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ABSTRACT: Poly(propylene carbonate) (PPC) is a new
biodegradable aliphatic polycarbonate. However, the poor
thermal stability, low glass transition temperatures (Tg),
and relatively low mechanical property have limited its
applications. To improve the thermal and mechanical
properties of PPC, functionalized graphite oxide (MGO)
was synthesized and mixed with PPC by a solution
intercalation method to produce MGO/PPC composites.
A uniform structure of MGO/PPC composites was con-
firmed by X-ray diffraction and scanning electron micro-
scope. The thermal and mechanical properties of MGO/
PPC composites were investigated by thermal gravimetric
analysis, differential scanning calorimetric, dynamic

mechanical analysis, and electronic tensile tester. Due to the
nanometer-sized dispersion of layered graphite in polymer
matrix, MGO/PPC composites exhibit improved thermal
and mechanical properties than pure PPC. When the MGO
content is 3.0 wt %, the MGO/PPC composites shows the
best thermal and mechanical properties. These results indi-
cate that nanocomposition is an efficient and convenient
method to improve the properties of PPC. VC 2011 Wiley
Periodicals, Inc. J Appl Polym Sci 123: 2743–2752, 2012
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INTRODUCTION

Biodegradable polymers are of increasing interest
and attracting much attention from the material
researchers and industry, because of the increasing
environmental concerns about waste pollution.1,2

Poly(propylene carbonate) (PPC) is a new biode-
gradable aliphatic polycarbonate and it has a poten-
tially wide range of applications, such as binder res-
ins and packing materials. In addition, the ester
bonds in the macromolecular backbone chains sup-
ply the molecular chain flexibility and good melt
flow characteristics. However, the poor thermal sta-
bility and relatively low mechanical property of PPC
has limited its applications.3

Recently, great efforts have been devoted to
improve the deficient thermal and mechanical prop-
erty of PPC, including the chemical method such
as ‘‘grafting’’4 and the physical method such as

‘‘filling.’’5–7 Among these methods, the filling is com-
mercially advantageous because the physical proper-
ties are readily manipulated by the type and concentra-
tion of fillers.8 However, for conventional filler/PPC
composites, the high loading level of fillers leads to
the deterioration of some properties. Therefore, it is still
a challenging work to obtain PPC composites with
superior properties with a quite low filler addition.
Natural graphite is composed of layered nano-

sheets.9 Recently, polymer/graphite nanosheet com-
posites have been intensively studied because of their
excellent properties.10–13 The weak interplanar forces
allow for certain atoms, molecules, and ions to inter-
calate into the interplanar spaces of the graphite.9

However, unlike the layered clay, there are no reac-
tive ionic groups on the surface of the original lay-
ered graphite.11 Thus, it is very difficult to prepare
polymer intercalated or exfoliated polymer composite.
Xu et al. prepared intercalated-exfoliated organophilic
montmorillonite (OMMT)/PPC composites by direct
melt blending.14 It was reported that some undesired
problems such as thermal degradation of PPC and
loss of mechanical property could occur during the
melt compounding.15 Du et al. prepared MgAl/PPC
layered double hydroxide (MgAl-LDH/PPC) exfoli-
ated composites by solution intercalation.16 It was
pointed out that the organic modified MgAl-LDH
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additive could catalyze the degradation of PPC resin.
Zhang et al. prepared maleated PPC composites
(OMMT/PPC-MA) by using commercial OMMT as
filler, owing to the reaction between hydroxyl groups
(OH) of OMMT and carboxyl groups (COOH) PPC-
MA chains, the OMMT can disperse more fully in
matrix.17 However, it is still a challenging work to
obtain the complete exfoliated structure of layered
fillers in the polymer matrix although many methods
have been developed.18–21

