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� GO grafted with PLLA (GO-g-PLLA)
was synthesized by in situ
polycondensation.
� The weight percent of PLLA chains in

obtained GO-g-PLLA was as high as
30.8%.
� The mechanical property of PLLA/GO-

g-PLLA composites was enhanced
significantly.
� It is owing to the improvement of

interfacial adhesion between GO-g-
PLLA and PLLA.
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ma b s t r a c t

Poly(L-lactic acid) (PLLA) nanocomposites reinforced with graphene oxide (GO) or GO grafted with PLLA
(GO-g-PLLA) were prepared by solution blending and then compression molding method, where
GO-g-PLLA was synthesized via one step based on in situ polycondensation of the L-lactic acid monomers
initiated by lyophilized GO. The average thickness of GO was increased by about 2 nm and the weight
percent of grafted PLLA chains in obtained GO-g-PLLA was as high as 30.8%. It was clearly evidenced that
the functionalization of GO with this method enhanced its dispersion and interfacial interactions with the
PLLA matrix and thus improved the final thermostability and mechanical properties of nanocomposites.
The flexural and tensile strength of PLLA/GO-g-PLLA nanocomposites were increased by 114.3% and
105.7%, respectively, compared with neat PLLA.

� 2013 Elsevier B.V. All rights reserved.
ww1. Introduction

Compared with traditional composites, polymer nanocompos-
ites exhibit dramatic changes in some properties at very low
loadings (generally 62 wt%) of nanofillers like cellulose nanofibers
[1], carbon nanotubes [2], graphite nanoplatelets [3–5], and nano-
clays [6]. However, the optimal performance conferred by these
nanofillers can be achieved only when the homogeneous dispersion
of nanofillers and strong interfacial adhesion between nanofillers
and polymer matrix are realized. Graphene, a single-atom-thick
sheet of hexagonally arrayed sp2-bonded carbon, chemically similar
to carbon nanotubes and structurally analogous to silicate layers [7],
has drawn the attention of researchers in various fields due to its
remarkable mechanical, thermal [8], and electrical properties [9].
With such outstanding properties, graphene nanosheets can be use-
fully applied as a reinforcing material in polymers using a variety of
methods including solution (or melt) blending [3,10,11] and in situ
polymerization [12]. However, to improve the solubility of graphene
nanosheets in various organic and aqueous solvents, as well as their
miscibility with polymer materials, the preparation of graphene
derivatives by chemical modification has been the subject of intense
interest recently [13,14].

Poly(L-lactic acid) (PLLA), an aliphatic polyester produced from
renewable biomasses such as corn and sugar beet, has been re-
cently spotlighted as a biodegradable, sustainable, and eco-friendly
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substituent for petroleum-based polymers [15,16]. PLLA has bal-
anced properties of mechanical strength, thermal plasticity and
transparency [17]. Nevertheless, its crystallization rate, thermal
and mechanical properties need to be improved for long-term high
performance applications [18]. Many reports have verified that the
addition of functionalized carbon nanomaterials can increase the
crystallization rate, and promote the thermal stability and
mechanical strength of PLLA. For instance, Cao and co-workers
[19] made successful use of lyophilized graphene nanosheets to
improve the mechanical and thermal properties of PLLA in some
degree. The graphene nanosheets were in the form of chemically
reduced graphene oxide which were prepared by a modified Hum-
mers method and then chemically reduced with hydrazine. Yang
et al. [20] prepared a series of PLLA/thermally reduced graphene
oxide composites via the in situ ring-opening polymerization of
lactide, using thermally reduced graphene oxide as the initiator.
The thermal stability, crystallization rate and electrical conductiv-
ity of PLLA were increased. Although in situ polymerization is an
effective way to disperse the fillers in the matrix uniformly and
generate better interfacial interactions with the host polymer,
the synthesis of high molecular weight PLLA requires severe condi-
tions [21] and expensive precursor (lactide) [22]. In the works of
Song et al. [23] and Yoon et al. [24], PLLA was successfully cova-
lently grafted onto the convex surfaces and tips of the multi-walled
carbon nanotubes (MWNTs) via one step based on in situ polycon-
densation of the commercially available L-lactic acid monomers.
They prepared MWCNTs with carboxylic functional groups
(MWCNTs–COOH) via a mixture of concentrated sulfuric and nitric
acids oxidation. Subsequently, the MWCNTs–COOH acted as an ini-
tiator, and PLLA was grafted onto the MWCNTs–COOH surface. The
resulting MWNTs-g-PLLA were mixed with commercially available
neat PLLA to prepare PLLA/MWCNTs-g-PLLA nanocomposites and
improved the initial modulus, tensile strength and crystallization
rate of PLLA. Graphene oxide (GO) has a higher content of oxy-
gen-containing functional groups [25,26] and higher specific sur-
face area [27] than MWCNTs–COOH, thus it is expected to be
more promising than MWCNTs–COOH in polycondensation of
L-lactic acid. Besides, the preparation of GO is based on a fre-
quently-used method to prepare graphite oxide by using strong
oxidizing agents, which is then exfoliated to single or few platelets
via sonication in water [19,28], without any other further treat-
ment. But the facile one-step polycondensation method has not
been applied to the functionalization of GO. It is desirable to use
GO as the reactants or initiators in the in situ polymerization of
L-lactic acid monomers to prepare GO grafted with PLLA
(GO-g-PLLA). Moreover, the grafted polymer chains can also act
as compatibilizer when graphene sheets are mixed with polymer,
particularly when they are of the same nature as matrix, which
can improve the interfacial adhesion and maximize the compatibil-
ity between the partners [29,30]. So it is estimated that GO-g-PLLA
would exhibit excellent performance in the reinforcement of PLLA.

