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Abstract
The properties of blends of polycaprolactone and starch (PCL/starch) and maleic anhydride (MAH)-grafted-polycaprolactone
and starch (PCL-g-MAH/starch) were examined using Fourier transform infrared (FTIR) spectroscopy, 1H nuclear magnetic
resonance (1H NMR), diﬀerential scanning calorimetry (DSC), and mechanical testing. Mechanical and thermal properties of PCL
became noticeably worse when it was blended with starch, due to the poor compatibility between the two phases. The greater
compatibility of PCL-g-MAH with starch, owing to the formation of an ester carbonyl group, led to a much better dispersion and
homogeneity of starch in the PCL-g-MAH matrix and consequently to noticeably better properties. Furthermore, with a lower melt
temperature, the PCL-g-MAH/starch blend is more easily processed than PCL/starch. Both blends were buried in soil to assess
biodegradability. Water resistance of PCL-g-MAH/starch was higher than that of PCL/starch, although weight loss of blends
buried in soil indicated that both were biodegradable, even at high levels of starch substitution. In soil, the mechanical properties of
both blends, such as tensile strength and elongation at break, also deteriorated.
# 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction
The non-biodegradability of most plastics has caused
many environmental problems associated with their
disposal. Recycling is an environmentally attractive
solution. However, only a minor portion of plastics is
recyclable, and most end up in municipal burial sites.
This leads to the increasingly diﬃcult problem of ﬁnding available landﬁll areas. Hence, to reduce the dependence on landﬁlls, there has been an increased interest in
the production and use of biodegradable polymers.
Among the commercially available biodegradable plastics, polycaprolactone (PCL) has received much attention due to its high ﬂexibility and biodegradability and
because of its hydrophobic nature. PCL is, however, too
expensive to be used widely.
In the past decades, many attempts have been
focused on blending plastic materials with cheap and
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biodegradable natural biopolymers, such as starch,
cellulose, and chitin, to create new materials with
desired properties [1–12]. These biopolymers, especially
starch, are abundant, inexpensive, renewable, and fully
biodegradable. However, in addition to being susceptible to water absorption, blends of biopolymer and
polymer exhibit inferior mechanical properties because
the hydrophilic character of the biopolymer leads to
poor adhesion with the hydrophobic polymer. A feasible solution is to use PCL as the matrix material and
biopolymer as a modulus-modiﬁer and extender, and
this has been discussed in some detail elsewhere.
Nevertheless, physical properties of PCL become signiﬁcantly worse when blended with starch due to the
poor compatibility between the two phases. Such an
operation therefore requires a compatibilizer and/or a
toughener to enhance the compatibility between the
two immiscible phases and to improve the mechanical
properties of the composite [13]. Studies by Bikiaris
and Panayiotou [14] showed that maleic anhydridegrafted-polyethylene (PE-g-MAH) increased the compatibility between low-density polyethylene (LDPE)
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and plasticized starch. This suggests that the blending
of PCL with the cheaper material starch, with a reactive functional group grafted onto PCL to improve
adhesion and dispersion of the two immiscible phases,
oﬀers the best combination of cheapness and good
mechanical properties [15,16].
In this study, we systematically investigated the eﬀect
of replacing pure PCL with maleic anhydride-graftedPCL (PCL-g-MAH), synthesized in our laboratory, on
structure and properties of PCL/starch-type composites.
The composites were characterized using FTIR spectroscopy, 1H nuclear magnetic resonance (1H NMR),
and diﬀerential scanning calorimetry (DSC) to identify
the structural changes caused by the grafting of maleic
anhydride. Scanning electron microscopy (SEM) and
mechanical testing were also used to examine morphology and mechanical properties of blends. Additionally,
water absorption of synthesized blends and weight loss
of buried blends was estimated to assess water resistance
and biodegradability.

