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Abstract: This study examined the reinforcing effects of multiwalled carbon nanotubes (MWCNTs) with different
morphologies in a poly(L-lactic acid) (PLLA) matrix. The surfaces of the MWCNTs were modified using linear
alkyl chains to disperse the MWCNTs homogeneously in the polymer matrix. The morphology of the MWCNTs was
determined from numerical values for the D,, [, and /;/I;,. These numerical values were related to the morphology
of the MWCNTs and had an effect on the PLLA/MWCNT composites. The rod-like MWCNTs with a relatively high
D,, I, and 1;/I}, exhibited superior electrical and thermal properties owing to their morphological characteristics,
such as their more crystallized sp’ carbon structure, high contour length and static bending persistence. Therefore,
rod-like MWCNTs are more advantageous than those with a bent morphology with respect to MWCNT reinforced

polymer composite applications.
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Introduction

Carbon nanotubes (CNTs) have drawn a great deal of
attention because of their novel potential as polymer addi-
tives and fillers.'” Many efforts have been made to develop
CNT-reinforced composite materials, such as epoxy resins,*’
thermoplastics®® and natural polymers.>'° However, aside
from the reinforcing effects of CNTs with different surface
functionalities on a polymer matrix, research related to the
reinforcing effects of CNTs with different morphologies is
insufficient. Theoretically, CNTs that are made of a rolled
graphene layer or layers should be straight in shape. How-
ever, the heptagon-pentagon pair and others pairs, which are
generated in the CNT synthesis process, permanently bend
the tube. Therefore, CNTs have various morphologies with
respect to their bending degree."" These CNTs with various
morphologies can be characterized using quantitative fac-
tors such as the bending ratio (D,), the mean square end-to-
end distance ((R’)), and the square contour length (Z%)."
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The modulus of the polymer-multiwalled carbon nano-
tube (MWCNT) composites depends on the degree of cur-
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vature of the MWCNTSs." Additionally, the electrical properties
of the polymer-MWCNTs depend on the contour length or
the static bending persistence length (/,,)."”

The nano-size and the high aspect ratio of the CNTs
enable the electrical percolation at a very low loading, which
enhances the electrical conductivity even at a very low addi-
tive concentration. The presence of the CNTs also improves
the mechanical properties compared to the conventional
composites containing carbon black.*® A homogeneous dis-
persion of the CNTs in the polymer matrix is crucial to the
electrical and mechanical properties in order to maximize
the reinforcing effects of the CNTs. A high dispersity of
CNTs results in low percolation thresholds and superb rein-
forcing effects.>"

Presently, poly(L-lactic acid) (PLLA) is one of the most
attractive and promising candidates as a replacement for
petrochemical products because it is not only biodegradable
but is also produced from renewable natural resources
through the fermentation of polysaccharide or sugar, e.g.,
from corn and beets. Therefore, the biological cycle comes
full circle with the PLLA biodegradation and the photosyn-
thesis processes.'>'® Additionally, the high mechanical per-
formance and the low production cost of PLLA make it
applicable as a packaging material for a broader array of
products."”’

In this study, the reinforcing effects of the MWCNTs with
two types of morphologies (rod-like and bent MWCNTSs)
were investigated in the PLLA matrix. The surface of the
MWCNTs was modified using a linear alkyl chain in order
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to create a homogeneous MWCNT dispersion in the PLLA
matrix. At low MWCNT concentrations, all of the alkylated
MWCNT (MWCNT-C,,) incorporated composites exhib-
ited enhanced mechanical and thermal properties, as well as
electrical percolation thresholds. The rod like MWCNTSs (r-
MWCNTs) exhibited better electrical properties than the
bent MWCNTs (b-MWCNTs) in the PLLA/MWCNT com-
posite. Therefore, the anti-static function was induced using
a small quantity of the -MWCNTs in the PLLA/MWCNT
composite.

