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1. Introduction

Over the last twenty years, carbon nanotubes (CNTs) have received much attention for their
unique structural, mechanical, and electronic properties as well as their broad range of po‐
tential applications [Lee et. al., 2012; Kim and Park, 2008; Kang et. al., 2008; Xu et. al., 2008;
Meyyappan et al., 2005; Kumar, 2002; Wong et al., 1998]. CNTs are cylinder-shaped macro‐
molecules with a radius as small as a few nanometers, which can be grown up to 20 cm in
length [Zhu et. al., 2002]. Their properties depend on the atomic arrangement, chirality, di‐
ameter, and length of the tube and the overall morphology. They exist in one of two struc‐
tural forms, single-walled CNT (SWNT) or multi-walled CNT (MWNT). SWNTs are best
described as a 2-D graphene sheet rolled into a tube with pentagonal rings as end caps [Har‐
ris, 2004]. SWNTs have aspect ratios of 1000 or more and an approximate diameter of 1 nm.
Similarly, MWNTs can be described as multiple layers of concentric graphene cylinders also
with pentagonal ring end caps. Conventional MWNT diameters range from 2-50 microns
[Harris, 2004]. Measurements using in situ transmission electron microscopy (TEM) and
atomic force microscopy (AFM) have produced estimates that Young’s modulus of CNTs is
approximately 1 TPa [Treacy et. al., 1996; Wong et. al., 1997]. For comparison, the stiffest
conventional glass fibers have Young’s modulus of approximately 70 GPa, while carbon fi‐
bers typically have modulus of about 800 GPa. CNTs can accommodate extreme deforma‐
tions without fracturing and also have the extraordinary capability of returning to their
original, straight, structure following deformation [Harris, 2004]. In addition, they are excel‐
lent electrical conductors and have very high thermal conductivities. Possible applications
for CNTs range from nanoelectronics, quantum wire interconnects, sensors and field emit‐
ters to nanocomposites [Meyyappan et. al., 2005].
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Despite these great promises, many real applications of CNTs have been impeded by diffi‐
culties associated with their processing and manipulation. As produced CNTs have the ten‐
dency to exist in bundles rather than as individual tubes, because of strong van der Waals
interactions, leading to insolubility in most organic media, and therefore limiting the range
of applications [Neelgund and Oki, 2011]. To make CNTs more easily dispersible in various
media, it is necessary to physically or chemically attach certain molecules, or functional
groups, to their smooth sidewalls without significantly changing the CNTs desirable proper‐
ties. This process is called functionalization. Various functionalization methods such as
chopping, oxidation, wrapping and irradiation of the CNTs can be created more active
bonding sites on the surface of the nanotubes. Among them, electron beam (EB) irradiation
is potent to induce the uniform and consistent modification of the nanotubes because of the
high amount of energy, it imparts to the atoms via the primary knock-on atom mechanism.
This chapter describes a novel method to covalently functionalized nanotubes that bear ter‐
minated isocyanate, hydroxyl, amine and epoxy group, which then react covalently with
other molecules. The first step is preparation of COOH-terminated MWNT by EB irradiation
of unmodified nanotubes. These carboxylic groups were used as reaction precursors in the
covalent functionalization. The MWNTs attached to the organofunctional moieties have
greater versatility for further utilization in different application fields such as macroinitiator,
electroconductive nanocomposite, biology, water treatment, and starting material for anoth‐
er cycle of functionalization. Moreover covalently functionalized nanotubes can extend the
field of application in nanoelectronics, sensorics, hydrogen power engineering, bioengineer‐
ing, and medicine [Dresselhaus and Dresselhaus, 2001; Burghard, 2005].

2. Preparation and characterization of covalently functionalized MWNT

The non-reactive nature of the CNT surface appears as a constraint in several technological
applications. To manipulate and process CNTs, it is desirable to functionalize the sidewall of
CNTs, thereby generating CNT-derivatives that are compatible with solvent as well as or‐
ganic matrix materials. Modification of the CNT surface by changing its chemical composi‐
tion has proved to be efficient to overcome this problem. Several methods such as chemical
functionalization, non-covalent wrapping and high energy beam irradiation have been used
to modify the chemical composition of the CNT surface by grafting functional groups to it.

Chemical functionalization of CNT has been performed mainly on the basis of oxidative
treatments [Abuilaiwi et. al., 2010; Basiuk et. al., 2004; Lee et. al. 2005; Balasubramanian and
Burghard, 2004]. Typically this is achieved by the oxidative process of CNTs using strong
inorganic acids or oxidizing agents. This is a lengthy process that also generates a lot of
waste and that can damage the CNT structure. Moreover these conventional surface treat‐
ment methods utilize a reaction between a liquid and a solid since an oxidizing agent con‐
tacts with the entire surface of CNT and the surface is uniformly reacted or physically
treated, it is difficult to control the surface state.

The non-covalent method to functionalize CNTs involves using surfactants, oligomers, bio‐
molecules, and polymers to wrap CNTs to enhance their solubility [Hirsch, 2002]. Using pol‐
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ymer chains to wrap CNTs is a versatile and effective way for CNT functionalization. Block
copolymers may provide a series of attractive non-covalent wrapping and decoration for the
functionalization of CNTs [Chen et. al., 2011]. These approaches can be driven by distinct
interactions between nanotubes and polymers including p-stacking, electrostatic interac‐
tions, and decoration of CNTs with micelles [Zou et. al., 2008]. One block of the block co‐
polymers forms a close interaction with CNTs, while the other block provide the
dispersibility and chemical compatibility to the CNTs [Szleifer and Yerushalmi-Rozen,
2005]. However, the non-covalent interaction between the wrapping molecules and the
CNTs is not as strong as the covalent bonding formed in the chemical functionalization
methods [Hirsch, 2002].

