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Abstract—To improve the physical and gas barrier properties of biodegradable poly(lactic acid) (PLA) film, two
graphene nanosheets of highly functionalized graphene oxide (0.3 wt% to 0.7 wt%) and low-functionalized graphene
oxide (0.5wt%) were incorporated into PLA resin via solution blending method. Subsequently, we investigated the
effects of material parameters such as loading level and degree of functionalization for the graphene nanosheets on the
morphology and properties of the resultant nanocomposites. The highly functionalized graphene oxide (GO) caused
more exfoliation and homogeneous dispersion in PLA matrix as well as more sustainable suspensions in THF, com-
pared to low-functionalized graphene oxide (LFGO). When loaded with GO from 0.3 wt% to 0.7 wt%, the glass transi-
tion temperature, degree of crystallinity, tensile strength and modulus increased steadily. The GO gave rise to more
pronounced effect in the thermal and mechanical reinforcement, relative to LFGO. In addition, the preparation of fairly
transparent PLA-based nanocomposite film with noticeably improved barrier performance achieved only when incor-
porated with GO up to 0.7 wt%. As a result, GO may be more compatible with hydrophilic PLA resin, compared to
LFGO, resulting in more prominent enhancement of nanocomposites properties.
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INTRODUCTION

In recent decades, requirement for the use of ecologically safe
biodegradable polymers for short-term packaging and disposable
items has consistently been increasing since undegradable synthetic
polymer wastes can cause a serious global environmental problem
[1,2]. To replace traditional undegradable polymers, accordingly,
various biodegradable polymers, such as aliphatic polyester includ-
ing poly(lactic acid) (PLA), poly(s-caprolactone) (PCL), poly(buty-
lene succinate) (PBS), poly(ethylene succinate) (PES), and poly(hy-
droxyl butyrate) (PHB), have been developed and industrialized
[3]. Among these, PLA has been of great interest due to its renew-
able resources, biodegradability, biocompatibility, good mechanical
properties, fabricability, and competitive cost, thus being a promis-
ing polymer for diverse end-use applications [4-6].

Although the biodegradable PLA resin has a number of advan-
tages, it still shows a limitation in the application of gas barrier
packaging films due to its inferior mechanical properties and poor
gas permeation resistance compared to conventional petrochemi-
cal-based polymers. Therefore, considerable efforts have been made
to improve the properties of PLA resins by combining them with
inorganic species. These attempts have been performed by the incor-
poration of organically modified clay platelets [7,8] or inorganic
silica particles [9,10] with nanoscale dimensions into PLA matrix
to produce biodegradable nanocomposite with improved proper-
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ties. Owing to restricted aspect ratios of the nanoclay platelets and
silica particles, however, a fairly larger amount of inorganic materi-
als should be incorporated to increase the performance to the level
required in high barrier packaging films.

Recently, graphene nanosheet, a single layer of graphite, has gained
tremendous attention in the field of polymer-based nanocompos-
ites due to its great potential for enhancing mechanical, electrical,
thermal, and gas barrier properties of host polymers [11]. In par-
ticular, this nanofiller with atomically thin, distinctive planar struc-
ture is a promising candidate for the application of gas barrier pack-
aging films, due to its gas-impermeable characteristic and very high
aspect ratio, which makes high barrier nanocomposites possible at
extremely small loading by effectively increasing tortuous paths for
gas molecule permeation. A variety of graphene nanosheets such
as expanded pristine graphite [12,13], functionalized or modified
graphene oxide [14-16], and thermally or chemically reduced gra-
phene [17,18], have been utilized to prepare the polymer-based nano-
composites with improved properties. It has been reported that the
improvement in the gas barrier and mechanical properties of the
PLA polymer could be achieved by incorporating two different
types of graphene nanosheets including GO and expanded unfunc-
tionalized graphene nanoplatelets [19]. In addition, the influence
of graphene nanosheets loading on the crystallization behavior of
PLA has also been studied [20-22].

