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Graphene oxide-polystyrene graft polymer (SGO-PS) was prepared by reversible addition-fragmentation chain transfer radical
polymerization method. Orthogonal experiments indicated that the optimum synthesis reaction conditions for SGO-PS were as
follows: the millimole ratio of chain transfer agent to initiator was 0.15 : 0.3, and the amount of styrene was 8mL at 80°C for 12
hours. The products were characterized by Fourier transform infrared spectroscopy and thermal weightlessness analysis, and the
highest grafting rate of SGO-PS was 62.46%. Then, PLA/SGO-PS nanocomposites were prepared using SGO-PS as fillers by
melt intercalation method, and its crystallinity, mechanical properties, and thermal stability were significantly improved.
Compared with pure PLA, the crystallinity of PLA/SGO-PS (0.3 wt%) nanocomposites was increased by 5 times. Multiple
melting behavior tests showed that the introduction of SGO-PS caused the PLA molecular chain to be discharged into the unit
cell in time, and the melting temperature shifted to a higher temperature, which ultimately made the grain structure of PLA
composites more complete and stable than pure PLA. The rheological performance test showed that the uniform dispersion of
SGO-PS in the PLA matrix inhibited the free movement of the PLA molecular chain and caused higher flow resistance, resulting
in an increase in the complex viscosity, storage modulus, and loss modulus of PLA/SGO-PS.

1. Introduction

Plastic materials have been widely used in all aspects of
life and industry. However, most conventional plastics
are nonbiodegradable, and their accumulation in the envi-
ronment has threatened the ecological balance of the earth
[1]. Concerns about environmental protection and the
shortage of petroleum resources have promoted the pro-
duction of biodegradable materials [2, 3]. Poly (lactic acid)
(PLA) is one kind of biodegradable [4] and biocompatible
thermoplastic that is fermented from renewable resources.
PLA can be completely decomposed into environmental-
friendly CO2 and H2O under the condition of composting,
so its characteristics have attracted much attention in the

research of polymer materials [5–9]. Since the lactic acid
molecule has an asymmetric carbon atom, it has optical
rotation. However, due to the poor chemical regularity of
PLA [10], its relatively low thermal stability, inherent brit-
tleness, low toughness, and low crystallinity [11] limit its
further application and development [12–14]. Therefore,
it is necessary to modify PLA to expand its practical appli-
cation in various fields.

Therefore, in order to improve the above defects of PLA
and broaden its application range, it is necessary to study
the modification of PLA. At present, the modification of
PLA mainly includes chemical modification and physical
modification [15]. Chemical modification of PLA refers to a
monomer or a reactive group in the form of a covalent bond
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with poly (lactic acid) chemical combination, mainly includes
thecopolymerizationmodification [16], chainextensionmod-
ification [17], graft modification [18], and crosslinking modi-
fication [19]. The physical modification of PLA mainly
includes the blending of PLA with other high-performance
polymer materials, and filling with inorganic compounds,
organic compounds, andmacromolecules by variousmethods
[20]. Physicalmodification cannotonly reduce the cost ofPLA
to a certain extent but also improve the defects of PLA on the
basis of maintaining its original excellent performance, so as
to expand the practical use range of PLA.

Graphene oxide (GO) is a monoatomic layer made of
graphite powder through chemical oxidation and stripping.
Its lateral size can be extended from nanometers to micro-
meters. Due to its special mechanical properties, thermal
properties, high specific surface area, and unique two-
dimensional structure compared with clay, carbon nano-
tubes, graphite, and other composite materials, it is very
suitable for the construction of high-performance
polymer-based nanocomposites [21]. The surface of GO
has a large number of oxygen-containing functional groups,
such as carboxyl (-COOH), hydroxyl (-OH), and epoxy
functional groups (C-O-C) [22]. These polar groups can
make the polymer easily embedded in the graphene oxide
layer to form a poly (lactic acid) nanocomposite, thereby
effectively improving the mechanical properties of the poly-
mer composite, the thermal properties, and the crystalline
properties. However, in polymer/GO composites, incompat-
ibilities between the filler and the polymer matrix can
reduce the performance of the polymer material. In order
to improve the dispersion and compatibility of graphene
oxide in the poly (lactic acid) matrix, the surface of gra-
phene oxide can be modified by polymers. Wang et al.
[23] introduced chain extender (CE) and hydroxyl-
functionalized graphene (HG) into PLA by melt blending
to improve crystallization behaviors, rheological properties,
and foaming behaviors of PLA. The results showed that
the cold crystallization temperature of the chain extended
PLA (CPLA)/HG was higher 8.2°C than that of PLA and
the viscoelasticity of PLA was improved, which due to the
formation of branching structure and the interaction
between CPLA and HG. Wang et al. [10] used poly (ethyl-
ene octene) grafted with glycidyl methacrylate (POE-g-
GMA) to improve rheological, thermal properties, tough-
ness, and foaming properties of PLA through chain exten-
sion. The results showed that the dynamic rheology of
PLA was significantly improved, the cold crystallization
temperature of PLA decreased by more than 10°C, and the
impact strength increased by more than 4 times, which
was caused by the chain extension reaction between PLA
and POE-g-GMA.

Atom transfer radical polymerization (ATRP) can effec-
tively realize living polymerization and has the characteristics
of controllable molecular weight and narrow molecular
weight distribution. Some researchers, such as Roghani-
Mamaqani and Haddadi-Asl [24], carried out such ATRP
reactions on the hydroxyl groups on GO to functionalize
GO with (3-aminopropyl) triethoxysilane coupling agent.
Subsequently, the functionalized GO was reacted with α-bro-

moisobutyl to form an initiator macromolecule, and a graft of
GO-polystyrene was formed through the ATRP reaction. The
electron activated regeneration atom transfer radical poly-
merization method (AGET-ATRP) is developed based on
the ATRP principle. The biggest difference is that AGET-
ATRP does not need to add a low-price catalyst, but intro-
duces reducing agent (ascorbic acid) to react with oxidation
state transition metal to produce the catalyst for ATRP.
Zheng and Zhen [25] used AGET-ATRP polymerization to
graft polymethyl methacrylate on GO and added it to PLA
as a nucleating agent by melt blending to modify the PLA.
The results show that the fracture elongation and impact
strength of the composite have improved by 40.66% and
50.62%, respectively, due to the improved crystalline proper-
ties, and the composite has strong shielding performance
against ultraviolet light. However, the double bond of the
monomer used for AGET-ATRP polymerization generally
requires electron-absorbing groups, while the double bond
of the monomer used for active cationic polymerization
requires electron-pushing groups, therefore, a variety of
polymerization methods should be combined to obtain the
target polymer [26].

