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Abstract

The effects of nano-structured carbon fillers [fullerene C60, single wall carbon nanotube (SWCNT), carbon nanohorn (CNH), carbon nano-
balloon (CNB), and ketjenblack (KB)] and conventional carbon fillers [conductive grade and graphitized carbon black (CB)] on conductivity
(resistance), thermal properties, crystallization, and proteinase K-catalyzed enzymatic degradation of poly(L-lactide) [i.e., poly(L-lactic acid)
(PLLA)] films were investigated. Even at low filler concentrations such as 1 wt%, the addition of SWCNT effectively decreased the resistivity
of PLLA film compared with that of conventional CB, and PLLAeSWCNT film with filler concentration of 10 wt% attained the resistivity lower
than 100 U cm. The crystallization of PLLA further decreased the resistivity of films. The addition of carbon fillers, except for C60 and CNB at
5 wt%, lowered the glass transition temperature, whereas the addition of carbon fillers, excluding C60, elevated softening temperatures, if an
appropriate filler concentration was selected. On heating from room temperature, cold crystallization temperature was determined mainly by
the molecular weight of PLLA, whereas on cooling from the melt, the carbon fillers, excluding KB, elevated the cold crystallization temperature,
reflecting the effectiveness of most of the carbon fillers as nucleating agents. Despite the nucleating effects, the addition of carbon fillers
decreased the enthalpy of cold crystallization of PLLA on both heating and cooling. The addition of CNH, CNB, and CB elevated the starting
temperature of thermal degradation of PLLA, whereas the addition of SWCNT reduced the thermal stability. Furthermore, the addition of C60

and SWCNT enhanced the enzymatic degradation of PLLA, whereas the addition of KB and CNB disturbed the enzymatic degradation of PLLA.
The reasons for the effects of carbon fillers on the physical properties, crystallization, and enzymatic degradation of PLLA films are discussed.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Biomass-derived poly(L-lactide), i.e., poly(L-lactic acid)
(PLLA) has been intensively explored because it is biodegrad-
able, compostable, producible from renewable resources, and
nontoxic to the human body and the environment. The improve-
ment of physical properties of PLLA, such as mechanical, ther-
mal, and electrical ones, is a matter of concern, especially when
used in industrial and commodity applications [1e12]. For
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improvement of these properties, the addition of various types
of fillers is commercially advantageous, because the physical
properties are readily manipulated by the type and concentra-
tion of fillers. Talc and montmorillonite are representative
cost-effective fillers for PLLA to improve crystallinity, thermal
stability, and mechanical properties [13e19].

In our previous study, we investigated the nucleating effects
of fullerene C60 and poly(D-lactide), i.e., poly(D-lactic acid)
(PDLA) (or the stereocomplex crystallites formed upon addi-
tion of PDLA to PLLA) on the crystallization behavior of
PLLA [19,20]. It was found that the acceleration effects of
fillers on the overall PLLA crystallization during cooling
from the melt decreased in the following order: PDLA>
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talc> C60>montmorillonite> polysaccharides, and the ac-
celeration effects of PDLA widely varied depending on its
concentration. The positive effect of PDLA on the overall
crystallization was observed when the concentration of PDLA
was higher than 3 wt%. However, as far as we are aware, the
effects of carbon-nanostructured fillers on the physical proper-
ties, crystallization, and biodegradation of PLLA have not
been reported so far, excluding those of fullerene C60.

The objective of the present study was to investigate the
effects of addition of the various carbon-nanostructured fillers
on the physical properties, crystallization, and biodegradation
of PLLA. For this purpose, we have prepared melt-quenched
PLLA films with fullerene C60, single wall carbon nanotube
(SWCNT), carbon nanohorn (CNH), carbon nanoballoon
(CNB), and ketjenblack (KB), together with those with carbon
black (CB). Their conductivity (resistivity), thermal proper-
ties, crystallization behavior, and biodegradation behavior
were studied by four-point probe array, thermomechanical
analysis (TMA), differential scanning calorimetry (DSC),
thermogravimetry (TG), gravimetry, and scanning electron
microscopy (SEM).

2. Experimental part

2.1. Materials

PLLA [number-average molecular weight (Mn)¼ 9.5�
104 g mol�1, weight-average molecular weight (Mw)/Mn¼
1.9, specific optical rotation ([a]589

25 )¼�141 deg dm�1

g�1 cm3] was kindly supplied by Unitika Ltd. (Osaka, Japan)
and was purified by precipitation using methylene chloride
and methanol as solvent and nonsolvent, respectively. The
purified polymer was dried in vacuo for at least 7 days. C60