Experimental

Preparation of Surface Modified MWCNTSs. The as-
received -MWCNTs (NCT, Japan) and b-MWCNTs (IlJin
Nanotech, Korea) were treated with acid using the follow-
ing procedure, which was reported in an earlier study.'® The
MWCNTs were treated in an acid mixture (sulfuric acid/nitric
acid=3:1 (v/v)) at 60 °C (-MWCNT-COOH and b-MWCNT-
COOH) in order to remove any impurities within the MWCNTSs
through the introduction of carboxylic and hydroxyl func-
tional groups onto the surface of the MWCNTs. Then the
alkylated MWCNTs were prepared using a linear alkyl
chain.'® The alkylated MWCNTs exhibited a good disper-
sity and stability in organic solvents. The nomenclatures for
the rod-like and bent alkylated MWCNTs were -MWCNT-
C,, and b-MWCNT-C,,, respectively.

Preparation of PLLA/MWCNT Composite. A certain
amount of the MWCNT-C,, was dispersed into chloroform
through ultrasonication for 1 h. Then 3.0 g of PLLA was
dissolved in the MWCNT dispersion with continuous stir-
ring. The mixture was cast in a glass dish and dried for 48 h
at room temperature. All of the tensile dumb-bell bars were
made using a Mini max molder at 180 °C. The hot mold was
allowed to naturally cool at ambient temperature. The
dumb-bell specimens were made according to the ASTM D
638 standard for tensile testing.

Characterization. The morphologies of the MWCNTs
and the MWCNT incorporated composites were observed
using field emission scanning electron microscopy (FESEM,
S-4300SE, Hitachi, Japan) at an accelerating voltage of 15 kV
after the samples were pre-coated with a homogeneous Pt
layer through ion sputtering (E-1030, Hitachi, Japan). Raman
spectroscopy (BRUKER RFS-100/S, 1064 nm excitation,
Germany) was used to determine the presence of sp” hybrid-
ized carbon by examining the E,, mode or the G band
(stretching vibrations in the basal plane of the crystalline
graphite), the so-called D band (indicating the level of the
defects in the graphitic material), and the /,/I,, ratio (D band
to G band intensity ratio, which is normally used to assess
the purity and the crystallinity) of the MWCNT samples.
The electrical conductivities of the MWCNT and the porous
MWCNT electrodes were measured using a four-probe
method with an electrical conductivity meter (Hiresta-UP
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MCP-HT450, Mitsubishi Chemical, Japan). Differential
scanning calorimetry (DSC) was carried out using a Perkin-
Elmer 7 instrument, with dry nitrogen gas at a flow rate of
20 mL/min. The DSC was calibrated using indium as the
standard, and the sample weight was maintained at 7.0 £ 0.1
mg. The thermal history of the products was removed by
scanning them from 30 to 190 °C at a heating rate of 20 °C/
min. The thermal stability was estimated using thermo-
gravimetric analysis (TGA, TA instruments, Q50, UK) at a
heating rate of 20 °C/min from room temperature to 800 °C
in air. The tensile properties were tested on an Instron 4665
ultimate tensile testing machine (UTM) at 20 °C and a humid-
ity of 30%. The cross-head speed was set at 10 mm/min for
both of the dumb-bell samples. At least 5 specimens of a
given sample were collected and averaged for the tensile
property tests. The quantitative analysis of the atomic con-
tent of the modified clays was identified through elemental
analysis (EA) (Ceinstruments Thermo EA111,2 England).

Results and Discussion

The morphologies of the -MWCNTs and the b-MWCNTs
are depicted in Figure 1. The -MWCNTs exhibited a
straight line morphology with a relatively high 1/, ratio of
1.38. In contrast, the b-MWCNTs had a winding morphol-
ogy with a relatively low //I,, ratio of 0.71. According to
equations (1) and (2), the -MWCNTs had a D, of 0.85, a
contour length of 4,747 nm, and a /;, of 4,500 nm. On the
other hand, the b-MWCNTs had a D, of 0.43, a contour
length of 565 nm, and a /;, of 184 nm. These factors pro-
vided numerical information about the morphologies of the
MWCNTs. The -MWCNTs exhibited relatively high val-
ues for the D,, [, and [/l ratio, suggesting that the main-
frame consisted of a relatively large amount of crystalline
sp” hybridized carbon. The degree of functionalization was
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Figure 1. SEM images and Raman spectra of the MWCNTs: (a),
(b) -MWCNTs and (c), (d) b-MWCNTs.

