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ABSTRACT: The mechanical, thermal, and morphologi-
cal properties of polycaprolactone (PCL) and green coco-
nut fiber (GCF) composites were evaluated. Blends
containing acrylic acid-grafted PCL (PCL-g-AA/GCF)
exhibited noticeably better mechanical properties due to
better compatibility between the two components. The dis-
persion of GCF in the PCL-g-AA matrix was significantly
more homogeneous due to the creation of branched and
cross-linked macromolecules via reactions between car-
boxyl groups in PCL-g-AA and hydroxyl groups in GCF.
The tensile strength of the PCL-g-AA/GCF composites at

break was considerably greater than that of PCL/GCF
composites. In addition, the PCL-g-AA/GCF blend was
more easily processed due to lower melt viscosity. Biode-
gradation tests were performed with each composite in an
Acinetobacter baumannii BCRC 15556 environment. The
mass of both composites was reduced by the GCF content
within 4 weeks. VC 2009 Wiley Periodicals, Inc. J Appl Polym Sci
115: 948–956, 2010
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INTRODUCTION

Organic materials such as starch are abundant, inex-
pensive, renewable, and fully biodegradable. They
may be blended with plastics to produce materials
with these same properties while retaining some of
the desirable properties of the plastic.1–8 Wood flour
(WF), a type of starch, and natural fibers can be
incorporated into polymers in relatively high
amounts.9,10 However, blends of plastics and natural
fibers typically have poor mechanical properties
because the hydrophilic fibers do not adhere well to
the hydrophobic synthetic polymer. To solve this
problem, reactive functional groups may be incorpo-
rated into the synthetic polymer as compatibilizers
to enhance the miscibility of the two polymers and
improve the mechanical properties of the blend.11,12

Maleated polypropylene copolymer is an effective
compatibilizer in polypropylene/green coconut fiber
(PP/GCF) composites,13 and coupling agents have
been used to increase the compatibility of a poly(vi-
nyl chloride)/bamboo flour composites.14

Although recycling can solve disposal issues for
some plastics, most are irrecoverable and end up in
municipal landfills. It is becoming increasingly diffi-
cult to find available landfill sites, and there are a
host of additional environmental problems associ-

ated with the disposal of plastics. To reduce depend-
ence on landfills, the development of biodegradable
polymers has received considerable attention. Poly-
caprolactone (PCL), noted for its flexibility and bio-
degradability,15,16 has been blended with other poly-
mers as an ideal packaging material and has been
proposed for use in biomedical applications, includ-
ing catheters, blood bags, and packaging.17,18 The
good biocompatibility between PCL and its copoly-
mers has led to commercially successful applica-
tions, as with other aliphatic polyesters.19,20 Unfortu-
nately, PCL is an expensive plastic. One way of
reducing the cost is to blend PCL with natural bio-
materials. Hence, a blend of PCL and GCF would
appear to offer advantages in both biocompatibility
and cost.21 This study characterizes the physical
properties and biodegradability of green coconut
fibers (GCF) blended with PCL and acrylic acid-
grafted PCL (PCL-g-AA). Dried GCF has been
widely used in thermoplastic composites. GCF fibers
ranging in length from millimeters to a centimeter
do not mix well in polypropylene matrices.22 In con-
trast to polypropylene, which requires a compatibi-
lizing agent to wet the fibers, the higher hydrophilic-
ity of PCL allows it to naturally wet the GCF fibers.
Many past studies have focused on creating new

materials by blending synthetic plastics with biode-
gradable biopolymers such as starch, cellulose, PCL,
polylactic acid, and natural fibers.23,24 There is also
growing interest in exploiting renewable resources
as raw materials in the production of biodegradable
polymers.25 Several researchers have successfully
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developed composites composed of thermoplastic
polymers and cellulose-lignin products, such as
wood flour (WF). Although cellulose fibers in plastic
composites can yield many desirable properties,
fiber dispersion and fiber-matrix compatibility
remain problematic. Although composites with high
fiber content are inexpensive, the high viscosity and
other false rheological effects during processing limit
the application of these materials.

