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ABSTRACT: Two biodegradable polymers, poly(L-lactide) (PLLA) and cellulose acetate
(CA), were solvent-cast-blended with chloroform. Macrophase separation took place
without a compatibilizer. However, homogeneous blend films were obtained with the
addition of tetraisopropyl titanate (TP) as a compatibilizer to the blend. We investi-
gated the reasons for the blends exhibiting homogeneity and measured the physical
properties of the blends. We reached the following conclusions: (1) the addition of TP
produces small PLLA crystallites in the PLLA/CA blends, (2) the addition of TP reduces
the thermal decomposition temperature of PLLA/CA blends, (3) Young’s modulus of the
blends is almost independent of the blend ratio, and (4) the introduction of TP assists
with the hydrolysis of the blends. © 2002 Wiley Periodicals, Inc. J Appl Polym Sci 85:

1219-1226, 2002
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INTRODUCTION

Nowadays, the recycling and biodegradability of
materials are important problems. It is thought
that some materials used for disposable purposes
should have biodegradability. Biodegradable poly-
mers are promising candidates for these materials.
Because many kinds of materials are used in vari-
ous disposable applications, biodegradable materi-
als should be prepared with various properties suit-
able for end uses. Although there are many meth-
ods of preparation, polymer blending would be the
most convenient.

Poly(i-lactide) (PLLA) is a biodegradable poly-
mer, and its melting point (7),) is higher than
that of other biodegradable aliphatic polymers
such as poly(e-caprolactone) and poly(butylene

Correspondence to: N. Ogata (ogata@matse.fukui-u.ac.jp).

Contract grant sponsor: Ministry of Education, Science,
and Culture of Japan; contract grant number: (C)(2)
12650681.

Journal of Applied Polymer Science, Vol. 85, 1219-1226 (2002)
© 2002 Wiley Periodicals, Inc.

succinate) (PBS).! PLLA has been used not only
in packaging but also in orthopedic surgery; the
polymer is biocompatible with human tissues. Be-
cause PLLA has several advantages, many stud-
ies have been performed.?™® In particular, the hy-
drolysis and biodegradation mechanisms of PLLA
films have been extensively studied by many au-
thors.5®

Cellulose acetate (CA) is made from natural
resources; some of the three OH groups in a glu-
cose unit of cellulose are substituted for OCOCHj4
groups. It is known that the biodegradability of
CA depends on the degree of substitution (DS).
Biodegradation can be observed in a sample with
a DS of less than 2.5;'° the CA used in this work
was biodegradable on the basis of its DS value. It
is usually an amorphous and rigid polymer ac-
cording to its molecular structure. Because there
is a large difference in the molecular structures of
PLLA and CA, a new material would be produced
from the blending of these polymers.

Tetraisopropyl titanate (TP) is a transition-
metal alkoxide that has relatively high reactivity;
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its chemical structure is Ti[—O—CH—(CH,),],.
The blending of CA with the alkoxide has been
performed, and it has been reported that there is
an interaction between these materials.'*'? Tak-
ing account of these reports, we believe that TP
could be used as a compatibilizer for a PLLA/CA
blend system; there is no study in which a tran-
sition-metal alkoxide has been used as a compati-
bilizer for polymer blends as far as we know.

We have previously reported that cellulose tri-
acetate (CTA) is miscible with PBS.'® Using this
blend system, we investigated the effect of the
addition of TP on the structure of PBS/CTA
blends.!* On the basis of this work, we concluded
that the addition of TP causes PBS crystallites to
become small. Furthermore, we have studied the
structure and physical properties of TP/PBS/CA
blends.'® As an extension of that work, we inves-
tigated the structures and physical properties of
TP/PLLA/CA blends in this study.

EXPERIMENTAL

Materials

The PLLA used was supplied by Shimadzu, Ltd.
(Kyoto, Japan); its trade name is PLLA #5000.
Its weight-average molecular weight was 19.4
X 10% and its optical purity was 99.0%. The
chemical structure of the repeat wunit is
[—-O—CH(CH43)—CO—],. CA was purchased
from Wako Pure Chemicals Industries, Ltd. (To-
kyo, dJapan); its weight-average molecular
weight was 45,000, and its acetyl content was
39.78%. From the value of the acetyl content,
the DS was calculated and found to be 1.52.
According to this value, the CA used in this
work was biodegradable.

A reagent grade of chloroform (Nacalai Tesque
Inc., Kyoto, Japan) was used as a cosolvent for
these polymers without further purification. For
the sufficient dissolution of CA in chloroform, we
added a small amount of ethanol to the solution.
Furthermore, an extrapure reagent grade of TP
(Nacalai Tesque) was used as a compatibilizer.