829



Y.S. Yunetal.

Table 1. Elementary Analysis (EA) of the Pristine, Acid Treated,
and Alkylated MWCNTs

Sample Name C (wt%) O (wt%) H (wt%)
b-MWCNT 99.01 0 0.09
-MWCNT 99.04 0 0.06

b-MWCNT-COOH 87.25 12.20 0.55
r-MWCNT-COOH 92.5 8.31 0.44
b-MWCNT-C,, 92.08 5.47 1.45
-MWCNT-C,, 95.16 4.11 0.73

characterized using the EA and TGA data. Table I shows
the EA data of the pristine, acid treated and alkylated
MWCNTs. All of the pristine MWCNTs consisted of only
carbon except for a small amount of hydrogen. After the
pristine MWCNTs were acid treated, the oxygen content of
the b-MWCNTs and the -MWCNTs increased by 12.20
and 8.31 wt%, respectively, because of the surface function-
alization that was caused by the carboxylic acid and hydroxyl
groups on the surface of the MWCNTs. The oxygen content
of b-MWCNT-COOH was larger than -MWCNT-COOH.
Therefore, the oxidization ratio of b-MWCNTSs with a rela-
tively large amount of defect sites was higher than the r-
MWCNTs because the defect sites of the MWCNTSs were
casily attacked by the acid. For the alkylated MWCNTs, the
carbon and hydrogen contents of both -MWCNT-C,, and
b-MWCNT-C,, increased, which suggested that the alky-
lated MWCNTs were successfully synthesized. Figure 2
shows the TGA data of the pristine and alkylated MWCNTs.
The b-MWCNTs decomposed at about 550 °C, whereas the
r-MWCNTs decomposed at about 680 °C because of the dif-
ferent defect ratios for the two MWCNTs. The TGA curves
of the alkylated MWCNTs exhibited an obvious weight loss
at 250 °C, which was attributed to the loss of the alkyl
chains. The weight loss between 250 and 430 °C was used
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Figure 2. TGA data for the pristine and alkylated MWCNTs.
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Figure 3. Dispersion of the (a) -MWCNT-COOH, (b) -MWCNT-
C,,, (¢) - MWCNT-COOH, and (d) b-MWCNT-C,, composites
in a water/chloroform solution.

to estimate the weight percentage of the alkyl chains that
were attached to the tubes, which was 10 and 6 wt% for b-
MWCNT-C,, and -MWCNT-C,,, respectively.

Figure 3 shows the dispersion of various types of MWCNTs.
All of the MWCNT-C,,s were homogeneously dispersed in
chloroform because of the physical repulsion and the chem-
ical hydrophobic properties of the linear alkyl chains. These
hydrophobic properties also led to a homogeneous disper-
sion in the PLLA matrix. Figure 4 shows the SEM images
of the fracture surfaces of the PLLA/MWCNT-C,, and
PLLA/MWCNT-COOH composites. The MWCNT-COOHs
were aggregated in the PLLA matrix, and micrometer-scale
agglomerations sporadically formed. In contrast, both the r-
MWCNT-C,, and the b-MWCNT-C,, were homogeneously
dispersed in the PLLA matrix, increasing the interfacial
adhesion between the MWCNTs and the PLLA matrix,
which resulted in low percolation thresholds and superb
reinforcing effects. Therefore, the surface modification pro-
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Figure 4. SEM images of the fracture surfaces of the PLLA/
MWCNT-C,, and PLLA/MWCNT-COOH composites: (a) r-
MWCNT-C,,, (b) b-MWCNT-C,,, (¢) -MWCNT-COOH, and (d)
b-MWCNT-COOH incorporated composites.
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Figure 5. Surface resistivity of the PLLA/-MWCNT-C,, (square)
and PLLA/b-MWCNT-C,, (circle) composites at various MWCNT
contents.