Electron and ion irradiation is generally used nowadays for modifying properties of semi-
conductors; beams of energetic particles are also expected to be widely employed for nano‐
tube-based materials processing [Krasheninnikov and Nordlund, 2004]. EB irradiation is a
form of ionizing energy that is generally characterized by its low penetration and high dos‐
age rates. The beam with a concentrated and highly charged stream of electrons is generated
by the acceleration and conversion of electricity. The electrons are generated by equipment
referred to as accelerators which are capable of producing beams that are either pulsed or
continuous. When an electron hits the target, different mechanisms of damage creation can
work. Depending on the target material, the main mechanism can be the kinetic energy
transfer, electronic excitations and ionization [Krasheninnikov and Nordlund, 2004]. For
CNTs, the most important mechanism is the knock-on atom displacements due to kinetic en‐
ergy transfer for electrons [Dresselhaus and Avouris, 2001]. Electronic excitations and ioni‐
zation effects seem to be less important due to a high thermal and electrical conductivity of
graphene shells [Banhar, 1999].

2.1. Functionalization of MWNT by electron-beam irradiation

The MWNT (purity = 95 wt %, average diameter = 15 nm, average length = 20 μm, specific
gravity = 1.8) was received from the Iljin Nanotech Co., Ltd., Korea. Fig. 1 shows the TEM
image and energy-dispersive X-ray spectroscope analysis (EDX) result of MWNT produced
by a chemical vapour deposition (CVD) process without any purification. The TEM meas‐
urements were performed with a Philips CM200 operated at 200 kV. Scanning electron mi‐
croscopy (SEM) observations of the MWNT samples were performed on a Hitachi model
S-4300, Japan. The morphology was determined at an accelerating voltage of 15 kV. The sur‐
face sample composition was evaluated with SEM equipped with an EDX spectroscope.

As-received MWNT contain some impurities and entangle into a bulk piece (Fig. 1a). EDX
results of the pristine MWNT show small peaks which are corresponding to Fe, Si and S.
The Si peak has its origin in silicon substrate whereas the other peaks are due to the precur‐
sor gases present in the gas mixture and catalyst. The Pt peaks was due to the platinum
sputtering process during sample preparation. CNTs are often formed in entangled ropes
with 10–100 CNTs per bundle depending on the method of synthesis. They can be produced
by a number of methods: direct-current arc discharge, laser ablation, thermal and plasma
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enhanced CVD process [Lau and Hui, 2002]. The method of production affects the level of
purity of the sample and whether SWNTs or MWNTs are formed. Impurities exist as cataly‐
sis particles, amorphous carbons and non-tubular fullerenes [Thostenson et. al., 2001].

Figure 1. TEM image (a) and EDX analysis (b) result of the pristine MWNT.

Figure 2. SEM image of the MWNT before (a) and after (b) EB irradiation at 1200 kGy.

Figure 3. TEM image of the MWNT before (a) and after (b) EB irradiation at 1200 kGy.
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The MWNT were EB-irradiated in air at room temperature using a 1.5MeV electrostatic ac‐
celerator (ELV-4, EB Tech Co., Ltd., Korea). Irradiation dose of 800, 1000, and 1200 kGy were
used, respectively. The specifications of the ELV-4 are presented Table 1.

Model
Energy

(MeV)

Maximum Current

(mA)

Output

(kW)

Window length

(mm)

Height

(mm)

ELV-4 0.8 ~ 1.5 50 50 980 4330

Table 1. Specifications of the ELV-4 EB accelerator.

Fig. 2 demonstrates higher magnification SEM micrographs of MWNT before and after
treatment with the EB irradiation. The pristine MWNT has relatively smooth surface with‐
out extra phase or stain attached on its sidewall. Although the EB irradiation increased up to
1000 kGy, the surface appearance little changed compare to the pristine MWNT. After the
1200 kGy EB irradiation, the smooth surface was disappeared, many wrinkled structure
were formed, and the surface roughness increased. Additional sample characterization is
carried out using TEM. From the Fig. 3, the presence of dark spots on the outer wall of the
MWNT1200 suggests that damage and formation change of MWNT induced by high-dose
irradiation.

Figure 4. Stone–Wales defect on the sidewall of a nanotube [Burghard and Balasubramanian, 2005].

In general, the surface of the synthesized CNT is smooth and relatively defects free. Howev‐
er, stresses can induce Stone-Wales transformations, resulting in the formation of heptagons
and concave areas of deformation on the nanotubes [Thostenson et. al., 2001; Burghard and
Balasubramanian, 2005]. Moreover EB irradiation of MWNTs resulted in forming vacancies
on their walls and eventual amorphization upon high-dose irradiation [Banhart, 1999]. The
irradiation induced damage manifested itself in the deterioration of mechanical properties
of MWNTs exposed to prolonged 2-MeV electron irradiation [Salvetat et. al., 1999].
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Figure 5. Molecular model of MWNT before (a) and after (b) 300-eV Ar ion irradiation with a dose of 2×1016/cm2

[Krasheninnikov and Nordlund, 2004].

2.2. Characterization of EB-MWNT

The pristine MWNT and EB-irradiated MWNT were characterized by Fourier transform in‐
frared (FTIR) spectroscopy. FTIR spectra of the KBr pelleted samples were measured with a
PerkinElmer infrared spectrometer (Spectrum 2000) in the wave-number range from 4000 to
400 cm−1 and were analyzed with commercial software.

Figure 6. FTIR spectra of the EB-irradiated MWNT.
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From Fig. 6, the strong bands at 2920 and 2852 cm−1 on the curve are well known, due to
asymmetrical and symmetrical stretching of -CH2, respectively. The band at 2958 cm−1 is as‐
signed to the asymmetrical stretching of -CH3. The peak at 1635 cm−1 can be associated with
the stretching of the MWNT backbone. FTIR spectra of MWNT after EB irradiation more
than 1000 kGy showed new peaks at 1782-1720 cm-1 due to the C=O bond resulting from the
stretch mode of carboxylic groups (Fig. 6). These groups can then be used to link molecules
via covalent bond formation.

