
E
P

Z
N

a

A
R
R
2
A
A

K
P
S
H
C
B

1

p
d
k
a
e
m
r
o
&
r
n
J
c
a
b
d
i
a
i

m

0
h

Carbohydrate Polymers 94 (2013) 235– 243

Contents lists available at SciVerse ScienceDirect

Carbohydrate  Polymers

jo u rn al hom epa ge: www.elsev ier .com/ locate /carbpol

ffect  of  castor  oil  enrichment  layer  produced  by  reaction  on  the  properties  of
LA/HDI-g-starch  blends

hu  Xiong, Lisheng  Zhang,  Songqi  Ma,  Yong  Yang,  Chuanzhi  Zhang,  Zhaobin  Tang,  Jin  Zhu ∗

ingbo Key Laboratory of Polymer Materials, Ningbo Institute of Material Technology and Engineering, Chinese Academy of Sciences, Ningbo, Zhejiang 315201, PR China

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 19 August 2012
eceived in revised form
9 November 2012
ccepted 17 January 2013
vailable online 25 January 2013

a  b  s  t  r  a  c  t

Blends  of  entirely  bio-sourced  polymers,  namely  polylactide  (PLA)  and  starch,  have  been  melt-
compounded  by  lab-scale  co-extruder  with  castor  oil (CO)  as  a plasticizer.  The  enrichment  of  castor
oil on  starch  had  great  effect  on  the properties  of the  blends.  If the  castor  oil  was  mainly  dispersed  in
PLA  matrix,  the  properties  of  the  blends  were  poor,  but  when  the  hexamethylenediisocyanate  (HDI)  was
grafted on  starch  granules  the  ready reactions  between  the hydroxyl  on  CO  and  the isocyante  on  the
HDI-grafted  starch  (HGSTs)  brought  CO molecules  enriched  on  starch  particles.  DSC analysis  shows  that
eywords:
olylactide
tarch
examethylenediisocyanate
astor oil

the CO  layer  on  starch  has  a positive  effect  on  the  crystallization  of  PLA  in  the  ternary  blend.  The  accu-
mulation  of CO  on starch  greatly  improves  the  toughness  and  impact  strength  of PLA/starch  blends.  The
grafting  content  of  HDI on  the  starch  granules  primarily  determined  the compatibility  and  properties  of
the  resulted  blends.

© 2013 Elsevier Ltd. All rights reserved.

lends

. Introduction

In recent years, environmental concerns and shortage of
etroleum resources have driven efforts on development and pro-
uction of biodegradable and renewable materials, which are
nown as “green materials” (Bledzki & Sperber, 1999). Poly(lactic
cid) (PLA) is one kind of biodegradable aliphatic polyester with
xcellent properties for various applications, which will play a
ajor role in the future markets for polymers from renewable

esources. However, the disadvantages of brittleness and high cost
f PLA limit PLA’s wide spread applications (Anderson, Schreck,

 Hillmyer, 2008; Auras, Harte, & Selke, 2004). Thus, in order to
esolve these two problems, plasticizers and cheap fillers were
eeded to add into PLA’s matrix (Huda, Drzal, & Misra, 2006;

acobsen, Fritz, & Degee, 2000). To reduce the cost, starch, as a
ommon and inexpensive biopolymer, is an attractive candidate
s organic filler for PLA. PLA/starch blends were well-explored
iodegradable materials. Nevertheless, PLA and starch are thermo-
ynamically incompatible (Wang, Sun, & Seib, 2001). Obviously, the

ncorporation of native starch into PLA could increase its rigidity but
t the same time greatly reduced elongation at break (EB) and the

mpact strength (IS) (Jacobsen & Fritz, 1999; Ke & Sun, 2003).

Many factors were believed to cause the deterioration in
echanical properties of PLA/starch blends. Firstly, PLA is a

∗ Corresponding author. Tel.: +86 574 86685925; fax: +86 574 86685925.
E-mail address: jzhu@nimte.ac.cn (J. Zhu).

144-8617/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2013.01.038
material with inherent brittleness. Earlier research has reported
that the mechanical properties of PLA are similar to that of
polystyrene (Anderson et al., 2008; Bhardwaj & Mohanty, 2007)
and like polystyrene, one of the deficiencies of the material is its
brittleness, as evidenced by relatively low tensile strain at break,
toughness, and impact strength. Secondly, native starch is of rigid
granular structure as well as the particle diameter ranging from 10
to 200 �m (Dhital, Shrestha, & Flanagan, 2010), which would fur-
ther increase the intrinsic brittleness of PLA (Jiang et al., 2002). Fur-
thermore, the interfacial adhesion between hydrophobic PLA and
hydrophilic starch is very poor. Obviously, the starch particles dis-
persed in PLA matrixes act as the defects and lead to serious stress
concentration, which makes the material fractured more easily.

