 3 was used where
10 mL of GNPs and/or CNC suspensions in CHCl3 were kept in centrifuge tubes and
subjected to mechanical vibrations for 10 min and, as a result, the deagglomeration of
nanoparticles took place. Subsequently, CHCl; was added to the suspensions such that it
reached a total volume of 50 mL to dilute the suspensions. Ultrasonication was performed
for 15 min to stabilize the suspensions assuring the GNPs cluster breakage in CHCl3. For
every film formulation, 2.84 g of solids (polymer + GNPs) in 50 mL was used to obtain a
material with a thickness of between 0.15 and 0.20 mm. The dissolution of the biopolymers
was conducted with the help of a magnetic stirrer for 1 h at 60 °C and followed by 1 h
of cooling down at room temperature. Once the solution was completed and at room
temperature, an ultrasonic bath took place for 1 h to assure a homogeneous distribution of
the nanoparticles in the solution. Film casting took place under ventilated room conditions
for 24 h. Before films’ characterization, a thermal treatment was applied for 48 h at 80 °C to
avoid the influence of environmental conditions on the composites.

2.3. Sample Testing

The obtained samples were subjected to tensile testing with the help of a universal
testing machine with a 2.5 kN load cell mounted in it (Hounsfield Tinius Olsen, model
H100KPS). The tests were accomplished as per the standard ASTM D882-02. To perform the
testing, 100 x 10 mm stripes were cut and placed in the grips of the machine. Then, loads
were applied on the specimens by maintaining a crosshead displacement of 5 mm /min.
For each formulation, a minimum of 5 specimens were tested.

A Metler Toledo (822e) differential scanning calorimeter was used to perform Dif-
ferential Scanning Calorimetry (DSC) analysis as per the ASTM D3418 standard. The
specimens were placed in an aluminum crucible and nitrogen was used and the flow was
maintained at 100 mL/min. To obtain the melting temperature (Tr,), transition temperature
(Tg) and cold crystallization temperature (T..), samples were heated up to a temperature
of 180 °C at a rate of 10 °C/min and this was followed by a subsequent cooling down to
room temperature. The heat of fusion and degree of crystallinity was calculated (X.). The
degree of crystallinity (Xc) was calculated according to the following formula shown in
Equation (1) [28]:

o\ AH,
Xc(%) W D yorymer x100 1)
where

AH,;, = melting enthalpy of the samples;

AHpoymer = enthalpy for 100% crystalline PLA (93.6 ] /g) and PHA (146 ] /g) [28,29];

W = net weight fraction of PLA or PHA in the composites.

The melting enthalpies were estimated using the area under the endothermic peak.

A thermal analyzer (HITACHI STA 7200) was used to carry out the thermogravimetric
analysis. The samples placed in an alumina crucible were exposed to heat where the
temperature was raised from 20 to 400 °C at a rate of 10 °C/min, while the flow of nitrogen
flow was maintained at 40 mL/min.

An optical microscopy and scanning electron microscopy (SEM) were utilized to
observe the GNPs’ dispersion and distribution. An optical microscope Leica DM750M
at a 50x magnification was used. Image] software was used to measure the planar size
of the GNPs in the film produced using 15 wt.% of GNPs and an average of 100 image
measurements were taken. NOVA 200 Nano SEM, FEI Company and Ultra-high resolution
Field Emission Gun Scanning Electron Microscopy (FEG-SEM) were employed to analyze
the fracture surface. FEG-SEM was operated at an acceleration voltage of 10 kV with a thin
film (8 nm) of Au-Pd (80-20 mass fraction).