(>99.5%, particle size of 1 nm), KB (EC600JD, primary
particle size of 34 nm), and conductive grade CB (TOKA-
BLACK�#5500, particle size of 25 nm, abbreviated as
CB5500) and graphitized CB (TOKABLACK�#3855,
particle size of 25 nm, abbreviated as CB3855) were supplied
from Tokyo Chemical Industry Co. Ltd. (Tokyo, Japan), Ketjen
Black International Company Ltd. (Tokyo, Japan), and Tokai
Carbon Co. Ltd. (Tokyo, Japan), respectively. SWCNT was
prepared by a conventional arc discharge method, where the
graphite rod containing Ni (4.2 mol%)/Y (1 mol%) catalyst
(KM42NI10Y, 6 mm in diameter, Toyo Tanso Co. Ltd., Osaka,
Japan) was used as evaporating electrode (anode). Cathode
was pure graphite (G348, Tokai Carbon Co. Ltd.). The
ambient gas was helium and the pressure was approximately
80 kPa. SWCNT (average diameter¼ 1.5 nm, average
length¼ 3 mm) used in the present study was not purified so
that the metal catalyst and amorphous carbon coexisted. The
products included 30e50 wt% of SWCNT. CNH was prepared
in the same arc discharge system which was used for preparing
SWCNT [21,22]. However, the condition was different. The
anode and cathode were pure graphite (G348). The ambient
gas was nitrogen and the pressure was approximately
90 kPa. The products included more than 35% of Dahlia-
type CNH. Most of the rest was non-Dahlia-type CNH.
CNB was prepared from the non-Dahlia-type CNH by high
temperature treatment (approximately 2400 �C) under inert
gas [21,22]. Non-Dahlia-type CNH was prepared at 80 kPa
of nitrogen by arc discharge method.

The PLLA films with fillers C60, SWCNT, CNH, CNB, and
KB, together with those with CB were prepared by a solution-
casting method using dichloromethane as a solvent at 25 �C
for approximately 1 day. The solutions for casting were pre-
pared by dissolving 3 g of PLLA and a filler in 10 mL of
dichloromethane. The obtained films were dried in vacuo for
at least 7 days, and then were further melt-blended (ca. 2 g
for each sample) with a kneading extruder (Type 1172, Imoto
Machinery Co. Ltd., Kyoto, Japan) at 200 �C and 20 rpm for
5 min. After the melt-blending process, the blends were
extruded and then compressed between two polyimide sheets
to a thickness of 200 mm using Teflon spacers with the same
thickness.

The concentration of each of the fillers was fixed at 5 and
10 wt% for the PLLA films, unless otherwise specified. All
the melt-blend films were amorphous. This was evidenced
by the same absolute values of the enthalpies of crystallization
and melting. Some of the melt-blend films were further crys-
tallized by the following procedure. Each of the melt-blend
films was sealed under a reduced pressure, re-melted at
200 �C for 5 min and crystallized at 140 �C for 24 h, and
then quenched at 0 �C. The PLLA films with fillers are abbre-
viated as PLLAea filler code (‘‘number’’ here indicates the
concentration of a filler or ‘‘C’’ here means that the specimen
was crystallized by aforementioned procedure), e.g., PLLAe
CNH for the PLLA film with CNH, PLLAeSWCNT(10) for
the PLLA film with 10 wt% of SWCNT, and PLLAe
CB3855(C) for the crystallized PLLA film with CB3855.

2.2. Enzymatic degradation

The enzymatic degradation of the films with 10 wt% of
fillers was performed according to the procedure reported by
Reeve et al. [23]. Namely, each of the films was placed in
a vial filled with 5 mL of TriseHCl buffer solution (pH 8.6)
containing 0.2 mg mL�1 of proteinase K and 0.2 mg mL�1

of sodium azide. The enzymatic degradation of the films
was carried out at 37 �C in a rotary shaker for a period of
up to 3 h. The pH of the solution remained in the range be-
tween 8.6 and 8.0 for 3 h, where the enzyme activity was
reported to be practically constant [23]. The degraded films
were rinsed thoroughly with the distilled water at 4 �C to
stop further degradation and then dried under a reduced pres-
sure for at least 2 weeks for weight loss measurements.

2.3. Measurements and observation

The weight- and number-average molecular weights (Mw

and Mn, respectively) of polymers were evaluated in chloroform
at 40 �C using a Tosoh (Tokyo, Japan) GPC system with two
TSK gel columns (GMHxL) using polystyrene standards. The
[a]589

25 was measured in chloroform at a concentration of
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1 g dL�1 and 25 �C using a JASCO (Tokyo, Japan) DIP-140
polarimeter at a wave length of 589 nm.

The resistivity (conductivity) of the films was measured ac-
cording to the method JIS K7194 (testing method for resistiv-
ity of conductive plastics with a four-point probe array).
Namely, four-point probes (spring probe VP-3-1 and socket
VS-3-1, Mac-Eight Co. Ltd., Kanagawa, Japan) were placed
in-line, and then the potential difference between the probes
B and C (V) was measured with a 34401A Digital Multimeter
(Agilent Technologies Japan, Ltd., Tokyo, Japan) when the
electric current (I ) was passed from probe A to probe D
(see Fig. 1). The resistivity (r) was calculated from an ob-
tained resistance value (R¼ V/I ) using the following equation:

rðU cmÞ ¼ F� d�R ð1Þ

where F and d are correction factor (4.235) and film thickness
(cm), respectively. The experimental r values represent aver-
ages of measurements at five different positions of the films
and the absolute value of the difference between the each ex-
perimental value and the average value was lower than 5% of
the average value.