As one of the active free radical polymerization,
reversible addition-fragmentation chain transfer (RAFT)
has a full range of applicable monomer, a relatively mild
reaction temperature, and can be achieved by a variety
of polymerization methods such as bulk, solution, emul-
sion, and suspension polymerization [27] In general, it is
necessary to introduce trace chain transfer agents (such
as trithioesters) into the free radical polymerization system
(monomer + initiator) to initiate polymerization [28].
Because the thiocarbonyl group in the trithiocarbonate
can ensure the rapid chain transfer reaction, thereby
reducing the blocking phenomenon and preparing differ-
ent functional polymers. Yang et al. [29] grafted RAFT
chain transfer agent (CTA) onto the surface of reduced
graphene oxide (RGO) nanosheets by a click reaction,
and then grafted poly (N-isopropylamide) onto the surface
of RGO by RAFT polymerization. After a three-step mod-
ification process, Nikdel et al. [30] coupled the dithioben-
zoyl disulphide (RAFT agent) to the GO surface, obtained
the GO-RAFT nanosheet, and synthesized the RAFT poly-
merization product of 2-ethyl methacrylate and acrylic
acid using azodiisobutyronitrile as the initiator. A wide
range of chain transfer agents for RAFT polymerization
of alternative trithioesters can be used to prepare a series
of homopolymers with different and narrow molecular
mass distribution, which can be applied to the modifica-
tion properties of GO to greatly expand the application
of GO in the field of polymer composites.

In this work, a modified GO (SGO) capable of initiat-
ing RAFT polymerization is firstly prepared through the
esterification of hydroxyl groups on the surface of GO
with trithiocarbonate, SGO was used as a macromolecular
chain transfer agent, and azobisisobutyronitrile was used
as an initiator to initiate RAFT polymerization of styrene
monomer to obtain graphene oxide-grafted polystyrene
(SGO-PS). Then, SGO-PS was used in the fillers in PLA,
and PLA/SGO-PS nanocomposites were prepared by melt
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intercalation. Furthermore, the effect of SGO-PS on prop-
erties, crystallization, and rheological behavior of poly (lac-
tic acid) was investigated, respectively.

2. Experimental

2.1. Materials. The flake graphite had an average particle size
of 75μm and was purchased from Qingdao Dahe Graphite
Co. Ltd. Sulfuric acid, potassium permanganate, and hydro-
gen peroxide were purchased from Chengdu Kelong Chemi-
cal Reagent Factory. Hydrochloric acid was purchased from
Tianjin Zhiyuan Chemical Reagent Co. Ltd. Trithiocarbo-
nate, styrene, and azobisisobutyronitrile (AIBN) were pur-
chased from Beijing J&K Chemicals Co. Ltd. PLA (injection
grade, Mw = 100 000 g · mol−1) was purchased from Shenz-
hen Guanghua Weiye Co. Ltd. 1-(3-Dimethylaminopro-
pyl)-3-ethyldiimine hydrochloride (EDC) was purchased
from Shanghai Macklin Biochemical Technology Co. Ltd.
N-Hydroxysuccinimide (NHS) was purchased from Beijing
J& K Chemicals Co. Ltd.

2.2. Preparation of GO. GO was prepared by modified
Hummers and Offeman [31]. Firstly, 150mL sulfuric acid
(98wt%) was precooled in an ice bath for 15 minutes.
Then, 6 g graphite and 3 g NaNO3 were added and stirred
well at 5°C. After adding 21 g KMnO4 in batches within 1
hour, the reaction was continued for 1 hour. Furthermore,
the reaction was carried on for 2 hours at 35°C until the
solution was changed from purple to green. Subsequently,
225mL of deionized water was added slowly in batches
and heated to 95°C for 30minutes. Then, H2O2 (30%)
was slowly added in batches to turn the solution into
golden at 60°C. After that, the product was filtered while
hot and washed with 5% hydrochloric acid and pure
water. The product was dialyzed for a week, and purified
water was replaced every two hours to remove impurities.
Finally, the product was dried under 40°C vacuum for 2
days. After GO was dissolved in solvent, monolayer GO
was prepared by ultrasonic dispersion method.

2.3. Preparation of SGO-PS. The synthetic process of SGO-PS
was shown in Figure 1. Using a carboxyl group on a trithio-
carbonate under the coupling of EDC and NHS, an esterifica-

tion reaction with a hydroxyl group on GO was performed to
obtain a macromolecular chain transfer agent-trithioester-
modified GO (SGO). Firstly, 0.5 g of GO was placed in
50mL of DMF solution, and after sonication for 1 hour,
0.5 g of EDC and NHS was put into the solution for half an
hour of ultrasound. The trithioester was quantitatively added
to the solution according to orthogonal Table 1. After react-
ing at 80°C for 12 hours, it was taken out and filtered, and
washed with chloroform three times to remove unreacted
trithioester and coupling agent. The product was vacuum
dried at 40°C to obtain a macromolecular chain transfer
agent (SGO). Then, SGO, initiator (azobisisobutyronitrile),
and styrene were added to the flask quantitatively according
to orthogonal (Table 2). After adding 50mL of DMF solution
to fully ultrasonic for half an hour, the temperature was
raised to the temperature set by an orthogonal design
experiment (Table 2). The product was dissolved and
washed with dichloromethane several times, and then the
product (SGO-PS) was precipitated with a methanol solu-
tion. After several times of washing, the product was vac-
uum dried at 40°C for 24 hours.