We herein described an in situ polycondensation approach, to
functionalize the pristine GO with PLLA via one step from commer-
cially available polycondensation-type monomers, L-lactic acid, as
shown in Scheme 1. In our work, in order to prevent GO aggrega-
tion, we used lyophilization method to prepare GO powder, which
was shown to be extremely light and macroporous, so that the
functionalization of GO was facilitated and its dispersibility with
polymer was improved [31]. GO-g-PLLA was successfully prepared
judging from the results of Fourier transform infrared spectroscopy
(FTIR) , X-ray photoelectron spectroscopy (XPS), thermogravimet-
ric analysis (TGA) and atomic force microscopic (AFM), and it
was proved that the oxygen-containing functional groups on GO
could initiate the polycondensation reaction of L-lactic acid. In
addition, we prepared neat PLLA, PLLA/GO and PLLA/GO-g-PLLA
nanocomposites by solution blending and compression molding
and then made a comparative study on these three samples to
clarify the important role of PLLA chains on GO surface in the
enhancement of host polymer.
.cn

2. Experimental

2.1. Materials

Natural graphite powder was provided by Nanjing Xianfeng
Nanomaterial Science and Technology Co., Ltd., China. PLLA (biopla
6202F) was purchased from Ningbo Global Biological Material Co.,
Ltd. Its number-average molecular weights is Mn = 1.1 � 105 g/
mol.

L-lactic acid [CH2O(CH3)COOH] (85 wt% aqueous solution) was
purchased from Tianjin Reagents Co., Ltd., which was dehydrated
with magnetic stirring for 8 h at 110 �C under a vacuum distillation
unit to remove the water before used as the monomer for polycon-
densation. Potassium permanganate (KMnO4), sulfuric acid (H2SO4,
98%), phosphoric acid (H3PO4), hydrogen peroxide (H2O2), and Tin
octoate (Sn(oct)2) of reagent grade were purchased from Tianjin
Reagents Co., Ltd. These chemicals were used as received.
m
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2.2. Preparation of GO

Graphite oxide was synthesized from commercial graphite
powder according to a improved Hummer’s method [25]. In detail,
a 9:1 mixture of concentrated H2SO4/H3PO4 (360:40 mL) is added
to a mixture of graphite flakes (3.0 g, 1 wt equiv.) and KMnO4

(18.0 g, 6 wt equiv.), and then the mixture was stirred for 12 h at
50 �C. After that it was poured into ice water (400 mL) with 30%
H2O2 (3 mL) and stood for one night. The resultant product was
washed on the centrifuge until the pH value of the supernatant
fluid became 7 and then was dried in a vacuum oven at 45 �C form-
ing graphite oxide powder.