The softening temperature of PLLA films with different
fillers was measured with a penetration mode at an applied
load of 0.98 N using a Shimadzu (Kyoto, Japan) TMA-60 un-
der a nitrogen gas flow at a rate of 50 mL min�1. The speci-
mens (thickness of 200 mm) were heated from room
temperature to 140 �C at a rate of 7 �C min�1. The glass tran-
sition and crystallization behavior of PLLA films (sample
weight ca. 3 mg) with different fillers were monitored by a
Shimadzu DSC-50 differential scanning calorimeter under a
nitrogen gas flow at a rate of 50 mL min�1. The specimens
were heated at a rate of 10 �C min�1 from room temperature
to 200 �C (Process I), held at the same temperature for
5 min, and then cooled at a rate of �3 �C min�1 to room tem-
perature (Process II). The glass transition, cold crystallization,
and melting temperatures (Tg, Tcc, and Tm, respectively) and
the enthalpies of cold crystallization (DHcc) and melting
(DHm) were calibrated using benzophenone, indium, and tin
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Fig. 1. The schematic representation of testing method for resistivity of

conductive plastics with a four-point probe array.
as standards. Normalized (�DHcc) was calculated from non-
normalized (�DHcc) according to the following equation:

Normalizedð �DHccÞ
�
J g�1

�
¼ non-normalizedð �DHccÞ�

J g�1
�
=½1�WðAÞ=100� ð2Þ

where W(A) is weight percentage of a filler in the film. The
thermal degradation behavior of PLLA films with different
fillers was traced by TG using a Shimadzu DTG-50. The spec-
imens (sample weight ca. 3 mg) were heated from room tem-
perature to 420 �C at a rate of 10 �C min�1 under a nitrogen
gas flow of 50 mL min�1. The surface morphology of the en-
zymatically degraded films was studied with a Hitachi (Tokyo,
Japan) SEM (S-2300). The specimens for SEM observation
were coated with carbon to a thickness of about 10 nm.
Some of the nano-structured carbon materials were observed
with a JEOL (Tokyo, Japan) JEM2010 transmission electron
microscope (TEM). Fig. 2 shows the structural models and
typical TEM images of SWCNT, CNH, and CNB.

The weight loss per unit surface area of the enzymatically
degraded films [Wloss (mg mm�2)] was calculated using the
weights of dried films before and after enzymatic degradation
(Wbefore and Wafter), respectively, and their surface area before
enzymatic degradation (Sbefore):

Wloss

�
mg mm�2

�
¼
�
Wbefore �Wafter

��
Sbefore ð3Þ

The experimental weight loss values for enzymatic degra-
dation represent averages of measurements from the three
replicate specimens.

3. Results and discussion

3.1. Conductivity

The r values of PLLA films decreased with increasing filler
concentration, as shown in Fig. 3. For the polymer/CB com-
posites, it is reported that the material conductivity is affected
by the shape, size, dispersion state, and conductivity of CB,
and other factors [24e26]. Among the carbon fillers, SWCNT
and CB3855 (graphitized carbon black) showed the remark-
able effects on the r of PLLA films. That is, PLLAeSWCNT
and PLLAeCB3855 showed the lowest and second lowest r

values or the highest and second highest conductivity values
among the PLLA films. Therefore, we have carried out the de-
tailed investigation on the effects of concentration of SWCNT
and CB3855 on the r values of PLLA films (Fig. 4). The r

values of PLLAeSWCNT and PLLAeCB3855 decreased
from 1.6� 105 U cm at a filler concentration of 0 wt% to the
values lower than 1� 102 U cm at a filler concentration of
10 wt%. The r values were lower for PLLAeSWCNT films
than for PLLAeCB3855 films, when compared at the same
filler concentrations. The needle-like (fiber-like) structure of
SWCNT should have caused its effective contact with each
other compared with that of more spherical other fillers, and
thereby have given the lowest r values. It is interesting to
note that even the addition of 1 wt% of SWCNT induced a dra-
matic decrease in r from 1.6� 105 to 3.8� 103 U cm. Such
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CNHSWCNT CNB

Fig. 2. The structural models and typical TEM images of SWCNT, CNH, and CNB.
a remarkable effect was not observed for conventional carbon
black (CB3855). It is reported that when a particulate conduct-
ing filler is added to a nonconducting matrix, a sharp transition
from nonconductor to conductor takes place at a critical con-
centration at around 7 wt% [24]. The effectiveness of SWCNT
on the conductivity of PLLA films even at 1 wt% indicates that
the critical concentration for SWCNT should be lower than
1 wt%. Such a low critical concentration for SWCNT is also
attributable to its needle-like structure, which obliges SWCNT
to effectively contact with each other.