2.4. Preparation of PLA/SGO-PS Nanocomposites. PLA
(Mw = 100000 g · mol−1) and SGO-PS were dried in a vac-
uum at 60°C for 24 hours to remove residual water. PLA
was mixed with a certain amount of SGO-PS in a sealed
bag and then manually added to a twin-screw extruder
(HAAKE Mini Lab II, Thermo Fisher Scientific, USA, diam-
eter 19mm, L/D = 25 : 1) to prepare PLA nanocomposite by
molten intercalation. The processing temperature is set at
180°C (from the feeding area to the die head), and the screw
speed is set at 30 rpm. The addition amounts of SGO-PS in
PLA/SGO-PS nanocomposites were 0wt%, 0.1wt%,
0.3wt%, 0.5wt%, and 0.7wt%, respectively. The PLA/SGO-
PS nanocomposite was then fused and extruded for pelletiz-
ing and injection molding, finally named PLA0 (pure PLA),
PLA1, PLA2, PLA3, and PLA4, respectively. Under the con-
ditions of 800 bar of pressure, 200°C of feed barrel tempera-
ture, 60°C of mold temperature, and 10 seconds pressure
holding time, PLA material was injected with injection
equipment (Thermo Mini Jet Pro, Thermo Fisher Scientific,
USA) and prepared for standard tensile test and standard
impact test.
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Figure 1: The synthesis route of SGO-PS.
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2.5. Characterization

2.5.1. Thermogravimetric Analysis. Thermal gravimetric
analysis (TGA) was performed on the SDT-Q600 gravimetric
analyzer (USA). Each sample was heated at a rate of
10°C/min (approximately 6-10mg) in a nitrogen atmosphere
(100mL/min) from room temperature to 600°C.

Grafting rate = ½ðtotal mass of initial thermogravimetric
sample − thermogravimetric residual massÞ/total mass of
initial thermogravimetric sample� × 100%.

2.5.2. Fourier Transform Infrared Spectroscopy. The Fourier
transform infrared spectrum (FTIR) of the sample was
recorded on the Bruker-Equinox 55 spectrometer of Karls-
ruhe, Germany, using the standard KBr particle/disk tech-
nique. The spectra were recorded in the spectral range of
4000-400 cm-1 with a resolution of 4 cm-1. All samples were
dried in a vacuum oven at 60°C for 24 hours for analysis.

2.5.3. Contact Angle Test. Using a contact Angle instrument
(JJ2000B2, Zhongchen Digital Technology Co., Ltd., China)
to determine the static contact angle of water on GO and
SGO-PS surfaces. Before the test, the 0.3 g powder sample
was put into a die with a radius of 10mm and pressed into
2mm thin sections under 10MPa pressure by the SSP-10 tab-
let press. When the water with a fixed volume of 0.2mL drips
on the sample for 2 seconds, the contact angle meter will

automatically take a screenshot. Each sample was measured
five times and the average contact angle of each sample was
calculated using computational software.

2.5.4. X-Ray Photoelectron Spectroscopy. The chemical con-
stituents of GO and SGO-PS were determined by X-ray pho-
toelectron spectroscopy (XPS). The X-ray source is Al Kα,
the voltage was 12 kV, and the current was 5mA. The pres-
sure in the sample analysis chamber is less than 6:7 × 10−7
Torr; the sample detection angle was 90°. All binding energies
refer to the C1s hydrocarbon peak at 284.7 eV.

2.5.5. Transmission Electron Microscopy. The morphology of
GO, SGO-PS, and PLA/SGO-PS were observed by transmis-
sion electron microscopy (TEM), TECNAI G2-F20 (FEI Co.,
the Netherlands). The sample was observed at an accelerating
voltage of 75 kV. Before TEM detection, GO and SGO-PS
were ultrasonic dispersed in the DMF for 30min. The ultra-
thin slice of PLA/SGO-PS nanocomposites samples was done
by LEICA uc7 microtome, and the thickness of ultrathin
slices was about 150nm.

2.5.6. Tensile Property Analysis. The mechanical perfor-
mance test was completed on the CMT6104 electronic
universal testing machine (Shenzhen New Sansi Measure-
ment Technology Co., Ltd.). Stretching speed was
5mm/min, in accordance with ASTM D 638 standard.
At least five measurements were recorded for each sample.

2.5.7. Impact Strength Analysis. The notch impact test was
carried out by the electronic impact testing machine
(Chengde Jinjian Testing Instrument Co., Ltd.) according to
the ASTM D256 standard. The sample size is 80mm × 10
mm × 4mm. For each sample, at least 5 data points are
obtained and the average value is calculated.

2.5.8. SEM Analysis of Impact Section. A scanning electron
microscope (SEM) with an acceleration voltage of 20 kV
was used to observe the morphology of PLA/SGO-PS nano-
composites. Before scanning electron microscopy analysis, a
small amount of sample was intercepted and fixed on the
stage with conductive adhesive, and placed in the sample
processing tank for gold spraying treatment.

2.5.9. Differential Scanning Calorimeter Analysis. A DSC
Q2000 differential scanning calorimeter (TA Instruments,
USA) was used for differential scanning calorimetry (DSC)
analysis of PLA0 and PLA2 samples (approximately 6-
10mg). The test was performed under a nitrogen atmosphere
(50mL/min). The sample was heated from room tempera-
ture to 200°C at a heating rate of 10°C/min, and the DSC

Table 1: Factor level of the orthogonal experiment L9 (3
4) for the preparation of SGO-PS.

Factors
Level A/reaction temperature (°C) B/CAT : AIBN (mmoL) C/styrene (mL) D/reaction time (h)

1 70 0.05 : 0.1 2 8

2 80 0.1 : 0.2 5 10

3 60 0.15 : 0.3 8 12

Table 2: Results obtained from the orthogonal experiment for
preparation of SGO-PS.

Numbers
Factors

Grafting rate (%)
A B C D

1 1 1 1 1 14.36

2 1 2 2 2 47.79

3 1 3 3 3 59.61

4 2 1 2 3 43.30

5 2 2 3 1 48.08

6 2 3 1 2 57.91

7 3 1 3 2 22.94

8 3 2 1 3 31.29

9 3 3 2 1 11.90

K1 40.59 26.87 34.52 24.78

K2 49.76 42.39 34.33 42.88

K3 22.04 43.14 43.54 44.73

R 27.72 16.27 9.21 19.95

Effects of factors on experimental results: A >D > B > C. Optimum
conditions: A2D3B3C3.
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curve of the process was recorded. The enthalpy and peak of
the second heating curve were calculated by the TA universal
analysis software [32].