Electrical conductivity was determined as o = 1/p where p is the resistivity of a
material that is defined as p = R x A/L, where R is the electrical resistance, A is the
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cross-sectional area of the material and L is the length between the electrodes. For R
determination, an Agilent 34461 A Multimeter/Voltage source was used between —1to 1V
with a step of 0.1 V at room temperature, while A and L were kept constant with values of
5 mm? and 2 mm, respectively. After measuring the intensity for each potential step, R was
defined as the slope of the intensity—potential curves. Electrical resistivity was averaged
with the values of the electrical resistance in 8 different points of each film. Electrical
resistance was measured by the setup that is shown in Figure 1.

t  zdirection

i
. . displacement
Simultaneous strain and b P

resistance monitoring l l

~ Insulated

[— clamps

Digital multimeter

Figure 1. Equipment used to measure the superficial electrical resistance (left) and representation of the setup to evaluate

the piezoresistivity of the samples (right).

The piezoresistive performance was determined by monitoring R through a series of
cyclic loading. Each cycle consisted of a compression loading stage at 0.12 mm /min for
15 s, followed by an unloading stage at the same pace and time; therefore, the crosshead
recovered its initial position. A universal testing machine with a 250 N load cell (Hounsfield
Tinius Olsen, model H100KPS) was used to apply the loading and unloading cycles.
During 5 consecutive mechanical loading cycles, R was recorded with an Agilent 34461A
Multimeter, connected to 2 electrodes coupled at the clamps, as described in Figure 1.
Piezoresistivity was evaluated as a comparison of the GF of each formulation. GF was
calculated independently for each cycle according to Equation (2), where AR is the variation
of the electrical resistance, Ry is the resistance at the beginning of each cycle and ¢ is
the specific deformation of the material, defined in Equation (3), where z is the vertical
displacement over time and 4 is the thickness of the film.

z
€= P ()
AR
GF = % 3)

3. Results
3.1. GNPs Dispersion

A uniform and homogeneous distribution of the conductive nanoparticles in a polymer
is essential to obtain the optimal properties of nanocomposites. Microscopic images were
employed to correlate the homogeneity of the composites with the assessed properties.
Figure 2 displays optical microscopy images with a 50 x magnification of the PHA and
PLA films with GNPs at various concentrations, 0.15, 0.75 and 1.50 wt.%. For GNPs
concentration over 1.5 wt.%, the thin sections were so dark that the quantitative analysis
of the macro-dispersions was not possible due to the high concentration of GNPs. Based
on Figure 2, the GNPs in PLA present a better distribution and dispersion (Figure 2d—f)
compared to the PHA samples (Figure 2a—c). At lower GNPs’ loading (0.15 wt.%), both
types of biopolymers present a good nanoplatelet distribution. However, the nanoparticles
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in PHA (Figure 2a) present a higher size than those in PLA (Figure 2d), with average
diameter values of 16 um and 9 mm, respectively. This bigger size of the GNPs is related
to the formation of clusters, which reveals a worse dispersion of the nanoparticles. This
agglomeration is even more evident when the GNPs’ concentrations increase since the
clusters in the PHA matrix are bigger.

Figure 2. Optical microscopy images of the film samples of the different polymer matrices with different GNPs concen-
trations. (a) PHA + 0.15 wt.% GNPs, (b) PHA + 0.75 wt.% GNPs, (c) PHA + 1.50 wt.% GNPs, (d) PLA + 0.15 wt.% GNPs,
(e) PLA + 0.75 wt.% GNPs and (f) PLA + 1.50 wt.% GNPs.

A decrease in the polymer matrix viscosity is usually accompanied by an upgrade in
dispersion. Nevertheless, the PHA and PLA employed in this work have similar viscosities,
as shown in Section 2.1; therefore, this variable can be omitted from the discussion. Despite
the good properties introduced by the addition of graphene-based nanoparticles, the
dispersion of GNPs in a polymer matrix is poor [30]. Therefore, to improve the distribution
of graphene nanoparticles, many physical and chemical approaches have been used by
researchers [31,32]. In the case of PHA samples, many authors employed CHCl3 during the
production of the composites as solvent agents [33,34]; therefore, here, CHCl3 was used.
Graphene disperses poorly in chloroform as the Vander Walls forces are greater in between
carbon atoms, which are the main elements in graphene [35]. Therefore, the formation of
clusters in PHA samples in this work is due to the deficient ultrasound dispersion, which
is sufficient for PLA samples.

