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ABSTRACT: Biodegradable starch-polyester polymer
composites are useful in many applications ranging from
numerous packaging end-uses to tissue engineering.
However the amount of starch that can form composites
with polyesters without significant property deterioration is
typically less than 25% because of thermodynamic immisci-
bility between the two polymers. We have developed a
reactive extrusion process in which high amounts of starch
(approx. 40 wt%) can be blended with a biodegradable poly-
ester (polycaprolactone, PCL) resulting in tough nanocom-
posite blends with elongational properties approaching that
of 100% PCL. We hypothesize that starch was oxidized and
then crosslinked with PCL in the presence of an oxidizing/
crosslinking agent and modified montmorillonite (MMT)
organoclay, thus compatibilizing the two polymers. Starch,
PCL, plasticizer, MMT organoclay, oxidizing/crosslinking
agent and catalysts were extruded in a co-rotating twin-
screw extruder and injection molded at 120° C. Elongational
properties of reactively extruded starch-PCL nanocomposite
blends approached that of 100% PCL at 3 and 6 wt% organo-
clay. Strength and modulus remained the same as starch-
PCL composites prepared from simple physical mixing

without any crosslinking. X-ray diffraction results showed
mainly intercalated flocculated behavior of clay at 1,3,6, and
9wt% organoclay. Scanning electron microscopy (SEM)
showed that there was improved starch-PCL interfacial ad-
hesion in reactively extruded blends with crosslinking than
in starch-PCL composites without crosslinking. Dynamic
mechanical analysis showed changes in primary �-transition
temperatures for both the starch and PCL fractions, reflect-
ing crosslinking changes in the nanocomposite blends at
different organoclay contents. Also starch-polytetramethyl-
ene adipate-co-terephthalate (PAT) blends prepared by the
above reactive extrusion process showed the same trend of
elongational properties approaching that of 100% PAT. The
reactive extrusion concept can be extended to other starch-
PCL like polymer blends with polymers like polyvinyl alco-
hol on one side and polybutylene succinate, polyhydroxy
butyrate-valerate and polylactic acid on the other to create
cheap, novel and compatible biodegradable polymer blends
with increased toughness. © 2005 Wiley Periodicals, Inc. J Appl
Polym Sci 96: 1072–1082, 2005
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INTRODUCTION

Even though the biodegradable polymer market has
been active commercially for several years, it is in the
initial stages of its product life cycle. The market for
biodegradable polymers was approximately 20 mil-
lion pounds in 2000 and is expected to be 60 million
pounds by 2005.1 Much of the increase in consumption
is expected to come from polyesters such as polycap-
rolactone (PCL) and poly(lactic acid) (PLA) and their
blends. A majority of the market share is expected to
be in loose fill packaging, followed by compost bags,
agricultural films, hygiene-related products, and pa-
per coatings.1 The two main factors that can increase
the market scope and size of biodegradable polymers
are cost and material properties. Incorporating starch
into polyester matrices can lead to improvements in
the stiffness, biodegradation kinetics, and final mate-

rial cost.2–4 These composites can also have net energy
capacities comparable to those of fossil fuel-based
plastics.1 However, disadvantages associated with
starch are as follows: (1) the immiscibility of native
starch with all polyesters; (2) moisture absorption with
time; and (3) the requirement of plasticizers, particu-
larly for flexible material applications. Rather than a
simple mixing of starch and polyesters, a reactive
blend (RB) process is required to improve both the
interfacial phase adhesion between the two polymers
and the final material properties. In this article, phys-
ical mixing refers to composites and RBs blends to
compatible blends prepared by reactive extrusion.
Our group has recently developed an extrusion pro-
cess that addresses this challenge through the reactive
blending of starch and PCL.5

Starch is one of the major components of cereal
grains. Corn and wheat are major sources of commer-
cial starches in the United States. Other sources in-
clude rice, potatoes, peas, and tapioca. Starch is a
mixture of two polysaccharides: amylose (linear 1,4-
�-glucopyranosyl units) and amylopectin (linear 1,4-
�-glucopyranosyl units and branched 1,6-�-glucopyr-
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anosyl units).6 The amylose fraction has a degree of
polymerization (DP) of 1 � 102 to 4 � 105, and amy-
lopectin has a DP of 1 � 104 to 4 � 107, with branches
after every 19–25 linear units. Significant amounts of
amylopectin (�75%) are present in most native corn
and wheat starches, the rest being made up of amy-
lose. However, commercially available corn starches
have amylose contents varying from 0 (waxy maize) to
approximately 70% (high amylose).6 Therefore, blends
made from different starches will have different prop-
erties based on the ratio of branched polymer fractions
to linear polymer fractions in the blends.

