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ABSTRACT: In this work, polysaccharide nanocrystals—
rodlike cellulose whiskers (CWs)—were surface-grafted with
polycaprolactone (PCL) via microwave-assisted ring-opening
polymerization, and filaceous cellulose whisker-graft-polycap-
rolactone (CW-g-PCL) nanoparticles were produced. More-
over, the resultant nanoparticles were incorporated into
poly(lactic acid) (PLA) as a matrix, and they showed superior
function for enhancing the mechanical performance of PLA-
based materials in comparison with platelet-like nanoparticles
of starch nanocrystal-graft-PCL. The optimal loading level of
CW-¢g-PCL was 8 wt %, and this resulted in simultaneous
enhancements of the strength and elongation of approxi-

mately 1.9- and 10.7-fold, respectively, over those of the neat
PLA material. In this case, the rigid CW nanoparticles con-
tributed to the endurance of higher stress, whereas the
grafted PCL chains improved the association between the
PLA matrix and the CW-¢-PCL filler and hence facilitated
the transfer of stress to the rigid CW nanoparticles.
Furthermore, such a fully biodegradable PLA-based nano-
composite shows great potential for environmentally friendly
materials because of its high mechanical performance. © 2009
Wiley Periodicals, Inc. ] Appl Polym Sci 113: 3417-3425, 2009
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INTRODUCTION

Renewable biopolymers have found unique applica-
tions as matrices, nanofillers, or both in new green
bionanocomposi’ces.1 Moreover, the acidic or alkaline
hydrolysis of natural polysaccharides, such as cellu-
lose,? chitin,® and starch,*® can produce rigid nano-
crystals with a uniform structure, and hence they
can be ingredients of choice for bionanocomposites.
Besides exhibiting a reinforcing function similar to
that of inorganic nanoparticles,®® polysaccharide
nanocrystals are readily available and nontoxic, and
they also contribute biodegradability, biocompatibil-
ity, high reactivity, and easy processability.” In par-
ticular, because of increasing concern about the
nanosecurity of inorganic nanoparticles, such bio-
compatible and biodegradable polysaccharide nano-
crystals have received additional attention for
developing new nanocomposite materials. So far,
cellulose and chitin whiskers as well as starch
nanocrystals (StNs) have successfully reinforced
many natural and synthetic materials,>** including
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poly(lactic acid) (PLA)."'® Even though the polar
hydroxyl groups on natural nanocrystals could par-
ticipate in the formation of covalent bonds and
physical interactions' or self-associate as a network
structure,” the weaker interfacial interaction between
the polysaccharide nanocrystals and polymer matrix
still inhibits the positive function of natural nano-
crystals. Furthermore, the self-aggregation of poly-
saccharide nanocrystals results in a poor dispersion
and then restricts the enhancement of the mechani-
cal performances of nanocomposites. As a result,
great efforts have been devoted to improving the
interfacial adhesion and resultant compatibility
between natural nanocrystals and polymeric matri-
ces by surface chemical modification.*! In this
case, the reactive surface of polysaccharide nano-
crystals played a key role in facilitating chemical
derivation and grafting. When the chemically
derived nanocrystals could not play the expected
function, as mentioned previously,”* the strategy of
grafting long chains onto the surface of polysaccha-
ride nanocrystals contributed to the transformation
of polysaccharide nanocrystals into a cocontinuous
material with high mechanical performance.’® This
concept was verified in our previous work. The
polycaprolactone (PCL)-grafted starch and cellulose
nanocrystals were incorporated into PCL,** PLA,*
and waterborne polyurethane®™ as matrices, and this
resulted in an increase in Young’s modulus (E) and
even simultaneous enhancements of the strength
and elongation. In contrast with ungrafted nanocrys-
tal-based nanocomposites, the materials processed
from PCL-grafted nanocrystals displayed both a
high modulus and good ductility.*

