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Effect of Graphene Content on the Properties of Poly(lactic acid) Nanocomposites
Ravi babu Valapa, G. Pugazhenthi * and Vimal Katiyar *
Department of Chemical Engineering, Indian Institute of Technology Guwahati,
Guwahati - 781039, Assam, India.

ABSTRACT

In the current work, the influence of temperature on the exfoliation of expandable graphite (EG)
and its structural properties were investigated in detail. The EG exfoliated at 750 °C was
subjected to sonication and further used as reinforcement material in the poly(lactic acid) (PLA)
matrix to investigate the influence of “graphene” (GR) on the structural, morphological, thermal,
optical, mechanical and oxygen barrier properties of PLA composites. X-ray diffraction results
disclose the effect of sonication time on the dispersion ability of GR in the PLA matrix. A high
resolution transmission electron microscopy image of GR demonstrates a monolayer structure
of GR. Thermo-gravimetric analysis reveals that the T,.s value for the PLA composite with 0.5
wt% GR content increases by 6 °C over neat PLA, when 10% weight loss is taken as a point of
comparison. The increase in the thermal stability of PLA composites is also verified by an
increase of activation energy (E,) value evaluated by Coats-Redfern method. Differential
scanning calorimetry analysis confirms that GR acts as a nucleating agent that enhances the
melting point of PLA composites over neat PLA. The enhancement of tensile strength (17%)

and elongation at break (51%) is obtained for PLA composites over neat PLA.

Key words: Poly(lactic acid); graphene; nanocomposites; oxygen transmission rate; thermal

degradation kinetics.
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INTRODUCTION

Poly(lactic acid) (PLA) is versatile eco-friendly polyester that can be manufactured from the
precursors made of renewable resources, especially starch rich products such as corn, wheat,
and sugar beet '. The blooming of innovative technologies for massive production with cheaper
processing cost facilitates PLA to occupy a vital position in the mart of sustainable polymers.
PLA is currently explored as a sustainable alternative to petrochemical derived polymers of
fossil fuel origin and hence possesses massive potential for application in the field of commodity
areas like packaging 2. Nevertheless, it is required to tailor the gas barrier and flexural
characteristics of PLA in order to really substitute the benchmark packaging materials, namely
polyolefins and poly(ethylene terephthalate) (PET). The common strategies that are usually
pursued to attain these objectives include the addition of plasticizers * *, blending with other
polymers *® and incorporation of nanofillers . The latter is deemed to be an interesting option,
because a small percentage of nanofillers addition can significantly improve the target
properties, while maintaining the properties of PLA intact. PLA composites with amended
properties (mechanical stability, thermal stability and low gas permeability) have been reported
with the addition of various nanofillers, namely clays '°, layered silicates "', carbon nanotubes
(CNTs) ", citrate esters **. PLA composites reinforced with carbonaceous nanofillers like CNTs
are evidenced to reveal a noteworthy balance of properties in terms of mechanical, thermal and
barrier effects ™. However, the high cost factor associated with CNTs limit their widespread

applications in industrial corners and hence, additional proxies need to be prospected.

Recently, graphene has been recognized as potential nanofiller for the production of polymer
nanocomposites. It is chemically similar to CNTs and structurally similar to silicate layers **. This
material exhibits supernatural properties like extremely high mechanical strength (Young's
modulus = 1 TPa, tensile strength = 130 GPa), and thermal conductivity (5000 W/ (m*-K)),
which bounds above the standards testified for single-walled CNTs. Beside the extremely high

2
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surface area (2630 m?g), these properties along with gas impermeability revealed the
prospective applications of graphene for upgrading the mechanical, thermal as well as gas
barrier characteristics of polymeric materials '®?%. The advantage of selecting 2D nanofillers as
reinforcement in the PLA matrix is twofold: (i) when nanoscale graphene sheets are well
dispersed in the PLA matrix, the tremendous aspect ratio provided by this filler could contribute
to PLA chain confinement effects leading to improvement in stiffness and strength, (ii) the
nanoscale filler being layered structures can provide a zigzag torturous diffusion path leading to

enhancement in barrier performance for gas, moisture and oxygen transmissions.

When the graphene is uniformly dispersed in the polymer matrix, the target properties can be
improved at comparatively lower loading than conventional carbon reinforcements. However, so
far, the exfoliation of graphite to graphene and its reinforcement into polymeric materials has not
been completely fruitful. Owing to the existence of strong Van der Waals interactions (2 eV/nm?)
between the interlayer spacing, it is indeed tough to attain a completely alienated state of
graphene #* #. Several research works have been endeavored describing the exfoliation and
optimization of the dispersion of graphite sheets via the process of intercalation of alkali metals
between the carbon layers ?® or by subjecting the same to strong acidic treatment ?°. The
interlayer spacing has also been expanded via heat treatment or microwave irradiation
subsequently trailed by mechanical crushing °. The process of expansion led to considerable
enhancement in the surface area of graphite, as a consequence of which, advancement in the
inherent properties of the polymeric matrix are evidenced 2> 3" 32, Murariu and Co-workers
investigated the addition of expandable graphite (EG) on the properties of PLA composites
prepared by the melt compounding method *. In their study, complete exfoliation of EG into
graphene sheets was not achieved, as a result, the tensile strength of the PLA composites
exhibited downturn with an increase of EG (%wt) loading in the PLA matrix. To the best of our
knowledge, study on optimization of exfoliation temperature for GR synthesis and highlighting
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the performance of PLA/GR composites synthesized via solution casting method have not been
reported. In this work, EG is subjected to exfoliation at different temperatures ranging from 200-
1000 °C and the optimum temperature for exfoliation is identified based on carbon yield (%) and
bulk density (kg/cm?®) of the resultant exfoliated graphite (EXG). Then, sonication technique is
adopted to completely exfoliate the EXG into graphene sheets (GR). Thereafter, PLA-GR
composites with various content of GR are synthesized via solution casting method and

resultant films are characterized in detail to emphasize their performance.