In the present work, we prepared biodegradable PLA-based nano-
composite films with enhanced properties by employing two dif-
ferent exfoliated graphene oxide nanosheets with high and low lev-
els of chemical functionalization on their surfaces. We also explored
the effects of the level of graphene nanosheets loading and degree
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of functionalization of graphene oxide on the morphology, opti-
cal, thermal, mechanical and gas barrier properties of the prepared
nanocomposite films in terms of measurement of visible light trans-
mittance, glass transition and thermal degradation temperatures,
tensile properties, and oxygen transmission rate (OTR).

EXPERIMENTAL

1. Materials

Poly(lactic acid) resin (PLA, 4032D, Natureworks Co. Ltd.) was
used as an organic polymer matrix in the graphene/PLA nanocom-
posites. Natural graphite powders with an average particle size of
140 pm were obtained from Sigma-Aldrich. As the oxidants for
oxidizing the graphite, potassium disulfate (K,O4S,, 99.0%), phos-
phorous pentoxide (P,Os, 99.0%), and potassium permanganate
(KMnO,, 99.0%) were also purchased from Sigma-Aldrich. Con-
centrated sulfuric acid (H,SO,, 95%), hydrogen peroxide (H,O,,
34.5%), tetrahydrofuran (THE 99.5 %), and hydrochloride (HCI,
35%) were purchased from Duksan Chemical, and deionized (DI)
water was used throughout the experiments. The materials were
used as received without further purification.

The exfoliated graphene oxide (GO) nanosheets were prepared
from natural graphites via oxidation process based on modified
Hummer’s method [23] followed by sonication. The detailed exper-
imental procedures for the preparation of graphene oxide are illus-
trated elsewhere [24]. The graphene oxide with a small number of
oxygen-containing functional groups on its surface was also pre-
pared by using mild oxidation conditions such as the amount of
KMnO, and reaction time, which was designated as LFGO. Table
1 shows the oxidation conditions used for the preparation of two
different graphene oxides, GO and LFGO, and their atomic com-
position measured from elemental analysis.

2. Preparation of Nanocomposite Films

The transparent GO/PLA nanocomposite thin films with a thick-
ness of ca. 40 um were prepared via solution-processed blending
and casting method. PLA resin with a pellet form was dissolved in
a THEF solvent through magnetic stirring at 60 °C to obtain homo-
geneous PLA solution, and then a given amount of GO suspen-
sion in water was added into the PLA solution with vigorous stirring
for 30 min. Subsequently, the GO/PLA solution was subjected to
sonication for 15 min to derive the exfoliation of residual stacked or
intercalated graphite. The resulting GO/PLA solution with a homo-
geneous dispersion was deposited followed by casting on a glass
substrate using a micrometer film applicator (1117, SI Co.). The
cast films were then dried at 60 °C for 20 min in a vacuum dryer

Table 1. Oxidation conditions for the preparation of GO and LFGO,
and their atomic composition obtained from elemental
analysis

Oxidation condition Elemental analysis

Sample  Reaction ~ Amount of
0, H 0, 0
time (min) KMnO, (g) €0 (%) O (%)
GO 120 6 53.5 1.7 43.6
LFGO 60 2 71.5 12 27.2

(VH-PO-64, Lab. House Co.). After drying process, the GO/PLA
thin film was carefully detached from the glass substrate. The incor-
porated GO content in the nanocomposite samples was varied at
0.3, 0.5, 0.7 wt%, but the LFGO content was fixed at 0.5 wt%. All
of the dried samples were kept in a dessicator to prevent the mois-
ture influence prior to performing characterization.
3. Characterization