This trend, observed with the aid of optical microscopy, is also validated by the
SEM images of the fractured biopolymer films after tensile tests. In the PHA samples
(Figure 3), GNPs appear agglomerated in some regions, while some others remain free of
nanoparticles (white arrows). This is in contrast with PLA samples that exhibit a surface
free of any voids without GNPs. Moreover, the void between GNPs and the polymer
matrices suggests that there is no proper adhesion between the fillers and the polymer [36].
Thus, the minor voids observed between the nanoparticles and PLA, as compared to PHA,
confirm the better compatibility between GNPs and PLA.
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Figure 3. SEM images of the fractured samples of (a) PHA and (b) PLA films with 15 wt.% of GNPs.

3.2. Differential Scanning Calorimetry

The film melting behavior and the changes induced in the crystalline structure of both
types of polymers were analyzed using DSC measurements. The thermal heat flow analysis
through DSC (Figure 4) reveals a different effect of the addition of GNPs on these two types
of biopolymers. In the PHA films, the incorporation of GNPs has little influence on the
melting temperature since the melting process achieves its peak at around 154 °C [37,38]
with slight differences (Table 2).

PHA 15%GNPs
15%GNPs + 1%CNC 15%GNPs + 20%PEG

T ——

.

Heat flow (mW) Exothermic up

T T T T T T T T I T T T T T
40 60 80 100 120 140 160
Temperature (°C)

(a)

Figure 4. Cont.
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PLA 15%GNPs
15%GNPs + 1%CNC 15%GNPs + 20%PEG

Heat flow (mW) Exothermic up

T T T T T T T T T T T T T T
40 60 80 100 120 140 160
Temperature (°C)

(b)

Figure 4. (a) DSC curves of the PHA films with different additions by mass: graphene nanoparticles
(GNPs), cellulose nanocrystals (CNC) and polyethylene glycol (PEG). (b) DSC curves of the PLA
films with different additions by mass: graphene nanoparticles (GNPs), cellulose nanocrystals (CNC)
and polyethylene glycol (PEG).

Table 2. Summary of results obtained by physical characterization of PHA and PLA composites with different additions

(GNPs, CNC and PEG).
AH,, X T, Mass Loss (%)
(m]) (J/g) (%) O 300 °C 350 °C 400 °C
PHA 98.9 11.8 8.1 153.8 59.6 91.8 96.5
PHA + 1% CNC 88.4 104 7.2 152.6 59.7 92.4 95.8
PHA + 7.5% GNPs ** ** ** *>* 58.3 92.8 95.6
PHA + 15% GNPs 75.8 8.9 7.2 153.8 48.7 79.9 81.4
PHA + 15% GNPs + 1%CNC 80.9 9.1 7.4 154.3 50.6 81.1 82.3
PHA + 15% GNPs + 20%PEG 81.5 9.5 7.6 153.9 45.8 65.8 77.6
PHA + 15% GNPs + 1%CNC + 20%PEG * ** ** ** 54.8 65.2 76.9
PLA 323.8 40.0 42.7 151.2 2.1 19.1 99.9
PLA + 1% CNC 254.5 30.7 33.1 150.7 1.6 17.4 98.9
PLA +7.5% GNPs * ** ** ** 1.8 30.1 98.1
PLA + 15% GNPs 245.4 27.6 22.2 146.4 1.5 19.9 85.2
PLA + 15% GNPs + 1%CNC 192.8 222 18.1 145.0 29 222 86.2
PLA + 15% GNPs + 20%PEG 223.0 245 19.8 145.2 6.7 51.6 84.4
PLA + 15% GNPs + 1%CNC + 20%PEG ** ** ** ** 10.9 65.7 82.3

