FABRICATION, CHARACTERIZATION, AND PROPERTIES OF
BIONANOHYBRIDS BASED ON BIOCOMPATIBLE POLYLACTIDE
AND CARBON NANOTUBES

by

James Ramontja (M.Sc.)
Submitted in accordance with the requirements for the degree

PHILOSOPHIAE DOCTOR (Ph.D.)

Department of Chemistry

Faculty of Natural and Agricultural Sciences

at the

UNIVERSITY OF THE FREE STATE (QWAQWA CAMPUS)

University supervisor: Prof A.S. Luyt
CSIR supervisor: Prof S. Sinha Ray

November 2010

DECLARATION

We the undersigned, hereby declare that the research in this thesis is Mr Ramontja’s own
original work, which has not partly or fully been submitted to any other University in order to
obtain a degree.

______________________

_____________________

Mr J Ramontja

Prof AS Luyt

_____________________
Prof S Sinha Ray

ii

DEDICATION

I would like to dedicate this work to my mother, Mpatjake Lisbeth Mashifane and my late
uncle, Sekgekge Klaas Ramontja.

iii

ACKNOWLEDGEMENTS

I would like to thank God for always supplying me with the protection, strength, tolerance,
patience, and wisdom that were needed to succeed in this work.

I would also like to express my sincere gratitude to my supervisors, Professor Adriaan
Stephanus Luyt and Professor Suprakas Sinha Ray, for their compassionate, excellent
supervision and personal respect they gave me. Their broad knowledge, dedication, and
enthusiasm are what brought success in this work. I like the freedom I had to explore my
potential on my own regarding this study. I don’t have words to express my true inner feeling
about how you opened new frontiers for my career, I thank you Professors.

I would also like to thank Dr Sreejarani Pillai for her contribution to this work, especially the
discussions we always had on functionalization of carbon nanotubes.

I thank Jayita Bandyobadhyay for assisting me with small-angle X-ray scattering and polar
optical microscopy measurements.

I would like to thank Thomas Malwela for assisting in the measurement and interpretation of
the atomic force microscopy results.

I would like to thank my friend, Thabo Gcwabaza, for the positive comments he always made
to this study.

My heartfelt gratitude goes to all the colleagues at National Centre for Nano-Structured
Materials (NCNSM), CSIR.

I would like to thank my friends, Bethuel Nkgadime, Matome Ramusi, and Mabule Thobejane
for encouraging me to continue studying up to this level.

iv

I thank my mother Mrs Mpatjake Lisbeth Mashifane, my younger brother Raditsela Holiday
Ramontja, and my little sister Virginia Kanyane Mashifane for having the faith and trust that I
am capable of doing anything. Their encouragement, respect, and patience are highly
appreciated.

I would like to thank the special one and only lady in my life, my fiancée Charity Elize
Maepa, for always raising my hopes high even when the times seemed bad.

Lastly, I am very grateful for the financial support I received from Department of Science and
Technology and Council for Scientific and Industrial Research (CSIR), South Africa.

v

ABSTRACT
This work reports on the preparation and characterization of biodegradable polylactide (PLA)
nanocomposites

based

on

functionalized

carbon

nanotubes

(f-MWCNTs).

The

nanocomposites were prepared by melt extrusion and solvent casting methods. A new method
used for the functionalization of multiwalled carbon nanotubes (MWCNTs) with
hexadecylamine (HDA) is also reported. Attenuated total reflectance Fourier-transform
infrared (ATR-FTIR), Raman, and X-ray photoelectron spectroscopy confirmed the
functionalization of the carbon nanotubes. The morphology and structure of the
nanocomposites

were

investigated

through

scanning

electron

microscopy (SEM),

transmission electron microscopy (TEM), polarized optical microscopy (POM), small angle
X-ray scattering (SAXS), and atomic force microscopy (AFM).

The influence of

functionalized carbon nanotubes on the thermal, thermomechanical and tensile properties of
the PLA matrix was also investigated.

Firstly, a PLA composite containing 1.5 wt.% of f-MWCNTs (with 10 % amine content,
determined gravimatrically) was prepared through a melt extrusion technique. FTIR and
Raman spectroscopy revealed the strong interaction between the f-MWCNT’s surfaces and
the PLA matrix. The POM (in the molten state) revealed a fairly homogeneous dispersion of
f-MWCNTs with some micron-scale agglomeration. POM also revealed that the f-MWCNTs
acted as nucleating agents for the crystallization of the PLA matrix. An increase in
crystallinity was also observed from differential scanning calorimetry (DSC). Dynamic
mechanical analyses (DMA) showed an enhancement of the elastic modulus, particularly
above room temperature. An improvement in the tensile strength and elongation at break,
without significant loss of modulus, was also reported.

Secondly, a composite containing 0.5 wt. % of f-MWCNTs (with 20 % amine content) was
prepared by a melt extrusion technique. Improvement of the thermal stability in air was
observed. The spherulitic morphology and structure was studied through POM and SAXS. An
improvement in the thermomechanical properties was observed below and above the glass
transition temperature. The presence of f-MWCNTs played a nucleation role for the
crystallization of the polymer matrix. The dispersion was fairly homogeneous in the PLA
matrix with some micro-scale agglomeration as observed in SEM.
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Lastly, a PLA composite with f-MWCNTs (with 10 % amine content) was prepared by a
solvent casting method using chloroform as a solvent. The effect of the incorporation of fMWCNTs on the crystallization behaviour of biodegradable/biocompatible polylactide (PLA)
was studied. The crystallization behaviour of the PLA in the absence and presence of fMWCNTs was studied by using POM, DSC and AFM. The results showed that the fMWCNTs did not actively nucleate the crystallization of PLA, and that the PLA crystals were
perfectly grown in the case of the composite. Such an observation is quite uncommon to the
general understanding of the role of CNTs in semicrystalline polymer crystallization.
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Chapter 1

Introduction

1.1

Overview

When introducing the subject of nanoscience and nanotechnology, it is almost customary to
extract from RP Feynman’s visionary 1959 lecture [1,2] “There is plenty of room at the
bottom”. The field of nanoscience and nanotechnology (concerned with the manipulation of
matter on the nanoscale, which is now generally taken as the 1-100 nm range) is of the
greatest interest to chemists, physicists and engineers (nanoparticles, nanostructured
materials, nanoporous materials, nanopigments, nanotubes, nanoimprinting, quantum dots,
etc.) and has already led to many innovative applications, particularly in materials science [25]. The main focus of this chapter shall be mainly on nanotechnology as it is a frequently used
word, both in the scientific literature and in common language [6].

Perhaps the question to be asked should be: Why has nanoscience/nanotechnology attracted
such a huge global interest? It has already been established that nanoscience/nanotechnology
is concerned with properties, interactions and processing of units containing a notable number
of atoms. These units, regardless of whether they are fullerenes, quantum dots, carbon
nanotubes or biomolecules have novel electronic, optical and chemical properties by virtue of
their nanometre dimensions. Varying the size and controlling the interactions of these units
change fundamental properties of the nanostructured materials synthesized from these
building blocks. These created an impression that nanoscience and nanotechnology has a huge
potential to contribute in finding solutions for the four difficulties facing a greater part of the
globe’s population: health, food, energy, and pollution. It has thus sparked huge investments
from governments and private sectors across the globe [7,8].

Nanotechnology employs two main approaches: (a) the “bottom-up” approach where
materials and devices are built from molecular components which assemble themselves
chemically by principles of molecular recognition, and (ii) “top-down” approach where

nanoscale-objects are constructed from larger ones without atomic-level manipulation [9].
However, it has become increasingly obvious that the top-down approach is subject to drastic
limitations for dimensions smaller than 100 nm [10]. Thus, the bottom-up approach opens
virtually unlimited possibilities regarding the design and construction of artificial molecular
devices and machines capable of performing specific functions upon stimulation with external
energy inputs [11,12]. Although nanoscience and nanotechnology are still in their infancy,
new exciting results [13] and, sometimes, disappointments [14] alternate the scene as always
happens in fields that have not yet reached maturity. The Project on Emerging
Nanotechnologies estimates that over 1015 manufacturer-identified nanotech products are
available to the public as of August 2009 [15]. For the past decade, various methods have
been applied in the synthesis of nanomaterials categorized as fullerenes, carbon nanotubes,
nanospheres, and inorganic nanoparticles/nanocrystals (made from metals, semiconductors or
oxides). These are of great scientific interest as they effectively bridge the gap between bulk
materials and atomic or molecular structures by virtue of their very high surface area to
volume ratio.

In this study, our main focus is on the CNTs as fillers for polymeric composite systems. CNTs
are graphite sheets rolled up into seamless cylinders that have revolutionalized experimental
low-dimensional physics and are utilized in a wide variety of state-of-the-art nanoscientific
research. Since their discovery in 1991 at NEC Laboratories in Japan by Sumio Ijima, CNTs
have been found to exhibit outstanding physical properties for a wide range of potential
applications [16]. CNTs exhibit intrinsic properties such as high mechanical strength [17],
structurally dependent electrical conductivity [18,19], and thermal conductivity [20]. It is also
believed that the incorporation of CNTs into polymer matrices could lead to composites with
unique properties [21] such as dramatically enhanced thermal stability, as well as mechanical
and barrier properties [22-27]. There are two main approaches to achieve polymer
nanomaterials. The most popular is to incorporate nanoscale particles into a polymer matrix to
produce polymer/nanoparticle composites. The other is to manufacture polymeric materials
themselves in the nanoscale dimension. Both approaches have been applied to many nondegradable and biodegradable polymer materials, giving rise to materials with good
performance. The advantages of nanoscale particle incorporation can lead to a countless
application possibilities where the analogous larger scale particle incorporation would not
provide the adequate property profile for exploitation. These areas include polymer blend
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compatibilization, membrane separation, electrical conductivity, barrier properties, impact
modifications, UV screens and biomedical applications.

1.2

Objectives

The main objective of this project is to fabricate high performance new and novel
bionanomaterials. Nanocomposites of anisotropic particles such as carbon nanotubes (CNTs)
with biocompatible polylactide were prepared and characterized. The surfaces of the CNTs
were fine-tuned by proper chemistry to enhance the compatibility of the CNT surface with the
polylactide matrix. The correlation between the CNT geometries and nanocomposite
morphologies on the one hand, and the mechanical, thermal, rheological, and electrical
properties of the nanocomposites on the other hand were studied. The influence of surface
modification and filler content on the nanocomposite morphology and properties was
investigated. This was done to contribute to the knowledge needed to design new
bionanohybrid materials with desired properties. However, because of the strong inter-tube
Van der Waals interactions, the homogeneous dispersion-distribution of CNTs within a
polymeric matrix remains a great scientific and engineering challenge. If CNTs are not
dispersed as single tubes, the active surface area will not increase sufficiently for polymerCNT surface interaction and as a result a very small amount of stress will be transferred
between the filler and the matrix. While many techniques are recently available such as in-situ
polymerization of monomers in the presence of CNTs, ultrasonic dispersion of CNTs in the
polymer solution, melt processing, electrospinning and electrode chemistry, all the techniques
failed to individually disperse the CNTs in the polymer matrix. For this reason, polymer
nanocomposites based on CNTs have so far not shown a dramatic improvement in mechanical
properties (maximum 30-40%) of the final composite materials.

Both improvements in and worsening of mechanical performance of CNT/polymer
nanocomposites have been reported. The possible causes of such inconsistencies include
variable specimen preparation methods, variations in CNTs quality and purity, dispersion,
type, aspect ratio, degree of alignment, and, finally, differences in tube-polymer interfacial
chemistry, both within a sample and among samples from different batches or laboratories.
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In this project we used two innovative methods to disperse CNTs in the polymer matrix: The
first method is the solution casting, which is achieved by dissolving a polymer and filler
separately in a solution and then mixing the two to prepare the composites. The second
method involves simple melt extrusion in which a polymer and filler are melt-mixed in a
chamber at a pre-set temperature. The later method was also used by the Sinha Ray group
[28-31] to disperse layered silicates in polyolefin matrices.

In the first part of this study, we focused on functionalizing the surface of multiwalled CNTs
to improve the dispersion and interaction with the polylactide chains. We used the following
techniques to characterise them:
•

Attenuated total reflectance Fourier-transform infrared (ATR-FTIR) spectroscopy to
confirm the functionalization.

•

The presence of functional groups was also confirmed with x-ray photoelectron
spectroscopy (XPS).

•

Raman spectroscopy was used to confirm the nature of bonding between MWCNTs
and the surfactant of interest.

The second part focused on nanocomposite preparation by melt extrusion, and the
characterization and property determination by the following techniques:
•

Scanning electron microscopy (SEM) to study the morphology.

•

Polarized optical microscopy (POM) to study the influence of (f-MWCNTs) on the
crystal growth behaviour of PLA nanocomposites.

•

Differential scanning calorimetry (DSC) to study the melting and crystallization
behaviour of the PLA nanocomposites.

•

Thermogravimetric analysis (TGA) to study the influence of the presence of fMWCNTs on the thermal stability of the PLA samples.

•

Tensile testing to study the influence of f-MWCNTs on the mechanical properties of
the PLA nanocomposites.

•

Wide angle x-ray scattering (WAXS) to study the miscibility, crystallinity, and
structure of the PLA nanocomposites.

•

Dynamic mechanical analysis (DMA) to study the effect of the f-MWCNTs on
thermomechanical properties of PLA.
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1.3

Layout of the thesis

This thesis contains 7 chapters. Chapter 1 describes the general background and objectives of
this study. Chapter 2 presents a literature review relevant to the project. Chapter 3 summarizes
the characterization techniques (including brief discussions on how the techniques work) and
materials used in this study. Chapters 4, 5, and 6 presents the discussion of results obtained.
Finally, chapter 7 summarizes the main observations described in the thesis, and presents
some concluding remarks.
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Chapter 2

Literature review

2.1

Introduction

Over the past century synthetic polymers have become an integral part of our lives. They are,
however, not readily biodegradable and their persistent environmental pollution has become a
global problem [1].

There are two ways that can be used to alleviate plastic wastes from the environment: (1)
storage of plastic wastes at landfill sites, but these sites are limited due to the rapid
development of society. (2) Recycling and incineration. Recycling appears to solve the
problem, but it requires substantial costs of labour and energy for the removal of plastic
wastes, separation according to the types of plastics, washing, drying, grinding, and then
reprocessing to final products. Hence, this leads to more expensive packaging and the quality
of the recycled plastic wastes is often lower than that produced directly by the primary
manufacturer. Incineration of plastic wastes always produces a large amount of carbon
dioxide which results in global warming. It also sometimes produces toxic gases such as
nitrogen oxide, carbon monoxide, and nitrogen dioxide which again contribute to
environmental pollution [2].

With this background, the development of biodegradable polymers has been a growing
concern since the last decade of the 20th century. Biodegradable polymers are regarded as
those that undergo microbially induced chain scission into smaller fragments, and ultimately
into simple stable end-products [3]. Mineralization may be due to aerobic or anaerobic
microorganisms, or biologically active processes (such as enzymatic reactions) or passive
hydrolytic cleavage [4-6]. A range of biodegradable polymer materials have been prepared
and industrialized [7-11].