In this study, the structural and thermal effects of
replacing pure PCL with a more compatible acrylic
acid-grafted-PCL (PCL-g-AA) in GCF-containing com-
posites were systematically investigated. The compo-
sites were characterized using Fourier transform
infrared (FTIR) spectroscopy, 13C nuclear magnetic res-
onance (NMR), and differential scanning calorimetry
(DSC) to identify bulk structural changes induced by
the acrylic acid moiety. In addition, water resistance
and the biodegradability of the blends were assessed
by measuring the water absorption and weight loss of
samples buried in soil inoculated with Acinetobacter
baumannii.

EXPERIMENTAL

Microbiological sample preparation

Acinetobacter baumannii BCRC 15556 was supplied by
the Bioresource Collection and Research Center in
Taiwan. The BCRC 15556 strain was cultivated at
37�C and 200 rpm in Nutrient broth (NB) (Difco).
The broth consisted of 3 g beef extract, 5 g peptone,
15 g agar, and 1.0 L distilled water at a pH of 7.0.
The culture was collected in its early stationary
phase for cell entrapment.

Materials

Polycaprolactone (PCL, CAPA 6800), weight average
molecular weight 80,000 g/mol, was supplied by Sol-
vay. Acrylic acid (AA) was purchased from Aldrich
and purified before use by recrystallization in chloro-
form. Benzoyl peroxide (BPO) was purified by disso-
lution in chloroform and recrystallized in methanol.
Other reagents were purified using the conventional
methods. Referring to the procedures described by
Wu,21 the PCL-g-AA copolymer was made in our lab-
oratory, and its grafting percentage was about 6.1 wt
%. GCF was obtained from Pingtung.

Sample preparation

PCL-g-AA copolymer

Acrylic acid was grafted onto molten PCL in a nitro-
gen atmosphere at 85�C � 2�C. Xylene was used as
an interface agent, and the polymerization reaction
was initiated with BPO. The reaction was stirred at

60 rpm for 6 h. The reaction product (4 g) was dis-
solved in 200 mL refluxing xylene at 85�C and
extracted five times using 600 mL cold acetone for
each extraction. The resultant acetone-insoluble poly-
mer was dried overnight at 80�C and titrated26 to
determine the extent of grafting. The titration
showed a grafting percentage of about 6.1 wt %.
BPO and AA loading were maintained at 0.3 and
10 wt %, respectively.

Green coconut fiber processing

As byproducts of coconut processing, GCFs are
largely available in coastal regions of Taiwan. A co-
conut weighs about 600 g and contains drinkable
juice between the green outer shell and the hard nut
in the middle. Inside the coconut is a white fibrous
material about 3–5 cm thick. A sample of this mate-
rial (600 g) was blended and dried in a reactor
under vacuum (less than 10 mbar) at 90�C for 1 h.
Sodium methoxide (0.3%) was added to the reactor,
and the reaction was quenched after � 30 min by
adding water at 70–80�C. The product was washed
five times and dried for 50 min under vacuum. After
drying, the middle core contained long yellow fibers
of up to 8 cm long. The green outer shell was dried
and ground and the resulting fibers sorted. GCF
samples obtained before grinding consisted of a mix-
ture of fine brown powder with dispersed yellow-or-
ange single fibers up to 3–5 cm long. The specific
gravity of this material was 1.18. The samples were
sieved through a mesh, air-dried for 24 h at
70–80�C, and then vacuum dried for at least 2 h at
115�C until the moisture content reached 5 � 1%.

Composite preparation

Before blending, the GCF samples were cleaned
with acetone and dried in an oven at 105�C for 24 h.
Composites were prepared in a Brabender ‘‘Plasto-
graph’’ 200-Nm Mixer W50EHT with a blade rotor.
The composites were mixed for 15 min between 100
and 110�C with a rotor speed of 50 rpm. The mass
ratios of GCF to PCL or to PCL-g-AA were set at 5/
95, 10/90, 15/85, and 20/80. Residual AA in the
PCL-g-AA reaction mixture was removed by acetone
extraction before the preparation of PCL-g-AA/GCF.
After blending, the composites were pressed into
thin plates using a hot press and put into a dryer for
cooling. These thin plates were cut into standard
specimens for characterization.