EDX results also confirmed that the oxygen content in the MWNTs increased significantly
after irradiation at 1000 kGy. The abbreviation of the sample code in Table 2, MWNT800, for
example, means that the MWNT was EB-irradiated at radiation dose of 800 kGy. Oxygen
atom on the surfaces of pristine MWNT may be due to the partial oxidation of the surfaces
of MWNTs during manufacturing or purification by the manufacturer.

Element
Composition (atomic%)

MWNT MWNT800 MWNT1000 MWNT1200

C 94.63 91.25 88.32 83.47

O 5.11 7.62 9.81 15.32

Si 0.14 1.05 1.70 1.21

S 0.03 - - -

Fe 0.09 0.08 0.17 -

Table 2. EDX analysis result of the pristine MWNT and EB-MWNT.

Elemental analyses (EA) results of the MWNT and EB-MWNT are shown in Table 3. EA was
performed in a Thermo EA1112 apparatus. The results presented a decrease in the hydrogen
content up to 1000 kGy. After the 1200 kGy irradiation, the hydrogen content was signifi‐
cantly increased. This indicated that the low irradiation dose cleaned the MWNT surface of
impurities, according to the SEM, EDX and EA results, but the increase in the irradiation
doses could have affected the surface roughness and chemical composition [Lee et. al., 2012].

Element
Composition (%)

MWNT MWNT800 MWNT1000 MWNT1200

C 99.50 99.52 99.52 99.35

H 0.50 0.48 0.48 0.57

N - - - 0.08

Table 3. EA results of the pristine MWNT and EB-MWNT.
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2.3. Properties of EB-MWNT

2.3.1. Thermal stability

Figure 7. TGA thermograms of the pristine MWNT and EB–MWNTs (Lee et. al., 2012).

Fig. 7 provides quantitative information on the EB-MWNT by using thermogravimetry
(TGA, PerkinElmer TGS-2) results. The TGA curves were obtained under an N2 atmosphere
and scanned from 20 to 800°C at a heating rate of 20°C/min. As shown in Fig. 7, the pristine
MWNT did not show any discernible thermal degradation, with only 2 wt% degradation at
600°C. On the contrary, the weight loss of the EB–MWNTs significantly increased with in‐
creasing irradiation dose because of the possible destruction of the CNT structure. The dam‐
age formation in CNTs is quite different from that observed in most other solids
[Krasheninnikov and Nordlund, 2004]. Nitric acid or other oxidizing media, such as ozone
or oxygen plasma, have been reported to be effective for the partial surface oxidation of
CNTs [Banerjee et. al., 2005]. It has been shown that the basal planes of graphite are attacked
by molecular oxygen only at their periphery or at defect sites, such as edge planes and va‐
cancies [Radovic, 2003]. Along with the simple defects, a number of more complex defects
can be formed such like the Stone–Wales defects [Burghard and Balasubramanian, 2005] as‐
sociated with a rotation of a bond in the CNT atom network, other topological defects in the
graphitic network, and amorphous complexes. Besides this, defect-mediated covalent bonds
between adjacent SWNTs in the bundle can appear. Likewise, similar links between shells
can appear in MWNTs [Krasheninnikov and Nordlund, 2004].

2.3.2. Electrical resistivity

Table 4 shows a rapid decrease in volume resistivity of the poly(ethylene-co-vinyl acetate
(EVA, vinyl acetate content = 28%)/EB–MWNT nanocomposites with increasing nanotube
content. The surface electrical resistance of specimens (80 mm × 10 mm) was detected by a

Physical and Chemical Properties of Carbon Nanotubes232



megohmmeter (TeraOhm 5 kV, Metrel) according to ASTM D 257. The charge time was 30 s,
and the current stress of the measurements was 2500 V at 20 ± 1°C. Volume resitivity values
of the prepared films were calculated with the following equation:

ρv =
ARv

L
(1)

Where ρv, A, Rv and L represent the area of the volume resistivity (Ω-cm), effective electrode
(cm2), measured resistance (Ω), and distance between electrodes (cm), respectively.

The percolation threshold of the EVA/MWNT nanocomposites formed by solution mixing
was approximately ~ 5 wt %; this was due to the advantageous effect of composites with
higher aspect ratios compared with spherical or elliptical fillers in the formation of conduct‐
ing networks in the polymer matrix [Lee et. al., 2012]. However, volume resistivity of nano‐
composites was not significantly changed with irradiation dose indicated that EB irradiation
did not affect the electroconductivity of MWNT.

Nanotube content

(wt%)

Volume resistivity (Ω-cm × 10-5)

MWNT MWNT800 MWNT1000 MWNT1200

0.0 474,600 474,600 474,600 474,600

2.5 107,083 104,900 100,983 100,271

5.0 2.48 2.46 2.10 2.10

10 0.015 0.015 0.014 0.014

Table 4. Volume resistivity changes of the EVA/EB-MWNT nanocomposites (Lee et. al., 2012).