** Non-Availability of Results

In the case of the PLA samples, the inclusion of GNPs to the polymer reduces the
melting temperature from 152 °C to around 145 °C; a similar observation was reported
by various research studies [39,40]. This reduction in the melting temperature due to
the incorporation of GNPs is related to an alteration of the crystal structure and lamellar
thickness [40]. Therefore, the addition of GNPs affects the processing parameter of PLA-
based products in which melting is involved, such as extrusion or injection. Moreover,
GNPS reduces the crystallinity of the polymer matrix for both types of polymers (Table 2).
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This crystallinity change produced by the GNP incorporation in polymer matrices
is correlated with the mechanical and thermal properties of the nanocomposite [40,41].
This reduction in crystallinity is significantly higher for PLA samples, where crystallinity
is nearly halved, from 40.0 J/m up to 22.2 J/m for samples containing both GNPs and
CNC, whereas PHA undergoes a reduction by around 10%. Despite the little influence of
these graphene nanoparticles on the melting of PHA, the addition of GNPs increases the
peak to over 90 °C, which is responsible for the susceptibility of the material to secondary
crystallization [42]. Therefore, the temperature of the secondary crystallization is reduced
from 96.8 °C for plain PHA to around 90 °C for the samples containing GNPs. Similarly,
the addition of GNPs requires special attention to obtain the desired product in processes
involving temperature variations. A very sharp endothermic peak is displayed for the
PHA samples containing PEG due to the melting process of this polymer [43]. Therefore,
these polymer-blended matrices have a bimodal thermal performance. The PLA samples
containing PEG also show a bimodal given the two-step broader low-intensity cold crys-
tallization peak (=150 °C) compared to the first heating. This trend observed in the PLA
samples containing PEG is due to a heterogeneous crystal distribution [44]. From Table 2,
it can be understood that the addition of both CNC and PEG decreases the crystallinity of
the composites. The reduction in crystallinity is greater with the addition of PEG because
of the plasticizing effect. It is remarkable that the reduction in crystallinity is greater in
PLA composites and the values were diminished by around 25 and 50% with the addition
of CNC and PEG, respectively, in comparison with the plain PLA films.

3.3. Thermogravimetric Analysis

The thermal analysis of the samples produced in this experiment was evaluated using
thermogravimetric analysis. The different mass loss (%) values obtained at 300, 350 and
400 °C are presented in Table 2. Comparing the thermal degradation of both types of
polymers (Figure 5), neat PHA exhibits a two-step degradation process, while pure PLA
displayed a single-step thermal decomposition. Regarding PHA, the mass loss that takes
place between 170 and 300 °C is due to the polymer losing its low molecular weight
compounds [45] with a maximum mass loss rate at 275 °C and the maximum mass loss
is due to the PHA ester cleavage [45]. The loss of mass at elevated temperatures is due
to processes such as the carbonization of hydro-carbonated compounds [45]. The PLA
samples show a single-step thermal degradation at greater temperatures than the PHA
samples with a maximum decomposition rate at 375 °C. Chain homolysis and reaction
involving hydroxyl end-initiated ester interchange are responsible for the degradation of
PLA [46].

For both types of biopolymers, the introduction of GNPs has a similar outcome on
the thermal stability of the films. With the addition of GNPs at 7.5 wt.%, the mass loss at
every temperature is almost identical to the mass loss for the plain biopolymer (Table 1).
However, the mass loss is reduced at every temperature (300, 350 and 400 °C) when
the concentration of GNPs is increased up to 15 wt.% in both types of polymers. This
improved thermal stability of biopolymers with an increasing GNPs content is owing
to the shielding effect induced by the flake-like shape of this type of particle [36,47].
Therefore, GNP particles delay the diffusion of volatile decomposition products within the
biofilms. Another explanation relies on the high thermal conductivity of GNPs that enables
the heat transfer hindering the early polymer degradation [48]. The main difference in
the thermal stability between the two polymers takes place when PEG is added. Given
the mass loss reduction in the films containing PEG at both 300 and 350 °C, the use
of PEG in the formulation of PHA-based samples contributes to the increasing thermal
stability of the films. The introduction of PEG blocks within the co-polymer leads to
this higher thermal stability, which is confirmed by the additional weight stage loss at
higher temperatures [49,50]. On the contrary, for PLA-based films, there is a reduction in
the thermal stability given the increased mass loss at lower temperatures (Table 2). This
decrease in the thermal stability of the PLA and PEG blended matrices compared to the
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neat polymers has been already reported in the literature [51,52]. This reduction in the
thermal stability of this PLA copolymer is a consequence of the simple rearrangement of
the polymer chains to crystallize with the increased molecular weight of the copolymer.