EXPERIMENTAL

Materials

Expandable graphite (EG, 99.9%) was obtained from Asbury Carbons (USA). The catalog
number for EG is “Asbury 3772” (particle size: 300 ym, carbon: 99%, expansion ratio (ml/g) min:
270, pH range: 5-10, intercalates: sulfuric acid, nitric acid, hydrogen peroxide, potassium
permanganate). Poly(lactic acid) (grade: 2003D) obtained from Nature work® was used as the
bio-polymer matrix. Heat distortion temperature, melt flow index (g/10min) at 260 °C and
specific gravity for PLA is 55 °C, 6 and 1.24, respectively. Chloroform obtained from Merck
(India) Ltd., was used as the solvent for synthesizing poly(lactic acid)-graphene (PLA-GR)

composites.

Exfoliation of Expandable Graphite (EG)

Accurately, 0.05 g of EG was weighed and placed in a silica crucible. Thermal exfoliation of
expandable graphite was carried out at different temperature ranging from 200 to 1000 °C in an
air atmosphere. The crucible containing expanded graphite was inserted in a muffle furnace
(which was already set at a desired temperature) for 2 min in order to obtain exfoliated graphite
samples (EXG 200-1000 °C). After thermal treatment, an expansion volume was measured
using a measuring cylinder. The actual reason for exfoliation is the increase in volume, and the

4
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resultant pressure, caused by the rapid heating of the intercalated compound. The following

relations were used to calculate bulk density and carbon yield (%)

Bulk density _ _mass of the exfoliated graphite (1)

volume of the exfoliated graphite

mass of the exfoliated graphite (2)

Carbon yield (%) =

mass of the expandable graphite

Preparation of PLA-GR Composites

PLA-GR composites were fabricated by a simple solution-casting method as follows: At first,
PLA (~0.95 g) was dissolved in 30 mL of chloroform with continuous stirring for 2 h in order to
completely dissolve the PLA (Solution A). Graphene (0.1, 0.3, 0.5 wt % with respect to PLA)
was dispersed in chloroform (20 mL) separately by bath sonication for 30 min separately
(Solution B). Subsequently, the solution containing dispersed GR (Solution B) was transferred
into PLA-chloroform mixture (Solution A) and further subjected to bath sonication (Make: Elma
and Model: T460) for 15 min and 30 min (Solution C). The corresponding photographs of
solution A, B and C are portrayed in Figure 1. Finally, the PLA-GR solution was casted on
Teflon petriplates and further, dried under ambient conditions for 24 h. The dried composite
films were peeled off carefully from the petriplates. The resulting films were finally dried in a
vacuum at 40 °C for 12 h. The obtained films were stored in airtight bags at room temperature
for further characterizations. The thickness of the fabricated films was measured using a film
thickness meter (indi 6156, India). Twenty measurements were taken on each film and the
average thickness of the films was found in the range of 60 £ 10 um. Thereafter, all the
compositions were designated as neat PLA, PLA-GR-0.1, PLA-GR-0.3, and PLA-GR-0.5 for
PLA, PLA/graphene 0.1(wt %), PLA/ graphene 0.3(wt %), and PLA/graphene 0.5(wt %),

respectively.



RSC Advances

Figure 1. (a) PLA (Solution A), (b) EXG 750 in chloroform before sonication (Solution B),
(b) EXG in chloroform after sonication (Solution B) and (c) PLA-GR composites

(Solution C).

CHARACTERIZATION

X-ray Diffraction Analysis (XRD)

XRD analysis of neat PLA and composite films were carried out under air atmosphere at room
temperature on a Bruker A8 advance instrument using Cu-Ka (A= 0.15406 nm) radiation
operating at 40 kV and 40 mA. The diffraction data were recorded in the 26 range of 1 - 50° with

a scanning rate of 0.05° s and 0.5 s step size.
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BET Surface Area Analysis

Nitrogen physisorption measurements were conducted on a Beckman Coulter surface area
analyzer (COULTER SA 3100 model). The samples were degassed at 105 °C for 4 h prior to N,
adsorption-desorption measurements. The specific surface area was calculated by BET
(Brunauer, Emmett, and Teller) model. The total pore volume was estimated at a relative

pressure of 0.99, assuming that full surface saturation has been achieved with nitrogen.

Morphological Analyses

The morphology and the selected area diffraction (SAED) pattern of graphene were visualized
using transmission electron microscopy (JEOLJEM 2100) operated at 200kV. By direct casting
of graphene solution over the carbon-coated copper TEM grid, images of the same were
obtained. The morphology of PLA-GR composites was pictoriated using field-emission type
scanning electron microscopy (Zeiss Sigma model) operated at 2 kV. The dispersion of GR in
PLA composites was investigated by Leica DM 2500P polarizing optical microscope fitted with a

QICAM FAST1394 camera.

