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Introduction

Over the last few years, the utility of inorganic nanoscale

particles as filler to enhance polymer performance has been

established. Of particular interest is recently developed

nanocomposite technology consisting of a polymer and

organically modified layered silicate (OMLS) because they

often exhibit remarkably improved mechanical and various

other materials properties as compared with those of the

virgin polymer.[1]

In our recent publications,[2,3] we have reported the

preparation, characterization, mechanical and various other

properties, crystallization behavior, biodegradability, melt

rheology, and finally foam processing of a series of

polylactide (PLA)/OMLS nanocomposites.

In this communication, and for the first time, we report

the preparation and characterization of a new type of

biodegradable nanocomposite material that is based on

biodegradable PLA and organically modified layered

titanate, as a new nanofiller.

Experimental Part

Materials

PLA with a D-isomer content of 1.1–1.7% (Tg¼ 60 8C and
Tm¼ 168.0 8C) was supplied by Unitika Co. Ltd., Japan, and
was dried under vacuum at 60 8C, and then kept under dry
nitrogen gas for one week prior to use.

Preparation of the Mixed Potassium Metal Complex[4]

A blend of K2CO3 (304 g), Li2CO3 (54 g), TiO2 (762 g), and
KCl (136 g)wasmixed intimately and heated at 1 020 8C for 4 h

Summary: The preparation and characterization of a new
type of nanocomposite material that is based on biodegrad-
able polylactide (PLA) and organically modified layered
titanate, is reported. Layered titanate, modified with a
N-(cocoalkyl)-N,N-[bis(2-hydroxyethyl)]-N-methylammo-
nium cation, was used as a new nanofiller (OHTO) for the
nanocomposite preparation. Wide-angle X-ray diffraction
and transmission electron microscopy (TEM) analyses con-
firmed that titanate layers were intercalated and nicely
distributed in the PLA matrix. The materials properties of
neat PLA improved remarkably after nanocomposite pre-
paration.

UV/vis transmission spectra of neat PLA and a nanocompo-
site.
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in an electric furnace. After cooling, the powder was dispersed
to a 5wt.-%water slurry and 10wt.-% ofH2SO4water solution
was addedwhile agitating for 2 h until a pH of 7.0 was reached.
The above slurry was filtered off and rinsed with water, and
then dried at 110 8C.After this, it was heated at 600 8C formore
than 3 h in an electric furnace. The obtained white powder was
K0.7Ti1.73Li0.27O3.95 with an average particle size of 32 mm.

Protonation of the Layered Titanate (HTO)

K0.7Ti1.73Li0.27O3.95 (130 g) was stirred in 0.5 N HCl solution
for 1.5 h at ambient temperature. After stirring, the product
HTO was collected by filtration and washed with water. The
obtained HTO was ion-exchanged, 72% of potassium ion and
99% or more lithium ion to proton. The powder X-ray
diffraction pattern of the pristine HTO (K0.2H0.77Ti1.73-
O3.95 � 0.5 H2O) is shown in Figure 1. The chemical composi-
tion was determined by X-ray fluorescence analysis.

Preparation of Organically Modified Layered
Titanate (OHTO)

The recovered HTO and N-(cocoalkyl)-N,N-[bis(2-hydro-
xyethyl)]-N-methylammonium chloride (157.5 g) were stirred
at 80 8C for 1 h in doubly distilled water. After 1 h, the product
was filtered and washed at 80 8C with water. The obtained
organo-HTOwas first dried at 40 8C for 1 d under air to prevent
particle aggregation, and then at 160 8C for 12 h under vacuum.

Nanocomposite Preparation

For nanocomposite preparation, the organo-HTO (OHTO)
(dried at 120 8C for 8 h) and PLA were first dry mixed by
shaking them in a bag. The mixture was then melt-extruded
using a twin-screw extruder (KZW15-30TGN, Technovel
Corp.) operated at 195 8C (screw speed¼ 300 rpm, feed
rate¼ 22 g �min�1) to yield nanocomposite strands. Hereafter,
nanocomposites are abbreviated as PLANCs.