Biodegradable polymers are classified into three major categories according to their different
origins: (i) synthetic polymers, particularly aliphatic polyester poly(L-lactide) (PLA) [12-17],
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poly(ε-caprolactone) (PCL) [18,19], poly(p-dioxane) (PPDO) [19-21], poly(butylene
succinate) (PBS) [22-26], and poly(ethylene succinate) (PES) [27,28]; (ii) polyesters
produced

by

microorganisms,

poly(hydroxyalkanoate)s,

which

including

basically

indicates

poly(β-hydroxybuterate)

different
(PHB)

and

types

of

poly(3-

hydroxybuterate-co-3-hydroxyvalerate) (PHBV) [29-31], (iii) polymers that originate from
natural resources including starch, lignin, chitosan, cellulose, chitin, and proteins [32-39].
Even though biodegradable polymers have created massive opportunities, they are still far
from taking over from conventional undegradable polymers, in that they generally have poor
mechanical properties, are highly hydrophobic, and have poor processability which prohibits
their utilization. One can now easily understand why there is a need for modification of these
polymers into biodegradable materials with balanced properties. The use of inorganic or
natural fillers for the preparation of blends or conventional composites is among the other
routes to improve some of the properties of biodegradable polymers. Reinforcements of
biodegradable polymers with nanometric materials promises to produce eco-friendly green
materials with controlled properties such as thermal stability, strength, low melt viscosity, gas
barrier properties, and slow biodegradation rate. These materials are called nanocomposites.
The high aspect ratio and high surface area associated with nanometric fillers can improve the
reinforcement efficiency of nanocomposites with only ± 5 wt.% loading to match that of
conventional composites with 40 to 50 wt.% of loading of classical fillers.

This chapter aims to provide a detailed introduction of PLA and CNTs as a polymer and filler
of interest. Both their properties, synthesis, and PLA nanocomposites containing CNTs shall
be described. The characterization techniques shall be discussed in Chapter 3.

2.2

Chemistry and synthesis of lactic acid and PLA

Polylactide is synthesized from the monomer, lactic acid, which can be produced by
carbohydrate fermentation and chemical methods of synthesis. However, lactic acid
production by fermentation route is commonly favoured. This method is based on the
fermentation of starch and other polysaccharides, which can be easily found from potatoes,
corn, sugar cane, sugar beet, and other biomasses. Most of the commercially available lactic
acid is produced by a bacterial fermentation route.
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Lactic acid (2-hydroxy propanoic acid) is a chiral molecule which exists in two optically
active configurations, D- and L- enantiomers (Figure 2.1). The D enantiomer differs from the
L enantiomer in that it rotates the plane of polarized light counterclockwise, whereas the L
enantiomer rotates the plane of polarized light clockwise.
O

O
HO

HO

H

CH3

H3C

L-Lactic acid

Figure 2.1

OH

OH
H

D-Lactic acid

Enantiomers of lactic acid

Chemical processes produce a racemic mixture of D and L enantiomers, optically inactive D,
L or meso forms of lactic acid. L-lactic acid is currently produced through a popular bacterial
fermentation route using various modified strains of Lactobacillus [40].

Although polymerization of lactic acid to high molecular weight PLA can be achieved in two
ways, four methods are generally used for the synthesis of PLA (Figure 2.2).

2.2.1

Azeotropic dehydrative condensation

This method involves the use of an organic solvent. Lactic acid is condensed directly into a
high molecular polymer. The removal of water is achieved azeotropically by balancing the
equilibrium between a polymer and a monomer, whereas the solvent is dried and recycled
back into the reaction. This technique produces a highly pure, high molecular weight PLA by
allowing the reaction temperature to be below the melting point of the polymer, hence
effectively preventing depolymerization and racemization during polymerization [41-45].

10

2.2.2

Direct polycondensation polymerisation

This method has the disadvantage that it is used only to obtain a low molecular weight
polymer. The stereochemistry is also very difficult to control as lactic acid is polymerized in
the presence of a catalyst at reduced pressure, hence it is very difficult to completely remove
water from the highly viscous reaction mixture. A high molecular weight polymer can be
obtained by coupling a low molecular weight polymer with isocyanates, epoxides or
peroxides [45,46]. These chain coupling reagents react with either hydroxyl or carboxyl
groups of low molecular weight PLA chains. Both carboxyl- and hydroxyl- terminated PLA
chains serve as polymerization points to produce high molecular weight PLA.

CH3

O

CH3

O

OH

HO

n
O

O

CH3

Chain coupling
agents

O

Low molecular weight prepolymer
Mw = 2, 000- 10, 000

Condensation

CH3

CH3
OH

HO

O

Azeotropic dehydrative
condensation

O

O

n
O

Lactic acid

O

CH3

O

High molecular weight PLA
Mw = >100,000

Condensation
-H2O

Ring opening
polymerization

CH3

O

CH3

O

O

O

CH3

H3C

O

O

OH

HO

n
CH3

Depolymerization

O
O

Low molecular weight prepolymer
Mw = 1, 000- 5, 000

Figure 2.2

OH

HO

-H2O

O

CH3

Lactide

Different routes for the synthesis of PLA [45].
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2.2.3

Ring opening polymerization

This method is usually preferred for the synthesis of high molecular weight PLA as it
provides better prospects of controlling stereochemistry. Lactide is obtained from the depolymerization of a low molecular weight pre-polymer, purified, and then polymerized to
high molecular weight PLA [46].

2.2.4. Solid state polymerization

This method offers advantages such as (a) no solvent is required, thus avoiding environmental
pollution; (b) operating at low temperatures, thus able to control side reactions, thermal,
hydrolytic, oxidative degradation with reduced discoloration and degradation of the final
product; (c) polymers prepared from this method often have improved properties due to the
ability to avoid side reactions and monomer cyclization.

2.3

Properties of poly(lactide)

The physical properties of PLA polymers depend on molecular characteristics such as
crystallinity, degree of chain orientation, spherulite size, and crystalline thickness. The purity
of lactic acid stereocopolymer enantiomers also influences the physical properties of
polylactide, for example, the polymerization of a 50 w/w mixture of L- and D-lactic acid
produces DL-poly(lactic acid) which is amorphous (Figure 2.3).

Similarly, polymerization of D- and L- lactic acids respectively produces D- and Lpoly(lactic acid), that have the same properties, but different stereochemistry. PLA can also
be produced with varying fractions of L- and D-lactide. PLA resins having more than 93% of
L-lactic acid are semicrystalline, while PLA with 50–93% L-lactic acid is amorphous [46].
Some of the physical properties of PLA are summarized in Table 2.1 [47].
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Figure 2.3

Synthesis of PLA based on chirality.

The glass transition temperature (Tg) and melting temperature (Tm) are the most important
parameters, because they both influence the type of applications the polymer will be used for
[47,48]. Changes in polymer chain mobility occur at or above Tg.
PLA synthesized from of 100% L-lactide has a melting temperature of 175 °C. Addition of Dlactide to the polymer structure reduces the melting temperature to between 130 °C to 160 °C
[48,50].

2.4

Applications of poly(lactide)

Due to its good mechanical properties, biodegradability, and the eco-friendliness of its
degradation products, PLA is used for a number of applications ranging from conventional
thermoplastics (as in packaging, agricultural products and disposable products) to
biomedicine, surgery and pharmaceuticals.
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Table 2.1

Physical properties of PLA [47]

Property

Typical value

Molecular weight (kg mol-1)

100–300

Glass transition temperature, Tg (oC)

55–70

Melting temperature, Tm (oC)

130–215

Heat of melting, ∆Hm (J g-1)

8.1–93.1

Degree of crystallinity, X (%)

10–40

Surface energy (dyn)

38

Solubility parameter, δ (J½ mL-½)

19–20.5

Density, ρ (kg m-3)

1.25

Melt flow rate, MRF (g/10 min)

2–20

Permeability of O2/CO2 (mol m-1 s-1 Pa-1)

4.25/23.2

Tensile modulus, E (GPa)

1.9–4.1

Yield strength (MPa)

70/53

Strength at break (MPa)

66/44

Flexural strength (MPa)

119/88

Elongation at break (%)

100–180

Notched Izod impact strength (J m-1)

66/18

Decomposition temperature (K)

500–600

IR peaks (cm−1)
-OH (alcohol/carboxylic)

3700–3450

C=O

1750–1735

-COO

1600–1580

C-O

1200–1000

C-H

950–700
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2.4.1

Commodity applications

Current developments in the production processes of PLA, along with improvements in
material properties, has led to a variety of applications such as fibres, injection moulded
articles, textile, and packaging. PLA is suitable for all these applications due to its [51]:
(i)

Low moisture absorption and high wicking properties superior to even that of
poly(ethylene terephthalate) (PET), offering benefits for sports and performance
apparel and products. The garments made from PLA or with wool or cotton are
more comfortable with a silky touch.

(ii)

Low flammability and smoke generation [52-54]. The fibre shows improved self
extinguishing characteristics. Fibres can be made by solvent or by melt spinning
processes. The fibres produced by solvent spinning usually have better mechanical
properties than the fibre produced by melt spinning, because of thermal
degradation during melt spinning [55]

(iii)

High resistance to ultraviolet light, a benefit for performance apparel as well as for
outdoor furniture and furnishing applications [56-61].

(iv)

Low index of refraction, which provides excellent colour characteristics. PLA
possesses high transparency and it is an inherently polar material due to its basic
repeating unit of lactic acid. This high polarity leads to a number of unique
attributes such as high critical surface energy that yields excellent printability.
Another benefit of PLA’s polarity is the resistance to aliphatic molecules such as
oils and terpenes.

(v)

Low density, making PLA fibres lighter in weight than others.

(vi)

Fibres coming from an annually renewable resource base that are readily meltspun, offering manufacturing advantages resulting in greater consumer choice
[62].

The textile sector is showing a great potential for PLA applications. For example, Fibreweb in
France has shown webs and laminates made exclusively from PLA. The French have also
extruded a range of melt-blown and spunlaid PLA fabrics under the name DeposaTM [63]. The
garments showcased during the Nagano Olympics under the umbrella “Fashion for the Earth”
were the products of Japan’s Kanebo Ltd, which has produced PLA fibre under the brand
name LACTROMTM [46].
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2.4.2

Medical applications

The medical applications of PLA also rely on its biodegradability and the compatibility of
lactic acid, as the degradation product, with the human body. The degradation behaviour of
PLA was studied both in vitro and in vivo, and it was found to be influenced by environmental
factors such as pH, air, temperature, and water [64].

In general, metal devices are used to fix fractured bones by aligning bone fragments into close
proximity so that easy healing can take place. But the complete healing process relies on the
bone’s ability to carry normal weights, which is often compromised as the device also carries
its own weight. Furthermore, the sudden removal of the device might temporarily leave the
bone susceptible to re-fracture. However, with PLA devices, during the process of
degradation, the fibrous connective tissues substitute the degrading implant. More importantly
is the fact that no further surgery is required to remove the products since they slowly degrade
in the body without any side effects [64]. The food and drug administration (FDA) of the
United States of America has approved the use of PLA for certain human clinical applications
such as sutures [65, 66].

Sutures are wound closure filaments designed in various shapes to keep tissues together in
place until their natural healing is completed. However, the use of neat PLA for suture
applications has been restricted by its inherent properties such as rigidity, slow degradation,
and high crystallinity. In order to remedy this problem, companies such as Ethicon
copolymerized (and commercialized) lactic acid with biodegradable monomers such as
glycosidic acid to produce a copolymer with the required properties [67]. This introduces
significant changes in physical properties and also increases the degradation rate of the PLA
filament.

There is an urgent need for the development of systems to deliver therapeutic agents directly
to the circulatory system, especially for drugs that undergo considerable inactivation by the
liver. PLA and its copolymers have been playing a crucial role in drug delivery applications
[67-70]. In the 1970s, protein based drugs and growth hormones were not attractive to use
clinically, as methods to produce them, such as tissue extraction, were tedious. However, the
advancement in molecular biology made it easier to synthesize and introduce proteins like
insulin into bodies. PLA and its copolymers has been used to encapsulate and deliver these
16

proteins [71,72]. These drug systems have been developed based on reservoir devices. In the
reservoir, the drug release takes place across a polymer membrane, while the drug activity
remains unchanged. The drug is released steadily by hydrolytic degradation or morphological
changes in the polymer [68,73]. PLA and PLA blend fibres with desired properties such as
clearly designed porosity and biodegradability have been synthesized through dry-wet phaseinversion and electro spinning for drug release systems. Both methods have produced
remarkable results. For example, Kenawy et al. [74] investigated the release of a drug from
electrospun PLA, polyethylene-co-vinylacetate (PEVA) and their 50:50 blends. The drug,
tetracycline hydrochloride, was solubilized in methanol, added to a PLA solution in
chloroform, and the solution was electrospun to produce a nonwoven fabric sheet of very low
thickness. The results showed immediate drug release with neat PLA compared to PEVA and
its blend which showed a release of up to 120 days. This is an attractive characteristic of PLA
blends, where short term continuous drug release is needed.

Another interesting application of PLA is in tissue engineering. This field is concerned about
developing biological materials to help maintain, restore, and improve tissue function. The
most fascinating aspects about tissue engineering are that there won’t be a problem of
transplant rejection since no donor is required. Patients with organ defects or malfunctions are
treated by using their own cells grown on a polymer support so that a tissue part is
regenerated from the natural cells. This is because the support disappears from the
transplantation site with time, leaving behind a perfect patch of the natural tissue. PLA
scaffolds may be designed into different shapes e.g. knitted, filament, film, braided, and
nonwoven to achieve the requirements of organ manufacturing. These scaffolds serve as
extracellular matrix to stick and grow cells leading to the development of new functional
tissues. For example, Kellomäki et al. [75] reported on the design and manufacturing of
different bioabsorbable scaffolds for guided bone regeneration and generation. They used
self-reinforced PLA rods as scaffolds for bone formation in muscle by free tibial periosteal
grafts. They found that, six weeks after implantation, new, histologically mature, bone had
been generated in a pre-designed cylindrical form. Several other potential applications of PLA
and its blends are summarized in a review by Lunt et al. [64].
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2.5

Carbon nanotubes

Graphitic sheets that are coiled up into seamless cylinders called CNTs, have dramatically
changed the low-dimensional physics and are used in research by both scientists and
engineers in the field of nanotechnology. It is the discovery of fullerenes (geometric cage-like
structures of carbon atoms that are composed of hexagonal and pentagonal faces) by Smalley
and co-workers [76] in the 1980s at Rice University that led to the discovery of CNTs. While
looking for new carbon structures by an arc discharge method, Iijima [77] discovered long,
slender fullerenes, often capped at the end. The walls of these fullerenes consisted of
hexagonal carbonic structures, which were then labelled nanotubes due to their nanometre
dimensions. Since then, the scientific community has been studying these materials intensely
because of their potential applications invoked by their exceptional material properties, owing
to their symmetric structure.

2.5.1

Types of carbon nanotubes

Carbon nanotubes are classified mainly in two categories:
(i) Single-walled CNTs. These consist of a single graphene sheet rolled seamlessly to form a
cylinder with a diameter of the order of 1 nm and length of up to centimetres.
(ii) Multiwalled CNTs. These consist of an array of cylinders formed concentrically and
separated by a distance of 0.35 nm. They have diameters of 2-100 nm and lengths of tens of
microns (see Figure 2.4, the coaxial arrangement of the tubes is clearly visible).
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Figure 2.4

TEM images of multi-walled carbon nanotubes [77].

A grapheme sheet may be rolled up in various ways to form single-walled CNTs with
r
different structures, defined by the chiral vector, Ch , and chiral angle, θ, such that:

r
r
r
Ch = na1 + ma 2

(1)

r
r
where a1 and a 2 are the basis vectors of the graphite lattice and m, n are integers representing
the number of steps along the lattice (see Figure 2.5). The chiral vector covers the
circumference of the tube.

r
r r
The relationship between the graphite lattice basis vectors a1 , a 2 and the chiral vector, Ch , are
used to characterize carbon nanotubes. Two limiting cases are shown: (n, 0) indices are
associated with zigzag tubes whereas (n, n) indices are associated with armchair tubes. All
other tubes are chiral. Figure 2.6 illustrates the different types of nanotube.
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Figure 2.5

Schematic diagram showing how a hexagonal sheet of graphite is ‘rolled’

to form a carbon nanotube [78].