The solid was suspended in deionized water (1 mg/mL) and
sonicated for 2.5 h [28,32] to generate a GO suspension. Subse-
quently, the aqueous GO suspension was frozen into an ice cube
in a refrigerator (�15 �C) for 8 h and then was freeze-dried using
a FD-1A-50 lyophilizer (Boyikang Co., Ltd., China) with a condenser
temperature of �50 �C at a inside pressure of less than 20 Pa. After
48 h lyophilization and 48 h vacuum drying (45 �C) process, low-
density, loosely packed GO powder was finally obtained.
2.3. Preparation of GO-g-PLLA

To prepare GO-g-PLLA by melt polycondensation, GO (1.0 g)
was mixed with dehydrated L-lactic acid (200 mL). The mixture
was sonicated for 30 min to obtain a homogeneous dispersion of
GO in the L-lactic acid. Then, Sn(oct)2 (0.2 g) as the polycondensa-
tion catalyst was added into the viscous mixture. Melt-polycon-
densation of L-lactic acid with GO was carried out in 500-mL
Florence flask for 5 h at 180�Cwith magnetic stirring under vac-
uum. The internal pressure in the polymerization reactor was
about 100 Pa. The scheme of melt-polycondensation to prepare
GO-g-PLLA is shown in Scheme 1. After melt-polycondensation,
the final product was dissolved in excess chloroform and then fil-
tered through the PTFE membrane to remove the unreacted mono-
mer, PLLA homopolymer and PLLA ungrafted to graphene
nanosheets [23,29]. The dissolution and filtration process were
repeated several times until no PLLA in the filter liquor could
be detected. The resulting solid was dried for 24 h at 50 �C under
vacuum to obtain GO-g-PLLA.



Scheme 1. Schematic illustration for the preparation and functionalization of GO.
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2.4. Preparation of PLLA/GO-g-PLLA nanocomposites

A predetermined amount of GO-g-PLLA (0.5 wt%) was added to
200 mL chloroform and sonicated for 2 h, and then 20 g PLLA was
added into the chloroform solutions, subsequently mixing for 3 h
with mechanical stirring. The mixed solution of PLLA and GO-g-
PLLA was sonicated for another 2 h and then poured into excess
methanol and filtered through a vacuum filter. Finally, the dried
PLLA/GO-g-PLLA composites were obtained as a gray-to-black solid
by drying it in a vacuum oven at 55 �C for 48 h. In order to test the
mechanical properties of the composites, rectangular samples
were prepared by compression molding. The mold (100 mm �
100 mm � 1 mm) filled with the composite pellets was placed in
hot press which was preheated at 170 �C. A pressure of 20 MPa
was applied for 2 min to soften the pellets and then a pressure of
40 MPa was applied for 10 min. Finally, the mold was quenched
to 30 �C with the cooled water recycle system and removed from
the hot press to obtain a composite panel with 1 mm thickness.
For comparison, PLLA and PLLA/GO (0.5 wt%) sheets were also
prepared by the same method.
 m
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Fig. 1. FTIR spectra of (a) PLLA, (b) GO and (c) GO-g-PLLA.
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2.5. Instruments and characterization

FTIR, XPS and TGA were conducted to show the change of chem-
ical character of GO and GO-g-PLLA. FTIR (Bruker Tensor 27) spec-
tra were recorded from 600 to 4000 cm�1 with a resolution of
2 cm�1 and 32 scans. XPS measurements were performed using a
PHI 5700 ESCA System Auger electron spectrometer (Physical elec-
tronics company, America) equipped with a hemispherical electron
analyzer and a scanning monochromatic Al Ka (hm = 1486.6 eV)
X-ray source. TGA curves were obtained from a Mettler SDTA851e.
The samples were heated from 25 �C to 800 �C at a rate of
10 �C/min in an aluminum crucible under 50 mL/min of nitrogen
purging. Molecular weight of free PLLA was determined by a gel
permeation chromatograph (GPC) on a Waters 1525 apparatus,
USA. AFM (Digital Instrument CSPM5500) measurements with
the typical contact-mode were performed to observe the morphol-
ogy of GO and GO-g-PLLA.

The particle size distributions of GO and GO-g-PLLA in the chlo-
roform were tested using a dynamic light scattering (DLS) system
(Delsa Nano C, Beckman Coulter Co., Ltd., USA) with equivalent
sphere model. The morphology and dispersion of graphene nano-
sheets in the matrix were evaluated by a field-emission scanning
electron microscope (FE-SEM) (JSM-6700F, accelerating voltage
10.0 kV). The tensile fractured surfaces of test specimens were
sputter-coated with gold before the FE-SEM observations to avoid
charging.