PLANCs prepared with two different amounts of inorganic
titanate, that is, 1.7 and 3.9 wt.-%, are correspondingly abbre-

viated as PLANC1.7 and PLANC3.9, respectively. The strands
were pelletized and dried under vacuum at 70 8C for 7 h to
remove water. The dried PLANCs pellets were then converted
into sheets with a thickness of 0.7–2 mm by pressing with
�1.5 MPa at 190 8C for 3 min. The molded sheets were then
quickly quenched between glass plates and then annealed at
110 8C for 1.5 h to crystallize isothermally before being
subjected to various characterizations.

Characterization Methods

Wide-angle X-ray Diffraction (WAXD) analyses were per-
formed for the various OMLS powders and corresponding
nanocomposite sheets using an MXlabo X-ray diffractometer
(MAC Science Co., generator of 3 kW, a graphite mono-
chromator, Cu Ka radiation (wavelength, l¼ 0.154 nm),
operated at 40 kV/20 mA). The samples were scanned in fixed
time (FT) mode with a counting time of 2 s under diffraction
angle 2y in the range of 1 to 708.

The nanostructure of various nanocomposites was investi-
gated by means of high-resolution transmission electron
microscopy (TEM) (H-7100, Hitachi Co.) operated at an acce-
lerating voltage of 100 kV. Ultra-thin sections of either
crystallized pellets or sheets (perpendicular to the compression
mold)with a thickness of�100nmweremicrotomedat�80 8C
using a Reichert Ultra cut cryo-ultramicrotome without
staining.

Weight-average (Mw) and number-average (Mn) molecular
weights of PLA (before and after nanocomposites preparation)
were determined by means of gel permeation chromatography
(GPC) (LC-VP, Shimadzu Co.), using polystyrene standards
for calibration and tetrahydrofuran (THF) as the carrier solvent
at 40 8C with a flow rate of 0.5 mL �min�1. For the GPC
measurements, the PLA or nanocomposites were first dissolv-
ed in CHCl3 and then diluted with THF. GPC results of PLA
and the two different nanocomposites are presented in Table 1.
As anticipated, the incorporation of various kinds of OHTO
resulted in a reduction in the molecular weight of the PLA
matrix. Decreased molecular weights of nanocomposites may
be explained by either the shear mixing of PLA and OHTO or
the presence of hydroxy groups in the alkylammonium cation,
both resulting in a certain degree of hydrolysis of the PLA
matrix at high temperature.

The glass transition (Tg), melting (Tm), and crystallization
(Tc) temperatures, as well as the degree of crystallinity (wc) of
pure PLA and the nanocomposites were determined by a
temperature-modulated DSC (TMDSC) (MDSCTM, TA2920,
TA instruments). The DSC was performed at a heating rate of
5 8C �min�1 with a heating/cooling cycle of a modulation
period of 60 s, and an amplitude of þ/�0.769 8C. For the
measurement of wc prior toDSC analysis, the extra heat absorb-
ed by the crystallites formed during heating had to be
subtracted from the total endothermic heat flow because of
melting of thewhole crystallites. This can be done according to
the principles and procedures described in our previous
paper.[3] By considering the melting enthalpy of 100% crys-
talline poly(L-lactide) as 93 J � g�1, we have estimated the value
of the wc of pure PLA and the nanocomposites, which are also
presented in Table 1.Figure 1. WAXD patterns of HTO powder.
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The dried neat PLA and PLANCs pellets were injection
molded using an injection machine (IS-80G, Toshiba Machin-
ery Co.) operated at 190 8C with a mold temperature of 30 8C.
Flexural modulus and strength of the injection-molded speci-
mens (thickness�3.2mm, annealed at 120 8C for 30min)were
measured according to an ASTM D-790 method with a strain
rate of 2 mm �min�1 at room temperature.