2.5.10. Polarized Optical Microscopy Analysis. In order to
study the spherical microstructure of PLA nanocomposites
during isothermal crystallization, the crystal morphology of
the samples was studied using polarized optical microscopy
(POM). Place a small amount of sample on a glass slide and
heat it to 200°C at a temperature increase rate of 50°C/min.
After holding at a constant temperature for 3 minutes, the
sample was quickly cooled to 130°C for isothermal crystalli-
zation. The isothermal crystalline form of the sample can
be observed and photographed by a polarizing microscope.

2.5.11. Rheological Analysis. The pure PLA and PLA nano-
composite film samples were cut into 40mm × 400mm ×
0:3mm test blocks, and the linear viscoelastic behavior of
PLA was studied with MARS60 rotary rheometer. Set the test
temperature to 180°C and use a parallel plate fixture with a
pitch set between 0.3mm and 0.5mm. The strain is set to
2.1%, and the PLA scan frequency range is 0.1 rad/s-
100 rad/s. All tests are performed after the temperature rises
to the set temperature and stabilizes for 5 minutes. This step
is to eliminate the influence of the thermal history of PLA on
the rheological properties.

3. Results and Discussion

3.1. Optimization of SGO-PS Synthesis. In this work, the opti-
mum conditions for the preparation of SGO-PS were deter-
mined by orthogonal design experiments. Since the weight
loss rate of thermogravimetry caused by grafting poly (sty-
rene) varies, it is regarded as the objective function of SGO-
PS. In addition, the reaction temperature, reaction time,
molar ratio of chain transfer agent (CAT) to the initiator
(AIBN), and styrene content were selected as the four main
influencing factors of the orthogonal experiment. Through
the orthogonal design experiment of L9 (34) (Table 1), the
optimum process conditions were determined, and
PLA/SGO-PS nanocomposites were prepared using SGO-
PS as a filler by melt intercalation method. Table 2 showed
that the influence coefficients of SGO-PS synthesis were
27.72, 16.27, 9.21, and 19.95, respectively, which indicated
that the factor A (temperature) had the greatest effect on
the synthesis of SGO-PS. The orthogonal test showed that
the optimum reaction conditions were a reaction tempera-
ture of 80°C, an optimum reaction time of 12 hours, a milli-
mole ratio of chain transfer agent to initiator (AIBN) of
0.15 : 0.3, and a styrene volume of 8mL.

3.2. Thermogravimetric Analysis and Characterization of
SGO-PS. Figure 2 showed the thermogravimetric curves of
GO, SGO-PS samples (1-9), and SGO-PS samples prepared
under the optimal reaction conditions. As shown in
Figure 2, the mass loss temperature range of GO was
120°C-350°C. The thermal weight loss at a temperature of
150°C was caused by the evaporation of water between GO
layers. The mass loss at a temperature range of 150°C-
350°C was due to the high temperature decomposition of

oxygen-containing functional groups such as hydroxyl
groups and carboxyl groups on the surface of the GO into
CO, CO2 and water vapor. The weight loss of the SGO-PS
orthogonal experiment samples (1-9) mainly occurred at a
temperature range of 395°C-450°C, which was the mass loss
caused by the decomposition of poly (styrene) grafted to
SGO [33]. According to the best experimental conditions,
the maximum grafting amount of poly (styrene) was
62.46%. This result indicated that the poly (styrene) molecu-
lar chain was grafted onto the SGO surface.

As shown in Figure 3, the functional groups of SGO were
analyzed by infrared. In the FTIR spectrum of GO, the peak
appearing at 1712 cm-1 was C=O, and the peak appearing at
1617 cm-1 was C=C [34]. In the SGO spectrum, 2922 cm-1

and 2855 cm-1 belong to the infrared vibration absorption
peaks of -CH3 and -CH2, respectively. In the SGO infrared
spectrum, the hydroxyl vibration peak at the 3406 cm-1 peak
position becomes weaker and moves to a low wave number to
3386 cm-1. Moreover, the absorption vibration peaks of C-S
and S=C in SGO are at 1100 cm-1 and 1252 cm-1, which indi-
cates that the synthesis of SGO is an esterification reaction
process [35]. Figure 3(b) shows the FTIR spectra of SGO-
PS and PS. The peak positions at 3026 cm-1, 2924 cm-1, and
2850 cm-1 are stretching vibration of the benzene ring
(=CH), asymmetric stretching vibration (-CH2), and sym-
metrical stretching vibration (-CH2). The peak positions at
1650 cm-1, 1600 cm-1, and 1492 cm-1 are the C=C stretching
vibration and the CH=CH- vibration peak position on the
benzene ring. The peak at 757 cm-1 and 700 cm-1 are =CH
out-of-plane deformation vibrations on monosubstituted
benzene rings. The above main characteristic peaks indicate
that SGO-PS has been synthesized.

The images of contact angles of water droplets on the
surfaces of GO and SGO-PS were shown in Figures 3(a)
and 3(b). The contact angle formed by liquid (water) on
the surface of different samples was completely different.
It can be seen from Figure 3 that the water contact angles
of GO and SGO-PS were 12° and 90°, respectively. This
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Figure 2: Thermogravimetric curves of GO, SGO-PS samples (1-9),
and the optimum sample of SGO-PS.
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proved that the hydrophobicity of SGO was improved
after the grafting reaction due to the introduction of a
hydrophobic group (benzene ring). This result was also
consistent with the FTIR analysis.

The XPS spectra of GO, SGO, and SGO-PS were shown
in Figure 4, and the results were shown in Table 3. XPS pro-
vides quantitative information on elemental composition
and chemical bonds in GO, SGO, and SGO-PS. The C/O
atomic ratio in GO (60.04%/39.49%) indicated that graphene
oxide had been prepared. As shown in Figure 4(d), the C1s
peak in the XPS spectrum of SGO was divided into three
peaks, including C-C (284.7 eV), C-O-C (286.9 eV), and O-
C=O (288.8 eV). The content of these three groups in SGO
was much higher than that of unmodified GO [36], which
was due to the further increase of C-O-C and O-C=O content
after modification with trithiocarbonate. As shown in
Table 3, compared with pure GO, the C content of the SGO
sample increased significantly, and the atomic ratio of C/O
increased from 1.52 to 2.33, which was due to the increased
carbon content of graphene oxide modified with trithiocar-
bonate. At the same time, after the graft modification of PS,
the atomic ratio of C/O was further increased to 11.42,
which proved that a large amount of polystyrene was
grafted on the SGO surface. XPS results demonstrated that
the hydroxyl group on the GO surface was esterified with
the trithiocarbonate to generate the macromolecule chain
transfer agent SGO and the graft product was generated
by the RAFT polymerization method, which was consis-
tent with the FTIR analysis.