2.3.3. Biological activity

The biological activity of the pristine MWNT and EB-MWNT was compared against Staphy‐
lococcus aureus (S. aureus, ATCC 25923) and Escherichia coli (E. coli, ATCC 25922) with the
shake flask method. The bacteria cell were subcultured on nutrient broth and incubated for
20 h at 37°C. The cells were suspended in 50 ml of phosphate-buffered saline (PBS) to yield a
bacterial suspension of 2.32×109 – 2.49×109 colony forming units/ml (cfu/ml). The nanotube
(0.5 g) was weighed and shaken in 20 ml of a bacterial suspension for 24 h. The suspension
(25 wt/vol%) was serially diluted in PBS and cultured on nutrient broth at 37°C for 24 h. The
number of viable organisms in the suspension was determined by multiplication of the
number of colonies with the dilution factor, and the percentage reduction was calculated on
the basis of the initial count. S. aureus and E. coli are two of the most common nosocomial
pathogens and they represent Gram-positive and Gram-negative bacteria, respectively. The
number of viable bacteria and the percentage reduction of the number of bacteria are sum‐
marized in Table 5.
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Sample

Antibacterial activity

S. aureus (+) E. coil (-)

cfu/ml (×10-9) Reduction (%) cfu/ml (×10-9) Reduction (%)

Blank 2.32 - 2.49 -

MWNT 2.13 8.2 2.08 10.3

MWNT800 1.85 20.3 1.93 16.8

MWNT1000 1.72 25.9 1.78 23.3

MWNT1200 1.65 28.9 1.55 33.2

Table 5. Shake flask test results for the pristine MWNT and EB-MWNT.

After 24 h of bacterial contact, pristine MWNT extirpated 8.2 and 10.3 % of the viable cells of
S. aureus and E. coil, respectively. This indicated that pristine MWNT has some interesting
biological activities. Harmful effect of nanoparticles arises due to high surface area and in‐
trinsic toxicity of the surface. The nano-scale dimensions of CNT make quantities of milli‐
grams possess a large number of cylindrical particles with a concurrent very high total
surface area. The intrinsic toxicity of CNT depends on the degree of surface functionaliza‐
tion and the different toxicity of functional groups. Batches of pristine CNT readily after
synthesis contain impurities such as amorphous carbon and metallic catalysts which can al‐
so be the source of toxic effects [Singh et. al., 2010]. Kang and co-workers [Kang et. al., 2008]
showed that the size of CNTs is a key factor governing their antibacterial effects and that the
likely main CNT-cytotoxicity mechanism is cell membrane damage by direct contact with
CNTs. As the size of CNTs decreases, the specific surface area increases, leading to in‐
creased opportunity for interaction and uptake by living cells. This characteristic could re‐
sult in adverse biological effects that otherwise would not be possible with the same
material in a larger form [Donaldson et. al., 2004; Nel et. al., 2006; Jia et. al., 2005]. Several
studies have shown that SWNTs exhibit significant cytotoxicity to human and animal cells,
whereas MWNTs exhibit a milder toxicity [Jia et. al., 2005].

With the EB irradiation dose the biological activity of MWNT against both the S. aureus and
E. coil was gradually increased. It is noteworthy that 1200 kGy irradiated MWNT exhibits
highest antibacterial activity against S. aureus. After 24h of shaking, MWNT1200 showed
33.2 % inhibition of the growth of S. aureus. In order to inactivate or kill microbes, the nano‐
composite particles must come close to or touch the microbes. Such interactions are either
attraction or repulsion. As most bacteria carry a net negative surface charge [Jucker et. al.,
1996], adhesion of bacteria is discouraged on negatively charged surfaces, while it is pro‐
moted on positively charged surfaces [Hogt et. al., 1986]. The increase in polarity of MWNT
after EB irradiation is reflected in the relative polar surface area, hydrogen bond donor, and
hydrogen bond acceptor numbers, all of which increase substantially for biological activity
[Lee et. al., 2011].
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2.4. Covalent functionalization of EB-MWNT

The sites of highest chemical reactivity within CNTs are the caps, which have a fullerene like
structure [Balasubramanian and Burghard, 2008]. CNTs are not ideal structures, but rather
contain defects formed during synthesis. Typically around 1–3 % of the carbon atoms of a
CNT are located at a defect site [Hu et. al., 2001]. A frequently encountered type of defect is
so-called Stone–Wales defect, which is comprised of two pairs of 5- and 7-membered rings,
and is hence referred to as a 7-5-5-7 defect. A Stone–Wales defect leads to a local deforma‐
tion of the graphitic sidewall and thereby introduces an increased curvature in this region.
The strongest curvature exists at the interface between the 2 5-membered rings; as a result of
this curvature, addition reactions are most favored at the carbon–carbon double bonds in
these positions [Zhao et. al., 2004].

The EB irradiation procedure results in the formation of carboxylic moieties, preferentially
on the end caps of the CNT, since the regions where pentagons are located suffer more strain
compared with that of purely hexagonal lattice. Under these conditions, the end caps of the
nanotubes are opened and acidic functionalities are formed at these defect sites and at the
side walls. The carboxyl groups represent useful sites for further modifications, as they ena‐
ble the covalent coupling of molecules through the creation of amine or ester bonds (Fig. 8).
Isocyanate groups are highly unsaturated organic compounds. They can react readily with
many diverse compounds containing active protons such as alcohol, amines and carboxylic
acids.  Thus,  amine-functionalized MWNTs can be obtained where surface-bound isocya‐
nate groups are subsequently reacted with H2O and converted into amine. The detail of these
reactions was summarized as follows. The bisphenol A type low molecular weight epoxy res‐
in (DGEBA, epoxide equivalent weight 121 g/equiv) and PDMS (Mw ≈ 5000) were donated
by Huenvi  Co.,  Ltd.,  Korea and used without further purification.  Other chemical  com‐
pounds were reagent grade and were used as received.