When attempting to improve the mechanical properties of PLA,
research has mainly focused on two methods. One is the use of reac-
tive compatibilizers or coupling agents. Interfacial adhesion plays a
vital role in mechanical properties of polymeric composites. Reac-
tive interfacial coupling agents are often used to improve interfacial
properties and control morphologies of polymeric composites. Cou-
pling agents containing reactive functional groups such as maleic
anhydride (MA) (Zhang & Sun, 2004), acrylic acid (AA) (Wu,  2005)
and methylene-diphenyldiisocyanate (MDI) (Wang et al., 2001) are
able to generate in situ formation of blocks or grafted copolymers at
the interface by hot-melting blending. However, all above referred

coupling agents used in PLA/starch blends are inefficient on the
improvement of toughness.

Another method to improve the mechanical properties of
PLA/starch blends is gelatinizing of starch. Thermoplastic starch

dx.doi.org/10.1016/j.carbpol.2013.01.038
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:jzhu@nimte.ac.cn
dx.doi.org/10.1016/j.carbpol.2013.01.038
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TPS) was prepared by inserting small molecule plasticizer into
he polysaccharides crystalline of starch. The commonly uti-
ized plasticizers include water (Teixeira et al., 2007), glycerol
Rodriguez-Gonzalez, Ramsay, & Favis, 2004), urea (Ma,  Yu, & Wan,
006) and citric acid (Shi et al., 2007). Although, in a melting
lend process, the strong intermolecular hydrogen bond is broken
nd replaced by intra-molecular hydrogen bond between poly-
accharide chains and low molecular weight plasticizer resulted
n a much finer dispersed phase size in PLA matrixes, the small

olecule plasticizer may  cause gradation of PLA during processing.
hat is more, TPS is an unstable system and the retrogradation of

tarch crystalline and the migration of the plasticizer can cause
ging of the product and deteriorate the mechanical properties.

To prevent the migration of the small plasticizers, chemical bond
an be generated between the plasticizers and the starch. Wang
Wang, Zhai, & Zheng, 2012) caped polyethylene glycol (PEG), a
lasticizer, with MA  and then grafted this MA–PEG–MA onto the
ative starch. This modified starch was then blended with PLA and
ore PEG plasticizer from an extruder. The resultant compound

howed good compatibility between MA–PEG–MA modified starch
nd the PLA as well as the mechanical properties. However, the used
lasticizer PEG was derived from petrochemical resource.

Recently, bio-based plasticizers have attracted the general
ttention due to their renewability. A series of studies have been
one by Hillmyer’s group on the utilization of triglyceride oils as
oughening agents for PLA (Chang, Robertson, & Hillmyer, 2009;
ramlich, Robertson, & Hillmyer, 2010; Robertson et al., 2010;
obertson, Paxton, & Hillmyer, 2011). The oils do not toughen the
LA matrix; rather, the PLA and oil form a phase separated mixture.
o, the PLA/starch blend would be more difficult to be plasticized
y oil in contrast with neat PLA. The mechanism of toughening

n PLA/starch blends can be interpreted by a flexible interphase
ayer toughening brittle polymers (Wang et al., 2012). Our motiva-
ion for using triglyceride oils is to create a toughened PLA/starch
omposites (analogous to the flexible interphase layer toughen-
ng techniques used to produce high-ductility PLA/starch blends)
erived entirely from renewable resources. Though other studies
ave shown that the tensile and impact toughness of PLA/starch
lends can be improved by the formation of plasticizer-rich inter-
hase layer on the surface of starch blends, the blending plasticizers
sed were derived from petroleum.

This paper follows our previous paper on the utilization of epox-
dized soybean oil as the reactive toughening agent for PLA/starch
lends (Xiong, Yang, & Feng, 2013). The epoxidized soybean oil do
ot directly plasticize the PLA/starch blends well. But, when the
aleic anhydride (MA) was grafted on starch granules via organic

olution reaction, the ready reactions between the epoxy on ESO
nd the carboxyl on the MA-grafted starch (MGST) brought ESO
olecules enriched on starch particles. The plant oil layer signif-

cantly improved the compatibility and mechanical properties of
he resulted blends.