In an amorphous state the carbon fillers are homogeneously
dispersed. However, such a state is not favorable for increasing
conductivity of the PLLA films. During crystallization pro-
cess, the carbon filler as an impurity will be excluded from
the crystalline regions and condensed in the amorphous
regions. As a result, the conductive fillers are expected to be
effectively connected with each other in amorphous regions,
and thereby increased the conductivity compared with that
in a completely amorphous state. To confirm this assumption,
each of the PLLAeSWCNT and PLLAeCB3855 films was
sealed under a reduced pressure, melted at 200 �C for 5 min,
crystallized at 140 �C for 24 h, quenched at 0 �C, and then
their r values were estimated. The obtained r values of the
films are included in Fig. 4. As expected, the r values of crys-
tallized PLLAeSWCNT(C) and PLLAeCB3855(C) films
were lower than those of the amorphous PLLAeSWCNT
and PLLAeCB3855 films, respectively, when compared at
the same filler concentrations. The PLLAeSWCNT(C) films
showed the lowest r (highest conductivity) at a filler concen-
tration of 10 wt% (26 U cm), which is comparable with that
reported for a hydrocarbon wax (C36H74) containing CB
(7.6 vol%) [24]. Bueche showed that the r of a hydrocarbon
wax (C36H74) containing CB suddenly increased at the
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temperature above the melting temperature of hydrocarbon
wax [24]. Recently, Lee et al. and Chen et al., respectively,
reported the same trend for the blends of poly(3-caprolactone)
and poly(vinylbutyral) containing CB [26] and for the methyl
methacrylate copolymer and ultrahigh molecular weight of
polyethylene composites filled with multiwall carbon nano-
tubes [27]. Compared with the conventional CB, the effective-
ness of SWCNT for increasing conductivity of PLLA films
was higher especially at a low concentration. This strongly
suggests that SWCNT can be a promising filler to enhance
the conductivity of PLLA-based materials.

3.2. Softening behavior

The Tg values, starting and ending softening temperatures
[Tsoft(S) and Tsoft(E), respectively] of PLLA films with differ-
ent carbon fillers at 5 and 10 wt% during heating from room
temperature (Process I) were obtained from DSC and TMA
curves, and are shown in Fig. 5 and Table 1. The procedures
for estimating Tsoft(S) and Tsoft(E) are shown in Fig. 6. That
is, Tsoft(S) and Tsoft(E) are the intersection temperatures of
the base lines for lower and higher temperature ranges and
the tangent line for the curve. As seen from Fig. 5, the Tg

values of PLLA films with the fillers, except for PLLAe
C60(5) and PLLAeCNB(5) films, were lower than that of
pure PLLA film, revealing that the chain mobility of PLLA
was enhanced by the presence of most of the carbon fillers.
Despite this fact, the carbon fillers, except for C60, were effec-
tive to elevate both Tsoft(S) and Tsoft(E) values, if an appropri-
ate concentration was selected. It seems that the molecular
(particle) size of C60 was too small to support the external
force on heating.

As shown in Table 1, the molecular weight values of PLLA
films after thermal molding depend on the types of carbon
fillers. The molecular weight of PLLA should have affected
the Tg, Tsoft(S), and Tsoft(E) values of the films. For this reason,
the Tg, Tsoft(S), and Tsoft(E) values of the PLLA films
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Table 1

The glass transition temperature and the starting and ending temperatures of softening and thermal degradation of pure PLLA film and PLLA films with different

fillers

Filler Content (wt%) Mw/104 (g mol�1) Mw/Mn Tg
a (�C) Tsoft(S)b (�C) Tsoft(E)b (�C) Ttd(S)c (�C) Ttd(E)c (�C)