Biodegradable polyesters that can form mechanically
compatible composites with starch are PCL, poly(buty-
lene succinate) (PBS), poly(tetramethylene adipate-co-
terephthalate) (PAT), poly(hydroxy butyrate valerate)
(PHBV), and PLA.2,4,7–11 Many studies have been done
on starch–PCL composites. Averous et al.,2 Mani and
Bhattacharya,4 and Huang et al.11 reported that the ad-
dition of starch to PCL caused an increase in the modu-
lus by a factor of 1.5–3, a 50% decrease in the strength,
and a very large decrease in the elongation to yield or
break by a factor of 5–10. However, at 25 wt % amylose,
PCL–amylose composites showed 5% less elongation at
break, 10% less stress at break, and 20% less overall
tensile strength than 100% PCL. Above 25 wt % amylose
for PCL with a molecular weight of 80,000, the strength
dropped off rather quickly, retaining less than one-half
of its value at a 50 wt % amylose concentration. Accord-
ing to dynamic mechanical thermal analysis, amylose
behaved as a phase-separated, low-particle-size filler for
PCL. Studies done on starch–PHBV12 composites also
showed a decrease in the tensile strength upon the in-
corporation of starch. Starch was also found to affect
biodegradation kinetics by increasing the rate over that
of polyesters alone.3–4 These studies2,4,7–12 indicated that
starch and polyesters were mechanically but not thermo-
dynamically compatible, and significant property dete-
rioration took place at starch concentrations greater than
25 wt %. In fact, starch–PCL composites and blends
already exist in the market in various forms: MaterBi
(composite) from Novamont SA (Novara, Italy),9–10 En-
var (RB) from Michigan State University (Lansing,
MI),13,14 and Bioplast (composite) from Biotech Corp.
(Emmerich, Germany).15 Significant market potential ex-
ists for starch-based biodegradable blends that can be
used in the aforementioned applications.

To increase the amount of starch that can be incor-
porated into polyesters without property deteriora-
tion, small amounts of compatibilizers are needed.
Until now, these compatibilizers have been produced
in two ways: (1) the graft polymerization of a polyes-
ter monomer on the starch backbone and (2) the ad-
dition of various amounts of maleic anhydride (MA)
modified polyester, which is added to a starch–poly-
ester matrix to produce a compatibilized blend. Graft
polymerization techniques have been used in starch–

PCL blends,7,13,14 and MA modifications have been
done on starch blends with PCL, PHBV, PBS, and
PAT.4,16 For example, one of the commercially avail-
able starch–PCL products (Envar)13,14 is synthesized
by the first route. Narayan et al.14 reported tensile
properties of RB blown films synthesized by the po-
lymerization of a caprolactone monomer on starch. At
final concentrations of 70 wt % PCL and 30 wt %
starch, the tensile strength showed an increase of 42%,
but the elongation decreased by at least 59% over that
of the control composite film. In another study, Choi et
al.7 reported that at starch/PCL ratios of 40:60, the
tensile strength and modulus decreased with increas-
ing amounts of grafted compatibilizers. However, the
elongation increased eightfold over that of the com-
posite at a 30 wt % compatibilizer concentration but
was still 1/10 of the elongation of 100% PCL. They
also found that grafted compatibilizers with short
graft lengths and a high degree of graft polymeriza-
tion were the most effective. Many studies have been
done on the second route too. Mani and Bhattacharya4

reported 3-fold and 1.5-fold increases in the tensile
strength of starch–PCL and starch–PBS blends, respec-
tively, with 50 wt % starch and 5 wt % MA modified
polyester. However, no changes in the elongation or
modulus were observed. No changes in the tensile
properties of starch–PAT blends were reported. Simi-
larly, Avella et al.16 reported a threefold increase in the
resilience of starch–PCL blends with 50 wt % starch
and 10 wt % MA modified polyester as a compatibi-
lizer. However, the resilience was still half that of
100% PCL. They also reactively blended starch with
PHBV through the addition of organic peroxides.
However, no property changes were reported. Thus,
the graft polymerization and MA modification tech-
niques do not work across the board for all polyes-
ters,4,7,13,16 and one property increase is offset by a
decrease in another property. Also, these studies did
not use plasticizers, and their effects on the reaction
kinetics and overall properties were not evaluated.

Our research group has developed a reactive extru-
sion process in which starch is compatibilized with
PCL in two steps but in a single extrusion process: (1)
the partial oxidation of starch by the replacement of
hydroxyl groups with carboxyls and carbonyls and (2)
the crosslinking of oxidized starch with polyester by
the abstraction of hydrogens near the carbonyl groups
of oxidized starch and polyester.5 Both these steps are
performed through the addition of a single oxidizing/
crosslinking agent and the generation of hydroxyl free
radicals. Fenton’s reagent (hydrogen peroxide with
iron and copper catalysts) was used as the oxidizing/
crosslinking agent. The crosslinking reaction was cat-
alyzed by the addition of a modified high-surface-area
montmorillonite (MMT) organoclay to ultimately pro-
duce tough starch–PCL nanocomposite RBs. A simpli-
fied reaction scheme is illustrated in Figure 1. Some of
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the features of RBs produced in this manner are (1)
greater toughness and elongation approaching that of
100% PCL and (2) improved interfacial adhesion be-
tween starch and PCL. This concept can be extend to
other polymer blends with starch-like polymers, such
as poly(vinyl alcohol) on one side and biodegradable
and nonbiodegradable polyesters on the other.