Graphite oxide (GO) has been proposed as a novel
substitute of graphite for the fabrication of polymer/
graphite composite.15,22–24 Upon oxidation, some
functional groups can be introduced in the structure
of graphite.25 The presence of these functional
groups makes graphene oxide sheets strongly hydro-
philic, which allows GO to readily swell and dis-
perse in water26 and alkaline solutions.27 Unfortu-
nately, owing to their hydrophilic nature, graphene
oxide sheets can only be dispersed in aqueous media
that are incompatible with most organic polymers.
To enhance the dispersibility of GO in aprotic polar
solvents and compatibility with polymer matrix,
Stankovich et al.28,29 have demonstrated that the
exfoliation behavior of GO could be altered by
changing the surface properties of graphene oxide
sheets by way of chemical functionalization (e.g., by
treating GO with organic isocyanates). As a result,
such isocyanate-derivatized GO no longer exfoliate
in water but readily form stable dispersions in polar
aprotic solvents, such as N, N-dimethylformamide
(DMF). The dispersion of isocyanate-derivatized GO
allows graphene oxide sheets to be intimately mixed
with many organic polymers, facilitating the synthe-
sis of graphene–polymer composites. Xu et al.30 have
treated the surface of GO with tolylene-2,4-diisocya-
nate (TDI) to create the anchor sites on GO and cou-
ple with amphiphilic oligoester through a ‘‘grafting
to’’ approach to improve the dispersibility of modi-
fied GO in both water and organic media. The
‘‘grafting to’’ approach is to graft available polymers
which normally possess terminal functional groups
on the surface of the substrate.31

In this article, we report a facile method for prepa-
ration of MGO/PPC composites with excellent ther-
mal stability and mechanical property. GO was
firstly treated with TDI to create the anchor sites on
GO. Then, GO-TDI was reacted with 1,4-butanediol
(BD) through the ‘‘grafting to’’ method to afford
hydroxyl groups on the surface of GO. The BD-
derived hydroxyl groups on the surface of GO will
be effective as ‘‘grafting points’’ of PPC. Further, the
hydrogen bond interaction between TDI and PPC
chains can be strengthened. The structure of func-
tionalized GO (MGO) and MGO/PPC composites
was elucidated by using Fourier transform infrared
spectroscopy (FTIR), X-ray diffraction (XRD), atomic

force microscope (AFM), and scanning electron
microscopy (SEM). The influences of MGO on the
thermal and mechanical properties of MGO/PPC
composites were investigated.

EXPERIMENTAL

Materials

PPC sample with a number-average molecular
weight (Mn) of 27,000 was kindly provided by Tian-
Guan Group (Hei-Nan, China). The natural graphite
powder (NGP, SP-2, (C > 99%, D ¼ 5 lm)) were
purchased from Qingdao Tianhe Graphite Co., Ltd.
(Qing-Dao, China). Potassium permanganate (C.P),
sulfuric acid (>96%), hydrogen peroxide, BD,
acetone, anhydrous DMF, TDI, and dehydrated tolu-
ene were purchased from Ke-Long Reagent, Inc.
(Chen-Du, China) and used as received.

Preparation process of GO, GO-TDI, and MGO
(GO-TDI-BD)

GO used in this research was synthesized according
to the procedures depicted in Ref. 32. The synthetic
procedure of MGO (GO-TDI-BD) was shown in
Scheme 1. GO-TDI-BD was prepared by modifying
the method originally proposed by Xu et al.30 The
obtained GO was modified by an excess amount of
TDI. Subsequently, an excessive BD was added into
this suspension. In this synthesis procedure, GO (2
g) was loaded into a 100-mL three-necked flask
equipped with a magnetic stirring bar, and 100 mL
DMF dehydrated was then added under nitrogen to
create an in-homogenous suspension. The TDI (2 g)
was next added and the mixture was stirred under
nitrogen at 80�C for 24 h. After 24 h, the excessive
BD (5 g) was added into the slurry reaction mixture
under nitrogen atmosphere and then reacted for 24
h at 80�C. The suspension was poured into acetone
(50 mL) to coagulate the product, followed by cen-
trifugation and washing several times to remove the
un-reacted BD. Finally, the resulting product
(marked as GO-TDI-BD) was dried at 100�C under
vacuum for 48 h before use.

