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Abstract 

Carbon nanotubes (CNTs) have been considered as an outstanding nanomaterial, envisaged 

for developing a new generation of membranes for advanced molecular separation as a result 

of their unique transport properties and ability to mimic biological protein channels. 

Nevertheless, the excellent physical and chemical properties of CNTs make this material 

attractive for other potential applications. For example, free-standing or liberated CNTs are 

nanostructures with excellent properties to develop smart nanocarriers for targeted and 

localized drug delivery. Before these applications become feasible, however, the fabrication 

process of CNTs must be entirely understood in order to produce nanostructures with totally 

controlled dimensions and properties.  So far, some approaches have been used to synthesise 

CNTs, the most representative of which are arc discharge, laser ablation and catalytic 

chemical vapor deposition (C-CVD). However, these fabrication methods present many 

fundamental disadvantages (e.g. expensive equipment, high temperature of synthesis, use of 

toxic and hazardous materials, impurities/contaminations, etc.). Therefore, the physical and 

chemical properties of the resulting CNTs rely both on fabrication method and manufacturer, 

thus preventing the production of standardized CNTs.  

 

In this scenario, this thesis puts forward a catalyst-free CVD approach for fabricating CNTs 

with totally controlled properties (e.g. geometry, shape, chemical composition, surface 

chemistry, etc.) by using nanoporous templates with well-defined chemistry and geometry. As 

a result of its simplicity, versatility, scalability and cost-competitive fabrication process, this 

approach is envisaged for producing CNTs featuring standardized properties, which are 

required for a broad range of applications (e.g. separations, drug delivery, etc.). To develop 

this CVD approach, the optimal conditions for the fabrication of catalyst-free CNTs were 

determined by varying such parameters as temperature, reaction path length, absence or 
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presence of catalyst, type of nanoporous template (i.e. nanoporous anodic alumina (NAA) or 

titania nanotubes (TNTs)) and type of carbon source. The most relevant aspects of this study 

were: 

 

1 – Carbon Source: Two unconventional carbon sources were explored: namely, a mixed 

solution of toluene and ethanol and non-degradable grocery plastic bags. 

 

2 – Nanoporous Template: To understand the mechanism of this catalyst-free CVD approach 

using nanoporous templates, a set of experiments comparing the growth of CNTs inside NAA 

and TNTs were performed. This made it possible to understand the role of the nanoporous 

template in the growth of CNTs as well as to establish of the mechanism of growth of CNTs 

inside these nanoporous templates. 

 

3 – Geometry and Shape: CNTs with different geometries and shapes (e.g. periodically 

modulated diameters) were fabricated by using NAA templates featuring different geometries 

and shapes. This confirmed the capability of the proposed CVD approach to synthesise CNTs 

with desired shapes and geometries, offering new opportunities to develop innovative 

nanostructures for emerging applications. 

 

4 – Chemical Composition: The presence of heteroatoms has a direct impact over the 

synthesis of CNTs. To throw light on this question, the effect of such heteroatoms as nitrogen 

(N), sulfur (S), phosphorus (P) and co-doped sulfur/phosphorus (S/P) on the quality of the 

resulting CNTs was investigated. 

 

5 – Surface Chemistry Functionalization: Chemical modification of the inner surface of CNTs 

was achieved through gas-phase and solvent-free functionalization with different functional 
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compounds (i.e. 1-octadecylamine (ODA), 1,8-diaminooctane (DO) and polyethyleneimine 

(PEI)). 

 

6 – Applications: Finally, CNT membranes and free-standing CNTs obtained by the above-

mentioned CVD approach were used in two significant applications: 

  Sophisticated separation nanodevices (separation): To demonstrate the capability of 

these membranes to selectively tune molecular transport as a function of the interaction 

between molecules and inner surface of CNTs, the transport performance of these 

membranes was analyzed when transporting several dye molecules with positive, 

negative and neutral charge.  

 Smart nano-carriers for delivering chemotherapeutic drugs (drug delivery): Free standing 

CNTs with hydrophilic core were used as nanocontainers for delivering anti-cancer drug. 

These CNTs were loaded with doxorubicin (Dox) and its external surface was 

chemically functionalized with a biodegradable polymer (chitosan) by anchoring its 

polymeric chains to functional groups on the external surface of CNTs.  

The presented results are expected to be the starting point of the development of new 

nanodevices based on innovative CNTs featuring totally controlled properties (i.e. 

standardized product), which could be used in a broad range of research fields and 

commercial applications. 
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closed pores before pore opening. f) Bottom surface after pore opening.  

Figure 3.4. SEM images of CNTs synthetized inside the pores of NAAMs. a) Cross-sectional 

image of prepared CNTs/NAA composite membrane showing CNTs inside NAA pores. b) A 

cross-sectional image of closed NAA pores with inset showing scheme of closed pores. c) 

CNTs structure inside the pores obtained from fractured membranes with inset showing CNTs 

after partial removal of oxide. d-e) High resolution images of CNTs inside the pores showing 

that CNTs have identical shape as the porous structure. 

Figure 3.5. CNTs grown inside NAA templates by catalyst-based and catalyst-free CVD 

approaches. a-b) Overgrowth of CNTs on the top of NAATs caused by catalytic reaction on 

the NAA surface. c) Overgrowth of CNTs caused by ferrocene catalytic reaction from the 

pores. d) TEM image of CNTs prepared after liberation of nanotubes from template showing 

two different types of CNTs (1) iron catalyst induced growth on surface and (2) CNTs grown 

inside pores. e) High resolution TEM image of catalyst growth CNTs. f) High resolution TEM 

image of CNTs grown inside NAA pores.  

Figure 3.6. CNTs/NAA composite membranes prepared by catalyst-free carbon precursor 

(toluene/ethanol). a) Cross-sectional SEM image of the whole membrane. b) SEM image from 

the top surface showing that the growth of CNTs is terminated on the top without overgrowth 

with a high resolution image in the inset. c) TEM image of liberated CNTs grown inside NAA 

pores. 

Figure 3.7. Top surface of CNTs/NAA composite prepared by catalyst-free carbon precursor 

(toluene/ethanol) at different temperatures. a) 650 
0
C. b) 750 

0
C. c) 850 

0
C. 

Figure 3.8. EDX analysis of CNTs synthesised in NAAMs with catalyst carbon precursor 
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(ferrocene/toluene) taken from a) the top of the NAAMs surface and b) the inside of NAAMs 

pores. 

Figure 3.9. CNTs fabrication inside TNTs. a) SEM cross-section image with self-ordered 

TNTs. b) Cross-section SEM image with CNTs inside TNTs. c) TEM image of CNTs 

liberated from TNTs by chemical etching. d) Magnified TEM image of individual CNTs. 

Figure 3.10: Surface morphology of free-standing CNTs produced inside NAA and TNTs as 

templates. a) CNTs produced by the proposed CVD method using NAA template for 15 min 

of deposition time. b) TEM image of a CNTs produced by the proposed CVD method using 

NAA template for 45 min of deposition time. c) CNTs produced by the proposed CVD 

method using TNTs template for 15 min of deposition time. d) TEM image of a CNT 

produced by the proposed CVD method using TNTs template for 45 min of deposition time 

(Scale bars 50 nm). 

Figure 3.11. Overview of the experimental procedure for investigating the catalytic role of 

the graphitic layers of the CNTs in the growth of multiple graphitic layers 

Figure 3.12. TEM images of liberated CNTs fabricated at different CVD times and 

conditions. a) TEM image of CNTs after dissolution of NAAMs. b) TEM image of liberated 

CNTs after CVD deposition for 45 min. c) TEM image of a CNT produced by the proposed 

CVD for 45 min inside NAAMs featuring rough surface as indication of increasing of the 

wall thickness. 

Figure 3.13. High resolution XPS spectra of wide-range and C 1s scan spectrum of catalyst-

free CNTs from NAA and TNTs templates and catalyst-based CNTs. a) Wide-range survey 

spectrum of CNTs produced inside NAA template. b) High resolution XPS spectra of C 1s 

spectrum of catalyst-free CNTs liberated from NAA templates. c) Wide-range survey 

spectrum of CNTs produced inside TNTs template. d) High resolution XPS spectra of C 1s 

spectrum of catalyst-free CNTs liberated from TNTs. e) Wide-range survey spectrum of 
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CNTs produced by catalyst-based CVD process. f) High resolution XPS spectra of C 1s 

spectrum of catalyst based CVD liberated CNTs. 

Figure 3.14. Raman spectra of catalyst-free and catalyst-based CNTs. a) Raman spectra of 

catalyst-free CNTs liberated from NAA. b) Raman spectra of catalyst-free CNTs liberated 

from TNTs. c) Raman spectra of catalyst-based CNTs liberated from NAA. 

Figure 3.15. Schematic diagram showing the fabrication process of CNTs-NAAMs and 

liberated CNTs by the proposed catalyst-free CVD process using non-degradable plastic bags 

as a carbon source. a) As-produced NAAM prepared by electrochemical anodization of Al 

chips. b) Prepared CNTs/NAAM with CNTs embedded in the alumina matrix after the CVD 

process. c) Liberated CNTs after dissolution of the alumina matrix by wet chemical etching as 

an outcome for other applications. 

Figure 3.16. Digital photography of a commercial LLDPE plastic bag. 

Figure 3.17. Set of SEM images of as-produced NAAMs and CNTs-NAAMs fabricated by 

CVD synthesis from commercially available non-degradable plastic bags. a) NAAM template 

top view (scale bar = 500 nm). b) Detail of CNTs embedded in a NAAM template (scale bar = 

100 nm). c) NAAM template cross-section view (scale bar = 25 µm). d) CNTs-NAAM cross-

section view (scale bar = 25 µm). e-f) Magnified views of white squares shown in (c) and (d), 

respectively (scale bars = 250 nm and 2 µm, respectively). g-h) Digital photographs of a 

NAAM before and after CVD of CNTs, respectively (scale bar = 0.5 cm). 

Figure 3.18. EDX analysis of non-annealed CNTs-NAAMs. 

Figure 3.19. Set of comparative SEM images of CNTs-NAAMs fabricated at different CVD 

times by the proposed catalyst-free CVD process using non-degradable plastic bags as a 

carbon source. a) 30 min (scale bar = 100 nm – wall thickness = 4 ± 2 nm). b) 60 min (scale 

bar = 100 nm – wall thickness = 9 ± 3 nm). 

Figure 3.20. Set of SEM and TEM images of CNTs fabricated at different CVD times. a) 

SEM image of CNTs after dissolution of NAAM (i.e. liberated CNTs). b) TEM image of a 
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CNT produced by the proposed CVD for 30 min (scale bar = 10 nm) and c) 60 min (scale bars 

= 20 nm). 

Figure 3.21.  Raman spectrum of liberated CNTs prepared from plastic bags. 

 

Chapter 4 

Figure  4.1. Scheme of fabrication of NAA template and carbon nanotubes with and without 

periodically shaped pore structures using cyclic and normal anodization. 

Figure 4.2.  NAA prepared by electrochemical anodization of Al foils in oxalic electrolyte 

under mild anodization conditions and CNTs/NAA composites prepared by catalyst-free 

carbon precursor (toluene/ethanol). a) SEM image of the surface of NAA pores before CNTs 

deposition. b) CNTs structure inside NAA pores. c) Liberated CNTs after removal of NAA 

template. d) HRTEM image of liberated CNTs grown inside NAA pores. 

Figure 4.3.  NAA prepared by electrochemical anodization of Al foils in oxalic electrolyte 

under hard anodization conditions and CNTs/NAA composites prepared by catalyst-free 

carbon precursor (toluene/ethanol). a) SEM image of the surface of NAA pores before CNTs 

deposition. b) CNTs structure inside NAA pores. c) Liberated CNTs after removal of NAA 

template. d) HRTEM image of liberated CNTs grown inside NAA pores. 

Figure 4.4. Commercial NAA membrane and CNTs/NAAMs composites prepared by 

catalyst-free carbon precursor (toluene/ethanol). a) SEM image of the surface of pores before 

CNTs deposition. b)  CNTs structure inside NAA pores. c) Liberated CNTs after removal of 

NAA template. d) HRTEM image of liberated CNTs grown inside pores of a commercial 

NAA template. 

Figure 4.5. NAA prepared by electrochemical anodization of Al foil in sulfuric acid 

electrolyte and CNTs/NAA composite prepared by catalyst-free carbon precursor 

(toluene/ethanol). a) SEM image of the surface of pores before CNTs deposition. b) CNTs 
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structure inside pores. c) Liberated CNTs after removal of NAA template. d) HRTEM image 

of liberated CNTs grown inside NAA pores. 

Figure 4.6. SEM images of CNTs/NAA composites with different lengths produced in oxalic 

acid. a) 1 μm. b) 10 μm. c) 30 μm. d) 40 μm. e) 50 μm. f) 60 μm. 

Figure 4.7. SEM images of CNTs/NAA composites with different lengths produced in 

sulphuric acid. a) 50 μm. b) 60 μm. c) 80 μm. d) 110 μm. 

Figure 4.8. SEM and TEM images of CNTs grown by catalyst-based CVD method. a) Cross-

sectional SEM image of NAA revealing the growth of CNTs. b) TEM images showing 

liberated CNTs with irregular structure. c-f) Details of Fe nanoparticles embedded inside 

CNTs with different shapes blocking channels.  

Figure 4.9. High resolution SEM images of CNTs prepared at different carbon deposition 

periods by CVD in NAA templates fabricated under hard anodization condition (scale bar = 

100 nm). 

Figure 4.10. SEM and TEM images of CNTs prepared in mild anodized NAA templates 

under different carbon deposition periods. a-c) Deposition time 15 min. b-d) Deposition time 

75 min. 

Figure 4.11. SEM images of CNTs prepared in mild anodized NAA templates for 75min 

under a) discontinuous and b) continuous deposition processes. 

Figure 4.12. SEM images of CNTs prepared in mild anodized NAA templates for 15 min 

under two different temperatures. a) 850 °C. b) 1000 °C. 

Figure 4. 13. NAA templates with pore diameter modulations. a-c) Cross-sectional SEM 

images of NAA templates showing two different patterns of pore shapes with long and short 

pore segment. 

Figure 4.14. CNTs grown inside NAA featuring modulated pore diameter. a) SEM image 

showing CNTs structures inside the NAA pores. d) Cross-sectional image of CNTs with 

periodically shaped structures from the bottom of NAA in case of closed pores. c) Details of 



xxiii 

 

CNTs structures obtained from fractured CNTs/NAA composite. d-e) CNTs inside NAA 

nanopores after partial removal of oxide showing periodically shaped CNTs outside pores.  

Figure 4.15. CNTs with periodically shaped morphology with a) long, b) middle and c) short 

segments prepared using shaped NAA template. Inset in b) shows the shape of pore and 

corresponding CNTs structure. d) Liberated CNTs with shaped structure and closed bottom 

after removal of NAA template. e-f) TEM image of CNTs. 

Figure 4.16. Set of cross-sectional images of CNTs with periodically shaped morphology 

prepared using different NAA templates with a-b) very long (2 µm), c-d) middle (1 µm) and 

e-f) very short segments (150 nm). 

Figure 4.17. CNTs with shaped morphology, which combines: flat, short and long periodic 

segments in one NAA templates. The scheme of CNTs structure is presented at the center. 

Figure 4.18.TEM image of liberated CNTs with shaped structure and closed bottom after 

removal the NAA template prepared in sulfuric acid electrolyte. 

Chapter 5 

Figure 5.1. Schematic diagram showing the fabrication of doped CNTs/NAA composites 

Figure 5.2. SEM images of doped CNTs synthetised inside NAATs. a) Undoped CNTs (0-

CNTs). b) Sulphur doped CNTs (S-CNTs) synthesised form Ph2S2 for 30 min. c) Phosphorous 

CNTs (P-CNTs) synthesised form TPP for 30 min. d) Cross-sectional image of prepared P-

CNT/NAATs composite showing CNTs inside pores with identical length to the template 

thickness from TPP for 30min. e) Magnified view of P-CNT/NAATs structure.  

Figure 5.3. SEM images and EDXS analysis of free-standing doped CNTs after liberation of 

nanotubes from NAA template. a) Undoped CNTs (0-CNTs). b) Phosphorous doped. c) 

Sulphur doped CNTs. d) Sulphur doped CNTs. e) Sulphur/phosphorus doped CNTs (1:1). 
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Figure 5.4. TEM images of doped CNTs after liberation from template showing different 

walls thicknesses. a) 0-CNTs. b) P-CNTs. c) S-CNTs (Ph2S2 100%). d) S-CNTs (Ph2S2 50%). 

e) P/S-CNTs (1:1). 

Chapter 6 

Figure 6.1. Schematic of fabrication CNT/NAA composites by CVD growth of carbon 

nanotubes by chemical attachment of long-chain aliphatic amines to the inner surface of 

pristine CNTs: octadecylamine (ODA), 1,8-diaminooctane (DO) and  branched 

polyethylenimine (PEI). 

Figure 6.2. SEM images of a) 0-CNTs. b) Magnified view of 0-CNTs. c) DO-CNTs. d) 

Magnified view of DO-CNTs 

Figure 6.3. Low and high resolution TEM images of a-b) 0-CNTs. c-d) PEI-CNTs. e-f) DO-

CNTs. 

Figure 6.4. Comparative XPS C1s spectra of a) DO-CNTs/NAA composite (inner surface) 

and b) DO-CNTs (outer surface) liberated from NAA template. Pristine CNTs (0-CNTs) were 

used as a control. 

Figure 6.5.  XPS survey scan spectrums of the 0-CNTs, PEI-CNTs, DO-CNTs and ODA-

CNTs as a function of the amount of N.  

Figure. 6.6. a-b)High resolution C 1s of 0-CNTs , and b-c) High resolution C 1s and N 1s of 

PEI-CNTs,  d-e and g-f) shows high resolution N 1s,C1s of DO-CNTs and ODA-CNTs 

respectively. 

Figure. 6.7.  FTIR spectra of CNTs+PEI, and CNTs+PEI+AcOH samples, in comparison 

with the spectrum of CNTs before the functionalization. 
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Chapter 7 

Figure 7.1. Schematic diagram of fabrication CNT/NAA composites by CVD growth of 

carbon nanotubes inside of NAA pores. 

Figure 7.2. U-tube permeation cell used to perform our study about ionic transport of dye 

molecules through CNTs-NAAMs. 

Figure 7.3. Calibration curves relating the absorbance value with the concentration of each 

dye in the permeate cell (absorbance was measured at wavelengths 553, 543 and 455 nm for 

(RosB)
2-

, (Ru(BPY)3)
3+

 and  RhoB, respectively). a) Calibration curves and linear fittings. b) 

Chemical structure of molecular dyes used in our diffusion studies. 

Figure 7.4. XPS analysis of liberated CNTs. a) XPS spectrum of non-annealed CNTs. b) XPS 

spectrum of annealed CNTs. 

Figure 7.5. TEM magnified views of liberated CNTs before and after annealing treatment. a) 

TEM magnified view of wall structure of non-annealed CNTs (scale bar = 5 nm). b) TEM 

magnified view of wall structure of annealed CNTs (scale bar = 5 nm).  

Figure 7.6. Molecular transport study through CNTs-NAAMs produced by the proposed 

CVD process. a) Diffusion of (RosB)
2-

 through as-produced NAAMs and CNTs-NAAMs. b) 

Diffusion of (RosB)
2-

, Ru(BPY)3)
3+

 and RhoB through CNTs-NAAMs. c) Diffusion of 

Ru(BPY)3)
3+

 through non-annealed and annealed CNTs-NAAMs. d) Diffusion of a mixture of 

RhoB and Ru(BPY)3)
3+

 through CNTs-NAAMs showing the potential of these membranes to 

perform selective separations of molecular mixtures. 

Chapter 8 

Figure 8.1. Schematic showing application of liberated CNTs for developing smart 

nanocarriers for localized drug release over cancer cells. 
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Figure 8.2. SEM images of CNTs or CNCs. a) without chitosan coating (high resolution 

image in inset, sale bar 1 µm) and b) with chitosan coating. 

Figure 8.3. Drug (Dox) release plots for uncoated and chitosan coated CNTs or CNCs in a 

buffer of pH 7.0 and at a temperature of 37 
0
C for different time periods. a) Burst release of 

360 min. b) Complete release including burst and sustained release for 9 days. 

Figure 8.4. Light micrograph of TXSA cancer cells treated with drug loaded CNCs, empty 

CNTs and Dox, in two different concentrations of 100 and 200 µL. The volume of the dosage 

in each case was maintained to 1mL in PBS. Measurements were taken after 24 h of 

incubation with the Dox-loaded CNTs/CNCs, empty CNTs and pure Dox. 

Figure 8.5. Light micrograph of TXSA cancer cells stained in crystal violet after 5 days of 

incubation with the Dox-loaded CNTs/CNCs, empty CNTs and pure Dox. 

Figure 8.6. Light micrograph of empty CNT treated human foreskin fibroblasts (HFF), 

stained in crystal violet after 5 days of incubation with the CNTs or CNCs. The two different 

concentration of dosage is compared with control. The dosage volume was maintained at 1 

mL in each case. 

Figure 8.7. Comparative cell viability analysis on the 5
th

 day. a) Drug loaded carbon 

nanocapsules (CNCs), empty carbon nanotubes (CNTs) and pure drug (Dox) when treated up 

on TXSA cancer cells; studied against control (treated with equal volume of PBS). b) Empty 

carbon nanotubes (CNTs) on human foreskin fibroblasts (HFF) as an attempt to study CNT 

mediated cytotoxicity, if any.  
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CHAPTER 1: INTRODUCTION 

1.1 Discovery of Carbon Nanotubes 

Carbon is one of the most significant elements that can form different allotropes featuring 

distinct structures [1]. Until the late 20
th

 century, all carbon-crystalline materials were thought 

to be present in two allotropic forms – graphite and diamond. Carbon crystallizes under high 

temperature and pressure in the diamond cubic crystal system. Their isomer structures consist 

of a spatial network of tetrahedral, covalently bonded carbon atoms. These structures are 

linked by sp
3
 bonded atoms (i.e. sp

3
 hybridized atoms). Therefore, coordination of the four 

valence electrons in carbon crystals is completely satisfied in all dimensions, making diamond 

isotropically strong [2]. Carbon becomes graphite under high temperature and pressure 

conditions. Graphite structure consists of a planar sheet with hexagonally arranged networks 

of carbon atoms. These carbon atoms are sp
2
 hybridized and only three out of the four valance 

electrons are bonded covalently between adjacent atoms in a planar sheet. The fourth electron 

represents the mobile π-electron and that is the reason of why the resulting material possesses 

electronic conductivity. Graphite has two bonds, one strong in-plane associated with sp
2
 type 

bonding which makes the structure layered, and one weak out-of-plane related to Van der 

Waals’ force [2, 3]. Graphite, therefore, is weak between its planes and is known to be a soft 

material because of its capability to slide along the basal planes [2]. The belief that there were 

only two carbon-crystalline allotropes was shattered in 1985, when a group of scientists at 

Rice University discovered closed, cage-like carbon molecules in other words, closed-shell, 

all-carbon molecules. These carbon structures were subsequently called fullerenes, of which 

the football-shaped C60 is the most known [4]. After the discovery of fullerenes, which was 

awarded by Nobel Prize in Chemistry year 1996 many research studies were focused on the 

characterisation of different types of C60 produced by electric arc method (i.e. synthetic 

fullerenes). Advances in transmission electron microscopy (TEM) resulted in the recognition 
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of different carbon cluster structures. In 1991, these experiments resulted in the discovery 

totally by accident of carbon nanotubes by Sumio Ijima [4].  

 

These carbon nanostructures were a by-product found at the cathode during electric arc 

discharge experiments to produce C60 molecules. The structure of CNTs can be defined as an 

elongated fullerene molecule consisting of 12 pentagons and millions of hexagons bound by 

two members of fullerenes at the trimmings [5] (Figure 1.1). It is noteworthy that, in spite of 

carbon nanotube material has been one of the most studied topic since its discovery in 1991, 

this is an up-to-the-minute material in the field of nanotechnology due to their unique set of 

physical, chemical, optical, electrical, transporting and, more recently, therapeutic properties. 

 

 

 

Figure 1.1. Multi-wall carbon nanotubes discovered in 1991 by S. Ijima (Source [5]). 
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CNTs can be present as either single isolated tubes, called single-wall carbon nanotubes 

(SWCNTs) with a diameter of about 1-2 nm, or as a series of concentric nanotubes, called 

multi-wall carbon nanotubes (MWCNTs). The latter are known as either double-wall carbon 

nanotubes, which features two concentric CNTs (DWCNTs) with diameter between 3-30 nm, 

or MWCNTs, which have a high number of concentric nanotubes (Figure 1.2) [2, 6, 7].  

 

Figure 1.2. Schematic diagrams of single- and multi-wall carbon nanotubes. a) Single-wall carbon 

nanotubes (SWCNTs). b) Multi-wall carbon nanotubes (MWCNTs). (Source [7]). 