Figure 2.6

Diagrams of the three types of nanotube: (a) armchair, (b) zigzag and (c)

chiral [79].
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Chirality is an important characteristic of CNTs as it determines the type of properties they
will have, such as electronic properties. For example, graphite has semi-metal properties,
whereas CNTs are either metallic or semiconducting, depending on the nanotubes chirality.

2.5.2

Synthesis of carbon nanotubes

Although scientists across the globe are still looking for more ways to produce carbon
nanotubes, there are generally three main techniques so far. These are arc discharge, laser
ablation, and chemical vapour deposition.

2.5.2.1 Arc discharge

This method was initially used for the synthesis of C60 fullerenes. Iijima [77] first observed
nanotubes from the electric-arch discharge technique. This is the easiest technique to produce
carbon nanotubes. However, it has a disadvantage of producing a mixture of components, so
that the produced nanotubes still have to be purified before they can be useful. In this method,
two carbon rods separated by about 1 mm are placed end to end in an inert environment of
either argon or helium at low pressure, and they are arc-vaporized to produce CNTs.
The discharge vaporises one of the carbon rods and forms a small rod shaped deposit on the
other rod. Both SWCNT and MWCNT can be selectively synthesized by this method
depending on the exact set-up. To produce single-walled CNTs, the anode has to be doped
with metal catalysts e.g. Mo, Co, Y, Fe, Ni, or mixtures of these [81]. Parameters such as
system geometry, type of gas, metal concentration, current strength, and inert gas pressure
influence the quality and quantity of the nanotubes obtained. The exact growth mechanism for
nanotubes is not yet fully understood. However, there are some theories on the growth
mechanisms (Figure 2.7).
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Figure 2.7

Visualization of a possible CNTs growth mechanism [82].

Figure 2.8 explains the two generally accepted theories: tip growth, and extrusion or root
growth. Both mechanisms postulate that metal catalyst particles are floating or are supported
on graphite or another substrate. The catalyst particles are spherical or pear-shaped. Extrusion
or root growth takes place when the nanotube grows upwards from the metal particles that
remain attached to the substrate. Tip growth takes place when the metal catalyst particles
detach from the substrate and move to the head of the growing nanotube.
Although the diameter of the nanotubes can be fairly well controlled, the problem with this
method is that there are a lot of metal catalyst impurities, and purification is difficult to
perform. If MWCNTs are preferred, both electrodes are graphite. However, other products
such as graphite sheets, amorphous carbon, and fullerenes are also formed. Purification is
therefore needed, which causes defects on the walls and a loss of structure. The absence of
metallic catalysts, however, means that the nanotubes can be produced with only a few
defects, since there won’t be a need for heavy acid treatment.
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2.5.2.2 Laser ablation

At first, laser ablation was used for the initial synthesis of fullerenes, and the technique was
modified to allow for the synthesis of SWCNTs. In 1995, a pulsed or continuous laser was
used by Smalley and co-workers [83] to vaporise a carbon target in an oven at 1200 °C.

The oven is filled with argon or helium gas to maintain a certain pressure. The condensed
material is then collected on a water cooled target. To synthesize SWCNTs, the graphite
target is doped with metal catalysts, whereas pure graphite produces MWCNTs. In general,
laser ablation produces high yields of SWCNTs with better purity (up to 90%), better
properties and a narrower size distribution than in arc discharge. However, the two methods
are similar in that they both need an inert atmosphere and a catalyst mix.

2.5.2.3 Chemical vapour deposition

Often called thermal or catalytic CVD to distinguish it from other CVDs used for various
purposes, CVD is a simple and cost-effective technique for producing carbon nanotubes at a
moderately low temperature and at ambient pressure. It is quite flexible in that it allows for
the use of various hydrocarbons in any form like gas, solid or liquid. It also allows the use of
different substrates and enables nanotube growth in various forms such as powder, thin or
thick films, straight or coiled, aligned or entangled. It is generally reported that low
temperatures (600 to 900 °C) favour the growth of MWCNTs, while high temperatures (900
to 1200 °C) favour the growth of SWCNTs. The catalyst particle size has been found to
dictate the nanotube diameter, growth rate, wall thickness, morphology and microstructure.
Solid organometallocene catalysts such as nickelocene, ferrocene, and cobaltocene, producing
nanometal particles in situ, are preferred for the synthesis of nanotubes. Various forms of
CVD techniques such as thermal CVD, laser assisted CVD, vapour phase growth CVD,
plasma enhanced CVD, aero gel-supported CVD, and alcohol catalytic CVD, have been
developed for the synthesis of CNTs [84].

Chemical vapour deposition can be regarded as an extremely versatile technique for the
production of carbon nanotubes in that it: (i) is relatively easy to scale up; (ii) successfully
uses a variety of hydrocarbons, catalysts, and catalyst supports; (iii) can fabricate various
23

alignments and patterns of nanotubes; and (iv) the CNTs can be produced continuously,
which provides a good way for the production of large quantities of nanotubes under
relatively controlled conditions.

Before CNTs can reach their full potential, they need to be purified as they are produced with
a lot of impurities. Currently, the following techniques are employed by various research
groups for the purification of CNTs: Oxidation (to remove metal catalysts and other carbon
based impurities, usually with peroxides and sulphuric acid), annealing, micro filtration,
ultrasonication, cutting, chromatography, functionalization, acid treatment, and magnetic
purification [84].

2.6

Properties of carbon nanotubes

CNTs are regarded as one-dimensional systems. This is due to their small diameter (in
nanometers) and long length (up to microns), leading to large aspect ratios. The large aspect
ratios are important for electronic, molecular and structural properties. Carbon nanotubes
generally possess three special properties:
Electrical conductivity: Depending on the chirality of their atomic structure, CNTs can be
either metallic or semiconducting. The difference in conducting properties results from their
molecular structure (armchair, zigzag, or chiral) with different band structures, and therefore
different band gaps [85]. The electronic properties of perfect MWCNTs are similar to those of
perfect SWCNTs, because the coupling between the concentric cylinders in MWCNTs is
weak.
Chemical reactivity: A distinction must be made between the sidewall and the end caps of
nanotubes, because the CNTs reactivity is directly related to the π-orbital mismatch caused by
an increased curvature. In comparison with a grapheme sheet, nanotubes’ reactivity is
enhanced by the curvature of the surfaces of the nanotubes. Covalent chemical modifications
of either sidewalls or end caps have proved to be possible. However, further experiments on
the influence of chemical modifications on the nanotubes’ behaviour are difficult, as it is not
easy to produce or to find highly pure nanotubes [85].
Mechanical strength: The small-diameter CNTs are quite stiff and exceptionally strong,
meaning that they have a high Young’s modulus (∼1 TPa) and high tensile strength (∼60
TPa), as well as unique deformation behaviour [86]. CNTs are also very flexible due to their
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great length, which makes them potentially suitable for future applications in composite
materials with anisotropic properties.
Optical properties: It is expected that the optical properties of CNTs will be affected by their
physical properties such as chirality, since theoretical studies have shown that optical activity
of chiral nanotubes disappears if the nanotubes become larger [87]. Optical activity of CNTs
might lead to optical devices.

2.7

Applications of carbon nanotubes

As extensive research is ongoing on the applications of CNTs, we summarize here some of
the most promising applications from the literature.

2.7.1

Composite materials

Due to the interesting properties that they possess, CNTs can potentially be used in the
development of super-strong and super-stiff polymer composite materials with CNT
reinforcement [88–93]. The first achieved major commercial application of MWCNTs is their
use as electrically conducting components in polymer composites [95]. The nanofibre
morphology of the MWCNTs allows electronic conductivity to be achieved at low loading
levels. Other performance aspects, such as mechanical properties and low melt flow viscosity,
are either minimized or avoided. These are needed for thin-wall moulding applications.

2.7.2

Hydrogen storage

Because they are cylindrical and hollow, CNTs have the potential to be used for hydrogen
storage, e.g. for fuel cells that power electric vehicles or laptop computers. However, it is still
impossible to assess these application potentials, because the reports of high storage
capacities have shown to be inconsistent [96-98].
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2.7.3

Electrochemical devices

CNTs are attractive as electrodes for devices that use electrochemical double-layer charge
injection, because they have high electrochemically accessible surface areas, good electronic
conductivity, and good mechanical properties. Supercapacitors are good examples, as they
have

huge

capacitances

compared

to

ordinary

dielectric-based

capacitors

and

electromechanical actuators. Supercapacitors with CNT electrodes can be used for
applications that require much higher power capabilities than batteries, and much higher
storage capacities than ordinary capacitors like hybrid electric vehicles that can provide rapid
acceleration and store braking energy electrically [99,100].

2.7.4

Sensors and nanoprobes

CNTs are also used as scanning probe tips for equipment such as atomic force and scanning
tunnelling microscopes, because they allow imaging in narrow, deep crevices and improve
resolution compared to metal tips or silicon tips. These tips also have enhanced probe life and
do not damage the sample during repeated hard crashes into substrates [101,102]. Nanoscopic
tweezers may be used as nanoprobes for assembly because they are driven by the electrostatic
interaction between two nanotubes on a probe tip.

2.7.5

Field emitting devices

Both SWCNTs and MWCNTs can be used as field emitting electron sources for lamps, flat
panel displays, x-ray and microwave generators, and gas discharge tubes providing surge
protection. The emission behaviour depends on the nanotubes tip structure. Enhanced
emission results from the opening of the tip of either an SWCNT or an MWCNT. Nanotube
field emitting surfaces are fairly easy to produce by screen printing nanotube pastes and do
not deteriorate in moderate vacuum, which is an advantage over tungsten and molybdenum tip
arrays that are difficult to manufacture [103,104].
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2.7.6

Drug delivery systems

Currently, CNTs have generated an enormous interest in biological systems, where a well
designed CNTs can serve as vaccine delivery systems or protein transporters [105-107].
Carbon nanotubes can be functionalised with bioactive peptides, proteins, nucleic acids and
drugs, and can be used to deliver their cargos to cells and organs because they display low
toxicity and are not immunogenic.

2.8

Functionalization of carbon nanotubes

Because of their atomically smooth surface and the limited solubility in most organic
solvents, it is very difficult to disperse CNTs homogeneously into the polymer matrix. Over
the last few years there has been a great research interest in preparing homogeneous
dispersions/solutions of CNTs, suitable for processing into thin films and composites, and
exploiting the unrivalled properties of the CNTs. The main routes consist of end and/or
sidewall functionalization, use of surfactants with sonication or high-shear mixing [108-111],
polymer wrapping of nanotubes’ outer surfaces [112-115], and protonation by super-acids
[116]. Among all the reported methods, grafting of CNTs’ outer surfaces with amines has
been widely investigated in preparing soluble CNTs in various solvents. For example, Wong
et al. [117] reported the modification of MWCNTs via amide bond formation between
carboxyl functional groups, bonded to the open ends of the tubes, and the amines. Chen et al.
[118] have demonstrated that SWCNTs can be solubilized in common organic solvents by
non-covalent (ionic) functionalization of the carboxylic acid groups by using octadecyl amine.
They found that the same dissolution process, applied to arc-produced MWCNTs (average
length <1mm), only gave rise to very unstable suspensions in organic solvents. And that they
were visually scattered. Qin et al. [119] showed that, by modifying Haddon’s method [120]
using two Soxhlet extractors, large quantities of solubilized MWCNTs could be obtained. The
conventional approach of amine functionalization is tedious with a typical reaction time of 48 days which involves steps such as carboxylation, acylchlorination, and amidation. Although
these methods are quite successful, however, they often indicate cutting of the tubes into
smaller pieces. This may be due to the oxidative induced cutting during the refluxing with a
strong acid for a long time, thus partly losing the high aspect ratio (length/diameter) of CNTs.
For the structural applications such as he fabrication of CNT-based composites, full-length
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CNTs are always preferred because of their high aspect ratio. However, the dissolution of
pristine CNTs without losing the structural integrity still remains a significant research
challenge.

2.9

Carbon nanotubes-containing PLA nanocomposites

Polymer composites prepared with conventional fillers usually contain 10-70 wt.% filler,
which leads to composites with high densities and high material cost. The modulus and
strength of these composites is often traded for high fracture toughness [121]. Unlike ordinary
polymer composites prepared with micron scale fillers, preparation of polymer composites
containing CNTs results in very short distances between the fillers, thereby hugely modifying
their properties at very low filler content.

Polymer/CNT nanocomposites can be classified as structural or functional composites [122].
For the structural composites, the unique mechanical properties of CNTs, such as the high
modulus, tensile strength and strain to fracture, are explored to obtain structural materials
with much improved mechanical properties. As for CNT/polymer functional composites,
many other unique properties of CNTs such as electrical, thermal, optical and damping
properties, along with their excellent mechanical properties, are utilized to develop multifunctional composites for applications in the fields of heat resistance, chemical sensing,
electrical and thermal management, photoemission, electromagnetic absorbance, and energy
storage [123]. In 1994, Ajayan et al. [124] first reported the preparation of a polymer/CNT
nanocomposite. Following this, many research attempts have been made to understand their
structure-property relationship and find useful applications in different fields. These efforts
have become more pronounced in the beginning of the 21st century after the realization of
CNT fabrication on an industrial scale at lower cost.

Recently, a number of papers have appeared on the preparation, characterization, and
properties of CNT-reinforced PLA composite materials. Moon et al. [125] reported
mechanical, thermal, and electrical properties of MWCNTs containing PLA composites,
which were fabricated by a solution blending technique using chloroform as a solvent.
Besides a slight increase in Young’s modulus, an improvement in electromagnetic wave
shielding effectiveness was reported by adding 10 wt.% MWCNTs. Tshuji et al. [126] studied
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the effects of incorporation of nano-structured carbon fillers such as fullerene (C60),
SWCNTs, carbon nanohorns (CNH), carbon nanoballoons (CNB), and carbon black (CB) on
the conductivity, thermal properties, crystallization, and enzymatic degradation of poly(Llactic acid) (PLLA). Results showed that the addition of CNH, CNB, and CB increased the
thermal stability of PLLA, whereas the thermal stability of PLLA decreased after
incorporation of SWCNTs. However, the addition of SWCNTs enhanced the enzymatic
degradation of PLLA. Wu and Liao [127] prepared PLA/MWCNT composites by meltblending of acrylic-acid-grafted PLA (PLA-g-AA) and multihydroxyl-functionalized
MWCNTs (MWCNT-OHs). In this study, the authors tried to correlate the interaction
between the MWCNT-OH with the PLA-g-AA matrix with the tensile properties. A
significant enhancement in the thermal and mechanical properties of PLA was observed. For
example, there was a 77 ºC increase in initial decomposition temperature with the addition of
only 1 wt% MWCNTs-OH. The thermal and mechanical analyses showed that the optimal
amount of MWCNT-OH was 1 wt%, because excess MWCNT-OH caused separation of the
organic and inorganic phases and lowered their compatibility. McCullen et al. [128] reported
the preparation of MWCNTs containing PLA fibres by electro-spinning from a PLA solution
to develop a scaffold for tissue engineering. With the addition of MWCNTs, the fibre
diameter was drastically reduced by 70% to form fibres with a mean diameter of 700 nm. This
was believed to be due to an increased surface charge density for the MWCNT/polymer
solution. Transmission electron microscopy validated the alignment of the MWCNTs within
the fibres. The presence of MWNTs showed an increase in the conductance of the scaffold
and in the tensile modulus at an optimal loading level of 0.25 wt %.