Preparation of MGO/PPC composites

The MGO/PPC composites were prepared by solu-
tion intercalation. First, a solution of a certain
amount of MGO dispersed in 25 mL DMF was soni-
cated for 30 min, and mechanically stirred for
another 10 min. After then, the PPC was added to
the above-mentioned solution and continuously
stirred for 24 h at 40�C for polymer intercalation.
The mixed solution was poured into a Petri-dish,
and dried in a vacuum at room temperature to
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Scheme 1 Synthetic route of MGO/PPC composites.

PREPARATION OF MGO/PPC COMPOSITES 2745

Journal of Applied Polymer Science DOI 10.1002/app



rapidly remove any remaining solvent. After the sol-
vent was completely removed, the composite film
was taken out and dried for further analyses.

Characterization

Microscopy and structure

The morphology of samples were studied by SEM
(JEOL JSM-820). The samples were gold coated
before SEM examination. AFM image was taken on
a SPM-9600 scanning probe microscope (Shimadzu).
All images were collected under ambient conditions
at 50% relative humidity and 23�C with a scanning
raster rate of 1 Hz.

X-ray diffraction

The test was performed on a Rigaku D/max-1200X
Diffractometer (Cu Ka radiation (k ¼ 0.154 nm)) at
ambient temperature. Scans were taken from 1.5� to
40� with a step of 0.02� at 40 kV and 30 mA. The
NGP, GO, and GO-TDI-OH samples were in fine
powder form, while GO/PPC composites samples
were compressed thin slices.

Fourier transform infrared spectroscopy

The FTIR spectrum was observed at room tempera-
ture on a Nicolet 380 spectrometer (Thermo Electron
Corp., Massachusetts, USA) with a resolution of 4
cm�1. The specimens were dispersed into the KBr
powder by mortar, and compressed to form disks.

Thermogravimetric analysis

The thermal stability of materials was measured by
thermogravimetric analysis (TGA) on a Perkin–Elmer
TGA-7 instrument. The samples were gradually heated
at a rate of 20 �C/min from 30 to 500�C under N2 gas
flow rate of 20 mL/min. The weight loss/temperature
curves were monitored.

Differential scanning calorimetric analysis

The thermal properties and glass transition tempera-
ture (Tg) of composites were analyzed by a
NETZSCH DSC 200 F3 differential scanning calorim-
eter thermal analyzer in a N2 environment. The sam-
ples were heated at a rate of 20 �C/min from �30 to
70�C, then quenched to �30�C and finally heated
again to 70�C at a rate of 20 �C/min. The Tg was
obtained from the second heating run.

Dynamic mechanical analysis

The DMA test was carried out on a TA Instruments
DMA 2980 system in film tension mode at a fixed

frequency of 1 Hz. The samples were cut from the
compressed sheet, with dimensions 30 � 6 � 1 mm3.
The measurement temperature range was from �100
to 40�C at atmospheric pressure. The other parame-
ters are: heating rate was 5 �C/min; preload was 1
N, and the amplitude was 7.5 lm.

Tensile test

Tensile properties were tested on an INSTRON3365
electronic tensile tester with a computer controlling
system. The testing specimen with a dimension of 5
� 70 � 0.1 mm3 was cut from the films of PPC and
composites. The rate of cross-head motion was 10
mm/min at 20�C. Five specimens of each composi-
tion were tested, and the average values were
reported.