EXPERIMENTAL

Native wheat starch (Midsol 50, Midwest Grain Prod-
ucts, Atchison, KS) had the following solid composi-
tion: 98.5% carbohydrates, 1% lipids, 0.2% proteins,
and 0.22–0.25% ash. CAPA 6806 (Solvay Caprolac-
tones, Warrington, England) is a PCL polymer with a
number-average molecular weight of 80,000 (Lot

#0871). Glycerol (Mallinckrodt, Hazelwood, MO) had
at least 99.9% purity. Nanocor I.30E organoclay
(Nanocor, Inc., Arlington Heights, IL) was an MMT
type, with sodium ions (Na�) replaced by quaternary
ammonium octadecyl cations (C18H35NH4

�). Hydro-
gen peroxide (30% solution in water; Fluka Cheme
GmbH, Buchs, Switzerland) and ferrous and cupric
sulfate catalysts (Fischer Scientific, Fairlawn, NJ) were
constituents of Fenton’s reagent. The formulations are
given in Table I.

Reactive extrusion and injection molding

The ingredients were premixed and fed into a conical,
corotating twin-screw microextruder (DACA Instru-
ments, Goleta, CA). The residence time was kept at 3

Figure 1 Simplified scheme of oxidation and crosslinking pathways.

TABLE I
Formulations Used in the Synthesis of Starch–PCL Nanocomposites by Reactive Extrusion

Code Starch (%) PCL (%)
Glycerol

(%)
Organoclay

(%)
H2O2

(mL/g of starch)a

STPCL 40 40 20 — —
STPCLPERI-0 40 40 20 — 0.18
STPCLPERI-1 39.6 39.6 19.8 1 0.18
STPCLPERI-3 38.8 38.8 19.4 3 0.18b

STPCLPERI-6 37.6 37.6 18.8 6 0.18b

STPCLPERI-9 36.4 36.4 18.2 9 0.18b

a 30% solution in water; ferrous and cupric sulfate catalysts were used at 0.0025 and 0.002 g/g of starch on a wet basis.
b Two other levels of peroxide were also used, 0.27 (level II) and 0.36 mL/g of (level starch (level III), as indicated by

STPCLPERII and STPCLPERIII, respectively.
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min, and the melt was then extruded out of the die in
the form of cylindrical strands. The temperature
throughout the extruder was kept at 120°C, and the
screw speed was kept at 115–120 rpm. The extruder
barrel was blanketed with nitrogen during extrusion.
Two batches of each formulation were extruded to
ensure reproducibility. The extruded strands were in-
jection-molded into a microinjector (DACA Instru-
ments) in the form of dog-bone pieces. The barrel was
kept at 120°C, and the mold was kept at the ambient
temperature.

Tensile properties

Tensile measurements of dog-bone pieces were per-
formed on an Instron 1122 universal tester (Instron
Corp., Canton, MA) at a crosshead speed of 50 mm/
min. The maximum stress, elongation at rupture, and
Young’s modulus were measured. The modulus was
calculated by a regression analysis of the stress–strain
data up to a 1% strain.

Scanning electron microscopy (SEM)

SEM was used to analyze the domain structure of the
starch phase in the starch–PCL composites and nano-
composite blends. Molded samples were ultrasoni-
cated for 5 min in warm water at 40°C. The samples
were then analyzed with a Leica 440 scanning electron
microscope (Leica Microsystems Inc., Bannockburn,
IL) at an electric field strength of 10 kV.

X-ray diffraction

The clay dispersion behavior was studied by X-ray
diffraction (Scintag �–� wide-angle X-ray diffractor
working at 40 kV and 30 mA). Flat, molded samples
were used for the diffraction analysis.

Thermal properties: differential scanning
calorimetry (DSC)

Molded samples were analyzed by DSC (DSC 2920,
TA Instruments, New Castle, DE) to determine the
PCL crystal properties. Approximately 3–10 mg of
each molded sample was placed in an aluminum pan,
which was then sealed. For crystallization experi-
ments, the sample was rapidly heated to 120°C and
equilibrated for 3 min. Then, it was cooled to 0°C at a
rate of 10°C/min. For melting and crystallinity exper-
iments, the samples were rapidly heated to 120°C,
equilibrated for 3 min, quenched to 0°C, held for 3
min, and heated to 120°C at 10°C/min. The maxima of
the melting endothermic and exothermic crystalliza-
tion peaks were taken as the melting temperature (Tm)
and crystallization temperature (Tc), respectively, and
the melting peak areas were used to calculate the

enthalpy of fusion and crystallinity. The peak areas
were measured from the flat baseline on one side and
the maximum change in the curved baseline slope on
the other. The crystallinity percentage (Xc) of the PCL
component in the composites and RB nanocomposites
was obtained as follows:

Xc � �Hf/�w � �Hf,100%�

where �Hf,100% and �Hf are the heats of fusion for
100% crystalline PCL and PCL, respectively, and w is
the weight fraction of PCL. �Hf,100% was taken to be
142 J/g.17

Dynamic mechanical analysis (DMA)

Dynamic viscoelastic properties of molded nanocom-
posites were measured with a PerkinElmer DMA 7e
(PerkinElmer Instruments, Shelton, CT). Molded sam-
ples (1.5 � 4.0 � 10 mm3) were analyzed in the three-
point bending mode. The storage modulus, loss mod-
ulus, and phase-angle shift were measured at a fre-
quency of 1.6 Hz and at a scanning rate of 4°/min
from �120 to 52°C.