The crystallization behaviors of PLLA and nanocomposites were
measured by a differential scanning calorimeter (DSC), DSC Q200
V23.10 Build 79, in a nitrogen flow (50 mL/min) with a heating rate
of 10 �C/min, spanning the temperature range from 40 �C to 200 �C.
Dynamic mechanical analysis (DMA) was carried out in
om
.cn

DMA/SDTA861e in the single cantilever beam mode at 1 Hz, in
the range of temperature from 40 �C to 100 �C. Sample dimensions
used were 20.0 mm � 10.0 mm � 1.0 mm (length, width and thick-
ness, respectively). The mechanical properties of the nanocompos-
ites were evaluated by flexural tests and tensile tests, which were
both performed on a universal mechanical testing machine (MTI
INSTRON). Flexural tests of the PLLA composites were determined
by three point bending tests (50.8 mm � 12.7 mm � 1 mm)
according to ASTM D790 standard with a cross-head speed at
1.27 mm/min and a span at 25.4 mm, to obtain flexural strength
and ultimate strain. Tensile property of the nanocomposites
(80 mm � 10 mm � 1 mm) were performed according to GB
13022 standard at a crosshead speed of 5 mm/min. Five different
measurements were carried out for each sample.
.c3. Results and discussion

3.1. Characterization of GO and GO-g-PLLA

The FTIR spectra of PLLA, GO and GO-g-PLLA were displayed in
Fig. 1. In GO (Fig. 1b), the characteristic features were the band at
3430 cm�1 (OAH stretching vibrations), 1728 cm�1 (C@O stretch-
ing vibrations from carboxylic groups) and 1632 cm�1 (skeletal
vibrations from unoxidized graphitic domains) [25,33–36]. For
GO-g-PLLA, more intense C@O stretching bands appeared at
1750 cm�1. The wave number of C@O stretching band shifted up-
ward from 1728 cm�1 (GO) to 1750 cm�1 (GO-g-PLLA), which
could be explained by the fact that the band at 1728 cm�1 of GO
corresponds to the carboxylic acid groups, while the band at
1750 cm�1 of GO-g-PLLA corresponds to the ester groups of PLLA
chains (Fig. 1a and c) [15,23]. In addition, the intensity of band at
3430 cm�1 which corresponded to hydroxyl groups decreased
clearly because the PLLA chains were grafted to GO surface (the
esterification reaction between carboxylic groups or hydroxyl
groups on L-lactic acid and hydroxyl groups or carboxylic groups
on GO) [29]. The resonances due to CACH3 stretching mode,
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Fig. 3. Thermal degradation curves of (a) GO, (b) GO-g-PLLA and (c) PLLA. Scanning
rate 10 �C/min.
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ACH3 rocking mode and ACH3 asymmetric bending mode of PLLA
were at 1080, 1185, and 1453 cm�1, respectively [23,24,37–39].
Therefore, GO could be served as an initiator for the polycondensa-
tion of the commercially available L-lactic acid monomers and PLLA
chains were successfully grafted on GO.

The functionalization of GO with L-lactic acid was also con-
firmed by XPS. The C1s core-level spectra of both samples were
presented in Fig. 2. The spectrum of GO (Fig. 2a) consisted of five
components, namely C@C/CAC (284.8 eV), CAOH (285.3 eV), CAO
(286.3ev), C@O (288.0 eV) and OAC@O (289.1 eV) [32,40]. After
functionalization with PLLA, the AOH of GO was reduced and the
CAH and OAC@O of GO-g-PLLA corresponding to PLLA [20] were
increased significantly. According to many studies of the polycon-
densation reaction mechanism of lactic acid [23,41,42], this reac-
tion is considered to involve both ‘‘grafted from’’ and ‘‘grafted to’’
approaches. The ‘‘grafted from’’ approach means that the mono-
mers are in situ polymerized from the initiators or catalysts on
GO surface [43]. The ‘‘grafted to’’ approach means that GO is
bonded with existing macromolecules whose terminal functional
groups react with the functional groups on GO [44]. In this reaction
system, the L-lactic acid monomer reacted with carboxyl acid and
hydroxyl groups on the surface of GO, which is attributed to
‘‘grafted from’’ approach, and at the same time the formed free L-
lactide or tripolymer coupled with the function groups supported
by the surface of GO, which is attributed to ‘‘grafted to’’ approach.
As the polymerization went on, the surface of GO was almost
coated with a layer of PLLA chains, which made it much more dif-
ficult for free oligomer to hit the surface of GO than the terminal
groups of grafted PLLA chains due to high steric hindrance. There-
fore, during this stage the chain length of PLLA chains was contin-
uously increased. Besides, the AOH reacted with the Sn(oct)2 to
form RinitiatorACAOASn which would initiate the chain growth,
and the chemical structure might be RinitiatorACAOAR0PLLA. Further-
more, the C/O ratio of GO decreased from 2.22 to 1.67 after grafting
PLLA due to the higher content of oxygen of PLLA than GO.