grafting percentage was determined, using a titration
method [17].
2.2.2. Determination of grafting percentage
Maleic anhydride loading of the xylene-soluble polymer (expressed as grafting percentage) was calculated
from the acid number and was determined as follows:
Firstly, about 2 g of copolymer was heated in 200 ml of
reﬂuxing xylene for 2 h. The hot solution was then
titrated immediately with a 0.03 N ethanolic KOH
solution, which was standardized against a solution of
potassium hydrogen phthalate, with phenolphthalein
used as an indicator. The acid number was calculated
using Eq. (1) below, and the grafting percentage calculated using Eq. (2) [17].
Acid number ðmgKOH=gÞ
¼

VKOH ðmlÞ  CKOH ðNÞ  56:1
polymer ðgÞ

Grafting percentage ð%Þ ¼
2. Experimental

ð1Þ

Acid number  98:1
2  561
 100%

ð2Þ

2.1. Materials
Polycaprolactone (molar mass 80,000 g/mol) was
supplied by Solvay, and starch (27% amylose and 73%
amylopectin) by Sigma Chemical Corporation. Maleic
anhydride, a commercial product of Aldrich, was puriﬁed by re-crystallization with chloroform before use.
Benzoyl peroxide (BPO) was used as initiator and was
puriﬁed by dissolving in chloroform and reprecipitating
with methanol. The PCL-g-MAH copolymer was prepared in our laboratory via the procedures described in
the following section.
2.2. Sample preparation
2.2.1. Graft reaction and sample preparation
Four equal portions of maleic anhydride and benzoyl
peroxide mixture were added into molten PCL stepwise
at 2-min intervals. The reactions were carried out under
nitrogen at 85  2  C. In preliminary experiments, it was
found that reaction equilibrium could be attained after
5 h. Nevertheless, to be sure that equilibrium was
established, all the reactions were run for 6 h, at a rotor
speed of 60 rpm. The grafted product (4g) was then
dissolved in 200 ml reﬂuxing xylene at 85  C and the hot
solution ﬁltered through several layers of cheesecloth.
The cheesecloth was washed with acetone to remove the
xylene-insoluble unreacted maleic anhydride and the
product remaining over the cheesecloth was dried in a
vacuum oven at 80  C for 24 h. The xylene-soluble
product in the ﬁltrate was extracted ﬁve times, using 600
ml cold acetone for each extraction. Subsequently, the

Grafting percentage was found to be about 0.98 wt.%
when BPO loading was maintained at 0.3 wt.% and
MAH loading was maintained at 10 wt.%.
2.2.3. Blend preparation
All the blends were prepared using a Brabender
‘‘Plastograph’’ W50EHT 200Nm mixer with a bladetype rotor. Rotor speed and blending temperature were
kept at 50 rpm and 100  C respectively and reaction
time was 15 min. Before blending, the starch was dried
in an oven at 105  C for 24 h. The mass ratios of starch
to PCL were set at 10/90, 20/80, 30/70, 40/60, and 50/
50. After blending, the composites were pressed into 1
mm-thick plate using a hydrolytic press at 140  C and
were put into a dryer for cooling. The cooled plates
were then made into standard specimens for further
characterization.
2.3. Characterization of blends
2.3.1. NMR/FTIR/DSC analysis
For 1H NMR analysis, the sample was ﬁrst dissolved
in CDCl3 and sealed in an NMR tube (10 mm O.D.).
Then, after being degassed, analysis was performed on a
Bruker AMX400 1H NMR spectrometer with conditions of 100 MHz, 30 pulse and 4 s cycle time. Infrared
spectra of the thin-ﬁlm samples were obtained using a
BIO-RAD FTS-7PC type FTIR spectrophotometer,
and melting temperature (Tm) and fusion heat (Hf)
were determined via a TA instruments 2010 DSC sys-
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tem. For the DSC tests, sample weight ranged from 4 to
6 mg, and temperature from 30 to +120  C, with a
heating rate of 10  C/min.

day. The samples were then weighed before returning
them to the soil.

2.3.2. Composite morphology
After mechanical analysis, plates were treated with
hot water at 80  C for 24 h, then coated with gold, and
their morphology observed via a Hitachi Microscopy
Model S-1400 scanning electron microscope.