Preparation of the Blends

Specified amounts of PLLA and CA were placed in
a beaker; the total amount of these materials was
1 g, and 10-30 mL of chloroform and 2 mL of
ethanol were added. The amount of chloroform
was usually 30 mL, unless otherwise noted. After

being stirred vigorously for about 2 h, the mixture
became a homogeneous solution. TP (100 pL) was
further added to the solution as a compatibilizer;,
the function of TP in the solution is discussed
later. With the addition of TP, the viscosity of the
solution was markedly increased. To control the
viscosity, we changed the amount of chloroform.
After being stirred for about 15 min, the solution
was cast into a glass Petri dish. After chloroform
was vaporized at 0°C, homogeneous films about
0.15 mm thick were obtained. The physical prop-
erties of the blend films were measured. A blend
film containing a given amount of PLLA is de-
noted dpy1a = X, where X represents the weight
percentage of PLLA in the blend. Samples con-
taining no TP were also made for comparison and
are denoted ¢p;1 4 = X (TP = 0).

Characterization of the Blends

For the measurement of the transparency of the
blend films, a light transmittance test was per-
formed with a Shimadzu UV-2100 spectrometer;
a wavelength of 500 nm was used. The viscosity of
the blend solution was measured with a Yamaichi
VM-1G-M viscosity meter (Tokyo, Japan). The
evaluated value does not represent an accurate
value of the viscosity in a strict sense because the
viscosity is evaluated from the induced force on a
probe, which vibrates in an immersing solution.
The thermal behavior of the blends was mea-
sured with a Shimadzu DSC-60 differential scan-
ning calorimeter at a heating rate of 10°C min*.
The nonisothermal crystallization behavior of the
blends was also measured with differential scan-
ning calorimetry (DSC). The blends were heated
to 220°C at a heating rate of 20°C min !, held for
10 min at that temperature for the destruction of
all crystallites, and cooled down to room temper-
ature at a cooling rate of 5°C min~'. The crystal-
lization behavior was recorded during the cooling
process. T, and the heat of fusion (AH,,) were
evaluated from the maximum position of the en-
dothermic peak and its area on the DSC curves,
respectively. Similarly, the crystallization tem-
perature (7',) and the calorific value during crys-
tallization (AH,) were evaluated from the peak
position and its area, respectively.
Thermogravimetric analyses (TGAs) of the
blends were performed by a piece of the material
being placed in a platinum dish and heated from
room temperature to 500°C under a nitrogen at-
mosphere at a heating rate of 5°C min~! with a
Shimadzu thermogravimetric analyzer (DTG-60).



Dynamic mechanical analyses (DMAs) of the
blends were performed with a Rheometric Scien-
tific RSA II viscoelastic analyzer. Temperature
scans at a 1-Hz frequency were carried out at a
heating rate of 2°C min~'. The glass-transition
temperature (T,) was evaluated from the peak
position of an E"-temperature curve.

The tensile tests for the blends were performed
at room temperature on a Tensilon UTM-II-20
tensile tester (Toyo Baldwin Co., Ltd., Tokyo, Ja-
pan); the crosshead speed was 10 mm min !, and
the initial gauge length was 50 mm.

Hydrolysis of the Blends

About 0.1 g of a blend film 0.1 mm thick was
hydrolyzed at 40°C with a 0.1N NaOH aqueous
solution (30 mL) that was shaken at a constant
speed; we determined the normality of the solu-
tion to finish the hydrolysis of the blends within a
week. The samples were removed from the solu-
tion after a given time, washed with water for
about 5 h, and dried at 50°C. The weight of the
remaining dried samples was measured. Molecu-
lar weights and their distribution for the remain-
ing samples were also evaluated in chloroform at
40°C with a Tosoh gel permeation chromatogra-
phy (GPC) system (HLC-8220GPC; Tosoh Co., To-
kyo, Japan); three TSK (HM-N) gel columns were
used, and the measured molecular weights were
calculated by the universal calibration method
with nine polystyrene reference materials. The
hydrolyzed blend samples (7 mg) were dissolved
in 5 mL of chloroform. After the elimination of
insoluble matter from the solution by filtration,
20 pL of the solution was injected into the GPC
system.