Carbonyl and carboxyl concentrations in the
oxidized starch

Carboxyl determination

A dry sample (�1 g) was slurried in water (100 mL),
and 0.975M NaOH was added to keep the pH above
10. After 1 h of stirring, the mixture was back-titrated
with 0.118M HCl to the phenolphthalein endpoint (pH
8.3). Composites with no peroxide were used as con-
trols.

TABLE II
Tensile Properties of Starch–PCL Blends and Reactively

Extruded Nanocomposites

Sample

Maximum
strength
(MPa)

Young’s
modulus

(MPa)
Elongation at

break (%)

100% PCL 35.7
(0.6)

13.0
(0.4)

1101.9
(22.0)

STPCL 12.6
(1.2)

19.4
(0.6)

246.6
(15.0)

STPCLPERI-0 3.2
(0.8)

7.1
(1.2)

199.6
(18.2)

STPCLPERI-1 8.6
(0.3)

11.6
(0.7)

568.1
(35.8)

STPCLPERI-3 10.2
(0.4)

15.6
(0.6)

926.0
(22.0)

STPCLPERI-6 10.0
(0.3)

18.6
(0.6)

877.0
(24.8)

STPCLPERI-9 9.5
(0.3)

21.1
(1.0)

672.0
(31.5)

The values in parentheses are standard deviations.
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Carbonyl determination

A dry sample (�1 g) was slurried in water (300 mL)
and heated to boiling to completely solubilize it. The
cooled solution was adjusted to pH 3.2 with 0.118M
HCl, and 60.0 mL of a hydroxylamine hydrochloride
(25 g) solution was added (100 mL of 0.5M NaOH
diluted to 500 mL). The solution was heated to 40°C in
an oven for 4 h and titrated rapidly to pH 3.2 with
0.118M HCl. A water sample was used as a control:

% CA0 � 0.118 � 0.028 � Control(mL)

� Sample(mL)] � 100

RESULTS AND DISCUSSION

Tensile properties

The tensile properties of the starch–PCL composites
and nanocomposite blends are given in Table II. In
comparison with 100% PCL, the addition of starch at a
ratio of 1:1 with PCL reduced the strength and elon-
gation by more than 50% in the STPCL composites,
whereas the modulus increased slightly over that of
100% polyester. The increase in the modulus upon the
addition of starch to PCL has been observed in other
studies.2,4,11 Starch, being a more rigid polymer than
PCL, contributed to higher stiffness. As shown in
DMA studies, the � primary transition of PCL was
lower (��57°C) than that of starch (�4°C) in the
STPCL composites.

Compared with that of the STPCL composites, the
elongation was dramatically improved in the RB
nanocomposites. At 3 and 6 wt % organoclay concen-
trations, the elongation approached that of 100% PCL.
The elongation at break reached a maximum at 3 and
6% organoclay concentrations and went down at a 9%
organoclay concentration. The increase in the elonga-
tion can be attributed to better interfacial adhesion
between the starch and PCL. Better interfacial adhe-
sion was similarly associated with improved elonga-
tion in an RB study by Choi et al.7 As shown in Figure
1, during the RB extrusion process, a small amount of
crosslinked species was formed. This could include
starch–starch, PCL–PCL, and starch–PCL crosslinks.
However, only starch–PCL crosslinks were expected
to improve starch–PCL interfacial adhesion, whereas
intramolecular crosslinks would reduce it.11 The ten-
sile results indicated that starch–PCL crosslinks might
have predominated instead of the other types of
crosslinks. Also, glycerol might have played an impor-
tant role in crosslinking. It is not known yet if there
exists a system in which starch, PCL, and glycerol are
crosslinked together and, if so, how much crosslinking
is present.

In the RB nanocomposites with 6 and 9% clay con-
centrations, the strength and modulus approached

and surpassed, respectively, that of STPCL compos-
ites. Within the RB nanocomposites, no large differ-
ences in the maximum strength were observed, but
the modulus increased as the clay concentration in-
creased. This was due to a reinforcement effect from
the dispersion of the organoclay in the starch–PCL
matrix through mechanisms described elsewhere.18

Also, reactively extruded starch–PCL blends without
any organoclay (STPCLPERI-0) showed poor proper-
ties. We hypothesize that the organoclay affected the
crosslinking dynamics in the following manner. In the
STPCLPERI-0 sample, crosslinking was expected to be
more extensive than in starch–PCL nanocomposites.
However, the addition of the organoclay resulted in
decreased and optimum crosslinking density because
the clay sheets were expected to act as a physical
barrier to crosslinking. The exact mechanism of how
organoclay affects crosslinking kinetics is not known
yet. It may be that in STPCLPERI-0, crosslinking could
be more intramolecular than intermolecular. As dis-
cussed later, DSC and DMA results reflected
crosslinking changes between STPCLPERI-0 and other
nanocomposites.