3.3. TEM Analysis. In order to observe the microscopic mor-
phology of GO, SGO-PS, and PLA/SGO-PS (0.3wt%), they
were photographed by TEM. Figure 5 showed the TEM
images of the above three kinds of samples. Figure 5 showed
that both GO and SGO-PS nanoparticles had thin lamellar
structures with slight folds, but it was obvious from
Figure 5 that GO lamellar was thinner. It had been reported
in the literature [37] that GO had a large specific surface area,
with an average transverse size greater than 1μm and a thick-
ness of about 2:8 nm + / − 0:2 nm. The lamellar surface of
SGO-PS had polymer dark characteristic materials, indicat-

ing that its thickness was relatively larger than that of GO
[38], which intuitively indicated that a large amount of poly-
styrene had been grafted into the GO nanolayer and the sur-
face of the nanolayer, resulting in increased nanolayer
thickness. To reveal the dispersibility, compatibility, and
intercalation degree of SGO-PS in the PLA matrix, PLA2
was investigated with TEM in this work. As shown in
Figure 5(c), there was no obvious aggregation of SGO-PS
particles. In addition, it was found that the soft and wrinkled
sheet of SGO-PS was well dispersed in the PLAmatrix, which
indicated that SGO-PS was finally peeled off and evenly dis-
persed at the nanolevel. Furthermore, the edge of the SGO-
PS sheet in Figure 5(c) was soft and blurred from the initial
sharp boundary, indicating that the graft product had better
compatibility with the matrix PLA.

3.4. Analysis of Mechanical Properties of PLA/SGO-PS
Nanocomposites. The effect of SGO-PS content on the
mechanical properties of PLA/SGO-PS nanocomposites was
shown in Figure 6. The tensile strength and impact strength
of pure PLA were 76.78MPa and 10KJ/m2, respectively.
The mechanical properties of the PLA2 (PLA/SGO-PS
(0.3wt%)) nanocomposites reached a maximum value, with
a tensile strength of 82.56MPa and impact strength of
17.50KJ/m2. Thus, the increased impact strength confirmed
the increased toughness of the PLA2 [39]. However, with
the further increase of SGO-PS content, the mechanical
properties of PLA nanocomposites gradually decreased
[40]. A small amount of SGO-PS can be evenly dispersed in
the PLA matrix and can be well embedded in the PLA matrix
to make it have a strong intermolecular force and van der
Waals force with the PLA matrix. When the content of
SGO-PS was higher than 0.3wt%, the mechanical properties
of PLA/SGO-PS nanocomposites decreased rapidly. This
may be related to the decreased dispersion uniformity and
anisotropy of SGO-PS in the matrix. Theoretically, a large
number of SGO-PS nanoflakes accumulate at the two-phase
interface through electrostatic interaction, and the interac-
tion between them and the molecular chain of PLA matrix
was weakened, resulting in the interruption of the matrix
continuity of PLA nanocomposites, which led to the strict
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Figure 3: (a) FTIR spectra of GO and SGO; liquid (water) contact angle of the GO sample surface; (b) FTIR spectra of SGO-PS and PS
samples; liquid (water) contact angle of the SGO-PS sample surface.

6 Advances in Polymer Technology



restrictions on the growth and movement of PLA molecular
chain in space. When the material was subjected to external
force, local stress concentration occurred, which ultimately
reduced the mechanical properties of PLA nanocomposites.

The fracture surface morphology of PLA/SGO-PS nano-
composites and PLA was studied by SEM. Figure 6(b)
showed the impact fracture surface morphology before and
after the introduction of SGO-PS in the PLA matrix. As
shown in Figure 6(b), the impact fracture surface of PLA0
was smooth, showing a typical brittle fracture, which was
consistent with the low toughness and low impact strength
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Figure 4: XPS analysis of GO, SGO, and SGO-PS (a) Full spectrum of GO; (b) Full spectrum of SGO and SGO-PS; (c) C1s spectrum of GO;
(d) C1s spectrum of SGO; (e) S spectrum of SGO; (f) C1s spectrum of SGO-PS.

Table 3: The relative atomic percentage of GO, SGO, and SGO-PS.

Sample
Chemical

composition (%)
Ratio of element

C O C/O

GO 60.04 39.49 1.52

SGO 69.53 29.82 2.33

SGO-PS 91.95 8.05 11.42
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of PLA. However, the fracture surface of PLA2 had an ori-
ented fiber tough wire, which showed the characteristics of
ductile fracture [7]. These results confirmed that SGO-PS
had a strong toughening effect on PLA, thus changing its
fracture characteristics from brittle fracture to ductile frac-
ture. When PLA based nanocomposites were impacted, this
oriented tough wire structure can absorb more impact
energy, which helped to improve the toughness and plastic
deformation during mechanical testing. The results showed
that the introduction of SGO-PS helped to improve the com-
prehensive performance of PLA.

3.5. TGA Analysis. Figure 7 showed the thermal stability of
PLA0 and PLA2 nanocomposites as determined by TGA.
The maximum thermal decomposition rate temperature

(Tmax), thermal decomposition onset temperature (Tonset),
and final decomposition temperature (Tend) of PLA0 and
PLA2 were shown in Figure 7. Compared with PLA0, the Ton-

set and Tmax values of PLA2 were increased by 8°C and 5°C,
respectively. This showed that the introduction of SGO-PS
nanoparticles had improved the heat resistance of PLA2
nanocomposites to some extent compared with PLA0. This
was due to SGO-PS as heterogeneous nucleation sites uni-
formly dispersed in the PLA matrix, which increased the
degree of crystallinity, all the heat energy required for decom-
position barriers had been increased [7]. Secondly, the added
SGO-PS and the PLA molecules in the composite material
formed a spatial network structure, which limited the activity
of the PLAmolecular chain and the thermal movement of the
molecule, which undoubtedly enhanced its binding force
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Figure 5: TEM images of GO, SGO-PS, PLA/SGO-PS (0.3 wt%) (a) GO; (b) SGO-PS; (c) PLA/SGO-PS(0.3 wt%).
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with the PLA molecular chain. This result was consistent
with the mechanical properties testing of PLA/SGO-PS.

