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a  b  s  t  r  a  c  t

The  eco-friendly  poly(propylene  carbonate)  (PPC)/cellulose  acetate  butyrate  (CAB)  blends  were  prepared
by melt-blending  in  a  batch  mixer  for the  first  time.  PPC  and  CAB  were  partially  miscible  because  of  the
drastically  shifted  glass  transition  temperatures  of  both  PPC  and  CAB,  which  originated  from  the specific
interactions  between  carbonyl  groups  and  hydroxyl  groups.  The  incorporation  of CAB  into  PPC  matrix
enhanced  not  only  tensile  strength  and  modulus  of  PPC  dramatically,  but  also  improved  heat  resistance
and  thermal  stability  of PPC significantly.  The  tensile  strength  and  the  modulus  of  PPC/CAB  =  50/50  blend
eywords:
oly(propylene carbonate) (PPC)
ellulose acetate butyrate
olymer blending
nteraction

are  27.7  MPa  and  1.24 GPa,  which  are  21  times  and  28  times  higher  than  those  of  the  unmodified  PPC,
respectively.  Moreover,  the  elongation  at break  of  PPC/CAB  =  50/50  blend  is as  high as  117%.  In addition,
the  obtained  blends  exhibited  good  transparency,  which  is  very  important  for the package  materials.  The
results in  this  work  pave  new  possibility  for  the  massive  application  of  eco-friendly  polymer  materials.

© 2012 Elsevier Ltd. All rights reserved.

hysical properties

. Introduction

Poly(propylene carbonate) (PPC) is a new type of completely
iodegradable aliphatic polyester and it is synthesized from pro-
ylene oxide and carbon dioxide (CO2) (Inoue, Koinuma, & Tsuruta,
969). The wide application of PPC material not only reduces the
ependence on petroleum but also lowers the massive emission
f CO2 that has been considered to be the main factor causing
he greenhouse effect in the world. However, as an amorphous
olymeric material, PPC suffers many drawbacks such as a low
lass temperature, poor mechanical properties and a very low
hermal resistance. These drawbacks make PPC neither a typical
ngineering material nor a typical rubber (Luinstra, 2008), thus the
nmodified PPC is still far away from practical application. Some
fforts have been made to use PPC as a plasticizer/additive for
ubber, thermoplastics, or surfactants (Huang et al., 1996; Huang,

ang, Liao, Chen, & Cong, 1997; Pang, Liao, Huang, & Cong, 2002;
ang, Huang, & Cong, 1997). Investigations have also been carried

ut to modify the physical properties of PPC by melt compounding.
ost of the studies focused on PPC blends with other biodegradable
olymers to fabricate completely biodegradable materials (Li, Lai,
 Liu, 2004; Luinstra & Molnar, 2007; Ma,  Yu, & Wang, 2006; Pang,
iao, Jiao, Wang, Xiao, & Meng, 2008; Wang, Peng, & Dong, 2005;

∗ Corresponding author. Tel.: +86 571 2886 6579; fax: +86 571 2886 7899.
E-mail address: yongjin-li@hznu.edu.cn (Y. Li).

144-8617/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2012.11.058
Yang & Hu, 2008; Zhang et al., 2006, 2007), such as poly(l-lactide)
(PLLA) (Luinstra & Molnar, 2007; Ma  et al., 2006), poly(butylene
succinate) (PBSU) (Pang et al., 2008; Zhang et al., 2007), and poly-
hydroxybutyrate (PHB) (Yang & Hu, 2008; Wang et al., 2005). On
the other hand, few works focused on PPC blends with a non-
biodegradable polymer (Wang, Du, Jiao, Meng, & Li, 2007; Zhang,
Mo,  Zhang, Wang, & Zhao, 2003) or low-molecular-weight com-
pound (Yu et al., 2008). One of us (Li & Shimizu, 2009) reported the
enhanced mechanical and thermal properties of PPC by incorpo-
ration of both poly(methyl methacrylate) (PMMA) and poly(vinyl
acetate) (PVAc). The nanocomposites based on PPC and organoclay
have also been reported (Du, Qu, Meng, & Zhu, 2006; Shi & Gan,
2007; Zhang, Lee, Lee, Heo, & Pittman, 2008). However, there is very
limited improvement for the investigated compounds using PPC as
the dominant component. Gao, Chen, Wang, Deng, Zhang, Bai, and
Fu, (2011) recently have prepared PPC/graphene oxide nanocom-
posites and found that the prepared PPC nanocomposites exhibit
superior physical properties.