 

CNTs are typically depicted as a cylindrical sheet of graphite, which is closed at its end with a 

hemisphere of fullerene. This reveals that, at some point during the growth process, 

nucleation of pentagon rings occurs to initiate the closing mechanism [2, 5]. Based on the 

direction of rolling up of the graphite sheet relative to its diameter and helical geometry, the 

resultant carbon nanotube can be either metallic or semiconducting, which can be 

distinguished depending on the difference in energy configuration. This can be seen clearly in 

Figure 1.3 [8]. 
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Figure 1.3. Schematic diagram showing the electronic properties of two different carbon nanotubes 

(Source [1, 8]). a) The armchair nanotube (5,5) represents the behavior of metallic CNTs (finite value 

of charge carriers in the density of states (DOS) at the Fermi energy level). b) The zigzag nanotube 

(7,0) represents a small gap semiconductor (no charge carriers in the DOS at the Fermi energy level). 

Sharp spikes in the DOS are van Hove singularities for both tubes. 

 

As a result of the orientation of the graphite sheet relative to the tube axis and its diameter, 

CNTs can be produced featuring three chiralities [9, 10]. This structure of carbon nanotubes 

can be illustrated by means of two indices, n and m, which are defined as the Chirality 

Vectors and are related to both the nanotube diameter (d) and the chiral angle (). This 

relationship is described by Equations 1, 2 and 3: 
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where, 1â and 2â are primitive vectors, n and m are integers, hĈ  is the chiral vector and a 

represents the bonding distance between carbon atoms.  
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Figure 1.4 depicts an idealized carbon nanotube configuration, from which the three 

chiralities can be identified [2, 9, 11]: 

1 – Zigzag: Two sides of each hexagon are parallel to the nanotube axis. 

2 – Armchair: Two sides of each hexagon are oriented perpendicular to the nanotube axis. 

3 – Helical: Each pair of the hexagon sides is arranged at an angle either 0º or 90º relative to 

the CNT axis. 

 

Figure 1.4. Chiralities in CNTs (Source [7, 10]). a) Graphite sheet describing the chiral vector. b) 

From left to right: armchair, zigzag and helical carbon nanotube structures. 

 

1.2 Techniques to Synthesise Carbon Nanotubes 

From the technical point of view, the most important aspects of the fabrication of CNTs are 

[6,7,8,10,11, 12]:  

1 – Applied energy to decompose carbon precursors (i.e. carbon source). 

2 – Physical and chemical composition of the carbon source. 

3 – Presence and type of catalyst. 

4 – Saturation point, which occurs when the concentration of the decomposited carbon from 

the source is deposited around the catalyst. 



6 

 

5 – Other minor factors: 

5.1 – Source of energy or combination of different sources of energy.  

5.2 – Substrates for the growing carbon nanotubes, which can be processed to control the 

geometry of the resulting carbon nanotubes. 

 

According to the different types of energy source, there are three main methods of production 

of CNTs. All these methods use transition metals as catalysts in order to produce SWCNTs. 

These three methods are arc discharge, laser ablation and chemical vapor deposition 

[6,7,8,10,11,12] 

1.2.1 Arc Discharge 

As was commented previously, this method was at the discovering of carbon nanotubes by 

Ijima in 1991. In this method, an electric arc discharge is generated between two graphite 

electrodes with particular dimensions, which are immersed in an inert atmosphere of neutral 

gases (i.e. buffer gases) and graphite is evaporated as a result of the high temperatures 

generated by the arc discharge (i.e. about 3000-4000 K) [15,16]. This process can be carried 

out under low pressure and various atmospheres such as helium (He), hydrogen (H2) [13], 

nitrogen (N2) [14], argon-hydrogen (Ar-H2) and hydrocarbons [15]. The resulting SWCNTs 

and MWCNTs, which require the presence of a metallic catalyst, have a high crystalline 

content, although they are moderately impure, containing small concentrations of defects. 

These defects consist of additional undesirable carbonaceous material. So an additional 

purification step is necessary in order to obtain pure CNTs. This is typically achieved via 

gasification by oxygen, carbon dioxide and hydrogen plasma. The arc discharge is a relatively 

expensive technique, which cannot be scaled and is limited to gram scale. Figure 1.5 

illustrates this method.  
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Figure 1.5. Schematic illustration of the arc discharge technique for synthesizing CNTs, which 

consists of two graphite electrodes to produce direct electrical current in an inert gas atmosphere 

(Source [12]). 

 

1.2.2 Laser Ablation  

This technique uses a pulsed laser beam to vaporize a piece of graphite [12]. The graphite 

piece sits in an inert atmosphere in the interior of a quartz tube inside a tubular furnace. The 

graphite piece, which is evaporated by a laser beam, condenses on the walls of the quartz tube 

producing MWCNTs and nanoparticles, which are subsequently swept away by the flowing 

buffer gas. To produce SWCNTs, catalyst particles such as cobalt (Co) or nickel (Ni) must be 

used. When laser ablation is used as the arc discharge method, the resulting CNTs are highly 

tangled, presenting a high number of impurities and by-products. Figure 1.6 depicts the laser 

ablation technique to produce CNTs [12]. 
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Figure 1.6. Schematic diagram of a laser ablation system (Source [12]). Laser beam vaporizes a target 

of graphite placed in a horizontal tube under flow of inert gas at 1200 °C. The resulting CNTs are 

deposited and cooled on the walls of the quartz tube by a water-cooled collector. 

 

Notice that the arc discharge and laser ablation methods have limitations. Some examples of 

these are CNTs with tangled/bundled sections, presence of metallic and carbonaceous 

particles (i.e. impurities) and lack of control over the CNTs geometry. Furthermore, they 

require complicated and time-consuming additional purification procedures using a variety of 

chemical treatments, which prevent the resulting CNTs from being used in many applications, 

including biological ones. These limitations stimulated the development of the chemical vapor 

deposition (CVD) technique. 

 

1.2.3 Chemical Vapor Deposition (CVD) 

CVD process is one of the most widely accepted and promising methods for producing CNTs 

worldwide. This technique has many advantages to produce CNTs as compared to arc 

discharge and laser ablation. Some of these are its flexibility, low-cost, easy implementation 

and, most crucial, its scalability for large-scale production (Figure 1.7). [16,17,18]. This 

synthesis method involves three basic steps:  
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1 – To prepare the catalyst (e.g. iron, nickel, cobalt or molybdenum) either as metal particles 

or alloys supported on a substrate. 

2 – The substrate must be placed in a furnace and the catalyst is exposed to reducing agents 

like H2 or ammonia (NH3). 

3 – A precursor such as methane, xylenes, ethylene, acetylene, ethanol, organometallic 

sources or mixed gases is injected into the furnace[7, 16, 17,18]..  

When the system is heated at high temperatures ranging from 500 ºC up to 1000 ºC, the 

carbon disassociation takes place and carbon is deposited on the surface of the catalyzed 

substrate.In contrast with arc discharge and laser ablation, the resulting CNTs have a high 

percentage of purity, which minimizes or suppress further purification stages [7, 16, 17]. 

Furthermore, the CVD technique is capable of synthesis CNTs with uniform diameter (in 

particular, SWCNTs). The geometry of CNTs can be controlled by the size of the particles of 

catalyst, which typically ranges from 0.7 to 3.0 nm. These CNTs are grown as nanotube 

arrays, vertical to the substrate surface (Figure 1.8) [19]. 

 

Despite the fascinating outcomes that CVD can offer, this technique still has great 

technological challenges to be addressed. Moreover, CVD is also similar to the 

aforementioned methods (i.e. arc discharge and laser ablation) regarding its complete 

dependence on the presence of catalyst. This issue, however, can be addressed by the use of 

nanoporous templates with catalytic properties such as NAA and TNTs [98-100]. 
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.  

Figure 1.7. Schematic diagram of a chemical vapor deposition reactor for carbon nanotube synthesis 

(Source [18]). 

 

 

Figure 1.8. A scanning electron microscope (SEM) image of aligned CNTs featuring diameters of 40-

50 nm grown by CVD (Source [19]). 

 

 

Surface chemistry of the carbon nanotubes is considered a predominant factor that should be 

taken into account for achieving high level of performance from CNTs in wide range of 

applications. Especially, for drug delivery and toxicity applications, where biocompatibility of 

CNTs comes as a prime concern and needs establishment of synthesis and functionalization 

techniques to increase the biocompatibility of the tubes. Secondly, for transporting & 

separation applications, where chemical treatments and the presence or absence of oxygenated 

functional groups affect the transporting/separation performance of CNTs either by modifying 

the interactions between the tubes and the transported/separated molecules.    
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1.3 Surface Chemistry: Oxygen Containing Functionalities on 

Carbon Nanotube Surfaces and Outer Surface Modification 

Surface chemistry of CNTs is a key factor that must be taken into account for achieving a 

high level performance of these nanostructures in a wide range of applications [20]. In 

particular, toxicity and biocompatibility of CNTs are directly related with their surface 

chemistry [20-22]. Furthermore, the presence or absence of oxygen containing functionalities 

(e.g. -OH, -CO and -COOH) have a direct effect over the transporting/separation performance 

of CNTs as they modify the interactions between the nanotube walls and the 

transported/separated molecules [20-26]. The graphite-like sp
2
 carbon groups in SWCNTs 

and MWCNTs [20-23, 27-38] create adjacent sp
3
 defects, which can produce impurity states 

close to the Fermi level [21-26, 32, 39-45] and alter electronic properties of CNTs as 

conductivity [20, 48, 49] or their solubility in aqueous solutions [50-54]. To control the 

surface chemistry of CNTs via functionalization improves the performance of these 

nanomaterials as catalysts [34], microscopy tips [30], transporting/separation devices and also 

drug delivery nanocarriers [55-60]. Usually, as-produced SWCNTs and MWCNTs contain 

impurities that worsen the performance of CNTs for some applications. Some examples of 

these are blocked nanotubes, which hider the transport performance, while amorphous carbon, 

defects, vacancies, and catalytic contaminations, which can be toxic for biological systems [9, 

21, 22, 24, 32, 50, 52, 61-65]. Oxidation is one of the most widespread methods used to purify 

CNTs. Typically, some oxidizers such as nitric acid (HNO3) [22, 23, 53, 63], sulfuric acid 

(H2SO4) [22-24, 40, 44, 53], oxygen (O2) [66], ozone (O3) [66], perchloric acid (HClO4) [66, 

67] and hydrogen peroxide (H2O2) [63, 64] are used to break the passivating carbon shells and 

remove residual catalyst particles [20-23, 30, 33, 34, 40, 50, 53, 62, 66, 68-72].  

Functionalization is a crucial factor for improve biocompatibility of CNTs and perform their 

in-vitro and in-vivo monitoring of CNTs bioavailability and uptake inside the target cells [87]. 
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For instance, the uptake of CNTs into the cytoplasm can be tracked through fluorescence 

microscopy by attachment of florescent agents via linkage to the surface of CNTs with 

functional groups [87]. This makes it possible to visualize the internalization of nanotubes 

inside the cells (Figure1.9) [87]. 

 

 

Figure 1.9. Schematic diagram showing various labeling strategies for SWCNTs (Source [87]). a) 

EDC, 5-(5-aminopentyl) thioureidyl fluorescein. b) EDC, biotin- LC-PEO-amine.  c) fluorescein 

modified streptavidin. 

 

Another interesting aspect of functionalization is that this can modify the mechanical 

properties of CNTs. It is known that the mechanical properties of CNTs are associated with 

their unique regular hexagonal structure or "honeycomb lattice" in the sidewall surface [23, 

88]. However, when sidewalls and caps of CNTs are functionalized, there is a high possibility 

of breakage in these sites [23, 39].  

 

So far, it has been reported that there are two major paths suitable for surface modification of 

CNTs [42, 89, 90]. Non-covalent and covalent surface functionalization. The former can be 

accomplished chemically by dispersing CNTs within aqueous solutions of three different 

molecules as surfactants (anionic, cationic and nonionic surfactants Figure 1.10) [91], 

polymers and biopolymers [23, 80, 89, 92]. Non-covalent functionalization is a quick and 
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easy procedure, which is usually carried out by dispersing CNTs with the assistance of 

ultrasonication, filtration and centrifugation [82, 89, 91]. These provide the energy for 

breaking up the large bundles of nanotubes resulting in more effective dispersion [82, 89]. 

The great advantage of non-covalent functionalization of CNTs is that it is reversible and no 

defects are generated into the graphitic configuration, which is essential to retain the highest 

conductivity of individual CNTs. Therefore, all the properties of the CNTs are preserved [73, 

82, 89]. 

 

The dispersion mechanism of CNTs is based on the ability of molecules to work as a 

dispersing agent. These generate bridges between the hydrophilic solvent (e.g. water is 

preferable for biomedical applications) and the hydrophobic surface of CNTs to obtain a high 

degree of dispersion [93]. Additionally, it has been found that the interactions between 

wrapping molecules (or surfactants) and CNTs might be attributed to hydrophobic 

interactions and/or π – π interactions between carbon nanotubes and dispersants. Therefore, 

electrostatic interactions are the mainly-suggested mechanism by which non-covalent 

functionalization can result in the dispersion of CNTs [82, 89]. 

 

 

Figure 1.10. Schematic representation of the absorption of surfactants onto the surface of CNTs by 

non-covalent functionalization (Source [91]). (SDBS = sodium dodecylbenzenesulfonate, SDS = 

sodium dodecylsulfate). 
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As for covalent chemical functionalization, this converts the valence of carbon atoms in CNTs 

from sp
2
 to sp

3
. This approach always leads to incisive damage to the external shell structure 

of CNTs, which will cause disruption to the extended systematic carbon conjugation and also 

deteriorate the conductivity of CNTs [20-24, 26, 41, 46, 50, 52-53, 63-65, 68, 70-72,83, 84, 

93,94]. A few examples of such functionalization schemes are illustrated in Figure 1.11 [97]. 

 

Figure 1.11. General scheme summarizing surface modifications of carbon nanotubes (Source [97]). 

 

Finally, it is worth noting that the most common strategies used to investigate the presence of 

oxygen functional groups in CNTs are infrared spectroscopy (IR) [21-23, 31-33, 36, 37, 43, 

44, 47, 50, 52, 53, 63, 65, 67, 73-76], x-ray photoelectron spectroscopy (XPS) [77-80] and 

Raman spectroscopy [20-22, 25, 27, 32, 33-38, 40, 41, 43, 44, 50, 53, 56, 67, 71, 75, 78, 80-

83]. Thermogravimetric analysis (TGA), nuclear magnetic resonance (NMR), and Boehm 

titration [27, 30, 31, 33, 44, 74, 77, 82]. However, these techniques do not have the capability 

to reveal the specific site of functional groups in the CNTs structure (e.g. inner or outer 

surface).  
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1.4 Template Synthesis 

In the template synthesis method nanoporous or macroporous materials produced by different 

approaches are used as templates for fabricating one-dimensional (1D) nanostructures, via 

deposition of the desired materials within the pores of the template [98-100]. After deposition, 

the template can either be selectively and completely removed to produce free-standing 1D 

nanostructures or partially to produce composite nanostructures. This scalable, cost-

competitive and flexible process is a very promising and powerful method used for 

fabricating nanostructured materials. Amid the different nanoporous materials, such as NAA 

and TNTs perapared by self-ordering electrochemical anodization process are considered to 

excellent templates as their porous geometry is well-defined and can be engineered by cost-

competitive and scalable electrochemical approaches. So far, a vast range of nanostructures 

made of different materials (e.g. metals, metal oxides, semiconductors, carbon, polymers, and 

diamond) have been successfully grown inside NAA and TNTs templates [98-100].  

 

1.4.1 Introduction to Nanoporous Anodic Alumina for Tailored Fabrication 

of Nanomaterials  

NAA is fabricated by unique self-ordering process by electrochemical anodization from 

aluminum foils [98]. This is a relatively simple, scalable and cost-efficient process that results 

in the generation of a high density of parallel cylindrical nanopores in an alumina matrix [99]. 

Self-assembly, or the spontaneous organization of small units into large scale ordered 

structures. This synthesis concept provides a cost efficient and elegant route for generation of 

ordered and hierarchically organized complex and functional nanomaterials at nanometric 

scale [99]. An analogous process described as anodic self-ordering happens during the 

electrochemical anodization of selected valve metals where highly ordered arrays of 

nanopores or nanotubes structures can be obtained. This is a result of two competitive and 
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continuous processes including oxide dissolution at the electrolyte/oxide interface, and the 

oxidation of metal at the oxide/metal interface. This porous oxide on a metal surface is close-

packed hexagonal and perpendicular oriented array of columnar cells of oxide, each 

containing a central pore in which the size, length, and interval can be controlled by changing 

the anodization conditions [99]. Many studies were performed to understand critical 

parameters for formation NAA with perfectly ordered pore structures including purity of Al 

substrate, electrolytes, voltage, temperature and so on. Finally the “two-step anodization” 

approach was discovered by Masuda which makes it possible to exquisitely control the 

diameter and length of the nanopores of NAA by the anodization parameters [100]. In this 

process, first, the aluminum foils are electrochemically polished in order to obtain a smooth 

surface at nanometric scale. The initial anodizing step involves anodizing the aluminum foils 

to form a thick oxide layer with a non-uniform pore size distribution. After this, that oxide 

layer is dissolved, leaving behind a dimpled aluminum surface. The second anodization step 

is conducted to form an oxide layer with hexagonally arranged nanopores featuring a regular 

size distribution. Additional post-treatments make it possible to widen the diameter of pores 

or open their bottoms by removal of the oxide barrier layer [100-105].  

Anodization of aluminum can be carried out at constant current (galvanostatic) or constant 

voltage (potentiostatic). Two different types of oxide film can be produced by this 

electrochemical approach [106-110]. One is the barrier-type anodic film, which possesses a 

similar structure to that of the natural oxide film formed in the atmosphere. Common 

electrolytes used for producing barrier-type film structure are based on ammonium borate, 

boric acid, ammonium titrate and a number of organic electrolytes such as oxalic, citric, 

malic, succinic and aqueous phosphate solutions. Tetraborate in ethylene glycol, perchloric 

acid and ethanol and glycolic acids are also valid options [106, 111, 112]. The anodization 

voltage is a key factor to control the thickness of the barrier layer and its dependence is 

estimated to be 1.3–1.4 nm V
-1

. The type of oxide film is the so-called NAA, which consist of 
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an alumina film with nanopores. This can be represented schematically as an alumina matrix 

containing hexagonally arranged nanopores (Figure 1.12). The pore diameter can be 

controlled by varying the potential, which usually ranges between 25-195 V. This oxide film 

is produced by anodization of aluminum in acidic electrolytes such as aqueous solutions of 

sulfuric, oxalic, phosphoric, and chromic acid. The interpore distance (i.e. distance between 

adjacent nanopores) can be modified by using different electrolytes and anodization voltages. 

The most typical anodization conditions are summarized in Table 1.1 [111-115]. 

 

Table 1.1. Typical anodization conditions and pore geometry in NAA produced by anodization of 

aluminum (Source [115]). 

 

Figure 1.12. Schematic diagram showing the basic structure of NAA, where Dint, Dp, Lp, and Lb are 

inter-pore distance, pore diameter, pore length, barrier layer thickness, respectively. 

 

The two-step anodization method makes it possible to produce a broad variety of 1D 

nanostructures such as nanotubes, nanowires, nanorods and nanomembranes with totally 
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controlled dimensions, which are dependent on the pore dimensions of the NAA template and 

the synthesis conditions [100-105]. In particular, the use of NAA for synthesizing CNTs 

enables the production of nanostructures with desirable size and geometry, which are 

transferred to the replicate carbon nanostructure via template synthesis [116-119]. In this way, 

the disadvantage of CNTs as non-standardized product can be avoided through this synthesis 

approach. 

 

1.4.2 Template-Assisted Synthesis of Carbon Nanotubes and Nanocapsules 

Carbon nanotubes can be synthesised utilizing the template-assisted method adapted from 

pyrolytic carbon deposition inside NAA templates. Many research groups have made 

extraordinary contributions to the synthesis of CNTs using nanoporous anodic alumina as 

templates. The earliest report about template synthesis of MWCNTs was reported by Kyotani 

et al. in 1995, who used NAA as a template [117-120]. In this study, NAA templates with two 

different pore diameters were used, 230 nm (commercial NAA) and 30 nm (NAA prepared by 

the two step anodization process). The resulting CNTs featured different wall thicknesses, 

replicating the dimensions of the NAA template. Notice that CNTs of 30 nm were transparent 

under SEM observation due to the extremely thin graphitic walls. These results clearly 

demonstrate the ability to precisely control the morphology and chemistry of the prepared 

CNTs using a catalyst-free CVD template-assisted synthesis, which is capable to produce 

multi-layered and doped CNTs. Recently, synthesis of doped CNTs with interlayer spacing 

“double coaxial structure” was successfully performed by shifting the feedstock of the 

precursors from propene (C3H6) to acetonitrile (CH3CN). Elemental analysis of N-doped 

CNTs confirmed the presence of two layers, one of pure carbon (outer) and another doped 

with nitrogen (inner layer). A nitrogen doping level of 3.2 % of the total mass was 

successfully achieved (Figure 1.13) [121-123].  
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Figure 1.13. Synthesis of conventional and N-doped MWCNTs with double coaxial structure (Source 

[121]). 

 

When NAA templates with closed pores are used, the aforementioned CVD process yields 

carbon nano-test-tube or nanocapsules (CNCs). This process is illustrated in Figure 1.14. 

This study explored the effect of the CNTs length on their dispersion in water. It was found 

out that the optimal CNT length was 5 µm. CNTs featuring that length showed a high level of 

dispersion in comparison to other ones studied in this work (0.5 µm, 1 µm and 20 µm) [124]. 

Most importantly, these CNCs were water soluble without further purification or 

functionalization step which can be explained by two reasons. First, the dependence of 

dispersion on crystalinity and second, introduction of active functional groups onto the CNTs 

structure during the liberation step. Nevertheless, it is worthwhile noting that no study has 

reported about the generation of active functional groups in CNTs during the liberation 

process.  
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Figure 1.14: Formation route of CNT “test tubes” by the template process (Source [124]). 

 

CNTs can be also produced by template-assisted synthesis in NAA templates combined with 

catalysts. This can be achieved by filling the NAA pores with catalyst prior to growing the 

CNTs. In this process, first, catalysts in inactive form (metal nanoparticles of Fe, Ni and Co) 

are deposited in NAA templates by simple impregnation or electrochemical techniques [18, 

125, 126]. Then, the catalyst is activated by exposing the NAA template impregnated with 

metal to a hydrogen stream at elevated temperatures. The resultant CNTs, however, suffer 

from a high amount of defects including coarser and ill-crystallized CNTs walls compared to 

the CNTs derived from direct CVD inside NAA templates. In addition, it has been 

demonstrated previously that the condition of the carbonization process is the key factor to 

control the integrity of the resultant CNTs.  

To date, the widespread applications of CNTs are still facing the bottleneck of many 

drawbacks as, fabrication difficulty and processing [127].  Such difficulty is realized in the 

mass production of CNT with both low-cost accompanied with high quality (no amorphous & 
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catalyst presence) and selective production of controlling the characteristic structure including 

electronic properties of CNT and thirdly is the organization. 

So that this thesis will explore these issues to overcome these problems of fabrications and 

one fundamental key is, understanding the different mechanism of the CNTs formation. This 

can be rationalized studying the effect of the template and precursor natures on the structure 

of the resultant CNTs. Therefore, it can be stated that from the fabrication approach several 

drawbacks still have to be resolved and there are still many questions that need to be explored 

if the CNTs/NAA, and the obtained free standing CNTs after the dissolution of the NAA 

applications are to be better investigated. 

  

1.5 Carbon Nanotubes Membranes 

1.5.1 Membrane Definition 

There are several definitions of membrane depending on the application and field of study. In 

biological science, a membrane is a cellular film composed of a lipid bi-layer containing 

highly selective proteins. For chemical engineers, membranes are barrier films that can 

selectively transport certain chemical species. For instance, a reverse-osmosis membrane 

consists of a polymer film based on cellulose acetate, which permits water to cross-flow 

whereas salts are retained. This process is utilized to desalinate sea water. Based on the pore 

size, membranes can be categorized into three different types [128, 129]:  

1 - Macroporous membranes, which possess pore diameters larger than 50 nm.  

2 – Mesoporous membranes, which feature pore diameters between 2 and 50 nm. 

3 – Microporous membranes, with pore diameter smaller than 2nm. 