RESULTS AND DISCUSSION

Structure of the Blend Films

Figure 1 shows the effect of the addition of TP on
the structural homogeneity of the blend films.
The addition of TP seems to prevent the mac-
rophase separation and form homogeneous films.
This result suggests that the addition of TP
makes the PLLA crystallites small and disperses
them homogeneously. A similar effect of TP on the
homogeneity of the films has been observed in
TP/PBS/CA blends.'® We have also reported that
small PBS crystallites are formed by the addition
of TP in PBS/CTA blend systems.'* From addi-
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Figure 1 Photographs of the blend films placed on
section board: (A) no addition of TP and (B) the addition
of TP (100 nL).

tional tests, we found that the homogeneity is
influenced by the viscosity and temperature of the
solution. Taking account of these results, we sug-
gest that the structure of the TP/PLLA/CA blends
is in a pseudostable state. From an engineering
point of view, a fine continuous fiber would be
made from a TP/PLLA/CA blend with the addi-
tion of TP; the inhomogeneous structure prevents
the formation of fine continuous fibers. Actually,
we obtained a fine homogeneous fiber from the
TP/PLLA/CA blends.

Figure 2 shows the effects of the PLLA content
(¢dpr1.a) on the transparency and homogeneity of
the blend films. The transparency decreases with
increasing ¢prp.a up to about ¢pra = 30, above
which it remains almost constant and then in-



1222 OGATA ET AL.

100

A =500nm
80 &

4
60 F

% T

20

0 20 40 60 80 100
& pria (wt%)

Figure 2 Effect of ¢p;; 4 on the transparency of the
blend films.

creases again. Figure 3 shows the effect of the
addition of TP on the viscosity of the blend solu-
tions. The viscosity of the solution containing no
TP increases slightly with increasing ¢pra. It is
clear that the addition of TP increases the viscos-
ity of the blend solution. The increase in the vis-
cosity of the ¢prra = 100 sample is larger than
that of the ¢p;.o = 0 sample; the viscosity of the
dpr1a = 100 sample is increased about three
times with the addition of TP. This result sug-
gests that the interaction between PLLA and TP
is relatively strong. The characteristics of the in-
teractions were investigated with 'H-NMR and
I3C-NMR techniques in a liquid state. However,
evidence for the interactions was not obtained.
This result may mean that the interactions are
not so strong that these interactions cannot be
observed with NMR. Anyway, the reaction mech-
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Figure 3 Effect of ¢prr. and the addition of TP on
the viscosity of the blend solutions.
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Figure 4 DSC curves of the blends.

anisms of TP with CA and PLLA are not clear in
this stage.

Thermal Properties of the Blend Films

Figure 4 shows the DSC curves of the samples. An
endothermic peak can be seen at approximately
175°C in each blend sample; this temperature
corresponds to T, of PLLA. The neat PLLA sam-
ple (¢pprra = 100, TP = 0) shows an exothermal
peak at about 80°C. Because such a peak cannot
be seen in the blends, CA and TP seem to induce
the crystallization of PLLA. To discuss the effect
of ¢prra on the melting behavior of PLLA in de-
tail, we evaluated the values of 7', and AH,, for
each sample. The results are shown in Figure 5. A
straight and solid line is drawn through the val-
ues of AH,, at ¢prran = 0 and dpyya = 100 (TP
= 0), where the value of AH,, at ¢py 1,4 = O is zero.
The T, values of the blends are lower than those
of neat PLLA (TP = 0), and 7', has a maximum at
¢dpr1.a = 50. Moreover, the experimental AH,, val-
ues deviate downward from the straight line, ex-
cept for ¢ppr 1.4 = 30 and dpr o = 40. These results
imply that the addition of TP and CA causes the
formation of small PLLA crystallites.

The nonisothermal crystallization behavior of
the blends was also studied. Figure 6 shows the
effects of ¢prra on T, and AH,. A straight and
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Figure 5 Effect of ¢pr 4 on T, and AH,, of PLLA.
Open symbols indicate TP = 0 samples.

solid line is also drawn through the values of AH,
at ¢pr.a = 0 and ¢pprr.a = 100 (TP = 0), where the
value of AH_ at ¢pr1,a = 01is zero. The T, values of
the blends are somewhat lower than those of neat
PLLA (TP = 0), and T, has a maximum at ¢ppra
= 50. The results support the idea that the addi-
tion of TP and CA produces small PLLA crystal-
lites. Moreover, the experimental AH_ values de-
viate downward from the straight line, and AH,
has a maximum at ¢py . = 50.