Cellulose is one of the promising natural polymers with renew-
able and biodegradable characteristics. However, cellulose is
insoluble and inmeltable because of three dimensional physical
networks formed by the very strong H-bonding interactions as a
multi-hydroxyl polymer (Wertz, Mercier, & Bedue, 2010). Ester-
ification of cellulose induces solubility and melts processability.

We consider that the derivative of cellulose is a good candidate
to compound with PPC because of the natural resourced materi-
als and the excellent physical properties. Zhang et al. (2006) have
studied the thermal behaviors of PPC/ethyl cellulose (EC) blends

dx.doi.org/10.1016/j.carbpol.2012.11.058
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:yongjin-li@hznu.edu.cn
dx.doi.org/10.1016/j.carbpol.2012.11.058
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3.1. Rheological behavior

Fig. 1 shows the complex viscosity as a function of frequency
for the two neat polymers and the blends at 190 ◦C. It is found
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y casting from dichloromethane solution and they found that
he incorporation of ethyl cellulose enhanced the thermal stability
f PPC/EC blends drastically. However, EC is unsuitable for com-
on  uses as a thermoplastic plastic because of their high melt

emperatures, viscosities, and relatively low decomposition tem-
eratures. Therefore, no physical properties of PPC/EC blends have
een reported because it is difficult to fabricate massive sample
y melt mixing for the physical property evaluation. As an impor-
ant derivative of cellulose, cellulose acetate butyrate (CAB) is a
ype of rigid and thermoplastic material, which shows a high glass
ransition temperature and excellent mechanical properties. It is
herefore considered that CAB can be used to improve both the

echanical and thermal properties of PPC. In the present study,
ellulose acetate butyrate (CAB) is incorporated into PPC matrix
ith different weight percentages by the melting blending to fab-

icate the PPC/CAB blends. It is found that the hydroxyl groups of
AB have specific interactions with the carboxyl groups of PPC,

eading to partially miscible PPC/CAB blends. The incorporation
f CAB into PPC matrix not only improved the thermal properties
ut also enhanced the mechanical properties of PPC/CAB blends
ignificantly. Moreover, the PPC/CAB blends could remain good
ransparency because of the close refractive index, which can be
sed to produce biodegradable and transparent packing materials.

. Experimental

.1. Materials and sample preparation

The PPC with the type of AAA-01-1000 and CAB with the type
f 381 were purchased from Empower Co., Ltd. (USA) and Eastman
o., Ltd. (USA), respectively. All the samples were dried in the oven
t 80 ◦C for 24 h before blending. The composites were prepared
y direct mixing the PPC with various amounts of CAB in a batch
ixer (Haake Polylab QC) with a twin screw at a rotation speed

f 50 rpm at 190 ◦C for 5 min. After melt-mixing, all samples were
ot-pressed at 190 ◦C under a 14 MPa  pressure into films 300 �m
hick, followed by cool-pressing at room temperature. The obtained
heets were directly used for the following characterization.

.2. Characterization

Melt rheology was investigated on an Andor Parr equipment
n a plane-plane configuration, using 1 mm thick sample discs of
iameter 25 mm.  Experiments were carried out at 190 ◦C, i.e. the
ame temperate as that used for blend processing, in the frequency
ange 10−1 Hz to 102 Hz, applying a shear strain of 1%.