The grafted polymer content in GO-g-PLLA was tested by TGA.
As shown in Fig. 3, the weight loss stage of GO was range of 70–
230 �C. The weight loss found for GO at the temperature range
from 70 to 130 �C was due to the evaporation of physically ab-
sorbed water and the weight loss at range from 130 to 230 �C
was attributed to pyrolysis of the oxygen-containing functional
groups, yielding CO, CO2 and water vapor [36,45]. However, there
were two clearly separated weight loss stages in the range of
100–160 �C and 270–400 �C for GO-g-PLLA, which corresponded
to the loss of oxygen-containing functional groups on GO and
grafted PLLA chains [20,23], respectively. It seemed that the weight
loss of GO-g-PLLA was increasing continuously after 400 �C
(Fig. 3b). However, PLLA had been decomposed completely before
400 �C as seen in Fig. 3c and other researches [30,46]. So the con-
tent of PLLA grafted to GO was about 30.8 wt%, corresponding to
the weight loss of the degradation of PLLA. The small weight loss
w
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.of GO-g-PLLA after 400 �C might be caused by the decomposition

of the treated GO [47] or other impurity. The molecular size of PLLA
grafted on GO was determined by measuring the free PLLA which
was simultaneously produced during functionalization [48,49].
GPC results demonstrated that the number-average molecular
weight was 3528 g/mol and the polydispersity index is 1.04.

On the other hand, in the preparation of GO-g-PLLA, 1 g of GO
was mixed with 200 mL of L-lactic acid (the weight percentage of
GO was around 0.42%), but after reaction the quality of GO was
around 69.2 wt%. The resulting PLLA grafted on the GO only ac-
counted for less than one percent of L-lactic acid. Because the con-
tent of grafting PLLA increased with the feed ratio of monomer to
GO in a certain scope [36,50], we chose a high ratio in this feed.
Considering the efficiency of reaction, the optimal proportion of
monomer to GO requires further discussion in our future work.

AFM images are used to observe the morphology and the thick-
ness of GO and GO-g-PLLA. Fig. 4a showed that the thickness of GO
was about 1.37 nm, which was consistent with the reported values
[8]. After in situ polycondensation, the thickness of GO-g-PLLA was
about 3.23 nm (as shown in Fig. 4b). The great increase of thickness
can be attributed to the PLLA chains on GO surface.

The dispersity of GO and GO-g-PLLA in chloroform was tested
by a sedimentation experiment and a particle size analysis. As seen
in Fig. 5a, both of them could form homogeneous solutions
(0.5 mg/mL) after sonication for 2 h. However, GO was precipitated
at the bottom after 12 h’s standing, while GO-g-PLLA was still well-
dispersed in the solution (Fig. 5b). This difference resulted from the
grafted PLLA chains which have a strong interaction with the sol-
vent, thus facilitating a good dispersion of GO-g-PLLA in
chloroform.

DLS technique was also used to analyze the size and size distri-
butions of GO and GO-g-PLLA. As we know, graphene nanosheets
tend to aggregate back to graphite gradually due to the strong
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Fig. 4. Tapping mode AFM images of (a) GO and (b) GO-g-PLLA.

Fig. 5. (a) Photos of GO and GO-g-PLLA dispersion in chloroform (0.5 mg/mL) after
sonication for 2 h; and (b) states after standing for 12 h.
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wwwvan der Waals interaction [51], therefore the size of graphene
nanosheets in the solvent can reflect the dispersion state in solu-
tion. Note that here the DLS data used a sphere model to simulate
graphene nanosheet assemblies and all of samples (0.5 mg/mL)
were tested rapidly after sonication for 2 h. As shown in Fig. 6,
the average particle size of GO in water was 126 ± 36 nm, which
indicated that GO existed in the form of single- or few-layer graph-
ene sheets and had stable distribution in water [28]. While the
average particle size of GO-g-PLLA changed into 2798 ± 787 nm
and showed wide distribution, which indicated that after treating
with polycondensation, hydrophobic PLLA chains were success-
fully grafted on surface of GO. And thus GO-g-PLLA was turned into
hydrophobic material and could not disperse well in water. Be-
sides, GO and GO-g-PLLA showed equivalent diameters of
562 ± 210 nm and 323 ± 140 nm in chloroform, respectively. Theo-
retically, after grafting PLLA chains, the diameter of GO-g-PLLA
would increase compared with GO, but due to the formation of
GO aggregation in chloroform, it exhibited higher diameter and
wider size distribution than GO-g-PLLA. Therefore, it is possible
to use the way of in situ polycondensation to improve the disper-
sibility of GO in chloroform.
3.2. Morphology and crystallization behaviors of nanocomposites