In this work, another polymer-grafted polysaccha-
ride nanocrystal, cellulose whisker-graft-polycapro-
lactone (CW-¢-PCL), was used to enhance the
mechanical properties of a biomass material based
on PLA. In particular, the rod structure of cellulose
whiskers (CWs), which are distinctly different from
platelet-like StNs, was expected to better enhance
the strength and elongation simultaneously. Further-
more, good miscibility between the grafted PCL
chains and PLA matrix>** is an essential guarantee
of improving the association between the CW-g-PCL
nanofiller and PLA matrix. The composition and
structure of the CW-¢-PCL nanoparticles were char-
acterized with elemental analysis, Fourier transform
infrared (FTIR) spectroscopy, and transmission elec-
tron microscopy (TEM). Meanwhile, the structure
and mechanical properties of the PLA/CW-¢g-PCL
nanocomposites were investigated with X-ray dif-
fraction (XRD), scanning electron microscopy (SEM),
differential scanning calorimetry (DSC), dynamic
mechanical analysis (DMA), and tensile testing.
Finally, in comparison with the effects of the StN-g-
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PCL nanoparticles on the PLA-based materials, the
role of the CW-¢g-PCL nanoparticles was realized.

EXPERIMENTAL
Materials

Commercial PLA pellets were purchased from
Shenzhen Bright China Industry Co., Ltd. (Shenzhen,
China), and the number-average molar weight and
polydispersity were 8.1 x 10* and 1.80, respectively.
The linter was kindly supplied by Hubei Chemical
Fiber Group Co., Ltd. (Xiangfan, Hubei, China).
e-Caprolactone (CL) monomer was purchased from
Alfa Aesar (Ward Hill, MA) and used as received.
Tin(II) octoate [Sn(Oct),], sulfuric acid (H,SO,), and
other analytical-grade reagents were purchased from
Shanghai Sinopharm Chemical Co., Ltd. (Shanghai,
China), and used as received.

Extraction and grafting of CWs

The CWs were prepared by H,SO, hydrolysis of
native linter. Linter (20 g) was dispersed into 175 mL
of 30% (v/v) HpSO4 and then stirred with a stirring
speed of 100 rpm for 6 h under 60°C. The resultant
suspension was washed with distilled water by suc-
cessive centrifugation until approximate neutrality
was achieved. Subsequently, a small amount of am-
monia (5 wt %) was added, and this was followed by
dialysis with distilled water overnight. At last, the
loose CW powder was obtained by lyophilization.
The preparation of CW-g-PCL via ring-opening
polymerization under microwave irradiation can be
described as follows. The CW powder was vacuum-
dried at the ambient temperature (ca. 25°C) for 48 h
before grafting polymerization to eliminate the inter-
ference of water. The CWs and CL monomer were
placed into an ampule, in which the weight ratio of
CWs to CL was 1 : 40. Subsequently, the Sn(Oct),
catalyst was added, and its weight was 0.5% of the
CL weight. The mixture was homogenized with a
Lab Dancer (IKA, Staufen, Germany) and then vac-
uum-exhausted for 30 min. Thereafter, the ampule
containing the reactant was conditioned for 5 min
under microwave irradiation with a power of 160
W. Subsequently, the crude product was dispersed
by CH,Cl, and then precipitated by methanol. This
process of purification was carried out many times
to remove the residual monomer and catalyst as
well as the homopolymer.*® During this purification
process, the classification of deposition was carried
out to remove the homopolymer because of a dis-
tinct difference in the molecular weights of the CW-
g-PCL copolymer and the PCL homopolymer as well
as the poor solubility of the CW component in
CH,Cl,. Meanwhile, the initial precipitate was
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collected during every step of purification, whereas
FTIR spectroscopy was used to trace every precipi-
tate until the relative intensity of the —C=0O peak
assigned to PCL was almost invariable. At last, the
purified product, named CW-¢g-PCL, was vacuum-
dried, and then it was kept in a desiccator contain-
ing silica gel for use.

Preparation of the PLA nanocomposites filled
with CW-g-PCL

A desired amount of CW-g-PCL together with 2.0 g
of PLA was mixed in CH,Cl, under mechanical stir-
ring to produce a mixture. Thereafter, the mixture was
conditioned overnight to eliminate the bubbles and
then cast into a Teflon mold; this was followed by
evaporation of the solvent of CH,Cl, at the ambient
temperature (ca. 25°C) for 24 h. At last, the solidified
films with a thickness of about 0.2 mm were vacuum-
dried overnight, and they were then kept in the desic-
cator containing the silica gel. The resultant nanocom-
posite films were coded as PLA/CW-g-PCL(1), PLA/
CW-¢-PCL(4), PLA/CW-¢-PCL(8), and PLA/CW-g-
PCL(12); the Arabic numerals in parentheses represent
the theoretical contents of CW-¢g-PCL in the nanocom-
posites. In addition, a neat PLA film was also prepared
according to the aforementioned process without the
addition of CW-g-PCL, and it was coded as PLA-F.