Physical characterization of composites

Measurements

Solid-state NMR spectra were obtained at 50 MHz
under cross-polarization while spinning at the magic
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angle. Power decoupling conditions were set with a 90�

pulse and 4-s cycle time. Infrared spectra of the sam-
ples were obtained using a Bio-Rad FTS-7PC FTIR
spectrophotometer. The melt temperature (Tm) and
enthalpy of melting (DHm) were determined using a
TA instrument 2010 calorimeter. DSC sample amounts
were between 4 and 6 mg, and the melting curves were
recorded from –100 to þ120�C at a rate of 10�C/min.

Mechanical testing

An Instron mechanical tester (Model Lloyd, LR5K
type) was used to measure tensile strength and elon-
gation at the break of the blends, following standard
method ASTM D638. The test films were condi-
tioned at 50 � 5% relative humidity for 24 h and
then tested at a cross-head speed of 20 mm/min.
Each blend was tested using five samples, and the
results were averaged to obtain a mean value.

Composite morphology

A thin film of each blend was obtained with a
hydrolytic press and treated with hot water at 80�C
for 24 h before being coated with gold. The surface
morphology of these thin films was observed using
a scanning electron microscope (Hitachi Microscopy
Model S-1400).

Water absorption

Samples were prepared for measuring water absorp-
tion by cutting the thin films into 75 � 25-mm strips
(150 � 5 lm thickness) following standard method
ASTM D570-81. The samples were dried in a vac-
uum oven at 50�C � 2�C for 8 h, cooled in a desicca-
tor, and then immediately weighed to the nearest
0.001 g (this weight was designated Wc). Thereafter,
the samples were immersed in distilled water and
maintained at 25�C � 2�C for a 6-week period. Dur-
ing this period, they were removed from the water
in 1-week intervals, gently blotted with tissue paper
to remove excess water from the surface, immedi-
ately weighed to the nearest 0.001 g (this weight was
designated Ww), and returned to the water. Each Ww

is an average value obtained from three measure-
ments. The percent weight increase due to water
absorption (Wf) was calculated to the nearest 0.01%
according to eq. 1:

Wf % ¼ Ww �Wc

Wc
� 100% (1)

Exposure to Acinetobacter baumannii

Samples were cast into films using a 50 � 50-mm
plastic mold. Films were removed from the mold

and rinsed several times with distilled water until
the waste water had a neutral pH. The films were
then clamped to a glass sheet and dried in a vacuum
oven (50�C � 2�C, 0.5 mmHg, 24 h). After drying,
the films were 0.05 mm � 0.02 mm thick.
The dried films were placed in compost Petri

dishes containing 30-mL NB broth and Acinetobacter
baumannii BCRC 15556 and incubated at pH 7.0 �
0.5, 35�C � 2�C, and 50 � 5% relative humidity.
After incubation, the films were washed extensively
with deionized water and dried. Each study was
conducted using three replicate test reactors and
three replicate samples in each test reactor. Each
result is therefore based on nine samples.

RESULTS AND DISCUSSION

Characterization of PCL-g-AA/PCL

The FTIR spectra of unmodified PCL and PCL-g-AA
are shown in Figure 1(A,B). The characteristic transi-
tions of PCL27 at 3300–3700, 1737, 1725, 850–1480,
and 720 cm�1 appeared in the spectra of both poly-
mers, with an extra shoulder observed at 1710 cm�1

in the modified PCL spectrum, characteristic of
AC¼¼O. Similar results have been reported previ-
ously.28,29 This shoulder represents free acid in the
modified polymer and therefore indicates the graft-
ing of AA onto PCL. The FTIR spectrum of GCF
[Fig. 1(E)] exhibited peaks at 3242 and 1060 cm�1