— PH A w— 7 5% GNPSg == 15% GNPS s 1% CNC
15% GNPs + 1% CNC == 15% GNPs + 20% PEG 15% GNPs + 1% CNC + 20% PEG
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Figure 5. (a) Thermogravimetric curves of PHA films with different additions by mass: graphene
nanoparticles (GNPs), cellulose nanocrystals (CNC) and polyethylene glycol (PEG). (b) Thermo-
gravimetric curves of PLA films with different additions by mass: graphene nanoparticles (GNPs),

cellulose nanocrystals (CNC) and polyethylene glycol (PEG).
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Tensile strength (MPa)

Tensile strength (MPa)

3.4. Tensile Tests

The addition of GNPs to biopolymer films (PHA and PLA) has a clear effect on their
mechanical performance (Figure 6). When GNPs of up to 0.75 wt.% are added to the
films, the tensile strength increases from 18.7 to 19.8 MPa and 59.6 to 62.2 MPa, for PHA
and PLA samples, respectively (Table 3). For concentrations over 0.75 wt.%, the tensile
strength decreases in both polymers; therefore, the higher concentration is, the lower the
tensile strength values are. Despite the limited reinforcing capacity of GNPs, this type of
nanoparticles has, at least, the same stiffening effect compared to CNC (Table 3). For the
PHA films, GNPs lead to a higher Young’s modulus, even for high concentrations (7.5 and
15 wt.%). This stiffening of the films with a slight reinforcing effect is due to the platelet
shape of the graphene nanoparticle used in this study. While the rigidity increases as a
result of a high Young’s modulus of the GNPs [53], the 2D shaped structure of the GNPs
(lateral dimensions of around 0.5-2.0 um) is less effective for the pull-put mechanism and
polymer strengthening compared to 1D reinforcement (i.e., fiber-shaped elements) [54].
This explains the reduction in the strain values for most of the samples with GNPs (Table 3).
Although the PLA films exhibit a stain enhancement in samples with low concentrations of
GNPs (only 0.15 and 0.75 wt.%), the deformation values of the polymer films decreased.
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Figure 6. Tensile—strain curves of the films with different GNPs concentrations, from 0.15 to 15 wt.% (a,c) display tensile
curves of PHA and PLA, respectively, with different GNP content (from 0.15 to 15 wt.%). (b,d) are PHA and PLA samples
reinforced with 15 wt.% GNP and the different additions here explored, CNC and PEG.
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Table 3. Summary of the mechanical (tensile strength, strain at break and Elastic Modulus) and electrical properties (electrical conductivity and Gauge factor) of PHA and PLA composites
with different additions (GNPs, CNC and PEG).

GNPS (wt.%)
0 0.15 0.75 1.5 3 7.5 15
Additives (wt.%)

