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a b s t r a c t

Biodegradable poly(propylene carbonate) (PPC) was blended with o-lauroyl chitosan (OCS) by solution
casting using chloroform as common solvent. FTIR and XPS confirmed hydrogen bonding interaction
between PPC and OCS, which was saturated when OCS loading reached 20 wt%. Because of the hydrogen

◦ ◦
eywords:
oly(propylene carbonate)
-Lauroyl chitosan
olymer blend
ydrogen bonding

bonding interaction, a 2–3 C increase in glass transition temperature and a 5% improvement (46–53 C)
in weight loss temperature (T5%) were observed in the PPC/OCS blend with OCS loading of 10–20 wt%. The
interaction was beneficial to improving the mechanical performance of PPC. The tensile strength, elonga-
tion at break, and Young’s modulus of the pure PPC film were 31 MPa, 3.8%, and 392 MPa, respectively. For
the blend with 10 wt% OCS loading, the effect of toughening was so substantial that the maximum elon-
gation at break increased twofold to 8.1% and Young’s modulus increased nearly threefold to 1014 MPa;

tress
the tensile strength and s

. Introduction

Poly(propylene carbonate) (PPC) is an alternative copolymer of
O2 and propylene oxide. It is a promising biodegradable poly-
er used in medical materials and food packaging because it

tilizes CO2 and shows good processability, providing transpar-
nt films with excellent oxygen barrier performance (Luinstra,
008). However, PPC is amorphous with low glass transition
emperature (Tg ≈ 35 ◦C) due to the weak interchain interaction
n this copolymer, limiting the use of plastics between 15 and
0 ◦C: it becomes brittle below 15 ◦C and quickly loses strength
bove 40 ◦C. Therefore, the poor mechanical performance of PPC
equires improvement. For this purpose, chemical methods such
s raising the molecular weight or regio-regularity of PPC, or
ntroducing a third monomer by terpolymerization have been
mployed (Lu and Wang, 2004; Quan et al., 2003). Although the
hermal and mechanical performance of PPC can be improved
o a certain degree by chemical modification, physical blending
emains attractive because it is simple and cost-effective. Accord-
ng to literature, PPC can be modified by blending with starch

Ma, Chang, Yu, & Wang, 2008), poly(lactic acid) (PLA) (Ma, Yu,

Wang, 2006), poly(3-hydroxybutyrate-co -3-hydroxyvalerate)
Peng et al., 2003a), poly(3-hydroxy butyrate) (Wang, Peng, &
ong, 2005), ethyl cellulose (Zhang et al., 2006), and octade-

∗ Corresponding author. Tel.: +86 431 85262250; fax: +86 431 85689095.
E-mail address: xhwang@ciac.jl.cn (X. Wang).

144-8617/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
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at break remained unchanged.
© 2010 Elsevier Ltd. All rights reserved.

canoic acid (Yu et al., 2008). Nevertheless, even as the thermal
stability of PPC is markedly enhanced, its brittleness remains a
problem.

Chitosan is derived from abundant natural sources, such as var-
ious crustaceans, fungi, and lower plants. It is biodegradable and
biocompatible because it consists of �-1,4-linked 2-acetamino-2-
deoxy-d-glucopyranose and 2-amino-2-deoxy-d-gluco pyranose.
Chitosan has received considerable attention in medical and
pharmaceutical applications, including ophthalmology (Felt et al.,
1999), implantations (Patashnik, Rabinovich, & Golomb, 1997),
injections (Song et al., 2001), and so on. Because of its high
Tg, however, it is difficult to melt process, similar to com-
mon thermal plastic materials; this property is attributed to its
strong intramolecular hydrogen bonding and rigid structure (Brine,
Sandford, & Zikakis, 1992), which may decompose before melting.
In addition, chitosan is insoluble in most organic solvents, except
in a few dilute aqueous acidic solutions.