In this work, we focus on castor oil, a triglyceride containing
he hydroxyl bearing ricinoleic acid as 90% of its fatty acids (Guner,
agci, & Erciyes, 2006). Castor oil as a raw material for polymers
as found applications in polyamides (such as Nylon-11) (Nayak,
000), polyurethanes (Petrovic et al., 2008), and interpenetrating
etworks (Sperling & Mishra, 1996). To evaluate the efficacy of cas-
or oil as a renewable resource blending component for PLA/starch
lend, we explored the morphology, thermal, mechanical and rhe-
logy properties of PLA/starch blends containing 5 wt.% castor oil.

The utilization of diphenylmethanediisocyanate (HDI) as to
mprove the properties of incompatibility PLA/starch blends has

een well established in the literature (Wang et al., 2001). To fur-
her enhance the compatibility of ternary blends of PLA, starch
nd castor oil, we explored the use of hexamethylenediisocyanate
HDI) to control the blend morphology and improve the interfacial
ymers 94 (2013) 235– 243

adhesion of starch with castor oil. Building upon the work of Pan
(Pan et al., 2011), we synthesized HDI-grafted starch containing
isocyanate groups. Blends containing PLA, castor oil, and modi-
fied starch granules were subsequently prepared and analyzed. The
anchored castor oil on the starch in the different tenary blends
was determined and its effect on thermal, mechanical proper-
ties and rheological characterization was thoroughly investigated.
The resulting fractured surfaces and crystal growth were observed
with scanning electron microscopy (SEM) and optical micrographs,
respectively.

2. Experiment

2.1. Materials

The PLA 4032D, a semi-crystalline extrusion grade, was  supplied
by NatureWorks (Minnesota, USA). It was  vacuum dried at 80 ◦C
at least 8 h prior to use. The native food grade corn-starch was
obtained from the Zhucheng Stimulation Trade and Corn Devel-
opment Limited Company, Shangdong, China, which was  dried
in a vacuum dryer for 24 h at 100 ◦C before use. The chemical
pure (CP) grade castor oil (CO), 99% HDI and analytical pure (AR)
grade toluene were purchased from the Aladdin Reagent (Shanghai,
China) and used directly without further purification.

2.2. Synthesis of HDI-grafted starch

In a three-necked flask equipped with an oil-and-water sep-
arator, a condenser tube and a mechanical agitator, were added
200 mL  toluene, 100 g of starch and a certain amount of HDI  with
ditin butyl dilaurate (DBTDL) as a catalyst to improve the reac-
tivity of core-starch with HDI. The agitation was kept for 5 h at
60 ◦C. Subsequently, the reaction was cooled to room tempera-
ture and washed with acetone by six times to remove residual
HDI and toluene. Finally, the product was  obtained after filtration
and dried in the vacuum oven for 24 h at 60 ◦C. The final products
were preserved in desiccating dryer for further characterization.
The reaction is illustrated in Fig. 1. Three types of HDI-grafted
starch (HGST) were obtained with HDT at 5 wt.%, 8 wt.% and 11 wt.%
of starch denoted as HGST1, HGST2 and HGST3, respectively. The
chemical structures of different HGSTs were characterized by FTIR
(Nicolet FTIR 6700 infrared spectrophotometer, KBr powder) over
a range of 4000–400 cm−1.

2.3. Preparation of the blends

The PLA/starch, PLA/CO/starch, and PLA/CO/HDI-graft-starch
blends were firstly melt-blended in a SJSZ-10A miniature twin
screw extruder (Ruiming Plastics Machinery, Wuhan, China). The
rotation rate, mixing temperature and time were set at 40 rpm,
175 ◦C and 5 min, respectively. Where-after, the PLA blends were
extruded into an SZ-15 micro-injection molding machine made by
Ruiming plastic Machinery. All the standard test bars for various
measures were prepared under an injection pressure of 5 MPa for
30 s at 200 ◦C with mold temperature of 40 ◦C. In the PLA/starch,
PLA/CO/starch, and PLA/CO/HDI-graft-starch blends, the content of
starch was  30 wt.%. In the PLA/CO/starch and PLA/CO/HDI-graft-
starch blends, the addition of CO was 5 wt.%. Meanwhile, the
HDI-graft-starch with different grafting ratios was also investigated
in the PLA/CO/HDI-graft-starch blends (65/5/30).
2.4. Morphological characterization

The morphology of the blends was recorded in a low expan-
sion scanning electron microscope (SEM, Hitachi TM-1000). The
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Fig. 1. The grafted reaction 

amples were fractured in liquid nitrogen. The resulting fractured
urfaces were sputtered with gold prior to examination.