attributed to hydroxyl groups and ACO stretching,
respectively.30

Closer inspection of the FTIR spectra between
1700 and 1750 cm�1 (Fig. 1) reveals significant differ-
ences among the spectra of PCL, PCL-g-AA, PCL/
GCF (10 wt %), and PCL-g-AA/GCF (10 wt %). The
PCL spectrum [Fig. 1(A)] showed a strong, broad
band at 1725�1750 cm�1, similar to the findings of
Wang et al.,31 corresponding to a AC¼¼O stretching
vibration. The FTIR spectrum of PCL-g-AA [Fig.
1(B)], however, showed an additional peak at
1710 cm�1 caused by the grafting of AA onto PCL.
The FTIR spectrum of the PCL/GCF composite (10
wt %) [Fig. 1(C)] showed the broad absorption band
of PCL at 1725�1750 cm�1, with an additional
absorption peak at 1735 cm�1, which is characteristic
of GCF.32,33 The spectrum of PCL-g-AA/GCF
(10 wt %) [Fig. 1(D)] exhibited a fourth peak at 1743
cm�1. A comparison of the spectra in Figure 1(C,D)
suggests that this peak is the characteristic GCF
peak, which shifted from 1735 cm�1. This shift was
possibly due to the formation of ester carbonyl
groups by reactions between the AOH groups of
GCF and the ACOOH groups of PCL-g-AA. This is
supported by Oksman and Clemons,34 in which the
FTIR spectrum of an ester carbonyl contained an
absorption peak at 1743 cm�1. On the basis of these
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results, it was concluded that reactions between the
GCF hydroxyl groups and the carbonyl groups of
PCL-g-AA resulted in a composite composed of
branched and cross-linked macromolecules.

To further confirm the grafting of AA onto PCL,
the 13C-NMR spectra of PCL and PCL-g-AA are
compared in Figure 2(A,B). There were six peaks
corresponding to carbon atoms in the unmodified
PCL (1: d ¼ 64.2 ppm; 2: d ¼ 28.9 ppm; 3: d ¼ 25.9
ppm; 4: d ¼ 25.0 ppm; 5: d ¼ 34.3 ppm; 6: d ¼ 173.1
ppm). Huang and Yang35 reported a similar out-
come in their study of polybenzoxazine/PCL com-
posites. The 13C-NMR spectrum of PCL-g-AA
showed additional peaks (7: Cb d ¼ 35.6 ppm; 8: Ca

d ¼ 42.2 ppm; a: AC¼¼O d ¼ 175.1 ppm), thus con-
firming that AA was covalently grafted onto PCL.

The solid-state 13C-NMR spectra of GCF, PCL/
GCF (10 wt %), and PCL-g-AA/GCF (10 wt %) are
shown in Figure 2(C–E). The spectrum of GCF was
similar to that reported by Shih.36 Figure 2C coin-
cides with 13C-NMR results of acylated GCF, as
characterized by Shih.36 As in the unblended PCL

samples, additional peaks were observed in the
spectra of composites containing PCL-g-AA relative
to those of unmodified PCL. These additional peaks
were located at d ¼ 42.2 ppm (Ca) and d ¼ 35.6 ppm
(Cb). These same features were observed in previous
studies11,28 and are indicative of the grafting of AA
onto PCL. However, the peak at d ¼ 175.1 ppm
(C¼¼O) [shown in Fig. 2(B)], which is also typical of
AA grafted onto PCL, was absent in the solid state
spectrum of PCL-g-AA/GCF (10 wt %). This is likely
because of an additional condensation reaction
between the ACOOH group of AA and the AOH
group of GCF causing the peak at d ¼ 175.1 ppm to
split into two bands (d ¼ 178.9 and 177.3 ppm). This
additional reaction converted the fully acylated
groups of the original GCF to esters [represented by
peaks b and c in Fig. 2(C)]. This reaction did not
occur between PCL and GCF, as indicated by the ab-
sence of corresponding peaks in the PCL/GCF (10
wt %) spectrum in Figure 2D. The formation of ester
groups significantly affects the thermal, mechanical,

Figure 1 FTIR spectra in the vicinity of CAO and C¼¼O
bending deformations for (A) PCL, (B) PCL-g-AA, (C)
PCL/GCF (10 wt %), (D) PCL-g-AA/GCF (10 wt %), and
(E) GCF.