3.6. Crystallization Property andMultiple Melting Behavior of
PLA Nanocomposites. The DSC curves of PLA0 and PLA2
nanocomposites were shown in Figure 8. The melting tem-
perature (Tm), cold crystallization enthalpy (ΔHc), melting
enthalpy (ΔHm), and crystallinity (Xc) can be obtained from
Figure 8. The formula for calculating the crystallinity of
PLA nanocomposites was as follows:

Xc = ΔHm − ΔHcð Þ/ f × ΔHθ
m

� �
× 100%

h i
, ð1Þ

ΔHθ
m was the melting enthalpy when the crystallinity of

the polymer material was 100% [41]. The ΔHθ
m of pure PLA

is 93.7 J/g [42], and f is the mass fraction of pure PLA. The
data in Figure 8 showed that the Tm values of PLA0 and
PLA2 were 168.41°C and 168.23°C, respectively. In addition,
it could be seen from Figure 8 that the cold crystallization
peak of PLA2 obviously weakened after adding SGO-PS. It
can be seen that the introduction of SGO-PS significantly
reduced the cold crystallization enthalpy of PLA2. This indi-
rectly indicated that the crystallization rate of PLA2 acceler-
ated during the cooling stage, leading to the weakening or

even complete disappearance of molecular chain rearrange-
ment during the heating stage. In addition, from the crystal-
linity formula, the Xc of PLA0 was 5.31%, while the Xc of
PLA2 was 32.51%, which was an increase of 27.2% compared
to PLA0. This was because FGO played a role of heteroge-
neous nucleation in the PLA matrix, which increased the
crystallinity of the PLA material. The above results showed
that the addition of SGO-PS significantly improved the crys-
tallization properties of PLA materials.

Figure 9 were polarized microscope images of PLA0 and
PLA2. Figure 9 clearly showed that PLA0 had a typical spher-
ulite structure. Under the same conditions, the nucleation
density and the number of crystal nuclei of PLA2 increased
significantly. Compared with PLA0 material, the spherulites
of PLA2 were obviously refined, which indicated that the
introduction of SGO-PS had accelerated the crystallization
rate of PLA composites. Therefore, the growth of spherulites
was hindered by the growth of adjacent spherulites, which
made the size of spherulites smaller and significantly
improved the crystallinity of PLA composites [43].

In addition, Figure 10 showed the spherulite radius size of
PLA0 and PLA2 as a function of time during 130°C isother-
mal crystallization. It could be seen from the graph that the
spherulite radius of PLA0 and PLA2 increased proportionally
with time, and the growth rate (G) of the spherulite could be
calculated from the slope of the straight line in the figure.
Through data fitting processing, the spherulite growth rates
of PLA0 and PLA2 were 2.65μm/min and 0.46μm/min,
respectively. This was because the introduced SGO-PS pro-
vided a large number of crystal nuclei for the PLA matrix
to induce a rapid crystallization rate, reduced the nucleation
activation energy of PLA, and refined the spherulites. In a
certain space, with the introduction of SGO-PS, the number
of crystallites increased, the collision and accumulation of
spherulites limited the growth of spherulites, thereby greatly
increasing the nucleation density of PLA [44]. This result was
consistent with the DSC result.

The crystallization of PLA was divided into two types of
crystallization processes: isothermal crystallization and non-
isothermal crystallization. And the crystalline melting curve
can better reflect the crystallization history of PLA. There-
fore, in order to provide a complete theoretical study of
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further crystallization after PLA molding, this experiment
used DSC to study the melting behavior of PLA after isother-
mal crystallization at different temperatures for a certain
period of time. When the melt of PLA was crystallized iso-
thermally, it was easier to crystallize by setting its isothermal
crystallization temperature (Tc) at 90°C to 120°C, and its
crystallization time is shorter. Therefore, in this experiment,
PLA0 and PLA2 were isothermally crystallized for 1 hour at
the following four different temperatures (90°C, 100°C,
110°C, and 120°C). The melting curves of the DSC heating
process were then measured at the same heating rate
(10°C/min) [45].

The melting curves of PLA0 and PLA2 after isothermal
crystallization at different temperatures are shown in
Figure 11. Table 4 showed the melting enthalpy values
(ΔHM1, ΔHM2) and cold crystallization enthalpy values
(ΔHC) of PLA0 and PLA2 at different isothermal crystalliza-
tion temperatures. It can be observed from Figure 11 that
when the isothermal crystallization temperature was 90°C,
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Figure 9: Evolution of the morphology of PLA0 and PLA2 over time under polarized optical microscopy morphology (a) PLA0 (5min); (b)
PLA0 (10min); (c) PLA0 (15min); (d) PLA2 (5min); (e) PLA2 (10min); (f) PLA2 (15min).
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both the melting peak M1 and a more obvious exothermic
peak C appeared in PLA0 and PLA2. This was because when
the isothermal crystallization temperature was 90°C, the
insufficient vitality of the PLA molecular chain made it
impossible for a part of the PLA molecular chain to be fully
arranged into the lattice during the one-hour isothermal
crystallization stage. However, as the temperature continued
to rise, the chains of PLA molecules not previously arranged
in the lattice would directly arrange into the lattice. This
recrystallization rearrangement led to a large amount of
energy release, so the heat absorption energy of the melt
was much less than the exothermic heat of the recrystalliza-
tion of the PLA molecule chain at this time, so the exother-
mic peak appeared on the melting curve. It could also be
observed from the data that the exothermic peak enthalpy
ΔHC of PLA2 and PLA0 were 3.92 J/g and 4.27 J/g, respec-
tively. This showed that PLA0 had a greater number of
recrystallizations during secondary crystallization, and that
the molecular chain of PLA2 in the isothermal crystallization
stage at 90°C was more than PLA0, which indicated that the
crystallization performance of PLA2 at this temperature was
higher than that of PLA0. When the temperature was
167.1°C, the unit cell formed by the secondary crystallization
of PLA started to melt and absorb heat, so the melting peak
M1 appeared. It could be seen from Table 4 that the ΔHM1
of PLA0 and PLA2 were 35.71 J/g and 37.76 J/g, respectively.
The melting enthalpy of PLA2 was greater than PLA0, so it

could be explained that the degree of crystallization of
PLA2 was higher than that of PLA0.