.5. Thermal analysis

The thermal properties of the blends were characterized by
ifferential scanning calorimetry (DSC) on a Pyris Diamond DSC

nstrument. The samples were stabilized at 30 ◦C for 1 min  before
here were heated to 200 ◦C at 10 ◦C/min and then the samples
ere held at 200 ◦C for 5 min  to erase thermal history prior to cool-

ng down to 30 ◦C at 25 ◦C/min. After 1 min  at 30 ◦C, the second
can from 30 ◦C to 200 ◦C at 10 ◦C/min was performed. Throughout
he whole process, the sample cell was kept under a nitrogen flow
f 20 mL/min. The glass transition temperature (Tg), crystallization
emperature (Tc), and melting temperature (Tm) were determined
rom the second scan.

The glass transition temperature (Tg), crystallization temper-
ture (Tc), melting temperature (Tm), and degree of crystallinity
�c) were determined from the second heating scan. Tm and Tc

ere taken as peak values, and Tg was taken as the midpoint of
eat capacity changes. When multiple endothermic peaks were
btained, the peak temperature of the main endotherm was taken
s Tm. The degree of �c is defined as the enthalpy difference between
elting and crystallization peaks divided by the enthalpy of 100%

rystalline PLA (93.6 J/g) according to Eq. (1) (Fischer, Sterzel, &
egner, 1973)

c(%) = (�Hm + �Hc) × 100
93.6 × �PLA

(1)

here �Hm and �Hc are the enthalpies (J/g) of fusion and crystal-
ization of the blend, respectively; 93.6 J/g is the enthalpy of fusion
f a PLA crystal of infinite size; and �PLA is the PLA content. All
amples were tested in triplicate.

.6. Polarized optical microscopy (POM)

Optical microscopy was then carried out under polarized light to
bserve the formation and size of the spherulitic crystal. All micro-
copic observations were made with a polarizing microscope (POM,
lympus BX51) between crossed polar. The temperature control

f a sample was performed using a hot stage (Linkam TH-600PM,
inkam Scientific Instruments, UK). The temperature of the appara-
us was at 115 ◦C. PLA resin sandwiched between microscope glass
lides was heated to 200 ◦C on a hot plate and was  pressed with
ve starch granule with HDI.

small stress to prepare thin film samples with desired thickness.
The morphology of the thin film sample between the glass slides
was observed on a hot stage and recorded on a hard disk.

2.7. Measurements of mechanical properties

An Instron 5567 (Wuhan, China) was used for the mechanical
property measurements following the GB/T 1040.1-2006. System
control and data analysis were performed using the instrument
software. The standard oar-shaped samples were used in order to
determine the tensile strength (TS), tensile modulus (E) and elonga-
tion at break (EB). Four samples for each composite were tested at
a cross head speed of 20 mm/min. The impact test was performed
according to ISO179-1: 98. A 5.5 J pendulum was used to deter-
mine the Charpy impact strength, the dimension of bar samples was
80 mm × 10 mm × 4 mm.  The impact testing was  performed on a
mechanical impact tester (XJ-50Z, Chengde Dahua Testing Machine
Co. Ltd., Chengde, China). Four samples for each composite were
tested.

2.8. Rheological characterization

The rheological behavior of the samples was studied by dynamic
oscillation made using a dynamic analyzer Physica MCR-301 of
Rheometric (Anton Paar, Austria) with parallel plate tools. The plate
diameter and its gap were 25.0 mm and 1 mm,  respectively. The
dynamic frequency sweep was carried out from 1 to 100 rad/s at
180 ◦C with strain of 1%. The all samples used for the rheological
behavior characterize came from extruded samples.

3. Result and discussion

3.1. The FTIR analysis of HGST with various amount of HDI

The isocyanate ( NCO) groups were immobilized onto the sur-
faces of the starch nanoparticles by the reaction between surface
hydroxyl ( OH) groups of the native starch and one isocyanate
group of HDI (Fig. 1). Fig. 2 shows the FTIR spectra of HGST with
various amount of HDI. Although the amide group characteristic
of HGSTs at 1635 cm−1 (C O stretching) overlapped with native

starch, the NH bending characteristic peak at 1565 cm−1 was
clearly shown on HGSTs. Meanwhile, the peak at 2270 cm−1 ( NCO
of HDI) was found in the FTIR spectrum of the HDI-grafted starch
(HGDT). The intensity of NCO peaks increased with increasing
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Fig. 2. The FTIR spectra of HGST with various amount of HDI.

he amount of HDI. This indicated that the NCO grafted starch was
btained.