In summary, we have developed a reactive extru-
sion process to produce starch–PCL polymer blends

Figure 2 Effect of clay and peroxide levels on (a) Young’s
modulus, (b) elongation at break, and (c) maximum
strength. Levels I, II, and III had 0.18, 0.27, and 0.36 mL of
peroxide/g of starch, respectively.
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tougher than what exists in the market today (Ma-
ter-Bi from Novamont and Envar from Michigan State
University). This concept can be extended to different
types of polymers containing hydroxyl groups and to
different types of polyesters (biodegradable and non-
biodegradable) to tailor RB nanocomposites with ap-
plication-specific properties. For example, starch–PAT
(Eastar Bio Ultra, Eastar Chemicals, Sacramento, CA)
nanocomposites prepared by the same reactive extru-
sion procedure also followed the same trend in the
tensile properties, with an almost fivefold increase in
the elongation over that of starch/Eastar Bio compos-
ites (results not shown).

Effect of the peroxide level

The tensile properties of RB nanocomposites contain-
ing three different levels of peroxide are shown in
Figure 2. Levels I, II, and III contained 0.18, 0.27, and
0.36 mL of peroxide/g of starch, respectively. As
shown in Figure 2, the best properties were obtained
at the peroxide level of 0.18 mL/g of starch. The
differences in the properties at the different peroxide

levels can be explained in two ways: (1) the depoly-
merization of starch/PCL molecule by hydrolysis at
higher peroxide levels (levels II and III) and (2)
changes in the density of starch–PCL crosslinks at
different peroxide levels. Other studies have indicated
that significant depolymerization of starch takes place
in the presence of oxidizing agents.19–21 Wing and
Willett,19 using a starch oxidation method similar to
that used in this study, found that with level I perox-
ide, the apparent viscosities of 5% solutions (in water)
of oxidized starches were comparable to those of mal-
todextrins with a dextrose equivalent of 5–10. In the
RB nanocomposites with level I peroxide, however, as
the tensile property data showed and as the DMA
results will show later, the depolymerization did not
adversely affect the mechanical properties and did not
affect the primary polymer (starch and PCL) relax-
ations.

Morphology

SEM pictures of STPCL, STPCLPERI-3, and STPCLP-
ERI-6 are shown in Figure 3. The pictures were ob-

Figure 4 X-ray diffraction spectra of (a) nanomer 1.30E with a d-spacing of 23 Å, (b) 1% nanomer I.30E in a starch–PCL
nanocomposite, (c) 3% nanomer I.30E in a starch–PCL nanocomposite, (d) 6% nanomer I.30E in a starch–PCL nanocomposite,
(e) 9% nanomer I.30E in a starch–PCL nanocomposite, and (f) 3% MMT clay in a starch–PCL blend.

Figure 3 SEM pictures of ultrasonicated samples: (a) STPCL, (b) STPCLPERI-3, and (c) STPCLPERI-6. From left to right,
there is increasing interfacial adhesion between starch and PCL.
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tained from molded samples that were ultrasonicated
in water for 5 min at 40°C. The pictures were magni-
fied 2000�. Even though starch is a hydrophilic poly-
mer, it is not possible to etch the polymer by immer-
sion in water. Ultrasonication aids in the etching pro-
cess of hydrophilic starch from its domain in the
starch–PCL polymer matrix into surrounding water.
As shown in Figure 3, STPCL had large voids in place
of starch, whereas STPCLPERI-3 and STPCLPERI-6
had no voids. Starch in STPCL composites was immis-
cible with PCL, as expected, and showed easy separa-
tion from its domains. However, in the RB nanocom-
posites with the organoclay, there was better interfa-
cial adhesion, which resulted in no phase separation of
starch upon ultrasonication. Choi et al.7 observed sim-
ilar results for starch–PCL blends compatibilized with
a starch-grafted PCL copolymer. In this study, the
improved interfacial adhesion came from intermolec-
ular starch–PCL crosslinked species that acted as a
compatibilizer between uncrosslinked starch and PCL.