When the isothermal crystallization temperature contin-
ued to rise to 100°C, the exothermic peak C disappeared, and
a second melting peakM2 appeared. This could be explained
that in the process of isothermal crystallization at 100°C for 1
hour, the PLAmolecular chain had more opportunities to get
the energy to discharge into the crystal lattice, which resulted
in a decrease in the number of PLA molecular chains that
were not aligned in the crystal lattice, so the exotherm of
recrystallization was reduced (exothermic peak C disap-
peared). Therefore, when the heat absorption of melting
increased and was much larger than the heat release of crystal
rearrangement, the melting peak M2 appeared in the figure.
Compare the ΔHM2 in Table 4 numerical, the ΔHM2 value
of PLA0 and PLA2 were 2.97 J/g and 3.20 J/g, which indicated
that the rearrangement of PLA2 exothermic less than PLA0.
This indicated that the crystallization rate of PLA2 was faster
than that of PLA0 at the 100°C isothermal crystallization
stage. At the same time, the ΔHM1 value of PLA0 decreased
from 35.71 J/g to 32.38 J/g; the ΔHM1 value of PLA2
decreased from 37.76 J/g to 26.99 J/g. It could be seen that
the ΔHM1 value of PLA2 was lower than PLA0. ΔHM1 value
change could be explained by the following reasons. The
structure of isothermal crystal was less perfect and unstable
at lower temperature. However, in the process of heating
up, such imperfect cells will absorb energy andmelt, and then
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Figure 11: The melting curves of PLA0 and PLA2 after different isothermal crystallization temperature (a) PLA0; (b) PLA2.

Table 4: M1 and M2 of PLA0 and PLA2 after different isothermal crystallization temperatures.

Isothermal crystallization temperature/(°C)
PLA0 PLA2

ΔHC0/(J/g) ΔHM1/(J/g) ΔHM2/(J/g) ΔHC2/(J/g) ΔHM1/(J/g) ΔHM2/(J/g)

90 4.27 35.71 0 3.92 37.76 0

100 0 32.38 2.97 0 26.99 3.20

110 0 2.79 10.24 0 2.62 13.11

120 0 0 39.63 0 0 38.77
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they will release heat for secondary crystallization to form
more perfect cells. The ΔHM1 value of PLA2 was slightly
lower than PLA0, which meant that the introduction of
SGO-PS could obviously improve the grain structure of
PLA, weaken the rearrangement phenomenon during melt-
ing, and reduce theΔHM1 value. At the same time, the melting
temperature shifted to a high-temperature direction, and the
melting temperature lag occurred. As shown in the figure,
M1 of PLA0 moved from 167.1°C (TC = 90°C) to 168.2°C
(TC = 100°C);M1 of PLA2 moved from 167.2°C (TC = 90°C)
to 168.3°C (TC = 100°C). From the above data, it could be seen
that the melting peak temperature of PLA2 was higher than
PLA0, which also confirmed that its grain structure was more
complete than that of PLA0, so the melting temperature will
be shifted to higher temperature.

When the isothermal crystallization temperature rises to
110°C, the degree of crystallization completeness of the unit
cell at this temperature was higher than that at 100°C. During
the process of heating up, less rearrangement and exothermic
heat will be generated, so the ΔHM2 of the cell would be
increased. The reason why the ΔHM1 (TC = 110°C) became
smaller was that the cell structure of PLA was more perfect
in isothermal crystallization at higher temperature, and the
melting heat absorption of the imperfect cells became less
in the heating stage, which led to the decrease of ΔHM1. It
could be seen from Table 4 that the ΔHM1 of PLA2 was
smaller than that of PLA0, which indicated that the crystalli-
zation degree of PLA2 was higher than that of PLA0 at 110°C.
Moreover, as shown in the figure, theM1 of PLA0 was moved
from 168.2°C (TC = 100°C) to 168.9°C (TC = 110°C). TheM1
of the PLA2 was moved from 168.3°C (TC = 100°C) to

169.1°C (TC = 110°C). The melting temperature of PLA2
was also skewed towards higher temperatures than that of
PLA0 because the imperfect cells generated at 110°C were
more complete and stable than those generated at TC = 10
0°C. More heat melting was required for the more perfect
cell, which led to the melting temperature shifting to high
temperature. This result directly indicated that the crystalli-
zation performance of PLA2 was higher than that of unmod-
ified PLA0.

When TC = 120°C, the PLA crystal became more and
more perfect, and the crystallinity gradually increased. There
were fewer molecules not included in the cell and fewer
imperfect cells, resulting in the disappearance of M1 in the
heating process and the migration of M2 to high tempera-
ture. The M2 of PLA2 and PLA0 moved to 166.0°C and
165.1°C, respectively, indicating that the introduction of
SGO-PS led to the increase of the crystal nuclei of PLA2,
and the structure and stability of its crystal cells were better
than that of PLA0 [45].

In the above results, the melting peak changes most
obviously at TC = 110°C. The following experiments had
tested and analyzed the effects of different isothermal crys-
tallization times on the melting behavior differences between
PLA0 and PLA2 at this temperature [46]. Figure 12 showed
the melting enthalpy of PLA0 and PLA2 changing with dif-
ferent times at 110°C isothermal crystallization. Table 5
showed the enthalpy and temperature of PLA0 and PLA2
at different isothermal crystallization times. The heating
rates of the experiments were all 10°C/min.

It could be observed from Figure 12 that under different
isothermal crystallization time (15min; 30min; 45min; and
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Figure 12: The effect of isothermal crystallization time of PLA0 and PLA2 on melting behavior (a) PLA0; (b)PLA2.

Table 5: Enthalpy and temperature of PLA0 and PLA2 at different isothermal crystallization time.