.2. Morphology

The fractured surfaces of PLA/native starch blend (70/30),
LA/HGST1 blend (70/30), PLA/native starch/CO blend (65/30/5)
nd PLA/CO/HGST blend (65/5/30) with different HDI grafting ratios
n MGSTs were examined by SEM and showed in Fig. 3. A clear gap
etween PLA matrix and the native starch granules was seen, show-

ng no compatibility between PLA and the native starch (Fig. 3a).
hen PLA, native starch and CO mixed with the ratio of 65/30/5
ere melt blended together, CO could not improve the compatibil-

ty between PLA and the native starch to an extent that many clear
aps between the two phases were found in Fig. 3c. Meanwhile, CO
s seen as scattered macro-droplets within the PLA matrix, indicat-
ng that the interacting between starch particles and CO was  poor
nd resulted in the CO molecules mainly dispersing in PLA matrix.

The SEM image of PLA/HGST1 blends is shown in Fig. 3b and less
aps were observed, indicating the end carboxyl groups ( COOH) or
ydroxyl groups derived from PLA have reacted with the isocynate
roups originated from HGST1 as a result of good compatibil-
ty between PLA and HDI-grafted granules, similar results also
btained by (Yu et al., 2011). Meanwhile, with the weight of 5% CO
n PLA/HGST1 blend, in Fig. 3d, it could be observed that the size
f CO macro-droplets in PLA matrix was decreased in comparison
ith PLA/starch/CO ternary blend, but the compatibility of HGST1
ith the PLA matrix in the tenary blend was poorer than PLA/HGST1

inary blend. According to Robertson’s research (Robertson et al.,
011), the size of CO droplets in PLA matrix would become smaller
ith decreasing content of CO or the addition of compatibilizer.
hereas, there were no other compatibilizers and the content of

O was unchanged in PLA/HGST1/CO blend. Thus, it was supposed
hat some CO molecules have reacted with HGST1 and been capped
n the surface of HGST1 particles, which made the content of CO in
he PLA matrix decrease. That was why the size of CO droplets in
he tenary blends was decreased. On the other hand, the isocyanate
roups of HGST1 would react with hydroxyl groups of CO prior to
ydroxyl groups at the end of PLA due to CO’s higher reactivity
Zhong et al., 1999). This caused the poor compatibility of HGST1
articles with PLA matrix.
Fig. 3e and f shows PLA/HGST/CO blends with increasing grafting
evels of HGSTs. They showed that the compatibility between PLA
nd the starch was improved with more content of HDI, since more
lurring interface was found in Fig. 4f. The number of CO droplets
ymers 94 (2013) 235– 243

was also gradually decreased in the PLA matrix with increasing
the content of HDI. Thus, it was concluded that the introduction
of more isocyanate groups onto the starch surface would not only
improve its reactivity with CO, but have the excess isocynate groups
( NCO) to react with the end carboxylic acid groups ( COOH) or
hydroxyl groups on PLA, resulting in a compatible blend of PLA,
HGST and CO. For example, in the PLA/HGST3/CO (65/30/5) blend,
almost all CO molecules were located around the grafted starch
granule, schematized in Fig. 4.

3.3. Thermal properties

As shown in Table 1, the pure PLA shows a small the glass transi-
tion at 61.8 ◦C (Tg), an exothermic cold crystallization peak at 117 ◦C
(Tc) and a sharp endotherm peak at 164 ◦C with a shoulder peak
to its right (Fig. 7 in supplementary data). This phenomenon of
PLA was  reported to be a result of lamellar rearrangement during
crystallization of the polymer as well as the reorganization of poor
crystalline regions with different crystalline structures within PLA
(Martin & Averous, 2001; Nijenhuis et al., 1996). Similar thermal
properties were observed for PLA/Native starch (70/30) blend. In
contrast to native starch, after starch grafted by HDI, Tg was slightly
increased from 60.7 ◦C to 62.6 ◦C, whereas Tc decreased by nearly
8 ◦C in comparison with the pure PLA. Sorenson (Sorenson, 1959)
had found that a mixed carbamic–carboxylic anhydride could be
produced via the reaction of an isocyanate group ( NCO) with car-
boxylic acid ( COOH) as a result of reduced chain mobility of PLA in
melt-blend process. Whereas, the improved compability of starch
particle with PLA matrix might induce the lamellar rearrangement
and accelerate the crystallization rate of PLA matrix resulted in
the Tc decreasing. But, the �c of PLA/HGST1 was  only 2.7%, indi-
cating that the induced crystallization of starch particles on PLA
was limited, also confirmed by (Tianyi & Sun, 2003).