Typically, membranes are used as stationary phase to separate components of mixtures. A 

variety of factors contribute to the separation process [128, 129]:  
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1 – Physical interactions between molecules and membrane (size exclusion or Molecular 

weight cut-off) 

2 – Molecular diffusion 

3 – Chemical composition of molecules and chemical affinity between the constituents of a 

mixture with membrane 

4 – Pore size, length and surface chemistry of membranes 

5 – The use of external forces for molecular separation (pressure, voltage and magnetic field) 

 

Regarding their unique transport properties CNTs attracted enormous research interests in 

membrane science for development of one of the most advanced and efficient membranes and 

separation devices. CNTs membrane in brief can be defined as tubes or a film structure 

composed of an array of nanotubes that are either structurally arranged randomly or vertically 

aligned on a support. Membranes based on CNTs are envisaged for a broad range of 

applications. However, before this becomes feasible, it is necessary to understand the 

interaction between molecules and the graphitic surface of carbon nanotubes, which will lead 

to more efficient separation processes and devices. The earliest investigation about interaction 

between inner walls of CNTs and molecules was reported by Ajayan and Ijima in 1993. 

However, their results were not satisfactory as less than 1 % of the nanotubes were filled 

[130]. This problem was addressed in a later publication in 1993 [131], when the ends of the 

CNTs were opened by gas oxidation. Details about wetting and capillary behavior of carbon 

nanotubes were reported in 1994 and 1998 by Dujardin et al [132, 134]. It can be concluded 

from the above-mentioned studies that the interaction between molecules and inner walls of 

CNTs is based on a variety of mechanisms, including electrostatic, solubility and diffusion. 

 

In that regard, two types of interactions CNTs-molecules can be identified:  

1 – Capillary action [106, 130, 132, 135]. 
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2 – Wetting action [131, 134, 136, 137]. 

CNTs membranes are also excellent materials for separating/transporting gas molecules. So 

far, several researchers have conducted studies about the molecular transport properties of 

gases through carbon nanotubes. David Sholl and Karl Johnson [138, 139] reported about the 

transport of gases as N2, H2, Ar and CH4 through carbon nanotubes. They found that transport 

rates in carbon nanotubes were several orders of magnitude larger than in the zeolitic pores or 

in any microporous material. They attributed this result to the extremely low friction of gas 

molecules with the graphitic interfaces and smooth, defect-free walls of CNTs [140, 141]. 

Experimental data has explored the fact that transporting diffusivities of gases, such as argon, 

through carbon nanotube membranes was almost 3 to 4 orders of magnitude [142]. A typical 

classification of diffusion rates is shown in Table 1.2. Jason K. Holt [142-143] and his group 

used their own fabrication method of DWCNTs membranes and tested their transporting 

performance with water. A particular polycarbonate membrane was used as comparison with 

CNTs membranes performance. The results demonstrated that water fluxing through CNTs is 

more than 100 times faster than through polycarbonate membranes. 

 

Table 1.2. Comparisons of experimental data of the air flow rates examined for several CNTs 

membranes with Knudsen model predictions, and the experimental water flow rates with continuum 

flow model predictions (Source [142]). 

 

1.5.2 Fabrication of CNTs Membranes for Transport/Separation 

Applications 

The fabrication of CNTs by Catalyst based CVD has been used as the most common 

fabrication method of CNTs membranes [142-145]. One of the most popular methods was 
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reported by Holt’s groups (Figure 1.15) [143]. The resulting membranes consist of CNTs 

embedded in a silicon nitride matrix. A layer of 5-10 nm of Fe catalyst is selectively 

deposited by electron beam evaporation and subsequently is used to grow CNTs. After carbon 

deposition, the membrane substrate is polished by reactive ion etching (RIE) or ion milling. 

However, this method needs several days for obtaining the whole CNTs membrane, due to 

complex fabrication process and requirement of specific equipments. 

 

 

Figure 1.15: Fabrication schematic of Holt's CNTs membrane using multiple lithographic steps 

(Source [143]). 

 

Another commonly used method was reported by Majumder. This employs catalytic chemical 

vapor deposition to grow a dense, vertically aligned array of MWCNTs on the surface of a 

quartz substrate and it is similar to the Holt’s method and it also is complicated and takes days 

Figure 1.16. 
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Figure 1.16. Schematic of CNT membrane fabrication by embedding CNTs in polymer matrix as 

proposed by Majumder et al (Source [144]). 

 

Further a simplified approach for fabrication of CNT membranes was introduced by 

Ajayan’sgroup [146], which also use catalytic based CVD method to grow a dense, vertically 

aligned array of MWCNTs on the surface of a quartz substrate. Then the removal of the 

assembled CNTs column inside the quartz substrate was done by careful infiltration of acid. 

However this process is also is still complicated and takes days to be completed.  

Regardless of these promising outcomes, aligned CNTs membranes produced by the above-

mentioned methods have several disadvantages as the cost of production, the requirement of 

expensive laboratory equipment and limited production. Additionally, dangerous chemical 

substances have to be used to open up the ends of the nanotubes and remove catalysts, which 

make these processes environmentally not sustainable. Another important technical issue 

associated with these methods is that the morphological characteristics of CNTs are not 

suitable for transporting and separation application owing to wrinkly structures, interior 

closures and presence of metal catalyst particles blocking the nanotubes (Figure 1.17) These 
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defects  can hinder or completely block the transporting through CNTs membranes 

[144,145,146,147,148,149,150] 

 

 

Figure 1.17. TEM images of catalytically synthesised carbon nanotubes: a) CNTs produced by 

catalytic CVD with a curly and irregular structure [151], b) CNTs with internal closures [with 

permission from 145, 150], c) CNTs grown with the metal catalyst embedded in the carbon [with 

permision from 148], d) CNTs with small diameter (~2nm) filled with water in liquid and vapor phase 

trapped inside the core [Source 147]. 

 

Although the understanding of the molecular transport through very small CNTs (1-5 nm) is 

an essential factor to control the transport through membranes, there is still an important gap 

about the capacity of CNTs membranes for transporting, adsorbing and storing molecules of 

larger size (i.e. proteins, drug polymer conjugates, nucleotides, etc.). In this regard, CNTs 

membranes prepared by CVD inside the NAA templates feature better characteristics for 
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molecular transporting, separation and storage applications for big molecules. The fabrication 

of these types of membranes will be studied throughout this thesis in the following chapters.  

In the last part of this literature review we focus on the second application of CNTs as 

potential drug delivery systems (long term application). 

1.6 Carbon Nanotubes and Nanocapsules as Nanocarriers for 

Drug Delivery Applications. 

1.6.1 Introduction: 

 

One of the most significant factors concerning drug delivery using micro and nanocarriers is 

to know how long the drug carrier is able to exist in the bloodstream. The body’s immune 

response plays a great role in the removal of drug nanocarriers, especially the macrophage 

cells. Some studies have proven that macrophage cells immediately recognize and internalize 

a foreign object (i.e. drug loaded particles) larger than or equal to 1 μm and eliminate them 

from body [153, 154]. Macrophage cells can encounter, engulf and internalize foreign 

particles despite the route of administration as oral, intravenous, nasal and even transdermal 

delivery [153, 154].  Thus, the process of directing the therapeutic drug to its targeted location 

is a known challenge [153-159]. Numerous studies have been carried out to develop strategies 

to prevent or avoid occurrence of phagocytes [153-159]. A classic route used to trick 

macrophages and avoid the resulting phagocytosis is supplying the patient’s body with a large 

dose of a sham medicine called placebo drug particles. This approach exhausts the immune 

machinery of the patient’s body, which has the capability of directing the macrophage cells 

toward placebo drug particles, weakening the phagocytic capacity and hence providing the 

therapeutic particles a chance to circulate for a longer period in the blood stream [155, 157]. 

Other studies have developed advanced strategies to trick the macrophages cells by modifying 

the surface chemistry, shape, and size of actual drug particles. The surface of spherical 

particles can be chemically modified by using hydrophilic coatings to reduce the uptake of 
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macrophage cells and avoid the opsonisation phenomenon (i.e. marking of the foreign 

particles by opsonins (e.g. antibody) to increase the efficacy of the engulfing process by 

phagocytes) [153-155, 157]. Recent studies revealed the importance of spherical particles 

biodistribution as function of size. It has been proposed that macrophages overwhelm 

particles greater than 1-5 micrometers. Hence, to develop carriers of nanometric size is a 

critical aspect that may possibly evade phagocytosis for prolonged periods of time in the 

circulatory system [153, 156-158]. Extensive studies have shown that particle size is no 

longer determined by its radius alone but also involves volume, surface area and the aspect 

ratio (length-to-width ratio) [153, 154].  

A group of researchers at the University of Pennsylvania demonstrated that cylindrical 

particles circulate in mice and rats longer than spheres of identical composition. Their results 

reported that filo-micelles (polymer micelle) of 2 to 8 m in length and 22-60 nm in diameter 

persisted in the circulation for up to ten times longer than spherical particles. The most 

optimum length of their cylindrical particles was 8 μm [159]. These outcomes have 

contributed extensively to reduction/compression of the phagocytosis process. Unfortunately, 

there is still a considerable need to investigate and develop cost-competitive and simple 

fabrication methods for developing nanocarriers for drug delivery. 

 

1.6.2 Nanoparticles, Nanocapsules and Nanotubes as Drug Nanocarriers 

Nanostructures have recently begun to attract a great amount of attention and could possibly 

revolutionize biomedical research. Within this field carbon nanotubes as nanocapsules and 

pharmaceutics carrier are becoming attractive options in the fields of drug delivery and gene 

delivery. As mentioned previously, shape and size of the delivery vehicles significantly 

influences cellular uptake making these CNTs based nanocapsules highly attractive. 

Especially, to control of the diameter and length of nano-drug delivery vehicles to design 

uniform nanotubular drug carriers at low-cost.  
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Thus, this part of this thesis not only examines the preparation of CNTs as nanocapsules using 

the proposed method but also focuses on optimizing the physicochemical parameters of the 

CNTs nanocapsules as size, diameter, wall thickness, length, shape, aggregation, surface and 

core functionalization and aqueous dispersibility. The most effective vectors in cellular 

delivery systems (i.e. gene delivery) are viral vectors. However, this delivery system suffers 

from major practical limitations like side effects, enhanced immune response and difficulties 

in raising the rate of production, weakening the successful functioning of viral vectors. There 

is rising interest in investigating non-viral methods to reduce the hazard of infection or 

mutagenesis. Non-viral vectors such as organic and inorganic nanoparticles as well as lipid 

and polymer liposome, synthetic polymers, iron oxide and silicon oxide nanoparticles, and 

carbon nanotubes have been proven to increase the transfer effectiveness of DNA/RNA across 

the cell membrane and improve the protein uptake [160, 161]. The mechanism of the cellular 

uptake of nanocarriers has not so far been definite and remains a topic of debate. In general, 

particles of 100-200 nm can be internalized by receptor-mediated endocytosis, while larger 

ones are potentially taken up by phagocytes [162, 163]. 

Endocytosis has been linked with internalization of CNTs into cells by a number of studies 

(Figure 1.18). 

 

Figure 1.18. Interaction mechanisms of CNTs with cells based on two major process either 

endocytosis & nanopenetration which are energy dependent (Source [164]). 
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Model simulations studies have shown that optimum cellular uptake by endocytic processes 

are related to the radius for both cylindrical and spherical particles. It has also been shown 

that a nanoparticle radius (critical radius) between 14 and 28 nm is optimal for their 

endocytosis and intracellular localization [162, 165, 166]. The minimum radius value for 

spherical and cylindrical particles to be internalized is 12 and 24 nm, respectively while no 

endocytosis process is observed for particles of smaller sizes. This is attributed to insufficient 

ligand-receptor binding interaction at the cell membrane. Similarly, at the maximum value, 

the radius is too large (˃ 300 and 1600 nm for cylindrical and spherical particles, 

respectively), the cell membrane area is not big enough to engulf the foreign particle. 

Furthermore, particles of diameter < 200 nm are considered to have excellent biocompatibility 

in comparison to particles featuring bigger diameters, which are easily recognized and 

eliminated from blood by the reticuloendothelial system (RES) [167]. It was also reported that 

particles of a relatively small size (˂ 100 nm) accumulated in different types of tumors (such 

as hepatic accumulation) as well as elongated particles lead to a reduction in cellular uptake 

[168]. Because of this size effect there is an urgent need to accurately control the length and 

diameter of particles to be used as nanocarriers in biomedical applications to establish 

efficient, effective and cost-efficient fabrication processes of uniform nanoparticles.  

 

1.6.3 Cellular Interactions with Carbon Nanotubes 

Carbon nanotubes as nanocapsules for delivering pharmaceutics payloads are an attractive 

option in the field of drug delivery and gene delivery [169-171]. As mentioned previously, 

shape and size of the delivery vehicles significantly influences the cellular uptake, making 

these CNCs highly attractive for that particular purpose as they can release the drug inside 

targeted cells and avoid side effects of invasive treatments. Several studies have shown that 

functionalized CNTs can certainly be internalized by cells. These functionalized CNTs, 

wrapped either chemically or by biomacromolecules (e.g. DNA) or surfactants, were easily 
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able to enter into the nucleus or cytoplasm of a cell through its membrane, showing them to 

be great candidates as effective drug nano -carrier [169-171]. Furthermore, carbon nanotubes 

have also been used as gene and drug delivery carriers, protein transporters and DNA/RNA 

nanovectors [95, 156, 170-179]. The fundamental concept of using CNTs in vaccine delivery 

is to bind the antigen to CNTs while preserving its conformation, thus inducing antibody 

response with the right specificity [180]. In 2003, two studies utilized functionalized 

SWCNTs to produce a vaccine delivery system by linking a small peptide sequence obtained 

from foot-and-mouth disease virus (FMDV) to the side wall of functionalized amino-

derivatized SWCNTs. The conformation of the peptide sequence was retained, leading to 

interaction between antibodies (anti-FMDV peptide mAb with anti-mouse Fcу antibody), free 

peptides and peptide-conjugated SWCNTs [180, 181]. These studies observed no noticeable 

immune response to CNTs in vivo, thus concluding that carbon nanotubes do not activate an 

immune response and could be practically applicable for vaccine delivery [180, 181]. From 

this, CNTs appear to be very promising non-viral vectors because they do not trigger an 

immune response. In another study, ammonium functionalized CNTs were employed to 

condense plasmid DNA, expressing β-galactosidase. The interactions were simply based on 

electrostatic interactions (positive/negative charge) and interestingly,  these functionalized 

CNTs conjugated with plasmid DNA showed the ability to induce gene with a level of gene 

expression 5 to 10 times greater than utilizing the plasmid DNA alone [170, 182].  The 

efficiency of functionalized CNTs to transfer DNA was recently enhanced by covalent 

functionalization of CNTs with polyethyleneimine (PEI) [183]. PEI-grafted CNTs were 

condensed with plasmid DNA. Nevertheless, the levels of luciferase expression were 

equivalent to that of PEI alone [184]. CNTs as a delivery system for small molecules were 

investigated by utilizing non-covalent functionalization with amphotericin B (AmB), which is 

one of the most potent antibiotic molecules for the treatment of chronic fungal infections. The 

use of this antibiotic is limited due to its toxicity at its highest doses. About 40 % of 
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mammalian cells died during the exposure to the free AmB. Nonetheless, no mammalian cells 

death was observed on administration of CNTs attached with AmB (CNTs AmB conjugate). 

Moreover, there was an improvement in performance upon activity against different types of 

microorganisms (including candida albicans, cryptococcus neoformans and candida 

parapsilosis) when the  amphotericin B was bound to CNTs [185]. Cancer treatment is one of 

the significant applications for drug delivery, where appropriate quantities of drugs have to be 

delivered specifically to targeted locations (cells, organs or tissues) to minimize the 

undesirable side effects of the drugs on healthy normal cells.  It should be noted that the pore 

sizes of blood vessels of healthy tissues range from 2 to 6 nm, while they are 100–800 nm for 

tumor tissues. So, CNTs of a size that corresponding to the pore size of tumor tissue blood 

vessels is able to penetrate and accumulate inside tumor tissues, but not to healthy tissues 

[186].  

This type of tumor targeting strategy is called passive targeting or enhanced permeation and 

retention effect (EPR effect). In such a strategy, SWCNTs were conjugated with paclitaxel 

(PTX, hydrophobic anticancer drug) and the size of the drug CNTs conjugate was controlled 

to have drug carriers in the range from 100 to 700 nm to accumulate them ideally in the tumor 

tissues [177]. PTX was attached to CNTs utilizing a cleavable amid bonding. To further 

improve the efficacy of this CNTs-PTX conjugate, polyethylene glycol (PEG) chains were 

attached to the external walls of CNTs (Figure 1.19). PEG was selected as the functionalizing 

substance due to its ability to increase the circulation time in blood stream and low toxicity in 

mice [177,187-189]. This prolonged circulation time in the blood stream and increased drug 

accumulation rate at tumor sites prove the high efficiency of SWCNTs to deliver PTX even to 

a 4T1 tumor model, which is well-known to be resistant to the treatment path of PTX [176, 

177, 189].   
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Figure 1.19. Schematic illustration of a PEGylated drug-CNTs conjugate for PTX delivery. (Source 

[189]). 

 

Recently, parallel to chemotherapy treatment, CNTs were also found to be useful for 

hyperthermia treatment of cancer. This can be defined as the employment of controlled, 

selective activation of localized heat to kill cancer cells, which are considered to be more 

sensitive to heat than healthy cells [109]. However, there is still a level of risk of damaging 

healthy cells, since the cancer cells are encompassed with blood vessels that have an 

anomalous stream and thus disperse heat more efficiently than blood vessels around healthy 

cells. So, great care is needed in delivering heat to tumor cells. This aim can be achieved by 

specifically delivering some nanoparticles to tumor cells and then heating them via external 

fields such as ultrasound, microwave radiation, magnetic field, radio frequency field, 

magnetic field and laser.  

CNTs are good candidates for this application since they have the ability to absorb the near-

infrared irradiation region [190]. NIR region possesses minimal optical absorption in tissues 

[191] and its penetration is optimal. Hence, the use of NIR irradiation heats CNTs efficiently. 

Another strategy to target cancer cells is to functionalize CNTs with covalently or non-

covalently ligands linked to folic acid (FA) and phospholipids (PL) to produce CNT-FA or 

CNT-PL conjugates [192]. In this study, PEGylated CNTs were conjugated with folic acid, 
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which acts as a homing beacon for many cancer cells including, cervical, ovarian, lung and 

breast cancers that over-express with foliate receptors.  CNT-PEG-FA conjugates were 

incubated inside cancer cells (HeLa cells, which are cervical cancer cells) followed by laser 

ablation at wavelength 808 nm to destroy only cancer cells with conjugates [192]. Several 

studies have reported that functionalized CNTs exhibit low levels of toxicity, which are 

promising results for the application of CNTs in the fields of nanomedicine and 

pharmaceutical applications [100,161, 171-173, 175,178,182,192-197]. Other surface 

modifications and drug loading approaches have been suggested. Some examples are exterior 

linking of bioactive and therapeutic molecules, utilizing inner cavities (channels) of CNTs for 

encapsulation/storage of drug molecules, and loading therapeutic agents in interstitial spaces 

within a CNTs mesh or CNTs bundles (Figure 1.20 [196]). 

 

Figure 1.20. Sketch of available absorption sites on nanotube bundles (Source [196]). 

 

In spite of all these studies, toxicity of CNTs is still a subject of considerable debate over the 

years. This table summarizes the results of research in determining the toxicity of CNTs by 

several groups using different fabrication schemes [164, 192, 198-202].  

 

 

 

 

 



35 

 

CNT type and dose Size and 

morphology 

Method of 

production 

Cell toxicity  

SWNTs 

0.06-0.24 mg/mL 

Unrefined; 

contained 

30%iron 

catalyst 

N/A Induced oxidative stress in 

HaCaT Keratinocytes; free 

radical and peroxidative product 

formation; morphological 

changes; decreased cell viability 

SWNTs 

Functionalized with FITC-A and a 

12-amino acid peptide from G 

protein and FITC-B 

1-10 µm 

Diameter: 1 nm  

Length:300-

1000 nm 

N/A SWNTs taken up into human 

(3T6) and murine (3T3) 

fibroblasts by a temperature-

independent in the cytoplasm, 

FITC-B in the nucleus 

 

SWNTs 

Functionalized by oxidation and 

EDC link for labeling with 

fluorescein, biotin, or 

fluoresceinated streptavidin 

 0.05 mg/mL 

SWNT-biotin-Alexafluor-

streptavidin(SA) 

0.01-0.2 mg/mL 

Diameter: 1-5 

nm  

Length: 100nm 

-1µm 

Laser 

ablation, acid 

oxidation, 

sonication, 

filtration 

through 100-

nm filter, 

centrifugation

; conjugation; 

with EDC 

and various 

fluorescent 

labels 

HL60 promyelocytic leukemia 

cells and human jurkat T cells 

take up SWNTs by endocytosis 

(process blocked at 4 ˚C); no 

appreciable cell lines with any of 

the functionalized CNTs; with 

SWNT-biotin Alexafluor-SA 

extensive cell death occurred 

because of high SA loading; 

CNTs are considered 

biocompatible 

MWNTs 

(0.06-0.6mg/L) 

 

Multi-walled carbon nano-onions 

(MWCNOs) 

(0.6-6mg/L) 

Diameter:~20-

30 nm  

Length: several 

microns 

Diameter: 25-50 

nm 

CVD 

 

 

Modified DC 

EAD 

Apoptosis and necrosis for both 

MWNTs and MWCNOs in 

HSF42 skin fibroblasts and 

IMR-90 lung fibroblasts; 

MWCNOs were less toxic than 

MWNTs; both interfered with 

cell cycle (G2/M block) 

MWNTs (bundles;95%pure) 

1.41-226 µg/cm
2
 

MWNTs (bundles;95%pure) 

1.41-22.60 µg/cm
2
 

Fullerene C60 

1.4-226 µg/cm
2
 

Diameter: 1.4 

nm 

Length: 1 µm 

 

Diameter:10-20 

nm 

Length:0.5-40 

µm 

 

 

EAD 

 

 

CVD 

 

 

EAD 

Impaired phagocytosis, necrosis, 

degeneration in alveolar 

macrophages in the following 

order: SWNT<<  MWNT< 

quartz control; C60-no significant 

toxicity at highest dose tested 

MWNTs 

(in DMF) 

(0.1-10 µg/mL) 

N/A N/A SWNTs increased oxidative 

stress and activation of NF*B 

transcription factor in human 

HaCaT keratinocytes; decreased 

vibility of HeLa, H1299, and 

A549 lung carcinoma cells 

MWNTs 

(5-500ng/mL) 

MWNTs 

(5-500ng/mL) 

Length: mean 

220nm 

 

Length: mean 

825nm 

CVD, 

oxidized by 

acid 

treatment, 

sonication 

and separated 

by filtration 

Both MWNTs induced slight 

increase in TNF-a levels in THP-

1 human monocytes at 500 

ng/Ml; this was 35-fold lower 

than the microbial lipopeptide 

FSL-1 at 10 ng/mL 

MWNTs 

( 0.1-0.4m/mL) 

Not defined CVD Human epidermal keratinocytes 

(HEK)internalized MWNTs 

(bundles and 0.2-µm long fibers) 

into cytoplasmic vacuoles and 
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IL-8 secretion increased in a 

concentration- and time-

dependent manner 

MWNTs (<95%purity) 

(40 and 400µg/mL) 

Oxidized CNT (40 AND 400µg/mL) 

Diameter:20-40 

nm 

Length:1-5µm 

 

Shorter and 

straighter than 

MWNTs in this 

study 

CVD 

 

 

Acid 

refluxing 

Decreased viability because of 

apoptosis (by 10% and 40 % for 

MWNTs and by 40% and < 80 

% for oxidized CNTs at the two 

concentrations) of jurkat T 

leukemia cells within 5 day; at 

the same concentration carbon 

black had minimal toxicity; both 

MWNTs and oxidized CNTs 

caused apoptosis in primary 

human T lymphocytes in adose-

dependent manner; 40µg/Ml or 1 

ng/cell may be safe 

MWNTs 

 (0.02 and 0.2µg/mL) 

Carbon nanofibers 

 

Flakelike carbon nanoparticles 

Diameter:20nm  

Aspect ratio: 

80-90 

Diameter:150 

nm 

Aspect ratio: 

30-40 

Diameter:>1 µm 

Aspect ratio: 1 

CVD Decreased cell proliferation of 

H596,H446,Calu-1 human lung 

tumor cells in a dose-dependent 

manner, order of toxicity; 

nanoparticles <nanofibers <

MWNTs;-cooh and –OH surface 

modification of MWNTs 

increased toxicity 

Carbon graphite(GG) 

MWNTs(purified, no metal catalyst) 

 

Carbon black (CB) 

Radius: 500 nm  

Diameter:50 nm 

Length: 5 

µm(surface 

area:789 µm
2
) 

Radius:200 nm 

 

 

N/A 

 

 

Human fibroblast viability 

decreased in the following order: 

CG(by 16%), MWNTs(by 22 

%),CB(by 29 %),AC (by 35 

%),swntS (by42%); refined 

SWNTs, followed by unrefined 

SWNTs showed the strongest 

toxicity, apoptosis and necrosis 

 

Table 1.1 Biocompatibility of CNTs prepared by CVD, chemical vapor deposition; EAD, electric-arc 

deposition; HiPCO, high-pressure CO disproportionation process; MWCNOs, multi-walled carbon 

nano-onions; MWNT, multi-walled carbon nanotube; SWNT, single-walled carbon nanotube; N/A, 

not available (Adapted from [201]). 