Now we discuss the reasons for AH, exhibiting
a maximum: AH_ originates from the primary
crystallization. In PLLA-poor samples, PLLA
molecules would form particles, and these parti-
cles would be dispersed in the CA matrix. The
PLLA molecules in the particles would be con-
fined, even at the melting state, by the CA mole-
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Figure 6 Effect of ¢p;4 on T, and AH, of PLLA.
Open symbols indicate TP = 0 samples.
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Figure 7 TGA curves of the blends.

cules in the frozen state. Therefore, the PLLA
molecules would be freely crystallized during the
cooling process from the melt. However, in PLLA-
rich samples, CA molecules are supposed to be
individually dispersed in the PLLA matrix; of
course, there is a possibility that CA molecules
form particles in the matrix. The PLLA molecules
under the molten state seem to be entangled
freely with CA molecules and CA particles. The
crystallization rate of polymers is determined
by the transport term and the nucleation
term.'® The presence of CA molecules and CA
particles may hinder the transportation of
PLLA polymer segments to a growing crystal
surface. Because T, of PLLA is high compared
with that of other aliphatic polyesters, PLLA
molecules are hard to crystallize at a low tem-
perature. Therefore, the aforementioned entan-
glement may further hinder its crystallization.
As described, there is a difference between the
crystallization mechanism of PLLA in a PLLA-
rich sample and that in a PLLA-poor sample.
This difference is likely to responsible for AH,
showing a maximum at ¢prpa = 50.

We investigated the effect of the addition of TP
on the thermal degradation of the blends. Figure
7 shows TGA curves for the blends. The addition
of TP seems to reduce markedly the temperature
at which decomposition starts. The incorporation
of the oxide of TP into the PLLA/CA matrix seems
to accelerate the separation of the polymer
chains. A similar effect of the addition of alkoxide
on the decomposition temperature has been re-
ported for niobium(V) oxide/CA blends.'”

Mechanical Properties of the Blends

Figure 8 shows the DMA curves of the TP/
PLLA/CA blends. The storage modulus (E’) de-
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Figure 8 DMA curves of the blends.

creases slightly with increasing temperature and
changes abruptly at about 60°C. Above this tem-
perature, it decreases slightly again up to about
170°C and then decreases markedly. The change
at about 60°C becomes marked with increasing
dprra- In curves of the loss modulus (E”) versus
the temperature, a peak can be seen at about
60°C in each blend; this peak corresponds to T, of
PLLA. E" at T, seems to increase with increasing
dprra- To discuss the molecular motion of PLLA
molecules in detail, we investigated the effects of
¢pr1a on T, and E” at T,. There is no correlation
between T, and ¢pya. This result implies that
the segmental motions of the amorphous PLLA
molecules are not largely restricted by the CA and
TP molecules. Moreover, E” at T, increased with
increasing ¢prra. This result means that the
amorphous component of PLLA increases with
increasing ¢pra-

Figure 9 shows the effect of ¢pr;.4 on Young’s
modulus of the blends. The modulus seems to
almost independent of ¢pr;a. This means that
materials with various moduli cannot be obtained
from the blend of CA and PLLA.
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Figure 9 Effect of ¢p;14 on Young’s modulus of the
PLLA/CA blends. Open symbols indicate TP = 0 sam-
ples.

Hydrolysis of the Blends

Figure 10 shows the mass of the residue of the
blends as a function of the hydrolysis time. With
an increase in the hydrolysis time, the mass of
each sample decreases markedly at first and then
indicates a nearly constant value. The sample
with high ¢p; 1. indicates a marked decrease. The
mass of the residue is thought to decrease with an
increase in water-soluble oligomers formed dur-
ing hydrolysis. If only the PLLA component in the
blend were hydrolyzed, the constant value would
be determined by ¢p;1a. However, experimental
data demonstrate that the constant value is al-
ways lower than that estimated from ¢pyy 4. This
means that the CA component is also hydrolyzed
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Figure 10 Effect of the hydrolysis time on the mass of
the residue of the blends: (¢) ¢pr 1.4 = 100 (TP = 0), (O)
dprra = 0 (TP = 0), (#) dprra = 30, (@) dprra = 50,
and (A) ¢prpa = 70.
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Figure 11 Effect of the hydrolysis time on GPC spectra of ¢p;;4 = 70 blends.

during the hydrolysis of the blends. It is noted
that the mass reduction of the blends is marked
with respect to that of the neat PLLA (¢prra
= 100, TP = 0) and CA (¢pr;n = 0, TP = 0)
samples. This result suggests that the micro-
scopic inhomogeneity of the structure induced by
the blend and the introduction of TP assist with
the hydrolysis. The aqueous solution could pene-
trate easily into the phase boundary region of the
blends.