To determine if the CO has an effect towards thermal behav-
ior of PLA/native starch blends, the PLA/native starch/CO blend
was prepared by the melt-blended mixer. As shown in Table 1, it
was observed that Tc of PLA/native starch decreased from 114 ◦C to
106 ◦C with CO. Meanwhile, the lower Tm peak obviously declined,
indicating that CO facilitated the forming of the crystalline cor-
responding to the higher Tm peak in PLA/native starch system.
Whereas, the Tg of PLA/native starch blends unchanged with CO,
was about 60.6 ◦C. The major reason was  that the CO was  dispersed
in the PLA matrix with macro-droplets. Thereof, the CO could not
function as a plasticizer to enhance the chain mobility and decrease
the Tg of PLA. However, the CO could induce the crystallization of
PLA depending on hydrogen bonding of CO molecules. The similar
phenomenon about hydrogen bonding induced PLA crystallization
has been reported by Lin (Lin et al., 2007). But, the effect of CO’s
hydrogen bonding on the PLA crystallization was weak. Meanwhile,
it was  seen that the crystallization degree (�c) of PLA/starch/CO
(65/30/5) blend was only increased to 3.1%.

According to Table 1, HDI grafted starch significantly changed
the thermal behavior of PLA/starch/CO. The major changes were
that, with HGST1, Tc decreased from 106 ◦C to 100 ◦C, and the �c

obviously increased from 3.1% to 10.3%. This may  be explained
by that the functional groups on the HDI grafted starch reacted
with CO and formed many long grafting chain structure contain-
ing amide groups ( NH CO ) on the surface of starch granules.
From our group’s previous and Xing’s researches (Tang et al., 2012;
Xing et al., 2012), the hydrogen bond interaction between amide
groups ( NH CO ) and the carbonyl groups in PLA was proposed
to be an important factor influencing the crystallization of PLA.

Moreover, with the grafting ratio of HDI on the surface of starch
increasing, the �c further increased due to more CO molecules
enriching on the surface of HDI grafted starch granules as well
as the amide groups ( NH CO ). However, very few literatures
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Fig. 3. SEM images of (a) PLA/native starch blend (70/30) and (b) PLA/HGST1 blend (70/30) and (c) PLA/native starch/CO blend (65/30/5) and (d–f) PLA/HGST/CO blend
(65/30/5) with different HDI grafted ratio in MGST.

Table 1
Thermal properties of neat PLA, PLA/30 wt.% starch composite with or without 5 wt.%, PLA/HGST1 blend (70/30) and PLA/HGSTs/CO blends (65/30/5).

Compositions Tg (◦C) Tc (◦C) �Hc (J/g) Tm1 (◦C) Tm2 (◦C) �Hm2 (J/g) �c (%)

Neat PLA 61.8 ± 0.5 117 ± 3 −37.5 ± 0.8 164 ± 1 168 ± 1 – –
PLA/NST (70/30) 60.7 ± 0.8 114 ± 3 −25.6 ± 0.5 164 ± 1 169 ± 1 20.4 ± 0.4 –
PLA/HGST1 (70/30) 62.6 ± 0.3 109 ± 1 −25.1 ± 0.3 160 ± 1 168 ± 1 26.9 ± 0.3 2.7 ± 0.3
PLA/NST/CO (65/30/5) 60.6 ± 0.5 106 ± 2 −20.3 ± 0.5 160 ± 1 167 ± 1 22.2 ± 0.5 3.1 ± 0.5
PLA/HGST1/CO (65/30/5) 61.3 ± 0.7 100 ± 1 −20.0 ± 0.7 – 165 ± 2 26.3 ± 1.0 10.3 ± 0.8
PLA/HGST2/CO (65/30/5) 61.0 ± 0.4 100 ± 2 −19.4 ± 1.2 – 166 ± 1 26.9 ± 0.8 12.3 ± 1.0
PLA/HGST3/CO (65/30/5) 61.2 ± 0.6 100 ± 2 −19.0 ± 1.0 – 166 ± 1 27.0 ± 1.0 13.1 ± 1.0

Tg , Tc , �Hc , Tm1, Tm2, �Hm2 and �c represented glass transition temperature, cold crystallization temperature, crystallization enthalpy, low melt temperature, high melt
temperature, high melt peak fusion enthalpy, and degree of crystallinity, respectively. “–” represents uncalculated value from Eq. (1).
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Fig. 4. The possible chemical reaction diagram in P

eported the crystallization of PLA facilitated by CO layer on the
tarch surface. Thus, the major reason needs to be further inves-
igated by the future work (the DSC date of Table 1 was  obtained
rom supplementary data Fig. 7).