RESULTS AND DISCUSSION

Structure and morphology of MGO and MGO/PPC
composites

According to the Scheme 1, it was found that graph-
ite derivative was prepared firstly using a modifier
TDI with bi-functional groups. The amide and carba-
mate esters were formed by treatment of GO with
TDI, which lead to the derivatization of both the
edge of carboxyl and surface hydroxyl functional
groups. Then, the GO-TDI was modified by BD to
afford the hydroxyl functional groups on the surface
of GO through the ‘‘grafting to’’ method. Then,
MGO/PPC composites were formed with various
amounts of layered GO-TDI-BD. Figure 1a shows
the FTIR spectra of NGP, GO, and MGO (GO-TDI-
BD). NGP surface shows inert character and no peak
can be found in the spectra. GO shows four sharp
peaks, 3431, 1729, 1631, and 1050 cm�1, correspond-
ing to the -OH, C¼¼O, free water, and CAOAC
group, respectively.32 Upon treatment with TDI and
BD, the C¼¼O stretching vibration at 1729 cm�1 of
GO becomes obscured by the appearance of a
absorption peak at 1700 cm�1 that is attributable to
the carbonyl stretching vibration of the carbamate
esters of the GO-TDI-BD. A band at 1650 cm�1 could
be assigned to the amide carbonyl stretching mode.
The band at 1540 cm�1 is originated from either
amides or carbamates esters and corresponds to the
coupling of the CAN stretching vibration with the
CHN deformation vibration.30 The 1220 cm�1 band
corresponds to the CAOH stretching vibration.
The interaction of polymer composites could be

identified by FTIR spectra. It was known that, if two
polymers were compatible, a distinct interaction
(hydrogen-bonding or dipolar interaction) existed
between the chains of one polymer and those of the
other, causing the infrared spectra of the composites
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to change (e.g., band shifts, broadening).33 On the
basis of the harmonic oscillator model, the reduction
in force constant f can be represented by34:

Df ¼ fb � fnb ¼ lðm2b � m2nbÞ
4p2

(1)

where l ¼ m1m2/(m1 þ m2) corresponded to the
reduced mass of the oscillator, m the oscillating
frequency and f the force constant. The subscripts b
and nb denote bonded and nonbonded oscillators,
respectively. The reduction of force constant brought
about by some interaction is directly related to the
frequency (or wavenumber) shift of stretching vibra-
tions. Thus, the lower the wavenumber correspond-
ing to absorption peak, the stronger is the hydrogen
bond interaction between polymer composites. In
this sense, FTIR could identify segment interactions

and obtain information about the phase behavior of
polymer composites. Figure 1(b) shows the spectra
of PPC and MGO/PPC composites with different
MGO contents at room temperature in the carbonyl
stretching region. PPC had a strong carbonyl stretch-
ing absorption at about 1750 cm�1. With the increase
of MGO content in MGO/PPC composites, the
absorption peak shifts towards lower wavenumber.
For 0.5 wt % MGO/PPC composite, the wavenum-
ber corresponding to absorption peak is 1748 cm�1,
about 2 cm�1 lower than that for pure PPC. For 1.0
wt % MGO/PPC composite, the wavenumber corre-
sponding to absorption peak is 1744 cm�1, about 6
cm�1 lower than that for pure PPC. Because MGO is
multi-hydroxyl filler, the shift of carbonyl stretching
absorption to lower wavenumber is ascribed to the
interaction between carbonyl groups of PPC and
hydroxyl groups of MGO by hydrogen bonding.
With the further addition of MGO, the C¼¼O peak of
PPC at 1750 cm�1 shifted to a lower wave number
by 9 cm�1when the MGO content increased from 0
to 3.0 wt %. Obviously, modification of GO can
improve the interaction between PPC and graphite,
indicating that the proposed route works.
There are two complimentary techniques to char-

acterize the structure of composites: XRD and SEM,
where the former reveals the change of d-spacing of
graphite gallery while the later shows the morpho-
logical structure of composites. Figure 2 shows the
XRD patterns of NGP, GO, GO-TDI, GO-TDI-BD, 0.5
wt % MGO/PPC, 1.0 wt % MGO/PPC, and 3.0 wt %
MGO/PPC samples. According to Figure 2, the origi-
nal NGP shows a (002) diffraction peak at 2y ¼ 26.6�,
which corresponds to the d-spacing of 0.335 nm
(curve a). Upon oxidation and modification, a weak