Thermogravimetric Analysis (TGA)

Thermogravimetric analysis was performed on a Mettler Toledo thermo gravimetric analyzer
(TGA/SDTA 851® model). Samples (10.5 + 0.3 mg) were placed in a 900 pl crucible. Neat PLA
and PLA-GR composites were heated from 25 to 700 °C in a 60 mL/min flow of N, at a heating

rate of 10 °C/min.

Differential Scanning Calorimetry (DSC)

Thermal properties and crystallization behavior of PLA and PLA-GR composites were studied
using a differential scanning calorimeter (Mettler Toledo-1 series). Samples (10 = 0.5 mg) were
hermetically sealed in aluminum pans and heated from 25 to 180 °C at a heating rate of 5

7
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°C/min in the N, atmosphere (N, flow rate of, 50 mL/min). All the samples were first heated from
25 to 180 °C and held at this temperature for 5 min to eliminate the effect of thermal and
processing history. Glass transition temperature (Tg), cold crystallization temperature (T;),
enthalpy change at T, (AH;), melting temperature (T,,) and enthalpy of fusion at T, (AH,,) for
neat PLA and composite samples were determined from the DSC thermograph during the
second heating cycle. The percentage crystallinity (% X;) of PLA was calculated according to
the following relation.

AH, - AH
%X, = MXIOO% (3)

(a#,,)

Where, AH,, is enthalpy of fusion at melting temperature (T,,), AH; is the enthalpy of fusion at

cold crystallization temperature (T;). AHy, is the heat of fusion of a perfect PLA crystal (93.6 J/g)

34

UV-Visible Spectrophotometer analysis
Transparency measurement for composite films was carried out using UV-Visible
spectrophotometer (Make: Perkin Elmer, Model: Lambda 35). The wavelength range was varied

between 200-600 nm with a scan rate of 50 nm/min and a spectral bandwidth of 2 nm.

Mechanical Testing

The tensile properties such as tensile strength and elongation-at-break were measured under
ambient temperature conditions with a 50 kN load cell on a tensile tester (Make: Kalpak
instruments, Model: KIC-2-050-C, India). The cross-head speed was fixed as 5 mm/min.
Average specimen parameters were: thickness of 0.06 mm, width of 10 mm and length of 50
mm. Three specimens for each sample were subjected for testing and the average values were
reported. The ASTM standard D 882-12 was followed for preparation of the dumb-bell shaped

samples used in this test.
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Results and Discussion

Effect of Temperature on Exfoliation

The influence of temperature on exfoliation of EG in terms of volume exfoliated, weight after
exfoliation, bulk density and carbon yield are presented in the Table 1. It is clearly seen from
Table 1 that the volume of expandable graphite (EG) increases with increasing temperature up
to 750°C. This is due to the maximum swelling of intercalates taking place at 750 °C that
increases the interlayer distance between graphene sheets resulting in high volume of
expansion. After 750 °C, the expansion volume decreases, owing to the removal of intercalates
from interlayers 2. Hence, it is clear that only swelling of intercalates occurs in the interlayers
when the EG is subjected to thermal shock in the temperature range of 200-750 °C. After 750
°C, a significant difference in weight is observed which is found to be in correspondence with
carbon yield (%) values. The rapid decrease in weight is due to evaporation of intercalates as
gaseous products such as CO, and SO, 2 |t is also important to be noticed that the carbon
yield (%) value drops down after 750 °C. An Increase in exfoliation temperature above 750 °C
leads to the reduction in the bulk density indicating that the imparted heat is enough for
evaporation of intercalated substance and sample expansion. Even though, the least bulk
density value might correspond to a maximum increase in exfoliation rate; two other factors (the
volume of exfoliation and carbon yield) should be taken into consideration for optimization of
temperature. In the present study, it is considered that 750 °C is the optimum condition for
thermal exfoliation based on the information obtained from exfoliation volume, carbon yield, and
bulk density. However, no significant change in weight is noticed after exfoliation at the
temperature ranging between 200 and 750 °C. Table 1 clearly reveals that 80% of carbon yield

is obtained at an exfoliation temperature of 750 °C.
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Table 1: Effect of temperature on exfoliation of EG

Sample Volume Weight Bulk Carbon
name exfoliated after density yield (%)
(mL) exfoliation  (kg/cm?®)
(9)
EXG 200 0.1 0.05 500 100
EXG 300 3 0.046 15.33 92
EXG 400 4.5 0.043 9.56 86
EXG 500 9 0.041 4.55 82
EXG 600 12.5 0.041 3.28 82
EXG 700 15 0.041 2.73 82
EXG 750 15.5 0.040 2.58 80
EXG 800 14 0.034 243 68
EXG 900 12 0.023 1.92 46
EXG 1000 4 0.007 1.75 14

*EXG 200 represents the EG exfoliated at 200 °C.