.4. Polarized optical microscopy (POM)

The effect of CO on the crystalline morphology of PLA/starch
lends with or without HDI grafting was further observed with
OM, and the results are shown in Fig. 5. At the beginning, we
ould find that starch particles, irrespective of HDI grafting, showed

 white and bright spherical morphology in Fig. 5a and b. After
sothermal crystallization at 115 ◦C for 6 min  in Fig. 5a, the picture
lmost resumed its original form until up to 6 min. However, for
LA/HGST3/CO (65/30/5) blend (Fig. 6b), many spherulites formed
y PLA matrix have appeared around the HGST3 granules at 115 ◦C
or 2 min. Meanwhile, with increasing crystallization time at 115 ◦C,
he nucleus density of crystallites was largely increased. The major
easons may  be explained by the SEM, it was known that most of
he CO molecules were accumulate on the surface of MGST3 gran-
les forming a CO layer, but not for native starch particles. Thus, it
as inferred that the CO layer on the starch surface enhanced the

ormation of PLA crystal nucleus.

.5. Mechanical properties

The morphology changes brought up the change of the mechan-
cal properties of the PLA/starch blends. Table 2 shows these
hanges. A pure PLA is a fairly rigid material with a high modu-
us (∼3000 MPa) and tensile strength (∼66 MPa), but quite brittle,

ith the elongation at break (EB) and impact strength of 5%
nd 18 kJ/m2, respectively. The addition of native starch to PLA
atrix caused a decrease in Young’s modulus (∼2700 MPa), ten-

ile strength (∼50 MPa) and impact strength (∼10 kJ/m2), which
as caused by the weak compatibility between native starch par-

icles and PLA matrix, but almost no effect on EB (∼6%) was found.
ith 5 wt.% CO in PLA/starch blend, according to Table 2, all prop-

rties excepted for tensile strength of PLA/native starch/CO blend
65/30/5) were almost unchanged in comparison with PLA/native

omposite (70/30). Obviously, the CO could not function as a plas-
icizer to tune the PLA/native starch blend from rigid to ductile.
his result was attributed to the weak reaction among the ternary
omponents, observed in Fig. 3c.
STs blends with CO during melting blend process.

As to the HDI grafted starch, the compatibility between PLA and
the starch was  greatly improved as a result of enhanced impact
strength (∼13 kJ/m2) and tensile modulus (∼2900 MPa), but the
EB (∼2%) was decreased. It was well known that, without any
plasticizers, the good compatibility of starch with PLA would only
enhance the PLA’s stiffness due to the stiff structure of starch par-
ticles (Zhang & Sun, 2004). However, with 5 wt.% CO in PLA/HGST1
blend, the impact strength and EB were both significantly increased
up to 25 kJ/m2 and 45%, respectively, indicating that the CO could
play a plasticizer in the PLA/HGST1 blend, but not for PLA/native
starch blend. Meanwhile, with the increasing of HDI grafting on the
starch surface, the EB and impact strength was increased as high
as 68% and 41 kJ/m2, respectively, in the blend of PLA/HGST3/CO
(65/30/5). Therefore, the higher the grafting ratio of HDI in starch
was, the higher the EB, tensile strength and the impact strength
were. It was  mainly due to the layer of CO on the starch.

Maybe, the good mechanical properties of PLA/HGSTs/CO
(65/30/5) blends could be explained in terms of improved com-
patibility. Additionally, it may also be reasonable to assume that
most of CO molecules might have been accumulated on the surface
of the starch particles via the reaction between hydroxyl groups
( OH) and the isocynate groups ( NCO) of the HGSTs as a result of
reduced amount of CO in PLA matrix in Fig. 3d–f, and the CO formed
a flexible interface phase, which acted as craze terminators and
caused the improvement of ductility in tensile process. Although
the definite flexible interface phase on the surface of HGSTs could
not be observed by SEM or TEM due to the large size of starch gran-
ules, the similar conclusion of interface transition layer formed by
PEG between PLA matrix and starch via the reaction toughened the
PLA/starch blend has been recently reported by Wang (Wang et al.,
2012).

3.6. Rheological characterization

The rheology of polymers is very sensitive to changes of plasti-
cizers in the melted blend process and is therefore of practical and
fundamental interest in the current study. Fig. 6 presents the vis-
cosity of PLA, PLA/starch blend, and PLA/starch blends/CO with and
without HDI grafting at a temperature of 180 ◦C. The data of neat
PLA were obtained from oscillatory measurement carried out on the

non-extruded pellets. It exhibited a clear Newtonian Plateau with
a zero-shear 993 Pa.s. With 30 wt.% starch, it also showed a clearly
defined Newtonian region but the zero-shear viscosity is decreased
to 480 Pa.s, 2-fold decrease when compared to the neat PLA.
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Fig. 5. the POM of PLA/starch/CO (65/30/5) blend (a) and PLA/HGST3/CO (65/30/5) blend (b) at 115 ◦C isothermal crystallization for 6 min.