3. Results and discussion

2.3.3. Mechanical property tests
Following the ASTM D638 method, a mechanical
tester (Model LLOYD, LR5K type) was used to
measure tensile strength and elongation at break. For
each sample, a mean value was obtained from ﬁve measurements taken at a crosshead speed of 20 mm/min.

3.1. Characterization of PCL-g-MAH/starch
The outcome of grafting MAH onto PCL was investigated using FTIR. Fig. 1(A) and (B) shows the FTIR
spectra of unmodiﬁed PCL and PCL-g-MAH, respectively. The characteristic peaks of PCL [16,19] at 3300–

2.3.4. Water absorption
Samples for measuring water absorption were in the
form of 7525 mm ﬁlm strips (150  5 mm thickness)
following the ASTM D570-81 method. The samples
were dried in a vacuum oven at 50  2  C for 8 h, cooled
in a desiccator and then immediately weighed to the
nearest 0.001g (this weight designated as Wc). Thereafter, the conditioned samples were immersed in distilled water, maintained at 25  2  C, for the 6-week test
period. During this period, they were removed from the
water at 1-week intervals, gently blotted with tissue
paper to remove excess water on the surface, immediately weighed to the nearest 0.001 g (designated as Ww),
and returned to the water. Each Ww was an average
value obtained from three measurements. The percentage increase of water (in weight) was calculated to the
nearest 0.01% as follows:
%Wf ¼

Ww  W c
 100
Wc

where Wf is the ﬁnal percentage increase in weight of the
tested samples.
2.3.5. Biodegradation studies
Biodegradability of the samples was studied by evaluating weight loss of blends over time in a soil environment. Samples of 30301 mm were weighed and then
buried in boxes of alluvial-type soil, obtained in March
2001 from farmland topsoil before planting. The soil
was sifted to remove large clumps and plant debris.
Procedures used for soil burial were as those described
by Chandra and Rustgi [18]. Soil was maintained at
approximately 20% moisture in weight and samples
were buried at a depth of 15 cm. A control box consisted of only samples and no soil. The buried samples
were dug out once a month, washed in distilled water,
dried in a vacuum oven at 50 2  C for 24 h and, before
evaluation, equilibrated in a desiccator for at least a

Fig. 1. FTIR spectra of pure PCL and blends. [(A): pure PCL; (B):
PCL-g-MAH; (C): PCL/starch (20 wt.%); (D): PCL-g-MAH/starch
(20 wt.%).].
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3700, 1737, 1725, 850–1480 and 720 cm1 all appeared
in both polymers, while extra peaks at 1786 and 1860
cm1 were observed in PCL-g-MAH. Yu et al. [20]
indicated that peaks of FTIR spectra at 1781 and 1857
cm1 represent anhydride functional groups of maleic
anhydride, as have others [18,21,22]. We were therefore
able to conﬁrm that the discernible shoulder in the
modiﬁed PCL 1786 and 1860 cm1, based on free acids,
demonstrated grafting of MAH onto PCL.
Fig. 2 shows the 1H-NMR spectra of unmodiﬁed PCL
[Fig. 2(A)] and PCL-g-MAH [Fig. 2(B)]. For unmodiﬁed PCL, we found that the hydrogen peaks only
appeared at ﬁve  values (1: =4.01 ppm; 2: =1.48
ppm; 3: =1.25 ppm; 4: =1.56 ppm; 5: =2.15 ppm),
a similar outcome to other works [23,24]. The spectrum
of PCL-g-MAH showed a sixth peak at =1.8–2.0 ppm
and a seventh at =2.2–2.4 ppm. These two extra peaks
are supposedly due to the grafting of MAH onto the
main or branch chain of the PCL skeleton [22,25,26]. In
addition, the FTIR spectra of PCL/starch (20 wt.%)
and PCL-g-MAH/starch (20 wt.%) [in Fig. 1(C) and
(D)] further showed that the peaks at 3200–3700 cm1,
assigned to O–H bond stretching vibration, were much
more intense. This is because the –OH group of starch
causes/contributes to the bond stretching vibration
[14,18]. Further comparison of the spectra of PCL/