The phase structure of the blends was observed using field-
mission scanning electron microscope (FESEM). A H4800 (Hitachi,
apan) scanning electron microscope was used for the measure-

ents at an accelerating voltage of 10.0 kV. All samples were
ractured by immersion in liquid nitrogen for about 5 min. The
racture surface was then coated with a thin layer of gold before
bserved. Transmission electron microscopy (TEM) was  performed
sing a Hitachi HT-7700 instrument operating at an accelerating
oltage of 80 kV. The blend samples were first ultramicrotomed
o obtain a section with a thickness of about 70–100 nm and then
tained with ruthenium tetraoxide (RuO4) for 3 h.

Differential Scanning Calorimeter (DSC) was carried out using a
A-Q2000 calorimeter. Before sample scanning, the heat flow and
emperature of the instrument were calibrated with sapphires and

ure indium, respectively. The samples were first heated to 190 ◦C
nd held there for 5 min  to eliminate previous thermal history. The
amples were then cooled down to −50 ◦C, followed by the heating
gain to 190 ◦C. Both the cooling and heating rates were 10 ◦C/min
ers 92 (2013) 1921– 1927

and the experiments were conducted under a continuous high-pure
nitrogen atmosphere.

Dynamic Mechanical Analysis (DMA) was  carried out (Q 800, TA)
in multi-frequency strain mode. Dynamic loss (tan ı) was deter-
mined at a frequency of 5 Hz and a heating rate of 3 ◦C/min from
−50 ◦C to 150 ◦C at liquid nitrogen atmosphere.

Thermogravimetric analysis (TGA) was  carried out (Q 500, TA)
at a heating rate of 20 ◦C/min from room temperature to 650 ◦C at
continuous high-pure nitrogen atmosphere.

The structures of PPC, CAB, and composites were studied by
Fourier transform infrared spectroscopy (FTIR, Bruker Tensor)
instrument. FTIR spectra were recorded at the resolution of 1 cm−1

and 32 scans from 4000 cm−1 to 400 cm−1. The FTIR measurements
were carried out by a transmittance mode and the samples for FTIR
were prepared directly by the melt press.

Tensile tests were carried out using an Instron universal material
testing system (model 5966) at 23 ◦C with gauge length of 18 mm
and crosshead speed of 20 mm/min.

3. Results and discussion
Fig. 1. Frequency dependence of complex viscosity (A) and storage modulus as
well as loss modulus (B) at 190 ◦C for pure PPC, pure CAB, and PPC/CAB blends,
(a)  PPC/CAB(100/0); (b) PPC/CAB (80/20); (c) PPC/CAB(60/40); (d) PPC/CAB(50/50);
(e)  PPC/CAB(40/60); (f) PPC/CAB(20/80); (g) PPC/CAB(0/100).
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hat CAB displays typical newtonian behaviors at low shear rate,
ollowed by the shear thinning at high shear rate, similar to most
f thermoplastic polymers. On the other hand, the viscosity of
eat PPC is much lower than that of CAB at 190 ◦C. Morover,
lmost no shear rate dependence of the viscosity for PPC has been
bserved. Such PPC rheological behavior may  be attributed to the
artial thermal-decomposition of PPC at 190 ◦C because the onset
egradation temperature of PPC is only 186 ◦C at the heat rate of
0 ◦C/min (as shown in Section 3.5). The viscosity of blends lies

n between that of homopolymers in the whole shear rate region
nvestigated. The viscosity of the blends increases with increase
n amount of CAB in the blend. The storage modulus and the loss

odulus of the blends are also much dependent on the composi-
ions.

.2. Morphologies

Phase morphologies of the cryo-fractured PPC/CAB blends in the
hole compositions are shown in Fig. 2. Clearly, for blends with pre-
ominant PPC content, i.e. 80/20 and 70/30 blends, the morphology
onsists of CAB particles dispersed in the PPC matrix. It is notewor-
hy that the size of the CAB particles ranges from micrometer to
ub-micrometer. It is also worth noting that the interface between
PC and CAB phases are pretty good because all the domains are
ery well imbedded in the matrix without any gaps and some
hysical adhesion exists at the PPC–CAB boundary. This is an indi-
ation of the rather good compatibility between PPC and CAB due
o low interfacial free energy.