Figure 1 FTIR spectra of (a) NGP, GO, and MGO and (b)
MGO/PPC composites with different MGO contents (The
numbers X in PPC/X % MGO refer to the weight percent
of MGO in composites). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

Figure 2 XRD patterns of samples. Curves from (a) to (g)
denotes NGP, GO, GO-TDI, MGO, and MGO/PPC compo-
sites with 0.5, 1.0, and 3.0 wt % MGO contents. [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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diffraction peak of GO is observed at about 2y ¼ 12.1�,
(001) corresponding to the interlayer spacing of 0.858
nm (curve b), while that of the GO-TDI-BD platelets
shifts to low 2y ¼ 8.8� and thus the interlayer spacing
is increased to 1.3 nm due to the presence of the TDI
and BD between the sheets of the GO (curve d). After
organic modification, it was found that the organic
modified MGO could not disperse well in water and
finally precipitated. This phenomenon reveals that the
surface of graphene platelets changed from hydro-
philic one into hydrophobic one and this change is
favorable for the interaction of organic polymer chains.
Meanwhile, curves from e to g show the XRD patterns
of MGO/PPC with different MGO contents. It was
found that the initial diffraction peak (001) of MGO
shifted from 2y ¼ 8.8� to a lower degree of diffraction
angle (2y ¼ 8.1�) after blending with PPC. This result is
ascribed to the intercalation of PPC macromolecular
chains into hydrophobic graphene layers, resulting in
the enlargement of interlayer distance of MGO. The
(001, d ¼ 1.5 nm) diffraction peak of MGO/PPC
composites with MGO contents of 0.5 wt % located at
2y ¼ 8.1�, which indicates that the intercalation of
PPC chains increases the d001 spacing of NGP for about
1.2 nm. In the case of PPC/1.0 wt % MGO and 3.0 wt %
MGO/PPC composites, there are small peaks appearing
at 2y ¼ 7.9� corresponding to a d-spacing of 1.7 nm,
which indicates that the intercalation of PPC chains
increases the d001 spacing of NGP for about 1.4 nm.

The morphological structure of polymer compo-
sites is a very important characteristic because it ulti-
mately determines many properties of the polymer
composites, such as thermal stability and mechanical
properties. In the present study, PPC is an aliphatic
polycarbonate, which is hydrophobic. GO is a filler
with multi-functional groups, which is hydrophilic.
Obviously, GO/PPC composites will show very lim-
ited compatibility if they are simply blended. Now,
GO was firstly treated with TDI to create the anchor
sites on GO. Then, GO-TDI was reacted with BD
through the ‘‘grafting to’’ method to afford hydroxyl
groups on the surface of GO. The BD-derived
hydroxyl groups on the surface of GO will be effec-
tive as ‘‘grafting points’’ of PPC and effectively
improves the interfacial adhesion between PPC and
graphite, and the improved interfacial adhesion
results in increased compatibility. As shown in
Scheme 1, the improved interfacial adhesion attrib-
utes to the strong chemical and physical interaction.
Figure 3 shows the typical morphological structure
of MGO/PPC composites. The as-received NGP
shows the expected layered structure with relatively
small interlayer’s spacing [Fig. 3(a)]. However, the
layer distance enlarged and the boundary layer was
crimped after oxidative treatment [Fig. 3(b)]. The
obtained GO shows strongly hydrophilic, and a mild
ultrasonic treatment of GO in water results in its