The EB-MWNT and toluene were fed to a glass reactor and the mixture was dispersed for 30
min in an ultrasonic bath at 60°C. Methylene diphenyl diisocyanate (MDI) [diisocyanate ter‐
minated polydimethylsiloxane (PDMS) or 3-(triethoxysily)propyl isocyanate (TEPI)], and
1,4-diazabicyclo [2.2.2] octane (DABCO) were added into reactor and the mixture was soni‐
cated for 2 h. Upon completion of the reaction, the mixture was filtered through a filter pa‐
per. The filtrate was then washed with toluene and the functionalized MWNT was dried in
an oven at 60°C. EB-MWNTs are also reacted with an epoxide to produce an epoxide termi‐
nated MWNT. A reaction mixture consisting of toluene, MWNT1200, and DGEBA were
charged into the reactor. The mixture was dispersed for 1 h in an ultrasonic bath at 60°C fol‐
lowed by addition of a trace amount of triethylamine as the catalyst. The reaction was car‐
ried out for 2 h; then, the mixture was filtered, and the filtrate was washed with toluene and
methanol. The filtrate was dried in an oven at 60°C. On the other hand, the covalently func‐
tionalized MWNT with PTMG was prepared by using Fischer esterification method [Abui‐
laiwi et. al, 2010].
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Figure 8. Covalent functionalization EB-MWNT through reaction with TEPI (a), MDI (b), PTMG (c) and DGEBA (d).

Fig. 9 demonstrates the FTIR spectra of the MWNT1200 and covalently functionalized
MWNT1200. In the MWNT-TEPI (Fig. 9b), the new bands at 2878 cm-1 associated with the
stretching of the methylene groups from the TEPI molecules appeared. In addition, the func‐
tionalized MWNT shows the peaks of -Si-O-CH2CH3 groups at 1175, 1100, 1075, and 970–940
cm-1. As depicted in Fig. 9c, the small peak at 2281 cm−1 is from the N−C=O asymmetric vi‐
bration, while a new peak is observed at 1544 cm−1 which is attributed to the overlapping of
a signal from the N−H, N−C bands and N−C=O group [Abuilaiwi et. al., 2010]. The peaks at
3000–2800 cm−1 in Fig. 9d are due to C−H antisymmetric and symmetric stretching vibrations
of methylene groups of PTMG. The peak at 1460 cm−1 originates from the C−H bend of the
alkyl chain and the peak at 1108 cm−1 arises from the C−O stretch of the ester group. The
characteristic epoxy group in synthesized MWNT-DGEBA can be identified on the basis of
band presence in the FTIR spectrum 3060-3000 cm-1 from -CH vibration of the epoxy ring,
1250 cm-1, from -CO vibrations of the epoxy ring and at 960-815 cm-1 from the deformed -CH
vibrations of the epoxy ring (Fig. 9e). These results confirmed the attachment of functional
molecules onto the EB-MWNT surface.
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Figure 9. FTIR spectra of the EB-MWNT and covalently functionalized EB-MWNT.

More direct evidence for the covalent functionalization of EB-MWNT is manifested by SEM
images. In Fig. 10, SEM images of MWNT1200, MWNT-MDI, MWNT-TEPI, and MWNT-
DGEBA are shown. It indicates that the MWNT1200 (Fig. 10a) has a wrinkled and rough
surface. However, after covalent functionalization, the wrinkled structures of MWNT1200
were almost disappeared and the surface roughness decreased. These changes in the mor‐
phology for MWNT-DGEBA (Fig. 10d) are remarkable. A uniform tubular layer due to cova‐
lently bonded DGEBA on the surface of the MWNT1200 is observable. It seems that the
average diameters of MWNT-DGEBA are slightly increased in comparison to MWNT1200.

Figure 10. SEM images of the MWNT1200 (a) and covalently functionalized MWNT1200 with MDI (b), TEPI (c), and
DGEBA (d).
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TGA measurements were conducted on the covalently functionalized EB-MWNT to eluci‐
date their thermal degradation behaviors. Some typical weight-loss curves as a function of
temperature are shown in Fig. 11. Several weight loss steps were observed below ~150°C
which are due to the release of moisture and the decomposition of the associated organic
groups. Fig. 11a, the initial degradation of –COOH group for MWNT1200 starts at approxi‐
mately 170°C and completes at about 480°C. It also showed no significant weight loss at
480-700°C. Assuming, the portion of the weight loss of functional group at 600°C is the same
as that of in the MWNT1200. When the weight loss of the MWNT1200 at 600°C (6.5 %) is
used as the reference, the weight loss of covalently functionalized MWNT by TEPI, PDMS,
PTMG, and MDI of MWNT-TEPI, MWNT-PDMS, MWNT-PTMG and MWNT-MDI at 600°C
is about 4.2, 6.3, 18.8 and 19.8 %, respectively.

Figure 11. TGA traces of the covalently functionalized EB-MWNT.

3. Applicability of EB-MWNT and covalently functionalized MWNT

The covalent functionalization of CNT has been more interesting because it allows the modi‐
fication of CNTs surface for subsequent alignment [Tahermansouri et. al., 2010]. The recent‐
ly developed methods for functionalization of CNTs have opened up a broad range of novel
application perspectives. These surface modifications play an important role for application
of nanotubes in composite, sensors and many other fields [Chiu and Chang, 2007]. In this
section, eight specific applications of EB irradiation and covalently modified MWNTs are
described in detail.

3.1. Mechanically reinforced nanocomposites

CNT’s polymeric nanocomposites are aimed at the exploitation of the high electrical conduc‐
tivity of CNTs coupled to high mechanical properties, thermal properties and others unique
properties. However, high molecular weight and strong inter-tube forces keep CNT together