sl 0, EE Ll L L Lt F K XN 0 0, 200/0
1% CNC 1% CNC 20% PEG PEG + 1% CNC
R 59.65 7291 61.45 62.19 49.49 o 38.13 28.33 24.20 12.35 8.42
PLA o 3.17 3.98 3.40 1.67 1.28 i 2.43 2.40 3.17 0.73 23.69
Tensile strength (MPa) Ccv 5.31% 5.46% 5.53% 2.68% 2.59% i 6.36% 8.48% 13.08% 5.90% 2.82%
R 18.67 22.48 19.06 19.77 16.85 i 11.73 11.14 12.37 7.72 6.36
PHA o 0.79 0.52 1.09 0.58 1.04 i 1.22 2.00 1.08 0.97 0.30
CcvV 4.22% 2.30% 5.74% 2.92% 6.20% o 10.38% 17.93% 8.71% 12.51% 4.74%
R 3.94 3.94 4.56 5.80 3.25 whE 2.70 2.49 2.07 10.24 17.31
PLA o 0.44 0.49 0.64 0.45 0.50 i 0.32 0.12 0.27 2.96 0.94
. . . o Ccv 11.27% 12.42% 14.08% 7.68% 15.50% i 11.75% 4.97% 13.04% 28.91% 5.40%
Tensile properties Strain at break(%)
R 4.75 10.70 4.38 3.99 3.68 i 2.19 2.35 2.29 2.45 1.77
PHA o 0.21 0.06 0.16 0.35 0.18 okt 0.21 0.02 0.29 0.48 0.07
CvV 4.42% 0.59% 3.67% 8.80% 4.92% o 9.65% 1.06% 12.57% 19.42% 3.81%
R 1.95 212 211 2.10 1.98 i 1.75 1.30 1.84 0.56 0.30
PLA o 0.07 0.14 0.11 0.10 0.15 i 0.14 0.24 0.14 0.12 0.03
0, 0, 0y o, 0, %K 0, 0, 0, 0, o,
Elastic Modulus(GPa) CcvV 3.40% 6.66% 5.44% 4.94% 7.56% 8.16% 18.15% 7.73% 20.95% 9.24%
R 0.54 0.72 0.72 0.95 0.96 hk 0.80 0.56 0.93 0.48 0.35
PHA o 0.08 0.02 0.08 0.06 0.01 i 0.03 0.13 0.11 0.01 0.03
Ccv 14.97% 2.42% 11.38% 6.27% 1.40% i 3.59% 23.68% 11.30% 2.27% 8.28%
R wxE = wxx b i wxE 1.02 1.12 1.38 431 3.24
PLA o e i o wk ok i 0.41 0.26 0.38 1.51 0.87
Piezoresistiveanalysis(GF) cv - - o " o - 37 232 278 350 269
R wEx i i i b xR 3.77 6.30 191 1.02 2.00
PHA o i i wE i i i 1.67 1.75 1.1 0.50 0.85
. . CcvV o i wx wx *Ex *HE 44.38% 27.74% 60.03% 49.20% 42.64%
Electrical properties
R i i 1.1 x 1077 9.2 x 1078 1.1 x 1077 9.0 x 108 0.20 5.81 5.59 16.11 11.54
PLA o e ok 524 x 1077 1.31 x 10~8 9.17 x 10~ 1.02 x 108 0.02 0.25 0.78 191 0.60
Electricalconductivity(S/m) Ccv i b 4.65% 14.20% 8.39% i 11.57% 4.36% 13.93% 11.88% 5.20%
R Hk i 1.37 x 1077 1.86 x 1077 1.38 x 1077 0.25 1.20 12.94 9.07 10.52 12.87
PHA o o i 8.21 x 107° 1.54 x 10~8 9.20 x 10~ 0.02 0.18 1.51 1.28 2.29 2.39
CcvV o i 5.98% 8.28% 6.68% *HE 15.24% 11.68% 14.08% 21.78% 18.56%

R—Average values; c—Standard deviation; CV—Coefficient of Variation; *** Non-Availability of Results
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Considering that the highest GNPs concentration evaluated in this study (15 wt.%)
leads to the highest electrical conductivity values and piezoresistive performances, other
additions were included to assess their influence on the mechanical performance. There-
fore, their influence on the tensile parameter was also studied. The addition of CNC to
biopolymer matrices (HC and LC in Figure 6) has a better reinforcing effect compared to
the samples where only GNPs were added. The samples containing only CNC (HC and
LC in Figure 6) reached higher values (72.9 and 22.5 MPa, respectively) than the strongest
ones only reinforced with GNPs (H0.75 and L0.75 in Figure 6). On the other side, for the
samples with 15 wt.% GNPs, the addition of 1 wt.% CNC has a different effect depending
on the type of polymer. For the PHA films, the tensile strength increased from 11.1 (H15 in
Figure 6) to 12.37 MPa (H15C in Figure 6), whereas the PLA films underwent a reduction
in tensile strength from 28.3 to 23.2 MPa.