 

Therefore, there is a conflict in the vast amount of toxicological literature on cellular 

interactions with carbon nanotubes. While some researchers have demonstrated the 

biocompatibility of carbon nanotubes, other ones report about the cytotoxicity of these 

nanostructures [201]. This is mainly attributed to the dependence of CNTs on the synthesis 

process and manufacturer, which results in CNTs with different parameters such as structure, 

agglomeration condition, size distribution, surface functionalisation and impurities [201]. All 

these parameters have a direct effect over the interaction between CNTs and biological 
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systems. Hence, more exhaustive studies must be carried out in order to understand the 

parameters that influence CNTs cytotoxicity is crucial for biotechnological applications. 

  

1.7 Challenges for Carbon Nanotubes Technology 

Previous reports about the template-assisted synthesis of CNTs in nanoporous anodic alumina 

templates have mainly studied two approaches: either carbonization of polymers or pyrolysis 

of gaseous hydrocarbons to produce CNTs inside of NAA pores. However, both approaches 

suffers from the difficulty in controlling the thickness of the CNTs wall and thus the nanotube 

diameter, shape morphology and defects such as high amount of amorphous carbon covering 

the top surface of NAA templates after CVD. Furthermore, the use of CNTs for such 

applications as drug deliver require to address such issues as residual metal catalyst (Fe, Co, 

and Ni) and contaminations from long exposure to chemicals during the purification and 

functionalization stages. Hence, the fabrication process of CNTs must be entirely understood 

to precisely control both physical and chemical properties of the resulting CNTs. This would 

make it possible to fabricate a standardized product. In this scenario, we put forward an 

innovative catalyst-free fabrication processes using NAA templates in order to control the 

geometry and chemistry of CNTs. This fabrication process is carried in a custom built 

chemical vapor deposition reactor. 

This process relies on several key parameters that must be considered: 

1 – Deposition time and temperature. 

2 – Precursor nature and presence or absence of catalysts.  

3 – Nature and chemical composition of template.  

4 – Modification of template surface chemistry via doping with hetroatoms. 
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1.8 Objectives 

The objective of this thesis will be to optimize the protocol to fabricate catalyst-free CNTs in 

a home built CVD reactor with advanced separation/transporting performance and low 

toxicity to the biological species using template-assisted CVD. Another aim of this research is 

to determine the mechanism of growth of CNTs inside pores of nanoporous anodic alumina 

templates, and thus to rationalize the mechanism of CNTs growth by more conventional 

means. Numerous methods have been used to produce CNTs for various applications. 

Nevertheless, all the aforementioned methods have certain shortcomings and cannot be used 

for applications as separation and drug delivery. So, this study will analyze the template-

assisted synthesis method as function of temperature, pore size, shape of the host material, 

nature of the host material (NAA and TNTs), catalyst presence, time of deposition and 

precursor nature in order to demonstrate the flexibility of this technique to fabricate nanotubes 

having unique morphologies and properties, which may be valuable for many emerging 

applications. 

The specific objectives of this thesis are:  

1 – To construct and improve functional CVD system for the fabrication of carbon nanotubes 

(CNTs) growth with and without catalyst. This system will have flexibility and versatility for 

fabricating CNTs by different approaches.  

2 – To study the catalyst-free synthesis of the CNTs membranes using nanoporous anodic 

alumina templates as function of temperature, pore size, shape of the host material, time and 

precursor nature. 

3 – To develop chemical modification methodologies to selectively functionalize the internal 

surface of CNTs membranes with chemical groups that are able to covalently attach target 

molecules, which is essential for future applications.  

4 – To optimize the protocol of doping CNTs membranes with hetroatoms/dopants as N, P, S 

and mixtures of two different hetroatoms with different percentage. 
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5 – To explore the transport properties of prepared CNTs membranes and study the 

interactions between transported molecules and the core of the nanotubes in order to develop 

new functional membranes and separation strategies and their subsequent integration in 

devices for practical applications  

6 – To synthesise and modify free-standing CNTs for efficient in vitro loading and release of 

chemotherapeutic drug (doxorubicin) and to characterize their performance for eliminating 

cancer cells. 

 

1.9 Thesis Structure  

Chapter 1 intends to provide a description of the significance and a perspective about this 

thesis. The history of fabrication of carbon nanotubes is described with emphasis on their 

advantages and disadvantages as well as on the different aspects involved in carbon nanotubes 

technology.  

Chapter 2 describes two building two CVD reactors for the synthesis of CNTs. The 

components of the built CVD reactor and their importance will be discussed along with the 

flexibility, adaptability and most importantly the versatility for CNTs fabrication. 

Furthermore, this section includes a discussion about the sample preparation processes used to 

characterize CNTs with through various techniques (SEM, TEM, EDX, XPS and Raman). 

Chapter 3 discusses the fabrication of (CNTs) in NAA and titania nanotubes TNTs with and 

without presence of catalyst. These template-assisted syntheses are studied as function of 

temperature, catalyst presences and absence, time, nature of host material, precursor’s nature 

and method of precursor introduction into the CVD reactor. 
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Chapter 4 demonstrates the potential of NAA as a template able to provide unique replicas of 

its pore structure into the CNT membranes with desired diameters, lengths and shapes, which 

are not possible with any other technique. 

Chapter 5 presents two innovative approaches to prepare CNTs membranes with controlled 

dimensions, catalyst-free and chemically doped with selected element (N,P,S and mixture of 

S/P) and controlled length and shape. 

Chapter 6 presents a new principle of inner functionalization of CNTs core as an important 

approach for controlling the properties of CNTs.  

Chapter 7 focuses on the ionic transport properties of the CNT/NAA membranes. Ionic 

diffusion of three dyes with different charge is experimentally determined. This chapter 

demonstrates the ability of these membranes to selectively tune ionic transport as a function 

of the interaction between molecules and inner surface of CNTs.  

Chapter 8 focuses on CNTs with advanced biocompatibility for biomedical applications. The 

concept of utilizing the catalyst-free CNTs for efficient delivery of chemotherapeutic drug in 

vitro is proven. Additionally, toxicity of these CNTs with healthy cells and performance of 

drug loaded CNTs when killing breast cancer cells are characterized by cell viability assays.  

Chapter 9 summarizes the research results for this thesis along with a perspective about the 

future applications and significance of CNTs. 
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CHAPTER 2: DEVELOPMENT OF EXPERIMENTAL SETUP 

FOR CNTs FABRICATION 
 

2.1 Introduction and Objectives 

This chapter will describe the functional CVD system used to fabricate CNTs by catalyst-free 

approach. Whilst the CVD reactor is not a novel system for CNTs production, the advantages 

of various reactor systems will be integrated in our system to achieve a large range of 

flexibility for both CNTs quality and quantity production for future research applications. 

This CVD reactor will be the starting point of further research into the properties and 

applications of CNTs by researchers within The University of Adelaide.  

 

1.2. Experimental Setup for CNTs Fabrications 

2.2.1. Home-made CVD (Construction) 

The CVD system used throughout this thesis can be divided into the following main parts: 

i) Reaction Process 

The CVD process for CNTs fabrication involves decomposition of the carbon precursor and 

volatile compounds carried by gas. The carbon precursor disassociation then occurs by the 

catalytic decomposition of carbon on the surface of the catalyzed substrate, with temperatures 

ranging from 500 ºC up to 1000ºC[1-7]. The supplied furnaces were, single zone horizontal 

tube furnace (HTF) and also a two zone tubular furnace (XD-1200NT, Zhengzhou Brother 

Furnace Co.,LTD). It should be noted that in both furnaces the decomposition will be held 

under same temperature, except that in the two zones furnace (XD-1200NT) the 

decomposition will take place in the second zone, whereas in the single zone it will occur in 

the middle Figures 2.1, 2.2 and 2.3. 
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Figure 2.1. Schematic diagram showing the different parts of our CVD systems used to fabricate 

CNTs. 
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Figure 2.2. XD-1200NT horizontal furnace used in this project. 

 

Figure 2.3. Horizontal tubular furnace HTF used in this project. 

 

The thermal CVD reaction involves three basic steps [1]:  

1) The first is to prepare the catalyst (Fe, Ni, Co or Mo) either as metal particles or alloys 

supported on the substrate. Next, the substrate will be placed in a furnace. The catalyst is 

submitted to reducing agents like H2 or NH3. Finally, a precursor (hydrocarbon compound) 

such as methane, xylene, ethylene acetylene, ethanol and organometallic sources, or mixed 

gases and CO (high pressure disproportionationate carbon monoxide, found  typically at 1200 

ºC and 10 atm), is introduced in the furnace. Carbon disassociation then occurs by the 

catalytic decomposition of the precursor on the surface of the catalyzed substrate, with 

temperatures ranging from 500 ºC up to 1000 ºC [1]. Alternatively, the catalyst can be set in 

the solution in a particle generator and introduced as a mist carried by Ar gas into the reaction 
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chamber. In this way, the catalyst covers all substrates beside the tube wall. Notice that 

controlling and adding more variables can result in different produced tubes.  

2) Flange End Seals 

In order to provide sealed environment in the system, flanges are required to seal the system 

and offer an inert atmosphere and preventing oxygen interface in the reaction chamber. These 

flanges and caps are available commercially but with many drawbacks. Therefore, flanges 

should be manufactured with more adaptability and function as mutable inlet and pressure 

gauges, capable of standing corrosive environment and flexible to be removed and return back 

in order to be suitable for many applications and high range of chemical manipulation [8]. 

Commercial flanges end caps as can be seen in Figure 2.4 and Figure 2.5 are available with 

one inlet and its weight approximated to be 2-3 kg and mediated with bracket to avoid 

damage of the quartz tube (Figure 2.6) from the weight load. Furthermore, these flanges are 

just suitable and suited under vacuum environment [9]. 

 

Figure 2.4. Single let flange ends [Source 9]. 
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Figure 2.5. Single let flanges supplied from the company (XD-1200NT, Zhengzhou Brother 

Furnace Co. LTD) for tubular furnaces. 

 

Figure 2.6. Typical Quartz tube used for tubular furnaces and CVD process. 

 

3) Catalyst Introduction 

 Metallic catalyst 

Catalyst (Fe, Ni, Co or Mo) either as metal particles or alloys supported on the substrate is set 

in the solution in a particle generator and introduced as a mist carried by Ar gas into the 

reaction chamber. In this way, the catalyst covers all substrates beside the tube wall.  

 Fixed-boat method 

The solid metallic catalyst is placed in a boat in the first zone inside the reactor or placing the 

carbon precursor (solid phase) reactant when operational temperature is reached. An 
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alternative is to coat the substrate with thin film of the catalyst and then introduce the carbon 

precursor. 

 Floating method 

Catalyst particles solution phase is introduced as mist to CVD reactor where CNTs will grow 

in placed substrates boat and even the quarts wall. 

 Nanoporous anodic alumina (NAA) 

With the presence of NAA for the fabrication process of CNTs, just a carbon precursor is 

required to produce tubes. Fixed or floating boat methods can be used in this case [3, 10].   

4) Gas Flow Control 

The flow rate is the main factor in the reaction process inside the chamber and the choice of 

the gas and speed are crucial parameters for producing the desired CNTs. The reason is that 

the flow rate of the carrier gas determines the amount of carbon precursor diluted and reduces 

the amount of amorphous carbon [12]. There are two components in this part, a pressure 

regulator, which is a valve that controls the flow of the liquid or the gas at specific pressures. 

The second parts are the digital mass flow controllers, where the flow rate is controlled. 

Flows from 100 to 5000 sc/cm are typically used. It should be noted that the accuracy of such 

control is important to assure the efficiency of the gas flow rate. 

5) Fittings and tubing connectors 

These are components that held all the parts as one completed functioning CVD system. 

These tubing materials should be designed and made based on the chemicals and conditions 

used in the reaction process inside the rector and also based in the CVD flanges ends [13].  

 

2.3 CVD System Components 

2.3.1 Design of Flanges and Caps 
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The sealing system is composed of flanges to create a sealed environment. There are many 

widespread flanges with distinct characteristics that are associated with their application and 

function. The right combination and correct fitting between these parts will end up with 

leakage-free process and long service life [13]. Gaskets are an important part since these seal 

the microscopic space of the flanges surfaces to avoid leaks of liquids and gases [14]. 

The selection of the type of sealing method depends on a number of factors including; 

 Temperature and pressure of environment 

 Chemical reactivity 

 Required sealing 

 Flanges arrangement and configuration 

 

Figure 2.7. a) Female flanges of different sizes based on the used quartz tube and b) bolts for 

connections. 

 

Figure 2.8. a) Inlet male flanges with different sizes based on the used quartz tube and b) outlet male 

flanges featuring different sizes based on the used quartz tube. These parts were fabricated with the 

help provided from Flinders University mechanical workshop. 

 

http://www.ehow.com/about_5632906_types-flanges.html#ixzz2SYWWEbKz


64 

 

The female flanges and bolts used in our CVD system are shown in Figure 2.7a and b, 

respectively while inlet and outlet male flanges are shown in Figure 2.8a and b, respectively. 

In our CVD system, stainless steel gaskets serve at high pressure and high temperature 

environments (Figure 2.9a). These metallic gaskets where supported by viton O-rings 

(Figure 2.9b). Their high elastic property enables them to stretch and exceeded their original 

size and release to revert to their original state. This ability of distortion conform to the 

geometries of adjacent surface to make them ideal sealants [15]. Commercially available O-

rings were purchased from Fluid Seals and Packaging, (purchased from Ludowici Adelaide) a 

leading Australian seal supplier. 

 

 
 
Figure 2.9. a) Metallic and b) non-metallic gaskets. 

 

 

Due to the fact that laboratory equipment needs materials to have an excellent corrosion 

resistance over many corrosive media, stainless steel 316 (ss316) was used. The reason of this 

choice was that the ss316 over ss304 even though the chemical composition are so close 

except ss316 has some molybdenum which provide more corrosion resistance against 

chlorides hence it can enable the synthesis of CNTs from some chloride precursors as CCl4 or 

also in the case of synthesis of some Ti nanoparticles from TiCl4.This is important to make 

designed CVD system applicable for a high range of CVD applications/processes. 
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Figure 2.10. Arrangement of CVD joints components. 

 

 

The flanges, especially the female one, are considered the link to the tube and where the 

carbon precursor through which the carbon precursor will be introduced. In our CVD, flanges 

were supplied with two swagelocks in the inlet and one in the outlet exhaust. It should pointed 

out that our flanges weigh only 800 g each, a noteworthy advantage over other available 

products. The whole arrangement of female flange, metallic o-rings, non-metalic o-ring, and 

male flange is shown in Figure 2.10.  

 

2.3.2 Catalyst Introduction 

The particle generator (Model 241PG,Sonaer® Ultrasonic Products Figure 2.11) requires 

major modifications in order to connect the particle generator to the carrier gas and to the 

quartz tube [17]. 
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Figure 2.11. Particle generator (Model 241PG) fitted to developedCVD system. 

 

The Particle generator was equiped with a fan blower. This was taken out and replaced with a 

tri-clove 1 1/2 inch cap. Teflon seal and clamp were purchased from Swagelok. The tri-clover 

cap was drilled and tapped with a 1/8 Npr thread. This allowed a Swagelok 1/4 inch tube to be 

fitted to the cap and allow gas (Figures 2.12 and 2.13). 

 

 

Figure 2.12. Gas outlets fittings. 
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Figure 2.13. Detailed view of gas outlets fittings (Source [18]). 

 

The gas outlet of the particle generator is provided with the unit. This outlet was a 5/16 inch 

tube. As such a 5/16 to 1/4 inch to reducing fitting was supplied and purchased. By these 

components, the particle generator was a completed component to be linked and incorporated 

to the CVD rector system. However, it has been observed that the during the first test run the 

pressure inside the particle generator was higher than atmospheric pressure because of sealing 

the system and the Ar gas was creating high pressure in the vessel. This prevented the 

solution to be pushed from the reservoir. Hence, there was a need to reduce the pressure 

inside the precursor reservoir. This was achieved by manufacturing a cap for the particle 

generator reservoir link to the carrier gas. 

 

 

Figure 2.14. Custom fabricated Teflon reservoir with O-ring groove (indicated by red arrow).  

 

The made cap for the reservoir can be seen in Figure 2.14 with a sectional view and inside 

(Figure 2.14). A 1/8 inch tube fitting with 1/8 inch NPT thread was used for connecting the 
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gas inlet to the cap. This was connected to the particle generator inlet via branched tee 

(Figure 2.15).  

 

 

Figure 2.15. Customized particle generator along with the branched tee fitted to the particle generator. 

This part is designed and fabricated with collaboration with Flinders University workshop 

 

 

2.3.3 Gas Flow Control 
 

Our gas flow control requires a modification in order to connect the argon regulator and 

bobbin mass flow controller (purchased from Gasweld Tool Centre, Pooraka, SA). The argon 

regulator and bobbin mass flow controller is designed with the outlet adapted for a 1/4 inch 

MPT hose. Hence, the reactor system requires a 1/4 inch tube.  
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Figure 2.16. Customized bobbin gas flow controller.  

 

2.3.4 Fittings and Pipe Work 

 
Tube and fittings are components used for connecting, flowing and terminating. Hence, 

corrosive material gases and liquids are expected to be produced during the CVD process. 

Therefore, the utilized fittings and pipes were Swagelok 1/4 inch stainless steel through all 

fittings, beside 1/8 and 1/4 inch Teflon as necessary for safety sealing. For exhaust gases, 

Purosil (sourced from Enzed Australia) hose connects the reactor to the cold trap.  The Purosil 

is a viton lined tubing made of silicon, which provides excellent high resistance for high 

temperature and chemical corrections environment. The exhaust fitting from the ends in 1/2 

SS316 tube. This is joined 1/2 inch purosil hose. This finishes the tubing to the cold trap. The 

final set-up is shown in Figure 2.17. 

 

 

 

 

Figure 2.17. The complete CVD setup.  

 

2.4 Conclusions 
 



70 

 

The set-ups and components of CVD systems were tested many times before starting CNT 

preparation. The made flanges efficiently seal in a high temperature and corrosive media, and 

it is manufacturing with multiple gas for offering potential synthesis. The particle generator 

was successfully modified and adjusted in achieving its goal to introduce the carbon precursor 

with adjustable power level. The particle generator unit itself creates variations for produce 

CNTs by mixing and use a high range of chemicals. The bobbin flow rate control was 

successfully implemented in the system. The pipe and fittings were carried through all the 

CVD components connecting, terminating and controlling the flow through the rector. The 

built CVD reactors in this thesis are scalable for commercial applications, flexible, adaptive 

and most importantly versatile for CNTs fabrication methods.  
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CHAPTER 3: FABRICATION AND CHARACTERISATION OF 

CNTs MEMBRANES 

3.1. Introduction and Objectives 

The porous structure of membranes at nanometric level has attracted considerable attention in 

the last two decades for a variety of applications such as molecular separations, adsorption, 

energy storage, catalysis, biosensing, cell culture, drug delivery and template synthesis [1-4]. 

One of the most important aspects in the design of nanoporous membranes is to optimize their 

chemical selectivity and transport properties. A number of approaches have been explored to 
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achieve these goals eg. membranes based on different nanomaterials including zeolites, silica, 

carbon molecular sieve, metals, metallo-organic composites and polymers [5]. The 

applicability of NAA as template and membrane filter for synthesis of more versatile 

nanomaterials and molecular separations was achieved via controlling its pore dimensions 

(i.e. pore diameter, pore length and so on). NAAM with varying pore dimensions have 

previously been fabricated by electrochemical anodization of aluminum foils [1, 6, 7]. 

Although NAA has numerous advantages over conventional membranes such as chemical 

resistance against organic solvents, thermal stability and highly ordered pore structure, it 

suffers from poor chemical stability towards both acid and alkaline solutions [1, 6, 7]. 

Furthermore, also at the pH neutral boiling water, the open ends of the nanopores of NAA 

slowly start to seal as a result of the hydration process of Al2O3. 

In the field of membrane science, CNTs have recently attracted great attention because of 

their special physico-chemical properties, which include advanced molecular separation, 

optical properties and biocompatibility. CNTs are expected to play a key role in numerous 

applications for the development of new membranes with advanced transport and selectivity 

features for separations [8, 9].  As for membranes for advanced transport properties, 

deposition of CNTs inside NAA membranes is thought to be an efficient approach for the 

production of aligned arrays of CNTs. The resulting membranes can be used for applications 

such as molecular separations [10, 11]. As was previously described, this synthesis approach 

is based on carbonization of polymers or pyrolysis of gaseous hydrocarbons to produce CNTs 

inside the NAA pores [12, 13]. However, these approaches are limited by difficulty in 

controlling the CNTs wall thickness and high amount of amorphous carbon covering the top 

surface of the NAA membrane [12, 14]. Furthermore, these fabrication approaches require 

large volumes of highly pure and flammable gaseous carbon sources as acetylene, ethane, 

ethylene and methane and have time-consuming deposition steps (e.g. from 6 to 12 hours) 

[15-19].  
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In this chapter, we present a new method for synthesizing CNTs inside the pores of two 

different templates (NAA and TNTs) in the presence and absence of catalyst under argon 

atmosphere. The schematic of the fabrication method and the overview of this chapter is 

presented in Figures 3.1 and 3.2. These show the model of NAA pores and TNTs template 

structure before and after the growth of CNTs inside the pores/tubes and their selective 

chemical dissolution to obtain free-standing CNTs. 

 

 

Figure 3.1. Schematic of fabrication CNTs/NAA composite membrane by CVD growth of carbon 

nanotubes inside of porous alumina oxide pores. 

  

 

Figure 3.2. Schematic of fabrication CNTs/TNTs composite by CVD growth of carbon nanotubes 

inside of titanium oxide pores. 

 

The structural and chemical composition of fabricated CNTs/NAA and CNTs/TNTs 

composites were investigated by various characterisation techniques, including scanning 

electron microscopy (SEM), energy-dispersive x-ray spectroscopy (EDXS), high resolution 

transmission electron microscopy (HRTEM), x-ray photoelectron spectroscopy (XPS) and 
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Raman spectroscopy. Finally a growth mechanism of catalyst-free carbon nanotubes in the 

NAA is proposed.  

The objectives of this study are: 

1 – Refining the fabrication and characterisation of carbon nanotube using nanoporous anodic 

alumina and titania nanotubes as templates in the presence and absence of catalyst.  

2 – Optimizing the fabrication time of CNTs and CNTs/NAA composites as membranes and 

free-standing tubes for two different applications (i.e. separation/transport and drug delivery).  

3 – Understanding of the growth mechanism of catalyst-free CNTs inside NAA and TNTs 

templates for: 

a- Synthesizing CNTs at low cost using a simplified process.  

b- Controlling the size (i.e. inner and outer diameter and wall thickness) and morphology of 

CNTs. 

4 – Developing an eco-friendly process to fabricate CNTs membranes directly from 

commercially available non-degradable plastic bags (i.e. carbon source) as an innovative 

catalyst-free CVD approach. 

5 – To study the recycling of CNTs/NAA composites to synthesise CNTs several times using 

the same NAA template. 

 

3.2. Experimental Section 

 

3.2.1 Materials 

A high purity (99.997 %) aluminium foils supplied from Alfa Aesar (USA) were used to 

fabricate NAA by electrochemical anodization. Titanium foils (0.127 mm thickness, 99.7% 

purity) were purchased from Sigma–Aldrich. Chemicals used in this work, including oxalic 

acid, phosphoric acid, ferrocene, cupric chloride, chromic oxide, ethanol (99.7 %), toluene 
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(99.8 %), ethylene glycol, ammonium fluoride and Rhodamine B were supplied by Sigma-

Aldrich and Chem Supply (Australia). Deionized water was used throughout the experiments. 

 

3.2.2 Synthesis of Nanoporous Anodic Alumina Membranes (NAAMs) 

Nanoporous anodic alumina membranes (NAAMs) were prepared using a two-step 

anodization process as previously described [20, 21] . Briefly, Al foils were cleaned by 

ultrasonication in ethanol and water for 10 min each followed by electropolishing in a 1:4 v/v 

mixture of perchloric acid (HClO4) and ethanol (C2H5OH) at 20 V for 3 minutes to achieve a 

mirror finished surface. Anodization process was performed using an electrochemical cell 

equipped with a cooling stage at a temperature of -1 ºC. The first anodization step was 

performed under 40-80 V for 2-8 hours in 0.3 M oxalic acid (H2C2O4). Afterwards, the 

formed porous oxide film was selectively removed by immersing the samples in a mixture of 

6 wt % of phosphoric acid (H3PO4) and 1.8 % chromic oxide (Cr2O3) for a minimum of 3 

hours at 75 ºC. The second anodization step was performed under the same condition as the 

first one. The thickness of prepared porous layer is controlled by anodization time (from 2 to 

20 h) while the pore diameters by the anodization voltage (from 40 to 100 V). After 

anodization, the remaining Al layer was removed from the oxide films using a mixture of 

copper chloride and hydrochloric acid (CuCl2 / HCl) followed by chemical etching in 5 % 

H3PO4 at 35 ºC for 0.5-3 h to remove the bottom barrier layer of NAA (pore opening) and 

prepare NAA membranes with through hole morphology. The etching process was controlled 

by time, but the process was also additionally monitored with the method for controlled 

dissolution of the bottom barrier layer using a two-electrode system as described previously 

[22, 23]. 