Villmow et al. [129] studied the influence of twin-screw extrusion conditions on the degree of
dispersion of MWCNTs in a PLA matrix. The main aim was to establish a guideline for the
processing of PLA/MWCNT composites using the master-batch dilution technique. A high
rotation speed (500 rpm), that still ensures a certain residence time of the melt, combined with
a screw profile containing mainly mixing elements, were found to be highly convenient to
disperse and distribute the MWNTs in the PLA matrix during the master-batch production
and during the dilution step. Under these processing conditions a percolation threshold for
electrical conductivity was achieved on compression moulded samples at MWCNT contents
below 0.5 wt%.
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The above are some of several reports on the preparation and characterization of CNTscontaining PLA composites by using pure and surface oxidized CNTs as reinforcing filler.
Most of the reported works focused on enhancing the modulus and thermal and electrical
properties of the final composite materials. However, other mechanical properties such as
strength and elongation at break have not been considered by most of the published studies on
CNTs containing polymer composites, particularly in the case of PLA/CNT composites [125129]. This is because these mechanical properties are directly related to the degree of
interfacial interactions between the filler surface and the polymer matrix, that is the CNT
dispersion in the PLA matrix.

2.10

Preparation methods of carbon nanotubes-containing PLA nanocomposites

2.10.1 Melt blending

This is the most preferred method in the industry, and it only uses high temperature and a high
shear force to disperse CNTs in a polymer matrix. Another interesting feature is that no
solvent is required for the dispersion of the CNTs. However, it may be less effective
compared to other methods such as solution blending, because it is only limited to low filler
concentration due to the high viscosities of the nanocomposites at high CNTs contents [130].
2.10.2 Solution blending

This is the most common used method for the preparation of CNT/polymer composites. It
involves the mixing of the two components in a preferred solvent and evaporating the solvent
to form a composite film. Usually the CNT powder is dispersed in a solvent by either
vigorous stirring or sonication [124], mixed with a polymer solution and evaporating the
solvent with or without vacuum.
2.10.3 In-situ polymerization

In this method, monomers are polymerized to produce polymer-grafted tubes mixed with free
polymer chains. There is a high homogeneity of the resulting composites compared to mixing
the polymer and CNTs in solution due to the small size of the monomeric molecules. This
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method produces composites with high CNT weight fraction. Jia and co-workers [131]
initially used this method for the preparation of PMMA composites.
2.10.4 Bulk mixing

This method has been used mainly to shorten the length of carbon nanostructures [132]. For
example, Xia et al. [133] used a solid state mechanochemical pulverization process to prepare
CNT/polypropylene composite powder, which was subsequently melt-mixed with a twin-roll
masticator to obtain a homogenous composite. The length of the CNTs was found to be
reduced from a few micrometers to ∼500 nm. A reasonable level of dispersion of CNTs into
the polymer matrix was observed leading to the improvement of the physical properties of the
samples.
2.10.5 Latex technology

This method differs from in situ polymerization in that, the polymer is synthesized first and
then follows the addition of CNTs. It makes it possible to disperse CNTs in many polymers
produced by emulsion polymerization, or those that can be brought in the form of an
emulsion. The process is also safe and eco-friendly because water is used as a solvent.
2.10.6 Other methods

Recently, new methods have been developed to produce CNT/polymer nanocomposites with
high CNT content or for some specific applications. These methods include pulverization,
densification, layer-by-layer deposition, and spinning of coagulant [123]. The nanocomposite
materials field has not yet reached maturity, and therefore most of these methods are still
under investigation. It is hoped that nanocomposites with unique structures and properties for
specialised applications will be produced.
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2.11

Properties of nanocomposites

2.11.1 Thermal properties

Due to the excellent thermal properties of CNTs, like high thermal conductivity and good
thermal stability, it was through that CNTs will greatly improve the thermal properties of
polymers. However, this phenomenon did not quite materialise, except for a very few cases.
By means of thermogravimetric analysis, a number of research groups reported improved
thermal conductivity in CNT/polymer composites relative to the neat polymers. Choi and coworkers [134] prepared an epoxy composite with 3 wt.% SWCNT and reported a 300%
increase in thermal conductivity at room temperature with an additional 10% when aligned
magnetically. Biercuk and co-workers [134] reported a thermal conductivity increase of about
125% from an epoxy composite containing 1 wt.% of SWCNTs. Cai and Song [136] used
latex technology to prepare polyurethane/CNT composites. The thermal conductivity of the
composites increased by about 200% with 3 wt.% CNTs.

So far, the most promising result on the improvement of thermal conductivity by nanotubes in
polymer composites was reported by Huang and co-workers [137]. They embedded the
aligned MWCNT array (synthesised from CVD) with silicone elastomers using injection
moulding. The composite film they prepared had MWCNTs tips protruding on both sides,
which made better contact with the heat source. This composite, containing 0.3 wt.% of
aligned MWCNTs, was found to have a thermal conductivity of ∼115-280% higher than
either the pristine polymer or a composite with 0.3 wt.% of randomly dispersed MWCNTs.

Incorporation of CNTs also enhances thermal stability and flame retardant properties. To be
specific, the onset temperature and the temperature of maximum weight loss rate are generally
higher in the nanocomposites. For example, 5 wt.% MWCNT/ polyacrylonitrile (PAN)
composite fibres showed a 24 °C increase in onset temperature compared to that of neat PAN
[138]. Velasco-Santos et al. [139] prepared a 1.0 wt.% SWCNT/polymethylmethacrylate
(PMMA) composite which gave rise to a 40 °C increase in the Tg of the PMMA.
CNT/PMMA composites have also been reported to have flame retardant properties, and the
mechanisms of these had been studied [140,141]. Overall, the thermal properties of
CNT/polymer composites depend on the dispersion of the carbon nanotubes, their interfacial
interactions with the polymer matrices, aspect ratio, filler content, and filler alignment.
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2.11.2 Mechanical properties

Dispersion is the most important aspect in manufacturing CNT/polymer composites. Good
dispersion ensures more surface area availability for bonding with the polymer matrix, and
also prevents aggregated filler from acting as stress concentrators [141]. The aspect ratio must
also be large enough to maximize the load transfer between the CNTs and the matrix material
to achieve enhanced mechanical properties. In general, the tensile modulus and strength of
polymer-rich nanotube composites were found to increase with nanotube loading, dispersion,
and alignment in the matrix. Dalton and co-workers [143] used a coagulation method and
spun several hundred meters of SWCNT/polyvinyl alcohol (PVA) composite fibres. These
composite fibres contained 60% w/w SWCNTs. This super tough composite had a tensile
stress at break of 1.8 GPa, which is comparable to that of the silk fibre produced by a spider.
Qian and co-workers [144] prepared a 1.0 wt.% CNT/polystyrene nanocomposite and
observed 25 and 35% improvements in the tensile strength and elastic modulus, respectively.
A number of papers on CNT/polymer composites available in the literature were recently
summarized in a review by Ma et al. [123]. It has been well established that the performance
of a fibre-reinforced composite depends critically on the interfacial characteristics between
the reinforcement and the matrix material. Liau et al. [145] used molecular mechanics
simulations and elasticity calculations to study the interfacial characteristics of a CNTreinforced polystyrene composite. They found that in the absence of atomic bonding between
the reinforcement and the matrix material, there is no interfacial stress transfer ability, which
is a critical parameter controlling material performance. It should be noted that functional
moieties on nanotubes provide better interfacial load transfer through bonding and/or
entanglement with the polymer matrix. Geng and co-workers [146] fabricated a
poly(ethyleneoxide) composite containing 1.0 wt.% fluorinated SWCNTs, and reported 145
and 300% increase in tensile modulus and yield strength, respectively. It is important to
understand the mechanism of interfacial adhesion at the molecular level to further optimize
the interface in nanocomposite systems. Further investigations are necessary to understand
and then optimize nanotube/polymer interfaces.
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2.11.3 Electrical properties

CNT/polymer composites were found to be electrically conductive with small loadings of 0.1
wt.% CNTs or less [147]. Electrical conductivity in the bulk material is achieved when the
filler content exceeds the percolation threshold (characterized by a sharp jump in the
conductivity by many orders of magnitude which is attributed to the formation of a 3dimensional conductive network of the fillers within the matrix). Above the percolation
threshold, the electrical conductivity of the composite often shows saturation because multiple
electron pathways exist in the matrix. Below the percolation threshold, the electrical
properties are dominated by the matrix material as electron pathways do not exist. To
accomplish conducting networks in the composite, the amount of conducting filler must be
above the percolation threshold. Even though there is no obvious consensus on percolation
thresholds, most polymers show a transition from insulator to a conductor when the CNT
content is below 5 wt.% [148]. It is generally agreed that the electrical properties of
CNT/polymer nanocomposites are affected by the type of CNTs (SWCNT or MWCNT),
aspect ratio of CNTs, their dispersion (homogenous distribution of individual CNTs or CNT
agglomerates on microscopic scale), and disentanglement of CNT agglomerates on the nano
scale [149-152].

Functionalization of CNTs also plays a crucial role in improving the electrical properties of
polymer nanocomposites. However, the use of strong acids with higher concentrations should
be avoided as they have the potential of fragmenting CNTs into smaller pieces, resulting in
low aspect ratios that are critical for the formation of conducting networks in composites.
Introduction of many heterogeneous atoms on the surface of CNTs destabilises the π
electrons, thereby altering the inherent electrical properties on the nanotubes. However, the
high cost associated with CNTs, particularly the SWCNTs, continues to limit the widespread
uses of conducting polymers based on nanotubes.

2.11.4 Rheological properties

Rhelogy is defined as the study of the flow behaviour of a material, primarily in the liquid
state, but also as 'soft solids' or solids under conditions in which they respond with plastic
flow rather than deforming elastically in response to an applied force. Rheological properties
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are related to the materia’s microstructure, the state of the nanotube dispersion, orientation of
nanotubes, the aspect ratio, and the interactions between nanotubes and polymer chains. In
general, the rheology of polymer melts depends strongly on the temperature at which the
measurement is made. For thermorheologically simple materials, bilogarithmic plots of the
isotherms of the storage modulus G’(ω), loss modulus G”(ω), and complex viscosity (׀η*)׀
can be superimposed by horizontal shifts of log(aT), along log(ω), and vertical shifts given by
log(bT), such that:
bTG’(aTω,T) = G’(ω, Tref)

(2)

bTG”(aTω,T) = G”(ω, Tref)

(3)

(bT/ aT) ׀η*(׀aTω,Tref) = ׀η*(׀ω, Tref)

(4)

where Tref is the reference temperature. All isotherms measured for neat polymers and for
various nanocomposites can be superimposed in this way.

For polymer samples, the temperatures and frequencies at which the rheological
measurements are taken are expected to exhibit characteristic homopolymer-like terminal
flow behavior, expressed by the power-laws G’ ∝ ω2 and G” ∝ ω. The rheology of a
polymer/CNT composite also displays a transition from a rheological state to a solid-like
behaviour at a point called the rheological percolation threshold [153-155]. Abbasi and coworkers [153] reported a decrease in the percolation threshold from 0.8 wt.% to about 0.3
wt.% upon increasing the temperature from 210 to 300 °C in MWCNT/polycarbonate
nanocomposites. Improved dispersion of functionalized CNTs also decreases the rheological
percolation threshold of CNT containing nanocomposites. Mitchell and co-workers [156]
reported an improved SWCNT dispersion in polystyrene with a reduced rheological
percolation threshold from 3.0 to 1.5 wt.%. Viscosity also lowers with the better dispersion
of nanotubes.

Oscillatory frequency sweep measurements showed that addition of about 2.0 wt% FMWNTs led to a solid-like response where a percolated network structure formed, and the
composites exhibited remarkable improvement of rheological properties in the melt state as
compared with that of neat PLA [157].
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PLA nanocomposites with various functionalized MWCNTs were prepared by melt mixing
for morphological, rheological and thermal measurements. The results show that
PLA/carboxylic MWCNTs present a typical solid-like viscoelastic response at low
frequencies under small amplitude oscillatory shear flow and, the percolation threshold is
lower than 3 wt% [158].

Other independent reports also found that in general, improved dispersion of functionalized
CNTs decreases percolation threshold [159-160]

2.11.5 Damping

Damping properties are concerned with the tendency of materials to decrease the amplitude of
oscillations in an oscillatory system. As with elastic mechanical properties, improved CNT
dispersion can increase the damping properties of nanocomposites. Frictional sliding of the
CNTs within the polymer matrix can cause considerable dissipation of energy, even when
they are present in small amounts. This phenomenon leads to an enhancement of the damping
properties of the CNT/polymer nanocomposites, which is largely due to the CNTs having
large surface areas, low mass densities, and weak interfacial bonding with the polymer [161].
For polycarbonate nanocomposites prepared using SWCNTs and MWCNTs the damping
properties were found to be higher compared to pristine polycarbonate [162]. The loss
modulus of the SWCNT/polycarbonate nanocomposite was found to be considerably higher
than that of the MWCNT/polycarbonate nanocomposite, suggesting that the inner layers of
MWCNTs did not contribute to the interfacial frictional sliding with the polymer matrix for
energy dissipation.

2.12
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Chapter 3

Sample preparation and experimental techniques

3.1

Introduction

The experimental techniques used in this study include a bench-top counter-rotating twinscrew mini-extrusion, injection moulding, hot melt pressing, attenuated total reflectance
Fourier-transform infrared spectroscopy, X-ray photoelectron spectroscopy, Raman
spectroscopy, focused ion beam scanning electron microscopy, dynamic mechanical analysis
thermogravimetric analysis, differential scanning microscopy, and polarized optical
microscopy.

3.2

Materials

3.2.1

Poly(lactide)

Polylactide (with an average molecular weight = 188 kg.mol-1 and a D-lactide content of 1.1–
1.7%) used in this study was obtained from Unitika Co. Ltd, Japan. Prior to use, the PLA was
dried at 80 °C for 2 days under vacuum.

3.2.2

Multiwalled carbon nanotubes

The MWCNTs used in this study were purchased from Sigma-Aldrich, with more than 95%
purity (inner diameter ≈ 10 nm; outer diameter ≈ 20 nm; length ≈ 500µm).

3.2.3

Others

HDA, chloroform, and ethanol were also purchased from Sigma-Aldrich.
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3.3

Methods

3.3.1

Preparation of samples

3.3.1.1 Functionalization of carbon nanotubes

In a typical functionalization process, a mixture of 1 g pure MWCNTs and 5 g HDA was
transferred to a conical flask and heated at 180 °C for 6 h in an oil bath. After cooling to room
temperature, the excess HDA was removed from the reaction mixture by washing with
ethanol several times. The black solid was collected by Nylon membrane filtration (0.45µm
pore size) and dried at 110 °C overnight to get a constant weight. The mass increase of the
functionalised MWCNTs (f-MWCNTs) was ~10 %, determined gravimetrically.

3.3.1.2 Preparation of nanocomposites with melt mixing technique

For the preparation of the PLA/MWCNT composites, the f-MWCNTs (1.5 wt.% in powder
form, with an amine content of ~10%, determined gravimetrically) and the PLA (pellet form)
were first dry-mixed in a polyethylene bottle. The mixture was then extruded by using a
counter-rotating twin-screw mini-extruder (bench-top Haake Minilab II, Thermo Scientific)
operated at 180 °C (screw speed = 30 rpm, time = 5 min) to yield black coloured composite
strands. These strands were chopped into pieces and compression moulded by pressing at 2
MPa pressure at 180 °C for 2 min. For tensile property measurements, injection moulded
dumbbell-shaped specimens were used. The dried neat PLA and nanocomposite strands were
injection-moulded using an injection-moulder (bench-top Haake Minijet II) operated at 180
°C at a mould temperature of 80 °C (ASTM D-638). Pure PLA and nanocomposite samples
were annealed at 110 °C under vacuum, prior to all characterizations and property
measurements.

Another PLA/f-MWCNT was prepared through this method. This composite contained 0.5
wt.% of f-MWCNTs with an amine content of ~20%, determined gravimetrically. This
composite was treated in the same way as was described in the first paragraph.
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A PLA composite with untreated MWCNTs was also prepared and analysed, but the results
are not presented here, because of high variability due to extremely poor dispersion of the
MWCNTs when prepared under the same conditions.