The backbone of chitosan contains many amino and hydroxyl
groups that may induce hydrogen bonding with carbonate units in
PPC. This report aims to overcome the insolubility of chitosan in
organic solvents by acylation using lauroyl chloride to produce a
soluble chitosan derivative. The derivative was then used to pre-
pare a polyblend with PPC. Hydrogen bonding interaction between

PPC and o-lauroyl chitosan was investigated by Fourier transform
infrared (FTIR) spectroscopy and X-ray photoelectron spectroscopy
(XPS). The influence of hydrogen bonding interaction on the mor-
phology, as well as the thermal and mechanical properties of PPC,
is also disclosed.

dx.doi.org/10.1016/j.carbpol.2010.11.045
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:xhwang@ciac.jl.cn
dx.doi.org/10.1016/j.carbpol.2010.11.045
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Scheme 1. Syn

. Experimental

.1. Materials

An 80-mesh chitosan powder with a 90.7% Ca deacetylation
egree, was provided by the Jinan Haidebei Marine Bioengineer-

ng Co. (China). Lauroyl chloride, methanesulfonic acid (Sinopharm
hemical Reagent Co., China), and other reagents were used as
eceived. PPC was supplied by the Inner Mongolia Mengxi High-
ech Materials Co. (China) licensed under our laboratory. It was
urified by a dissolution/precipitation procedure with acetone as
olvent and ethanol as precipitate. The number average molecular
eight (Mn) and polydispersity index (PDI) of the purified PPC were
etermined by GPC as 115 kg/mol and 2.89, respectively.

.2. Synthesis and characterization of o-lauroyl chitosan (OCS)

The synthesis of OCS (Scheme 1) was performed in accordance
ith the Nishi method (Nishi, Ohnuma, Nishimura, Somorin, &

okura, 1982). A calculated amount of chitosan powder was dis-
olved in methanesulfonic acid, with stirring. Lauroyl chloride was
dded to the solution and stirred at 0 ◦C for 3 h. The solution was
hen cooled to −20 ◦C and left to stand overnight. The suspension
as neutralized with dilute aqueous ammonia to obtain a pH of 7.0.
fter filtration, the product was washed with methanol and dried
t 50 ◦C under vacuum. The obtained OCS was characterized by FTIR
pectroscopy, and its acylation degree was 1.8 as calculated from
lemental analysis (EA).

FTIR (KBr): 3472, 3382, 2924, 2853, 1742, 1535, 1467, and
22 cm−1.

EA data: found, C 67.84%; H 10.22%; N 1.96%; calculated for OCS
ith 1.8 degree of substitution, C 67.79%; H 10.32%; N 2.86%

.3. Preparation of blend films

PPC and OCS of different weight ratios (100/0, 90/10, 80/20/,
0/30, 60/40) were dissolved in chloroform to prepare 1% (w/v)
ixture solutions. After being stirred for 6 h, each solution was cast

nto a film and dried at 45 ◦C in vacuum for 48 h.
.4. Characterization

FTIR spectra were obtained using a Bruker Tensor-27 spec-
rophotometer at 2 cm−1 resolution and 64 scans. The chloroform
route for OCS.

solutions of the samples were cast onto a KBr disk and dried at room
temperature in vacuum for 24 h. EA was used to determine the sub-
stitution degree of the lauroyl groups on chitosan chains using an
Elementar Vario EL.

XPS spectra were recorded on a Thermo ESCALAB 250 X-ray pho-
toelectron spectroscope using Al K� radiation (1486.6 eV) and a
hemispherical energy analyzer using C1s peak of 284.6 eV as refer-
ence for binding energy (BE). All the spectra were curve fitted into
a Gaussian function.

Differential scanning calorimetry (DSC) measurements were
performed on a Perkin-Elmer DSC-7 instrument under a nitrogen
atmosphere. For every test, the sample was heated from −50 to
150 ◦C in the first scan; the second heating scan was performed after
cooling to −50 ◦C. Tg was recorded from the second heating curve
to minimize the thermal history effect. Thermogravimetry analysis
(TGA) was carried out on a Perkin-Elmer Pyris 1 TGA thermal ana-
lyzer from 40 to 500 ◦C under nitrogen protection at a heating rate
of 10 ◦C/min.

Scanning electron microscopy (SEM) was conducted on an XL30
ESEM FEG (FEI Co.). The samples were broken after being cooled in
liquid nitrogen, and the fracture surfaces were gold coated by ion
sputtering for observation.