Characterization

FTIR spectra of the CW and CW-¢-PCL powders as
well as all the films were recoded on an FTIR 5700
spectrometer (Nicolet, Madison, WI). The powders
were measured with a KBr-pellet method in the
range of 4000-400 cm ™!, and the films were scanned
in the range of 4000700 cm ' with Smart OMNT
reflection accessories.

Elemental analysis of the CW-¢-PCL and CW
powders was carried out on a Vario EL III elemental
analyzer (Elementar, Hanau, Germany).

XRD measurements were performed on a D/max-
2500 X-ray diffractometer (Rigaku Denki, Tokyo,
Japan) with Cu Koy radiation (wavelength = 0.154
nm) in the 20 range of 2-60° with a fixed time mode
with a step interval of 0.02°.

TEM observations were carried out with an H-
7000FA electron microscope (Hitachi, Tokyo, Japan)
at 75 kV. A very small amount of the CW-¢g-PCL
powder was dispersed in CH,Cl, and then dispersed
in distilled water; this was followed by rotating
evaporation to remove CH,Cl,. At the same time,
the CW powder was directly dispersed in distilled
water. The aqueous CW and CW-g-PCL suspensions
were diluted to a concentration of about 0.5 wt %
and then negatively stained with a 2% (w/v) aque-
ous solution of uranyl acetate.
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SEM observations were carried out with an X-650
scanning electron microscope (Hitachi, Tokyo,
Japan). The films were frozen in liquid nitrogen and
then snapped immediately. The fracture surfaces of
the films were sputtered with gold and then
observed and photographed.

DSC analysis was performed on a DSC-Q200
instrument (TA Instruments, New Castle, DE) under
a nitrogen atmosphere at a heating or cooling rate of
20°C/min. The films were scanned in the range of
—90 to 200°C after a pretreatment (heating from 20
to 100°C and then cooling to —90°C) for eliminating
the thermal history.

DMA was performed on a DMA 242C dynamic
mechanical analyzer (Netzsch, Hanau, Germany)
with a dual cantilever device at a frequency of 1 Hz.
The temperature ranged from —150 to 100°C with a
heating rate of 3°C/min. The dimensions of the test-
ing specimens (with a thickness of ca. 0.20 mm) was
30 mm x 10 mm.

The mechanical parameters, including the tensile
strength (o), elongation at break (g;), and Young's
Modulus (E), of all the films were measured on a
CMT6503 universal testing machine (SANS, Shenz-
hen, China) with a tensile rate of 10 mm/min
according to ISO 527-3:1995(E). The testing films
were cut into quadrate strips with a width of 10
mm, and the distance between testing marks was 40
mm. The tested strips were kept at 35% humidity
for 7 days before the measurements. A mean value
of three replicates of each film was taken. Because
the elongation of some nanocomposite films was
about 10.7-fold greater than that of the neat PLA-F
film, the true value of o}, (Gprue) Was calculated as
follows: Gy rue = F/S, where S and F are the cross-
section area and the stress at break. S was deter-
mined under the assumption that the total volume
of the sample remained constant during the test so
that S = SoLy/L, where Sy and L, are the initial
cross-section area and the initial marked testing
length respectively while L is the tensile length at
break.

RESULTS AND DISCUSSION

Composition and morphology of the
PCL-grafted CWs

Figure 1 shows the FTIR spectra of the CW-g-PCL
and CW powders. In comparison with the CW spec-
trum, there are two specific changes for CW-g-PCL,
that is, the distinct peak located at 2945 cm ' and
the newly strong absorption centered at 1724 cm .
The former is associated with the methylene groups
in the grafted PCL chains, and the latter is also as-
signable to the ester carbonyl of grafted PCL chains.
This indicates that PCL became a component of
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Figure 1 FTIR spectra of powders of CW-¢g-PCL nanopar-
ticles and CWs as the reference.

CW-¢-PCL. Furthermore, the absorption above 3000
cm™ !, assigned to O—H stretching of the CW com-
ponent, decreased after the grafting of PCL. This
suggests that the cellulose component existed in the
grafted products. Because the purification mentioned
in the Experimental section guaranteed the removal
of the PCL homopolymer, FTIR verified that the
PCL and CW components were successfully linked
together to produce a new nanocomposite.