Figure 2 Solid-state 13C-NMR spectra for (A) PCL, (B)
PCL-g-AA, (C) PCL/GCF (10 wt %), (D) PCL-g-AA/GCF
(10 wt %), and (E) GCF.

POLYCAPROLACTONE/GREEN COCONUT FIBER COMPOSITES 951

Journal of Applied Polymer Science DOI 10.1002/app



and biodegradation properties of PCL-g-AA/GCF
and is discussed in greater detail in the following
sections.

X-ray diffraction

X-ray diffraction patterns of pure PCL, PCL/GCF (10
wt %), PCL-g-AA/GCF (10 wt %) and GCF are shown
in Figure 3(A–D). Similar to the results of Ha et al.,37

pure PCL [Fig. 3(A)] exhibited two diffraction peaks
at about 23.7� and 21.2�, designated 1 and 2, respec-
tively. An additional peak was observed for the PCL/
GCF composites [Fig. 3(B)] at about 15.1�, designated
3. Peak 3 may have been caused by a change in the
coordinate properties of PCL molecules upon blend-
ing with GCF,38,39 indicating that the GCF was physi-
cally dispersed throughout the PCL matrix. Figure
3(C) shows an additional peak at 18.2� (designated 4)
in diffraction pattern of the PCL-g-AA/GCF compo-
sites. This peak, also identified by Danyadi et al.,40

may have been caused by the formation of ester car-
bonyl groups, indicating that the crystalline structure
of the PCL/GCF composites was altered when PCL-g-
AA was used in place of PCL. Figure 3(D) shows that
the XRD pattern of neat GCF contained two peaks at
22.5� and 15.1�. Radiman and Yuliani41 reported a
similar result.

Torque measurements during mixing

The effects of GCF content and mixing time on the
melt torque of PCL/GCF and PCL-g-AA/GCF com-
posites are shown in Figure 4. When preparing

PCL/GCF or PCL-g-AA/GCF, the polymer was
firstly melted, and then the GCF (fibrous state) was
added. Hence, it is the polymer composite contain-
ing fibrous filler. Torque values decreased with
increasing GCF content and mixing time, approach-
ing a stable value when the mixture was sufficiently
mixed after 8 min. The final torque values decreased
with increasing GCF content because the melt vis-
cosity of PCL/GCF or PCL-g-AA/GCF was lower
than that of either PCL or PCL-g-AA. Thus, the melt
viscosity of the entire composites was reduced. In
addition, the melt torque values of the PCL-g-AA/
GCF composites were significantly lower than those
of PCL/GCF composites at the same GCF content.
According to Aburto et al.,42 this improved rheologi-
cal behavior is due to the formation of ester carbonyl
groups (as discussed earlier), which led to conforma-
tional changes in the GCF molecule. Sagar and
Merrill43 showed that the melt viscosity of other
esterified starches decreased with increasing molecu-
lar weight of the ester group.

Differential scanning calorimetry

The heats of fusion (DHf) and melt temperatures
(Tm) of PCL/GCF and PCL-g-AA/GCF blends with
different GCF content were determined from DSC
heating thermograms (not shown here) and are
shown in Table I. For both composites, Tm decreased
with increasing GCF content (Table I), presumably
due to the aforementioned decreasing melt viscosity.
At the same GCF content, the PCL/GCF blend had a
higher Tm than the PCL-g-AA/GCF composites
(Table I). This result is consistent with the corre-
sponding torque measurements in Figure 4. The

Figure 3 X-ray diffraction patterns for (A) PCL, (B) PCL/
GCF, (C) PCL-g-AA/GCF, and (D) GCF.