Mechanical performance analysis was carried out using a screw-
driven universal testing machine (Z010, Zwick Co., Germany)
equipped with a 10 KN electronic load cell and mechanical grips.
The tests were conducted at 20 ◦C using a cross-head rate of
20 mm/min according to ASTM standards. Data were recorded as
means of five parallel tests.

3. Results and discussion

3.1. Hydrogen-bonding interaction between PPC and OCS

The FTIR spectra of pure PPC and OCS, as well as those of the
PPC/OCS blends with various compositions, are shown in Fig. 1. In
the PPC spectra, the two strong absorption peaks observed at 1748
and 1233 cm−1 are attributed to the stretching vibrations of the
C O group and the C–O–C bond of the carbonate group, respec-
tively (Liu, Zhao, Wang, & Wang, 2003). Compared with chitosan,
the intensities of the amino and hydroxy absorption peaks at 3472

and 3382 cm−1 in pure OCS clearly decreased after acylation; the
peaks were too weak to be observed in the FTIR spectra of the
blend films because of low OCS content. Hence, we focused on the
change in the absorption peaks of the C O and C–O–C bonds in the
polyblends.
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Table 1
Curve fitting results of the C O peaks and C–O–C bands in PPC/OCS blends.

PPC/OCS C O group in OCS C O group in PPC O–C–O group in PPC

� (cm−1) w1/2 (cm−1) � (cm−1) w1/2 (cm−1) � (cm−1) w1/2 (cm−1)

100/0 – – 1747.8 33.2 1232.9 82.6
90/10 1740.3 18.0 1752.2 35.0 1236.2 88.4
80/20 1740.3 30.0 1754.0
70/30 1741.5 27.3 1753.8
60/40 1741.0 29.0 1752.8

0/100 1741.9 34.8 –
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ig. 1. FTIR spectra of OCS, PPC, and PPC/OCS blends at different compositions: (A)
CS; (B) PPC; (C) PPC/OCS = 90/10; (D) PPC/OCS = 80/20; (E) PPC/OCS = 70/30; and

F) PPC/OCS = 60/40.

All the spectra were normalized for convenient analysis. The
haracteristic peaks at around 1233 cm−1 in the blends were sin-
le and wholly attributed to the C–O–C groups in PPC because no
bsorption in this region was observed from the OCS spectra. Fig. 1
hows that when OCS loading in the blend increased to 20 wt%,
he C–O–C absorption peak considerably broadened from 82.6 to
06 cm−1 with a blue shift at ca. 3 cm−1. Although an overlap was
bserved in the strong absorption peak around 1750 cm−1, ascribed
o the stretching vibration of the C O groups in PPC and OCS, the
verlap can be separated into two bands by curve fitting analysis to
ore clearly observe the change in the C O bands in PPC. As listed

n Table 1, the peak at ca. 1741 cm−1 is assigned to the stretch-
ng vibration of the C O group in OCS because the location of this
eak was nearly unchanged at various OCS loadings. The half-height
idth (w1/2) of the peak gradually diminished with decreasing
CS loading. The other peak is assigned to the C O group in PPC.
hen OCS loading increased to 20 wt%, the peak moved from ca.

748 cm−1 to 1754 cm−1, and broadened with w1/2 increasing from
a. 33 cm−1 to ca. 43 cm−1, indicating that the carbonate groups of
PC can participate in intermolecular interaction with the NH and
H groups of OCS through hydrogen bonding – a behavior similar
o the results in the PLA/chitosan blend system (Chen et al., 2005).
hen OCS content exceeded 20 wt%, the change in C O absorption

n PPC was negligible. Therefore, OCS content higher than 20 wt%
ay attain saturated interaction between PPC and OCS. Previous

able 2
PS analysis of PPC/OCS blends and pure OCS.

PPC/OCS (w/w) 0/100 90/10 80/20 70/30 60/40

N1s BE peak (eV) 399.6 399.6 399.6 399.6 399.6
400.0 400.1 400.3 400.4

Position of N1s high-BE peaks (eV) 400.0 400.1 400.3 400.4
Fraction of N1s high-BE peak (%) 25.8 27.4 20.2 20.3
42.5 1235.7 106.0
40.6 1234.7 97.8
40.0 1233.9 90.0

– – –

studies on the shifting and broadening variety of the corresponding
absorption peaks can be regarded as a measure of intermolecular
interaction (Coleman, Lichkus, & Painter, 1989).