 

3.2.3  Synthesis of Titania Nanotubes (TNTs) 
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Titania nanotubes (TNTs), titanium foils were prepared by electrochemical anodization 

process using procedure previously described [24]. Before anodization, Ti foils were 

mechanically polished with silicon carbide abrasive paper, 6 μm diamond abrasives and 

colloidal silica, and then degreased by sonication in acetone, isopropanol and ethanol. Ti foils 

were then rinsed with deionized water and dried in a nitrogen stream. TNTs were prepared 

through a two-step anodization process. Samples were contacted with a Cu back-plate in an 

electrode holder that permits only a circular area of Ti metal with diameter of 1 cm to be 

exposed to the electrolyte. This Ti served as the anode while platinum (Pt) foil of the same 

size was used as the cathode. Both electrodes were immersed into the electrolyte solution 

containing ethylene glycol with 0.3 % ammonium fluoride and 3 % water. The first 

anodization step was performed under 100 V for 2 h in an electrolyte solution at room 

temperature. The resultant layer of TNTs was removed mechanically by sonication in 

methanol followed by second anodization at 100 V for 1 h under the same anodization 

conditions [24].   

 

 

 

 

3.2.4 Synthesis of CNT/NAAMs Composite Membranes 

Synthesis of CNTs inside the pores of NAAMs and TNTs was performed in a custom 

designed CVD system, which consisted of a tubular electric furnace equipped with a quartz 

tube (42.75 mm in diameter, 1000 mm in length), temperature controller, gas controller and 

particle generator as described in Chapter 2. Carbon precursors were introduced into the 

reaction tube as ultrafine particle aerosols by utilizing a particle generator (Sonaer® 

Ultrasonic 241PG and 241PGT Particle Generator USA) with argon as carrier gas (flow rate 1 

L min
-1

).  
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In this work, different experimental conditions, including carbon precursors (with catalyst and 

catalyst-free), reaction temperature and reaction time were explored to optimize the 

fabrication process and the quality of fabricated CNTs/NAA and CNTs/TNTs composites. 

Two types of carbon sources were explored: namely, a mixture of ferrocene and toluene (i.e. 

ferrocene/toluene) as a catalyst-based and a mixture of toluene and ethanol (i.e. 

toluene/ethanol) as catalyst-free carbon precursor. The influence of the reaction temperature 

was also investigated from 600 ºC to 950 ºC. From this, it was found out that 850 ºC was the 

optimal temperature. The reaction time for CNT growth was varied from 15 to 75 min. After 

the growth process of CNTs is completed, the tubular furnace is slowly cooled down to room 

temperature (cooling time is 24 h, approximately).  

 

3.2.5 Characterisations  

The structural characterisation of prepared NAA, TNTs, CNT/NAA and CNTs/TNTs  was 

performed by scanning electron microscopy (SEM, XL30 ESEM and Quanta 450 FEG-SEM) 

equipped with energy dispersive X-ray spectroscopy (EDXS). Furthermore, free-standing 

CNTs were analyzed by transmission electron microscopy (TEM, Philips CM 200), Raman 

spectroscopy and x-ray photoelectron spectroscopy (XPS). 

3.3. Results and Discussion 

 

3.3.1 Structural Characterisation of Nanoporous Anodic Alumina 

Membranes 

Typical structures of NAA membranes (NAAMs) prepared by two-step electrochemical 

anodization of aluminum in 0.3 M oxalic acid are presented in Figure 3.3. Cross-sectional 

SEM images of NAAMs show a perfectly straight and densely packed array of nanopores 

along the whole structure (Figure 3.3a). The thickness of NAAMs was about 40 µm (Figure 

3.3a), but by selecting the anodization time (from 10 min to 20 hours) we prepared NAAMs 
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membranes with desired thickness ranging from < 1 µm to > 100 µm. SEM images of the top 

NAAMs surface (Figure 3.3b and c) show pore structures with diameters about 50 ± 10 nm 

and hexagonal arrangements of the pore cells. Figure 3.3d presents a high-resolution SEM 

image of pore structure showing pores with perfectly straight channels. The bottom surface of 

NAA before removal of the barrier layer on the bottom is presented in Figure 3.3e. The 

bottom surface of the NAA membranes after removing of the underlying Al and removal of 

barrier oxide layer is presented in Figure 3.3f. In this work, we used NAA with through-hole 

pore morphology fabricated by pore opening process (i.e. NAAMs) but applicability of NAA 

with closed pores (i.e. NAATs) were demonstrated for the growth of CNT using NAA with 

pores closed at bottom side.  

 

Figure 3.3. SEM images of NAAMs prepared by electrochemical anodization of Al foils (source a) 

Cross-section of the whole membrane structure. b-c) Top surface of pores. d)  High-resolution cross-

sectional image of NAAMs showing straight cylindrical pores. e) Bottom  surface with closed pores 
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before pore opening. f) Bottom surface after pore opening. (with permission from T. Altalhi, M. Ginic-

Markovic, N. Han, S. Clarke, D. Losic, Synthesis of Multi-Walled Carbon Nanotube (MWCNT) 

Composite Membranes, Membranes, 2011, 1, 37-47, copyright 2010, MDPI Basel, Switzerland). 

Contribution from D. Losic for preparation of selected NAA samples and SEM imaging is 

acknowledged)  

 

3.3.2 Structural Characterisation of CNT/NAA Composites Fabricated 

using Catalyst and Catalyst-Free CVD Process 

In a typical experiment, a carbon precursor ferrocene/toluene (catalyst based) or 

toluene/ethanol (catalyst-free) was transported by a carrier gas (argon) and decomposed 

within a hot tubular furnace (at 850 
0
C) where the NAA template was placed. SEM images in 

Figure 3.4 show CNTs grown inside NAA templates. Using NAA templates with different 

pore diameters, fabricated under different anodization condition, the preparation of 

CNT/NAA composites with a broad range of internal diameters from < 10 nm to > 200 nm, 

was demonstrated.  
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Figure 3.4. SEM images of CNTs synthetized inside the pores of NAAMs.  a) Cross-sectional image 

of prepared CNTs/NAA composite membrane showing CNTs inside NAA pores. b) A cross-sectional 

image of closed NAA pores with inset showing scheme of closed pores. c) CNTs structure inside the 

pores obtained from fractured membranes with inset showing CNTs after partial removal of oxide. d-

e) High resolution images of CNTs inside the pores showing that CNTs have identical shape as the 

porous structure. (these images are presented with permission from T. Altalhi, M. Ginic-Markovic, N. 

Han, S. Clarke, D. Losic, Synthesis of Multi-Walled Carbon Nanotube (MWCNT) Composite 

Membranes, Membranes, 2011, 1, 37-47, copyright 2010, MDPI Basel, Switzerland). Contribution 

from D. Losic for selected SEM imaging is acknowledged) 

 

Although robust and well-defined CNTs/NAA composite with compact CNTs were formed 

inside the NAA pores, we observed overgrowth of CNTs on the top of NAA template surface 

in the case of catalyst-based carbon precursor. Two different overgrowth processes of CNTs 

were seen during this process. In the first case, CNTs were observed to grow by catalytic 

process from the surface of NAA templates (Figure 3.5a-b). A very dense cluster of CNTs 

brushes with length in excess of 10 µm were eventually formed across the NAA template 

surface. In the second process, the overgrowth of CNTs was observed from CNTs grown 

inside the pores. The overgrowth of single and isolated CNTs was observed on the NAA 

template surface as the CNTs growth process is not terminated on the end of the pores 

(Figure 3.5c) due to availability of active catalyst from the carbon source (iron particles from 

ferrocene precursor). Interestingly, this type of overgrowth was also spread on isolated 

locations at the NAA template surface. The concrete reason for this overgrowth of CNTs on 

the surface of NAA pores is not clear at this stage.  SEM and TEM characterisation of CNTs 

formed on the surface and inside the pores was performed to see difference in their structures. 

TEM images in Figure 3.5d show both CNTs structures formed by catalytic process on the 

NAA template surface marked as (1) and CNTs formed inside of pores marked as (2). These 

results show differences between these structures, confirming different growth mechanisms. 
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CNTs grown on the NAA template surface (Figure 3.5e) possess significantly thicker walls 

(~ 15 nm) and better crystalinity of graphitic layers. The layered structures of CNTs prove 

that formed CNTs are MWCNTs. The morphology of these structures is very similar to 

MWCNTs grown from iron catalyst on planar surfaces reported previously [23]. 

Contrarily, CNTs formed inside the pores show different morphology, with thinner walls (4-5 

nm) and poorer crystalinity. The graphitic structure of the walls of these CNTs is also 

multilayered.  

 

 

 

Figure 3.5.  CNTs grown inside NAA templates by catalyst-based and catalyst-free CVD approaches 

(a-b) Overgrowth of CNTs on the top of NAATs caused by catalytic reaction on the NAA surface. c) 

Overgrowth of CNTs caused by ferrocene catalytic reaction from the pores. d) TEM image of CNTs 

prepared after liberation of nanotubes from template showing two different types of CNTs (1) iron 

catalyst induced growth on surface and (2) CNTs grown inside pores. e) High resolution TEM image 

of catalyst growth CNTs. f) High resolution TEM image of CNTs grown inside NAA pores. (these 

images are presented with permission from T. Altalhi, M. Ginic-Markovic, N. Han, S. Clarke, D. 

Losic, Synthesis of Multi-Walled Carbon Nanotube (MWCNT) Composite Membranes, Membranes, 

2011, 1, 37-47, copyright 2010, MDPI Basel, Switzerland). 

 

Uncontrolled growth of CNTs outside the pores is a disadvantage of this method involving 

catalyst-based carbon precursors. Therefore, to avoid this problem and prepare CNTs/NAA 

composites with clean top surface, we explored catalyst-free carbon precursors. This idea is 

based on previous studies, which shows that NAA surface can act as catalyst and eliminate 

the use of catalyst in carbon precursors [25, 26]. Several catalyst-free carbon precursors were 
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explored for this purpose including ethanol, toluene and toluene/ethanol, triphenylphosphine 

(TPP) and diphenyl disulfide (Ph2S2). SEM characterisation confirms the successful 

preparation of CNTs/NAA composite in both the forms (i.e. CNTs/NAATs and 

CNTs/NAAMs) using these precursors.  

This further confirms that alumina surface act as catalyst and catalyst can be removed from 

carbon precursors. Figure 3.6 presents typical SEM images of CNTs/NAA composites. These 

demonstrate that the top surface of the CNTs/NAA composites was clean and that overgrowth 

of CNTs can be eliminated using a catalyst-free carbon precursor. TEM image (Figure 3.6c) 

presents free-standing CNTs grown inside the NAA pores featuring a wall thickness of 4-7 

nm with not well-defined graphitic layers. 

 

Figure 3.6: CNTs/NAA composite membranes prepared by catalyst-free carbon precursor 

(toluene/ethanol) (source [15]). a) Cross-sectional SEM image of the whole membrane. b) SEM image 

from the top surface showing that the growth of CNTs is terminated on the top without overgrowth 

with a high resolution image in the inset. c) TEM image of liberated CNTs grown inside NAA pores. 

(with permission from T. Altalhi, M. Ginic-Markovic, N. Han, S. Clarke, D. Losic, Synthesis of Multi-

Walled Carbon Nanotube (MWCNT) Composite Membranes, Membranes, 2011, 1, 37-47, copyright 

2010, MDPI Basel, Switzerland). 

 

As for the influence of temperature over the growth of CNTs/NAA composites, this parameter 

was investigated by varying the temperature of synthesis between 600-850 
0
C. The obtained 

results are presented in Figure 3.7. These show that the growth of CNTs and its morphology 

is highly dependent on the temperature. No CNTs growth was observed at 600 
0
C while some 
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irregular carbon structures were observed at 750 
0
C and the best results were observed within 

the temperature range 800-850 
0
C. 

 

Figure 3.7. Top surface of CNTs/NAA composite prepared by catalyst-free carbon precursor 

(toluene/ethanol) at different temperatures. a) 650 
0
C. b) 750 

0
C. c) 850 

0
C. 

 

EDX characterisation of CNTs liberated from the NAA template after the chemical 

dissolution was performed in order to get more information about their chemical composition. 

EDX plot (Figure 3.8a) obtained from CNTs grown on the surface of NAAMs using 

ferrocene/toluene precursors show the presence of iron (Fe) peak, which verifies that this 

process is catalyzed by iron present in ferrocene. It was surprising that Fe peak was not 

observed on CNT formed inside of NAA template pores (Figure 3.8b). These results verify 

that catalysis by alumina surface is stronger than catalysis by iron from ferrocene. This 

conclusion is supported by EDX results from CNTs obtained by catalyst-free precursors 

(ethanol, toluene, toluene/ethanol), which show the formation of CNTs without presence of 

any metal catalysts.   

 

Figure 3.8. EDX analysis of CNTs synthesised in NAAMs with catalyst carbon precursor 

(ferrocene/toluene) taken from a) the top of the NAAMs surface and b) the inside of NAAMs pores 

(with permission from T. Altalhi, M. Ginic-Markovic, N. Han, S. Clarke, D. Losic, Synthesis of Multi-
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Walled Carbon Nanotube (MWCNT) Composite Membranes, Membranes, 2011, 1, 37-47, copyright 

2010, MDPI Basel, Switzerland). 

 

3.3.3 Free-Catalyst CNTs Grown inside TNTs and their Comparison with 

CNTs Grown inside NAA Templates  

In order to investigate the effect of the nanoporous template over the growth of CNTs, the 

above-mentioned method was used with TNTs templates. It is worth stressing that the same 

growth mechanism was found in TNTs templates as NAA templates for catalyst-based carbon 

precursors, involving two competing growth mechanisms. The morphology of CNTs grown 

inside TNTs from toluene/ethanol was analyzed by SEM and TEM (Figure 3.9). Figure 3.9a 

shows well-organized titania nanotubes. It can be seen clearly that CNTs grow inside TNTs 

(Figure 3.9b).  

Also, the morphology of librated CNTs was analyzed by TEM, which clearly shows that 

CNTs with diameter of 70–80 nm were produced (Figure 3.9c-d). The formation of CNTs 

inside TNTs without catalyst is a strong indication that the internal surface of TNTs worked 

as catalysis to decompose the carbon precursor.  

 

Figure 3.9. CNTs fabrication inside TNTs. a) SEM cross-section image with self-ordered TNTs 

before growth of CNTs. b) Cross-section SEM image of fractured nanotube structure with CNTs 
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inside TNTs. c) TEM image of CNTs liberated from TNTs by chemical etching. d) Magnified TEM of 

individual CNTs. Contribution from K. Kant Phd student for selected SEM imaging inTNT is 

acknowledged  

 

However, it was observed that the wall thickness of CNTs produced by using TNTs as a 

template is very thin compared to the CNTs produced inside NAA templates under the same 

experimental conditions and deposition time. Furthermore, the wall thickness of CNTs 

produced by using TNTs is not directly related with the deposition time. HRTEM images of 

liberated CNTs prepared using NAA and TNTs templates are presented in Figures 3.10a-b, 

respectively. The wall thickness increased nearly four times in the NAA template from ~5 nm 

in 15 min to ~22 nm in 45 min of deposition time (i.e. time interval of precursor introduction) 

while, on the other hand, no significant increase was observed when TNTs template was used. 

From this we can infer that CNTs wall growth inside TNTs is independent of the deposition 

time. This phenomenon indicates that the decomposition of carbon precursor in TNTs 

template is due to Lewis acid sites of the internal pore surface of TiO2 walls [27].  

These Lewis acid sites could play a role as a catalyst in forming few walls of the CNTs, but 

after the formation of several graphitic layers, these active Lewis acid sites get covered, 

leading to deactivation of these sites and hence stopping the decomposition and deposition of 

carbon atoms.  
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Figure 3.10: Surface morphology of free-standing CNTs produced inside NAA and TNTs as 

templates. a) CNTs produced by the proposed CVD method using NAA template for 15 min of 

deposition time. b) TEM image of a CNTs produced by the proposed CVD method using NAA 

template for 45 min of deposition time. c) CNTs produced by the proposed CVD method using TNTs 

template for 15 min of deposition time. d) TEM image of a CNT produced by the proposed CVD 

method using TNTs template for 45 min of deposition time (Scale bars 50 nm). 

 

In the case of NAA templates, the formation of CNTs is also due to the thermal 

decomposition and not just because catalytic activity of NAA, as reported previously by other 

groups [25, 26]. So, it can be concluded that the mechanism of CNTs synthesis is a 

synergistic effect in which the catalytic role of the template plays a direct role. TEM 

micrograph shows the relatively poorer crystalline quality of the CNTs walls with graphite 

layer not well-defined, therefore it is likely that CNTs obtained in our study are multiwalled, 

which is in good correlation with results from other studies [19,25, 26,27].  

 

To verify these hypotheses, we carried out another experiment in order to eliminate the 

possibility of the catalytic role of the initial graphitic layers of the CNTs walls. This is 

summarized by the scheme shown in Figure 3.11. The result concluded that the graphitic 
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layers are not responsible of increasing the thickness of the CNTs walls under long deposition 

times. So, this confirms that the growth of CNTs with many layers is attributed to the inherent 

properties of alumina as a template for epitaxial growth or layer-by-layer growth as can be 

seen in Figure 3.12.  

 

Figure 3.11. Overview of the experimental procedure for investigating the catalytic role of the 

graphitic layers of the CNTs in the growth of multiple graphitic layers. 
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Figure 3.12. TEM images of liberated CNTs fabricated at different CVD times and conditions. a) 

TEM image of CNTs after dissolution of NAAMs. b) TEM image of librated CNTs after CVD 

deposition for 45 min. c) TEM image of a CNT produced by the proposed CVD for 45 min inside 

NAAMs featuring rough surface as indication of increasing of the wall thickness. 

 

3.3.4 Chemical Analysis of Catalyst and Catalyst-Free CNTs from NAA and 

TNTs Templates 

3.3.4.1 XPS Analysis  

Figures 3.13a-d show the characteristic XPS spectra of catalyst-free CNTs librated from 

NAA and TNTs templates, respectively. The peak positions observed at 284.5, 285.02, 286.5 



89 

 

and 291.5 eV are assigned to carbon, which is present along with oxygen peak in the CNTs 

structure [28, 29]. Notice that a small peak of F 1s in Figure 3.13a and c denotes the 

presence of fluoride ions (0.4 %), which may be attributed to HF remaining after liberation 

and washing processes. On the other hand, oxygen content ranges from 8.07 to 13.00% in 

CNTs liberated from NAA and TNTs templates (Figure 3.13a-d), respectively. That oxygen 

content is associated with surface functional groups such as carboxylic ester, carboxylic and 

phenol. Figure 3.13b and d shows a representative C 1s spectrum of liberated CNTs form 

NAA and TNTs, respectively. The peak position at 284.5 eV for CNTs is very close to the 

accepted value (284.3 eV) for sp
2
 C–C 1s carbons in highly oriented pyrolytic graphite [30-

32]. The binding energy peaks associated with surface oxygen groups (oxygen-containing  

functional groups such as, C-OH and C-O) is within 285.5 [31] and 286.5 eV, respectively 

[28, 30, 33, 34]. Whereas, the band located at 291 eV is attributed to the π–π* inter-band, a 

familiar characteristic in graphitic carbon [32, 35]. However, liberated CNTs from NAA 

templates show slight difference in the chemical nature with better crystalinity compared to 

those obtained from TNTs templates. 

 

XPS of CNTs grown by the catalyst-based process shows no peaks of iron and less amount of 

oxygen, reaching 1%. This confirms that these CNTs have much better crystalinty, with a 

high degree of sp
2
 structure. The reason of the absence of iron traces is possibly the surface 

analysis nature of XPS (i.e. low penetration depth, approximately 5-12 nm). However, iron 

present inside the CNTs. This can be clearly seen in chapter 4. It has been pointed out that 

even though postproduction processes to eliminate most of the metal catalyst impurities, 

CNTs still contain residual metal up to 15 % by mass. Although, use of acid treatment, 

oxidation, annealing and filtering reduces the content of iron (up to 0.23 %) this also degrades 

the quality of the graphitic structure of CNTs [36].  

http://www.sciencedirect.com.ezproxy.flinders.edu.au/science?_ob=ArticleURL&_udi=B6TWD-4J2W0M9-1&_user=1272615&_coverDate=07%2F31%2F2006&_alid=1437533266&_rdoc=1&_fmt=high&_orig=search&_cdi=5560&_sort=r&_st=4&_docanchor=&_ct=41261&_acct=C000052175&_version=1&_urlVersion=0&_userid=1272615&md5=742c4a792cd3b1f9e67bb4e52c686d8b#fig4
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 Figure 3.13. High resolution XPS spectra of wide-range and C 1s scan spectrum of catalyst-free 

CNTs from NAA and TNTs templates and catalyst-based CNTs. a) Wide-range survey spectrum of 

CNTs produced inside NAA template. b) High resolution XPS spectra of C 1s spectrum of catalyst-

free CNTs liberated from NAA templates. c) Wide-range survey spectrum of CNTs produced inside 

TNTs template. d) High resolution XPS spectra of C 1s spectrum of catalyst-free CNTs liberated from 

TNTs. e) Wide-range survey spectrum of CNTs produced by catalyst-based CVD process. f) High 

resolution XPS spectra of C 1s spectrum of catalyst based CVD liberated CNTs. 

 

3.3.4.2 Raman Analysis  

To investigate the graphitic features and surface chemistry of CNTs prepared by catalyst-free 

and catalyst-based CVD growth in the presence of iron (i.e. ferrocene/toluene) from NAA and 

TNTs templates, Raman spectroscopy analysis was conducted. Figures 3.14a-b presents 
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Raman spectroscopy plots corresponding to catalyst-free CNTs liberated from NAA and 

TNTs templates. From these it is obvious that there is high similarity between the two 

spectrums regarding the peaks positions and the line width of both peaks. G-band at 1590 cm
-

1
 is attributed to single-crystal graphite peak (E2g symmetry of interlayers). D-band at 1338 

cm
-1

 indicates the presence of amorphous or disordered sp
3
 network of carbon atoms [37, 38]. 

Raman spectroscopy plot for catalyst-based CNTs is provided in Figure 3.14c. A significant 

change in line width, shift of G-band from 1583 cm
-1

 to a higher wave number (i.e. 1590 ± 3 

cm
-1

) and considerable decrease in IG/ID ratio (i.e. IG: intensity of G band and ID: intensity of 

D band) value from 3.18 to 1.103 were observed. These transitions in Raman spectrum are 

attributed to the poorer graphitic feature of the catalyst-free CNTs with low catalytic activity 

of alumina in comparison to Fe and these results further support our HRTEM and XPS 

examinations. 

 

 

Figure 3.14. Raman spectra of catalyst-free and catalyst-based CNTs. a) Raman spectra of catalyst-

free CNTs liberated from NAA. b) Raman spectra of catalyst-free CNTs liberated from TNTs. c) 

Raman spectra of catalyst-based CNTs liberated from NAA.  
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3.4 Conclusions 

The fabrication of CNTs/NAA and CNTs/TNTs composites using CVD process with catalyst-

based and catalyst-free carbon precursors has been demonstrated. CNTs/NAA composites 

with desired geometry were prepared by engineering the pore geometry in NAA templates. 

Overgrowth of CNTs using catalytic decomposition of toluene/ferrocene has been eliminated 

by the use catalyst-free precursors such as toluene/ethanol. This shows that alumina surface of 

NAA not only can act as catalyst or as Lewis acid sites in case of CNTs growing in TNTs, but 

also exhibit epitaxial growth. TEM, EDX and XPS results confirms that in both cases CNTs 

formed inside of pores and tubes are extremely pure, which cannot be achieved using other 

synthetic methods. 

1 – Template synthesis of CNTs based on template-assisted CVD techniques was 

demonstrated.  

2 – CNTs were prepared in several forms including: CNT/NAA and CNTs/TNTs composites 

as well as free-standing CNTs. 

3 – NAA templates allows the preparation of catalyst-free CNTs with desired diameters and 

length by using different NAA templates. 