3.3.1.3 Preparation of nanocomposites with solution mixing technique

A portion of the f-MWCNTs was accurately weighed and dissolved into 200 ml of
chloroform. The undissolved f-MWCNTs were dried overnight at 90 °C under vacuum and
weighed again to determine the exact amount dissolved in chloroform. From this solution, 1.5
wt.% f-MWCNTs was calculated and the composite was prepared by sonicating with PLA at
± 40 °C. The solvent was evaporated overnight at ambient temperature to collect thin films of
about 1 mm thickness. The thin films were further left in a vacuum oven at 60 °C overnight to
completely remove the chloroform. These were then melt-pressed for 5 minutes at 180 °C
using a pressure of 2 metric tons in a Carver hot-melt press for various characterizations.

Although a PLA composite with untreated MWCNTs was prepared using this technique, the
analysis results on this composites are also not presented in this work, because of the same
reasons mentioned in the previous section.

3.3.2

Attenuated total reflectance Fourier-transform infrared spectroscopy

Infrared spectroscopy is a chemical analytical technique, which measures infrared intensity
versus wavelength of light by detecting the vibrations characteristic of chemical functional
groups in a sample. Infrared light is classified as far infrared, mid infrared, and near infrared
with wavelengths 4 ~ 4000 cm-1, 400 ~ 4000 cm-1, and 4000 ~ 14000 cm-1 respectively.

Attenuated total reflectance (ATR) is a sampling technique used in conjunction with infrared
spectroscopy which allows samples to be examined directly in the solid, liquid or gas state
without further preparation [2]. ATR measurements are conducted by placing the sample in
close contact with the surface of a prism made of a highly refractive material that transmits
infrared light. Thus close contact between the sample and the prism is very important. The
commonly used prisms include germanium (Ge), zinc selenide (ZnSe) and diamond. Even

52

though it is expensive, diamond is by far the best ATR crystal because of its robustness and
durability. Figure 3.1 shows the infrared beam path in the ATR setup.
Beam splitter

IR source

Beam

J-stop
Diamond crystal

Filter
Mirror

Detector

Figure 3.1

Schematic representation of infrared beam path in the ATR setup [2].

ATR-FTIR analyses of MWCNTs, HDA, f-MWCNTs, PLA, and the composites were carried
out using a Perkin Elmer Spectrum 100 instrument with a resolution of 4.0 cm-1.

3.3.3

X-ray photoelectron spectroscopy

XPS is an analytical technique used to estimate the elemental composition and chemical state
of the elements on the surface of a material, by projecting soft X-rays (with a photon energy
of 200-2000 eV) onto the surface and detecting the energy of photoelectrons emitted from
areas a few nm (top 1–10 nm usually) from the surface [4]. Every element has a particular
characteristic binding energy associated with each core atomic orbital, which means each
element will give rise to a distinctive set of peaks in the photoelectron spectrum at kinetic
energies determined by the photon energy and the respective binding energies [4,5]. The
existence of peaks at particular energies therefore indicates the existence of a specific element
in the sample under study. The intensity of the peaks is also related to the concentration of the
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element within the sampled region [6]. The operating principle of XPS is schematically
shown in Figure 3.2.

Ejected Photoelectron,
Kinetic energy KE

Incident X-ray,
energy hν

Free
Electron
Level Work Function Φ

Conduction Band

Fermi
Level

Valence Band
Binding energy BE

2
p
2
s
1
s
Figure 3.2

Operating principle of XPS [7].

Elemental mapping of pure MWCNT and f-MWCNT samples was performed XPS on a
Kratos Axis Ultra device, with a monochromatic Al X-ray source (1486.6 eV). Survey spectra
were acquired at 160 eV and region spectra at 20 eV pass energies.

3.3.4

Raman spectroscopy

Raman spectroscopy is a spectroscopic technique in which the frequency of photons in
monochromatic light changes upon interaction with a sample. Photons of the laser light are
absorbed by the sample and then reemitted. The frequency of the reemitted photons is shifted
up or down in comparison to an original monochromatic frequency, which is called the
Raman effect. This shift provides information about vibrational, rotational and other low
frequency transitions in molecules. Raman spectroscopy can be used to study solid, liquid and
gaseous samples [8-10]. The Raman scattering and infrared spectra for a given species often
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resemble one another quite closely. There are, however, enough differences between the kinds
of groups that are infrared active and those that are Raman active to make the techniques
complementary rather than competitive. An important advantage of Raman spectra over
infrared lies in the fact that water does not cause interference. Glass or quartz cells can be
used, thus avoiding the inconvenience of working with sodium chloride or other
atmospherically unstable confinements. Thus aqueous solutions can be studied by Raman
spectroscopy, but not by IR. Despite these advantages, Raman spectroscopy is subject to
interference by fluorescence or impurities in the sample. Raman spectra are obtained by
irradiating a sample with a powerful laser source of visible or infrared monochromatic
radiation. This radiation usually has a wavelength that is well away from any absorption
peaks of the sample. The scattered radiation is of three types, namely Stokes (found at
wavenumbers that are 218, 314, and 495cm-1 smaller than the Rayleigh peak), anti-Stokes
(occur at 218, 314, and 459cm-1 greater than the wavenumber of the source), and Rayleigh
(wavelength is exactly that of the excitation source, and is significantly more intense than
either of the two types) (Figure 3.3) [11].

Figure 3.3

Raman scattering of excited molecules and atoms [12].
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Raman spectra of MWCNTs, f-MWCNTs, PLA, and PLA/MWCNTs nanocomposites were
recorded using a Lab Raman system (Jobin-Yvon Horiba T64000 Spectroscopy) equipped
with an Olympus BX-40 microscope. The excitation wavelength was 514.5 nm with an
energy setting of 1.2 mW from a Coherent Innova Model 308 argon ion laser.

3.3.5

Thermogravimetric analysis

TGA is a technique that studies thermal stability of materials under inert conditions
(dehydration, carbonization, spontaneous chain degradation), and in an oxygen environment
(oxidation) [13]. This method monitors the weight loss of a sample in a chosen atmosphere as
a function of time or temperature. It is composed of a recording balance, a furnace, a
temperature programmer, a sample holder, an enclosure for establishing the required
atmosphere, and a means of recording and displaying the data (Figure 3.4). Balance
sensitivity is usually approximately one microgram, with a total capacity of a few hundred
milligrams.

GAS IN

WEIGHT

GAS-TIGHT
ENCLOSURE
SAMPLE

HEATER

SAMPLE TEMP.

POWER

FURNACE TEMP.

TEMPERATURE PROGRAMMER

Figure 3.4

Schematic representation of a TGA setup.
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BALANCE
CONTROLLER

Thermogravimetric analyses of all the samples were carried out on a TGA Q500 (TA
Instruments) at the specified heating rates under thermo-oxidative conditions, from ambient
temperature to 650 ºC.
3.3.6

Differential scanning calorimetry

DSC is a thermoanalytical technique which analyzes thermal transitions occurring in samples
when they are heated or cooled. In polymers, melting and glass transition temperatures can be
determined as well as the various transitions in liquid crystalline mesophases. In a typical
DSC experiment, two pans are placed on a pair of identically positioned platforms connected
to a furnace by a common heat flow path. One pan contains the sample, the other one is empty
(often called the reference pan). Then the two pans are heated at a specific heating rate. A plot
is created where the difference in heat flow between the sample and reference is plotted as a
function of temperature. [15].

The melting and glass transition temperatures as well as crystallinity of the PLA matrix before
and after nanocomposite formation were studied in a DSC instrument (TA Instruments model
Q2000) under a constant nitrogen flow of 50 mL min-1 and a heating rate of 20 ºC min-1. The
DSC samples were weighed such that all the samples had an identical PLA content. The DSC
instrument was calibrated by determining the temperature and melting enthalpy of an indium
standard, and the baseline was checked according to the TA Instruments protocols.

3.3.7

Scanning electron microscopy

SEM is one of the most versatile instruments available for microstructure morphology
examination and chemical composition characterization [16]. In the scanning electron
microscope, an image is formed by a very fine electron beam which is scanned across the
surface of a sample in a series of lines and frames called a raster; at any given moment, the
specimen is bombarded with electrons over a very small area. These electrons may be
elastically reflected with no loss of energy (backscattered electrons), they may be absorbed
and give rise to secondary electrons of very low energy (together with X-rays), they may be
absorbed and give rise to the emission of visible light, and they may give rise to electric
currents within the specimen. All these effects can be used to produce images. The contrast in
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the image is determined by the sample morphology. A high-resolution image can be obtained
because of the small diameter of the primary electron beam (Figure 3.5) [15,16].

Figure 3.5

A schematic representation of scanning electron microscope [17].

Both PLA and nanocomposite samples were freeze fractured in liquid nitrogen, sputter coated
with carbon, and the morphology was studied with a Carl Zeiss SMT Neon 40, Cross Beam
Series FIB-SEM in SEM mode, with an acceleration voltage of 2 kV and a filament current of
2.38 A (Figure 3.8).

3.3.8

Polarized optical microscopy

Polarized optical microscopy is a technique that exploits the interference of the split light
rays, as they are re-united along the same optical path, to extract information about
anisotropic materials. The polarized light microscope is designed to scrutinize and take
pictures of specimens that are visible primarily due to their optically anisotropic character. To
achieve this, the microscope must be equipped with both a polarizer, positioned in the light
path somewhere before the specimen, and an analyzer (a second polarizer) placed in the
optical pathway between the objective rear aperture and the observation tubes or camera port.
Image contrast arises from the interaction of plane-polarized light with a birefringent (or
doubly-refracting) specimen to produce two individual wave components that are each
polarized in mutually perpendicular planes. The velocities of these components, that are
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termed the ordinary and the extraordinary wavefronts, are different and vary with the
propagation direction through the specimen. [16,18].

The spherulitic growth behaviour of the PLA matrix at various temperatures and the degree of
dispersion of MWCNTs in the PLA matrix was studied with a Carl Zeiss Imager Z1M
polarized optical microscope. A compression moulded thin films of PLA and the composite
were placed between two covering glasses on a Linkam hot stage (Linkam Scientific
Instruments Ltd, UK), mounted on the microscope. The samples were heated to 190 ºC at
specified heating rates while OM images were taken, held at that temperature for 5 min, and
then OM images were taken again during cooling.

3.3.9

Dynamic mechanical analysis

DMA is concerned with the measurement of the thermomechanical properties of a specimen
as a function of temperature. DMA is a sensitive probe of molecular mobility within materials
and is most commonly used to measure the glass transition temperature and other transitions
in macromolecules, or to follow changes in the thermomechanical properties brought about by
chemical reactions [19]. For this type of measurement the sample is subjected to an oscillating
stress. In this test the sample, having the form of a strip, is clamped firmly at the upper end,
while an oscillating disc is fastened to the lower end (Figure 3.6). The turning motion of this
disc can be followed optically and continuously recorded. A thermostatted chamber that can
be heated or cooled surrounds the test sample.

Figure 3.6

A photo of a thermostatted chamber showing the clamped sample in a

DMA
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The storage modulus, being in-phase with the applied stress, represents the elastic component
of the material’s behaviour, whereas the loss modulus corresponds to the viscous nature of the
material. The tangent of the ratio between the loss and storage moduli (G”/G’) gives the
useful quantity known as the mechanical damping factor (tan δ) which is a measure of the
amount of deformational energy that is dissipated as heat during each cycle.

The dynamic mechanical properties of neat PLA and PLA/MWCNTs composite samples
were determined using an Anton Paar-Physica MCR501 Rheometer in the tension-torsion
mode. The temperature dependence of the storage modulus (G’) and tan δ of neat PLA and
composite samples, were measured at a constant frequency of 6.28 rad s-1 with a strain
amplitude of 0.02% (selected after a series of strain sweep tests at different temperatures to
determine the linear region) and in the temperature range of -20 to 160 ºC at a heating rate of
2 ºC min-1.

3.3.10 Small- and wide angle X-ray scattering

SAXS is a technique where the elastic scattering of X-rays by a sample, which has
inhomogeneities in the nanometre range, is recorded at very low angles (typically 0.1 to 10°).
In the past decade, small angle X-ray scattering has been widely used to study the phase
dispersion in matrices, polymerization, emulsification, colloidal stabilization, shear-induced
structures, polymer crystallization, and the phase domain behaviour in polymers [20]. SAXS
data provides information about the size and shape of particles that are present in a system
and also gives information about the presence of different particle populations and types of
interactions [21]. SAXS analysis is mainly applicable for randomly oriented and statistically
distributed particle systems. Hence, their three-dimensional scattering pattern represents the
orientational average of their structure [22-24].

SAXS experiments of the PLA and nanocomposite samples were carried out in an Anton Paar
SAXSess instrumen operated at 40 kV and 50 mA with a line collimation geometry. The
radiation used was a Ni filtered CuKα radiation of wavelength 0.154 nm (PAN Analytical Xray source). Intensity profiles were obtained with a slit collimated SAXSess and recorded
with a two-dimensional imaging plate. The sample-to-detector distance was 264.5 mm and
covered the length of the scattering vector (q) from 0.084 to 28 nm-1. The read-out angles
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were calculated from the pixel size, and the obtained q-scale was cross-checked by measuring
silver behenate whose equidistant peak positions are known. SAXS data were collected at
room temperature. All the samples were exposed to the X-rays for 5 min.

3.3.11 Tensile testing

Uniaxial tensile testing is a well known and universal test to determine material parameters
such as yield strength, Young's modulus, % elongation, % area of reduction and ultimate
strength. Tensile testing is carried out by applying longitudinal or axial load at a specific
extension rate to a standard tensile specimen with known dimensions (gauge length and cross
sectional area perpendicular to the load direction) until failure.

The primary output from a tensile test is the load vs. elongation curve of the specimen, which
is recorded in real-time using a load cell and an extensometer. This curve is then used to
determine the stress-strain curve (Figure 3.7).

Figure 3.7

An example of a typical stress-strain curve [26].

The tensile properties of the pure polymer and nanocomposite samples were measured using a
Hounsfield H10KT tensile tester (Tinius Olsen Ltd) at room temperature. The microinjection
moulded dumbbell-shaped specimens of thickness 3 mm, width 3 mm, and length 64 mm
were used. For these tests, a gauge length of 25 mm and a cross-head speed of 5 mm min-1
were employed. Five measurements were carried out for each specimen, and the results were
averaged to obtain a mean value.
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3.3.12 Electrical conductivity

The resistivity of a semiconductor is often determined using a four-point probe technique.
This technique involves bringing four equally spaced probes in contact with a material of
unknown resistance. The probe array is placed in the centre of the material, as shown in
Figure 3.8.

The two outer probes are used for sourcing current and the two inner probes are used for
measuring the resulting voltage drop across the surface of the sample. The four probes
eliminate measurement errors due to the probe resistance, the spreading resistance under each
probe, and the contact resistance between each metal probe and the semiconductor material
[27].

Figure 3.8

Schematic representation of four-point collinear probe set-up (all

dimensions in mm)

The direct current (dc) conductivity for the PLA and nanocomposite samples was measured at
room temperature (26 °C), using a four-point collinear probe method (Keithley 4200-SCS,
USA). The data presented here are the average of five independent tests.
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3.3.13 Transmission electron microscopy

TEM is an instrument that uses a high energy electron beam transmitted through a very thin
sample to image and analyse the microstructure of materials with atomic scale resolution
[28,29]. An image is formed from the interaction of the electrons transmitted through the
specimen; the image is magnified and focused onto an imaging device, such as a fluorescent
screen, a layer of photographic film, or is detected by a sensor such as a CCD camera (Figure
3.9). A TEM sample must be approximately 1000 Å or less in thickness in the area of interest.
The entire specimen must fit into a 3 mm diameter cup and be less than about 100 microns in
thickness.