exfoliation to form stable aqueous dispersions
that consist almost entirely of 1 nm thick sheets, as
determined by AFM [Fig. 3(c) and the insert]. As
illustrated in the Experimental section, to make GO
dispersion within a polymer matrix at the individual
sheet level possible, MGO was prepared by treating
GO with organic isocyanates (TDI). The isocyanate
treatment reduces the hydrophilic character of
graphene oxide sheets by forming amide and carba-
mate ester bonds to the carboxyl and hydroxyl
groups of GO, respectively. As a result, such isocya-
nate-derivatized GOs no longer exfoliate in water
but readily form stable dispersions in polar aprotic
solvents (such as DMF), as shown in [Fig. 3(e)].
Also, these dispersions of isocyanate-derivatized
GOs allow graphene oxide sheets to be intimately
mixed with many organic polymers, facilitating the
synthesis of graphene–PPC composites [Fig. 3(f–i)].
Figure 3(j,k) show the SEM images of MGO/PPC
composites. It clearly shows that MGO has been
well dispersed throughout the PPC matrix [Fig.
3(j,k)]. As we all known that the quality of nanofiller
dispersion in the polymer matrix directly correlates
with its effectiveness for improving mechanical,
thermal, impermeability, and other properties. The
properties of a composite are also intimately linked
to the aspect ratio and surface-to-volume ratio of the
filler. The potential properties of our graphene
sheet-based composites thus appear promising
owing to the extremely high aspect ratios of the
sheets as determined from SEM images [Fig. 3(j,k)],
in which the average lateral dimension was esti-
mated to be � 1 lm, similar to the values found by
AFM [Fig. 3(c)]. The fine dispersion of graphene
sheets may contribute to the properties increment,
which will be further confirmed in the next section.

TGA results of MGO/PPC composites

It has been known that the poor thermal stability
and low glass transition temperature (Tg) of PPC
have limited its application. Many efforts have been
devoted to improve the thermal property of PPC.
An effective method is to modify the PPC chain
structure by adding maleic anhydride to the end of
PPC molecular chain. In the case of graphite interca-
lated composites, the graphite layers can retard the
thermal degradation of polymer due to its good
thermal insulation effect. Furthermore, the graphite
intercalated composites could be prepared more sim-
ply and conventionally compared to the chemical
modification of PPC chains. Considering above-men-
tioned, TGA is performed for the composites to
prove the improvement of the thermal property of
PPC when MGO is incorporated, where the weight
loss due to the volatilization of the degradation
products is monitored as a function of temperature.
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Figure 4 shows the TGA and differential thermal
analysis (DTG) of MGO/PPC composites with differ-
ent MGO contents. Compared with pure PPC, the
thermal stability of MGO/PPC composites is
improved due to the shielding effect of MGO layers,

as shown in Figure 4(a). The TGA analysis data is
summarized in Table I. Here, the T0.05 represents the
onset temperature of thermal degradation when 5%
weight lost, while T0.5 is the temperature regarded
as the midpoint of the degradation process when

Figure 3 Images of samples after receiving different treatments. (a) SEM and digital image (inset) of NGP. (b) SEM
image of GO. (c) A typical AFM noncontact-mode image of GO sheets deposited onto a mica substrate from an aqueous
dispersion (inset). (d, e) Suspension of GO (d) and phenyl isocyanate-treated GO (1 mg ml�1) in DMF (e). (f, g) Suspen-
sion of 0.5 wt % MGO/PPC/ (f) and 3.0 wt % MGO/PPC composites in DMF. (h) Composite powder as obtained after
coagulation in methanol. (i) The films of pure PPC (left) and 3.0 wt % MGO/PPC composites (right). (j, k) Low (top row)
and high (bottom row) magnification SEM images obtained from a fracture surface of composite samples of: (j) 1.0 wt %
(left) and (k) 3.0 wt % (right) MGO in PPC. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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50% degradation occurred. As shown in Table I, all
the MGO/PPC composites show an obviously
higher thermal stability than pure PPC, and the ther-
mal stability of MGO/PPC increases with increasing
MGO contents. This indicates the positive effect of
MGO on the thermal stability of the composites.
However, the thermal stability of composites levels
off after MGO content increases to 5.0 wt %. It was
reported that the thermal decomposition behavior of
a polymer is influenced by many factors, such as