Fig. 2. 1H NMR spectra of unmodiﬁed PCL and PCL-g-MAH prepared with 10 wt.% MAH and 0.3 wt.% BPO.

starch (20 wt.%) and PCL-g-MAH/starch (20 wt.%)
showed a unique absorption peak at 1739 cm1 in PCLg-MAH/starch [shown in Fig. 1(D)], which was assigned
to the ester carbonyl stretching vibration in the copolymer. When the FTIR spectra in the range 1700  1750
cm1 was expanded, the diﬀerence between the spectra
of PCL/starch and PCL-g-MAH/starch could be more
clearly seen. The expanded spectrum for PCL [shown in
Fig. 3(A)] shows how the –C¼O stretching vibration
appeared as a strong broad band at 1725–1736 cm1.
Wang et al. [19] had obtained a similar result. The PCL/
starch spectrum [shown in Fig. 3(C)] showed the same
broad absorption band, but PCL-g-MAH/starch exhibited a newly formed peak at 1739cm1 [Fig. 3(D)].
Bikiaris et al. [27] studied LDPE/plasticized-starch
compatabilized with PE-g-MA copolymers, and also
indicated a band at 1735 cm1. Appearance of this new
absorption peak was perhaps due to the formation of an
ester carbonyl functional group via reaction between an
–OH group of starch and anhydride carbonyl group of
PCL-g-MAH when the two polymers were blended.
3.2. Torque measurements
The curves of torque vs. mixing time for PCL/starch
and PCL-g-MAH/starch blends are presented in Fig. 4.
It was observed that the torque value of each blend
decreased with increasing starch content and mixing
time, and that it approached a stable value when the
mixing time was greater than 8 min. We concluded that
good mixing had occurred after 15 min. Final torque
decreased with increasing starch content because the
viscosity of the molten starch was lower than that of
molten PCL and molten PCL-g-MAH. Further, the
torque response of PCL-g-MAH/starch was signiﬁcantly lower than that of PCL/starch with the same

Fig. 3. FTIR spectra in the vicinity of the peaks for C–O and C¼O
bending deformation for pure PCL and blends with diﬀerent starch
contents. [(A):pure PCL; (B): PCL-g-MAH; (C): PCL/starch (20
wt.%); (D): PCL-g-MAH/starch (20 wt.%).].
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Fig. 4. Torque of PCL/starch and PCL-g-MAH/starch blends at various starch contents.

starch content (20 and 50 wt.%). The improved rheological behavior of PCL-g-MAH/starch was attributed to
the conformational change of the starch molecule [28],
caused by the previously discussed formation of an ester
carbonyl functional group. In the study of Sagar [29],
the melt viscosity of esteriﬁed starches also decreased
with increasing molecular weight of the ester group.
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starch content for both PCL/starch and PCL-g-MAH/
starch blends, and that the decrease was more noticeable for starch content of up to 20 wt.%. The lower Tm
might be caused by starch lowering the melt viscosity of
PCL and PCL-g-MAH. The lower melt viscosity of
PCL-g-MAH/starch makes this blend easier to process
than PCL/starch.
The values of fusion heat (Hf) of pure PCL and PCLg-MAH were 72.5 and 52.1 J/g, respectively (Fig. 6).
The grafted branches that increased the spacing between
the PCL chains and disrupted the regularity of the chain
structure [28] might explain the lower fusion heat of
PCL-g-MAH. Conversely, as the starch was blended,
we found that PCL-g-MAH/starch gave higher Hf
values than PCL/starch, with an increment of about 4–
10 J/g, a function of the ester carbonyl functional group
of PCL-g-MAH. However, it was clear that the Hf
value, which indicates percentage crystallinity of blends,
of both PCL/starch and PCL-g-MAH/starch decreased
as the content of starch was increased. These phenomena were similar to the results of Aburto et al. [28], who
studied the properties of octanoated starch and its
blends with polyethylene. Marked decrease in crystallinity of PCL/starch blends was probably caused by the
increased diﬃculty in arranging the polymer chain as
the starch prohibited the movements of the polymer
segments and by the steric eﬀect caused by the hydrophilic character of starch, leading to poor adhesion with
the hydrophobic PCL [28,30].