To characterize the morphology and dispersity of fillers in the
nanocomposites, FE-SEM images of fracture surfaces of PLLA,
PLLA/GO and PLLA/GO-g-PLLA composites were examined, as dis-
played in Fig. 7. The PLLA showed a smooth fracture surface mor-
phology (Fig. 7a). For PLLA/GO nanocomposites, GO formed
agglomeration in the PLLA matrix and floated on the PLLA matrix,
as marked in Fig. 7b. It is believed that GO aggregations in the PLLA
matrix were caused by the Van der Waals interaction among GO as
well as the poor compatibility of GO with the PLLA matrix. In the
case of PLLA/GO-g-PLLA nanocomposites, the fracture surfaces of
them were relatively crude, which indicated that more energy
was required to break the composites and GO-g-PLLA formed
strong interface with PLLA. In addition, the fracture surface of
PLLA/GO-g-PLLA did not show noticeable GO aggregations due to
the PLLA chains wrapped around GO which supported GO-g-PLLA
to mix well with the same nature matrix. This indirectly reflected
the enhanced dispersion of GO-g-PLLA (the solids marked by ar-
rows in Fig. 7c might be GO-g-PLLA).
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Fig. 7. Tensile fracture surface of (a) PLLA; (b) PLLA/GO; and (c) PLLA/GO-g-PLLA.

Table 1
Tg, Tm, crystallinity and melting enthalpy of neat PLLA and PLLA nanocomposites.

Sample Tg (�C) Tm (�C) DHm (J/g) vc (%)

PLLA 53.8 164.3 38.9 41.8
PLLA/GO 59.4 167.1 41.0 44.1
PLLA/GO-g-PLLA 60.2 169.1 44.4 47.8

296 W. Li et al. / Chemical Engineering Journal 237 (2014) 291–299
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DSC was used to investigate the crystallization behaviors, glass

transition temperature (Tg) and melting temperature (Tm) of the
samples (Fig. 8). Tg and Tm of polymer are affected by the mobility
of polymer chains as seen in many reports [52]. In the curve of
PLLA, it showed that the Tg and Tm of PLLA were about 53.8 �C
and 164.3 �C, respectively. Besides, it exhibited a double-melting
behavior. In general, the first endotherm is attributed to the melt-
ing of the original crystals, and the second endotherm is owing to
the crystals formed or perfected during the DSC scan [53]. With the
addition of GO and GO-g-PLLA, Tg increased to 59.4 �C and 60.2 �C,
while Tm increased to 167.1 �C and 169.1 �C, respectively. The in-
creases of the Tg and Tm values in the nanocomposites may be as-
cribed to an effective attachment of PLLA to graphene derivatives,
which constrained the segmental motion of the PLLA chains by
mechanical interlock, hydrogen bonding and electrostatic attrac-
tion, as demonstrated in other reports [54,55]. The higher thermal
stability of PLLA/GO-g-PLLA than PLLA/GO may reflect the higher
interfacial bonding strength between PLLA and GO-g-PLLA.

The degree of crystallinities (vc) of neat PLLA and its nanocom-
posites is determined by the ratio of enthalpy of melting (DHm) of
the samples to that of 100% crystalline PLLA (DH0), 93 J/g. For clar-
ity, the temperatures of major peaks, DHm and the calculated vc

from DSC thermograms of PLLA and hybrids were summarized in
Table 1. It can be seen that the incorporation of GO and GO-g-PLLA
slightly improved crystallinities of PLLA nanocomposites. Besides,
PLLA/GO and PLLA/GO-g-PLLA composites both showed a cold
crystallization peak at about 105 �C which indicated that the addi-
tion of graphene derivatives enhanced the cold crystallization
behavior.