Figure 4 Torque values as a function of mixing time for
PCL/GCF and PCL-g-AA/GCF blends at various levels of
GCF content.
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lower melt viscosity indicates that PCL-g-AA/GCF
is more easily processed than PCL/GCF. The glass
transition temperature (Tg), shown in Table I,
increased with increasing GCF content for both
PCL/GCF and PCL-g-AA/GCF composites. This
increase was likely a result of decreasing space
available for molecular motion. Tg values were
higher for the PCL-g-AA composite by about 1–4�C,
suggesting that grafting of acrylic acid to the PCL
further restricted molecular motion.

The DHf of pure PCL was 72.5 J/g, whereas that
of PCL-g-AA was 55.2 J/g (Table I). The lower DHf

of PCL-g-AA was likely due to the grafted branches,
which disrupt the regularity of the chain structures
in PCL and increase the spacing between the
chains.41 Values of DHf in PCL-g-AA/GCF were �
3–12 J/g higher than those of PCL/GCF. These
higher DHf values were likely due to the formation
of ester carbonyl groups as discussed above.

The DHf may be used as an indicator of the compo-
sites crystallinity. Whereas DHf of both PCL/GCF and
PCL-g-AA/GCF composites decreased with increased
GCF content (Table I), the extent of the decrease was
significantly greater in PCL/GCF, indicating a lower
degree of crystallinity. These results are similar to
those for blends of PCL and WF by Wu.39 The marked
decrease in crystallinity of PCL/GCF was most likely
a result of hindered motion of the PCL polymer seg-
ments due to the presence of GCF in the composite
matrix. This can be considered a steric effect because
the hydrophilic nature of GCF led to poor dispersibil-
ity with the more hydrophobic PCL.44

Composite morphology

In most composite materials, effective wetting and
uniform dispersion of all components in a given ma-
trix, and strong interfacial adhesion between the
phases, are required to obtain a blend with satisfac-
tory mechanical properties. In this study, GCF may
be thought of as a dispersed phase within a PCL or
PCL-g-AA matrix. To evaluate the blend morphol-
ogy, we employed SEM to examine tensile fractures
in the surfaces of PCL/GCF (10 wt %) and PCL-g-
AA/GCF (10 wt %) samples. The SEM microphoto-

graph of PCL/GCF (10 wt %) in Figure 5(A) shows
that the GCF in this blend tended to agglomerate
into bundles and was unevenly distributed in the
matrix. This poor dispersion was due to the forma-
tion of hydrogen bonds between coconut fibers and
the disparate hydrophilicities of PCL and GCF.
There was also poor wetting in this blend [marked
in Fig. 5(A)] due to large differences in surface
energy between the GCF and the PCL matrix.45 The
PCL-g-AA/GCF (10 wt %) microphotograph in
Figure 5(B) shows a more homogeneous dispersion
and better wetting of GCF in the PCL-g-AA matrix,
indicated by the complete coverage of PCL-g-AA on
the fiber and the removal of both materials when a
fiber was pulled from the bulk. This improved
interfacial adhesion was due to the similar hydro-
philicity of the two components, which allowed

TABLE I
Effect of GCF Content on the Thermal Properties of

PCL/GCF and PCL-g-AA/GCF Composites

GCF (wt %)

PCL/GCF PCL-g-AA/GCF

Tg

(�C)
Tm

(�C)
DHm

(J/g)
Tg

(�C)
Tm

(�C)
DHm

(J/g)

0 �59.6 62.5 72.5 �58.6 61.3 55.2
5 �57.3 61.6 44.2 �55.2 59.8 47.8
10 �54.6 60.0 36.6 �50.6 58.2 41.8
15 �53.1 59.1 29.6 �49.3 57.8 37.6
20 �52.2 58.7 21.8 �48.2 57.3 32.9

Figure 5 SEM microphotographs show the distribution
and wetting of GCF in PCL/GCF (10 wt %) and PCL-g-
AA/GCF (10 wt %) composites.
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for the formation of branched and cross-linked mac-
romolecules and the prevention of hydrogen bond-
ing between coconut fibers.