heating rate, surrounding atmosphere, sample
weight, and shape.35 From the DTG results in Figure
4(b), it can be seen that the fastest thermal decompo-
sition temperatures are improved after the addition
of MGO, and about 90�C higher than that of PPC.
The curves of composites become wider than that of
pure PPC. The incorporation of MGO into the PPC
matrix would enhance its thermal stability by acting
as a superior insulator. The graphite layers which
uniformly disperse in matrix lead to the difficulty in
heat conduction and acts as a mass transport barrier
to the volatile products which generate during
decomposition. Those functions of graphite layers
will result in the lag and wide peaks of composites
during decomposition. In addition to the observation
of the fastest thermal decomposition rate in range of
290–330�C for all MGO/PPC composites, a small
peak around 400�C was found for all MGO/PPC
composites. This maybe ascribed to the uneven dis-
persion of MGO when the MGO content is too high.

DSC and DMA results of MGO/PPC composites

The DSC traces of both PPC and MGO/PPC compo-
sites are shown in Figure 5. The pure PPC exhibits a
glass transition temperature (Tg) at 28.1

�C. With the
addition of MGO, the Tg values of MGO/PPC com-
posites obviously increase, and the composites with
MGO content 3.0 wt % shows the highest Tg at
41.9�C, which is 13.8�C higher than that of PPC. This
is because of the strong interaction between the
polymer and the nano-dispersed graphite layers,
which restricts the segmental motion of PPC molecu-
lar chains. The improvement of both the decomposi-
tion temperature and glass transition temperature of
composites indicates that composition is an efficient
way to increase the thermal stability of PPC.

Figure 4 TGA analysis of PPC and MGO/PPC compo-
sites with different MGO contents: (a) weight loss curves,
(b) derivative of the weight loss curves shown in (a).
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

TABLE I
Thermal Properties of Pure PPC and MGO/PPC

Composites

MGO (wt %) 0 0.5 1.0 3.0 5.0 10

T0.05 (
�C) 218 271 277 283 286 290

T0.5 (
�C) 240 305 322 334 338 340

Tg
a (�C) 28.1 32.4 36.3 41.9 41.6 –

Tg
b (�C) 30.6 32.7 38.1 41.7 42.2 –

a Obtained from DSC analysis.
b Obtained from DMA analysis. ‘‘–’’: cannot be detected.

Figure 5 DSC curves of PPC and MGO/PPC composites
with different MGO contents. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary
.com.]
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DMA is one of the techniques commonly used to
characterize the time, frequency, and temperature
dependency of the viscoelastic nature of polymers. It
have been reported in the literature33,34 that the addi-
tion of graphite could increase both the storage mod-
ulus (E) and Tg for composites. The DMA results
obtained from the current study is shown in Figure
6(a), which agrees with the reported literatures. In
particular, the E is greatly improved with the increase
of MGO content. For example, the composite with
3.0 wt % of MGO exhibits a very high E value of
16,683 MPa at 30�C, which is two times more than
that of pure PPC (about 6905 MPa). The significant
improvement in E value of MGO/PPC composites is
ascribed to the combined effect of high performance
and fine dispersion of high aspect ratio MGO filler.
The Tg, which represents one of the major viscoelastic
transitions of a material, is often obtained from the
maximum of the tangent delta (tan d) curve as shown
in Figure 6(b). The results show that the Tg shifts to
higher temperature as MGO content increases, and
the Tg for the composite that contains 3.0 wt % of

MGO has been raised by nearly 8�C when compared
with of pure PPC. The increase in Tg is related to the
confinement effect from MGO platelets, thus usually
increasing the Tg of the composites. The Tg data
obtained from DMA analysis are slightly different
from data from DSC characterization (Table I). This is
resulted from different test methods used.