Figure 3.9

Schematic representation of a transmission electron microscope [29].

The degree of dispersion of f-MWCNTs in the composite was investigated by means of
transmission electron microscopy (JEOL JEM 2100) operated at an accelerating voltage of
100 kV. The composite sample was cut using a cryo-ultramicrotome (-70 °C), collected on a
300-mesh carbon coated copper grid, and observed without further treatment.
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3.3.14 Atomic force microscopy

AFM is a technique that probe the sample and make measurements in three dimensions, x, y,
and z (normal to the sample surface), thus allowing the presentation of three-dimensional
images of a sample surface [30]. Clean samples with no excessively large surface features can
have a resolution in the x-y plane ranging from 0.1 to 1.0 nm and in the z direction 0.01 nm
(atomic resolution). AFM does not need a vacuum environment or any special sample
preparation, and it can be used in either an ambient or liquid nitrogen environment. Because
of its versatility, AFM can be used in different modes such contact (Figure 3.10), noncontact,
or tapping modes.

Figure 3.10

Schematic diagram showing the operating principles of the AFM in the

tapping mode [31].

The AFM topography examinations were carried out with a multimode AFM Nano Scope
Version (R) IV using 0.5 – 2.0 Ω.cm phosphorous (n) doped tip with a radius of curvature of
less than 10 nm. The tip mounted in a 125 µm long cantilever with the spring constant of 40
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N m-1 was employed for the tapping mode experiment. Samples were imaged using a scan
rate of 0.5 Hz and tip frequencies ranging from 280 to 310 kHz.

Samples of PLA and its composite were separately dissolved in chloroform. Thin films were
prepared on the glass substrates using a spin coater which was ramped at 500 rpm for 10 s and
subsequently ramped at 1000 rpm for 20 s. The samples were annealed in a vacuum oven at
130 °C for 30 min and quenched with liquid nitrogen. The samples were then immediately
taken for AFM experiments.

3.4
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Chapter 4

High-performance carbon nanotube-reinforced bioplastic

4.1

Introduction

Recently, a broad range of biodegradable aliphatic polyesters and their co-polymers have been
commercialized by various companies [1]. One of the most well-studied and promising
polymers in this area is polylactide (PLA), because it is made from renewable agricultural
products and is readily biodegradable [2-4]. Another important property of PLA is its
biocompatibility [5,6]. Commercially available PLA has a high modulus and strength
comparable to those of most petroleum-based polymers. However, its low elongation at break
and very slow crystallization rate present drawbacks for its biomedical applications such as
implant materials, surgical sutures, and controlled drug delivery systems, as well as for the
conventional applications where common thermoplastics are employed [4]. In this chapter,
the different properties of PLA and its f-MWCNTs composites are discussed. The PLA
composite contained 1.5 wt.% of f-MWCNTs. The f-MWCNTs used in this work contained
~10% (determined gravimetrically) of HDA.

The work on the PLA composite with non-functionalized MWCNTs is not presented here,
because of variable results obtained due to poor dispersion of the MWCNTs.

4.2

Results and discussion

4.2.1

Fourier-transform infrared spectroscopy: Functionalization of MWCNTs

The functionalization of the outer surface of multi-walled carbon nanotubes (MWCNTs) and
the presence of hexadecylamine (HDA) chains on the outer surface of the MWCNTs were
examined by FTIR spectroscopy. The FTIR spectra of pure HDA, pure MWCNTs (pMWCNTs), and functionalized MWCNTs (f-MWCNTs) are shown in Figure 4.1. The main
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IR peaks of HDA, appearing at 1456, 1613, 2846, 2916, and 3336 cm-1 are due to: C-H
deformation, primary amine N-H deformation, CH2 rocking vibration due to tail-to-tail
addition, -C-H- stretching, and N-H stretching, respectively [7]. The peaks at 1976 and 2160
cm-1 on spectrum (a) correspond to pure MWCNTs, and can also be observed on the spectrum
of f-MWCNTs (spectrum (b)). The HDA (spectrum (c)) peaks can also be observed on the
spectrum of f-MWCNT. Thus, with a careful analysis of the FTIR spectra of pure HDA, pMWCNTs, and f-MWCNTs, one can conclude that the MWCNTs outer surfaces are

Relative transmittance / a.u.

functionalized by HDA chains.
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Fourier-transform infrared spectra of (a) p-MWCNTs, (b) f-MWCNTs,

and (c) pure HDA.

4.2.2

X-ray photoelectron spectroscopy: Functionalization of MWCNTs

The presence of amine groups on the outer graphene layer of the MWCNTs can further be
identified by comparing the XPS spectra of p-MWCNTs and f-MWCNTs. Figure 2 shows the
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XPS spectra of p-MWCNTs and f-MWCNTs samples. Two distinct features can be identified
from the XPS spectrum of the f-MWCNTs. First is the appearance of the ‘N 1S’ peak at 400
eV, suggesting the presence of amine groups on the MWCNTs’ outer surface. Secondly, the
appearance of weak ‘O 1s’ and ‘O KLL’ peaks may be due to the presence of surface
adsorbed oxygen in the sample. Another interesting observation is that the characteristic ‘C
1S’ peak of the f-MWCNTs remains at almost the same position as that of the p-MWCNTs,
indicating that the MWCNTs’ surface carbon atoms were not damaged due to amine

C1s

functionalization and there is also no indication of covalent bond formation.
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XPS spectra of (a) p-MWCNTs and (b) f-MWCNTs. The right side is the

enlarged peak position of ‘C 1S’.

4.2.3

Raman spectroscopy: Functionalization of MWCNTs

To investigate the nature of the bonding between the HDA chains with the outer graphene
layer of the MWCNTs, Raman spectroscopy analyses were conducted on both p- and fMWCNTs samples, and the results are presented in Figure 4.3. Both samples show the two
characteristic peaks of the MWCNTs. The first peak appears at 1350 cm-1, which is due to the
disordered C-atoms and is commonly known as the D-band. The second peak appears at 1580
cm-1, which is related to the sp2 hybridized C-atoms of the MWCNTs, and is known as the G-

70

band. It is interesting to note that there is no significant shift in the peak positions of both
bands in the case of the f-MWCNTs. This observation indicates the non-covalent adsorption
of the HDA chains on the MWCNTs outer surface. Another interesting observation is that in
the case of f-MWCNTs, the intensity ratio of the G-band to the D-band remains almost the
same as for the p-MWCNTs. This indicates the adsorption of HDA chains on the MWCNTs’
outer surface without damaging the carbon atoms of the graphene layer.
(a) p-MWCNTs
(b) f-MWCNTs
G
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Raman spectra of (a) p-MWCNTs and (b) f-MWCNTs. Excitation

wavelength was 514.5 nm.

4.2.4

Fourier-transform infrared spectroscopy: After composite formation

The question is how the HDA chains adsorb on the MWCNTs’ outer surface without the
formation of any covalent bonds with the MWCNT surfaces? It has already been established
that CNTs are natural electron acceptors [8]. On the other hand, the amine group of the HDA
chain is an electron donor. Thus, the free amine groups of the HDA chains interact with the
MWCNTs’ surfaces and get adsorbed through the formation of charge-transfer complexes [9].
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Figure 4.4 shows the FTIR spectra of f-MWCNTs, pure PLA, and the PLA/f-MWCNT
composite. The PLA spectrum shows the -C=O, -CH2, -C-O-C ester group, and -CH(CH3)
stretching peaks at 1753, 3004 and 2942, 1184, and 1376 cm-1, respectively [10, 11]. The
FTIR spectrum of the composite confirms the presence of the characteristic peaks of PLA,
MWCNTs, and HDA. On the other hand, the characteristic N-H stretching peak of HDA in
the IR spectrum of the composite (marked by an arrow in the figure) moved to a much higher
wavenumber of 3503 cm-1 compared to the 3336 cm-1 of the f-MWCNTs (marked an by
arrow in the figure). This indicates some degree of interactions between the amine groups of
HDA chains and the polyester backbone of PLA.
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4.2.5

Raman spectroscopy: After composite formation

Further confirmation of the strong interactions between the f-MWCNTs’ surface and the PLA
chains is revealed by the Raman spectroscopic analysis. The Raman spectra of the fMWCNTs and the corresponding composite with PLA are shown in Figure 4.5. The spectra
show shifts of both the characteristic D- and G-bands of the MWCNTs in the composite to
higher wavenumbers, which means that the system needs more energy to vibrate the
individual tube or each tube becomes more bulky in the composite. The characteristic peak of
the PLA matrix (see inset in Figure 4.5) is also at a higher wavenumber. These observations
suggest the formation of strong bonds between the f-MWCNTs’ surfaces and the PLA chains.
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Raman spectra of (a) f-MWCNTs and (b) the PLA/f-MWCNTs composite.

The inset is the Raman spectrum of the pure PLA matrix. The excitation wavelength
was 514.5 nm.
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4.2.6

Differential scanning calorimetry

To investigate the effect of the incorporation of f-MWCNTs on the thermal properties of the
PLA matrix, DSC analyses were performed. Figure 4.6 shows the DSC curves for the
annealed samples of neat PLA and its composite with f-MWCNTs. The Tg of the PLA
increased from 63 °C for the neat PLA to 68 °C for the PLA in the nanocomposite with fMWCNTs. Such an increase in the Tg suggests the presence of strong interactions between
the f-MWCNTs surfaces and the PLA chains, which hinder the motion of the PLA chains.
The slight increase in the melting temperature of the PLA from 167 °C for pure PLA to 168

°C for PLA in the composite suggests that the f-MWCNTs had some effect on the PLA matrix
crystallinity. The melting enthalpy and degree of crystallinity (χc) of the PLA matrix
increased from ∆H = 39.9 J g-1 and χc = 42.9% for the pure PLA to ∆H = 47.9 J g-1 and χc =
51.5% for the PLA in the composite, which is in line with the increase in the melting
temperature. χc was calculated according to the Equation 1.

χc =

∆ H sample
∆ H 100 %

100

(1)

where ∆Hsample is the heat of fusion of the sample and ∆H100% is the heat of fusion of 100%
crystalline PLA (93 J g-1) [12,13]. The increase in crystallinity indicates the active nucleating
role of the dispersed MWCNTs on PLA matrix crystallization.
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Figure 4.6

DSC curves of (a) pure PLA and (b) the PLA/f-MWCNT composite. Both

samples were annealed at 110 °C for 3h under vacuum prior to analysis.

4.2.7

Polarized optical microscopy

To check the nucleating role of the MWCNTs, the spherulitic growth behaviour of the PLA
from its melt at 130 °C was investigated by POM for both pure PLA and the nanocomposite.
Figure 4.7 shows the POM images of pure PLA and the composite. The pure PLA matrix
shows a well-defined large spherulitic morphology (Figure 4.7(a)). This shows that at a
cooling rate of 10 ºC.min-1, PLA crystals have enough time to grow undisturbed in the
absence of f-MWCNTs. However, in the presence f-MWCNTs, at the same cooling rate, the
sizes of the PLA spherulites are significantly reduced and highly disordered as shown in
Figure 4.7(b). This observation indicates that the surface of the dispersed nanotubes act as
strong nucleating agents for the PLA matrix crystallization. This is a very important
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observation because the crystalline phase of the PLA can confer useful mechanical and other
physical properties.

(a)

50 µm

(b)

50 µm

Figure 4.7

Polarized optical micrographs of (a) pure PLA and (b) the PLA/f-

MWCNT composite. Both samples were crystallized from their melts at 130 °C for 30
min.

The degree of dispersion-distribution of the nanotubes in the PLA matrix was analysed with
POM in the transmission mode at 190 °C (Figure 4.8). Most of the tubes are homogeneously
dispersed, but there is still some microscale dispersion of tube bundles in the PLA matrix.
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50 µm

Figure 4.8

POM image of the PLA/f-MWCNT composite taken at 190 °C in the

transmittance mode. This is the most representative image after taking 5 pictures at
different positions in the sample.

4.2.8

Dynamic mechanical analysis

Upon the application of a harmonic strain, the dynamic mechanical response reveals the
amount of energy stored as elastic energy and the amount of energy dissipated in the
composite, which are strongly dependent on the level of dispersion-distribution of the
nanotubes and their interaction with the PLA matrix. The temperature dependence of the
storage modulus (G′) and tan δ of the neat PLA and the composite is shown in Figure 4.8. The
composite with 1.5 wt.% of f-MWCNTs shows an observable increase in the elastic modulus
compared to that of the pure PLA, particularly in the glass transition and rubbery regions
(Figure 4.9(a)).
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Temperature dependence of the dynamic mechanical properties of pure

PLA and the composite: (a) storage modulus and (b) tan δ.
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The increased modulus is accompanied by an increase in Tg, as is evidenced by the peak
position in the tan δ curve that moves to a higher temperature for the composite (Figure
4.9(b)). The increase in modulus is related to the strong interaction between the f-MWCNTs’
outer surface and the PLA matrix, which gives rise to the immobilization of the polymer
chains. This immobilization becomes prominent in the glass transition region when the
polymer chains start to relax.

4.2.9

Tensile properties

The strong f-MWCNT−PLA interaction also leads to an improvement of elongation at break
of the pure PLA matrix without significant loss of modulus. However, tensile strength at
break does not change significantly. This is an important observation because even in the
presence of CNTs, the original properties of PLA are not lost. The representative tensile curve
is presented in Figure 4.10. The results are summarized in Table 4.1.
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Figure 4.10

Most representative (out of five tests for each sample) room temperature

uniaxial tensile tests of neat PLA and composite samples at a constant cross head speed
of 5 mm/min. Annealed (110 °C for 3h) injection moulded samples were used.
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Table 4.1

Various properties of neat PLA and its composite with f-MWCNTs
Tensile propertiesa

a

Samples

Modulus / GPa

Strength at break / MPa

Elongation at break / %

PLA

6.1 ± 0.4

61.0 ± 4.1

1.5 ± 0.4

Composite

4.7 ± 0.5

61.6 ± 4.6

2.7 ± 0.1

Five measurements were carried out for each specimen and the results were averaged to

obtain a mean value. Injection moulded samples (annealed at 110°C for 3h under vacuum)
were used for tensile property measurements. Compression moulded sheets (~0.6 mm,
annealed at 110°C for 3h under vacuum) were used for conductivity measurements.

4.2.10 Direct current measurements

The incorporation of f-MWCNTs in PLA did not seem to have an influence on the dc
electrical conductivity of the sample. The dc electrical conductivity measurements (average of
5 measurements) were recorded as (9.1 ± 0.8) x 10-4 for PLA, and (9.7 ± 0.7) x 10-4 S.cm-1 for
the composite. This suggests that the alkyl chains of HDA covered most of the nanotubes’
outer surface and blocked the active flow of electrons between the matrix and filler. It can
also be that the concentration of f-MWCNT was too low for the formation of percolation
paths.

4.3

Conclusions

In summary, in this chapter we described a new and novel MWCNTs-reinforced approach for
biodegradable/biocompatible PLA that results in a concurrent improvement in the inherent
properties of PLA such as glass transition temperature, crystallization kinetics, dynamic
mechanical properties, strength, and elongation at break. The results show that the concurrent
improvement in PLA properties after composite formation with f-MWCNTs is due to the
strong interfacial interaction between the nanotubes’ outer surface and the PLA chains.
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Chapter 5

The effect of surface functionalized carbon nanotubes on the morphology,
as well as thermal, thermomechanical, and crystallization properties of
polylactide

5.1

Introduction

Over the last few years, a significant amount of work has been done on the preparation and
characterization of polymer nanocomposites based on nanoclays such as montmorillinite,
saponite, and synthetic mica [1-7]. These fillers moderately improved the mechanical and
physical properties of the neat polymer matrices even though their amounts were small (~5
wt.%). The main reason for these improved properties in the case of the clay-containing
polymer nanocomposites is the presence of interfacial interactions as opposed to the
conventional composites.