Although the exact number and length of grafted
PCL chains were still difficult to determine with our
great efforts, the PCL content could be calculated by
elemental analysis. The contents of the C element in
CW-¢-PCL and CWs were determined to be 60.11
and 42.70%, respectively, whereas the theoretical con-
tent of the C element in PCL was 63.16%. Conse-
quently, the content of grafted PCL chains in CW-g-
PCL could be calculated with the following equation:

xCpcr + (1 = x)Ccw = Cew-—g-pcL

where Cpcr, Cew, and Cew.gpcr are the contents of
the C element in PCL, CWs, and CW-g-PCL, respec-
tively, and x is the weight percentage of grafted PCL
chains in CW-¢-PCL. The result showed that the
grafted PCL content was 85.09 wt %, which suggested
that some PCL was located on the surface of CWs.

Just as in the previous report,*** the ungrafted
CWs showed a rodlike morphology. As shown in
the TEM image in Figure 2(A), these rodlike nano-
particles could be seen to have a length of 200-300
nm and a diameter of 10-20 nm. However, after the
grafting of PCL, the CW-¢g-PCL nanoparticles in the
TEM image in Figure 2(B) showed a filaceous
appearance with a length of several hundred nano-
meters. Obviously, these PCL-grafted nanocrystals
had a certain degree of flexibility.

Journal of Applied Polymer Science DOI 10.1002/app
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Mechanical properties of the PLA/CW-g-PCL
nanocomposites

The resultant CW-g-PCL nanoparticles were incorpo-
rated into the PLA matrix to produce a kind of
nanocomposite with better mechanical performance.
Figure 3 shows the effects of the CW-g-PCL content
on the mechanical parameters of the PLA/CW-g-
PCL films, including e, E, and &, Here, Gy rue
was used because the elongation of some nanocom-
posite films was greater than that of the PLA-F film.
With an increase in the CW-g-PCL content, & 4ye Of
the PLA/CW-g-PCL nanocomposite films increased
until the loading level of 8 wt %, and then it
decreased. In this case, ©p e Of the PLA/CW-g-
PCL(8) nanocomposite reached a maximum value of
75.5 MPa, which was enhanced by 85.5% in contrast
with G trye Of the PLA-F film (40.7 MPa). Despite the
lower 6 ye value of the PLA/CW-¢g-PCL nanocom-
posite containing less than 4 wt % CW-¢g-PCL in con-
trast with the neat PLA-F, all the PLA/CW-¢g-PCL
nanocomposite films showed dramatically increased
g, values. The effect of the CW-¢g-PCL content on g,

Figure 2 TEM images of (A) unmodified CW and (B)
CW-g-PCL nanoparticles.
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Figure 3 Effects of the CW-¢-PCL content on o, ¢, and
E for PLA/CW-g-PCL nanocomposite films containing var-
ious CW-¢-PCL contents as well as the PLA-F film.

was similar to that on oy, and the PLA/CW-g-
PCL(8) nanocomposite had a maximum g, value of
221.6%, which was 10.7-fold greater than that of the
neat PLA-F. Meanwhile, the dependence of E on the
CW-¢-PCL content was just the opposite of that of
&y Consequently, the introduction of CW-¢-PCL led
to simultaneous enhancements of the strength and
elongation of the PLA-based materials, and the opti-
mal loading level of 8 wt % yielded the highest
strength and elongation. Furthermore, the prominent
enhancement of the elongation as well as the reduc-
tion of the modulus, due to the addition of CW-g-
PCL, could contribute to extending the applications
of PLA-based plastics.

Attenuated total reflectance/Fourier transform
infrared (ATR-FTIR) spectra of the PLA/CW-g-PCL
nanocomposites

The ATR-FTIR spectra of the PLA/CW-g-PCL nano-
composite films as well as the PLA-F film are shown
in Figure 4. As expected, with an increase in the
CW-¢-PCL content, the absorption assigned to CW-
¢-PCL, such as the peak located at 1724 cm ', gradu-
ally became stronger. Furthermore, the relative
intensities of the carbonyl absorption located at 1757
cm ™! for the PLA matrix decreased, in contrast to
the increasing intensities of carbonyl absorption
located at 1724 cm !, which was assigned to the
PCL component. If the CW-g-PCL filler and PLA
matrix were absolutely separated, the increase in the
peak intensities located at 1724 cm ™' should be pro-
portional to the increase in the CW-¢g-PCL content.
However, with an increase in the CW-¢-PCL content,
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the increasing extent of peak intensities located at
1724 cm ' gradually decreased, and this indicated
that complexation existed between the PLA matrix
and the CW-¢g-PCL filler.