cess with a hydrophobic material was required in order to
investigate the reinforcing effects of the nano-sized MWCNTs.
The physical properties of the composite were maximized
through this process. These PLLA/MWCNT-C,, composites
exhibited electrical percolation thresholds at low MWCNT-
C,, contents below 0.5 wt% (Figure 5). When 3 wt% of the
MWCNTs were introduced into the PLLA matrix, the sheet
resistances of the -MWCNT and b-MWCNT incorporated
composites greatly increased over 11 orders of magnitude to
values of 3.6x10° Q[ and 9.5x10° Q/ ], respectively, corre-
sponding to electrostatic dissipative plastics. The -MWCNT-
C,, incorporated composite exhibited a lower sheet resis-
tance than the b-MWCNT-C,, incorporated composite
because of its more crystallized sp’ carbon structure as well
as its high contour length and static bending persistence
length (/;,). The mechanical and thermal properties of the
PLLA matrix were determined in order to investigate the
reinforcing effects of the -MWCNT-C,, and the b-MWCNT-
C,, by introducing 0.5 wt% of the MWCNT-C,,, which was
around the electrical percolation threshold. Figure 6 shows
the DSC thermograms of the Ist cooling and 2nd heating
for the PLLA/MWCNT-C,, composites. The re-crystalliza-
tion temperatures of the PLLA/-MWCNT-C,, and PLLA/
b-MWCNT-C,, were higher than the pristine PLLA. Addi-
tionally, the full widths of the melting and crystallization
peaks at half maximum were narrower than the pure PLLA.
Therefore, the crystallite size distribution was narrower in
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Figure 6. DSC thermograms of pure PLLA (solid) and the PLLA/1-
MWCNT-C,, (dot) and PLLA/b-MWCNT-C,, (dash) composites
at a content of 0.5 wt%: (a) 1st cooling and (b) 2nd heating.

the PLLA/MWCNT-C,, composites than the pure PLLA.
Compared to the polymer, the higher thermal conductivity
of the MWCNTs was responsible for the sharper crystalliza-
tion and melting peaks because the heat was more evenly
distributed in the samples containing the MWCNTs. The r-
MWCNTs exhibited a better thermal conductivity because
of their morphological characteristics." Therefore, the crys-
tallization and melting peaks were sharper compared to the
b-MWCNT-C,, incorporated composite. Table II shows the
thermal properties of the PLLA/MWCNT-C,, composites.
The positive effects of the thermal properties were induced
by introducing the MWCNTs into the PLLA matrix. The -
MWCNT-C,, induced a slightly high thermal degradation
temperature (7,) for the composite compared to the b-
MWCNT-C,, because of the relatively high thermal conduc-

Table II. Thermal Properties of Pure PLLA and the PLLA/MWCNT-C,, Composites at a Content of 0.5 wt%

Sample Name T, (°0) T.(°C) AH,, (J/g) AH, (J/g) T, ()

PLLA 167.5 104.9 -37.25 38.52 302.0
PLLA/-MWCNT-C,, 168.3 122.4 -41.31 41.56 309.8
PLLA/b-MWCNT-C,, 167.7 119.0 -38.18 40.58 308.9
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Table II1. Mechanical Properties of Pure PLLA and the PLLA/MWCNT-C,, Composites at a Content of 0.5 wt%