Characterization of Expandable Graphite (EG), Exfoliated Graphite (EXG) and Graphene
(GR)

XRD Analysis

The XRD patterns of EG and EXG samples are depicted in Figure 2. EG exhibits a sharp
diffraction peak (0 0 2) at 26.52° indicating that EG is a sort of graphite intercalation compound
(GIC). The basal peak position remains same for EG in comparison to natural graphite reported
in the literature 2 3% 3% % Thijs signifies that carbon crystal layer, which is the elementary
constituent, does not undergo any change after intercalation. When all the EXG samples are
subjected to XRD analysis, no significant deviation in the peak position (26.52°) is observed
(Figure 2). Nevertheless, the peak intensity (26.52°) gradually decreases when compared to EG
with an increase in exfoliation temperature. This represents that lower the peak intensity, higher

will be the degree of exfoliation subject to the same sample loading and packing density .

10
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Figure 2. XRD patterns of expandable graphite (EG) and exfoliated graphite (EXG)

Surface Area Analysis

Nitrogen (N,) adsorption-desorption isotherms are shown in Figure 3. In the isotherm pattern
observed for the EG sample, the convexity suggests that adsorption of N, takes place by
cooperative mechanism. It means that adsorbate-adsorbent interaction is less importance than
adsorbate-adsorbate interaction in nonporous materials like EG. Because of weak interaction
between N, and EG, the isotherm curve is flat in the initial P/P, regions. Nevertheless, once
adsorption of the N, molecule begins, No>-N, interaction tends to aggrandize the adsorption of
more N, molecules thus translating the isotherm to be convex with respect to the relative

pressure values in the abscissa. With respect to increase in exfoliation temperature, type Il

11



isotherm gradually changes to type Il pattern, which is the characteristic feature like EXG ¥'.
Type Il isotherm pattern observed for EXG samples is indicative of enhanced interaction
between N, and EXG, which is confirmed by the presence of knee portion in the initial P/Pg
region for all the EXG samples. It can be perceived from the inset graph (Figure 3), that
increase in intercept (c) value or knee region for EXG samples with respect to exfoliation

temperature occurs up to 900 °C.

exfoliation 3.
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In general, greater the surface area, maximum will be the
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Figure 3. N, adsorption-desorption isotherms for expandable graphite (EG) and exfoliated

graphite (EXG).
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BET surface area and pore volume of the EXG samples are presented in the Table 2. Surface
area and the pore volume increase with an increase in exfoliation temperature. This behavior
reveals that pores are created in the graphite surface due to the removal of intercalates that

3840 The maximum surface area (51.32

escape from the graphitic interlayers during exfoliation
m?/g) and pore volume (0.29 cc/g) are obtained for EXG 900 sample that signifies the maximum
degree of exfoliation. However, the surface area, intercept (c) and volume of N, adsorbed are
reduced for EXG-1000 sample. This is because of restacking of graphene layers due to the
complete removal of intercalates after exfoliation at 1000 °C. Although, a maximum surface
area obtained for EXG 900, carbon yield (%) is drastically reduced to 46%. Considering this

fact, 750 °C is chosen as the optimum exfoliation temperature and hence, EXG-750 is utilized

as a source for the synthesis of GR and PLA-GR composites.

Table 2: Surface area characteristics for EG and EXG obtained at different temperatures

Sample name Sger (M?/g) Pore volume (cc/g)

EG 0 0.0429
EXG 200 0 0.0429
EXG 300 5.881 0.0434
EXG 400 19.413 0.1285
EXG 500 19.732 0.1299
EXG 600 20.198 0.1375
EXG 700 33.459 0.1755
EXG 750 36.325 0.1762
EXG 800 38.411 0.1769
EXG 900 51.321 0.2912

13
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Morphological Analyses

The morphological images of EG and EXG samples are depicted in Figure 4. EG is partially
oxidized form of graphite containing intercalated compounds between graphene layers, as
shown in Figure 4(a). EG can undergo exfoliation when subjected to sudden thermal shock at a
desired temperature. In case of Figure 4(b), it can be observed that exfoliation of EG is just
initiated due to the insufficient exfoliation temperature (200 °C). Figures 4(c) and (d) show
selected FE-SEM micrographs of the EXG 750 sample at different magnifications. These
images elucidate that EG is exfoliated several hundred times along with the c-axis. This results
in a massive increase in volume of EG. Origin of this process lies in the vaporization of the
intercalate indicating that gaseous products cause the explosive expansion of the EG *'. After
expansion, graphite becomes porous structure material with improved surface area comprising

of many sheets of nanometer thickness.

The morphology and SAED patterns of GR are visualized by HRTEM as depicted in Figure 4
(e,f). The HRTEM image (Figure 4(e)) pictoriated after sonication demonstrates a monolayer
structure. This suggests that, the graphene sheet obtained after sonication process is indeed a
monolayer GR. Figure 4(f) depicts the selected area electron diffraction (SAED) pattern of
graphene, which is recorded by selecting a specified area from the graphene sheet slung
overhead to a micrometer-sized hole on a 200 mesh copper grid. This clearly displays the
crystalline structure of GR. The inner six member ring corresponds to the (1100) plane, whereas
six intense dots are ascribed to the [0001] diffractions ** 2. The diffraction pattern images

confirm that the resulted graphene retains the hexagonal symmetry of carbon framework.

14
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Figure 4. FE-SEM images of (a) Expandable graphite, (b) EXG 200, (c) EXG 750 (low
magnification), (d) EXG 750 (high magnification), (¢) HRTEM image of GR and (f) SAED

pattern of GR.