XRD patterns of the PLA/CW-g-PCL
nanocomposites

The XRD patterns of the PLA/CW-g-PCL nanocom-
posite films as well as the PLA-F film and the CW-g-
PCL powder are shown in Figure 5. Because of the
low content (<12 wt %) and weak diffraction of the
CW component as well as the dominant crystallinity
of the PCL component, the CW-g-PCL powder
showed only the distinct crystalline character
assigned to the PCL component, that is, two spicu-
late peaks located at 21.2 and 23.6° (26). Meanwhile,
the XRD pattern of the PLA-F film showed a semi-
crystalline character. There were three weak diffrac-
tions located at 9.5, 28.7, and 29.4° (20) as well as
one diffuse peak located around 17.2° (260). The
PLA/CW-g-PCL nanocomposite with the lowest

Iyl
Fi

1757,

PLA/CW-g-PCL(12)

JLLW

e e

PLA/CW-g-PCL(8) :Il "_ i VA If..
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Figure 4 Full ATR-FTIR spectra and a magnification of

the range of 1800-1700 cm ! for PLA/CW-g-PCL nano-

composite films containing various CW-¢-PCL contents as

well as the PLA-F film.
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loading level of 1 wt % CW-g-PCL showed a diffrac-
tion pattern similar to that of PLA-F. This suggested
that CW-¢g-PCL could dissolve into the PLA matrix
because of the good miscibility between PCL and
PLA.*** However, with an increase in the CW-g-
PCL content, a distinct diffraction peak located at
16.7° (20) appeared in the diffuse diffraction. It
might have resulted from the formation of a new
crystalline form induced by the nucleation of CW-g-
PCL. When the CW-g-PCL loading level reached 12
wt %, all the small diffraction peaks disappeared for
PLA/CW-g-PCL(12). This suggested that the original
structure of the PLA matrix was cleaved to a greater
extent.

Thermal properties of the PLA/CW-g-PCL
nanocomposites

DSC and DMA were used to further understand the
interaction between the CW-g-PCL filler and the
PLA matrix as well as the structural changes in the
PLA/CW-g-PCL nanocomposites through the obser-
vation of the variances of the domain-scale glass
transition and molecular-level o relaxation assigned
to the PLA matrix as well as the melting transitions
of the grafted PCL chains and the PLA matrix,
respectively. DSC thermograms of the PLA/CW-g-
PCL nanocomposites as well as PLA-F are depicted

21.2°
23.6°
CW-g-PCL
P, —
PLAICW-g-PCL(12)
16.7°

PLAICW-g-PCL(8)

PLAICW-g-PCL(4)

PLAICW-g-PCL(1)

10 20 30 40 50
20/ degree
Figure 5 XRD patterns of PLA/CW-g-PCL nanocompo-
sites films containing various CW-g-PCL contents as well
as the PLA-F film and CW-g-PCL nanoparticles.
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Figure 6 DSC thermograms of PLA/CW-¢g-PCL nano-
composites films containing various CW-¢-PCL contents as
well as the PLA-F film.

in Figure 6, and detailed data, such as the glass-tran-
sition temperature at the midpoint (T¢miq) and heat-
capacity increment (AC,) assigned to the PLA matrix
as well as the melting temperature (T,,) and heat en-
thalpy (AH,,) assigned to the PCL component and
PLA matrix, are summarized in Table I. The glass
transition of grafted PCL chains was not observed,
and therefore CW-g-PCL showed only a melting
transition of double peaks assigned to the grafted
PCL chains, which were located at 46.2 and 51.4°C.
Together with the predominant crystalline diffrac-
tion in the XRD pattern of Figure 5, the grafted PCL
chains were mainly in a crystalline form. However,
the value of T, pcr assigned to CW-¢g-PCL in the
PLA/CW-g-PCL nanocomposites increased up to
about 70°C. This resulted from the restriction of the
glassy amorphous region and the crystalline
domains in the PLA matrix. Furthermore, with an
increase in the CW-¢g-PCL content, the AH,, pcr val-
ues gradually increased despite the analogous T, pcr.
values. Meanwhile, the neat PLA-F showed a glass
transition with a Ty miq value of 57.7°C and a melting
transition with a T,,pra value of 147.7°C. However,
the introduction of CW-g-PCL resulted in a shift of
the Tg miqa values assigned to the PLA matrix for the
PLA/CW-g-PCL nanocomposites down to about
52°C. This suggested that the motion of PLA
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TABLE I
DSC and DMA Data for the PLA/CW-g-PCL Nanocomposite Films as Well as the PLA-F Film and CW-g-PCL Powder
DSC data DMA data