4 – The concept of catalyst-free fabrication of CNTs by template synthesis inside NAA and 

TNTs was compared. These results suggest that the growth of CNTs inside NAA templates is 

epitaxial thermal decomposition, while inside TNTs this is based on Lewis site activity. 
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3.5 Fabrication and Structural Characterisation of CNTs-NAAMs and 

Free-standing CNTs from low cost waste plastic material 

This section is a further extension of the aforementioned work of producing CNTs and its 

composites through a catalyst-free CVD process to transform one of most unwanted waste, 

commercial grocery plastic bags, into one of most advanced materials, CNTs. This 

investigation puts forward an innovative and eco-friendly process to fabricate CNTs directly 

from commercially available non-degradable plastic bags using them as a carbon source for 

an efficient and cost-effective recycling methodology. The objective was to use plastic bags 

as a clean and green source of carbon for catalyst and solvent-free chemical vapor deposition 

(CVD) approach to synthesise CNTs composites using nanoporous alumina templates for 

different applications as drug delivery and transporting.  

 

3.5.1 Introduction and Aims  

Plastic bags are a serious menace to natural ecosystems and many reports have documented 

that the debris generated from plastic bags when they break down into small fragments has 

harmful effects on aquatic and terrestrial animals [39]. In particular, plastic bags are 

especially dangerous to sea turtles, which mistake them for their main food source (i.e. 

jellyfish). Besides being extremely dangerous for our environment, plastic bags represent a 

huge financial burden for millions of taxpayers worldwide in terms of litter abatement. To 

face up these problems, many countries have implemented some control measurements to 

slow down the production of plastic bags (e.g. direct fees, rational usage promotion, etc.) [40]. 

However, in spite of all these efforts, numerous plastic bags are still consumed in 

supermarkets and groceries daily, which subsequently enter in natural ecosystems. Therefore, 

efficient and cost-effective recycling methodologies are envisaged for avoiding problems 

derived from non-degradable plastic bags. To transform waste materials into advanced and 
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sophisticated devices is not only a brilliant solution to minimize environmental pollution but 

also has economic benefits as these products are of a high added value in international 

markets. Most current synthesis methods of CNTs rely on expensive carbon precursors, 

including highly pure gases as acetylene, ethane, ethylene and methane [16, 17]. Thus far, 

several studies have reported the production of CNTs from some inexpensive carbon 

precursors as high purity plastics. These processes are based on a CVD synthesis in which 

ferrocene (Fe(C5H5)2), iron (Fe), nickel (Ni) are used as catalysts while the carbon source is 

composed of pure polymer dissolved in organic solvents as benzene (C6H6) and xylene [41]. 

It is noteworthy that these catalyst-based approaches generate poisonous compounds during 

the synthesis and therefore cannot be considered as green processes [42]. Furthermore, 

commercial plastics as polyvinyl chloride (PVC) have additives (e.g. chlorine, amorphous 

carbon, etc.) that can interact with the catalyst during the synthesis, degenerating structural 

defects in the resulting CNTs (e.g. tortuosity, entanglements, heterogeneous diameter 

distribution, etc.) [43]. However, a catalyst-free CVD process combined with a template 

synthesis strategy would enable the fabrication of CNTs membranes with exquisitely 

controlled geometry from commercially available plastic bags without poisonous compounds. 

 

Herein, we put forward an eco-friendly process to fabricate CNTs membranes featuring 

hexagonally arranged nanotubes with a vertical alignment and well-defined geometry. This 

process is based on an innovative catalyst-free CVD approach, in which NAAMs act as 

templates while commercially available plastic bags are directly used as a carbon source. 

Hence, the many advantages of this process (e.g. recycling of a harmful waste material as 

plastic bags, saving of energy in recycling treatments, lack of poisonous chemical compounds 

from catalysts, production of a sophisticated product with a high added value, etc.) make it an 

excellent approach to implement cost-competitive and environmentally-friendly 
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nanotechnological processes. This study is a notable contribution towards a sustainable green 

nanotechnology to prevent our natural ecosystems from environmental pollution. 

 

Figure 3.15. Schematic diagram showing the fabrication process of CNTs-NAAMs and liberated 

CNTs by the proposed catalyst-free CVD process using non-degradable plastic bags as a carbon 

source. a) As-produced NAAM prepared by electrochemical anodization of Al chips. b) Prepared 

CNTs/NAAM with CNTs embedded in the alumina matrix after the CVD process. c) Liberated CNTs 

after dissolution of the alumina matrix by wet chemical etching as an outcome for other applications. 

(with permission from T. Altalhi, T. Kumeria, A. Santos, D. Losic, Synthesis of well-organised carbon 

nanotube membranes from non-degradable plastic bags with tuneable molecular transport: Towards 

smart nanotechnological recycling, Carbon,2013, 63, 423-433, Copyright Elsevier 2013) 

 

3.5.2 Experimental 

3.5.2.1 Materials 

High purity (99.999%) aluminum (Al) foils were purchased from Goodfellow Cambridge Ltd. 

Commercial non-degradable plastic bags composed of linear low-density polyethylene were 

collected from a local grocery shop (i.e. Coles, Adelaide, Australia) and used as carbon 

precursor. 
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3.5.2.2 Commercially Available LLDPE Plastic Bags 

Figure 3.16 shows a digital photograph of a commercial plastic bag used in our experiments. 

These bags are used in supermarkets and groceries to keep bakery’s products and vegetables 

under hygienic conditions when they are manipulated and weighed. These are produced from 

linear low-density polyethylene (LLDPE). This material endows plastic bags with light 

weight and shiny look. These plastic bags were collected from a local grocery and used as a 

carbon source to produce CNTs. A cleaning treatment was applied after collection. In this 

process, these plastic bags were washed with a liquid soap and double distilled water, dried, 

cut into small pieces and kept in a container with inert atmosphere to prevent them from 

contamination before the fabrication process.  

 

 

Figure 3.16. Digital photography of a commercial LLDPE plastic bag. 

3.5.2.3 Synthesis of CNTs/NAAMs  

Carbon nanotubes were fabricated by catalyst-free template based CVD synthesis process 

using NAA templates (fabricated as described in Section 3.2.2). This process was carried out 

in a CVD system consisting of a two-stage furnace equipped with a cylindrical quartz tube 

(i.e. 43 and 1000 mm in diameter and length, respectively) and temperature and gas flow 
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controllers (see chapter 2 Figure 2.1). Depending on their usage, commercially available 

plastic bags are manufactured from high density, low density or linear low-density 

polyethylene (i.e. HDPE, LDPE and LLDPE, respectively). Particularly, shopping bags used 

in supermarkets and groceries to keep bakery’s products and vegetables under hygienic 

conditions when they are manipulated and weighed are typically produced from LLDPE. We 

collected these plastic bags from a local grocery and used them as a carbon source to produce 

CNTs (Figure 3.16).  

Notice that, after collection, these plastic bags were washed with a liquid soap and double 

distilled water, dried, cut into small squares of 1 cm
2
 and kept in a container with inert 

atmosphere to prevent them from contaminations before the fabrication process. Then, small 

pieces of plastic bag were placed in a ceramic crucible, which was introduced into the 

pyrolysis zone of the CVD reactor. Argon (Ar) gas was flowed at 1 dm
3
 min

-1
 to ensure the 

absence of oxygen during the CNTs synthesis. Prepared NAA templates were placed in the 

deposition zone of the CVD reactor, where the carbon deposition took place. To establish the 

most optimal deposition conditions (i.e. temperature and time), we performed a set of 

preliminary experiments. We found out that the best conditions to produce CNTs were 850 ⁰C 

and 30 min. Further deposition time resulted in increased CNTs wall thickness. After CNTs 

were synthesised, the CVD reactor was cooled down to room temperature. The resulting 

CNTs/NAA composite were saved in a container under inert conditions until characterisation.  

3.5.2.4 Characterisations  

Prepared NAAMs, CNTs and CNTs-NAAMs were characterized by a scanning electron 

microscope (FEG-SEM FEI Quanta 450) equipped with energy dispersive X-ray spectroscopy 

(EDXS). The standard image processing package (ImageJ, public domain program developed 

at the RSB of the NIH, USA) was used to carry out the SEM image analysis [44]. Liberated 

CNTs were analyzed by transmission electron microscopy (TEM Philips CM 200). To this 
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end, CNTs-NAAMs were dissolved in an aqueous solution of hydrofluoric acid (HF) 5wt % 

for 10 minutes under sonication. HF was used in this stage to preserve the surface chemistry 

of CNTs.  

Other solvents as sodium hydroxide (NaOH) can introduce certain oxygen functional groups 

into the CNTs structure, which increase its hydrophilicity [45]. After the Al2O3 matrix was 

dissolved, liberated CNTs were transferred from the HF solution to ethanol (EtOH) by 

centrifugation. This solution was sonicated for 30 min and a drop was poured on TEM copper 

grids, which were dried at room temperature before observation. To establish the chemical 

composition and structure of these CNTs, several drops of liberated CNTs solution were 

poured on small pieces of silicon wafer, which subsequently were analyzed by X-ray 

photoelectron spectroscopy (XPS Kratos Axis Ultra) by using the Al Kα (1486.7 eV) 

monochromatic line. The XPS results will be discussed in upcoming section in Chapter 7.  

 

3.5.3 Results and Discussion 

3.5.3.1 Structural Characterisation of CNTs-NAAMs and Liberated CNTs  

The morphology of the resulting CNTs/NAAMs was analyzed by SEM. Figure 3.17 shows a 

set of SEM images of NAAMs used as templates and CNTs/NAAMs obtained by the 

aforementioned CVD process. The different geometric characteristics were established by 

SEM image analysis [44]. NAAMs feature straight cylindrical pores from top to bottom, the 

diameter and length of which were 51 ± 4 nm and 52.0 ± 0.2 µm, respectively (Figure 3.17a 

and c). The resulting CNTs synthesised inside these NAAMs replicated perfectly the pore 

geometry (i.e. the same outer nanotube diameter and length) with an intertube distance (i.e. 

distance between centers of adjacent nanotubes) of 102 ± 3 nm, respectively (Figure 3.17b 

and d). Furthermore, no amorphous carbon layer was observed on the top and bottom 
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surfaces of the resulting CNTs/NAAMs after the CVD process. Hence, liberated CNTs were 

obtained after the alumina template was dissolved.  

Notice that an elemental qualitative analysis of prepared CNTs/NAAMs was performed by 

EDXS analysis in order to verify the absence of any metallic impurity (Figure 3.18).  

 

Figure 3.17. Set of SEM images of as-produced NAAMs and CNTs-NAAMs fabricated by CVD 

synthesis from commercially available non-degradable plastic bags. a) NAAM template top view 

(scale bar = 500 nm). b) Detail of CNTs embedded in a NAAM template (scale bar = 100 nm). c) 

NAAM template cross-section view (scale bar = 25 µm). d) CNTs-NAAM cross-section view (scale 

bar = 25 µm). e-f) Magnified views of white squares shown in (c) and (d), respectively (scale bars = 

250 nm and 2 µm, respectively). g-h) Digital photographs of a NAAM before and after CVD of CNTs, 

respectively (scale bar = 0.5 cm). (with permission from T. Altalhi, T. Kumeria, A. Santos, D. Losic, 
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Synthesis of well-organised carbon nanotube membranes from non-degradable plastic bags with 

tuneable molecular transport: Towards smart nanotechnological recycling, Carbon, 2013, 63, 423-433, 

Copyright Elsevier 2013) 

 

3.5.3.2 Chemical Analysis of CNTs/NAAMs 

To verify the absence of any contamination in the obtained CNTs/NAAMs, an elemental 

qualitative analysis of prepared CNTs-NAAMs was performed by EDXS analysis. This 

analysis was performed in a scanning electron microscope (FEG-SEM FEI Quanta 450) 

equipped with energy dispersive X-ray spectroscopy. Figure 3.18 summarizes the obtained 

results. 

 

Figure 3.18. EDX analysis of non-annealed CNTs-NAAMs.. (with permission from T. Altalhi, T. 

Kumeria, A. Santos, D. Losic, Synthesis of well-organised carbon nanotube membranes from non-

degradable plastic bags with tuneable molecular transport: Towards smart nanotechnological 

recycling, Carbon,2013, 63, 423-433, Copyright Elsevier 2013) 

 

Contrary to other catalyst-based approaches, CVD synthesis of CNTs inside NAAMs makes it 

possible to structurally engineer the nanotube geometry (i.e. shape, inner and outer diameters, 

length, arrangement, etc.) as well as its inner and outer surface chemistries by further 

functionalization stages. For instance, the nanotube length can be adjusted by the anodization 

time (i.e. longer pores in the NAAM) and its outer diameter and the membrane porosity by the 
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anodization voltage or an additional pore widening (i.e. longer interpore distances or bigger 

pore diameters in the NAAM).  

Furthermore, the inner nanotube diameter can be reduced by increasing the CVD process 

time. An example of this is shown in Figure 3.19, which shows CNTs/NAAMs produced at 

two deposition times (i.e. 30 and 60 min). The wall thickness of these CNTs was 4 ± 2 and 9 

± 3 nm, respectively. Hence, by controlling the nanotube dimensions and surface chemistry, 

we can precisely engineer the transport properties of molecules through these CNTs 

membranes, which are crucial for separation applications (e.g. desalination of water). It is 

worth noting that CNTs with smaller inner diameters improve the efficiency of separation 

processes by increasing the interactions between molecules and inner surface of CNTs as well 

as by size exclusion effect. Notice that this ability to control the nanotube geometry at will is 

not possible with CNTs membranes fabricated by common catalyst-based CVD processes. 

 

Figure 3.19. Set of comparative SEM images of CNTs/NAAMs fabricated at different CVD times by 

the proposed catalyst-free CVD process using non-degradable plastic bags as a carbon source. a) 30 

min (scale bar = 100 nm – wall thickness = 4 ± 2 nm). b) 60 min (scale bar = 100 nm – wall thickness 

= 9 ± 3 nm). (with permission from T. Altalhi, T. Kumeria, A. Santos, D. Losic, Synthesis of well-

organised carbon nanotube membranes from non-degradable plastic bags with tuneable molecular 

transport: Towards smart nanotechnological recycling, Carbon,2013, 63, 423-433, Copyright Elsevier 

2013) 
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To establish the density and internal structure of CNTs produced by the proposed CVD 

method, liberated CNTs were analyzed by SEM and TEM after dissolving the NAAMs 

(Figure 3.20). Figure 3.20a shows that a high number of liberated CNTs were obtained after 

the alumina matrix was dissolved, which are useful for drug delivery applications [46]. This 

will be discussed in chapter 8. These presented a multi-walled and multi-layered structure 

with open ends, which fulfill the physical characteristics required for transport and separation 

applications (Figure 3.20b and c).  

It is worth stressing here that, although we used commercial plastic bags composed of LLDPE 

in our experiments, the obtained results would be similar if commercial plastic bags based on 

HDPE or LDPE were used as the chemical structures of these polymers are comparable. 

 

Figure 3.20. Set of SEM and TEM images of CNTs fabricated at different CVD times. a) SEM image 

of CNTs after dissolution of NAAM (i.e. liberated CNTs). b) TEM image of a CNT produced by the 

proposed CVD for 30 min (scale bar = 10 nm) and c) 60 min (scale bars = 20 nm). (with permission 

from T. Altalhi, T. Kumeria, A. Santos, D. Losic, Synthesis of well-organised carbon nanotube 

membranes from non-degradable plastic bags with tuneable molecular transport: Towards smart 

nanotechnological recycling, Carbon,2013, 63, 423-433, Copyright Elsevier 2013) 
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3.5.3.3 Chemical Characterisation of Liberated CNTs  

Finally, an additional Raman spectroscopy analysis was conducted in order for investigating 

the graphitization feature of the resulting carbon nanotubes (Figure 3.21). The G-band at 

1580-1616 cm
-1

 is attributed to a single-crystal graphite peak (i.e. E2g symmetry of the 

interlayer). Furthermore, the D band at 1300-1394 cm
-1

 indicates the presence of an 

amorphous sp
3
 network of carbon atoms. The line width of these peaks is attributed to the 

poor graphitic feature of the resulting carbon nanotube, which is comparable to those obtained 

by other CVD synthesis approaches using NAAMs as a template and different carbon sources. 

This certifies that the quality of the obtained CNTs is equivalent to that of CNTs produced by 

other methods [37, 38, 47].  

 

Figure 3.21.  Raman spectrum of liberated CNTs prepared from plastic bags. (with permission from 

T. Altalhi, T. Kumeria, A. Santos, D. Losic, Synthesis of well-organised carbon nanotube membranes 

from non-degradable plastic bags with tuneable molecular transport: Towards smart nanotechnological 

recycling, Carbon,2013, 63, 423-433, Copyright Elsevier 2013) 

  

3.5.4 Conclusions 

To conclude, we have presented an eco-friendly and innovative synthesis of carbon nanotubes 

by CVD using nanoporous anodic alumina membranes as templates and commercially 

available plastic bags as a carbon source. This process is performed in the absence of metal 
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catalysts and solvents, which reduces the generation of poisonous compounds and makes it 

cost-competitive in comparison with traditional catalyst-based processes. Structural 

characterisation of the resulting CNTs-NAAMs composite has shown that these CNTs formed 

inside NAAMs have a well-controlled geometry, smooth surface and optionally open or 

closed ends, features that are crucial to develop either efficient membranes for 

filtration/separation purposes and efficient drug nanocarriers for cancer treatments. The many 

advantages of the proposed process to fabricate CNTs (i.e. recycling of a problematic waste 

material as plastic bags, saving of energy in complicated recycling treatments, lack of 

poisonous chemical compounds and expensive chemicals and production of sophisticated 

products as filtration/separation membranes) make it an excellent cost-competitive and green 

nanotechnological recycling approach, which contributes directly to the to the conservation of 

our natural ecosystems in the near future. 
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CHAPTER 4: CONTROLLING DIMENSIONS AND SHAPE OF 

CNTs 

4.1 Introduction and Aims  

Synthesis of nanotube structures with controlled dimensions and geometries is significant for 

a range of nanoscale-based applications including electronics, optics, solar cells, energy 

storage, separation, and drug delivery [1]. A variety of materials including metals, 

semiconductors, metal oxides, carbon, and polymers have been explored for nanotube 

fabrication [2]. CNTs are recognized as the most attractive nanotubular material due to their 

unique mechanical, electrical and chemical properties [3]. The diameter and morphology of 

CNTs is a key factor that governs their properties and extensive research has been directed to 

the growth of CNTs with controllable dimensions [4]. Generally, CNTs are graphitized but 

their structure is closed at the tips with a tangled and bundled nature and most importantly 

there is very little control over their formation [5-8]. Even though previous studies have 

shown that CNTs synthesis with controlled geometries can be achieved by controlling the 

catalyst size and the interaction strength between the catalyst and the support, these results are 

far from satisfactory. Thus, more studies must be carried out in order to extend the flexibility 

of nanoporous anodic alumina templates for the synthesis of CNTs [9, 10]. The fabrication of 

CNTs featuring different diameters (10-200 nm), lengths (1 to 100 µm) and periodically 

nanostructured shape will be reported in this chapter (Figure 4.1).  
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Figure 4.1. Scheme of fabrication of NAA template and carbon nanotubes with and without 

periodically shaped pore structures using cyclic and normal anodization. 

 

4.2 Experimental 

 

4.2.1Materials 

High purity (99.999%) aluminum (Al) foils were purchased from Goodfellow Cambridge Ltd. 

Chemicals used in this work were supplied from Sigma-Aldrich and ChemSupply (Australia). 

Other chemical used for preparation NAA were described in section 3.2.1 Chapter 3. 

 

4.2.2 Fabrication of nanoporous anodic alumina (NAA) 

In this section, the experimental fabrication processes of typical NAA are described. NAA 

with different pore diameter were obtained by performing electrochemical anodization of Al 

foils under different conditions. As for this, pore diameter in the range of 20-30 nm were 

prepared in sulfuric acid, 40-120 nm were fabricated in oxalic acid under two different 

regimes known as mild anodization (low voltage: pore diameter 30-50 nm) and hard 

anodization (high voltage: pore diameter 80-120 nm) and 200 nm, commercially available 

Whatman Anodisc membranes.  
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4.2.2.1 Fabrication of Nanoporous Anodic Alumina in Oxalic Acid with Different Pore 

Diameter 

Preparation of NAA in oxalic acid within two different voltage regimes at 40 and 100 V are 

used to obtain pore diameters ranging from 35 to 120 nm, respectively. The mild anodization 

process was described in Chapter 3 – Section 3.2.2. The hard anodization process is also 

based on a two-step anodization approach previously described [14, 15]. Briefly, aluminum 

foils were cleaned in acetone and then electrochemically polished in a mixture of 1:4 of 

perchloric acid and ethanol at a constant voltage of 20 V for 3 min until mirror surface is 

achieved. Anodization process took place in an electrochemical cell equipped with a cooling 

system to maintain the temperature of the electrolyte (oxalic acid) at 0 °C. The first 

anodization step was carried out in 0.3M oxalic acid at 120 V for 5 min. Afterwards, the 

sample was immersed in a mixture of 6 wt % of phosphoric acid and 1.8% chromium oxide 

for a minimum of 3 h at 75 °C to remove the porous oxide film. The second anodisation step 

was carried out under the same conditions as the first anodization but the time of anodization 

process was increased to 15 min.  

4.2.2.2 Two-Step Anodization Process in Sulfuric Acid 

Preparation of NAA with pore diameter reaching 25 ± 5 nm were conducted in sulfuric acid 

by the two-step anodization procedure reported previously [15, 16]. Briefly, high purity 

(99.999%) aluminium (Al) foils were cleaned under sonication in ethanol and double-distilled 

water and subsequently electropolished in a mixture of perchloric acid and ethanol 1:4 (v/v) at 

20 V for 3 min. Then, the 1st anodization step was carried out in an aqueous solution of 

sulfuric acid (H2SO4, 0.3 M) at 25 V and 5 ⁰C for 20 h.  

Then, the resulting alumina layer was selectively dissolved by wet chemical etching in a 

mixture of phosphoric acid (H3PO4, 0.4 M) and chromium oxide (Cr2O3, 0.2 M) at 70 ⁰C for 3 
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h. Next, the 2nd anodization step was performed under the same anodization conditions as the 

1st one but the anodization time was varied to get the desired thickness of NAA. 

 

4.2.2.3 Preparation of NAA Templates of Different Lengths using Oxalic Acid  

NAA with different length were produced using the same procedures as described in Section 

3.2.2 and different thicknesses of NAA were obtained by manipulating the second anodization 

time (i.e. 10 min, 1, 9, 13, 17 and 19 hours). In this way, NAA featured different thicknesses 

1, 10, 30, 40, 50 and 60 μm, respectively. 

 

4.2.2.4 NAA Templates of Different Lengths in Sulfuric Acid with Smaller Pore 

Diameter 

NAA with smaller pore diameter (i.e. 15-25 nm) were produced using the same procedures as 

described in Section 4.2.2.2 except that the second anodization time was adjusted to 7, 9, 11, 

14.5 and 18 hours to produce NAA with pore lengths 40, 50, 60, 80 and 100 μm, respectively. 

 

4.2.3 Typical Synthesis of CNTs/NAA Composites 

The fabrication steps of CNTs/NAA composites were described in Chapter 3 – Section 3.2.4. 

 

4.2.4 Synthesis of CNTs/NAA Composites Membranes for Long Time 

Deposition 

Long carbon deposition were carried out by two different processes either introducing the 

carbon precursor in a continuous way for 75 min or in discontinuous way (as five deposition 

cycles each one is run for 15 min to have a total deposition time of 75 min.  
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4.3. Results and Discussion 

 

4.3.1 Structural Characterisation of CNTs/NAA and Free-Standing CNTs 

with Different Diameters 

This section provide details about CNTs of different diameter prepared using NAA templates 

in different electrolytes and anodization regimes as detailed in Section 4.2 of this chapter.  

 

4.3.1.1 Structural Characterisation of CNTs/NAA and Free-Standing CNTs from 

NAA Prepared in Oxalic Acid  

It must be noted that the NAA prepared in oxalic acid in mild and hard anodization conditions 

featured different level of impurities. The level of impurities in NAA fabricated by hard 

anodization conditions is lower than that fabricated under mild anodization conditions, which 

influences the optical properties. This can be observed from color difference. NAA fabricated 

under hard conditions are yellow and those fabricated under mild conditions are transparent.  
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Figure 4.2.  NAA prepared by electrochemical anodization of Al foils in oxalic electrolyte under 

soft/mild anodization conditions and CNTs/NAA composites prepared by catalyst-free carbon 

precursor (toluene/ethanol). a) SEM image of the surface of NAA pores before CNTs deposition. b) 

CNTs structure inside NAA pores. c) Liberated CNTs after removal of NAA template. d) HRTEM 

image of liberated CNTs grown inside NAA pores. 