Tensile properties of the MGO/PPC composites

Interfacial interaction between the fillers and matrix is
an important factor affecting the mechanical proper-
ties of the resultant composites. Strong interfacial
interaction is favorable to enhance the mechanical
properties because weak interfacial interaction will
result in weak interfacial layer, which cannot transfer
stress effectively. In this work, the tensile strength and
Young’s modulus as representative mechanical prop-
erties were measured for the MGO/PPC composites
with MGO contents from 0 to 10.0 wt %. Figure 7
shows the mechanical properties of composites as a
function of MGO contents. For comparative purposes,
the tensile values of NGP/PPC (NGP content: 3.0 wt
%) and GO/PPC (GO content: 3.0 wt %) composites
are also shown. It was found that both the tensile
strength and Young’s modulus of composites
increased with MGO addition. When the MGO con-
tent is 3.0 wt %, the composite shows the highest ten-
sile strength as 29.5 MPa which is two times higher
than that of pure PPC. At the same time, it shows the
highest Young’s modulus as 1.93 GPa, while the
Young’s modulus of PPC is only 0.87 GPa. Further
addition of MGO such as the composites with 5.0 wt
% MGO leads to the decrease of mechanical proper-
ties. Nevertheless, all MGO/PPC composites show
improved mechanical properties than pure PPC in
our experimental conditions. The improvement of me-
chanical properties can be attributed to two reasons.

Figure 6 DMA measurements of MGO/PPC composites:
(a) storage modulus; and (b) tangent delta. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Figure 7 Mechanical properties of PPC, GO/PP, NGP/
PPC, and MGO/PPC composites with different MGO
contents. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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The first reason is explained as the disordered MGO
platelets dispersed finely in the PPC matrix, the other
reason is due to the PPC chain grafting on the surface
of MGO which increases the interaction between PPC
chain and MGO. As confirmed by the IR and TG
results, the organic-modified GO have strong interfa-
cial interaction with the PPC matrix. These strong
interaction and the excellent properties of MGO lead to
the significant increase in both thermal and mechanical
properties of the composites. However, as the MGO
content continuously increases, some graphite layers
begin to aggregate. The formation of large graphite
aggregates will effectively reduce the interfacial area
between polymer and graphite layers. Furthermore,
these aggregates will act as stress concentrators to di-
minish the mechanical properties of the composites.

CONCLUSIONS

This work was devoted to prepare a novel MGO/
PPC composite by solution intercalation method and
to study the effects of MGO incorporation on the
properties (especially thermal and mechanical prop-
erties) of PPC. The results achieved can be summar-
ized as follows:

1. FTIR analysis showed that TDI and BD have
been ‘‘grafted’’ on the layers of graphite. The
dispersibility of GO in the organic media was
improved after modification by using TDI and
BD. And the modified GO afforded active
hydroxyl groups on the surface of MGO, which
provided an effective way to form MGO/PPC
composites in solution phase. The functionali-
zation of GO played an important role in the
fabrication of MGO/PPC composites.

2. XRD analysis revealed that PPC chains have
been intercalated into the layers of MGO,
resulting in the increase of layer distance. SEM
images showed that the composites have a uni-
form structure. Graphite showed a well disper-
sion in the PPC matrix.

3. TGA, DSC, and DMA results showed that the
thermal stability and glass transition temperature
of PPC are improved by adding MGO into PPC
matrix. The MGO/PPC composites with 3.0 wt
% MGO shows the highest thermal stability and
the Tg is 13.8

�C higher than that of pure PPC.
4. Tensile tests showed that when the MGO con-

tent is 3.0 wt %, the composite has the highest
tensile strength as 29.51 MPa, which is about
two times higher than that of pure PPC.

5. Those improvements could be attributed to the
improved interfacial compatibility between PPC
matrix and good dispersion of MGO in PPC
matrix. In conclusion, the composition provides
an efficient way to prepare biodegradable

inorganic filler–PPC composites, to improve
both the thermal and mechanical properties of
PPC and consequently widely expands its appli-
cation fields in the future.

The authors thank Dr. F. G. Du (TianGuan Group, Hei-Nan,
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from Sichuan University are gratefully acknowledged.
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