Log E'- Tan §-
temperature temperature

PCL component PLA matrix curve curve

log
Tm,PCL AH, m,PCL Tg,mid A?p 1 Tm,PLA AH, m,PLA Tot,onset E /onset Tot,max
Sample code ) (/8 QO Jg K QY (/g Q) (MPa)  (°C)  Hiosspeak

PLA-F — — 57.7 0.48 147.7 11.62 46.6 5.32 59.6 0.50
PLA/CW-¢-PCL(1) 69.3 0.45 522 0.43 146.3 30.79 46.6 4.67 58.6 0.80
PLA/CW-g¢-PCL(4) 70.4 1.01 52.0 0.36 142.9/148.2*  29.44 37.6 4.38 54.6 0.57
PLA/CW-¢-PCL(8) 70.0 2.18 524 0.30 142.8/147.3* 2877 38.6 4.44 55.6 0.66
PLA/CW-g¢-PCL(12) 70.4 2.73 514 0.42 140.6/146.5*  23.93 35.6 4.47 53.6 0.64
CW-¢-PCL 46.2/51.4*  52.69 — — — — — — — —

E' = storage modulus; E'gnsee = Onset storage modulus; tan 6 = loss factor; Higsspeak = height of loss-peak.
? The melting transitions assigned to the PCL component and the PLA matrix were divided into two fractions.

segments in the amorphous region was improved by
the occurrence of the rubbery PCL component. At
the same time, except for the melting transition of
PLA/CW-g-PCL(1) with the lowest loading level of
CW-¢-PCL (similar to neat PLA-F), the melting
peaks of the other PLA/CW-¢g-PCL nanocomposites
containing more than 4 wt % CW-¢g-PCL were di-
vided into two fractions. The one melting peak was
located at a lower temperature of 140-143°C, and
the other melting peak was close to T, pp.a of PLA-F.
This indicated that the original structure (i.e., the
size of the crystalline domains) of the PLA matrix
was changed by the complexation between PLA and
CW-¢-PCL. In addition, the AH,, pLa values of all the
PLA/CW-g-PCL nanocomposites were dramatically
higher than that of the neat PLA-F. This was attrib-
uted to the nucleation function of CW-g-PCL for
improving the crystallinity of the PLA matrix.

DMA can be used to further determine the motion
of the segments at a molecular level in contrast to
the domain scale reflected by DSC. Curves of the
logarithm of the storage modulus versus the temper-
ature and the loss factor versus the temperature are
shown in Figure 7, and the data associated with o
relaxation (corresponding to the glass transition) are
also summarized in Table I. Just like the DSC
results, the o relaxation of the PCL component was
still absent. Meanwhile, the improvement of the
motion for the PLA segments was verified by the
decreasing values of Ty onset (i-€. a relaxation temper-
ature at onset from log E'-T curve) and T, max (i.e. a
relaxation temperature at loss peak from tan o-T
curve). However, T, onset and Ty max of PLA/CW-g-
PCL(1) were close to those of the neat PLA-F. This
suggested that the chemical environment for the
motion of the PLA segments experienced no obvious
change due to the lowest loading level of CW-g-

PCL. In addition, the PCL component in the rubbery
state resulted in a lower storage modulus (i.e., loga-
rithm of the onset storage modulus) for the nano-
composites, in contrast to the neat PLA-F.