Physical and Chemical Properties of Carbon Nanotubes238



in bundles, making their manipulation, characterization and analytical investigation very
difficult. Therefore the functionalization of CNTs offers the great advantages of producing
soluble and easy-to-handle CNT [Yoon et. al., 2004]. Consequently, compatibility and reac‐
tivity of CNT with other material, such as polymer should be strongly improved. Recent
work has demonstrated superior dispersion of MWNTs in polymers by functionalization of
the nanotubes to compatibilize them with solvents and the matrix polymers [Chiu and
Chang, 2007; Wu et. al., 2006; Balasubramanian and Burghard, 2005]. The improved disper‐
sion of nanotubes with functional groups has been accompanied by increased mechanical
properties of the nanocomposite. Fig. 12 shows SEM micrographs of the fractured surface of
EVA/MWNT and EVA/EB-MWNT nanocomposites after saponification for 6 h and hetero‐
geneous solution reaction in the presence of tetrabutyl titanate (TNBT) catalyst for 20 min.
For EVOH/MWNT1200–TNBT [Fig. 12b], the MWNTs dispersed well in the EVOH matrix
and most of the MWNTs were broken in the interface rather than pulled out from the poly‐
mer matrix. However, the EVOH/MWNT specimen showed a different morphology [Fig.
12a]. Most of the MWNT fibers were pulled out from the EVOH matrix. Such a discrepancy
demonstrated that a stronger interfacial adhesion existed between the MWNTs and the
EVOH matrix. The presence of the chemical bonding leads to improvement in the mechani‐
cal properties of final composite. Consequentially there was about 17% increase in tensile
strength for the MWNT1200 nanocomposite compared to pristine MWNT one.

Figure 12. SEM micrographs of the fractured surface of EVA/MWNT and EVA/MWNT1200 nanocomposites (nano‐
tube content = 10 wt%) after saponification for 6 h and heterogeneous solution reaction in the presence of TNBT.

3.2. Inorganic initiator and catalysts

Functionalized nanotubes with different initiator moieties can be used in in-situ polymeriza‐
tions to produce composites that have covalent bonds between the filler and the polymer
chains. They can be produced by incorporating various reactive groups onto the convex sur‐
faces of nanotubes by adjusting the feed ratio of azide compounds to CNTs and were used
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in surface-initiated polymerizations, amidation, and reduction of metal ions affording vari‐
ous CNT-polymer and CNT-Pt nanohybrids [Liu and Chen, 2007; Sahoo et. al., 2010]. For ex‐
ample, CNTs functionalized by butyl lithium act as an initiator for polymerization to
produce grafted CNT polymer nanocomposites where the anions disperse the nanotubes
due to electrostatic repulsive force between the tubes [Abuilaiwi et al., 2010]. When CNTs
are functionalized by oxy radicals, they also act as initiators for polymerization of polyethy‐
lene chains grafted on the CNTs [Gao et. al., 2009]. MWNT with hydroxyl groups can be
used as co-initiators to polymerize poly(ε-caprolactone) or poly(α-chloro-ε-caprolactone) by
surface-initiated ring-opening polymerization. Pendent chlorides were converted into azides
by the reaction with sodium azides. Finally, various types of terminal alkynes were reacted
with pendent azides by copper-catalyzed Huisgen’s 1,3-dipolar cycloaddition [Lee, et. al.,
2011]. Moreover, for a long time, active carbon has found wide spread application as a sup‐
port material in heterogeneous catalysis. Compared to this form of carbon, CNTs offer the
advantage of a more defined morphology and chemical composition as well as the possibili‐
ty to attach catalysts onto their surface through covalent bonds [Balasubramanian and Bur‐
ghard, 2008]. The applicability of CNTs as carriers for catalytically active molecular
functional units has recently been demonstrated through the covalent coupling of an organic
vanadyl complex [Baleizão et. al., 2004].

3.3. Drug delivery and gene therapy

A drug delivery systems are continuously being developed to improve the pharmacological
profile and the therapeutic properties of administered drugs [Allen and Cullis, 2004; Shohet
et. al., 2000; Davis, 1997]. They have been developed according to the different classes of bio‐
active molecules to be delivered and the characteristics of the target tissues. Liposomes,
emulsions, cationic polymers, micro and nanoparticles are the most commonly studied vehi‐
cles [Singh, et. al., 2010]. MWNTs can be functionalized by attaching biological molecules
such as different peptides, proteins, nucleic acids and small organic molecules are able to
deliver their cargos into cells, thus opening the path for their facile manipulation and proc‐
essing in physiological environments. For instance, enzymes which contain many amine and
hydroxyl groups react with isocyanate groups in MWNT-NCO thereby forming covalently
bound enzymes. Then they can usefully mimic certain biological functions, such as drug de‐
livery and gene therapy. Because large part of the human body consists of carbon, CNTs are
generally thought of as a very biocompatible material [Singh, et. al., 2010]. Cells have been
shown to grow on CNTs so they appear to have no toxic effect. The cells also do not adhere
to the CNTs, potentially giving rise to application such as coatings for prosthetics. The mo‐
lecular targeting of CNT delivery systems derivatised with a therapeutic agent is possible if
an active recognition moiety is simultaneously present at the surface of the carrier [Kam et.
al., 2005]. Moreover attachment of a fluorescent molecule would provide optical signals for
imaging and localisation of the CNT–drug conjugates [Pastorin et. al., 2006]. The ability to
functionalize the sidewalls of CNTs also leads to biomedical application such as vascular
stents, neuron growth and regeneration [Guzman et. al., 1996].
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Figure 13. Immobilization of enzymes onto isocyanate functionalized MWNT.