3.3. Diﬀerential scanning calorimetry test
3.4. Composite morphology
Diﬀerential scanning calorimetry was used to study
the thermal properties of blends. Variations in heat of
fusion (Hf) and melt temperature (Tm) of PCL/starch
and PCL-g-MAH/starch were determined from the
DSC heating thermograms (not shown here), and the
results are presented in Figs. 5 and 6. In Fig. 5, it can be
seen that melt temperature decreased with increasing

To further understand changes in mechanical properties of the composites, the morphology of the polymer
was investigated via SEM. In the PCL/starch composites, the matrix is PCL and the dispersed phase is
starch. Table 1 tabulates the starch phase size (the
average pore diameter) of PCL/starch and PCL-g-

Fig. 5. Melt temperature vs. starch content for PCL/starch and PCLg-MAH/starch blends.

Fig. 6. Fusion heat vs. starch content for PCL/starch and PCL-gMAH/starch blends.
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Table 1
The starch phase size of PCL-g-MAH/starch and PCL/starch blends
at diﬀerent starch contents
Phase size (mm)
Starch
(wt.%)

PCL/starch

PCL-g-MAH/
starch

10
20
30
40
50

6.5
12.0
15.5
18.0
21.0

1.5
2.1
3.3
3.8
4.1

MAH/starch composites. There was ﬁne dispersion and
homogeneity of starch in the PCL/starch matrix at
starch loading < 10 wt.%. For PCL/starch composites,
it was found that as starch content increased, the size of
the starch phase increased. The large starch phase size,
especially that formed in the composite containing 50
wt.% starch, suggests that the adhesion between starch
and PCL is very poor and that the two polymers are
strongly incompatible [14].
When PCL-g-MAH was added, the size of the starch
phase was much decreased compared with the ungrafted
equivalent (Table 1). The results in Table 1 show that
there was ﬁne dispersion and homogeneity of starch in
the PCL matrix for all PCL-g-MAH/starch composites,
as the phase size was never greater than 4.1 mm, and was
detectable only at higher magniﬁcation. This better dispersion arose from the formation of branched and
crosslinked macromolecules, since the PCL-g-MAH
copolymer has anhydride groups that react with the
hydroxyl groups of starch. Because the diﬀerent parts of
the branched and crosslinked macromolecules were all
compatible with the polymer phases, this gave them the
ability to place themselves in the interface between PCL
and starch during melt blending. The result was a
reduction in the interfacial tension between the two
polymers and a ﬁner distribution of starch in all the
grafted composites. Such a scenario was also proposed
by Bikiaris [14], who found that a LDPE (LDPE-gMAH)/starch composite produced smaller pore sizes
under tensile disruption.
3.5. Mechanical properties
Fig. 7 shows the eﬀect of starch content on tensile
strength and elongation at break for PCL/starch and
PCL-g-MAH/starch composites. For PCL/starch composites, tensile strength decreased continuously as
starch content increased. It was thus clear that mechanical incompatibility of the two phases was great and
would increase with the starch content. Though lower
tensile strength at break was observed for PCL-g-MAH
composites compared with pure PCL, this decrease was
smaller than that of the equivalent uncompatibilized

Fig. 7. Tensile strength and elongation at break vs. starch content for
PCL-g-MAH and PCL blends. [The solid and dotted lines indicated
thePCL-g-MAH and PCL ones, respectively.]