Table 2
The mechanical properties of neat PLA and PLA/30 wt.% starch blends with or without 5 wt.% CO, PLA/HGST1 composite (70/30) and PLA/HGSTs/CO blends (65/30/5) with
various HDI grafted ration in starch.a

Composite IS (kJ/m2) TS (MPa) EB (%) TM (MPa)

Pure PLA 18(±2) 65(±3) 5.0(±1) 3000(±20)
PLA/starch (70/30) 10(±1) 50(±1) 6.0(±1) 2700(±30)
PLA/HGST1 (70/30) 13(±1) 42(±1) 2.5(±1) 2900(±50)
PLA/starch/CO (65/30/5) 11(±1) 40(±1) 7.0(±1) 2850(±80)
PLA/HGST1/CO (65/30/5) 25(±2) 28(±1) 45(±5) 2530(±60)
PLA/HGST2/CO (65/30/5) 32(±1) 31(±2) 50(±5) 2450(±50)
PLA/HGST3/CO (65/30/5) 41(±2) 33(±1) 68(±5) 2500(±70)

a Values reported here are averages of four tensile bar tests according to the test standard. IS, TS, EB and TM represented the impact strength, tensile strength, elongation
at  break and tensile modulus, respectively.
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ig. 6. Viscosity of neat PLA, PLA/starch with or without HDI grafting, PLA/starch/CO
nd PLA/HGSTs/CO blends.

imilar rheological curve was observed by the PLA/HGST1 blend,
ut slightly higher than that of PLA/starch blend with the increas-

ng shear rate resulted from the formation of crosslink unit between
tarch and PLA matrix, also observed by Xie (Xie et al., 2007).

In order to make clear the effect of CO on the rheological prop-
rty of PLA/starch with and without HDI grafting, the viscosity
f PLA/starch blends with 5 wt.% CO is presented in oscillatory
hear and the measurement was limited to the 1–100 s−1 frequency
ange to limit the duration of the measurement. In Fig. 6, it was
bserved that the viscosity of PLA/native starch blend with 5 wt.%
O was about 116 Pa.s, which was significantly lower than that
f PLA/native starch blend. Meanwhile, the viscous behavior of
LA/native starch/CO (65/30/5) blend was very different from that
f PLA/starch blend. The PLA/native starch/CO (65/30/5) blend did
ot exhibit any viscosity plateau in the range of investigated shear
ate and was highly shear thinning. Obviously, the CO existed in the
LA matrix could significantly decrease the PLA’s melt viscosity.

As to the HDI grafted starch, it was found that the zero-shear
iscosity was increased up to 330 Pa.s with the HDI grafting ratio
ncreasing on the starch particles, and the viscous behavior was
radually changed, especially for PLA/HGST3/CO blends. The vis-
ous behavior was similar to that of PLA/starch blend and presented

 Newtonian Plateau. Obviously, it could be supposed that the
mount of CO existed in the PLA matrix was reduced and more
O molecules were accumulated on the surface of starch granules
ia the reaction, which resulted in the difference of melt viscous
ehavior from PLA/starch or PA/HGST1 blends.

. Conclusions

Castor oil (CO) could not be used as a bio-based reactive
lasticizer for PLA and the starch, but this effect was changed
y chemically grafting hexamethylenediisocyanate (HDI) on the
tarch granules. Through the SEM analysis, the ready reactions
f isocyanate groups on HDI-grafted starch (HGSTs) with the
ydroxyl groups on CO and the end carboxylic acid groups of
LA brought the components of this blend together and formed

 CO layer on the surface of starch. The characterization of the
btained blends by differential scanning calorimetry (DSC) demon-
trated that the cold crystallization temperature (Tc) of PLA was
bviously declined by the formation of CO layer via the reaction
f HGSTs with CO on the surface of HGSTs particles. Meanwhile,

ue to the effect of CO layer, the crystallinity (�c) of PLA matrix

n PLA/HGST3/CO (65/30/5) ternary blends was increased up to
3.1% and the crystallization time was significantly decreased

n contrast with PLA/starch/CO (65/30/5). Mechanical properties
ymers 94 (2013) 235– 243

of PLA/CO/HGSTs (65/5/30) increased markedly compared to the
PLA/starch/CO (65/30/5) ternary blend. Therefore, the location of
CO molecules has much effect on the properties of resulted blends.

Appendix A. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/j.carbpol.
.01.038.
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