15



RSC Advances

Characterization of PLA-GR composites

XRD Analysis

XRD analysis of neat PLA and its composites is carried out to determine the crystallographic
properties of the PLA composites. The diffractograms recorded for PLA composite samples
prepared with 15 and 30 min sonication are illustrated in Figure 5(a) and 5(b), respectively. A
scattered intense distribution with a broad peak observed at 260 = 16.7° corresponds to the
reflections of (1 1 0) and (2 0 0) planes of orthorhombic a-crystalline phase of PLA *%. In all the
composites, the peak position (26 = 16.7°) corresponding to the crystal structure of PLA is not
altered. Hence it is clear that lattice parameters are not altered with the incorporation of GR.
However, it is clearly seen from Figure 5(a) that a sharp peak appears at 26.5° corresponding to
the (0 0 2) graphitic carbon structure ?* 3> 3¢ This ratifies the existence of pure graphite in the
form of stacked GR sheets, suggesting that 15 min sonication applied during the synthesis of
PLA-GR solution is not sufficient enough to completely exfoliate the graphene layers. Also some
of the graphene sheets may persist in the aggregate conformation. To overcome this issue, 30
min sonication was applied during the synthesis of PLA-GR composites and the XRD profiles of
the composites are depicted in the Figure 5(b). It is clear from Figure 5(b) that no peak
appeared at 26 = 26.5°corresponding to graphite. This is ascribed to the annoyance of ordered
graphitic structure. These results elucidate that the graphite has been successfully exfoliated
into single- or few-layers of stacking platelets and also completely dispersed in the PLA matrix.
In the work reported by Esmaeil et al., * and Marius et al., ** on PLA-nanographite platelet
(NGP) and PLA-expanded graphite composites, respectively prepared via melt-compounding
process, the XRD results confirmed the presence of the graphitic peak at 26 value of 26.5° for
all the composite systems. This suggests the fact that the melt-compounding used in their study
could not completely exfoliate or isolate the graphene layers and several platelets existed in the
amassed form, which in turn affected the mechanical properties. In reality, as the graphene
nanosheets in EG are always interlinked with each other, “complete exfoliation” has no sense as

16
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Figure 5. XRD patterns of neat PLA and PLA-GR composites prepared with (a) 15 min

sonication and (b) 30 min sonication time
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in the case like organically modified layered silicates (OMLS) *. However, a conclusion can be
drawn from the current study that the sonication used for separating the interlinked nanosheets
of EXG has the effect on the exfoliation as well as the dispersion quality of graphene sheets in
the PLA matrix. Based on the XRD analysis, now it is known that 30 min sonication (during the
preparation of PLA-GR solution) disperses GR well in the PLA matrix and hence further

analyzes are carried out for the samples prepared with 30 min sonication.

Morphological Analyses

The dispersion of graphene sheets in the polymer matrix and their interfacial bonding are vital
features that influence the enhancement of physical and mechanical properties of the composite
materials. In order to evidence the dispersion of GR in the PLA matrix, FE-SEM and TEM
analysis is performed using PLA-GR composite films and the images are shown in Figure 6. It is
clear from Figure 6 that GR sheets are arbitrarily dispersed in the PLA matrix. These results are
in good agreement with the XRD patterns of PLA-GR composites (See Figure 5), where the
peak corresponding to the graphite layer structure at 26.5° is not observed even at higher
loadings of GR. These results suggest that the dispersion of GR in PLA matrix is near to a
single sheet level. Aggregation of EG in PLA matrix was reported by Marius et al *. This is in
contrast to the present study, where GR sheets are not restacked in the PLA matrix, which

might be due to the effectiveness of the sonication process used for the synthesis of PLA-GR

composite.

18
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Figure 6. FE-SEM images of (a) PLA-GR composite (low magnification) (b) PLA-GR

composites (high magnification) and (c) TEM image of PLA-GR-0.1.

The morphology of the PLA and PLA-GR composites is also investigated using the polarized
optical microscopy to know the dispersion of GR in the PLA matrix. Figure 7 shows the optical
reflection micrographs of PLA composites with the various GR contents. The black portion is the
GR sheets and the background is the polymer matrix. It is seen that, at the microscopic level,

the GR sheets display a homogeneous distribution in the form of nanosheet clusters throughout

19



RSC Advances Page 20 of 45

the PLA matrix. As the content of the GR increases, the black portion of the micrograph also

increases.

Figure 7. Optical microscopy images of (a) PLA, (b) PLA-GR-0.1, (¢c) PLA-GR-0.3 and

(d) PLA-GR-0.5

Thermo gravimetric Analysis

In order to cognize the influence of GR content on the thermal stability of PLA matrix, TGA
analysis is carried out for PLA and PLA-GR composites. Figure 8 depicts the temperature-
dependent (TGA) and derivative weight loss profiles (DTG) for PLA and PLA-GR composites

carried out under nitrogen atmosphere at a heating rate of 10 °C/min. It is important to mention
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that % weight loss for the PLA and PLA-GR composites samples are calculated after water loss
as shown in Figure 8(a). The main thermal degradation process of PLA begins at temperature
above 300 °C, which is principally attributed to intra-molecular trans-esterification (backbiting
reaction) **°. When 10% weight loss is taken as a point of comparison, Tonset is found to be
311, 313, 315 and 317 °C for PLA, PLA-GR-0.1, PLA-GR-0.3 and PLA-GR-0.5, respectively.
The obtained results clearly specify that the PLA-GR-0.5 composite exhibits around 6 °C
improvement in thermal stability over neat PLA. The decomposition temperature at 50% weight
loss for neat PLA, 0.1, 0.3, and 0.5 wt% PLA-GR composites are 329, 330, 331, and 332 °C,

respectively.