Mechanical properties

Incompatibility between the two polymers had a
great effect on the mechanical properties of the com-
posite. Figure 6 shows the tensile strength and elon-
gation for PCL/GCF and PCL-g-AA/GCF blends
containing different levels of GCF. Both the tensile
strength and elongation decreased when pure PCL
was grafted to acrylic acid. For PCL/GCF compo-
sites (Fig. 6 and Table II), the tensile strength
decreased markedly and continuously with increas-
ing GCF content. This was attributed to poor disper-
sion of GCF as previously discussed and as shown
in Figure 5(A). The tensile strength of PCL-g-AA/
GCF composites (Fig. 6 and Table II) was signifi-
cantly higher than that of PCL/GCF composites and
increased noticeably with increasing GCF content,
despite the lower tensile strength of PCL-g-AA rela-
tive to pure PCL. In addition, the tensile strength of
PCL-g-AA/GCF composites was stable at GCF levels
greater than 10 wt %. The GCF domain size (the
average pore diameter) for each of the composite

materials is shown in Figure 7 and Table III. The
size of the GCF domains in PCL/GCF increased
with increasing amounts of GCF. It is interesting
that in PCL/GCF blends containing less than 5 wt %
GCF, there was a relatively homogeneous and fine
dispersion of GCF in the PCL matrix. The GCF
domains observed at 20 wt % GCF provide addi-
tional evidence for poor interfacial adhesion and
incompatibility between the polymer matrix and the
coconut fibers.46,47

When PCL-g-AA copolymer was added by mixed
instrument as a compatibilizer, the GCF domains
were reduced. The average pore diameter in PCL/
GCF (10 wt %) was 210 lm � 30 lm compared with
the significantly smaller pore diameter of 80 lm �
18 lm [Fig. 7(A)] in PCL-g-AA/GCF (10 wt %) [Fig.
7(B)]. The dispersion of GCF in the PCL-g-AA/GCF
blends was both fine and homogeneous in all blends
up to 20 wt %. The GCF domain size in these highly
compatible blends was lower than 100 lm � 25 lm
and was detectable only at higher magnification.
The branched and cross-linked macromolecules
formed by esterification reactions in the PCL-g-AA
composites contained components that were compat-
ible with either the PCL or the GCF. This structure
allowed these macromolecules to align themselves at
the interface of PCL-g-AA and GCF during melt
blending. The result was a reduction in the interfa-
cial tension between the two polymers and a finer
distribution of GCF. These results are similar to
those of Nitz et al.,46 who studied the compatibility
of starch in PCL/WF composites and found that
compatible blends (using PCL-g-MAH as a compati-
bilizer) yielded smaller pore sizes under tensile
disruption.
Although the elongation at break in PCL-g-AA/

GCF composites was greater than that in PCL/GCF
composites (Fig. 6 and Table II), it remained lower
than that of pure PCL. For PCL/GCF, the decrease
in elongation was attributed to the tendency of GCF
to agglomerate into bundles, resulting in poor com-
patibility between the two phases. The elongation at
break in PCL-g-AA/GCF composites decreased only
moderately with increasing GCF content. These
results are similar to those of Lee and Ohkita.47

Figure 6 Tensile strength and elongation at break as a
function of GCF content for PCL/GCF and PCL-g-AA/
GCF composites.

TABLE II
Mechanical Properties of PCL/GCF and PCL-g-AA/GCF Composites

GCF
(wt%)

PCL/GCF PCL-g-AA/GCF

Tensile strength at
break (MPa)

Elongation
at break (%)

Tensile strength at
break (MPa)

Elongation at
break (%)

0 37.6 � 0.7 675 � 40 35.8 � 0.8 665 � 45
5 29.8 � 1.0 535 � 45 34.5 � 0.9 645 � 40
10 19.6 � 1.2 450 � 50 32.6 � 1.0 630 � 35
15 17.1 � 1.4 405 � 55 30.5 � 1.1 615 � 30
20 13.9 � 1.6 348 � 58 29.1 � 1.2 610 � 28
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Compared with pure PCL, the use of PCL-g-AA
improved both the tensile strength and the elonga-
tion at break of the blend. However, the improve-
ment in elongation at break was less than that
observed in the tensile strength.