For the PPC compositions in the range 40–60%, CAB displays a
hase structure with irregular shapes and CAB phase connects in
he whole material. This is a typical co-continuous structure. It is
lso seen that the co-continuous structure is very stable and can
xist over a large composition range, which again indicates that
he good compatibility between PPC and CAB. Indeed, in the case of
igh interfacial free energy between components in a blend, the co-
ontinuous phase structure in an irregular structure would involve

 highly unstable situation (Sundararaj & Macosko, 1995).
For the blends with CAB compositions more than 70%, PPC

ppears as a globular dispersion in a CAB matrix. It is again to
e noticed that the PPC domains are mainly in the range of sub-
icrometers. This is a confirmation of the good compatibility of

he unlike species again. The good physical adhension between the
wo phases can effectively transfer the loadings upon suffering the
ensile or impact stress and results in a good mechanical proper-
ies of the final materials. TEM measurements have been carried
ut to investigate the detail morphology of PPC/CAB blends, as
hown in Fig. 3. CAB was observed as the dark area and PPC was
bserved as the white part because CAB is more readily stained by
uO4 than PPC. For the PPC/CAB = 80/20 blend, the CAB domains
re finely dispersed in the PPC matrix with the size of less than

 �m.  The PPC/CAB = 20/80 blend shows the morphology with the
PC domains dispersed in the CAB matrix. The phase size is also in
he range of sub-micron meter. The irregular phase structure was
bserved for the PPC/CAB = 50/50 blend and the dark CAB phase
onnects in the whole material, indicating a similar co-continuous
tructure. The TEM results are much consistent with those from
EM.

.3. Thermal analysis

Fig. 4A shows the DSC thermograms for neat PPC, neat CAB, and
PC/CAB blends with a heating speed of 10 ◦C/min. Both CAB and

PC are amorphous materials with no crystallization and melting
eaks. The glass transition temperatures (Tgs) of neat PPC and neat
AB from DSC curves are 18 and 132 ◦C, respectively. The Tg corre-
ponding to PPC component in the PPC/CAB blends increases with
ers 92 (2013) 1921– 1927 1923

increasing the CAB content. On the contrary, the Tg corresponding
to CAB shifts to the lower temperatures with the addition of CAB.
Fig. 4B displays the Tgs of PPC and CAB as a function of blend com-
position. It is clear that all the blends have two Tgs and the Tgs of
PPC and CAB shift to each other with variation of blend composi-
tion, which indicates that the PPC and CAB are partially compatible.
The partial miscibility between PPC and CAB accounts for the good
interface of the material, leading to the improved mechnical and
thermal properties.

Fig. 5 shows dynamic viscoelastic curves for neat PPC, neat CAB,
and PPC/CAB blends. The storage modulus (E′) versus the temper-
ature for the PPC/CAB blends and the neat components is shown
in Fig. 5A. Both PPC and CAB are very rigid and show high storage
modulus at the temperature below the Tg of PPC. The E′ of neat PPC
dropped abruptly to a very low value at about 35–40 ◦C due to the
glass transition, which means that the heat distortion temperature
of PPC is very low and PPC alone cannot be used above its Tg. In
contrast, neat CAB remains very high storage modulus below its
Tg at about 140 ◦C, indicating the good heat resistance of CAB. For
the blends with less than 40% CAB, the blends cannot self-support
above the Tg of PPC because PPC is the matrix. With increasing
the CAB contents to 40–60%, the samples are self-supported in the
region between the Tgs of PPC and CAB. Both PPC and CAB are con-
tinuous in this composition range and CAB remains the mechanical
strength at the temperature above the Tg of PPC. It can also be
found that the modulus of PPC/CAB blends gradually increases with
increasing content of rigid CAB between the Tgs of PPC and CAB.
When the CAB content is more than 60%, the blends exhibit pretty
high storage modulus with a small modulus drop at about 40 ◦C due
to the glass transition of PPC. It is obvious from the DMA  curves that
the incorporation of CAB in PPC enhances the mechanical properties
and heat distortion temperature significantly.