Fractured morphologies of the PLA/CW-g-PCL
nanocomposites

Figure 8 shows SEM images of the fractured mor-
phologies of the PLA/CW-g-PCL nanocomposite
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Figure 7 Logarithm storage modulus (log E’) and loss
factor (tan §) as functions of temperature for PLA/CW-g-
PCL nanocomposites films containing various CW-¢-PCL
contents as well as the PLA-F film.
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Figure 8 SEM images of fracture morphologies of PLA/CW-g-PCL nanocomposite films containing various CW-g-PCL
contents and PLA-F: (A) PLA-F, (B) PLA/CW-¢-PCL(1), (C) PLA/CW-g-PCL(4), (D) PLA/CW-¢g-PCL(8), and (E) PLA/

CW-g-PCL(12).

films and the neat PLA-F film. Except for PLA/CW-
¢-PCL(1) with the lowest CW-¢g-PCL loading level,
the fractured morphologies of the PLA/CW-g-PCL
nanocomposite films were distinctly different from
the striation-like fractured surface of the PLA-F film.
PLA/CW-g-PCL(1) showed analogous striation on
the fractured surface because the lowest loading
level of CW-g-PCL could uniformly dissolve into the
PLA matrix. However, when the CW-¢g-PCL content
was increased up to 4 wt %, many small micropar-
ticles dispersed onto a porous plane. These pores
resulted from the removal of microparticles. With a
continuous increase in the CW-¢g-PCL content, the
number of dispersed microparticles increased,
whereas the fractured surface gradually became
coarser. These microparticles might be assigned to
the aggregates of CW-¢g-PCL and dispersed as rub-
bery fillers containing rigid CWs into the PLA ma-
trix. Meanwhile, the original structure of the PLA
matrix was also obviously changed.

Role of the CW-g-PCL nanofiller in
the nanocomposites

It was previously verified that incorporating the
PCL component into the PLA matrix would result in
an increase in the elongation and decreases in the
strength and E.*® As a result, the increase in strength
for the PLA/CW-g-PCL nanocomposites was mainly
attributed to the stronger ability of the rigid CW
nanoparticles to endure stress. Meanwhile, good
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miscibility between the grafted PCL chains and the
PLA matrix**® confirmed the essential associations
for a facile transfer of the stress to the rigid CW
nanoparticles. On the other hand, the grafted PCL
component in a rubbery state provided higher flexi-
bility to the PLA/CW-g-PCL nanocomposites for an
increase in the elongation. In our previous work,
platelet-like StN-g-PCL was incorporated into the
PLA matrix, and this resulted in simultaneous
enhancements of the strength and elongation at an
StN-¢-PCL loading level of 5 wt %. In this case, CW-
¢-PCL showed a distinct morphology different from
that of StN-g-PCL, that is, a flexible filaceous struc-
ture with a high length/diameter ratio. When the
loading level of CW-g-PCL was 8 wt %, the strength
and elongation of the PLA/CW-¢g-PCL nanocompo-
site were also enhanced at the same time. Further-
more, both the strength and elongation of PLA/CW-
g-PCL(8) were higher than those of PLA/StN-g-PCL
containing 5 wt % StN-¢g-PCL in the previous
report.®® Tt is pitiful that the PLA/CW-g-PCL nano-
composites with a loading level lower than 4 wt %
had lower strength than neat PLA-F despite an
increase in the elongation. However, PLA/CW-g-
PCL(12) still showed simultaneous enhancements of
the strength and elongation; in contrast, the PLA/
StN-¢-PCL nanocomposites had decreased strength
when the StN-¢g-PCL content was higher than 10 wt
%. In conclusion, filaceous CW-g-PCL had superior
function for enhancing the mechanical properties of
the PLA-based materials.



POLYMER-GRAFTED NATURAL NANOCRYSTALS

CONCLUSIONS

CW-¢-PCL, a kind of polymer-grafted polysaccha-
ride nanocrystal, was incorporated into a PLA ma-
trix to produce new nanocomposite materials with
high mechanical performance. When the loading
level of CW-¢-PCL was 8 wt %, o +ue Was enhanced
by 85.5% in comparison with the PLA-F film,
whereas the elongation was 10.7-fold greater than
that of PLA-F. The simultaneous enhancements of
the strength and elongation were attributed to the
ability of rigid CW nanoparticles to endure higher
stress as well as the essential associations of the fac-
ile transfer of the stress to the CW nanoparticles
mediated with grafted PCL chains. Furthermore, the
prominent enhancement of the elongation and the
reduction of the modulus, due to the rubbery PCL
component, might contribute to the application of
PLA-based plastics. With respect to the mechanical
properties of the PLA/StN-g-PCL nanocomposites,
filaceous CW-¢g-PCL had superior function for
enhancing the mechanical performance of PLA-
based materials.
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