Ultraviolet (UV)/visible (vis) transmission behavior was
measured by a UV/vis spectrophotometer (U-3000, Hitachi
Co.), operated with a scanning rate of 5 nm � s�1 under
reflection mode. Photodegradability (sunshine weathering) of
neat PLA and the nanocomposites was studied on a sunshine
weathermeter (WEL-SUN-DC, Suga Test instruments) oper-
ated at 60 8C.

Results and Discussion

WAXD patterns for the pure OHTO powder and two

nanocomposites (PLANCs) are presented in Figure 2. The

mean interlayer spacing of the (001) plane (d(001)) for the

OHTO solid obtained by WAXD measurements is 2.26 nm

(2yffi 3.908). The appearance of a small peak observed at

2yffi 7.708 confirmed that this reflection is caused by a

(002) plane (d(002)) of OHTO. In the case of PLANC1.7, a

very small peak is observed at 2yffi 3.698 (ffi2.40 nm),

corresponding to the (001) plane of the dispersed titanate

layers in the PLA matrix. With increasing OHTO content,

this peak becomes stronger without significant peak shift

for PLANC3.9, accompanied with the appearance of a

small peak. After calculation, it was confirmed that this

reflection is because of the (002) plane of OHTO dispersed

in the PLA matrix. The difference in interlayer spacing

between pure OHTOpowder and PLANC1.7 to PLANC3.9

after melt mixing is presumably because of intercalation of

PLA chains into the titanate galleries, and the coherent

order of the titanate layers is much higher with increasing

OHTO content. Note that the existence of a sharp Bragg

peak in PLANCs after melt extrusion clearly indicates that

the dispersed titanate layers still retain an ordered structure

after melt extrusion.

FromWAXD patterns, the crystallite size of intercalated

stacked titanate layers of each PLANC is calculated

by using Scherrer equation, that is, D is given by

Equation (1).[5,6]

D ¼ k:l
b:cosy

ð1Þ

k is a constant (the value generally¼ 0.9), l is the X-ray

wavelength (¼0.154 nm), b is the width of theWAXD peak

(in radian units) and is measured by the full width at half

maximum, and y is the WAXD peak position. The calcu-

lated value of D for each PLANC is presented in Table 2.

The internal structure of the nanocomposites on the

nanometer scale was directly observed by TEM analyses.

Figure 3 shows the results of TEM bright-field images of

PLANCs corresponding to the WAXD experiments as

Table 1. Characteristic parameters of neat PLA and the nanocomposites.

Samples Mw � 10�3 Mw=Mn Tg Tm Tc wc

g �mol�1 8C 8C 8C %

PLA 210 1.46 60 168 127.2 36
PLANC1.7 138 1.75 58 166.5 96.2 41.8
PLANC3.9 113 1.72 57 165.6 94.1 43.2

Figure 2. WAXDpatterns of OHTOand PLANCs. The asterisks
indicate the (001) peak for OHTO dispersed in a PLA matrix.
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Table 2. Form factors of nanocomposites obtained from WAXD patterns and TEM images.

Nanocomposite WAXD TEM

d(001) Da) D/d(001) LTi xTi LTi/D

nm nm nm nm

PLANC1.7 2.4 11 4.6 73� 8 38� 5 6–7
PLANC3.9 2.4 14.5 6 140� 11 36� 3 9–10

a) Calculated from the Scherrer equation.[5]

Figure 3. Bright field TEM images observed of crystallized PLANCs pellets.
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shown respectively in Figure 2, in which dark entities are

the cross section of intercalated OHTO layers.a Figure 3

shows both a larger view, showing the dispersion of the

titanate layers within the PLA matrix, and a higher magni-

fication, permitting the observation of discrete titanate

layers.

The TEM images of PLANCs show fine and almost

uniform distribution of titanate particles in the PLA matrix

where the titanate particles in both exhibit perpendicular

alignment to the sample surface. From the TEM images, it

becomes clear that there are intercalated and disordered

stacks of titanate layers coexisting in the nanocomposite

structure. The intercalated structures are characterized by a

parallel stacking that gives rise to the WAXD reflection of

PLANC3.9 in Figure 2, whereas the disordered layer

formations have no periodic stacking and thus remain

WAXD silent. In the case of PLANC3.9, there is a large

anisotropy of the stacked titanate layers. The size of some of

the stacked-titanate layers appears to reach about 200 nm in

lengths. However, we cannot estimate the thickness preci-

sely from the TEM images.