Figure 11 shows the effect of the hydrolysis
time on GPC spectra of ¢p; 4 = 70 blends. In
Figure 11(a), the peak appearing at a retention
time of 10 min becomes flat with an increase in
the hydrolysis time. This means that the number
of water-soluble oligomers increases with increas-
ing hydrolysis time. Figure 11(b) shows the effect
of the hydrolysis time on the molecular weight
distribution of ¢p;;4 = 70 blends; these curves
were calculated from Figure 11(a). The peak po-
sition is nearly constant up to a hydrolysis time of
6 h, above which the peak shifts to a lower posi-
tion. The peak position is almost independent of
the hydrolysis time up to 6 h even though the
mass is reduced to 30% with the hydrolysis time
(see Fig. 10). Furthermore, we ascertained that
the ¢pr.a = 70 blends that were hydrolyzed for
6 h contained the PLLA component, and the 7,

value was independent of the hydrolysis time. On
the basis of these results, we propose that the
hydrolysis of TP/PLLA/CA blends takes place
mainly from the film surface. In our previous
works on TP/PBS/CTA'™ and TP/PBS/CA'Y
blends, we have proposed that the hydrolysis of
these blends occurs uniformly from not only the
surface but also the inner part of the blends.

CONCLUSIONS

A new biodegradable polymer composite material
was prepared from a blend of PLLA and CA by the
addition of TP. The structure and physical prop-
erties of the blends were investigated. The follow-
ing conclusions have been made:

1. There is a possibility that TP is used as a
compatibilizer of the PLLA/CA blends.
That is, homogeneous films can be obtained
from a blend of CA and PLLA by the addi-
tion of TP. The viscosity of the PLLA/CA
blend solution is increased by the addition
of TP. Although TP interacts with PLLA
and CA molecules during the solvent
blending process, the evidence for interac-
tions cannot be observed with NMR. From
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DSC measurements, we conclude that the
interactions make PLLA crystallites small
in the PLLA/CA blends.

2. The addition of TP decreases the thermal
decomposition temperature of PLLA/CA
blends.

3. Young’s modulus of the blend is almost in-
dependent of the CA content.

4. The microscopic inhomogeneity of the
structure and the introduction of TP seem
to assist with the hydrolysis of the blend
materials.

REFERENCES

1. Technical Data Sheet, Bionolle; Showa Highpoly-
mer: Tokyo, Japan, 1996.

2. Hoogsteen, W.; Postema, A. R.; Pennings, A. J.;
Brinke, G. T.; Zugenmaier, P. Macromolecules
1990, 23, 634.

3. Postema, A. R.; Luiten, A. H.; Oostra, H.; Pennings,
A. J. J Appl Polym Sci 1990, 39, 1275.

4. Postema, A. R.; Pennings, A. J. J Appl Polym Sci

1989, 37, 2351.

10.

11.

12.

13.

14.

15.

16.

17.

. Nagata, N.; Okana, F.; Sakai, W.; Tsutumi, T. J

Polym Sci Part A: Polym Chem 1998, 36, 1861.

. Tsuji, H.; Mizuno, A.; Ikeda, Y. J Appl Polym Sci

2000, 77, 1452.

. Tsuji, H.; Ikeda, Y. J Polym Sci Part A: Polym

Chem 1998, 36, 59.

. Li, S. M.; Gerreau, H.; Vert, M. J Mater Sci Mater

Med 1990, 1, 198.

. Migliaresi, C.; Fambri, L.; Cohn, D. J Biomater Sci

Polym Ed 1994, 4, 58.

Sawada, H.; Fujimaki, T. In Handbook of Biodegrad-
able Polymer; Doi, Y., Ed.; NTS: Tokyo, 1995; p 130.
Ohmori, Y.; Kurokawa, Y. J Biotechnol 1994, 33,
394.

Nakane, K.; Takahashi, K.; Suzuki, F.; Kurokawa,
Y. Sen’i Gakkaishi 1999, 55, 563.

Uesaka, T.; Nakane, K.; Maeda, S.; Ogihara, T.;
Ogata, N. Polymer 2000, 41, 8449.

Uesaka, T.; Ogata, N.; Nakane, K.; Ogihara, T.
Sen’i Gakkaishi 2000, 57, 165.

Uesaka, T.; Ogata, N.; Nakane, K.; Shimizu, K,
Ogihara, T. J Appl Polym Sci 2002, 83, 1750.
Stein, R. S.; Tobolsky, A. V. In Polymer Science and
Materials; Tobolsky, A. V.; Mark, H. F., Eds,;
Wiley: New York, 1971; p 161.

Campos, E. A.; Gushikem, Y. J Colloid Interface Sci
1997, 193, 121.