Sample Name Tensile Stress (MPa) Young’s Modulus (GPa) Elongation at Break (%)
PLLA 53.1+£23 1.2+0.1 13.5£0.6
PLLA/-MWCNT-C,, 58.0+28 14+0.1 145+0.9
PLLA/b-MWCNT-C,, 59.8+£2.2 1.6+0.2 13.5+£0.7

tivity of the -MWCNT-C,,. Table III shows the mechanical
properties of the PLLA/MWCNT-C,, composites. The ten-
sile strength and modulus of the PLLA/MWCNT-C,, com-
posites improved after the introduction of the MWCNT-C,,s.
The length and the aspect ratio of the MWCNTs that rein-
forced the polymer were critical to both the load transfer
efficiency and the effective modulus of the composites. The
MWCNTs with a long length and a high aspect ratio exhib-
ited improved mechanical properties.””?' However, no enor-
mous differences were observed between the -MWCNT-
C,, and b-MWCNT-C,, incorporated composites. Contrary
to the predicted results, the tensile strength and the Young’s
modulus of the b-MWCNT-C,, incorporated composite were
slightly high because of the degree of alkylation, not the dif-
ference in the shape of the MWCNTs. The interfacial adhe-
sion between the b-MWCNTs and the PLLA matrix was
better than the -MWCNTs because the b-MWCNTs con-
tained 10 wt% of alkyl chains. However, more research related
to the morphologies of the MWCNTs and their mechanical
properties is still required.

Based on these results, the fundamental differences
between the rod-like and the bent-like MWCNTSs were con-
sidered in the PLLA/MWCNT composites. The factors that
impacted the morphological effects of the alkylated MWCNTSs
in the PLLA/MWCNT composites were their shape and
degree of defects. The rod-like shape was more advanta-
geous in the percolation of the electrical or thermal conduc-
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Figure 7. (a) Raman spectra of various MWCNTs with different
15/1, ratios (straight line: 0.44, dash line: 0.71, dot line: 0.76 and
dash dot line: 1.00) and SEM images of various MWCNTs with
different /5/I,, rations ((b) 0.44, (c) 0.71, and (d) 0.76).
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tivity compared to the bent-like shape. Additionally, the
defects in the MWCNTSs had an adverse effect on the overall
properties of the PLLA/MWCNT composites. The number
of defects in the MWCNTs decreased as the shape of the
MWCNTs became more rod-like. Figure 7 shows the Raman
data and the SEM images of various MWCNTs. The degree
of defects in the MWCNTs was determined from the 7/,
ratio using Raman spectroscopy. The MWCNTs with a rela-
tively large amount of defects had a more winding morphol-
ogy. These results suggested that the morphology and the
defects of the MWCNTs were interdependent. Therefore,
one part of the morphological effects of the MWCNT was
caused by the inherent defects of the MWCNTSs in PLLA/
MWCNT composites.

Conclusions

The reinforcing effects of the alkylated MWCNTs with
two types of morphologies (rod-like and bent MWCNTSs)
were investigated in the PLLA matrix. The -MWCNTs had
a D, of 0.85, a contour length of 4747 nm, a [, of 4,500 nm,
and an I/, of 1.38, whereas the b-MWCNTs had a D, of
0.43, a contour length of 565 nm, a /,, of 184 nm, and an [/
I, of 0.71. These numerical values were related to the mor-
phologies of the MWCNTs and had an effect on the PLLA/
MWCNT composites. The morphological effects of the
MWCNTs were caused by both the shape and the defects of
the MWCNTs in the PLLA/MWCNT composites. The shape
of the MWCNTs had an effect on the percolations of the
electrical or thermal conductivity. Additionally, the defects
in the MWCNTs had an adverse effect on the overall prop-
erties of the PLLA/MWCNT composites. The two types of
MWCNT-C,, incorporated composites exhibited electrical
percolation thresholds and enhanced thermal and mechan-
ical properties at low MWCNT contents. However, the r-
MWCNT-C,, incorporated composites exhibited superior
electrical and thermal properties because of their advanta-
geous morphological characteristics, such as a more crys-
tallized sp” carbon structure as well as a high contour
length and static bending persistence. Therefore, the anti-
static function was more effectively induced using small
quantities of the -MWCNT-C,, in the PLLA/MWCNT
composites.
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