In Table 2, the form factors obtained from WAXD

analyses andTEMobservations, that is, average length (LTi)

and thickness (D dTi) of the dispersed intercalated titanate

layers, and the correlation length (xTi) between them, are

summarized.[3] On the basis of WAXD analyses and TEM

observations,we can conclude that PLANCs prepared using

OHTO clearly form ordered intercalated nanocomposites

with flocculated structure in the case of PLANC3.9, and that

coherent order of the titanate layers gradually increases

with increasing OHTO content.

In Table 3, we report the flexural modulus and strength of

neat PLA and PLANCs measured at 25 8C. There is a sig-
nificant increase of 38% in the flexural modulus for

PLANC1.7 compared with that of neat PLA, and about a

50% increment of modulus in the case of PLANC3.9. On

the other hand, flexural strength remarkably decreases with

PLANC1.7 and further decreases with PLANC3.9 with

increasing OHTO content. This behavior may be caused by

the high OHTO content leading to a brittleness of the

PLANCs as revealed by their distortion value.

Another interesting aspect of this research is the enhan-

cement of degradability of neat PLA after nanocomposite

preparation with OHTO. This may be possible because one

of the features of thismaterial is photocatalytic reactivity, in

a way similar to titania (TiO2). The photocatalytic reactions

of anatase-TiO2, such as evolution of hydrogen gas from

water or oxidative degradation of organic compounds, have

attracted intense research interest because of their possible

application to the conversion of solar energy into chemical

energy.[7] Although there are a considerable number of

reports concerning the enzymatic and thermal degradation

of PLA[8] and various PLA blends, there is no data about the

photodegradation of PLA and its composites.

Figure 4 shows the UV/vis transmission spectra of pure

PLA and PLANC1.7. The spectra show that the visible

region (>�400 nm) is changed with increasing absorbency

by the presence of titanate layers compared with neat

PLA. For UV wavelengths, there is strong absorption up to

320 nm, resulting in 0% transmittance. This signifi-

cant change in the spectra may indicate the occurrence of

photodegradation of the PLA matrix. To confirm this, we

conducted someverypreliminary experiments on the photo-

degradation of PLANCs using a sunshine weathermeter at

60 8C. After 300 h, there was no change in the nature of

sample surfaces of neat PLA, however, the surface color of

the nanocomposite samples became yellow and/or light

brown. Table 4 shows the GPC measurement of recovered
Table 3. Tensile and flexural properties of neat PLA and the
nanocomposites.

Samples Modulus Strength Distortion

GPa MPa %

PLA 3.4 108 4.8
PLANC1.7 4.7 86 1.9
PLANC3.9 5 57 1.1

a Since the titanate layers are comprised of heavier elements (K,
Ti, O) than the interlayer and surrounding matrix (C, H, N, and
so on), they appear darker in bright field images.

Figure 4. UV/vis transmission spectra of neat PLA and
PLANC1.7.

Table 4. GPC results of sample recovered from weathermeter
after 300 h.

Samples Mw � 10�3 Mw=Mn Mw=M
�
w
a)

g �mol�1

PLA 198 1.53 0.94
PLANC1.7 93.7 1.89 0.68
PLANC3.9 86.3 1.86 0.76

a) M
�
w is the molecular weight before test.
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samples from the test. The drop inMw accompanied with

broadening of Mw=Mn indicates that the enhancement of

degradation of PLA in the OHTO-filled system has

occurred. At this moment, we are not able to propose the

real mechanism of photodegradation of PLANCs.

Conclusion

We have successfully prepared novel PLA nano-

composites (PLANC)s using organically modified lay-

ered titanate as a new nanofiller. PLANCs exhibit a

significant improvement in practical material properties

with a simultaneous improvement in degradability under

sunshine.
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