3.4. Energy storage and conversion device

Self-assembly is a process that occurs due to the spontaneous and uninstructed structural re‐
organization that forms from a disordered system. Such processes are reversible and held
together by non-covalent intermolecular forces. Layer-by-layer (LBL) assembly is a versatile
method to form dense thin films from dispersed solutions containing functionalized nano‐
materials. This technology takes advantage of the charge-charge interaction between sub‐
strate and monolayers to create multiple layers held together by electrostatic forces. The LBL
approach consists of the repeated, sequential immersion of a substrate into aqueous solu‐
tions of functionalized materials having complementary charge, thereby producing confor‐
mal ultra-thin films and controllable surface morphology using various nanomaterials.
Electrostatic LBL assembly, in which CNTs have been alternated with polymers for various
energy storage and conversion devices, has exhibited improved networks for electrochemi‐
cal energy applications. Recently, Lee and co-workers [Lee, et. al., 2009] reported the prepa‐
ration of MWNT thin films based on the LBL assembly method. The authors prepared
negatively and positively charged MWNTs by surface functionalization using carboxylic
acid and amine groups, respectively. The complementary charged and functionalized
MWNT dispersions enable the incorporation of MWNTs into highly controlled thin films us‐
ing LBL assembly. The prepared MWNT exhibited high electronic conductivity in compari‐
son with polymer composites with SWNTs, and high capacitive behaviour with the ability
to precisely control the capacity [Lee, et. al., 2009]. The average capacitance was considera‐
bly higher than those of vertically aligned or conventional CNT electrodes due to the high
nanotube densities and well developed nanopores in the LBL MWNT thin films. This study
indicates the potential to precisely control the charge and energy storage parameters in
MWNT thin films by controlling the number of bilayers and film thickness in the LBL as‐
sembly. Therefore precise control of the LBL system can be used to design ideal electrode
materials for fuel cells, photoelectrochemical cells, batteries, supercapacitors [Lee, et. al.,
2009], and strain and corrosion sensing [Loh, et. al, 2007].
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3.5. Nanofiltration membrane for purification and separation

Nanofiltration is a relatively recent membrane filtration process used most often with low to‐
tal dissolved solids water such as surface water and fresh groundwater, with the purpose of
softening and removal of disinfection by-product precursors [Raymond, 1999]. The develop‐
ment of advanced membrane technologies with controlled and novel pore architectures is im‐
portant for the achievement of more efficient and cost effective purification. Present polymeric
membranes are well known to suffer from a trade off between selectivity and permeability,
and in some cases are also susceptible to fouling or exhibit low chemical resistance [Sears,
et. al., 2010]. Modification of membrane surfaces through the introduction of nano materi‐
als is another strategy to reduce fouling, or to alter the affinity of the membrane for organ‐
ic solutes. One premise of the current effort if that these properties might be exploited to
create membrane materials of very high strength. MWNTs exhibit characteristics such as
strength, and thermal and electrical conductivity that make them promising materials for use
in developing new nanocomposite materials. Moreover their toxicity might be exploited when
inserted in membranes as a basis for inhibiting bacterial growth and therefore reducing bio-
fouling. Such toxic effects towards bacteria were detected MWNT immobilized within the
membrane skin might serve as a basis for fouling produced by microbial growth.

Recently, our group has developed a process of simple saponification to make highly po‐
rous nanocomposites [Lee et. al, 2012]. In this process, at least one vinyl acetate (VAc) con‐
taining polymer or blend is dissolved in an appropriate solvent and a suitable viscosity of
the solution is achieved. EB-irradiated MWNT was dispersed in polymer solution and then
the polymer suspension was precipitated and saponified in alkaline non-solvent. After rins‐
ing off the coagulant and drying, sponge-like structure of connected matrix polymer and nano‐
tube were obtained.  Production parameters that  affect  the pore structure and properties
include polymer and nanotube concentration, VAc content in polymer, saonification time
and temperature, and precipitation media. These factors can be varied to produce porous
structure with a large range of pore sizes, and altering chemical, thermal and mechanical prop‐
erties. These nanocomposites with highly porous and excellent antibacterial activity have po‐
tential use of nanofiltration membranes in treatment of industrial wastewater and removal
of disinfection (Fig. 14).

Figure 14. SEM micrographs of the PVA (a) and PVA/MWNT1200 (b) nanocomposite particle prepared by simple sap‐
onification method using ethanol/NaOH solution.
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3.6. Antibacterial agents

The microbial contaminated materials could serve as important sources of cross-infections,
causing a variety of serious consequences in medical devices, hospital equipment, water pu‐
rification and delivery systems, bio-protective equipment. Even though they cannot be di‐
rectly assimilated by microorganisms, microbes can grow and propagate using
bioassimilable contaminants on the surface of the polymeric materials. One possible way to
avoid microbial contamination is to develop materials that possess antimicrobial activities
[Park et. al., 2001; Park et. al., 2001; Moon et. al., 2003, Moon et. al., 2003; Park et. al., 2004;
Park et. al., 2004; Kim et. al., 2004; Yang and Park, 2006; Park et. al., 2008]. Moreover, in‐
creased efficiency, selectivity, and handling safety are additional benefits which may be real‐
ized [Kim et. al., 2004]. Antimicrobial agents used in antimicrobial-processed products are
classified into organic, inorganic and natural organic compounds. Organic antimicrobial
agents raise health concerns and many of them do not have sufficient antimicrobial activity.
Polymeric biocides can significantly reduce loss of antimicrobial activity associated with vol‐
atilization, photolytic decomposition, dissolution, and permeation [Kim et. al., 2004]. On the
other hand, inorganic antimicrobial agents employ Ag, Cu, and Zn compounds and are ex‐
cellent in safety and antimicrobial activity. These metalic compounds are used in many
types of household and medical products due to their good balance between antimicrobial
activity and endurance. However, patients with metal allergy due to Cu or Zn have been re‐
ported [Nakashima et. al., 2008].

As previously mentioned, CNTs possess antimicrobial properties themselves, and their rele‐
vant activities were ascribed to the behavior of ‘nanodart’ with the proposed physical dam‐
age mechanism [Kang et. al., 2008]. The intrinsic toxicity of CNT depends on the degree of
surface functionalization and the different toxicity of functional groups. In the presence of
water, the isocyanate groups in MWNT can react with water. The reaction is a three step
process (Fig. 15). A water molecule reacts with an isocyanate group to form cabamic acid.
Carbamic acids are unstable, and decompose forming CO2 and an amine. Existence of high
abundance of amine groups on the surface of functionalized MWNTs provided sites for
binding of various antibiotics such like norfloxacin, and for formation of silver nanoparticles
by the reduction of aqueous solution of AgNO3.