No 0 6.1 1.8 59.7 61.7 73.4 295.3 363.7

C60 5 60.7 61.6 72.3 312.5 370.2

10 3.2 1.7 53.8 60.9 72.8 290.5 341.3

SWCNT 5 58.1 62.7 74.0 279.2 344.6

10 3.3 2.5 57.0 62.7 75.8 266.4 323.1

CNH 5 56.5 61.4 71.8 314.7 364.2

10 6.3 1.8 59.0 62.7 74.6 328.4 366.7

CNB 5 61.5 61.6 72.3 337.6 372.9

10 5.0 1.9 59.3 62.1 75.1 317.0 371.1

KB 5 59.2 62.9 75.3 333.3 372.9

10 3.2 2.2 51.6 60.0 70.1 290.9 362.5

CB3855 5 56.6 61.3 76.7 308.2 362.8

10 11.9 1.7 55.3 62.8 78.1 335.2 373.3

CB5500 5 57.8 62.0 76.5 341.8 375.0

10 16.6 2.1 56.9 61.8 77.4 338.2 373.1

a Glass transition temperature.
b Tsoft(S) and Tsoft(E) are the starting and ending temperatures of softening, respectively.
c Ttd(S) and Ttd(E) are the starting and ending temperatures of thermal degradation, respectively.
containing 10 wt% of fillers are plotted in Fig. 7 as a function
of Mw. All Tg values of PLLA films with carbon fillers were
significantly lower than that of pure PLLA film, irrespective
of the Mw. This confirms that the chain mobility of PLLA
was enhanced by the presence of carbon fillers, irrespective
of the Mw. On the other hand, the Tsoft(S) values of the
PLLA films were almost constant for the Mw exceeding
5� 104 g mol�1, whereas the Tsoft(E) values increased with
an increase in Mw. The Tsoft(S) and Tsoft(E) values of the
PLLA films, except for PLLAeC60 and PLLAeKB films,
were higher than those of the pure PLLA film, irrespective
of Mw of PLLA. This reveals that most of the carbon fillers
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Fig. 6. Procedures for estimating the starting and ending softening tempera-

tures [Tsoft(S) and Tsoft(E), respectively].
are effective to elevate the dimensional stability of PLLA films
on heating.

3.3. Crystallization

The cold crystallization temperatures, Tcc(S), Tcc(P), and
Tcc(E) of PLLA films with different carbon fillers at 5 and
10 wt% were obtained from DSC thermograms during heating
from room temperature (Process I) or cooling from the melt
(Process II). Here, Tcc(S), Tcc(P), and Tcc(E) were evaluated
according to the procedure shown in Fig. 8, as reported previ-
ously [19,20]. That is, Tcc(P) is the peak top temperature of
crystallization peak, Tcc(S) and Tcc(E) are the intersection tem-
peratures of the base line and the tangent lines for the curves in
the temperature ranges lower and higher than Tcc(P), respec-
tively. The obtained Tcc(P) values are plotted in Fig. 9 and the
Tcc(S), Tcc(P), and Tcc(E) values are summarized in Table 2.

On heating at a rate of 10 �C min�1 (Process I), the Tcc(P)
of pure PLLA film (108 �C) is in agreement with 106e119 �C
reported by Migliaresi et al. for pure PLLA specimens with
viscosity-average molecular weights (Mv) of 3.1� 104e
4.3� 105 g mol�1 (heating rate¼ 5 �C min�1) [28] and with
109 �C reported by ourselves for pure PLLA films
(Mw¼ 2.2� 105 g mol�1) prepared with benzene and di-
chloromethane (heating rate¼ 10 �C min�1) [19]. On heating,
the addition of C60, SWCNT, and CNH significantly lowered
the Tcc(P) values (acted as a nucleating agent and accelerated
overall crystallization), whereas the addition of CB3855 and
CB5500 slightly elevated the Tcc(P) values (disturbed the for-
mation of nuclei and delayed overall crystallization). In the
cases of CNB and KB, the effects of addition depend on the
filler concentration, i.e., at a filler concentration of 5 wt%,
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the Tcc values were elevated, but lowered at a filler concentra-
tion of 10 wt%.

On cooling at a rate of �3 �C min�1 (Process II), the Tcc(P)
of pure PLLA film (103 �C) is consistent with 106e126 �C
reported by Migliaresi et al. (cooling rate¼�1 �C min�1)

50

52

54

56

58

60

62

0 10 15

No
Tg

Tsoft(S)

Tsoft(E)

CB5500

CB3855

KB

C60

CNB CNH

SWCNT

70

72

74

76

78

80

CB5500
CB3855

CNH

No

SWCNT
CNB

C60

KB

56

58

60

62

64

CB5500
CB3855CNH

No

SWCNT
CNB

C60

KB

5

0 10 155

0 10 155

(a)

(b)

(c)

T
g 

(°
C

)
T

so
ft(

S
) (

°C
)

T
so

ft(
E)

 (°
C

)

Mw / 104 (g mol-1)

Mw / 104 (g mol-1)

Mw / 104 (g mol-1)

Fig. 7. Glass transition temperature (Tg) (a), starting softening temperature

[Tsoft(S)] (b), and ending softening temperature [Tsoft(E)] (c) of PLLA films

with different carbon fillers (10 wt%) as a function of Mw. Horizontal broken

lines in figures show the values for pure PLLA film.
[28] and with 107 and 111 �C reported by ourselves (casting
solvents: benzene and dichloromethane, respectively, cooling
rate¼�1 �C min�1) [19]. The slightly lower Tcc(P) value of
pure PLLA film in the present study is attributable to a higher
cooling rate. The Tcc(P) values of PLLA films with carbon
fillers, excluding those of KB, were higher than the Tcc(P)
value of pure PLLA film. This reveals that most of the carbon
fillers can act as a nucleating agent for PLLA crystallization
during cooling process.