Currently a number of researchers are focusing on the preparation and characterization of
functionalized carbon nanotube containing polymer nanocomposites [8-20]. The main
purpose is to prepare conducting composites with a balance of mechanical properties. This
chapter summarizes various properties of a PLA composite containing 0.5 wt.% of
functionalized multiwalled carbon nanotubes (f-MWCNTs). The f-MWCNTs used in this
work contain ±20% (determined gravimetrically) of hexadecylamine (HDA).

5.2

Results and discussion

5.2.1

Attenuated

total

reflectance

Fourier-transform

infrared

(ATR-FTIR)

spectroscopy

The functionalization of the MWCNTs outer surfaces’ by HDA was studied by ATR-FTIR
spectroscopy. Figure 5.1 shows the ATR-FTIR spectra of neat PLA, the f-MWCNTs and the
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PLA/f-MWCNTs composite. The spectrum of the composite shows the characteristic peaks of
PLA and the f-MWCNTs. The broad peak in the spectrum of the f-MWCNTs represents the
N-H stretching of HDA. This broad peak also appears in the spectrum of the composite. The
peak at 1592 cm-1 (indicated by *) in the spectrum of the f-MWCNTs represents the primary
amine N-H deformation of HDA. This peak is also observed in the spectrum of the composite
at 1645 cm-1 (also indicated by *). These results confirm the presence of f-MWCNTs in the
composite. However, it is difficult to establish whether there is a possible interfacial
interaction between the PLA and the HDA chains, because we could not get a clear peak of
the N-H stretching in both the f-MWCNTs and the composite spectra.

Transmittance / a.u.

(a) PLA

(b) f-MWCNTs

(c) Nanocomposite
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FT-IR spectra of pure PLA, f-MWCNTs, and the nanocomposite.

Raman spectroscopy

Raman spectroscopy was used to verify the presence of possible interfacial interactions
between f-MWCNTs and the matrix of PLA. Figure 5.2 shows the Raman spectra of the fMWCNTs and the corresponding nanocomposite of PLA. It can be seen from the spectra that
there is a small shift in the characteristic D-band and a quite significant shift in the G-band of
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the f-MWCNTs to higher wavenumbers in the case of the nanocomposite. This indicates the
presence of interfacial interactions between the PLA chains and the f-MWCNTs surfaces. It
can also be seen that the characteristic peak of the PLA matrix (appearing at 1450 cm-1 for
neat PLA, refer to Chapter 4) moves toward higher a wavenumber of 1453 cm-1. This
observation further confirms the presence of some interactions between the PLA matrix and
the f-MWCNT surfaces.
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Raman spectra of PLA and its nanocomposite.

Scanning electron microscopy

The dispersion of the f-MWCNTs in the PLA matrix was studied using a scanning electron
microscope (SEM) operated at an accelerated voltage of 2 kV. Figure 5.3(a) represents the
SEM image of the freeze fractured surface of the PLA/f-MWCNT nanocomposite. The
polymer matrix surface with some white spots is clearly seen. Two areas, with and without
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white spots, were selected and magnified. They are shown in Figure 5.3(b & c). In these
pictures a fairly good dispersion of CNTs can be seen, but the white spots are clearly the
result of agglomeration of f-MWCNTs in the PLA matrix at a micron scale level.
Agglomeration of MWCNTs in the PLA matrix suggests that part of the surface area of CNTs
could not be accessed during functionalization by HDA. This is due to the intrinsic van der
Waals forces keeping the MWCNTs together as bundles. Based on these observations, it can
be concluded that the homogenous dispersion of the f-MWCNTs is the result of improved
interaction between the PLA matrix and the HDA chains on the surface of the MWCNTs, as
established in Raman results.

b
a

1µm

c
100 µm

1µm

Figure 5.3

Scanning electron microscopy images of a nanocomposite containing 0.5
wt.% f-MWCNTs with two selected spots at different magnifications.

5.2.4

Polarized optical microscopy

To further verify the good dispersion of the f-MWCNTs in the PLA matrix, the composite
was investigated through an optical microscopy at 190 ºC where PLA was in the molten state.
These results are presented in Figure 5.4. The dark spots represent agglomerates of CNTs.

85

This image clearly shows that there is indeed homogenous dispersion of f-MWCNTs with few
agglomerates at micron scale, as shown by the dark spots. Again, this results support the SEM
results.

99.9 µm

Figure 5.4

Optical microscopic image of the PLA/f-MWCNTs nanocomposite taken

at 190 ºC in the transmittance mode. This is the representative image of images taken
from five different positions.

5.2.5

The effect of cooling rate on the non-isothermal crystallization behaviour of PLA

To study the influence of cooling rates on the non-isothermal crystallization behaviour of
PLA, the samples were heated to 190 °C at a heating rate of 20 °C.min-1, kept at this
temperature for 5 min, and then cooled down to -20 ºC at different cooling rates. The cooling
curves of pure PLA and its composite during non-isothermal crystallization from their melts
at five different cooling rates are shown in Figure 5.5. In the case of neat PLA, a broad peak is
observed when the sample was cooled from the melt at a rate of 0.5 ºC.min-1. With an
increase in cooling rate to 1 °C.min-1, a peak with a shoulder peak appears and shifts towards
lower temperatures. The peak shoulders indicate a continuous change of enthalpy. It is clear
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that at cooling rates higher than 5 ºC.min-1, it is very difficult for the PLA matrix to fully
crystallize and the polymer stays in a super-cooled state. The crystallization peak shifts to
lower temperatures as the cooling rate is increased is a natural observation, because it is
difficult for the polymer chains to crystallize at faster cooling rates. A small crystallization
peak appears at 126 ºC for the composite when the cooling rate from the melt is 0.5 ºC.min-1.
It is further observed that this peak does not clearly show the double thermal event that was
observed in the case of the neat PLA. This peak also shifts to lower temperatures as the
cooling rate increases to 1 ºC.min-1. A further increase in the cooling rates to 5 ºC.min-1 also
shows the presence of a double peak as in the case of PLA. The crystallization peaks for the
nanocomposite, for all the investigated cooling rates, are more intense and better resolved
than those for neat PLA. What is more interesting is that even at a faster cooling rate of 10
ºC.min-1, the nanocomposite is still able to crystallize. Based on the observations above, it can
be concluded that f-MWCNTs act as nucleating agents for the crystallization of the PLA
matrix.

To confirm the nucleating effect of the f-MWCNTs during non-isothermal crystallization, the
samples were investigated through POM. For the POM measurements, a cooling rate of 10
ºC.min-1 was selected because during injection moulding the cooling rates are usually very
fast. The POM images of the PLA and its nanocomposite, taken at 130 ºC during isothermal
crystallization from their melt, are shown in Figure 5.6. The images show large spherulites
for the neat PLA sample, but much smaller and more densely packed crystallites for the
nanocomposite. This observation indicates that the f-MWCNT nanoparticles formed
nucleating sites for the formation of small spherulites in the nanocomposite.

87

PLA
Cooling rate from the melt / C.min
0.5
1
2
5
10

o

Cooling rate from the melt / C.min

-1

Nanocomposite

Exo

0.2

Heat flow / mW.g

-1

0.5
1
2
5
10

0

Figure 5.5

-1

Exo

0.2

Heat flow / mW.g

-1

o

40

80
120
o
Temperature / C

160

DSC heating curve of PLA and its nanocomposite after non-isothermal

crystallization at different cooling rates.

88

a

b

100µm

Figure 5.6

100µm

Polarized optical micrographs of (a) neat PLA and (b) the PLA/f-

MWCNT nanocomposite. Both samples were crystallized at 130 oC from their melts.

5.2.6

Effect of cooling rates on melting behaviour of PLA

In order to study the effect of cooling rates on the melting behaviour, PLA and its
nanocomposite were heated from -20 to 190 °C at 20 °C.min-1 as soon as the cooling was
finished. These heating curves are presented in Figure 5.7, and the DSC data are summarized
in Table 5.1. It can be seen that PLA only shows cold crystallization peaks and two melting
peaks when the cooling rates were 5 and 10 ºC min-1. The composite also shows cold
crystallization peaks at the same cooling rates, but single melting peaks. This observation
indicates that the crystallization of PLA chains was not completed during cooling at the faster
cooling rates, and the crystallization process continued during heating. The double melting
peaks indicate the presence of different types of crystals with different stabilities. Nam et al.
[20] also suggested that the double melting peaks of PLA may be due to the presence of less
perfect crystals having enough time to melt and rearrange into crystals with higher structural
perfection, which re-melted at higher temperatures during heating in the DSC. However,
when the cooling rates were 0.5, 1, and 2 ºC.min-1, no cold crystallization peak was observed
for both PLA and its nanocomposite. This indicates that the crystallization of PLA chains was
completed at slower cooling rates during the non-isothermal cooling process. Single melting
peaks were observed when the cooling rate was 0.5 °C.min-1 for both samples. In brief, the
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nanocomposite shows two distinct melting peaks when the cooling rate was 2 °C.min-1 in
comparison to the neat polymer. This is an indication that the nucleation effect of f-MWCNTs
in the polymer matrix assisted in the formation of more perfect crystals.

By integrating the area under the endothermic region of the DSC curves, and by subtracting
the extra heat absorbed by the crystallites formed during cold crystallization, the melting
enthalpy (∆Hm) of all the samples was calculated, and at the same time the degree of
crystallinity (χc) was estimated by considering the melting enthalpy of 100% crystalline PLA
as 93 J.g-1 [21]. The χc data in Table 5.1 show that the overall crystallinity of PLA was
reduced when 0.5 wt.% f-MWCNTs was added. A decrease in overall crystallinity may be as
a result of two factors: MWCNT agglomerates acting as active nucleation sites and at the
same time, the non-agglomerated sites inhibiting mobility of the polymer chains. Because of
the well-dispersed f-MWCNTs crystal growth was inhibited, thus leading to a decrease of
crystallinity.

Table 5.1 Cooling rate dependence of the melting enthalpy from two melting peaks of
the PLA and the composite
Sample
PLA

a

Cooling rate

Melting enthalpy / J g-1 a

% crystallinityb

0.5

53.0

57.0

1

44.4

47.8

2

41.1

44.2

5

37.6

40.4

10

37.6

40.4

Nanocomposite 0.5

48.0

51.6

1

40.1

43.1

2

39.1

42.0

5

38.8

41.7

10

33.9

36.5

The total melting enthalpy of PLA evaluated by integration of the area under the

endothermic peaks from the heating scans after non-isothermal crystallization.
b

Calculated using the melting enthalpy of 100% crystalline PLA, 93 J g-1 [21].
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5.2.7

Temperature modulated DSC

To separate the heat capacity and kinetically related components during cold crystallization
and subsequent melting of neat PLA and its nanocomposite, TMDSC of melt quenched
samples were done. TMDSC allows us to see whether any re-crystallization process occurs as
soon as PLA begins to melt. This has been used to confirm the presence of melting, recrystallization, and re-melting processes. Figure 5.8 illustrates the TMDSC curves of (a) neat
PLA and (b) its nanocomposite during the second heating. The samples were first equilibrated
at -20 oC for 30 min., and then heated to 190 ºC at a rate of 2 ºC.min-1, kept at that
temperature for 5 min. to destroy any previous thermal history, and cooled to -20 oC at a rate
of 2 ºC.min-1. TMDSC was started as soon as the cooling was finished. For both samples the
total heat flow (middle curve) is separated into well defined reversible heat flow (bottom
curve) and non-reversible heat flow (top curve). For neat PLA, the following behaviour is
observed: two melting signals on the reversible heat flow curve are accompanied by the
subsequent re-crystallization on the non-reversible heat flow curve, with the total heat flow
curve showing only the melting peaks. This observation may be due to the partial melting and
perfection of different crystals at temperatures before their final melting. For the
nanocomposite, two melting peaks are observed for all the heat flow curves with no apparent
re-crystallization. What is more notable is that the two melting peaks of the nanocomposite on
the reversible heat flow curve are now distinct in comparison with the peaks for the neat
polymer. This indicates the presence of different forms of crystals with different thermal
stabilities. Another interesting feature is that TMDSC enabled us to see partial recrystallization occurring in the neat polymer, which is absent in the composite.

To estimate the percent crystallinity (χc) of the samples, we took the enthalpy of melting
(∆Hf) from the reversible heat flow curve, divided this value by the enthalpy of a 100%
crystalline polymer (∆Hf for 100 % crystalline PLA is 93 J.g-1 [21]), and multiplied the
answer by 100%. The data is reported in Table 5.2. These values indicate that the crystallinity
of the PLA matrix decreased in the presence of the f-MWCNTs.
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Table 5.2 TMDSC data for PLA and its nanocomposite.
Sample

Total
Tm1

Tm2

Reversible
∆Hf
-1

Tg

ºC

∆Hf
J.g

-1

Tm

%

∆Hc ∆Hf
J.g

-1

J.g

-1

ºC

J.g

169.9

-

43.54

62.2 164.2 169.8 30.1

8.9 26.7 169.9

19.1

Composite 165.3 171.2 44.94

62.0 165.3 171.2 26.9

1.7 24.3 171.0

24.3

5.2.8

ºC

Tm2

χc

ºC
PLA

ºC

Tm1

Non-reversible

ºC

Wide angle X-ray scattering

To study the presence of different PLA crystals and their modification, WAXS of the neat
PLA and nanocomposite samples were performed. The measurements were taken from room
temperature to the melting temperature, and then back to room temperature. The samples were
kept at each temperature for 5 minutes, including 1 minute exposure to the X-rays. Figure 5.9
shows the one-dimensional WAXS patterns of PLA and the nanocomposite obtained under
these conditions. Overall, there is no sign of the modification of existing crystals or the
formation of new crystals. The notable observation is when both samples were cooled from
their melts. It is clear that it is very difficult for PLA to crystallize during cooling. However,
crystals are formed in the presence of f-MWCNTs as shown by the fully resolved peaks in the
spectra of the nanocomposite. Again, this supports the nucleation effect of f-MWCNTs in the
polymer matrix. However, a very small peak is observed on the spectra of both samples at
around 2Ө = 22.5˚. This observation suggests the growth of another type of crystal.
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5.2.9

Thermogravimetric analysis

This section discusses the thermal stabilities of neat PLA and the nanocomposite in a thermooxidative environment. The TGA and the first dTGA curves of neat PLA and the
nanocomposite obtained under oxygen flow are presented in Figure 5.10. The dTGA are
presented because they more clearly show the difference in thermal stabilities between the
samples. Both samples show a one-step decomposition. The thermal stability of the
nanocomposite is higher than that of the neat PLA. This improvement can be attributed to the
fairly homogenous dispersion of the f-MWCNTs. The thermal stability of the nanocomposite
may also be due to the higher thermal stability of the CNTs in comparison to that of PLA. The
dTGA peak of the nanocomposite shifts to a higher temperature compared to that of the neat
PLA sample. This is also an indication of the improvement in thermal stability of PLA in the
presence of the f-MWCNTs.