The temperature which corresponds to the maximum rate of weight loss (Tnax) is regarded as
another significant thermal property for the polymer composite system. The T is defined as
the peak value that is obtained from the first derivative curve of TGA thermograph. The first
derivative curves for PLA and PLA-GR composites are depicted in Figure 8(b). All the PLA-GR
composites and neat PLA show a single peak signifying that the main degradation of these
materials proceeded in only one step. It can be noticed that there is an improvement in the T«
value (347 °C) for PLA-GR-0.5 sample in comparison with PLA (345 °C). Enhancement in the
thermal stability behavior could be explained by the presence of barrier effect of graphene
layers, which limits the emission of the produced degradation gases and transmission of heat,

therefore resulting in the improvement in thermal stability of the nanocomposite material *'.
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DSC Analysis

Non-isothermal cold and melt crystallization behavior of PLA and PLA-GR composites were
investigated using DSC analysis. DSC second heating thermographs of neat PLA and PLA
composites are shown in Figure 9. The unimodal endothermic peak (Figure 9) can be seen at
the melting region of PLA (T,=149 °C), which reveals the a-crystalline form of PLA '* %% This
unimodal endotherm peak indicates the absence of heterogeneous distribution of crystals and
uniform crystal thickness developed after reinforcement of GR due to the melting of stable
crystals of PLA formed "> °%% The addition of GR in the PLA matrix increases the T, value by
4-5 °C. This is due to the fact that GR reduces the critical nucleus size required for the formation
of a thick and stable nucleus in PLA. The current result signifies that the GR acts as a better

nucleating agent by enhancing T..

In the present study, T4 for PLA composites does not change significantly in comparison with
neat PLA. This indicates that the reinforcement of GR does not induce the formation of short

chain PLA molecules % °°

. The positive effect of reinforced nanofiller on the crystalline
properties of PLA can be observed from the Table 3. It is noticed that, all the composite
samples display greater level of crystallinity (see Table 3). Improvement in the crystallinity for
composite samples can be seen up to 0.3 wt% loadings of GR in comparison with neat PLA.
With increase in further loadings of GR, crystallinity (%) slightly decreases. This is probably due
to aggregation and poorer dispersion of GR in the PLA matrix. The improved PLA crystallinity

with the addition of GR is significant due to the possibility of existence of the greater number of

delaminated GR platelets, which can facilitate the PLA crystallization process.
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Figure 9. DSC second heating thermographs for PLA and PLA-GR composites at a

heating rate of 5 °C/min

Table 3: DSC results for PLA and PLA-GR composites

Sample T, Tec T Tine AH,¢ AH,, % X
name
PLA 62 110 148 - 16.14 27.2 12
PLA-GR-0.1 63 114 152 100 8.07 254 18.5
PLA-GR-0.3 64 113 152.8 101 9.8 27.8 19.2
PLA-GR-0.5 64 110 152.6 101 6.84 23.3 17.5

Ty = Glass transition temperature, T, =

temperature, T, Melt crystallization temperature, AH,. = Enthalpy of cold crystallization, AH,, =

Enthalpy of melting, % X; = % crystallinity
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Transparency

The transmission of both visible light and ultraviolet radiation (200-700 nm) is considered as
important parameters in designing the packaging materials for specific applications. The
photochemical degradation of plastics occurs when exposed to high energy radiation called as
UV-B (315-280 nm). Deterioration of food products that are sensitive to visible light takes place
in the wavelength region of 400-700 nm % In the wavelength region of 200-700 nm, 72%
transmission of light through PLA films is noticed as shown in Figure 10. This specifies that
most of the UV-B and visible radiation pass through PLA films. After reinforcement of GR in the
PLA matrix, the transparency of PLA films declines with an increase in the loading of GR (wt %).
For the PLA-GR-0.5 composite film, maximum reduction in the transparency is 53% in
comparison with neat PLA. This is an advantage provided by GR filler, such that the PLA-GR
composite films can find application in the storage of food products containing light sensitive

materials such as lipids, flavors, vitamins, and pigments.
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Figure 10. Transparency measurements for PLA and PLA-GR composites
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Mechanical Properties

The tensile strength and elongation-at-break properties of PLA and PLA-GR composites are
presented in Figure 11. The tensile strength of the PLA-GR composites is found to be higher for
0.1 wt% loading (40 MPa) of GR when compared with neat PLA (32 MPa). The PLA-GR-0.1
composite exhibits the highest tensile strength of 40 MPa compared to PLA-GR-0.3 (37 MPa)
and PLA-GR-0.5 (31 MPa). It reveals that the stress applied is transferred from PLA matrix to
the GR. The gradual roll-off in the tensile strength values for further loadings explicates that
addition as well as dispersion of GR in the PLA matrix are the dominant factors to enhance the
mechanical properties. Therefore, it is clear that noticeable aggregation and the quality of
dispersion become inferior at higher loading of GR (>0.1%). As a result, a slight decrease in the
tensile strength is observed for the PLA composites. The elongation-at-break value obtained for
0.1 wt % of GR content is 53%, which is higher than that of neat PLA. This implies that the
ductility of PLA is effectively improved with the incorporation of GR. GR acts as a bridge to
prolong the fracture process of PLA composites and thereby reduces the sudden risk of failure.
At further loadings of GR (0.3 and 0.5 wt %), elongation-at-break values display the downturn of
around ~41% and 45%, respectively. This is because, defects induced by the agglomeration of
GR sheets account for greater brittleness of the PLA matrix. However, GR reinforced in the PLA
matrix demonstrates a positive impact on the tensile strength as well as elongation at break
properties at lower GR loadings (0.1 wt%) in comparison with the PLA-EG composites produced
by Marius et al *. In their study, it was reported that the addition of EG in the PLA matrix
showed a negative impact on the above properties at all the loadings (wt %) of EG due to the
aggregation of graphene stacks. Hence, it is clear that the sonication process utilized in the
present study to separate the graphene plays an effective role in enhancing the strength and