Isothermal
crystallization
time/(min)

PLA0 PLA2

ΔHM1/(J/g) ΔHM2/(J/g) ΔHM2/ΔHM1 M1/(oC) M2/(oC) ΔHM1/(J/g) ΔHM2/(J/g) ΔHM2/ΔHM1 M1/(oC) M2/(oC)

15 3.20 6.74 2.10 168.92 163.00 3.14 6.81 2.16 169.09 162.51

30 3.12 6.81 2.18 168.90 163.1 3.04 6.89 2.26 169.09 162.83

45 2.92 6.86 2.35 168.68 163.17 2.90 7.10 2.45 169.09 163.00

60 2.74 7.14 2.60 168.60 163.18 2.65 7.13 2.69 168.92 163.49
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60min), two melting peaks (M1 and M2) conforming to the
characteristics of semicrystalline polymer were found. As the
isothermal time gradually extended, the ΔHM1 of PLA0
decreased from 3.20 J/g to 2.74 J/g; the ΔHM1 of PLA2
decreased from 3.14 J/g to 2.65 J/g. And the ΔHM2 of PLA0
gradually increased from 6.74 J/g to 7.14 J/g; the ΔHM2 of
PLA2 gradually increased from 6.81 J/g to 7.13 J/g. The
ΔHM2/ΔHM1 of PLA0 gradually increased from 2.10 to 2.60,
the ΔHM2/ΔHM1 of PLA2 gradually increased from 2.16 to
2.69. The ΔHM2/ΔHM1 value of PLA2 slightly higher than
the PLA0 can be explained as follows. During the isothermal
crystallization of PLA, the stunted cells will release some heat
due to the recrystallization process (i.e., secondary crystal-
lization) during the heating process, and the melting peak
at the high-temperature side was the melting peak M1 of
the more stable grain of the secondary crystallization. This
process will cause the temperature of the melting peak M1
to lag (that is, to the high-temperature migration). How-
ever, the relatively perfect crystal cell absorbed heat and
melts during the heating process to produce the melting
peak M2. With the extension of isothermal crystallization
time, the number of normally developed cells gradually
increased, making M2 continuously increase and M1 grad-
ually decrease. In addition, the introduction of SGO-PS
would make the underdeveloped grains tend to perfect

during the crystallization process, thereby reducing the
secondary crystallization melting peak enthalpy value
ΔHM1, resulting in the ΔHM2/ΔHM1 ratio of PLA2 greater
than that of pure PLA with relatively incomplete crystal
form. Therefore, SGO-PS can accelerate crystallization,
shorten the crystallization period, and improve crystallinity
in matrix PLA, which was consistent with the above POM
and DSC test results [46].

3.7. Analysis of Rheological Properties of Modified PLA.
Figure 13(a) is a graph of the complex viscosity of PLA0
and PLA2 as a function of angular frequency (ω). It could
be seen from the figure that the angular frequency increased
from 0 to 100 rad·s-1, the complex viscosity of PLA2
decreased from 4259Pa·s to 1413Pa·s; PLA0 decreased from
3352Pa·s to 1025Pa·s. Both the complex viscosity of PLA0
and PLA2 showed a downward trend with increasing angular
frequency, but at the same angular frequency value, the com-
plex viscosity of PLA2 was greater than PLA0. Since the uni-
form dispersion of SGO-PS in the PLA matrix inhibited the
movement of the PLA molecular chain and caused a higher
flow resistance, the complex viscosity of PLA2 increased.

Figures 13(b) and 13(c) showed changes in storage mod-
ulus (G′) and loss modulus (G″) with angular frequency. The
loss modulus was the energy loss caused by the irreversible
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Figure 13: Rheological behavior of PLA0 and PLA2: (a) complex viscosity versus angular frequency; (b) the storage modulus versus angular
frequency; (c) the loss modulus versus angular frequency.
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viscous deformation of the polymer material when it was
deformed by external forces and reflected the viscous nature
of the material [47]. It could be observed from Figure 13(b)
that with increasing angular frequency from 0 to 100 rad·s-1,
the G′ and G″ of PLA0 rose to 80859 Pa and 65644Pa,
respectively; while the G′ and G″ of PLA2, respectively, rose
to 112644Pa and 88568Pa. Both G′ and G″ increased with
increasing angular frequency, showing a linear rheological
behavior, while PLA2’s G′ and G″ were higher than PLA0.
The introduction of SGO-PS improved the elasticity and
toughness of PLA. When the angular frequency was low,
the PLA molecular chain and SGO-PS had enough time to
unwrap, and the material had weak rebound ability after
being stressed, resulting in a low storage modulus. When
the angular frequency increased, the unwrapping time
between the molecular chains was much greater than the
deformation time of the material, so the unwrapping of the
molecular chains could not keep up with the changes in
external force deformation, which caused the system to
exhibit elasticity, making the storage modulus and loss mod-
ulus greater than PLA0.

4. Conclusion

A modified graphite oxide (SGO) capable of initiating RAFT
polymerization was prepared by the esterification reaction
between the hydroxyl groups on the surface of GO and a
chain transfer agent (trithiocarbonate). SGO as a macromo-
lecular chain transfer agent, RAFT polymerization of styrene
monomer was initiated with AIBN to obtain SGO-PS. FTIR
and TGA tests showed the structure of the product, which
confirmed that polystyrene was grafted to the surface of GO
by RAFT polymerization, and the maximum grafting
amount was 62.46% (wt). SGO-PS was introduced into the
PLA matrix by melt intercalation, and the mechanical prop-
erties and thermal stability of PLA nanocomposites were sig-
nificantly improved. The crystallinity was increased from
5.31% of PLA0 to 32.51% of PLA2. Multiple melting behavior
tests showed that the introduction of SGO-PS caused PLA
molecular chains to be discharged into the unit cell in time,
and the melting temperature shifted to a high temperature,
which ultimately made PLA2’s grain structure more com-
plete and stable than PLA0. The rheological performance test
proved that storage modulus, loss modulus, and complex vis-
cosity were greatly improved. The above research results
showed that the introduction of chemically modified GO in
the PLA matrix could improve the comprehensive perfor-
mance of PLA nanocomposites, which laid the foundation
for the wider application and development of GO and PLA.
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