 

The morphology of the resulting CNTs/NAA composites and free-standing CNTs were 

analyzed by SEM and TEM. Figure 4.2 and Figure 4.3 show SEM and TEM images of NAA 

templates and corresponding free-catalyst CNTs prepared under two different anodization 

regimes mild and hard at 40 and 100 V in 0.3 M oxalic acid, respectively. The pore diameter 

of mild anodized NAA template and CNTs/NAATs obtained from it were 51 ± 4 nm in 

diameter whereas the pore diameter and diameter for CNTs prepared in NAA template 

produced by hard anodization was 105 ± 4 nm, respectively. 
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 The free standing CNTs images reveal that the outer diameters of the free standing CNTs 

ranged from 50 nm (in case of mild anodized NAA) to 120 nm (in case of hard anodized 

NAA) depending on the used NAA template with a wall thickness between 3-8 nm. 

 

Figure 4.3. NAA prepared by electrochemical anodization of Al foils in oxalic electrolyte at hard 

anodization & CNT/PA composite prepared by catalyst free carbon precursor (toluene/ethanol) a) 

SEM image of the surface of pores before CNTs deposition b) CNT structure inside of pores obtained 

from fractured, c) liberated CNT after removal of NAA e d) HRTEM image of liberated CNT grown 

inside of pores 

 

4.3.1.2 Structural Characterisation of CNTs/NAA Composites and Free-Standing 

CNTs from Commercial Nanoporous Anodic Alumina 

 Commercial NAA membranes feature a random pore size distribution as observed in Figure 

4.4a. The top side of commercial NAA shows pore diameters of 200 nm while the diameter of 

these pores at the bottom side is 20 nm. This decrease in pore diameter is attributed to the 
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application of a decreasing voltage ramp at the end of the anodization process, which is used 

to detach these membranes from Al substrates. This process, however, leads to branching of 

the pores at the pore bottom tips. This phenomenon can be observed also in CNTs replicas 

(Figures 4.4b, c and d). Commercial NAA membranes where initially designed for filtration 

applications when organic membranes made of polymers cannot be used as a result of  the 

presence of aggressive solvents. 

 

 

Figure 4.4. Commercial NAA membrane and CNTs/NAAMs composites prepared by catalyst-free 

carbon precursor (toluene/ethanol). a) SEM image of the surface of pores before CNTs deposition. b)  

CNTs structure inside NAA pores. c) Liberated CNTs after removal of NAA template. d) HRTEM 

image of liberated CNTs grown inside pores of a commercial NAA template. 
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4.3.1.3. Structural Characterisation of CNTs-NAA and Free-Standing CNTs from 

Prepared from Sulfuric Acid NAA Template 

The synthesis of CNTs by template technique allows us to obtain tubes open at one/both ends 

with a uniform diameter along the pore length without using any metal catalyst. However, 

from all the above-mentioned previous results, there is a limitation about the pore/tube size: 

the diameter of CNTs produced from these NAA templates ranges from 40 to 120 nm. So, 

 

 

Figure 4.5. NAA prepared by electrochemical anodization of Al foil in sulfuric acid electrolyte and 

CNTs/NAA composite prepared by catalyst-free carbon precursor (toluene/ethanol). a) SEM image of 

the surface of pores before CNTs deposition. b) CNTs structure inside pores. c) Liberated CNTs after 

removal of NAA template. d) HRTEM image of liberated CNTs grown inside NAA pores. 
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other NAA templates featuring smaller pore diameters are required in order for fabricating 

CNTs with smaller diameters, which are useful for adsorption, transporting, drug delivery and 

energy storage applications. As previously reported, the CNTs of smaller inner diameters 

have higher interactions between the nanotubes walls and molecules inside the tubes (for 

applications as transporting, material storage, and controlled release) [12]. This goal can be 

achieved by synthesizing CNTs inside NAA templates produced in sulfuric acid electrolyte, 

which provides NAA pores with diameters in the range of 25 ± 5 nm. Figures 4.5a and b 

show SEM images of NAA templates prepared in 0.3 M sulfuric electrolyte at 25 V. Figures 

4.5c and d present SEM and high-resolution TEM images, respectively, of librated CNTs 

after removal of the NAA template. These show CNTs featuring an outer diameter of 32 ± 3 

nm and inner diameter of approximately 28 ± 3nm.   

 

4.3.2 Structural Characterisation of CNTs/NAA with Different Thickness 

Based on Thickness of NAA Template Prepared in both Oxalic and Sulfuric 

Acid under Mild Anodization  

In a typical experiment, carbon precursors toluene/ethanol (catalyst-free) were introduced by 

Ar gas as mobile phase and decomposed within a tubular furnace at 850ºC, where NAA 

templates were placed. NAA templates produced by the two-step anodization process in 0.3 

M oxalic and 0.3 M sulfuric acids were used (Figure 4.6 and Figure 4.7). The thickness of 

the CNTs/NAA composite prepared in oxalic and sulphuric acids were about 1-60 µm and 40-

110µm, respectively. Cross-sectional SEM images of CNTs/NAA prepared in oxalic and 

sulfuric acids are presented in Figures 6a-f and Figures 7a-d, respectively. These show a 

completely straight and compactly packed array of nanopores across the whole structure 

revealing the growth of CNTs along the NAA pores.  
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Figure 4.6. SEM images of CNTs/NAA composites with different lengths produced in oxalic acid. a) 

1 μm. b) 10 μm. c) 30 μm. d) 40 μm. e) 50 μm. f) 60 μm. 
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Figure 4.7. SEM images of CNTs/NAA composites with different lengths produced in sulphuric acid. 

a) 50 μm. b) 60 μm. c) 80 μm. d) 110 μm. 

 

These results show the ability of this approach to grow CNTs with controlled geometry and 

structure (i.e. wide range of, pore diameters: 25- 120 nm, tube length: 1- 110 μm, and open 

end/close ended). Notice that CNTs prepared by other methods present curly, tangled and  

closed or blockage internal at either one or both ends as shown in Figure 4.8. 
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Figure 4.8. SEM and TEM images of CNTs grown by catalyst-based CVD method. a) Cross-sectional 

SEM image of NAA revealing the growth of CNTs. b) TEM images showing liberated CNTs with 

irregular structure. c-f) Details of Fe nanoparticles embedded inside CNTs with different shapes 

blocking channels.  

 

4.3.3 Controlling CNTs Diameter by CVD deposition time  

AS we noted previously, the thickness and pore diameter of the carbon nanotube wall can be 

controlled by the deposition time. To confirm that we applied different CVD deposition times 

in order to prepare CNT membranes with different pore diameters with an aim to control their 

size exclusion and transport properties. Figure 4.9 shows SEM images of CNTs prepared 

under different deposition periods grown in hard anodized nanoporous anodic alumina with 

120 nm pore diameter. It is been used NAA with large pore diameters because it is easier to 

observe the changes of thickness of CNT walls for different deposition time. The obtained 

images clearly demonstrate that the longer the deposition time the thicker the wall thickness 

of CNTs. This result was also observed for the case of CNTs grown in NAA templates 
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featuring smaller pore diameters (Figure 4.10). These images clearly demonstrate that the 

wall thickness of the tubes increases proportionally to the deposition period.  

 

Figure 4.9. High-resolution SEM images of CNTs prepared at different carbon deposition periods by 

CVD in NAA templates fabricated under hard anodization condition (scale bar = 100 nm). Results are 

presented as the mean ± SD ate least of 10 measurements.  

 

Figure 4.10. SEM and TEM images of CNTs prepared in mild anodized NAA templates under 

different carbon deposition periods. a-c) Deposition time 15 min. b-d) Deposition time 75 min. 

From these SEM observations we found out that during a long deposition time the  
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CNTs/NAA composites can be covered with amorphous carbon that can block the pores. This 

can lead to restricted carbon atoms access inside certain pores, resulting in homogeneous 

deposition rate and uneven wall thickness distribution. This can hinder the applicability of 

these CNTs for transport applications. To avoid this and obtain CNTs/NAA composites with 

homogeneous tube wall thickness and open ends we develop a new approach, in which 

deposition is not carried out continuously but in cycles. This combines deposition periods (i.e. 

when precursor is introduced) with rest cycles (when only carrier gas is introduced).  

 
Each deposition cycle was for 15 min, during which the precursor was introduced inside the 

CVD furnace with Ar gas at 2 L min
-1

 while each rest cycle was 2 min, in which only Ar gas 

was introduced at 3 L min
-1

. Figures 4.11a and b show CNTs/NAA composites prepared by 

discontinuous (i.e. 5 deposition cycles of 15 min each separated by 4 rest cycles) and 

continuous deposition process carried out for 75 min, respectively.  

 

Figure 4.11. SEM images of CNTs prepared in mild anodized NAA templates for 75min under a) 

discontinuous and b) continuous deposition processes. 

 

In addition, CVD synthesis for 15 min at 1000 °C yielded a nanotube wall thickness of 13 ± 2 

nm (Figure 4.12b), compared to 3 ± 2 nm of CNTs produced at the 850 ⁰C (Figure 4.12a) for 
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the same deposition time (i.e. 15 min). This is in agreement with many studies that shows that 

the  deposition temperature can also increase the amount of carbon deposited [17]. 

 

Figure 4.12. SEM images of CNTs prepared in mild anodized NAA templates for 15 min under two 

different temperatures. a) 850 °C. b) 1000 °C. 

 

4.4 Fabrication and Characterisation of CNTs with Periodically 

Shaped Morphology 

In this section, we report on the fabrication of CNTs with periodically nanostructured 

geometry based on template synthesis.  This process combines the use of NAA as template 

(NAATs: both closed bottom and NAA membrane) with periodically shaped pores and 

chemical vapor deposition (CVD) growth of CNTs inside of these pores. The cyclic 

anodization method, developed by our group, was used for preparation of NAA with 

periodically structured nanopores with controlled pore shapes and geometry as described 

previously (14-15) (Figure 4.13a). These NAA templates provide a unique opportunity to 

replicate their porous structure into CNTs with desired shapes, which are not possible with 

any other technique. The synthesis of NAA template was performed using cyclic anodization 

of Al foil in 0.3 M oxalic acid at 0⁰C under galvanostatic conditions as described previously 

[14].  
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The catalyst-free synthesis of CNTs inside NAA pores was performed in a custom designed 

CVD system using toluene and ethanol mixture as carbon precursors. Carbon precursors as 

ultra fine particle aerosols were generated by utilizing a particle generator with argon as 

carrier gas (flow rate 1L min
-1

). These were introduced into the quartz tube heated at 850ºC. 

The reaction time for CNTs growth was varied from 20 min to 2 h. Liberated CNTs were 

prepared by dissolution of NAA templates using HF solution over night. 

 

Figure 4. 13. NAA templates with pore diameter modulations. a-c) Cross-sectional SEM images of 

NAA templates showing two different patterns of pore shapes with long and short pore segment 

prepared using cyclic anodization process ( with permission from CSIRO Publising 2011[14]). 

(Contribution from D. Losic for preparation of NAA samples and SEM imaging is acknowledged) 

 

Figure 4.13 displays cross-sectional SEM images of NAATs pore structures with periodically 

shaped morphology prepared by cyclic anodization of Al (14-15). By this fabrication method, 

the shape (symmetrical and asymmetrical), diameter (60 -150 nm), length and number of pore 

segments (100 to 2000 nm) can be controlled by applying oscillatory current signals, with 

different forms, amplitudes (10-120 mA cm
-2

), periods (0.5 to 2 min) and number of cycles 

(no limit) (14-14).  
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Figure 4.14. CNTs grown inside NAA featuring modulated pore diameter. a) SEM image showing 

CNTs structures inside the NAA pores. d) Cross-sectional image of CNTs with periodically shaped 

structures from the bottom of NAA in case of closed pores. c) Details of CNTs structures obtained 

from fractured CNTs/NAA composite. d-e) CNTs inside NAA nanopores after partial removal of 

oxide showing periodically shaped CNTs outside pores. (Contribution from D. Losic for preparation 

of selected NAA samples and SEM imaging is acknowledged) 

 

 Figure 4.14 shows top and cross-sectional SEM images of CNTs/NAA composites produced 

from periodically shaped NAA templates. Figure 4.15a-c show selected top and cross-

sectional images of these CNTs structures with different length of periodic segments prepared 

using different NAA templates. The structure of single CNTs is highlighted by color and their 

periodic segment is marked by bracket.  
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Figure 4.15. CNTs with periodically shaped morphology with a) long, b) middle and c) short 

segments prepared using shaped NAA template. Inset in b) shows the shape of pore and corresponding 

CNTs structure. d) Liberated CNTs with shaped structure and closed bottom after removal of NAA 

template. e-f) TEM image of CNTs. (Contribution from D. Losic for preparation of selected NAA 

samples and SEM imaging is acknowledged) 

 

The length of periodic segments of CNTs is controllable from 100-200 nm to 2-3 µm, 

depending on which anodization process is used (Figure 4.16). The “pore to tube” replication 

process is highly precise as confirmed by SEM images of single pore structures and 

corresponding CNTs segments (Figure 4.15b, inset). The shapes of CNTs are also 

controllable from symmetric to asymmetric using appropriate NAA templates. The external 

diameters of these segments ranged from 70-100 nm for narrow part and 100-150 nm for 

wider, with average ratio of pore diameters of 1.45 ± 0.5.  
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Figure 4.16. Set of cross-sectional images of CNTs with periodically shaped morphology prepared 

using different NAA templates prepared by different cyclic anodization conditions with a-b) very long 

(2 µm), c-d) middle (1 µm) and e-f) very short segments (150 nm). (Contribution from D. Losic for 

preparation of  selected NAA samples and SEM imaging is acknowledged) 

 

In addition, this method makes it possible to produce free-standing CNTs by simple process 

chemical dissolution of the NAA template. Figures 4.15d and e shows free-standing CNTs 

with periodically shaped morphology. Partial dissolution of NAA pores with periodically 
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shaped CNTs is presented in Figure 4.16e. These nanostructures are an interesting platform 

for biosensing, cell attachment and electrical devices.  

TEM images (Figures 4.15 e and f) provide further structural insights on the resulting CNTs 

structures confirming their multi-walled composition. The thickness of CNTs wall was from 

4-10 nm, which can be controlled by the time of CVD. 

   

Finally, we demonstrated the application of this method for tailoring CNTs with intricate 

morphology such as multiple modulated structures. Figures 4.17 and 4.18 shows cross-

sectional SEM and TEM images of CNTs, which combine three different geometries in one 

NAA template: flat and periodically shaped nanotubes with short (100 nm) and longer 

segments (1 µm). Therefore, there is no limitation to produce more complex CNTs structures, 

which is dependent only on ability to fabricate these NAA templates. 

 

Figure 4.17. CNTs with shaped morphology, which combines: flat, short and long periodic segments 

in one NAA templates perapared by combined cyclic anodization process. The scheme of CNTs 

structure is presented at the center. (Contribution from D. Losic for preparation selected NAA samples 

and SEM imaging is acknowledged) 
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.  

 

 

Figure 4.18.TEM image of liberated CNTs with shaped structure and closed bottom after removal the 

NAA template prepared in sulfuric acid electrolyte using cyclic anodization process. 

 

4.5 Conclusions 

In summary, the results described in this chapter confirmed that highly ordered arrays of 

CNTs with precise control of nanotube dimensions in the range 20-200 nm with tube length in 

range < 1 µm to > 100 μm and with periodically shaped morphology can be fabricated using 

nanostructured NAA templates prepared by anodization. This generic approach makes it 

possible to control the diameter, length and shape of CNTs showing for the first time precise 

control of the shape of CNT structures. We emphasize the significant perspectives of this 

fabrication strategy for designing new CNTs membranes and structures for emerging 

applications as molecular separation/transport, optical biosensing and drug delivery.  
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CHAPTER 5: FABRICATION AND CHARACTERISATION OF 

DOPED CNTs  

 

5.1 Introduction and Objectives 

Heteroatom doping is a promising approach to fabricate CNTs with advanced electronic 

properties and surface chemistry [1]. So far, different experimental protocols have been 

employed in order to modify the chemical structure of CNTs. The most widespread of these 

are doping with nitrogen (N), boron (B) and oxygen (O). However, there are still other 

interesting heteroatoms to be explored such as sulphur (S) and phosphorus (P) [2, 3]. Some 

studies have reported about the synthesis of CNTs doped with S and P grown from catalyst. 

Nevertheless, these protocols suffer from many limitations as a result of the interactions 

between doping atoms and catalyst leading to deactivation and also uncontrolled growth of 

CNTs [4-8]. As far as we know, there is no study regarding catalyst-free fabrication of CNTs 

doped with S, P and S/P inside NAA templates. Therefore, there is a considerable need to 

develop new synthesis methods for fabricating doped CNTs with S, P and S/P as the main 

objective will be addressed in this chapter. To this end, some drawbacks must be addressed 

such as elimination of excess catalyst and control over the CNTs geometry. Template 

synthesis using nanoporous anodic alumina membrane is recognized as an elegant approach to 

fabricate doped CNTs with controlled diameters, length and shapes for many applications. 

The diameter, morphology, and geometry of CNTs is determined to be a significant factor to 

govern the properties of CNTs and widespread research has been intended for the growth of 

CNTs structures with controllable dimension. The presence of additional heteroatoms into 

CNT composition including phosphor (P) and sulphur (S) can considerably alter their 

properties as conductivity, chemical, and biocompatibility. Furthermore, the presence of the 

heteroatoms in the CNTs is believed to display different transport properties relative to the 

pure CNTs. Notice that, as pointed out by previous studies water or any other fluid 
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transported through CNTs interact with the inner surface through Van der Waals interactions. 

It would be true to say that water and other fluids transported through S or P doped CNTs will 

have multiple interactions (i.e. between transported molecules and S or P and Carbon atoms) 

whereas for undoped CNTs there will be only one set of interactive forces, between 

transported molecules and carbon atoms. In this chapter, we aim to present a catalyst-free 

protocol to fabricate CNTs with controlled physical and chemical properties by doping their 

structure with S, P and S/P. Additionally, we have explored the effect of S concentration on 

the morphology of CNTs. The schematic of the fabrication method is presented in Figure 5.1. 

The structural and chemical composition of fabricated CNTs/NAA composites was 

investigated by various characterisation techniques, including SEM, EDXS and HRTEM.  

 

 

Figure 5.1. Schematic diagram showing the fabrication of doped CNTs/NAA composites. 
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5.2 Experimental 

 

5.2.1 Materials 

High purity (99.997 %) aluminum foil was supplied by Alfa Aesar (USA). Chemicals used as 

described previously 3.2.1 Chapter 3.All the chemicals used in this work including 

triphenylphosphine (TPP), diphenyl disulfide (Ph2S2) were supplied from Sigma-Aldrich and 

ChemSupply (Australia). Their different concentrations (100%, 50% in toluene wt %) were 

prepared and used as precursor for P and S doped CNT preparation.  

 

5.2.2 Synthesis of Nanoporous Anodic Alumina Templates 

NAA were prepared using a two-step anodization process at constant voltage 40 V for 20 h in 

0.3 M oxalic acid at 5 ⁰C as described previously (Section 3.2.2).  

 

5.2.3 Catalyst-Free fabrication of doped CNTs/NAA Composites 

Catalyst free doped CNTs were prepared by two methods depending in the nature of the 

carbon precursor.  Carbon nanotubes were synthesised inside NAA. First process was carried 

out in a chemical vapour deposition system consisting of a two-stage furnace equipped with a 

cylindrical quartz tube (i.e. 43 and 1000 mm in diameter and length, respectively) as well as 

temperature and gas flow controllers. 30 mg of diphenyl disulfide, triphenylphosphine and a 

mixture of both (1:1), were placed in a ceramic crucible, which was introduced into the 

pyrolysis zone of the CVD reactor. Ar gas was flowed at 1 dm
3
 min

-1
 to ensure the absence of 

oxygen during the CNTs synthesis. NAA were placed in the deposition zone of the CVD 

reactor, where the carbon deposition took place. To establish the most optimal deposition 

conditions (i.e. temperature and time), we performed a set of preliminary experiments. We 

found out that the best conditions to produce CNTs were 850 ⁰C and 30 min. After CNTs 

were synthesised inside NAA, the CVD reactor was cooled down slowly to room temperature. 
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The resulting CNTs/NAA were saved in a container under inert conditions until they were 

characterized. The second fabrication approach was carried out by using the particle generator 

to introduce disulfide diphenyl precursor dissolved in toluene (50 % P2S2) under the same 

decomposition temperature and time as the above-mentioned experiment.  

 

5.2.4 Characterisation 

Structural characterisation of the prepared doped CNTs/NAA composites was carried out by 

SEM (FEG-SEM FEI Quanta 450) equipped with EDXS and TEM (Philips CM 200). Before 

inserting sample grids into the TEM microscope, the samples were sonicated in ethanol, then 

dropped on cupper grids and dried at room temperature.  

 

5.3 RESULTS AND DISCUSSION 

 

5.3.1 Structural and Chemical Characterisation of the Doped CNTs/NAA 

Composite  

Figure 5.2 shows SEM images of doped CNTs/NAA composites with S and P. Slight 

structural differences were observed as a function of the heteroatom used for doping  
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Figure 5.2. SEM images of doped CNTs synthetised inside NAA. a) Undoped CNTs (0-CNTs). b) 

Sulphur doped CNTs (S-CNTs) synthesised form Ph2S2 for 30 min. c) Phosphorous CNTs (P-CNTs) 

synthesised form TPP for 30 min. d) Cross-sectional image of prepared P-CNT/NAA composite 

showing CNTs inside pores with identical length to the template thickness from TPP for 30min. e) 

Magnified view of P-CNT/NAA structure.  

 

Top view SEM images of CNTs/NAA surface (Figures 5.2a-c) show the growth of P-CNTs 

and S-CNTs with different thicknesses. The wall thickness was found to be ~22 nm P-CNTs 

and ~3nm S-CNTs. However, SEM characterisation did not show any noticeable structural 

difference for S-CNTs and dual S/P-CNTs deposited inside NAA from Ph2S2 and TPP (1:1). 

SEM cross-sectional image of the CNTs/NAA composite clearly shows the formation of 

nanotube structures inside the pores (Figure 2d).  As Figure 5.2 shows, doped CNTs 

deposited inside NAA templates replicate the diameter and length of the template. It has been 

reported that, in a catalyst-based approach, to increase the percentage of P atoms in the 

structure of CNTs has a direct effect over the length of the produced CNTs. For instance, in 

the absence of P atoms in the CNTs structure, the nanotubes’ length can be 70 µm. However, 

the presence of P atoms reduces the length of these nanotubes to 12 µm (2.5 wt % of TPP) and 
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to 2-3 µm (3.3 wt % of TPP) [4]. This limitation is overcome by our fabrication approach with 

catalyst-free synthesis inside NAA templates, even with high levels of doping (e.g. 100 % of 

TTP). The reason is that, in the case of catalyst-based CVD synthesis, the growth of CNTs the 

catalyst function is interfered by the doping atoms, which deactivate its function and thus 

stops the growth of CNTs. 

 After fabrication, doped CNTs/NAA composites were dissolved in HF (45 %) under soft 

sonication to obtain free-standing CNTs and proceed with further characterisation. It is 

noteworthy that the power of sonication affects the tubes length and ultrasonication will result 

in short tubes while soft sonication will lead to long CNTs. In that regard, the length of free-

standing P- or S-CNTs was 50 m (Figure 5.3). Furthermore, with the length of these CNTs 

was shortened by ultrasonication. This ultrasonication effect will be utilized in Chapter 8 to 

prepare CNTs suitable for drug delivery applications. Notice that, ultrasonication creates stress 

by vibration and bending the CNTs, which speed up dissolution of NAAMs for liberation the 

tubes as well as results in breaking of the tubes. It is worth stressing that during ultrasonication 

the longer CNTs break first than the shorter ones due to greater bending related stress [12]. 

 

Table 5.1. Content analysis of doped CNTs for different precursors natures and concentrations. 

 

Figure 5.3 shows SEM images of free-standing P-CNTs, S-CNTs and P/S-CNTs after 

removal of the NAA template. To qualitatively detect the levels of heteroatoms in these 

CNTs, EDX spectra were analyzed. Table 5.1 provides the resulting quantitative analysis of 

the heteroatoms concentration of doped CNTs. 
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Figure 5.3. SEM images and EDXS analysis of free-standing doped CNTs after liberation of 

nanotubes from NAA template any details about NAA. a) Undoped CNTs (0-CNTs). b) Phosphorous 

doped. c) Sulphur doped CNTs. d) Sulphur doped CNTs. e) Sulphur/phosphorus doped CNTs (1:1). 

 

A TEM analysis was carried out to determine the morphology of doped CNTs from the 

different conditions of the incorporated heteroatoms with more details after removal of NAA 

template and preparation of librated CNTs (Figure 5.4). 
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Figure 5.4. TEM images of S and P doped CNTs after liberation from template showing different 

walls thicknesses. a) 0-CNTs. b) P-CNTs. c) S-CNTs (Ph2S2 100 wt % in toluene). d) S-CNTs (Ph2S2 

50 wt % in toluene). e) P/S-CNTs (TPC Ph2S2 100 wt % in toluene). 