ductility of the PLA composites.
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Film Permeability

For semi-crystalline polymers, like PLA, oxygen barrier characteristics are directed by
permeation and diffusion of oxygen molecules through the amorphous phase of polymer film. To
enhance the barrier properties of PLA, inclusion of impermeable barriers that reduces the gas
permeation by creating the tortuous pathway is important. In the current investigation, the
influence of graphene on inhibition of oxygen transport through PLA films is examined at various
temperatures (25-45 °C) and the results are presented in Table 4. The permeation of oxygen is
reduced by 22% (25 °C) after incorporating 0.1 wt % GR in the PLA matrix. This is attributed to
the tortuous path effect generated by the exfoliated GR nanosheets, which hinders the oxygen
transport in the PLA film. However, at higher loadings of GR, further improvement in oxygen
permeation is not observed. This may be caused by the formation of GR aggregates at higher
loadings. For both PLA and PLA-GR composite systems, oxygen permeation increases with
increasing temperature, due to the fast diffusion of gas molecules through the PLA matrix at
higher temperature. At 45 °C, the oxygen permeation for PLA composite containing 0.1 wt %
GR is reduced about 40%. This indicates that the addition of GR acts as an effective

impermeable barrier for oxygen transport even at higher temperature.
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Table 4: Effect of graphene content on oxygen permeability (OP) of PLA-GR composite

films.
Sample Temperature Oxygen permeability % Reduction in oxygen
Name (°C) (cc mm/ m? day atm) Permeability
PLA 25 23 -
35 33 -
45 51 -
PLA-GR-0.1 25 18 22
35 22 33
45 31 40
PLA-GR-0.3 25 20 13
35 23 30
45 35 32
PLA-GR-0.5 25 22
35 30
45 40 14

Thermal Degradation Kinetics of PLA-GR Composites

Kinetic studies of degradation process are performed for better understanding of the thermal
degradation behavior of PLA and PLA-GR composites. The kinetics of thermal degradation of
GR based biopolymer composites can be expressed by the following typical kinetic equation

da
o« _ 4
" kf () (4)

, , , Wy, —W,
where, & is the conversion degree or the fraction decomposed [a=[ 0 /v —w j Wy, W,
0 f

and W, are the initial, time £, and final weights of the polymer], cil_a is the rate of conversion, &
t

is the temperature-degradation rate constant, and f(a) is the differential expression of a kinetic

model function, which depends on the particular degradation mechanism ',
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The temperature dependent degradation rate constant (k) can be expressed in terms of the

Arrhenius equation as follows:

k:Aexp(;eb;’j (5)

where, A is the pre-exponential factor (s™), E; is the apparent activation energy of the

degradation reaction (kJ/mol), R is the universal gas constant (8.314 J mol"' K), and 7 is the
absolute temperature ( K ). By substituting k& from Eq. (5) in to Eq. (4), a general expression for

the kinetic process under isothermal conditions can be derived and expressed as

d—a:Aexp(_E”jf(a) (6)

dt RT

In the present study, the thermal degradation kinetic study of PLA-GR composites is carried out
under non-isothermal conditions, where samples are heated with a constant heating rate,

Yij :d_T. Hence, Eq. (6) is transformed into an equation which describes the degradation

dt

reaction rate as a function of temperature and then expressed as follows:

) ol

Eq. (6) and (7) are the basic expressions of analytical procedures for the calculation of kinetic

triplets from the TGA data "> 802,

Taking integration on both sides and rearranging

CRio
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where, g(a) is the integral function of conversion degree, . The process of polymer

degradation mainly obeys sigmoidal or deceleration functions.

Coats-Redfern Method

Using eq.(8) and putting /() =(1-«)" and x=E%Tand rearranging, we get:

g(a)_ART [1_2RTjeXp(Euj ©)

~ PBE, E RT

a

g(a) can be written in different ways for different 71 values.

Whenn=1,g(a)=—In(1-a) (10)

1

n—1

When n;él’g(a):

[(1-a)" 1] (11)

The combination of eq. (10) and (11) and by rearrangement, we get:

—In(1- AR (. 2RT)| E
el
1-n
n=1In I-(lza) |, |4R[ 2RT)| E, (12b)
(1-n)T? PE, E, RT

Plotting the left hand side term versus _IT gives the straight line and activation energy is
obtained from the slope of the straight line. The value of the pre-exponential factor, A is

obtained from intercept of the straight line, by considering the expression [1 - Z;Q;TJ inside the

parenthesis as 1 ® % Analysis is done using only single heating data, which is different from

other kinetic models where multiple heating data are required for analysis.
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The Coats-Redfern method requires TG data with only one heating rate to calculate kinetic

parameters such as activation energy (E;), reaction order (/) and pre-exponential factor ( A )

% In this study, TGA data of PLA composite samples with different GR loadings are taken at a
single heating rate (10 °C/min). For this method, a reaction order “/” is assumed and the

assumed value is substituted in eq. (12a) and (12b). The plot of the left hand side of the eq.