Dispersion of the organoclay

Figure 4(a) shows the diffraction spectra of 100%
nanomer I.30E clay. There were two peaks, the larger
one with a d(001) spacing of 23 Å and a smaller one
with a spacing of 10.5 Å. Through the integration of
the areas, we found that approximately 5–6% of the
nanomer 30E organoclay was unmodified clay or a
natural MMT clay. Figure 4(b–e) shows the spectra of
1, 3, 6, and 9 wt % clay RB nanocomposites. There was
one peak at 18.6–19.9 Å that increased in intensity
with increasing clay content. Also, there were addi-
tional peaks in the 6 and 9% clay spectra. The peak for
the 6% clay had a d-spacing of 105.1 Å, although it was
not completely resolved and appeared as a shoulder.
At a 9% clay concentration, a distinct peak could be
seen at 54.6 Å. Figure 4(f) shows the spectra of 3%
MMT (unmodified nanoclay) RB nanocomposites.
There were two d-spacings, one at 18.9 Å showing
intercalation and a smaller one at 9.3 Å indicating that
a small fraction of the MMT clay was still present as
agglomerated sheets. However, the peak correspond-

ing to agglomerated sheets was not seen in the RB
nanocomposites containing nanomer 30E organoclay.
These data show that the organoclay was intercalated
and flocculated, and increased flocculation was ob-
served as we increased the modified clay content from
1 to 9%. At a 6% clay concentration, there seemed to be
intercalation at 105.1 Å. This peak shifted to 54.6 Å at
a 9% clay concentration. The presence of a peak at
18.6–19.9 Å in the RB nanocomposites with modified
clay could be due to two reasons: (1) the d-spacing of
an unmodified fraction of the organoclay increased
from 10.5 Å, or (2) some of the alkyl ammonium
cations in the organoclay were leached out during the
peroxide oxidation process. This seemed more likely
because the d-spacing of this peak was similar to that
of the unmodified clay nanocomposite [Fig. 4(f)]. Ad-
ditional transmission electron microscopy studies will
be performed to ascertain this.

Thermal properties

The PCL crystallization and Tm variations in the
starch–PCL composites and nanocomposite RBs are
illustrated in Table III. Tc of the RB nanocomposites
increased between 1 and 9% organoclay concentra-
tions in comparison with that of STPCLPERI-0 but
remained lower than that of STPCL composites and
100% PCL. A large number of PCL crosslinking sites in
the STPCLPERI-0 sample reduced the mobility of the
polymer chain and hindered its ability to crystallize.11

Thus, STPCLPERI-0 had a lower Tc than STPCL and
100% PCL. Tc differences within the RB nanocompos-
ites could be due to combination of two factors:

1. Differences in the crosslinking densities at differ-
ent organoclay contents, with higher crosslinking
leading to lower Tc. Higher crosslinking hin-
dered the structural relaxations of the polymer
molecules required for crystallization.11

2. Organoclay layers acting as nucleating agents
and causing a crystallization rate higher than that
of STPCLPERI-0.22 However, the effective in-
crease from nucleation could be offset by a

TABLE III
Melting and Crystallization Properties of Starch–PCL Composites and Blends

Material Tc (°C) Tm (°C) Xc (%) Relative crystallinity

100% PCL 27.40a 57.59a 30.10a 1.00a

STPCL 26.71b 55.71b 32.17a 1.07a

STPCLPERI-0 21.47c 54.32c 26.05b 0.87b

STPCLPERI-1 20.77c 54.18c 27.10b 0.90b

STPCLPERI-3 22.57d 55.50b,d 28.85a,c 0.96a,c

STPCLPERI-6 23.60e 55.00b,d 29.71a,c 0.99a,c

STPCLPERI-9 24.01e 54.92d 30.37a,c 1.01a,c

Number of replicates � 6. The same superscript letters indicate the same mean, and different letters indicate a significant
difference at � � 0.05 by a t test for independent means.
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greater number of interactions between the PCL
and organoclay. These interactions affected the
crystallization kinetics by hindering entropic
changes that normally occurred during crystalli-
zation.23 Thus, overall the net increase in Tc of the
RB nanocomposite samples, compared with that
of STPCLPERI-0, was not very large, as observed
for other PCL–organoclay systems.22,23

Tm of the STPCL composites decreased slightly over
that of 100% PCL. This could be attributed to a dilu-
tion and limited plasticizing effect arising from the
presence of both starch and glycerol. However, no
large changes were found in the RB samples with
respect to STPCL. This indicated that there were few
changes in the crystal type or size of the crystal in the
presence of the organoclay and reactive extrusion.
Also, no other endothermic peaks were observed up to
120°C. This suggested that most of the starch was
destructurized, and the starch crystalline phase was
lost.

PCL crystallinity in STPCLPERI-0 decreased signif-
icantly over that of STPCL and 100% PCL. Extensive
crosslinking in STPCLPERI-0 could lead to a crystal-
linity decrease, and this phenomenon has been ob-
served in other crosslinked PCL systems.7,11 However,
the crystallinity increased with increasing organoclay
content and achieved the same level as that of STPCL
with 3, 6, and 9% organoclay concentrations. This
indicated that crosslinking density differences in the
nanocomposite systems with 3, 6, and 9 wt % organo-

clay could not be statistically resolved with DSC. Also,
the increased crystallinity in the RB nanocomposites
could be associated with decreased crosslinking den-
sity in the presence of the organoclay. Thus, significant
improvements in the tensile elongation were achieved
from small amounts of starch–PCL crosslinking, and
the changes in the mechanical properties were not due
to changes in the PCL crystalline morphology. Similar
amounts of PCL crystallinity in the STPCL and RB
nanocomposites with 3, 6, and 9 wt % organoclay
implied small amounts of crosslinking in them in com-
parison with uncrosslinked PCL in STPCL composites.
This had relevance to the biodegradation rate too, as
highly crosslinked PCL showed reduced biodegrada-
tion rates in other studies.3,11

Dynamic mechanical properties

Figure 5 shows tan � peaks of 100% PCL, starch–PCL
composites, and RB nanocomposite blends. The ob-
served salient features were as follows:

1. Two � transitions in the STPCL composites, cor-
responding to starch and PCL.

2. An increase in the maximum/peak value of a
damping peak ((tan �)max) of the PCL peak in
STPCL over that of 100% PCL.

3. A decrease in (tan �)max of PCL and an increase in
(tan �)max of starch peaks in STPCLPERI-0 in
comparison with those in STPCL.