120

3
PLA
Composite

80
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60
1
40
0.5
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0
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Figure 5.10
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TGA and derivative TGA curves of PLA and the nanocomposite under

oxygen flow at a heating rate of 10 ºC min-1.
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5.2.10 Dynamic mechanical analysis

DMA generally reveals the amount of energy stored in the nanocomposite as elastic energy,
and the amount of energy dissipated during mechanical strain, which strongly depends on the
geometrical characteristics and the level of dispersion of the filler in the matrix. It also
depends on the degree of interaction between the matrix and the filler [22]. Figure 5.11 (a and
b) represents the storage modulus (G’) and the damping factor (tan δ) curves for PLA and the
nanocomposite, respectively. The damping factor provides information on the relative
contributions of the viscous and elastic components of the viscoelastic material. Figure 5.11a
shows three phenomena: (1) from 0-50 ºC, there is an increase in modulus. This is because
both samples are stiff because there is not yet chain mobility, but the nanocomposite is stiffer
due to the presence stiff f-MWCNTs; (2) from 50-80 ºC, there is a sudden drop of modulus
because the chains of the surfactant (HDA) exhibits a plasticizing effect on the polymer
matrix just below and above the glass transition temperature; (3) from 80-160 ºC, there is a
slight improvement of modulus because the presence of fairly homogenously dispersed fMWCNTs inhibits the PLA chain mobility. Figure 5.11b clearly indicates that there is a
decrease in the glass transition temperature from 74 to 71 ºC. This supports the observation of
a plasticizing effect of the HDA chains in the PLA matrix. From these observations it may be
concluded that the fairly homogenously dispersed f-MWCNTs in the PLA matrix improved
the storage modulus below and above the glass transition temperature. Also, the f-MWCNTs
acted as a plasticizer of the PLA matrix at around the glass transition temperature.
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5.3

Conclusions

This chapter discussed the morphology, thermal, and thermomechanical properties of a PLA
nanocomposite containing 0.5 wt.% of f-MWCNTs (with an amine content of 20 %). The
SEM and POM (of the samples in the molten state) results confirm the homogenous
dispersion of f-MWCNTs in the PLA matrix, with some micro-agglomeration. The POM
results also show the formation of much smaller PLA crystallites in the presence of fMWCNTs. The f-MWCNTs were found to play a nucleation role in the crystallization of
PLA, as observed from the DSC, SEM, and WAXS results. The DMA and TGA results show
that the presence of f-MWCNTs had only a slight influence on the thermomechanical
properties and thermal stability of the PLA. FTIR and Raman spectroscopy confirmed the
functionalization of the MWCNTs, and the presence of facial interaction between f-MWCNTs
and the PLA matrix.
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Chapter 6

Unusual

crystallization

behaviour

of

carbon

nanotubes-containing

biodegradable polylactide composite

6.1

Introduction

In recent years, various types of nano-fillers have been used as reinforcement materials for
polymer matrices [1-12]. Among these nano-fillers, carbon nanotubes (CNTs) have been
receiving special attention because of their extraordinary high modulus and strength, their
excellent electrical conductivity along with their important thermal conductivity and stability
and finally, their very low density [13-15]. The homogeneous dispersion of CNTs in a
polymer matrix can lead to a moderate improvement in the electrical properties with a balance
of mechanical properties.

The incorporation of CNTs can also affect the crystallization kinetics, spherulite growth and
morphology, and the degree of crystallinity of a semicrystalline polymer matrix [16−20]. In
general, it has been found that the incorporation of CNTs, which act as nucleation sites, tends
to increase the rate of crystallization of the matrix [21]. In most reported studies it was found
that the dispersed CNTs are strongly agglomerated and hence crystallization of the polymer
chains occurs in a bulk and not in confined spaces. In this chapter, we found that the
crystallization behaviour of a semicrystalline polymer such as PLA is completely changed
when CNTs are homogeneously dispersed in the matrix. This chapter summarizes various
properties of a PLA composite containing 1.5 wt.% of f-MWCNTs prepared through a
solution casting method. The f-MWCNTs used in this work contain ±10% (determined
gravimetrically) of HDA.

6.2

Results and discussion

POM was used to check the spherulitic growth behaviour of the PLA matrix before and after
composite formation. Figure 6.1 shows the crystal growth behaviour of neat PLA and the
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composite at 130 °C from their melts. It can be seen from the POM images that it is very
difficult for PLA crystals to grow fast in the presence of f-CNTs. This result implies that the
nucleating role of f-CNTs in the crystallization of the PLA matrix is almost non-existent.
Such an observation is completely contrary to what was observed when the PLA/f-CNT
composite was prepared by a melt-mixing technique (Chapter 4), and also quite uncommon to
the general understanding of the role of CNTs towards semicrystalline polymer crystallization
[21]. We believe this observation is the result of a superstructure templating effect associated
with the non-agglomerated (nano-level) dispersion of the CNTs in the PLA matrix that, in
turn, retards the PLA crystals to grow fast.

(a)

(b)

100 µ m

100 µ m

Figure 6.1

Polarized optical micrographs of (a) neat PLA and (b) the PLA/f-

MWCNT composite. Both samples were crystallized at 130 °C from their melts.
To understand the effect of f-MWCNTs incorporation on the crystallization behaviour of the
PLA matrix, DSC experiments of neat PLA and the PLA/f-CNTs composite samples were
carried out. The crystallization exotherms of neat PLA and its f-CNTs-containing composite
during non-isothermal crystallization from their melts at a cooling rate of 10 °C.min-1 are
shown in Figure 6.2(a). Both samples show two exotherms – the first one is prominent (from
the low temperature side) and the other one is very small. This indicates the growth of two
different crystal fractions during cooling. On the other hand, in the case of the composite,
both exotherms appear at much lower temperatures than those of neat PLA. This result again
supports the inactive nucleation role of f-CNTs for PLA crystallization.
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DSC curves of neat PLA and the PLA/f-CNT composite: (a) during

cooling from the melt and (b) during heating as soon as the cooling was finished.

To study the influence of nonisothermal crystallization on the melting behaviour of the
matrix, both neat PLA and the composite samples were heated at a rate of 10 °C.min-1 directly
from -20 °C as soon as the cooling was finished. Figure 6.2(b) shows the DSC curves of neat
PLA and the composite during heating after non-isothermal crystallization, and the following
main features are observed from these curves:
(i) For both samples, a sharp crystallization exotherm appears. Only one prominent exotherm
indicates that for both samples the cold crystallization process takes place from a single
homogeneous phase. However, the cold crystallization peak of neat PLA (122.6 °C) appears
at a much higher temperature than that of the PLA/f-CNTs composite (108.2 °C). This
indicates that the crystallization process is much more complete in the case of neat PLA than
for the composite, or we can say that the neat PLA is in a much more stable state than the
composite. Therefore, it is expected that the composite will go through the relaxation and
crystal growth process much faster than the neat PLA, since each system tries to attain a
thermodynamically stable state. For this reason, the composite shows a cold crystallization
peak at a much lower temperature than the neat PLA matrix. It can also be seen from the DSC
curves that the cold crystallization peak is more well-defined in the case of the composite than
in the case of neat PLA. This suggests the formation of more perfect crystals in the case of the
composite during heating.
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(ii) The melting peak of the composite (168.6 °C) is at a slightly higher temperature than that
of neat PLA (165.8 °C). This may be the result of the formation of much more stable and
perfect PLA crystals in the case of the composite.

Dynamic mechanical analysis in the tension-torsion mode has been used to examine the
temperature dependence of the E′ of PLA upon composite formation with f-CNTs, which are
strongly dependent on the level of dispersion-distribution of the nanotubes and their
interaction with the PLA matrix. The temperature dependence of E′ and tan δ of the neat PLA
and the composite is presented in Figure 6.3. For both samples, in the tan δ curves, a
prominent relaxation appears at around 28.4°C (as marked by the dotted line). However, the
degree of relaxation is much higher in the case of the composite than in the case of the neat
PLA. Such an observation indicates that the initial relaxation of the polymer chains is much
faster in the composite than in neat PLA, although both samples were annealed under the
same conditions. This relaxation probably facilitates faster crystal growth in the case of the
composite during the second heating cycle (refer to Figure 6.2(b)).

On the other hand, the composite shows a substantial increase in the E′ compared to that of
the neat PLA, particularly above room temperature. Such an increase in E′occurs with the
modification of the Tg of the neat PLA, as is evidenced by the peak position in the tan δ curve
that moves quite significantly to higher temperatures upon f-CNTs addition. We believe that
such a relative enhancement in the modulus is related to the presence of the f-CNT network
structure, which eventually retards the mobilization of the PLA chains. The immobilization of
the PLA chains becomes prominent above room temperature when the macromolecule chains
start to relax. For this reason, the composite shows significant improvement in modulus close
to or above the Tg of the matrix.
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The temperature dependence of elastic storage modulus and tan δ curves

of neat PLA and the PLA/f-CNTs composite. Compression moulded, annealed (at 110°°C
for 3h under vacuum) samples were used.

(a)

(b)
tubes

0.5 µ m
10 µ m

Figure 6.4

(a) Field-emission scanning electron microscopic image of the freeze-

fractured surface of the composite and (b) bright-field transmission electron
microscopic image of the composite.
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The degree of dispersion-distribution of f-CNTs in the PLA matrix was studied by FE-SEM
and TEM. Figure 6.4(a) shows the freeze-fractured surface image of the composite. It can be
seen from the FE-SEM image that most of the tubes separated and nicely dispersed in the
PLA matrix, and formed a network-like structure. The bright-field TEM image of the
composite further supports the conclusion made on the basis of the SEM image. Such a
network-like structure is responsible for the unusual crystal growth behaviour and increase in
mechanical properties of the composite.

(a)

(a’)

(b)

(b’)

Figure 6.5

Tapping mode atomic force microscopy height images of (a, a’) neat PLA

and (b, b’) PLA/f-CNTs composite thin films at two different magnifications.

Finally, to see the effect of the incorporation of f-CNTs on the crystallization behaviour of the
PLA matrix in a confined space, the crystal growth behaviour of the neat PLA and the PLA/fCNTs composite thin films was studied by AFM. Figure 6.5 shows the tapping mode AFM
height images (at two different magnifications) of neat PLA and its composite thin-film
samples after being annealed at 130 °C for 30 min. It is clear from the height images (a, a’)
that the crystals were not perfectly grown in the case of neat PLA. This may be due to the
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presence of a secondary crystallization or impingement effect. On the other hand, the crystals
were more perfectly grown in the case of the PLA/f-CNTs composite (Figure 6.5(b, b’)). Such
an observation is the result of the presence of homogeneously dispersed f-CNTs in the PLA
matrix. Because of the homogeneous dispersion of the tubes, the crystals are tightly bound
and there is no chance of further impingement among themselves, which means that the
crystals grow slowly and more perfectly. This result supports the conclusions made on the
basis of the POM and DSC results.

6.3

Conclusions

In this chapter we have discussed the effect of f-CNTs incorporation on the crystallization
behaviour of PLA in both bulk and confined spaces. POM observations, AFM images and
DSC curves show that the incorporation of f-CNTs changed the crystallization behaviour of
PLA in a way that is quite uncommon from the general understanding of CNTs filled
semicrystalline polymer systems. This is attributed to the non-agglomerated dispersion of the
CNTs in the PLA matrix, which eventually formed a network-like structured as evidenced by
SEM and TEM. This network-like structure acts as an obstacle for the mobility and flexibility
of the PLA chains to fold and join the crystallization growth front. However, the network-like
structure increases the elastic storage modulus of the composite.
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Chapter 7

Conclusions, publications and conference presentations

7.1

Conclusions

The purpose of the study was to prepare polymer nanocomposites based on biodegradable
poly(L-lactide) (PLA) with f-MWCNTs. The polymer nanocomposites were prepared by melt
extrusion and solvent casting methods. A new and novel MWCNTs-reinforced approach for
biodegradable/biocompatible PLA was presented.

In the case of poly(lactide) nanocomposite containing 1.5 wt.% of f-MWCNTs (with an
amine content of ~10 % content) prepared by a melt extrusion method, an improvement in
the inherent properties of the PLA such as the glass transition temperature, crystallization
kinetics, dynamic mechanical properties, strength, and elongation at break were reported. The
results showed that these property improvements were due to the strong interfacial interaction
between the nanotubes’s outer surface and the PLA chains.

In the case of the PLA nanocomposite containing 0.5 wt.% of f-MWCNTs (with an amine
content

of

~20%)

prepared

by melt

extrusion,

the

morphology,

thermal,

and

thermomechanical properties of the PLA and its nanocomposite were discussed. The SEM
and POM (of the samples in the molten state) results confirmed the good dispersion of the fMWCNTs in the PLA matrix, with some micro-agglomeration. The POM results also show
the formation of much smaller PLA crystallites in the presence of f-MWCNTs. The fMWCNTs were found to play a nucleation role in the crystallization of PLA, as observed
from the DSC, SEM, and WAXS results. However, the overall crystallinity of the PLA was
reduced when 0.5 wt.% f-MWCNTs was added. A decrease in the overall crystallinity was
found to be the result of two factors: f-MWCNT agglomerates acting as active nucleation sites
and at the same time, the non-agglomerated sites inhibiting mobility of the polymer chains.
The DMA and TGA results showed that the presence of f-MWCNTs had only a slight
influence on the thermomechanical properties and thermal stability of the PLA. FTIR and
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Raman spectroscopy confirmed the functionalization of the MWCNTs, and the presence of
interfacial interaction between the f-MWCNTs and the PLA matrix.

In the case of the PLA nanocomposite containing 1.5 wt.% f-MWCNTs (with an amine
content of ~10%) prepared through solution casting method, the effect of the f-MWCNTs
incorporation on the crystallization behaviour of PLA in both the bulk and confined spaces
was investigated. POM observations, AFM images and DSC curves showed that the
incorporation of f-MWCNTs changed the crystallization behaviour of the PLA in a way that
is quite uncommon from the general understanding of CNTs filled semicrystalline polymer
systems. This was attributed to the non-agglomerated dispersion of the CNTs in the PLA
matrix, which eventually formed a network-like structured as evidenced by SEM and TEM.
This network-like structure acted as an obstacle for the mobility and flexibility of the PLA
chains to fold and join the crystallization growth front. However, the network-like structure
was found to increase the elastic storage modulus of the composite.

7.2

Publications from the project

1. S. Sinha Ray, J. Ramontja. “Biodegradable Polymer Blends and Composites from
Renewable Resources”, John Wiley & Sons, ISBN-13: 9780470146835, 2008, 389409.
2. J. Ramontja, S. Sinha Ray, S.K. Pillai, A.S. Luyt. High-performance carbon nanotubereinforced bioplastic. Macromolecular Materials and Engineering 2009; 294:839-846.
3. J. Ramontja, S. Sinha Ray, S.K. Pillai, A.S. Luyt. Uncommon crystallization
behaviour of biodegradable polylactide in presence of functionalized carbon
nanotubes. Macromolecular Materials and Engineering (provisionally accepted).
4. J. Ramontja, S. Sinha Ray, A.S. Luyt. The effect of surface functionalized carbon
nanotubes on the morphology, as well as thermal, thermomechanical, and
crystallization properties of polylactide (submitted to the Journal of American
Ceramic Society).
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7.3

Future work

We intent to study crystallization kinetics and rheological properties of the samples we
prepared. Furthermore, different functional groups will be attached to the surface of
CNTs, composites will be prepared by melt extrusion and solution casting techniques.
These will be characterized and studied in details for orthopaedic applications.

7.4

Conference presentations

1.

High-performance carbon nanotube-reinforced bioplastic. 11th Pacific Polymer
Conference, Cairns, Australia, 06-10 December 2009.

2.

High-performance carbon nanotube-reinforced bioplastic. Nanoscience Young
Researchers Symposium, CSIR, Pretoria, South Africa, 18 September 2009. (winner
of the 2nd best oral presentation on the PhD category).

3.

Properties of polylactide nanocomposite based on functionalized carbon nanotubes.
NanoAfrica 2009, CSIR, Pretoria, South Africa, 1-4 February 2009.

4.

Uncommon crystallization behaviour of biodegradable polylactide in presence of
functionalized carbon nanotubes. 35th International Conference & Exposition on
Advanced Ceramics and Composites, Daytona Beach, Florida, USA, 23-28 January
2011.
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