(12a) and (12b) versus —1/. is fitted to calculate the R* values. This process is repeated until

T
the best R’value is obtained. Figure 12 shows the linear fitted graph for neat PLA and PLA-GR
composites for various “7’ values. The calculated reaction order at the best R’value is
considered as the reaction order for that sample. Then the activation energy and the pre-
exponential factor are obtained from the slope and intercept of the fitted straight line. The
activation energy of neat PLA and PLA-GR composite samples containing 0.1, 0.3 and 0.5 wt%
GR is 125, 129, 137, and 146 kJ/mol, respectively. This clearly indicates that GR acts as an

effective nucleating agent and enhances the thermal properties of PLA matrix.
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Figure 12. Determination of kinetic parameters by plots of the left part in Eq. (12) against
-1/T using Coats-Redfern method: (a) neat PLA, (b) PLA-GR-0.1, (c) PLA-GR-0.3 and (d)

PLA-GR-0.5
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Criado Method

The mechanism of thermal degradation of PLA-GR composites at a particular heating rate is
predicted using Criado method ®. The reaction mechanism is determined with the help of
activation energy, pre-exponential factor and the apparent order of the reaction calculated using
the Coats Redfern method. Criado equation is given by

da

Z(a):%ﬂ(x)T (13)

where, x = ET and 7Z'(X) is an expression resulted by integration against temperature, that

cannot be articulated using simple analysis formula. A relationship between ﬂ(x) and P(x) is
reported elsewhere ® and is given as follows

7(x) =xe"P(x) (14)
where, P(x) is expressed as:

P(x)— e’ x> +18x% +86x +96 15
x x'+20x° +120x% +240x+120 (15)

Combining equations (13), (14) and (15), the following relationship can be obtained

Z(a)=f(a)g() (16)
Combining equation (7) with (16) provides the following relationship
p da E
Zla)=—gla)—exp| —= 17
( ) Ag( )dT P RT an
From the equations (13) and (14), the following relationship is obtained
da E E
Zla)=———"¢ex <\ P(x 18
(@)=—r p(RT]() (18)
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The master Z(a)—a curve of the different reaction mechanisms given in Table 5 is plotted
using Eq. 17, and the Z(a)—a experimental curve is plotted using Eq. 18 ®. Thereafter, the

master Z(a)—acurve has been compared with the experimental Z(a)—acurve for

predicting the reaction mechanism of the thermal degradation process of PLA-GR composites.

The kinetic parameters obtained for 10 °C/min heating rate using the Coats-Redfern method are
substituted in the Eqgs. (17) and (18). Figure 13(a-d) illustrates the Z(a)—amaster and

experimental curves for neat PLA and PLA-GR composites samples with 0.1, 0.3 and 0.5 wt%

GR. It can be perceived that the experimental curves of neat PLA (Figure. 13a) overlaps with

the master curves on(Fl), suggesting that the thermal degradation process of neat PLA

follows the E reaction mechanism. This indicates that random nucleation is the rate controlling
step associated with the nucleation process at lower a values (0.1-0.55). After adding GR, at the
initial phase, the thermal degradation process proceeds via F{ reaction mechanism for all PLA
composite samples. With further progress in the degradation reaction, the system, however,
slowly changes towards A3 mechanism (which involves both nucleation and growth) at higher a

value (0.7-0.95). This might be possibly due to the shift in the thermal degradation mechanism

at higher temperature conditions.
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Figure 13. Determination of the thermal degradation reaction mechanism by plots of Z(a)
versus o using Criado method. (a) neat PLA, (b) PLA-GR-0.1, (c) PLA-GR- 0.3 and (d)

PLA-GR-0.5

CONCLUSIONS

In the current article, expandable graphite (EG) is subjected to thermal shock at different
temperatures ranging from 200-1000 °C. The optimum condition for thermal exfoliation is
determined as 750 °C. The HRTEM image pictoriated after sonication and SAED pattern display
a monolayer GR. No diffraction peak corresponding to graphene is observed from the XRD
patterns of PLA-GR composites prepared with 30 min sonication due to exfoliation of GR in the
PLA matrix. The TGA analysis reveals that the thermal stability of PLA-GR-0.5 composites
improves about 6 °C when 10% weight loss is taken as a point of comparison. Improvement in
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the thermal stability can also be corroborated from the enhancement in the activation energy
exhibited by PLA composites. The presence of GR greatly improves melting temperature of
about 4 °C as well as the crystallization ability of PLA during the non-isothermal crystallization
processes. This indicates that GR acts as an effective nucleating agent in enhancing the
crystallization behavior of PLA. In the UV-B and visible radiation region (200-700 nm), 53%
reduction in the transparency for PLA films is observed after reinforcement of GR. The tensile
strength of PLA-GR composites is found to be maximum (40 MPa) for 0.1 wt% loading of GR in

comparison with neat PLA, which is an indication of good adhesion between PLA and the filler.
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