Figure 5 Tan � peaks of starch–PCL blends. Each curve is the average of five to six replicates.
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4. A decrease in (tan �)max of PCL and a decrease in
(tan �)max of starch peaks with an increasing or-
ganoclay concentration.

5. Changes in the �-transition temperatures of PCL
and starch fractions within the RB nanocompos-
ites.

Table IV shows changes in the � transition and peak
damping values of 100% PCL, starch–PCL composites,
and RB nanocomposites. In STPCL, the transition of
starch was broader than that of PCL because the amy-
lopectin fraction of the native starch was highly
branched. This led to a wide distribution of transition
temperatures of starch corresponding to each popula-
tion of starch molecules with different branching
lengths and densities. In the presence of starch in the
STPCL samples, the PCL � transition decreased. This
could be attributed to a limited plasticizing effect of
both glycerol and starch in the blend. This plasticizing
effect also contributed to a small change in the PCL
Tm, as observed from DSC results listed in Table III.
The (tan �)max value of the PCL peak in STPCL in-
creased over that of 100% PCL. A small part of this
increase could be attributed to the increasing mobility
of PCL molecules due to the plasticizing effect of
starch and glycerol, even though the PCL crystallinity
remained the same in 100% PCL and STPCL samples.
Also, other studies have shown secondary � transi-
tions for starch–glycerol mixtures in the �-transition
region of PCL.2,24 This could have led to a superim-
position effect and thus greatly increased the peak
damping values in the PCL transition region.

RB samples, both with and without the organoclay,
showed increases in the �-transition temperatures for
both polymeric components: starch and PCL. As illus-
trated in Table IV, � transitions for STPCLPERI-0
showed the highest increase over that of STPCL. The
transitions showed a decreasing trend with an increas-
ing organoclay level. However, even with 9 wt %
organoclay, the transitions were still higher than those
in STPCL. The changes in the �-transition tempera-
tures could be attributed to the following factors:

1. Comparing STPCL and STPCLPERI-0, the in-
crease in the polymer transition temperatures
could be associated with crosslinking and copo-
lymerization effects.25 The increase in the transi-
tion temperatures indicated that crosslinking
predominated instead of starch depolymeriza-
tion, which would reduce the transition temper-
ature. Thus, even though starch depolymeriza-
tion was observed in a similar starch oxidation
study by Wing and Willett,19 this did not affect
the starch transition temperature.

2. Within the RB nanocomposites, the transition
temperature of starch and PCL decreased with an
increasing organoclay concentration. One reason
could be that the density of crosslinking de-
creased with an increasing organoclay concentra-
tion. The organoclay, because of its high aspect
ratio and surface area, was expected to act as a
significant physical barrier to crosslinking. Also,
the decrease in the � transition with an increas-
ing clay concentration could not be associated
with depolymerization effects because complex
viscosity curves (data not shown) showed in-
creasing viscosity with an increasing organo-
clay level. The second reason could be that
increased intercalation of PCL and starch with
an increasing organoclay concentration could
reduce the transition temperature. Similar de-
creases in the glass transitions of crosslinked

TABLE V
Oxidation Levels of Starch in Starch–PCL RBs

Material OCOOH (mmol/g) OCAO (%)

STPCLPERI-0 1.01a 6.3a

STPCLPERI-3 0.55b 6.7a

STPCLPERI-6 0.15c 4.3b

STPCLPERI-9 0.16c 5.1b

Number of replicates � 3–4. The same superscript letters
indicate the same mean, and different letters indicate a
significant difference at � � 0.05 by a t test for independent
means.

TABLE IV
Damping behavior of Starch–PCL Blends

Material T�1 (°C) (tan �1)max T�2 (°C) (tan �2)max

Half peak width
of starch

relaxation (°C)

100% PCL �51 0.092 — — —
STPCL �57 0.191 4 0.164 29.9
STPCLPERI-0 �47 0.149 18 0.283 ND
STPCLPERI-1 �49 0.144 15 0.234 22.6
STPCLPERI-3 �51 0.139 10 0.223 22.5
STPCLPERI-6 �51 0.124 11 0.194 23.9
STPCLPERI-9 �54 0.124 10 0.185 24.7

Number of replicates � 5–6. ND � could not be determined. T�1 and T�2 are the �-transition temperatures of PCL and
starch, respectively, and were measured at their peak maximum.