The atomic concentrations for the GO and LFGO were meas-
ured by elemental analyzer (Flash EA1112, Thermo). X-ray diffrac-
tometer (D8-Discover, Bruker Co.) was used to analyze the inter-
layer spacing of GO as synthesized and the extent of exfoliation for
the GO as dispersed in PLA matrix. The Cu Ke radiation source
was operated at 40kV and 150 mA. The scanning rate was 1.0°/
min in the range of 5-40°. The nanofillers such as graphite, GO,
and LFGO were analyzed in the form of powder, while GO/PLA
nanocomposite was analyzed as a film. The morphologies of GO/
PLA nanocomposites were observed using a transmission electron
microscope (TEM, JEM-2100E, JEOL, Japan) operated at 200 kV
of accelerating voltage. The samples for TEM images were prepared
in the form of thin film with a thickness less than 100 nm using
ultramicrotome equipped with a diamond knife. Differential scan-
ning calorimetry (DSC7020, Seico, Japan) was used to examine
the variance of thermal properties including glass transition tem-
perature (T,) and melting temperature (T,,) of the nanocomposites
as a function of graphene oxide loading. The heating thermogram
was obtained by heating the samples from room temperature to
200 °C at a heating rate of 10 °C/min under nitrogen gas flow. The
thermal stability was also examined by using an Exstar 6000 (TG/
DTA6100, Seiko, Japan) thermogravimetric analyzer. The sample
was heated from room temperature to 700 °C at a heating rate of
10°C/min under nitrogen gas flow. The optical transparency of
the prepared GO/PLA nanocomposite film was measured with a
visible spectrophotometer (Optizen 1412V, Mecasys Co., Korea) in
the visible-light wavelength range of 400 nm-800 nm. Tensile prop-
erties of the nanocomposite films were measured by using a uni-
versal testing machine (QM100S, Qmesys, Korea) operating at 20
mm/min of cross-head speed. Nine samples with dimensions of
15 mm (width)x100 mm (length) were tested and an average value
was taken. The oxygen transmission rate (OTR) of the nanocom-
posite film was measured according to ASTM D 3985 using an OX-
TRAN 2/10 (Mocon Inc,, USA). The oxygen permeation tests were
performed at 23 °C and 0% relative humidity.

RESULTS AND DISCUSSION

1. Morphological Characterization of Graphene Oxide in the
Nanocomposites

It has been recognized that homogeneous dispersion of nano-
fillers in the polymer matrix coupled with their highly exfoliated
or intercalated structure is the most essential parameter for the prepa-
ration of polymer-based nanocomposites with improved thermal,
mechanical, and gas barrier properties. In this study, the morphol-
ogies of prepared graphene/PLA nanocomposites were examined
by both XRD analysis and TEM observation. Fig. 1 displays the
measured XRD patterns in the 26 range of 5-40° for (a) pristine
graphite, synthesized two different graphene oxide nanosheets, and
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Fig. 1. XRD patterns for the (a) pristine graphite, GO, and LFGO,
and (b) neat PLA, corresponding nanocomposites with var-
ious GO loading and 0.5 wt% LFGO.

(b) neat PLA and corresponding nanocomposite films. Variations
of layer-to-layer distance in stacked graphene nanosheets after func-
tionalization could be quantitatively determined from X-ray dif-
fraction. In the XRD pattern of natural graphite, the characteristic
sharp diffraction peak was observed at 20=26.4°, which originates
from the graphene interlayer spacing (dy,=0.34 nm). The func-
tionalized graphene oxide sample (GO) showed an XRD pattern
where the diffraction peak was shifted to a lower angle at 26=11.1°,
corresponding to an interlayer distance of 0.80 nm, and further-
more peak broadening occurred due to the disorder caused by di-
minished crystalline size [17]. On the other hand, the low-func-
tionalized graphene oxide (LFGO) showed a different XRD pat-
tern with a decreased characteristic peak at its original 28location,
implying that the LFGO partially maintained the original status of
pristine graphite because of incomplete intercalation due to lack of
functional groups introduced onto graphite surface. In Fig. 1(b)
showing the XRD patterns of GO/PLA nanocomposite films with
various GO contents, an obvious disappearance of the GO charac-
teristic peak at 26=11.1° could be detected, while only PLA char-
acteristic peaks at 260=16.3° 19.1°, and 22.4° were observed, indi-
cating the complete exfoliation of graphite particles into individ-
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(a)0.3% GO