Fig. 5B displays the dynamic loss curves as a function of tem-
perature of the PPC/CAB blends. The glass transition temperatures
can also be determined by the peak temperature of the dynamic loss
(tan ı) curves. As observed from the tan ı curves, all the blends show
two glass transitions, indicating that the blends are not thermody-
namically miscible. However, the relaxation peaks of both PPC and
CAB shift toward each other when the composition ratios are varied,
suggesting that PPC and CAB are partially miscible. The significantly
shifted glass transition temperatures for PPC and CAB indicate some
molecular interactions between the two components, which will
be discussed in the following section. The dependence of the glass
transition temperatures of PPC and CAB on the composition by
DSC and DMA  is shown in Fig. 4B. The tendency of Tgs changing
with the composition from DMA  is consistent with that from DSC
measurements.

3.4. FTIR analysis

The each other shifted glass transition temperature indicates
the interaction between PPC and CAB. FTIR has been used to
detect such specific interaction in detail. Fig. 6 shows the FTIR
spectra of PPC, CAB, and their blends in several specific wavenum-
ber regions. From Fig. 6A, neat PPC shows a strong carbonyl
stretching absorption at about 1744 cm−1. With the addition
of CAB, the C O absortion peak shifts to high wave num-
bers by 2–4 cm−1. For the PPC/CAB 60/40 blends, the C O
absorption peak locates at 1747 cm−1, which is 3 cm−1 higher
than that of neat PPC. CAB is a polymer that has been par-
tially esterified but still has large number of hydroxyl groups.
The shifted carboxyl group absorption of PPC indicates that

there is specific interaction between C O of PPC with the
the hydroxyl group in CAB. Fig. 6B shows the FTIR spec-
tra at the hydroxyl groups absorption regions. Neat CAB has
broad OH absorption located at 3549 cm−1. The blending with
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F  (d) PP
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t
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ig. 2. SEM images of (a) PPC/CAB(80/20), (b) PPC/CAB(70/30), (c) PPC/CAB(60/40),
PC induces obvious shifting of the OH absorption at about
481 cm−1. The lower wavenubmer shifted absorption indicates
he formation of H-bond between PPC and CAB. It is therefore
onsidered that the OH groups of CAB form hydrogen bonds
C/CAB(50/50), (e) PPC/CAB(40/60), (f) PPC/CAB(30/70), and (g) PPC/CAB(20/80).
with the C O groups of PPC. Such interaction accounts for the
partial miscibility between PPC and CAB. Therefore, the improved
mechanical and thermal properties can be achieved for the PPC/CAB
blends.
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Fig. 3. TEM images of (a) PPC/CAB(80/

.5. Thermal decomposition behavior of PPC/CAB blends

PPC shows very low thermal decomposition temperature, which
mpedes the melt processing of PPC (Inoue et al., 1969a, 1969b)
The thermal degradation behavior of the neat PPC, neat CAB, and
PC/CAB blends at various compositions was investigated with
hermogravimetric analysis (TGA). The corresponding TGA and DTG
hermograms are shown in Fig. 7. Both neat PPC and neat CAB show

ne-step decomposition profile with a single maximum transition
emperature. Neat CAB has much higher thermal stability than PPC,
ecause it degrades at 353 ◦C (Td5%) and maximum decomposi-
ion rate occurs at 390 ◦C, whereas PPC starts degrading at 186 ◦C
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ersus the content of CAB component.
)PPC/CAB(50/50), (c) PPC/CAB(20/80).

(Td5%) and maximum degradation temperature is 251 ◦C. For the
all blends, two steps degradation can be observed, indicating that
PPC and CAB degrade separately in the blends. The degradation
at the lower temperature corresponds to the thermal decomposi-
tion of PPC-rich phase, while the higher temperature one originates
from the decomposition of CAB-rich phase. It is further found
that the incorporation of CAB into PPC enhances the degradation
temperature significantly. The maximum degradation temperature
increases from 251 ◦C for neat PPC to about 297 ◦C with incorpora-
tion of 10 wt.% CAB. The significantly increased thermal stability is
critically important for the melt processing of PPC. Obviously, the

enhanced thermal stability of PPC in the blend with CAB comes
from the specific interaction between CAB and PPC.
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obviously attributed to the good compatibility between PPC and
CAB, as demonstrated in FTIR and DMA  measurements.
ig. 6. FTIR spectra of pure PPC, pure CAB, and their blends in carbonyl group
 C O) region (A) and hydroxyl group ( OH) (B).