Figure 15. Synthesis of amine covalently functionalized MWNT.
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Recently,  Neelgund and Oki synthesized the nanohybrids composed of silver nanoparti‐
cles and aromatic polyamide functionalized MWNTs. Prior to deposition of silver nanopar‐
ticles,  acid  treated  MWNTs  were  successively  reacted  with  p-phenylenediamine  and
methylmethacrylate to form series of NH2-terminated aromatic polyamide dendrimers on
the surface of MWNTs through Michael addition and amidation. The antimicrobial activity
of MWNT-Ar-NH2/Ag nanohybrids were measured against E. coli, P. aeruginosa and S. aur‐
eu and compared with MWNT-COOH and MWNT-Ar-NH2. The results showed that func‐
tionalization of MWNTs with aromatic polyamide dendrimers and successive deposition of
Ag nanoparticles could play an important role in the enhancement of antimicrobial activity
[Neelgund and Oki, 2011].

3.7. Environmental friendly aqueous coating system

For coating applications a uniform and stable dispersion of particulate matter plays an im‐
portant role. This requirement is especially critical when submicron or nano-sized particles
are involved. CNTs tend to cohere in aqueous dispersion due to their high surface energy
and lack of chemical affinity with the dispersing medium [Park et. al., 2002]. Surfactant ad‐
sorption on nanotube surfaces and chemical functionalization of nanotube sidewalls are two
of the most widely-used methods for solubilization of nanotubes. Non-covalent surface treat‐
ment by surfactants or polymers has been used in the preparation of both aqueous and or‐
ganic solutions to obtain high weight fraction of individually dispersed nanotubes [Barraza
et. al., 2002; Jiang et. al., 2003; Yurekli et. al., 2004]. When surfactants are employed in CNT
dispersions, surfactant molecules work by adsorption at the interface and self-accumula‐
tion into supra-molecular structures, which help their dispersion retain a stable colloidal
state. However, surfactants adsorbed on nanotubes create a physical barrier between the
nanotubes and the environment [Hobbie et. al., 2006; Lee et. al., 2007]. Chemical methods
use surface functionalization of CNT to improve their chemical compatibility with the tar‐
get medium that is  to enhance wetting and reduce their tendency to agglomerate [Vais‐
man  et.  al.,  2006].  Systematic  investigation  of  the  effects  of  nanotube  length  and
functionalization for MWNT has revealed that the introduction of carboxylic or thiol groups
on the surface of shortened nanotubes increases the stability of MWNT dispersions up to
0.24 mg/ml. Octadecyl-amide functionalized MWNT were reported to exhibit good solubil‐
ity in polar solvents [Qin et. al., 2003]. These long chain alkylamide-functionalized nano‐
tubes were obtained where surface-bound COOH groups are converted into thionyl chloride
groups and subsequently reacted with amine. The introduction of surface charge on MWNT
also has contrasting effects on stabilising their dispersions. MWNTs are modified with car‐
boxylic anion groups; the dispersion stability in water was significantly enhanced due to the
combination of polar–polar affinity and electrostatic repulsion [Lee et. al., 2007]. MWNT uni‐
formly dispersed in water can be utilized in environmental friendly aqueous coating, di‐
rect conductive coating, further sol–sol process and aqueous nanocomposite system.
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Figure 16. SEM image of the sodium silicate (a) and sodium silicate/functionalized MWNT composites prepared from
aqueous coating system (b).

3.8. Electromagnetic interference (EMI) shielding materials

As electromagnetic radiation, particularly that at high frequencies tend to interfere with
electronics, EMI shielding of both electronics and radiation source is needed and is increas‐
ingly required by governments around the world [Chung, 2001]. The radiation may be ei‐
ther electromagnetic in nature, such as X-rays and gamma rays, or charged particles, such as
beta particles and electrons. The lifetime and efficiency of them can be increased by the ef‐
fective shielding. Generally, highly electroconductive materials such like metals are used for
shielding application. However, metals have their own shortcomings like heavy weight, sus‐
ceptibility to corrosion, wear, and physical rigidity [Wu et al., 2006]. Many researches have
been conducted to improve the EMI shielding of polymer materials by coating an electro‐
conductive layer on the surface, incorporating electroconductive fillers, or utilizing electro‐
conductive polymers. Among various electroconductive fillers that have been utilized,
covalently functionalized MWNT is one of the most promising candidates, not only because
of its good electrical conductivity but also because of its ability to improve mechanical prop‐
erties. Recently, the mass production of MWNTs causes price reduction. They are more af‐
fordable for application in nanocomposites [Wu et. al., 2006].

4. Conclusion

Current interest in CNTs has been generated and maintained because nanotubes exhibit
unique properties include high modulus, high aspect ratios, excellent thermal and electrical
conductivities, and magnetic properties not achievable with traditional filler. In this chapter,
MWNTs were subjected to EB irradiation at various doses to determine the incidence of sur‐
face modification and, resultantly, deformation or destruction to the otherwise pristine
graphitic structure. FTIR spectra obtained from EB-MWNT samples provide insight into the
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level of surface modification. The introduced carboxyl groups represent useful sites for fur‐
ther modifications, as they enable the covalent coupling of molecules through the creation of
ester or amide bonds. Consequently, EB-MWNT was covalently functionalized with isocya‐
nate, epoxy, and hydroxyl compounds and their applicability was investigated. As has been
shown in this study, the possible applications of them range widely, from nanocomposite
materials to antibacterial agents. Functional groups such like isocyanate group on MWNT
surface can interact with -OH group in polymers by urethane bonding and result in a better
dispersion of MWNT in polyurethane matrix. Afterward we carry out extensive studies to
investigate the properties and applicability for urethane link polydimethylsiloxane/MWNT
nanocomposites using various isocyanate functionalized MWNT.
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