(b)0.5% GO

Fig. 2. TEM images of PLA nanocomposites containing 0.3, 0.5, 0.7
wt% GO and 0.5 wt% LFGO.

ual graphene nanosheets or the layer disorder resulting from loss
of graphene structure regularity [25]. In the case of 0.5% LFGO-
filled nanocomposite, however, the original characteristic peak of
pristine graphite remained at 26=26.4°, despite diffusion and pen-
etration of PLA chain molecules into graphene interlayer spacing
during solution blending. This suggests that the domains consist-
ing of densely stacked layers like original graphite status exist in
the LFGO/PLA nanocomposite sample, along with partially inter-
calated or exfoliated graphene nanosheets.

TEM images of the ultramicrotomed cross-sections of the nano-
composites are shown in Fig. 2. The images for the GO-incorpo-
rated nanocomposites demonstrated highly intercalated or fully
exfoliated GO nanosheets randomly dispersed in the PLA matrix,
while there were some tactoid-like domains with a few restacks to-
gether. Moreover, when graphene loading increased, the incorpo-
rated graphene nanosheets were observed to be more crumpled,
and the number of stacked layers increased. In the case of LFGO-
incorporated nanocomposite, however, many thick agglomerates
with more closely graphene layers were distributed through the PLA
matrix. Moreover, from the 200 nm-scale images (inset) in the fig-
ure (b) and (d), it could be seen that graphene sheets with few layer
were oriented in the parallel direction to the plane of nanocom-
posite film, which may have been caused by shear flow during solu-
tion casting process.

Based on TEM observation and XRD result, it was confirmed
that the degree of functionality on the graphite was strongly asso-
ciated with the nanostructured morphology such as intercalated or
exfoliated structure in the graphene-incorporated nanocompos-
ites. For the hydrophilic PLA resin used in this study, highly func-
tionalized graphite gave rise to more exfoliated graphene nanosheets
homogeneously dispersed in the polymer matrix, compared to low-
functionalized graphite, which may be attributed to preferential
formation of strong interaction between graphene surface and PLA
molecules.
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Fig. 3. Digital images of GO and LFGO-incorporated PLA nano-
composite suspensions in THF solvent.

Fig. 3 shows digital photographs of graphene oxide-filled PLA
nanocomposite suspensions in THF solvent. Initially; both of GO
and LFGO were observed to be uniformly dispersed in PLA solu-
tion. However, LEGO-dispersed suspension showed a layer of sed-
iment deposited on the bottom of glass bottle within 1 day, which
may have originated from a weak interaction between PLA mole-
cule and graphene oxide nanosheet, while the GO suspension main-
tained a homogeneous dispersion for more than three days, irres-
pective of nanofiller content. Additionally, when GO was added
with load of 0.3 wt% and 0.5 wt%, the dispersions were yellowish
brown and dark brown color, respectively, as shown in the figure,
whereas the suspensions containing LFGO exhibited a deep black
color, probably due to the maintenance of the original 7+conjuga-
tion system for the LFGO with low polar functionality on the sur-
face [26,27].

2. Thermal Properties

In the semi-crystalline polymer-based nanocomposites, the degree
of crystallinity and the crystalline structure induced from the crys-
tallization process under presence of nanofillers generally affect the
performance of the final nanocomposites, in addition to reinforc-
ing effect of nanofiller itself. In this study, hence, the effect of incor-
porated graphene nanosheets on the thermal behavior of the PLA

neat PLA
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0.5% LFG
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Fig. 4. DSC heating thermograms of neat PLA and corresponding
nanocomposites with various loading of GO and 0.5 wt%
LFGO.