3.3. Mechanical properties of nanocomposites

The high surface area and relatively high modulus of graphene-
based materials [56] allow them to be the important load-bearing
component when dispersed into polymer [13], and thus significant
reinforcing effects of polymers by graphene-based fillers have been
ww
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mpreviously reported [57]. In this study, flexural and tensile tests
were conducted to investigate the effect of GO and GO-g-PLLA on
the mechanical properties of PLLA.

The dynamic mechanical properties of PLLA and nanocompos-
ites were investigated and loss factors (tand), the ratio of loss mod-
ulus to storage modulus, of them were given in Fig. 9. Tand curves
revealed one important thermal transitions corresponding to the
samples, which supplied the information on the weak transition
and interface of multiphase system. Tg shown in the DMA curves
(taken as the peak of tand) was increased from 68.7 �C for PLLA
to 71.3 �C (PLLA/GO) and 72.5 �C (PLLA/GO-g-PLLA). The values
were higher than that of Tg in DSC, which was caused by the differ-
ent test methods, but the trend of temperature was uniform. The
shifts of Tg to high temperatures in the PLLA/GO and PLLA/GO-g-
PLLA hybrids suggested increased adhesion between polymer and
fillers in the system.

In PLLA/GO-g-PLLA system, the adhesion between polymer and
fillers was due to the same nature of them which was bound to
facilitate the chains to intertwine with each other. And thus the fi-
nal mechanical interlock between polymer and nanofillers was
increased.

However, why did the blend of PLLA and GO also show higher Tg

and Tm, and did the interface interaction arise from the molecular
interaction between PLLA and GO, i.e., hydrogen bonding? We em-
ployed the FTIR technique to verify this specific interaction be-
cause of its sensitivity to H-bonding formation. H-bonding
involves C@O groups of PLLA, often regarded as H-bonding accep-
tor, together with AOH and ACOOH groups of GO, usually regarded
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as H-bonding donor. The abundant AOH and ACOOH groups on GO
provided favorable condition for the formation of H-bonding.
Fig. 10 showed FTIR spectra recorded at room temperature for PLLA
and its blends with nanofillers. Similar FTIR bands were observed
for them, except for the C@O region around 1755 cm�1. In PLLA/
GO, the stretching vibrations of C@O were split into two distinct
peaks, unlike the single carbonyl peak of PLLA and PLLA/GO-g-
PLLA. One of the split peaks at about 1755 cm�1 was still assigned
to the original C@O vibration which was free and did not form
H-bonding with GO; the other peak shifted to a lower wavenumber
around 1748 cm�1, which was caused by the formation of
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H-bonding, as reported in other studies [42,58]. Thus it verified
the formation of H-bonding between PLLA and GO.

Flexural properties of neat PLLA, and PLLA/GO and PLLA/GO-g-
PLLA nanocomposites were summarized in Fig. 11a. Neat PLLA
used in this study has a breaking strength of about 56 MPa and a
distortion at break of 1.24%. Compared with neat PLLA, PLLA/GO
nanocomposites had an increased breaking strength of 109 MPa
and a distortion at break of 3.02%, increasing by 94.6% and
143.5%, respectively. While PLLA/GO-g-PLLA nanocomposites
exhibited a higher breaking strength of about 120 MPa and a dis-
tortion at break of 3.68%, increasing by 114.3% and 196.8%,
respectively.

The mechanical properties of nanocomposites are significantly
affected by the following factors: (i) the dispersibility of graph-
ene-based fillers in PLLA matrix; (ii) the interfacial interaction be-
tween nanofillers and PLLA matrix; (iii) the crystallization behavior
of samples. However, there was little difference in crystallinity of
the three samples, as seen from the Table 1. So the difference of
the mechanical properties caused by crystallinity might be ig-
nored. Good dispersion and interfacial stress transferring lead to
a more uniform stress distribution and minimize the presence of
the stress concentration center [54]. In the case of PLLA/GO com-
posites, although the sonication, mechanical stirring and rapid pre-
cipitation were used to assist the dispersibility of GO in matrix, a
part of GO tended to aggregate (as seen in the Fig. 7b) due to their
strong interlayer cohesive energy (van der Waals interaction) [48].
On the other hand, the oxygen-containing groups and negative
.c
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charges on GO surface can interact effectively with PLLA via hydro-
gen bonding and electrostatic attraction, as reflected from Fig. 10
and other reports [54,59]. Despite poor dispersion of GO, the addi-
tion of it still improved the flexural properties of PLLA in some de-
gree. While in the case of PLLA/GO-g-PLLA composites, the flexural
properties of PLLA nanocomposites was further improved, which
could be attributed to the efficient load transfer between graphene
sheets and PLLA matrix. The stable and uniform dispersion of GO-
g-PLLA in the chloroform solution (as seen in the Figs. 5 and 6) was
bound to result in a good dispersion of GO-g-PLLA in the PLLA ma-
trix(as reflected in the Fig. 7c), which would favor the stress trans-
fer across the interaction between GO-g-PLLA and PLLA matrix
[60]. The specific polymer chains on GO surface not only improved
the dispersibility of nanofillers but also provided the strong inter-
facial adhesion between GO-g-PLLA and PLLA because the brushed
PLLA on surface of GO inserted into PLLA matrix due to same nat-
ure of them, which can be reflected from the increase values of Tg