In order to clarify the effects of molecular weight of PLLA
on Tcc values, the Tcc(P) of PLLA films with 10 wt% of fillers
is plotted in Fig. 10 as a function of Mw of PLLA. On heating
(Process I), the Tcc(P) of PLLA increased from 85 to 115 �C
with increasing Mw from 3� 104 to 1.7� 105 g mol�1. This
trend was observed in our previous study for PLLA with dif-
ferent molecular weights [28] and reveals that the Tcc(P) is
determined by the molecular mobility but not by filler nucle-
ating effects. As suggested earlier the melt-quenching process
is expected to induce the formation of self-nuclei [19,29e31],
reducing the effects of fillers on Tcc(P). In contrast, on cooling
(Process II), the Tcc(P) was higher for the PLLA films with
fillers than for pure PLLA film, except for PLLAeKB(10)
film. This reflects that the carbon fillers, excluding KB, effec-
tively act as a nucleating agent.
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Fig. 8. Procedures for estimating the starting, peak, and ending temperatures of

cold crystallization [Tcc(S), Tcc(P), and Tcc(E), respectively].
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Table 2 shows the obtained non-normalized and normalized
(�DHcc) values on heating (Process I) and cooling (Process
II). On heating at a rate of 10 �C min�1 (Process I), the (�DHcc)
value of pure PLLA film (63 J g�1) was higher than 29e38 J g�1

for pure PLLA reported by Migliaresi et al. (5 �C min�1) [28]
and 33 and 37 J g�1 reported by ourselves (casting solvents:
benzene and dichloromethane, respectively, heating rate¼
10 �C min�1) [19]. On cooling at a rate of�3 �C min�1 (Process
II), the (�DHcc) value of pure PLLA film (58.0 J g�1) was
higher than 32e48 J g�1 for pure PLLA [28] reported by
Migliaresi et al. (�1 �C min�1) and 36 and 38 J g�1 reported
by ourselves (casting solvents: benzene and dichloromethane,
respectively, heating rate¼�1 �C min�1) [19]. The higher
(�DHcc) values of pure PLLA film on both heating and cooling
in the present study should be ascribed to a low molecular weight
of PLLA, which was caused by thermal degradation during
melt-blending and molding. As seen from Table 2, the normal-
ized (�DHcc) values of the PLLA films with carbon fillers
were much lower than those of pure PLLA film, on both heating
and cooling, irrespective of Mw of PLLA. These findings suggest
that the crystalline thickness or size of PLLA decreased, or the
amount of non-crystallizable PLLA chains increased upon
Table 2

Cold crystallization of pure PLLA film and PLLA films with different fillers during heating from room temperature (Process I) and cooling from the melt

(Process II)

Filler Content

(wt%)

Heating (Process I) Cooling (Process II)

Tcc(S)a

(�C)

Tcc(P)a

(�C)

Tcc(E)a

(�C)

Non-normalized

(�DHcc)
b (J g�1)

Normalized

(�DHcc)
b (J g�1)

Tcc(S)a

(�C)

Tcc(P)a

(�C)

Tcc(E)a (�C) Non-normalized

(�DHcc)
b (J g�1)

Normalized

(�DHcc)
b (J g�1)

No 0 97.4 107.9 115.7 62.7 62.7 112.8 102.8 96.7 58.0 58.0

C60 5 90.4 97.9 105.8 34.3 36.1 134.4 128.8 124.8 47.5 50.0

10 89.8 96.0 101.9 32.9 36.6 125.3 116.7 107.9 40.2 44.7

SWCNT 5 80.7 102.1 110.9 33.0 34.7 120.4 106.5 101.3 37.2 41.3

10 90.9 98.0 105.3 32.1 35.7 127.0 105.8 99.9 37.4 41.6

CNH 5 88.1 95.1 101.3 40.0 42.1 124.5 116.9 109.0 45.9 48.3

10 96.8 103.6 110.0 30.8 34.2 123.6 110.1 100.0 36.6 40.7

CNB 5 99.4 112.5 124.1 29.5 31.1 129.8 121.0 115.0 39.4 41.5

10 95.0 103.2 111.2 33.5 37.2 128.6 124.2 120.0 44.2 49.1

KB 5 87.7 113.9 128.4 30.4 32.0 112.3 101.8 94.5 27.4 28.8

10 80.2 85.7 95.7 28.5 31.7 115.8 101.3 97.2 33.3 37.0

CB3855 5 98.1 110.7 119.4 30.2 31.8 126.0 119.1 113.3 35.0 36.8

10 99.5 111.1 120.5 30.8 34.2 125.9 119.9 114.5 37.6 41.8

CB5500 5 96.6 111.1 120.5 29.1 30.6 134.2 126.9 120.0 38.8 40.8

10 101.2 113.8 123.8 27.0 30.0 132.8 124.4 115.6 31.6 35.1

a Tcc(S), Tcc(P), and Tcc(E) are the starting, peak, and ending temperatures of cold crystallization, respectively.
b DHcc is cold crystallization enthalpy.
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addition of the fillers, although the nucleus number of crystal-
lites increased.