Hydrogen bonding interaction is derived from the electron
transfer between proton acceptors and proton donors; for NH and
C O groups, the electron density in N–H bonds may decrease,
whereas that in the electron-withdrawing C O group may increase.
The BE of nitrogen in the XPS spectra (N1s) can change, or a new
peak with a higher band may appear (Chen et al., 2005). Fig. 2 shows
the XPS spectra of N1s in the blends, as well as in OCS. The BE values
of the N1s peak for the blends are summarized in Table 2. A single
N1s peak in OCS with a BE value of 399.6 eV was found (Chen et al.,
2005). The N1s peaks in the blends can be resolved into two contri-
butions: one remained at 399.6 eV and a new peak appeared in the
400–400.4 eV range. Goh and Lee reported that a shift of about 1 eV
for the N1s peak in XPS spectra indicates hydrogen-bonding interac-
tion, whereas a shift of about 2–2.5 eV was due to ionic interaction
(Goh, Liu, Lee, & Huan, 1999). The high BE peaks at around 400 eV in
the blends should be attributed to the hydrogen-bonded N–H bond.
The fraction of the amino groups in OCS involved in hydrogen bond-
ing interactions can be estimated from the area fraction of high BE
peaks (Goh et al., 1999). When OCS increased from 10 to 20 wt%,
the fraction of high BE peaks increased from 25.8% to 27.4%. Under
higher OCS loading, the corresponding fraction of high BE peaks
was kept constant at 20%, suggesting saturation of the hydrogen
bonding interaction, a behavior in good agreement with the FTIR
spectroscopy results. Therefore, the hydrogen bonding interaction
between PPC and OCS was further confirmed by the XPS analysis.

3.2. Thermal properties of the blend films

The TGA and DSC curves of the PPC/OCS blend films with various
OCS contents are shown in Fig. 3. The main thermal properties for
PPC, OCS, and the polyblends are summarized in Table 3.

According to the TGA curves, pure OCS exhibited thermal degra-
dation in two stages: the 5% weight-loss temperature (T5%) and
temperature at maximum degradation rates (Tmax, 180 and 267 ◦C,
respectively); both were lower than those for chitosan (Wan, Wu,
Yu, & Wen, 2006). This result is probably due to the existence of
lauroyl groups in OCS, impairing intramolecular hydrogen bond-
ing. However, the T5% of the PPC/OCS blend films with 10 and
20 wt% OCS loading increased to 265 and 258 ◦C, respectively, both

◦
of which are much higher than that of pure PPC (212 C). A further
increase in OCS content did not lead to a considerable increase in
T5%. All the blends showed remarkably higher Tmax than did pure
OCS or PPC, indicating that the thermal stability of PPC substantially
improved. This improvement in stability is attributed to the exis-

Table 3
Thermal properties for PPC, OCS, and their blends.

OCS ratio (wt%) 0 10 20 30 40 100

T5% (◦C) 212.2 265.0 257.6 229.6 218.5 179.7
Tmax (◦C) 226.4 294.6 295.8 301.1 302.0 267.3
Tg (◦C) 34.10 37.35 36.15 36.97 35.51 –
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Fig. 2. N1s spectra of OCS and PPC

ence of effective hydrogen bonding interactions between PPC and
CS, which weakened the random main chain thermal scission, as
ell as chain unzipping reaction, of PPC (Peng et al., 2003b).

Although Tg is an important parameter for assessing the misci-
ility of two polymers, no obvious Tg or any other endothermic peak
as observed in pure OCS in the second heating run. This finding

s mainly associated with the semicrystallinity, rigid structure, and
trong intramolecular hydrogen bond of pure OCS, hindering the
ormation of a mobile, amorphous phase at Tg (Peesan, Supaphol, &
ujiravanit, 2005). The Tg of the blends with 10 or 20 wt% OCS were
7.35 and 36.15 ◦C, respectively (higher than 34 ◦C of pure PPC). The

ncrease in Tg must also result from the hydrogen bonding interac-
ion between PPC and OCS, which restricted the mobility of the PPC
hain segment.
.3. Phase morphology