Low-molecular-weight PEG is conventionally used to improve the ductility of PLA-
based materials [55] and here it was used to assess its influence on biopolymer matrices
with GNPs. This trend reported in the literature is also confirmed by the PLA samples
blended with PEG (Figure 6d), which experience a notorious increase in ductility (between
400 and 700% higher) while decreasing Young’s modulus and the tensile strength. However,
this copolymerization in PHA samples has little effect and the strain at break remains stable.
Moreover, the addition of PEG in the PHA samples leads to lower tensile strength and
stiffness; therefore, no beneficial effects are obtained.

3.5. Electrical Conductivity

It is observed from Figure 7 that the electrical conductivity of the PLA/GNPs and
PHA /GNPs films depends on the wt.% GNPs in the composite films. The presence of
conductive particles modifies the electrical performance of a polymer due to two different
sources. One way of achieving electrical conductivity is the direct contact of the nanoparti-
cles, while electron tunnels (tunneling effect) are responsible for the conductivity when
there is no contact [56]. Therefore, in a composite where a solid continuous phase surrounds
an electrically conductive dispersed phase, the electrical conductivity of the material relies
on the concertation of the conductive material. This principle is also confirmed with the
results of this study since the addition of GNPs results in considerably enhanced electrical
conductivity at higher filler loadings for both types of biopolymers. Up to a concentration
of 1.5 wt.%, the electrical conductivity of the films remains stable at low values, typical
of non-conductive materials (10~ S/m). At these low loadings of GNPs, the transport
of electrons is non-important due to the inadequate conductive paths and the excessive
space between the particles [36]. Regarding the PHA composites, the electrical conductivity
clearly increases at a GNPs fraction of 3 wt.% (0.22 S/m), exhibiting a lower percolation
threshold compared to the PLA composites that only undergo a conductivity increase at a
GNPs loading of 7.5 wt.% (0.19 S/m). The enhanced flow of the migrating and hopping
electrons of the fillers is responsible for the increment in the electrical conductivity of the
composite films [36].

These values of PLA composites agree with the results reported in the literat-
ure [41,47,56,57], where a GNP concentration between 7-10 wt.% is estimated as the
percolation threshold. A PHA sample produced during this experiment led to a lower
percolation threshold in comparison with the values reported in the research studies with
a similar order of magnitude to the PLA samples [58]. Moreover, the results obtained
here show that PHA has a better electrical conductivity compared to the PLA films for
the same GNP concentration. Additionally, for higher concentrations, PHA shows higher
conductivity, which suggests a better connectivity among the GNPs in PHA than in PLA,
12.9 and 5.6 S/m, respectively, at a GNP concentration of 15 wt.%.
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Figure 7. Electrical conductivity values of the films with different GNPs concentrations—PHA (black) and PLA (red) and
with the highest GNPs concentration (15 wt.%) and the different additions, CNC and PEG (in the black dashed square on

the right).

3.6. Piezoresistive Performance

Figure 8 depicts the curves of the piezoresistive test performed on the PHA and PLA
films with two different GNP contents above the conductive threshold, 7.5 and 15 wt.%.
The left axis (in black) represents the piezoresistivity of each sample. On the right axis
(in blue), the variation in thickness of the films is represented. Based on these results,
the most responsive piezoresistive behavior is displayed by the PHA samples, given the
greater amplitude of their curves. From Figure 8, the piezoresistivity of the PHA films
was enhanced when the concentration of GNPs was increased up to 15 wt.% (Figure 8)
compared to the PHA films with only 7.5 wt.%. Contrary to this, the PLA films experience
little gain in piezoresistivity with a higher concentration of GNPs. In addition, the increase
in GNP loading leads to a more homogeneous piezoresistive performance for both types of
biopolymers, since the coefficient of variation of GF decreases from 44.4 to 27.7% and from
39.7 to 23.2% for PHA and PLA, respectively (Table 3).