1080 KALAMBUR AND RIZVI



epoxy nanocomposite systems have been re-
ported in other studies.26,27 The decrease indi-
cated that the polymer chains were not tied
down on the surfaces of the silicates. However,
because this polymer system was affected by
starch oxidation, crosslinking and polymer–
organoclay interactions, the changes observed
could be due to a combination of these three
factors.

In comparison with STPCL, STPCLPERI-0 showed
interesting damping behavior. A decrease in (tan �)max
of the PCL peak could be attributed to increased
crosslinking and a smaller fraction of amorphous PCL.
The oxidation of starch led to a very high (tan �)max
value for the starch peak in STPCLPERI-0. However,
the starch peak was very broad compared with those
for STPCL and even RB nanocomposites. The near
disappearance of the starch peak was consistent with
very high crosslinking in STPCLPERI-0.

Table V lists starch oxidation levels at different or-
ganoclay levels. The addition of 3 wt % organoclay
reduced the carboxyl content, whereas the carbonyl
content was the same. With 6 and 9 wt % organoclay,
both the carboxyl and carbonyl contents decreased
further, and this indicated lower oxidation. Under the
reaction conditions, more carbonyls than carboxyls

were formed than reported in a similar starch oxida-
tion study.19 This could be due to the easy accessibility
of hydroxyl groups in H2O2 due to the ease of starch
gelatinization in the presence of glycerol and at ele-
vated temperatures. The decrease in (tan �)max of the
starch peak in the RB nanocomposites, compared with
that for STPCLPERI-0, was accompanied by decreased
overall oxidation of the starch. The (tan �)max value of
the PCL peak in the RB nanocomposites also de-
creased with an increasing organoclay concentration.
This change in the PCL damping peak was likely
caused by crystallinity differences, even though these
could not be statistically resolved with DSC for nano-
composites with 3, 6, and 9 wt % organoclay. The
decreases in (tan �)max for starch and PCL with an
increasing clay concentration could also be attributed
to strong polymer–clay interactions. Weaker interac-
tions and the agglomeration of organoclay sheets have
been known to increase damping because of higher
friction between the polymer and organoclay parti-
cles, whereas strong interactions reduce damping.28,29

Thus, the overall damping of the starch fraction was
affected more by oxidation and polymer–clay interac-
tions than by crosslinking, which tended to reduce
damping, whereas that of the PCL fraction seemed to
be affected by crosslinking and polymer–clay interac-
tions. The starch �-relaxation peak half-widths of the

Figure 6 Storage modulus (G	) of STPCL and RB nanocomposites at 3, 6, and 9 wt % organoclay concentrations. Each curve
is the average of five to six replicates.
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STPCL composite and RB nanocomposites are shown
in Table IV. The widths of the RB nanocomposites
showed a significant reduction over that of STPCL.
This could not be caused by the organoclay because
unfilled systems such as STPCL are generally less
broad than filled systems.30 The decrease in the peak
widths of the RB nanocomposites could explain the
improved elongational properties to some extent. The
broadening of the � transition might be related to
restrained chain mobility making molecular relax-
ations more difficult.31 This implied greater intermo-
lecular slippage in the nanocomposite RBs before final
rupture than in STPCL. The half-widths of the PCL
peaks could not be measured because the damping
increased with increasing temperature before the
whole peak was formed.

Figure 6 shows the storage modulus curves for the
STPCL composite and RB nanocomposites with 3, 6,
and 9 wt % organoclay. The storage modulus in-
creased as the organoclay concentration increased in
all regions. However, the increases were small in com-
parison with those found for uncrosslinked PCL–or-
ganoclay systems.23,32 The increase in the storage
modulus with an increasing organoclay concentration
was offset by a decreasing crosslinking density, as
shown by the �-transition changes. Thus, the overall
increase was smaller than expected. Also, in the glass–
rubbery transition region, the storage modulus of the
RB nanocomposites was higher than that of STPCL.
However, near the ambient temperature in the plateau
region, the storage modulus of STPCL was higher than
that of STPCLPERI-3 and STPCLPERI-6 but lower
than that of STPCLPERI-9. This was analogous to the
tensile modulus results shown in Table II.

CONCLUSIONS

A new reactive extrusion chemistry was developed to
improve interfacial adhesion between starch and PCL.
Fenton’s reagent was used to oxidize starch and initi-
ate crosslinking between oxidized starch and PCL.
The crosslinking step was catalyzed by an MMT or-
ganoclay with a high surface area and aspect ratio. The
elongation of these nanocomposites was comparable
to that of 100% polyester. The strength and modulus
remained the same as those in starch–PCL composites
without crosslinking. This reactive extrusion process
could be extended to other starch–PCL-like polymer
blends with polymers such as poly(vinyl alcohol) on
the one side and PBS, PHBV, and PLA on the other to
create cheap, novel, and compatible biodegradable
polymer blends with increased toughness.

The authors thank Prof. E. Giannelis at the Department of
Materials Science, Cornell University, for use of the micro-
extrusion and injection-molding facilities.
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