The phase morphology of the PPC/OCS blend was analyzed by
RD and SEM. Fig. 4 shows that phase separation occurred in the
PC/OCS blends and spherites appearing as a dispersion phase in
blends at different compositions.

the continuous matrix. In PPC-rich compositions, the continuous
matrix should be composed of PPC, whereas dispersive spherites
are formed by OCS. Fig. 4A–C was observed under 6400 magnifi-
cation using a scanning electron microscope; the magnification for
the blend with 40 wt% OCS loading was diminished to 3200 to bet-
ter evaluate the size of the dispersive phase and distribution of the
spherite diameter because the dimension of the OCS particle was
too large under 6400 magnification. The spherite of about 1 �m
was embedded into the PPC matrix and the interface between the
two phases was obscure, suggesting good interfacial adhesion. With
20 wt% OCS loading, both the diameter and number of spherites
gradually increased; however, the distribution of spherite diame-
ter was still narrow (Fig. 4B). The phase morphology of the blend
with 30 wt% OCS content exhibited apparent discrepancy, as seen
in Fig. 4C; the diameter of the dispersive phase differed between 1

and 5 �m, and the spherites piled up in a disorderly manner and
even debonded with the PPC matrix. A visible space between the
spheres and the matrix was observed, which may be the reason why
the hydrogen bonding interaction between PPC and OCS reached
saturation at 20 wt% OCS loading. When the OCS content in the
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Fig. 3. TGA and DSC curves of PPC/OCS blends at various OCS loadings.

) 10 w
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Fig. 4. SEM images of blends with different OCS loadings: (A

olyblend increased to 40 wt%, the number of spherites decreased,
nd the size of the particles increased varying from 3 to 5 �m.
.4. Mechanical properties

The effect of OCS content on the mechanical properties of the
lend films is shown in Table 4. The tensile strength, elongation

able 4
echanical properties of pure PPC and PPC/OCS blends.

OCS ratio
(wt%)

Young’s
modulus (MPa)

Stress at break
(MPa)

Tensile
strength (MPa)

Elongation
at break (%)

0 392 21 31 3.8
10 1014 21 32 8.1
20 1403 17 29 6.2
30 1118 20 24 3.7
40 850 17 19 3.0
t% OCS, (B) 20 wt% OCS, (C) 30 wt% OCS, and (D) 40 wt% OCS.

at break, and Young’s modulus of the pure PPC film were 31 MPa,
3.8%, and 392 MPa, respectively. For the blend with 10 wt% OCS
loading, toughening was observed, and the maximum elongation at
break increased twofold to 8.1%, Young’s modulus increased nearly
threefold to 1014 MPa, and the tensile strength and stress at break
remained unchanged. The improvement in mechanical proper-
ties is associated with hydrogen bonding interaction between two
polymers, as well as the effective size and distribution of the disper-
sive phase (Mezzenga, Boogh, & Manson, 2001; Mezzenga, Boogh,
Pettersson, & Manson, 2000). This improvement occurs because
hydrogen bonding can enhance the interfacial adhesion of polymer
composition, and therefore improves mechanical properties, mak-

ing the material especially favorable for enhancing tensile strength.
When OCS loading was above 20 wt%, Young’s modulus, stress,
and elongation at break showed a tendency to decrease probably
because of serious phase separation. The effective particle size for
PPC toughening may be 1–2 �m.
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. Conclusions

Soluble o-lauroyl chitosan was synthesized by acylation of
hitosan, and PPC/OCS blend films were prepared by casting
hloroform solutions. FTIR spectroscopy and XPS results indicate
ntermolecular hydrogen bonding between the two components,
nd the interaction reached saturation at 20 wt% OCS loading. Such
ffects are mainly induced by serious phase separation as con-
rmed by the SEM images. The addition of OCS markedly improved
he thermal stability of PPC, and the Tg of PPC increased by 2–3 ◦C
hen 10–20 wt% OCS was added. Because of the hydrogen bonding,

fficient particle diameters for dispersed phase toughening, and
arrow size distribution, both the elongation at break and Young’s
odulus of the blend films with OCS loading of 10–20 wt% were

onsiderably enhanced. The tensile strength and stress at break
lightly decreased compared with the corresponding data of pure
PC.
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