3.4. Thermal degradation

The starting and ending temperatures of thermal degrada-
tion [Ttd(S) and Ttd(E)] were obtained from the TG curves of
PLLA films with different carbon fillers, and are shown in
Fig. 11. Ttd(S) and Ttd(E) values were estimated using the
same procedures for estimating Tsoft(S) and Tsoft(E), which
are shown in Fig. 6. This procedures are reported in Ref.
[32]. The Ttd(S) and Ttd(E) values of 295 and 364 �C for
pure PLLA are comparable with the reported ones [33e35].
There were three trends for the effects of fillers. The first trend
was an increase in thermal degradation temperature with an in-
crease in filler concentration, as in the Ttd(S) of PLLAeCNH
and PLLAeCB3855 films. Probably, in these cases the fillers
should have blocked the evaporation of volatile components
such as lactides formed by thermal degradation. The second
trend was a decrease in thermal degradation temperature
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Fig. 10. Peak temperature of cold crystallization [Tcc(P)] of PLLA films with

different carbon fillers (10 wt%) on heating from room temperature (Process I)

(a) and on cooling from the melt (Process II) (b) as a function of Mw. Horizon-

tal broken lines show the values for pure PLLA film.
with an increase in filler concentration, as in the Ttd(S) and
Ttd(E) of PLLAeSWCNT film. It is probable that the large as-
pect ratio of SWCNT (i.e., needle-like structure) disturbed the
diffusion of PLLA into the space of loosely assembled
SWCNT, the remaining vacant space should have penetrated
the film like ‘‘chimney’’, and volatile components formed by
thermal degradation could have readily been removed via
‘‘chimney’’, resulting in a rapid increase in weight loss. In
other words, the surface area per unit mass was increased by
the addition of SWCNT. The third trend was an increase in
thermal degradation temperature at 5 wt% and lower thermal
degradation temperature at 10 wt% compared with that at
5 wt%. This trend was observed for most of the PLLA films
with fillers. The reason for higher degradation temperatures
at 5 wt% should be the same as that for PLLAeCNH and
PLLAeCB3855 films. On the other hand, the lower degrada-
tion temperature at 10 wt% should be the mixed effects of
‘‘barrier’’ and ‘‘chimney’’. If the chimney effect prevails the
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barrier effect, the degradation temperature should be lowered,
and vice versa. In the present study, CB5500 was the most ef-
fective filler at both concentrations for enhancement of ther-
mal stability. The effects of Mw of PLLA on thermal
degradation temperature are shown in Fig. 12. It seems that
Ttd(S) increased with increasing Mw, whereas Ttd(E) was inde-
pendent of Mw for Mw exceeding 5� 104 g mol�1. Although
the difference in Mw affects the thermal degradation tempera-
ture values, the addition of CNH, CNB, CB3855, and CB5500
effectively enhanced the thermal degradation-resistance of
PLLA films.

3.5. Enzymatic degradation

As reported earlier, the proteinase K-catalyzed degradation
rate is determined by the type, concentration, shape, dimen-
sion, dispersion, and adhesion of fillers [36,37]. For further
analysis for determining the dispersion and adhesion of fillers,
we have carried out proteinase K-catalyzed enzymatic degra-
dation of PLLA films with 10 wt% of fillers. Fig. 13 shows
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the weight loss of PLLA films with respect to proteinase
K-catalyzed enzymatic degradation. As seen, C60 and SWCNT
accelerated the enzymatic degradation. It is expected from low
Ttd(S) and Ttd(E) values of PLLAeC60(10) and PLLAe
SWCNT(10) films (i.e., from chimney effect of C60 and
SWCNT) that there should have been relatively large gap be-
tween PLLA phase and C60 or SWCNT assemblies for protein-
ase K to diffuse into. As a result, the enzymatic degradation
could occur inside the film as well as on the film surface.
Moreover, as expected from the lack of adhesiveness of C60