Table 2. Thermal properties of neat PLA and nanocomposites incor-

porated with GO and LFGO
DSC result TGA result
Sample T, T,, AHy X T, Ts

0 (O (g e (O (O
Neat PLA 575 1488 91 97 3098 3538
03% GO 604 1491 233 250 - -
0.5% GO 628 1506 308 331 3013 3524
0.7% GO 630 1510 297 320 - -
05%LFGO 607 1490 292 314 3118 3599

polymer was investigated through DSC experiment.

Fig. 4 shows DSC heating thermograms of neat PLA and its nano-
composites with various GO content and 0.5 wt% LFGO. Neat PLA
sample was also prepared in the form of solution-cast film. The
thermal properties such as glass transition temperature (Tj), melt-
ing temperature (T,,), heat of fusion (AHy), and degree of crystallinity
(x.) were determined from these thermograms and summarized
in Table 2. The degree of crystallinity of PLA in the nanocompos-
ites was obtained from the following equation:

2.(%) = x100% )

_ AH[

AH}PLA(l*Wf)
where AH,is the enthalpy of fusion of sample; AH;; , refers to the
heat of fusion for 100% crystalline PLA, which was set as 93 J/g,
and Wy is the mass fraction of nanofiller in the nanocomposite
[28]. The addition of graphene nanosheet into the PLA matrix was
found to increase the T, value of PLA in the nanocomposite, regard-
less of degree of functionalization on the graphene nanosheet sur-
face. Furthermore, increasing the GO loading level resulted in the
steady increase in the T, of the GO/PLA nanocomposite. Such a
reinforcing effect in the thermal property may be ascribed to the
reduced mobility of PLA chain molecules in the nanocomposites,
resulting from the interaction between functionalized graphene
oxide surface and hydrophilic PLA molecules [19]. Similar results
have also been reported for a number of nanocomposites incorpo-
rated with various nanofillers such as nanosilica particles [29,30],
nanoclays [31,32], cellulose nanofiber [33], and graphene nanosheets
[13,14,19]. It should be noted that the GO led to a more substan-
tial increase in T, of the nanocomposite, compared to LFGO, be-
cause GO could yield more increased interaction between two phases
due to larger amount of functional groups on its basal plane.

As regards crystallization behavior, the ¥, of PLA in the nano-
composite was revealed to remarkably increase by the incorpora-
tion of only small amount of graphene nanosheets. It could be seen
that the incorporation of GO led to steep increase in y, up to low
content of 0.3 wt%, but further loading resulted in only a slight in-
crease. When added with 0.5 wt% GO, the y, increased from 9.7%
for the neat PLA to 33.1% for the nanocomposite. The graphene
nanosheets incorporated into the PLA matrix may be considered
as extraneous nucleating agents promoting the crystallization rate,
and thus yielded the noticeable improvement in the degree of crys-
tallinity for PLA in the nanocomposites. Additionally;, the GO ex-
hibited a more pronounced effect on the crystallization behavior
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Fig. 5. TGA thermograms of neat PLA and corresponding nano-
composite containing GO and LFGO at 0.5 wt%.

compared to LFGO, which may be associated with uniform dis-
persion as well as exfoliated structure of the graphene nanosheets
in the PLA matrix. The crystallization process acceleration caused
by the incorporation of nanofillers has also been reported for a vari-
ety of crystalline polymer-based nanocomposites [12,34,35].