Another remarkable feature derived from this study is the different effects of the PEG
addition depending on the type of biopolymer. In this regard, the addition of PEG in
PLA leads to an enhancement of the piezoresistivity of the material. On the contrary, the
copolymerization of PHA with PEG has a negative impact on the piezoresistive perfor-
mance of the polymer. Piezoresistivity is defined as the change in the electrical resistivity
of a semiconductor in response to applied mechanical stress [59]. In the case of the films
assessed in this study, the compression strain in every cycle promotes the approaching of
the nanoparticles and, consequently, the direct contact between them. The greater contact
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of the conductive nanofillers increases the conductivity of the whole composite. From a
mechanical point of view, this compression strain is related to the rigidity of the material;
therefore, the higher flexibility of the matrix allows a higher deformation. Consequently,
the PHA films experience higher deformation given their lower Young’s modulus and,
therefore, higher resistivity variation under mechanical loading (Table 3). In the same
sense, the PLA films copolymerized with PEG have a lower rigidity; therefore, their Gauge
Factor increases notably (Table 3). However, an excessive reduction in the polymer rigidity
also leads to a reduction in the Gauge Factor, as observed in the PHA films copolymerized
with PEG. In any case, the thin films produced here with biopolymeric matrices present an
excellent piezoresistive performance, with good Gauge Factor values (6.30 and 4.31 for the
PHA and PLA samples, respectively).

L15 —m— Deformation
L7.5

—a— H15—=
—a—H7.5—»

|
60 80 100 120 140 160 180
Time (s)

Figure 8. Piezoresistive curves (black axis) of the films with different GNPs concentrations (7.5 and 15 wt.%) and the strain

curves (blue axis) over time.

4. Conclusions

The production of biofilms using different types of biopolymers, PHA and PLA,
with the addition of GNPs has been explored. The morphological characterization of
the composites through microscopy analysis reveals that the PLA films have a proper
distribution and dispersion of the nanofiller within the matrix. However, the PHA samples
exhibit an agglomeration of the GNPs at lower concentrations (<1.50 wt.%) that hampers
the proper dispersion of the nanoparticles. Further research is required to achieve both a
good distribution and dispersion of the nanoplatelets in both types of biopolymers.

Regarding the effect of the addition on the microstructure of the biofilms, GNPs have
a different effect depending on the sort of matrix. While GNPs have a slight influence on
the PHA samples, in the PLA samples, this addition reduces the melting temperature of the
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composite due to a change of the crystal structure. Therefore, changes in the crystallinity
and processing conditions of the films may be considered in processes where melting is
applied. Regarding the thermal stability of the films, the addition of GNPs set back the
diffusion of unstable decomposition products within the matrices, making these materials
more stable at higher temperatures.

Given the results obtained here, the addition of GNPs in different types of biopolymer
films has exhibited a different performance depending on the concentration. A reinforcing
effect is observed when GNPs are added up to 0.05 wt.% For higher GNPs concentrations,
3 and 7.5 wt.%. for PHA and PLA, respectively, the films also display electrical conductivity.
Although a worse dispersion of the GNPs is observed in the PHA films, these films require
a lower GNP content to be conductive and present higher conductivity at a higher GNP
concentration (>7.5 wt.%).

The hybridization of the films by the addition of CNC combined with GNPs has little
effect on both the electrical conductivity and mechanical properties. When PEG is used
to copolymerize the biopolymer matrices, it has no beneficial effect on the PHA films.
However, the addition of PEG largely increases the deformation of the PLA films, which
is translated into better piezoresistive performance. The Gauge Factor values obtained
in this study show the potential of these type of materials for sensing applications where
biodegradability and biocompatibility are required.
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