and Tm. As a result, significant enhancement of flexural properties
of the composites was achieved. The typical stress–strain curves of
these nanocompsites were presented in Fig. 11b. As seen in it, the
PLLA and PLLA/GO both showed the typical characteristics of brit-
tle material: Hookean (linear) behavior and absence of continuous
yielding. As to PLLA/GO-g-PLLA, the curve occurred a region of
plastic deformation and a higher elongation, which indicated that
the addition of GO-g-PLLA enhanced the toughness of PLLA.

Fig. 12 showed the averaged tensile properties and typical
stress–strain curves. As seen in them, adding both the two types
of graphene sheets to PLLA would increase the initial tensile prop-
erties of the composites. When GO was added into the PLLA matrix,
tensile strength of PLLA/GO nanocomposites increased from
35 MPa of PLLA to 53 MPa (an increase of 51.4%), and the elonga-
tion at break increased from 6.50% to 8.91% (an increase of
37.1%). As to PLLA/GO-g-PLLA composites, tensile strength of them
further increased to 72 MPa (an increase of 105.7%) and elongation
at break increased to 14.48% (an increase of 122.8%). As aforemen-
tioned, this is due to a matrix stiffening effect induced by nano-
sized carbon material reinforcement in PLLA matrix.

In the flexural tests, the breaking strength of PLLA/GO-g-PLLA
nanocomposites (120 MPa) increased by 10.1% compared with
PLLA/GO (109 MPa), while in tensile tests, it increased by 35.8%.
This is due to the fact that the tensile failure mechanism in nano-
composites is usually caused by interfacial debonding [61], so the
efficient reinforcing effect of functionalized GO performed espe-
cially apparent in tensile tests. Good dispersion of GO-g-PLLA and
strong interfacial interactions between GO-g-PLLA and matrix
made a huge contribution to the enhancement effect of GO-g-PLLA
on the tensile properties of composites.
ww4. Conclusions

The lyophilized GO, without any further modification, was effi-
ciently covalently functionalized with biocompatible PLLA via one
step based on in situ polycondensation of the commercially avail-
able L -lactic acid monomer. FTIR and XPS studies indicated that
the rich oxygen-containing functional groups on the GO showed
active enough for participating the polycondensation of L-lactic
acid and thus biocompatible PLLA was successfully grafted onto
the surface of GO. TGA results showed that GO could obtain a high
grafting rate of PLLA (30.8%) under a moderate condition (as de-
scribed above). Moreover, the addition of graphene derivatives
could facilitate the cold crystallization behavior of PLLA and im-
proved its Tg and Tm values, but had little effect on the crystallinity
of PLLA. GO-g-PLLA could be well-dispersed in PLLA matrix and
exhibited excellent enhancement of mechanical properties of PLLA
composites. With only 0.5 wt% loading of GO-g-PLLA,
m
.co
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LLA/GO-g-PLLA composites showed 114.3% and 105.7% increases
in flexural and tensile strength compared with neat PLLA, respec-
tively. These excellent properties were due to the homogeneous
dispersion, high interfacial area and strong adhesion forces caused
by the surface specific functional groups. As one of the most impor-
tant biocompatible and biodegradable materials, PLLA incorporat-
ing with high-performance graphene sheets grant improvement
of mechanical performance and may promise multipurpose in
PLLA. The route to prepare GO-g-PLLA should be favored in indus-
trialization for its short technological process and cheap commer-
cially available raw material.
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