The thermal stability of biodegradable PLA nanocomposite in-
corporated with small amount of graphene nanosheet was also as-
sessed by thermogravimetric analysis (TGA). Fig. 5 shows TGA
thermograms of neat PLA and corresponding nanocomposites
with 0.5wt% of GO and LFGO. As thermal stability parameters,
T, and Ty, which were defined as degradation temperatures at 2%
and 50% weight loss, respectively, were determined from the ther-
mograms and listed in Table 2. Both T, and Ts of the nanocom-
posites were reduced with incorporation of GO as compared to
those of neat PLA, but when LFGO was incorporated, they were
increased with an opposite trend to the GO-incorporated nano-
composite. Consequently, the added GO nanofillers were revealed
to deteriorate the thermal stability of the nanocomposite, possibly
due to pyrolysis of a number of unstable oxygen-containing func-
tional groups attached onto the surface or edge of the GO platelets
[15]. However, the thermal stability was enhanced when incorpo-
rated with the LFGO nanofillers containing lower amount of func-
tional groups relative to GO, suggesting that a high degree of func-
tionality on graphene surface could cause high extent of exfoliation
as well as good dispersion of the graphene nanosheets, but result
in poor thermal stability of resultant nanocomposites due to their
surface characteristics.

3. Optical Transparency

In the development of biodegradable PLA-based food packag-
ing nanocomposite film with enhanced gas barrier performance,
minimizing the reduction of optical transparency, which generally
originates from light scattering caused by nanofillers distributed
within the film, is of great importance, because transparent film
enables consumers to clearly identify the inner food conditions
such as freshness or spoilage. Accordingly; to assess the feasibility
of the application of graphene-incorporated nanocomposite film
prepared in this work to transparent food packaging film, the influ-
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Fig. 6. Visible light transmittance for the neat PLA film and corre-
sponding nanocomposite films with various GO loading and
0.5 wt% LFGO.

ence of graphene addition on the optical transparency of the nano-
composite film was investigated. Fig. 6 shows the relative visible
light transmittance in the wavelength range of 400 nm-800 nm for
the neat PLA and nanocomposite films. As expected, the neat PLA
film was observed to be highly transparent, transmitting over 92%
of incident visible light over the entire wavelength range. The incor-
poration of graphene nanosheets was revealed to diminish optical
transparency of the nanocomposite film due to the increased light
scattering and diffusivity in the film. For instance, two different
nanocomposite films containing GO at 0.3 wt% and 0.5 wt% showed
light transmittance ranging from 85% to 90% and from 80% to 84%
in the visible light region, respectively. This result indicates that incor-
poration of highly functionalized GO with load of below 0.7 wt%
can yield nanocomposite film retaining a fairly good transparency
with light transmittance over 80%, leading to utilization as food pack-
aging films. In the case of 0.5 wt% LFGO-incorporated nanocom-
posite film; however, the light transmittance was severely decreased
below 70%, yielding poor transparency, which may be ascribed to
the graphite tactoids with tightly stacked layers dispersed in the
PLA matrix, responsible for the increased extent of light scattering.
4. Mechanical Properties

A tensile deformation test was performed to assess the extent of
mechanical reinforcement resulting from the incorporation of gra-
phene nanosheets possessing superior mechanical properties into
PLA resin. Fig. 7 shows the measured tensile properties of nano-
composite films as a function of graphene nanosheet loading. As
the incorporated GO content increased, the tensile strength at break
and tensile modulus of the resultant nanocomposite film were im-
proved. Especially, with only a small amount of GO incorporation
at 0.3 wt%, remarkable increase in both tensile properties was ob-
served. As included in the figure, the LFGO-incorporated nano-
composite film exhibited lower tensile strength and modulus, as
compared with the film containing GO at the same content, which
may stem from the low degree of exfoliation of LEGO as well as
poor compatibility between LFGO and PLA phases. In general, the
tensile modulus as a measure of stiffness is improved at the expense
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of elongation representing the degree of ductility when the rein-
forcing nanofillers are incorporated into polymer matrix. In this
study, the incorporation of graphene nanosheet also caused the de-
crease in elongation at break of the resultant nanocomposite film,
but the extent of reduction was revealed to be very slight, which
may be attributed to easily deformable nature of graphene imbed-
ded in polymer matrix. For instance, the incorporation of GO at
the maximum content of 0.7 wt% reduced the elongation of the nano-
composite film by only 0.49% relative to that of neat PLA film. In
addition, the effect of the degree of functionality of the graphene
surface on the elongation property was shown to be insignificant.
The tensile properties of elongation at break for the nanocompos-
ite films containing GO and LFGO at 0.5 wt% were measured to
be 2.18% and 2.15%, respectively, demonstrating almost identical
level of ductility. Based on sustainability of elongation property even
after the incorporation of graphene nanosheets into PLA resin, it
is believed that the nanocomposite films prepared in this study may
be utilized for the application of practical packaging film requir-
ing a proper level of ductility.
5. Barrier Properties