composites. The absolute value of tensile strength at
break for all compatibilized composites was noticeably
higher than that of their uncompatibilized counterparts.
It was also found that the PCL-g-MAH composites
provided more stable values of tensile strength when the
starch content was < 10 wt.%.
Fig. 7 also shows that the PCL-g-MAH composite
exhibits a higher elongation at break compared with the
uncompatibilized composites, and that the diﬀerence
increases with increasing starch content. However,
compared with the equivalent pure PCL, elongation at
break of both composites decreased with increasing
starch content. The ﬁndings of Bikiaris et al. [13]
regarding mechanical properties of LDPE/plasticizedstarch containing PE-g-MA compatibilizer were similar
to those discussed here. It is evident that the mechanical
properties strongly depend on the dispersion and phase
size of starch in the PCL matrix. With a smaller dispersed phase, an improvement in mechanical properties,
especially in tensile strength, is observed.
3.6. Water absorption
PCL-g-MAH/starch blends exhibited moderately
good water resistance and resistance was higher than
that of PCL/starch blends at the same starch content
(Fig. 8). The increment of water absorption for PCL/
starch, compared with the value of PCL-g-MAH/starch,
was about 0.9–2%. For both types of blend, the percentage water gain increased with starch content, and it
increased slowly over the 6-week test period. These
phenomena were similar to the results of Bikiaris and
Panayiotou [14]. By studying blends of starch and
polyethylene, they deduced that the marked increase in
water absorption was probably caused by the increased
diﬃculty in forming polymer chain arrangements as the
starch prohibited the movements of the polymer segments, and also that the hydrophilic character of starch
led to poor adhesion with the hydrophobic polyethylene
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Fig. 8. Percentage weight gain of PCL/starch and PCL-g-MAH/starch
blends during water absorption. [The solid and dotted lines indicated
the PCL-g-MAH and PCL ones, respectively.].

Fig. 9. Weight ratio of PCL/starch and PCL-g-MAH/starch blends
exposed to soil environment. [The solid and dotted lines indicated the
PCL-g-MAH and PCL ones, respectively.].

(a steric eﬀect). In this study, the comparatively lower
water absorption of PCL-g-MAH was caused by the
ester carbonyl functional group on that blend.

starch content, PCL-g-MAH/starch is more easily processed due to its lower melt temperature and torque
requirement. The fusion heat (Hf) of PCL/starch
decreased with increasing starch content while that of
PCL-g-MAH/starch increased. Increases in starch phase
size with increasing starch content demonstrate the poor
compatibility between PCL and starch. The improved
compatibility between the constituents of PCL-g-MAH/
starch is therefore illustrated by the noticeable reduction
in starch phase size (being always less than 4.1 mm).
Compared with PCL/starch, tensile strength of PCL-gMAH/starch was enhanced, and elongation at break
improved, although these properties worsened in both
composites as starch content increased. Although water
resistance of PCL-g-MAH/starch was higher than that
of PCL/starch, in a soil environment the compatibilized
blend showed only a slightly lower biodegradation rate
than the uncompatibilized one.

3.7. Biodegradation under soil environment
Fig. 9 shows changes in weight ratio (degraded sample/initial sample) with time for the PCL/starch and
PCL-g-MAH/starch buried in soil. In the soil, water
diﬀused into the polymer sample, causing swelling and
enhancing biodegradation. The blends containing a
higher percentage of starch (50% starch content)
degraded rapidly in the initial 8 weeks, equivalent to the
approximate starch content of the blends, and a gradual
decrease of weight occurred during the next 8 weeks.
The weight loss of PCL/starch and PCL-g-MAH/starch,
which indicated the extent of biodegradation of the
blends, both increased as the content of starch
increased. Further comparison of the two copolymers
revealed that PCL-g-MAH/starch had a higher weight
ratio, with an increment of about 0.03–0.10. The greater
biodegradation of PCL/starch may be caused by the
same factors leading to its higher absorption of water.
Under the soil environment, the mechanical properties
of blends, such as tensile strength and elongation at
break, also deteriorated.

4. Conclusions
Compatibility and mechanical properties of a PCL/
starch composite were improved by using PCL-g-MAH
in place of PCL. The blending of PCL-g-MAH with
starch leads to the formation of an ester carbonyl group
not present in PCL/starch. This group is responsible for
many of the diﬀerences in mechanical properties
between the two copolymers. While the melt temperature (Tm) of both copolymers decreases with increasing
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