or SWCNT to PLLA phase, it seems that the C60 or SWCNT
assemblies should have been readily released from the film
surface, forming porous structure. The formation of porous
structure is known to accelerate the enzymatic degradation
of a biodegradable polyester [38]. The two factors, the effects
of ‘‘gap’’ and ‘‘facile release’’, should have increased the
enzymatic degradation rate. In contrast, the addition of KB
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and CNB diminished the enzymatic degradation rate. Proba-
bly, the particles of KB and CNB were well dispersed in the
films and the ones on the film surface should have disturbed
the direct access of proteinase K to PLLA chains, resulting
in low initial degradation rate and saturation of weight loss
at a long degradation time. In this case, the adhesiveness of
fillers to PLLA phase should have been high to block protein-
ase K to diffuse into the film. For most of the carbon fillers, the
accelerating effects by ‘‘gap between PLLA phase and carbon
fillers’’ and ‘‘facile release of carbon fillers’’ should have been
balanced with the disturbing effect by ‘‘blocking’’, and there-
fore, the experimental weight loss of PLLA films with fillers
was similar to that of pure PLLA film. From comparison be-
tween Fig. 13(a) and (b), it can be concluded that conventional
carbons have very small effects on the enzymatic degradation
rate, whereas the effects of nano-structured carbons largely
varied depending on the size, shape, and dimension. The aver-
age enzymatic degradation rate (RED) values were estimated
from the slopes of weight loss lines, and are plotted in
Fig. 14 as a function of Mw. It is reported that RED increased
with decreasing molecular weight [39]. However, no such
trend was observed for the PLLA films with carbon fillers.
Therefore, the RED is confirmed to depend on the shape, di-
mension, dispersion, and adhesion of carbon fillers and their
assembled structures.

Figs. 15 and 16, respectively, show the SEM images of the
PLLA films with different carbon fillers after enzymatic deg-
radation for 3 h, and the SEM image of the pure PLLA film
before enzymatic degradation. In Fig. 16, only the image for
pure PLLA film is shown, because the surface morphology
of PLLA films with different carbon fillers was very similar
to that of pure PLLA film. The surface before enzymatic deg-
radation had many parallel grooves, which should have
reflected the surface morphology of polyimide sheets used
for compression of PLLA films. As seen in Fig. 14, all film
surfaces became rougher after enzymatic degradation and
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the roughness was highest for the PLLAeC60 film. In other
words, the film surface after enzymatic degradation was deter-
mined by the weight loss values rather than by the shape,
dimension, dispersion, and adhesion of carbon fillers. How-
ever, in the case of PLLAeSWCNT film, despite the second
largest weight loss after 3 h of enzymatic degradation, it
showed a small surface change.

4. Conclusions

From the aforementioned experimental results the follow-
ing conclusions can be derived for the effects of fillers on
the conductivity, thermal properties, crystallization, and enzy-
matic degradation of PLLA.

(1) The addition of carbon fillers decreased the r values of
PLLA films. Among the carbon fillers, SWCNT was the
most effective filler to reduce the r of PLLA film. The ad-
dition of SWCNT lowered the r of PLLA film from
1.6� 105 U cm (filler concentration¼ 0 wt%) to the
values lower than 1� 102 U cm (filler concentration of
10 wt%). The crystallization of PLLA further decreased
the r values. Furthermore, even the addition of 1 wt%
SWCNT caused dramatic decrease in r from 1.6� 105

to 3e4� 103 U cm. Such high effects of SWCNT can be
ascribed to its needle-like structure, which obliges
SWCNT to effectively contact with each other.

(2) The addition of carbon fillers, except for C60 and CNB at
5 wt%, lowered the glass transition temperature, whereas
the addition of carbon fillers, excluding C60, elevated soft-
ening temperatures, if an appropriate filler concentration
was selected. This indicates that the addition of carbon
fillers, except for C60, was effective to enhance the dimen-
sional stability of PLLA films on heating. It seems that the
molecular (particle) size of C60 was too small to support
the external force on heating.

(3) On heating from room temperature, the Tcc(P) was deter-
mined, mainly by the molecular weight of PLLA, whereas
on cooling from the melt, the carbon fillers, excluding KB,
elevated the Tcc(P), indicating the effectiveness of most of
the carbon fillers as nucleating agents. Despite the nucle-
ating effects, the addition of the carbon fillers decreased
the normalized (�DHcc) of PLLA on both heating and
cooling.

(4) The addition of CNH, CNB, CB3855, and CB5500 was ef-
fective for the enhancement of thermal stability of PLLA
films, whereas the addition of SWCNT reduced the ther-
mal stability. The addition of other fillers increased the
thermal stability of PLLA at 5 wt%, whereas the thermal
stability at 10 wt% was lower than that at 5 wt%. In
such a case thermal degradation rate should have been de-
termined by the balance between an enhancement effect of
‘‘blocking’’ and a reducing effect of ‘‘chimney’’.

(5) The addition of C60 and SWCNT significantly enhanced
the enzymatic degradation, whereas the addition of KB
and CNB disturbed the enzymatic degradation. It seems
that the enzymatic degradation rate of the PLLA films
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Fig. 15. SEM images of PLLA films with different carbon fillers (10 wt%) after enzymatic degradation for 3 h.
with fillers was determined by the diffusibility of protein-
ase K between PLLA phase and fillers and by the releas-
ability of fillers from PLLA phase during enzymatic
degradation, both of which should have enhanced the en-
zymatic degradation, and by the blocking effect by fillers,
which should have disturbed the enzymatic degradation.
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