The influence of graphene nanosheets incorporation on the vari-
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Fig. 8. Oxygen transmission rate of GO/PLA films with various GO
loading (0 to 0.7 wt%) and LFGO/PLA film with 0.5 wt%
LFGO.

ation of gas barrier property of the PLA resin was assessed in terms
of measurement of oxygen transmission rate (OTR) through the
prepared nanocomposite film in the perpendicular direction. Fig,
8 shows the oxygen transmission rate (OTR) for the neat PLA film
and the corresponding nanocomposite films with various GO load-
ing from 0.3 wt% to 0.7 wt%. The figure also includes the result for
the nanocomposite film with 0.5 wt% LFGO loading. The OTR of
GO/PLA nanocomposite films decreased with increasing GO con-
tent. As expected, the presence of graphene nanosheet with high
aspect ratio in the nanocomposites effectively retarded the prog-
ress of oxygen molecules through the PLA matrix, resulting in a
substantial decrease in OTR value. When incorporated with 0.5
wt% and 0.7 wt% GO, the oxygen barrier properties of resultant
nanocomposite films were enhanced by 22% and 54%, respectively,
relative to neat PLA film with measured OTR value of 572.7 cc m™
day ' atm™. In the case of 0.5 wt% LFGO-incorporated nanocom-
posite film, however, the OTR was decreased by only 5% from 572.7
to 5420 cc m ™ day ' atm ', indicating insignificant contribution of
LFGO incorporation to the improvement in barrier performance.
The GO nanosheets with larger amount of oxygen-containing func-
tional groups were found to yield more prominent improvement in
barrier performance for the nanocomposite film, relative to LFGO,
in spite of their size reduction caused by severe oxidation and exfo-
liation process [17]. Accordingly; it is believed that highly function-
alized graphene nanosheets can give rise to better compatibility with
hydrophilic PLA resin, which is responsible for highly exfoliated
nanostructured morphology, ultimately resulting in effective sup-
pression of gas molecule permeation through the graphene-based
nanocomposite film.

CONCLUSIONS
An enhancement in the physical and gas barrier properties of
the biodegradable PLA film was achieved by incorporating small

amounts of graphene oxide nanosheets (0.3 wt% to 0.7 wt%) via
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solution blending method. XRD and TEM results showed that highly
functionalized graphene oxide (GO) gave rise to more interca-
lated and exfoliated morphology as well as better dispersion in the
hydrophilic PLA matrix, compared to low-functionalized graphene
oxide (LFGO). Thermal properties such as T, and j,, and mechan-
ical properties of tensile strength and modulus were remarkably
improved with increasing of GO loading, and more pronounced
reinforcing effect was found in the case of GO incorporation, rela-
tive to LFGO nanofillers. On the other hand, only LFGO caused
an improvement of the thermal stability in terms of TGA, because
of a higher tendency of pyrolysis of GO containing larger amount
of unstable functional groups. In addition, the incorporation of GO
up to 0.7 wt% was revealed to yield the PLA-based nanocomposite
films retaining fairly good transparency with light transmittance
over 80%, as well as improved oxygen barrier performance, sug-
gesting that GO would be more favorable for the achievement of
high performance PLA-based nanocomposite film, compared to
LEGO.
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