.6. Tensile properties

Pure PPC exhibits rubber-like features including an extremely
ow elastic modulus and a very low tensile strength but a high
longation at break. The low physical performance characteristics
ender pure PPC far from practical use without any modification.
n contrast, pure CAB has an extremely high both elastic modu-
us and tensile strength with an elongation at break of about 78%.
rom the mechanical properties points of view, PPC and CAB show
he nice complementarity. It is therefore interesting to measure
he mechanical properties of the PPC/CAB blends. Fig. 8 shows the
train–stress curves for pure PPC, pure CAB, PPC/CAB blends mea-

ured at room temperature. The main tensile properties such as
tatic modulus, tensile strength, and elongation at break deter-
ined from these curves are presented in Table 1. It is obvious that

oth the elastic modulus and the tensile strength are dramatically

able 1
asic mechanical properties of PPC, CAB, and PPC/CAB blends.

Samples Elastic
modulus (MPa)

Tensile strength
at break (MPa)

Elongation at
break (%)

PPC/CAB(100/0) 44 1.33 801
PPC/CAB(80/20) 619 6.14 444.5
PPC/CAB(60/40) 845 12.94 149
PPC/CAB(50/50) 1240 27.7 117
PPC/CAB(40/60) 1110 32.69 115
PPC/CAB(20/80) 1327 43.55 96.5
PPC/CAB(0/100) 1460 50.84 78
Fig. 7. Thermogravimetric analysis of neat PPC, neat CAB, and PPC/CAB blends (A)
TG  curves; (B) DTG curves.

increased with the addition of CAB content in the PPC/CAB blends,
compared with the pure PPC. This results indicated that the dras-
tically strengthening effects of CAB for PPC material. The tensile
strength and the modulus of PPC/CAB = 50/50 blend are 27.7 MPa
and 1.24 GPa, which are 21 times and 28 times higher than those of
the unmodified PPC, respectively. It should be noted that the elon-
gation at break of the blend is also ranged within the elongation at
break of neat PPC and neat CAB, depending on the component ratio.
The impoved mechanical performance for the PPC/CAB blends are
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PC/CAB(20/80); (f) PPC/CAB(0/100) (each film with the thickness about 0.3 mm co

.7. Optical properties

Transparency is an attractive properties for the packaging mate-
ials. Both PPC and CAB are amorphous polymers and exhibit very
ice transparency. The incompatible polymer blends are ususally
paque due to the light scattering and reflection at the interface.
owever, the prepared PPC/CAB blends in the whole composition

ange exhibit a very nice clearance, as shown in Fig. 9. The refractive
ndex of PPC is 1.46 and that of CAB is reported to be 1.47. There-
ore, the nice transparency of the blends is attributed to the very
lose refractive index for the neat PPC and the neat CAB. Although
he blends are phase separated, the good transparent CAB/PPC
lends can be obtained. It is considered that the transparency is
ery important for the application of PPC/CAB blends as a package
aterial.

. Conclusions

Novel eco-friendly PPC alloys with drastically improved
echanical and thermal properties were successfully prepared

y melt-blending of PPC with CAB. Morphological investigation
evealed a pretty good physical adhesion between PPC and CAB
hase. Both DSC and DMA  analysis demonstrated the each other
hifted glass transition temperature, indicating the partially mis-
ible or processing compatibility for PPC and CAB. FT-IR study
uggests that the hydroxyl groups of CAB form the H-bonding with
arboxyl groups of PPC, so a low interfacial tension between PPC
nd CAB phase was achieved. The partial miscibility and good inter-
ace were mainly responsible for the significant increase in both

echanical and thermal properties. Moreover, we also found that
he blends exhibit excellent transparency, which is very important
or their application in packaging industry.
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