Water absorption

PCL-g-AA/GCF composites exhibited moderate
water resistance, which was higher than that of
PCL/GCF composites at the same GCF content, as
shown in Figure 8. Water absorption in PCL and
PCL-g-AA composites was about 1–3%. For both

blends, the percent water gain increased with GCF
content. This was attributed to increased hindrance
of polymer motion with increasing GCF content due
to steric effects of the ester carbonyl and amide func-
tional groups.

Biodegradation

Exposure to Acinetobacter baumannii

Figure 9 shows the weight change ((degraded sam-
ple weight/initial sample weight) � 100%) as a func-
tion of time for PCL/GCF and PCL-g-AA/GCF com-
posites buried in an Acinetobacter baumannii compost.
In this environment, water diffused into the polymer
sample, causing swelling and enhancing biodegrada-
tion. The composites containing a higher percentage
of GCF (20%) degraded rapidly over the first 10
weeks, losing a mass equivalent to their approximate
GCF content, with a gradual decrease in weight
occurring over the next 6 weeks. For both PCL/GCF
and PCL-g-AA/GCF composites, the degree of
weight loss increased with the GCF content. PCL-g-
AA/GCF exhibited greater weight loss at � 5–10 wt
%. The mechanical properties of the blends, such as

Figure 7 SEM microphotographs show the domain size
of GCF in (A) PCL/GCF (10 wt %), (B) PCL-g-AA/GCF
(10 wt %), and (C) PCL/GCF (20 wt %).

TABLE III
The GCF Phase Size of PCL/GCF and PCL-g-AA/GCF

Composites at Different GCF Contents

GCF (wt %)

Phase size (lm)

PCL/GCF PCL-g-AA/GCF

5 150 � 25 65 � 15
10 210 � 30 80 � 18
15 270 � 35 90 � 21
20 310 � 40 100 � 25

Figure 8 The percent weight gain due to the absorption
of water for PCL/GCF and PCL-g-AA/GCF blends. The
dotted and solid lines indicate the PCL and PCL-g-AA
composites, respectively, at various GCF levels.
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tensile strength and elongation at break, also deterio-
rated after being subject to bacterial degradation.

CONCLUSIONS

The compatibility and mechanical properties of GCF
blended with PCL and acrylic acid-modified PCL
(PCL-g-AA) were examined. FTIR, NMR, and XRD
analyses revealed the formation of ester groups due
to reactions between AOH groups in GCF and
ACOOH in PCL-g-AA, significantly altering the crys-
tal structure of the composite material. Although DSC
tests indicated a decrease in the melting temperatures
of both PCL/GCF and PCL-g-AA/GCF with increas-
ing GCF content, the PCL-g-AA/GCF composites
were more easily processed due to lower melt
temperatures and mixing torque. The morphology of
PCL-g-AA/GCF composites was consistent with good
adhesion between the GCF phase and the PCL-g-AA
matrix. In mechanical tests, PCL-g-AA enhanced the
mechanical properties of the composite, especially the
tensile strength. The glass transition temperature of
PCL-g-AA/GCF was higher than that of PCL/GCF,
indicating a more hindered molecular motion. The
water resistance of PCL-g-AA/GCF was higher than
that of PCL/GCF, but when incubated with Acineto-
bacter baumannii, the biodegradation rate was only
slightly lower than that of PCL/GCF.
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Figure 9 The weight ratios of PCL/GCF and PCL-g-AA/
GCF samples as a function of time during incubation with
Acinetobacter baumannii. The dotted and solid lines indicate
the PCL and PCL-g-AA composites, respectively, at vari-
ous GCF levels.
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