 

This revealed that P-CNTs shows noticeable thicker wall in comparison to S-CNTs. This 

result is in agreement with catalyst-based CNTs grown from Fe metals [1, 5]. The reason of 
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this extraordinary wall thickness was be associated with the influence of P atoms intercalated 

in the graphitic lattice of CNTs structure, inducing the curvature structures of nanotube walls 

due to the different bond length of C-P and C-C [4, 9, 10]. Furthermore, P atoms are pushed 

outward upon structural relaxation, extending P-C bonds more than C-C, the result coincides 

logically well with other reports of intercalation P atoms in grapheme sheet which is the 

structural unit of CNTs [4,10]. This extension of P atoms from the wall due to the longer P-C 

bonds would explain this phenomenon. In addition, phosphorus also might play a role in 

enhancement of the diffusion of carbon atoms inside the NAA pores and thus the growth of 

thicker wall carbon nanotubes. TEM images of S doped CNTs grown from 50 to 100 % of 

Ph2S2 concentration reveal that the wall thickness of the resulting CNTs is directly related 

with of the concentration of Ph2S2. So, the lower the percentage the thicker the wall thickness 

is.  

 

5.4 Conclusions 

This chapter has reported about a catalyst-free fabrication process of phosphorus and sulphur 

doped CNTs with controlled diameters, lengths and shape structure using the features 

provided form CVD combined with NAA templates as clearly seen in chapter 4. SEM 

analysis showed that the obtained CNTs replicated the pore structure in NAA templates. 

However, different wall thicknesses were obtained as a function of the dopant and its 

concentration level. This catalyst-free fabrication of CNTs overcomes the inherent problems 

of catalyst-based approaches and makes it possible the production of CNTs with different 

chemical structures and controlled geometry, which are critical parameters for a broad range 

of applications. Further studies are in progress to explore transport and degradation properties 

of doped CNTs. There is strong confidence that biocompatibility and biodegradability of 

these CNTs will be significantly improved and definitely remove toxicity obstacle for their 

application for drug delivery. 
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CHAPTER 6: CHEMICAL FUNCTIONALIZATION OF INNER 

WALLS OF CNTs WITH LONG-CHAIN ALIPHATIC AMINES 

 

6.1 Introduction and Objectives 

The previous two chapters shown how  CNT dimensions and shapes can be controlled by 

controlling NAA template and chemical composition by doping using precursors with 

different heteroatom. This chapter will explore another important aspect to control internal 

surface chemistry of prepared CNTs which is important for many applications, and more 

specifically for transport properties of CNT membranes and DD of liberated CNTs.  

 It is well known that CNTs can be modified with molecules of different structure by forming 

stable covalent bonds or supramolecular assemblies based on non-covalent interactions [1-3]. 

The development of chemical modification methodologies makes it possible to use CNTs in 

such applications as drug delivery and vaccine delivery systems [4-9]. Functionalized CNTs 

link to a wide variety of active molecules, including peptides, proteins, nucleic acids and 

other therapeutic agents, and can be charged with biologically active moieties, which can then 

be delivered to the cell nucleus. The most important feature in the chemistry of CNTs is the 

possibility of introducing targeting molecules, contrast agents, drugs or reporter molecules at 

the same time onto the same tube [10].  The use of nanocapsules in drug delivery systems 

promise to reduce side effects from the drug, especially from highly toxic drugs for cancer 

treatments; however one important question is to find the specific conditions when it is 

energetically favorable for the drug molecule to be encapsulated, and then energetically 

favorable to be ejected inside the cells [7]. The theoretical studies of encapsulation process in 

CNTs without their chemical modification were carried out by Vardanega and Picaud and the 

results obtained showed that the energy factor always favors the encapsulation due to an 

increased curvature between encapsulated and adsorbed positions of the molecules [12-16].  
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Carbon nanotubes filled with fluorescent particles by the complementary action of capillary 

forces and the evaporation of the liquid, were applied in fluorescence studies about the 

transport of liquids and particles in carbon nanotubes. Also, metal-embedded CNTs can be 

driven using magnetic fields to target cells more efficiently [16-18]. 

Nevertheless, as we mentioned before, the encapsulation of an active molecule into the tube is 

strongly assumed by its deliverance. That is why a chemical functionalization of CNTs is a 

better solution to attempt and deliver the product on the target, and the chemical binding 

seems to be the only reliable way to transport a chemical compound by means of the 

nanotubes [7,10,11,12]. For biomedical applications, amine-functionalized nanotubes are 

envisaged as the most promising CNTs because of strong electrostatic interactions between 

amine group and biological components, which can provide stable immobilization of 

biological compounds onto the nanotube surface [19, 20]. The functionalization of CNTs with 

amines via both covalent and non-covalent routes is commonly preceded by oxidative 

treatment with strong acids.  

As far as we know, there is no report about the inner functionalization of the CNTs core by 

using different aliphatic amines and leave the outer surface unattached and unchanged after 

the functionalization process with the three different amines groups. One of the main reason 

of this difficulty of selectivity modification of the CNTs inner and outer surfaces is that all the 

conventional methods for the CNTs production  include arc discharge evaporation, laser 

ablation and thermal chemical vapor decomposition of hydrocarbon resultant in CNTs 

structure is close-ended and with catalyst presence that might blocked the core of the tubes 

and even if they are opened the selectivity modification is impossible, since and chemical 

modification for the inner will to effect the outer surface [21, 22]. So, only chemical vapor 

deposition CVD using nanoporous templates enables this selectivity for inner modification of 

the CNTs core, since the inner surface is exposed to the treatment, while the outer surface is 

covered with NAA [21-23]. So only the based on chemical vapour deposition (CVD) using 
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nanoporous anodic alumina oxide (PA) as template synthesis of the CNTs enables this 

selectivity for inner modification of the CNTs core [21-23]. So it would be possible to 

chemically functionalized CNTs with the differential of moieties inside and outside surface, 

which will be able to create multifunctional CNTs with hetero-properties. For biomedical 

applications, amine-functionalized nanotubes are envisaged as the most promising CNTs 

because of strong electrostatic interactions between amine groups and biological components, 

which can provide stable immobilization of biological compounds onto the nanotube surface 

[19, 20]. The functionalization of CNTs with amines via both covalent and non-covalent 

routes is commonly preceded by oxidative treatment with strong acids. The long term 

objectives are to prepare CNTs membranes with controllable transport properties and 

liberated CNT capsule with improved drug loading for drug delivery application. 

As was shown by Liu et al [19] that the polymeric amine, polyethyleneimine (PEI) can be 

grafted onto the surface of MWCNTs by cationic polymerization of aziridine in the presence 

of amine-functionalized MWCNTs. The amine functionalized MWCNTs were obtained by 

introducing carboxylic acid groups via refluxing MWCNTs in nitric acid with further 

amidation. Methods involving chemical oxidation always lead to a partial loss of CNTs 

sidewall graphitic crystallinity, to cutting of nanotubes and opening of their ends, as well as to 

the introduction of additional chemical agents, surfactants, surface charges, organic solvents 

and residues. The latter ones induce additional cytotoxicity and negatively influence the 

biocompatibility of CNTs. The development of non-destructive functionalization methods has 

always been crucial for facilitating different applications of CNTs. A new functionalization 

strategy, solvent-free gas-phase functionalization, which is both easy in implementation and 

attractive for “green” chemistry of nanomaterials, was recently proposed for chemical 

modification of MWCNTs and SWCNTs with different functional groups [24, 25]. In order to 

perform the direct one-step solvent-free amination of MWCNTs, the reactivity of structural 

(presumably pentagonal) defects at the closed ends and sidewalls of the pristine nanotubes 
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was explored [24, 26]. The procedure requires thermal treatment only, with no need to use 

any organic solvent medium, since increasing the temperature not only evaporates and 

activates the amine, but also helps to remove the unreacted amine physisorbed to nanotube 

surface. Recently this technique is employed via two “green” approaches: (1) gas-phase 

functionalization and (2) direct heating in the melt, to covalently attach amine molecules of 

variable structure (octadecylamine, 1,8-diaminooctane, polyethylene glycol diamine and 

polyethylenimine), to the outside walls of pristine MWCNTs [24, 25]. 

 

However, in order to enable the above-mentioned biomedical applications of CNTs, a means 

for functionalization within the nanotube interior must be developed as well. In this way, one 

can take an advantage of the template-grown carbon nanotubes, with their tubular hollow 

structure and controlled inner and outer diameters [28]. To this, such important general 

attributes of a nanotube can be added as the existence of inner and outer surfaces, which can 

be modified by chemical and/or biochemical compounds. For the purposes of 

functionalization of CNT interiors, the template synthesis provides an easy route to carry out 

the differential functionalization [23,22]. While still embedded within the pores of the 

template membrane, the inner nanotube surfaces can react with a given compound, which at 

the same time cannot be attached to the outer nanotube surfaces because the outer surfaces are 

masked with the pore wall. The template then can be dissolved, and the outer nanotube 

surfaces of liberated CNTs can be also functionalized by different functional groups. One 

application for such differentially functionalized nanotubes was already shown for template-

synthesised silica nanotubes in, which can serve as biocatalysts and highly selective nano-

phase extraction agents for bioseparations, exhibiting hydrophilic chemistry on their outer 

surfaces and lipophilic chemistry on their inner surfaces [23].  

Generally, the covalent attachment of different functional groups to carbon nanotubes is 

achieved by the derivatization of carboxylic groups obtained by acid treatment to produce 
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amide functionalities. However, the acid treatment mainly oxidizes CNTs ends and leaves the 

nanotube sidewalls intact, so that the amide linking cannot be performed along the latter. Our 

previous studies demonstrated that the attachment of low-molecular-weight amines to pristine 

multi-walled carbon nanotubes (MWCNTs) can be successfully achieved through the solvent-

free nucleophilic addition of amine groups to (presumably pentagonal) defects at the nanotube 

sidewalls and closed ends [24,25,29]. 

 

In this chapter, we further explored this approach, which is very attractive from the point of 

view of applications of CNTs as nanocapsules. We focused on the possibility of solvent-free 

functionalization of inner surfaces of CNTs with amines of different structure (long-chain 

aliphatic and branched polymeric amines). For all amines, the solvent-free functionalization 

procedure contemplated decreasing the pressure to a moderate vacuum, and after the vial was 

sealed, increasing the temperature to selected value. In the present study, the emphasis was 

done to explore selective functionalization of the inner walls of template-grown CNTs with 1-

octadecylamine (ODA), 1,8-diaminooctane (DO), and polymeric branched amine, 

polyethyleneimine (PEI). The scheme of proposed modifications is presented in Figure 1. 

 

 

Figure 6.1. Schematic of fabrication CNT/NAA composites by CVD growth of carbon nanotubes by 

chemical attachment of long-chain aliphatic amines to the inner surface of pristine CNTs: 

octadecylamine (ODA), 1,8-diaminooctane (DO) and  branched polyethylenimine (PEI). 



148 

 

 

 6.2 Experimental Details 
 

6.2.1 Materials and Functionalization 

 

CNTs were fabricated on the pores of the NAA template by the help of a custom designed 

aerosol-assisted chemical vapor deposition (CVD) system as described in details in Chapter 

3 – Section 3.2.4. The following amine compounds (from Sigma-Aldrich and Fluka) were 

employed: 1-octadecylamine (CH3(CH2)17NH2), 1,8-diaminooctane (NH2(CH2)8NH2), and 

branched polyethylenimine (H(NHCH2CH2)nNH2). Each amine was placed together with 

CNTs in a proportion 2:1 (w/w) inside Pyrex ampoules, which were pumped out to ca. 10
−2
–

10
−1

 Torr and sealed. The ampoules were placed into a cylindrical furnace to carry out the 

solvent-free amination. The gas-phase functionalization with ODA and DO, which are both 

volatile at temperatures above 150 °C in vacuum, was performed as described elsewhere [39].  

PEI is non-volatile but melts under the same temperature conditions; its reaction with CNTs 

was carried out at a selected temperature of 190 °C for a selected time of 12 h. After cooling 

down, the ampoules with DO and ODA were opened, heated at 130 °C and simultaneously 

pumped out for 2 h to eliminate the excess of amine. The samples of CNTs functionalized 

with PEI were purified to eliminate the unreacted polymers by repeated washing in water, 

centrifugation and decantation cycles, and drying in vacuum. 

 

6.3 Results and Discussion 

 

6.3.1 Morphology and Structure 

According to SEM images, the morphology structure of both unmodified CNTs-NAAMs and 

DO-modified CNTs- NAAMs shows no structural difference (Figure 6.2). It should be noted 
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that NAAMs with different pore diameters and length can be fabricated under different 

anodization conditions and hence the dimensions of CNT can be precisely controlled with 

specific pore diameter as clearly can be seen in Chapters 3 and 4.  

 

Figure 6.2. SEM images of CNTs prepared by CVD from NAA template  followed by gas based 

surface modification using long-chain amines a) 0-CNTs (control). b) Magnified view of 0-CNTs. c) 

1,8-diaminooctane (DO-CNTs_ modified CNTs . d) Magnified view of DO-CNTs. (with permission 

from T. Altalhi, et al. Chemical functionalization of inner walls of carbon nanotubes with long chain 

aliphatic amines, Chemeca 2012 Proceeding, paper 0273, 10 pages, (23-26 Sept 2012 Wellington, 

New Zealand, Copyrights Chemeca 2012) 

 

However, high resolution TEM images (Figure 6.3) for the functionalized tubes showed 

certain number of nanoparticles inside CNTs (Figure 6.3d). The explanation is that these 

carbon structures are diamond carbon nanoparticles formed on CNTs defects during the 
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amination process. It is known that the sidewalls of CNTs are composed of benzene rings 

which are difficult to chemically react and almost to be inert especially as for amines 

compounds. Usually, what is involved in the reactions with the amines is the five-membered 

rings which is categorized as defects and reactive spots that is to be targeted for chemical 

reactions [24,25]. However, as pointed out from many groups and our previous work [24,25, 

30], CNTs grown in NAAMs without catalyst have a lower crystalinity structure and also 

rough surface, which induces many defects on the CNTs structure. These defects may 

influence the activity of the CNTs sidewalls to be anchoring sites for the activated amine 

molecules.  

 

Figure 6.3. Low and high resolution TEM images of a-b) 0-CNTs. c-d) PEI-CNTs. e-f) DO-

CNTs. (with permission from T. Altalhi, et al. Chemical functionalization of inner walls of 

carbon nanotubes with long chain aliphatic amines, Chemeca 2012 Proceeding, paper 0273, 

10 pages, (23-26 Sept 2012 Wellington, New Zealand, Copyrights Chemeca 2012) 
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Further analysis was conducted to explore the chemical structure and importantly provide 

evidence that the inner graphitic layers of CNTs were functionalized with amine. To verify 

the differences between the inner and outer CNTs surface, we carried out the analysis of 

amine-functionalized nanotubes composite DO-CNTs/ NAAMs and also of free-standing 

CNTs by means of XPS. 

 

6.3.2 Characterisation of Surface and Chemical Composition  

 

6.3.2.1 Inner Functionalization of CNTs 

To confirm inner functionalization of CNTs the chemical compositions of the outer surface 

and the inner surface of CNTs after and before functionalization with DO was characterized. 

This was examined by employing XPS, which reveals the surface structure with 5 nm to 

maximum 10 nm depth and it is difficult to obtain information of the inner surface [22, 31]. 

Therefore, the chemical characteristic of the upper layer on CNTs/NAA to the inner surface of 

the CNTs composites will show different amount of nitrogen in the XPS analysis from the 

upper layer of the DO-CNTs/NAA composite (inner surface of the tubes) and from the outer 

surface of the liberated tubes from the NAA membrane (DO-CNT) , which  it was found to be 

4 % and nearly zero %, respectively . Further comparison was carried out by examining the C 

1s line of 0-CNTs, DO-CNTs/NAAMs (inner surface) and DO-CNTs liberated from the 

membrane (outer surface). Figure 6.4 shows the C 1s spectra of DO-CNTs liberated from 

NAAMs and pristine 0-CNTs without amination treatment. It can be seen that there is no 

significant difference in shape between the two spectra and no clear peak due to amine groups 

is noticed specifically larger than the peak located at 284.5± 0.3 eV (graphitic carbon sp
2
 

hybridized) [32, 33], different in the case of the DO-CNTs/NAAMs composite contains high 

energy shoulder over 285-289eV [34, 35]. These results show that the outer surface of both 
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types of CNTs is still unaffected even during the amination treatment. Hence we conducted 

our analysis for all the used aliphatic amines using same concept.  

 

 

Figure 6.4. Comparative XPS C1s spectra of a) DO-CNTs/NAA composite (inner surface) 

and b) DO-CNTs (outer surface) liberated from NAA template. Pristine CNTs (0-CNTs) were 

used as a control. (with permission from T. Altalhi, et al. Chemical functionalization of inner 

walls of carbon nanotubes with long chain aliphatic amines, Chemeca 2012 Proceeding, paper 

0273, 10 pages, (23-26 Sept 2012 Wellington, New Zealand, Copyrights Chemeca 2012) 

 

6.3.2.2 Nitrogen Atoms Concentration and Distribution  

In order to investigate the total amount of nitrogen in the inner surface of CNTs, XPS analysis 

was used for each amines functionalized CNTs  (DO-CNTs ,ODA-CNTs and PEI-CNTs) and 

the unmodified CNTs (0-CNTs ) (Figure 6.5). As can be seen, there is a clear increase of 

nitrogen content on the walls of the CNTs for the all used aliphatic amines functionalized to 

the pristine CNTs. These increases and the functionalities structure depend on the 

functionalization conditions and the chemical structure of the aliphatic amine follows ODA-

CNTs < DO-CNTs < PEI-CNTs. It should be noted that the amine compounds are likely to be 

present in several chemical states, including: the free amine (NH2) form, protonated or 

quaternary state (NH3
+
) and carbamate from the reaction with oxygen containing functional 

groups or even H2O and CO2 [35-37]. These forms can be identified by the means of XPS 
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analysis. Figure 6.6 shows the XPS core-level regions for the three amine-functionalized 

CNTs and the unmodified ones. For both DO-CNTs and PEI -CNTs but ODA-CNTs, there 

were two N 1s peaks that indicated the —NH3
+
 (quaternary form) and free amine group –

NH2. This region was deconvoluted to determine the relative percentage of these two forms. 

The ODA-CNTs is the most straightforward of the amine compounds and contains a single N 

1s peak at 399.8 eV, and a large peak of C 1s at 284 eV corresponding to the 18 CH2 units, 

small peak at 285 eV which corresponds to the elements in the C=N, sp
2
 hybridization in the 

amine. Whereas, the peaks at 286 and 288 eV correspond to carbon atoms attached the 

different oxygen containing function groups C-O and C=O respectively [35, 38,40]. The DO-

CNTs were more complicated and the deconvolution of the of the N 1s line gives two peaks at 

402.6 and 400.1 eV, corresponding to the quaternary form —NH3
+
  and —NH2 free, 

respectively [35, 37].  

The —NH3
+
 peak was 10.92 % of the total N 1s peak area and 89.08 % for free amine. This 

combined with the broadened shape of the C1s line and the presence of two strong peaks at 

285eV (26.45 %) and 286.0 eV (20 %) corresponding to the single carbon atom bonded to the 

nitrogen in the amine group and to the amide (carbamate form) respectively [38]. The 

appearance of the amide groups were combined with the both the presence of high percentage 

of oxygen atoms on the XPS spectrum (12  %) and the carboxylic acid group COOH at 288 

eV (6 %) [38-40]. The PEI-CNTs looked similar to the DO-CNTs and the N1s line peaks 

appeared at 401.0 eV and 399.67 eV for the—NH3
+
 and —NH2 free, respectively [35, 37]. 

The —NH3
+
 peak was 71.36 % of the total N 1s peak area. The C 1s line contains a strong 

peaks at 285 eV and also high strong  energy shoulder peak combined with the high energy 

shoulder peak of the C1s line and the presence of at 287 eV (26.45 %) corresponding to the 

single carbon atom bonded to the nitrogen in the amine group to the amide (carbmate form) 

respectively [38]. Also this form appeared as a result of both of high percentage of oxygen 

atoms (13 %) on the XPS spectrum and the carboxylic acid group COOH at 288 eV (10 %) 
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[39]. As expected, no N1s peaks were observed in the pristine carbon nanotubes (0-CNTs). It 

is so interesting to note that a high percentage of declining of the C=C sp
2
 hybridization 

structure (located at the C 1s line at the peak at 284.5 ± 0.3 eV ) from the inside tubes, as 

shown in the DO-CNTs (outer surface of the tubes) and the DO-CNTs.  

 

 

Figure 6.5.  XPS survey scan spectrums of the 0-CNTs, PEI-CNTs, DO-CNTs and ODA-

CNTs as a function of the amount of N. (adapted with permission from T. Altalhi, et al. 



155 

 

Chemical functionalization of inner walls of carbon nanotubes with long chain aliphatic 

amines, Chemeca 2012 Proceeding, paper 0273, 10 pages, (23-26 Sept 2012 Wellington, New 

Zealand, Copyrights Chemeca 2012) 

 

Figure. 6.6. a-b)High resolution C 1s of 0-CNTs , and b-c) High resolution C 1s and N 1s of 

PEI-CNTs,  d-e and g-f) shows high resolution N 1s,C1s of DO-CNTs and ODA-CNTs 

respectively. (adapted with permission from T. Altalhi, et al. Chemical functionalization of 
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inner walls of carbon nanotubes with long chain aliphatic amines, Chemeca 2012 Proceeding, 

paper 0273, 10 pages, (23-26 Sept 2012 Wellington, New Zealand, Copyrights Chemeca 

2012) 

Further analysis was conducted to provide evidence that the inner surfaces of CNTs are 

functionalized with amine, we carried out the analysis of amine-functionalized nanotubes 

(liberated from NAAMs) by means of FTIR spectroscopy. Figure 6.7 presents the spectrum 

of a representative case, carbon nanotubes functionalized with polyethylenimine, CNTs-PEI. 

It can be seen, that in contrast to pristine CNTs, the organic moieties of PEI clearly manifest 

themselves in the region at 2800–3000 cm
−1

. These strong absorption bands are observed after 

repeated washing in water (with centrifugation, decantation, and drying in vacuum) for CNTs-

PEI, evidencing on covalent amine attachment. The absorption at 1440 cm
−1

 and around 

2800–3000 cm
−1

 corresponds to C–H bending and stretching vibrations, respectively, in 

aliphatic hydrocarbon groups. The bands at 1565 cm
−1

 can be explained by bending vibrations 

of NH groups. For these samples, we have proved the presence of amine functionalities by 

further reaction with acetic acid (AcOH) in a vacuum sealed ampule, at 130 °C, which forms 

amide groups and acetates with amine moieties in the functionalized CNTs that can be clearly 

observed in FTIR spectra for CNTs-PEI+AcOH samples. The strong absorption at 1580 cm
-1 

 

Figure. 6.7.  FTIR spectra of CNTs+PEI, and CNTs+PEI+AcOH samples, in comparison 

with the spectrum of CNTs before the functionalization. 
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is due to stretching vibrations of ionized carboxylic groups (CO2
−
) in salts, overlapping with 

the NH vibration (‘amide   ’) of amide bonds, meanwhile the band at 1690 cm
-1

, present as a 

shoulder, corresponds to the vibrations of C=O bonds (‘amide  ’). The strong bands at 1480 

and 980 cm
-1

, which appeared after the reaction of CNTs-PEI with AcOH, can be attributed to 

symmetric bending and rocking vibrations of methyl groups [29, 41], which is in agreement 

with the XPS analysis. 

 

XPS data indicates a high percentage of sp
3
 formation (higher binding shoulder detected at 

larger than 284.5 ± 0.3 eV) as seen in Figure 6.6 accompanied with a high level of sp
2
 

declining compared to the 0-CNTs. This result corresponds to both the SEM and TEM images 

(Figures 6.2 and 6.3), for observed diamond-like carbon particles inside the tubes and on the 

top of the NAAMs. The process can then follow two different paths, depending on the time 

heating and conditions treatment during the amination process of CNTs. When the CNTs 

were treated under high temperature and for longer, as in the PIE functionalization 

experiments of CNTs carried out in our laboratory, a lot of such particles were observed to 

form and also some crystaline feature formations were also noticed with this treatment. So 

under the functionalization conditions, the nanotubes begin to be attacked by either the highly 

reactive intermediates of the amines compounds (which is not stable above 150 °C) and by 

the oxygen atoms during the heating process in the opened environment. This leads to 

formation of defective sites inside the inner surface of the nanotube wall (these formed, sp
3
 

hybridization, which provides suitable sites for the nucleation of carbon nanodiamond and at 

the other way is etching mechanism of the graphitic structure of the carbon atoms (double 

C=C bond the sp
2
 hybridization) leaving behind the diamond structure in the CNTs wall. The 

proposed mechanism is in agreement with several studies [42-44] demonstrated that graphite 

can be converted to the diamond structure and the difficulty of conversion is based in the 

purity of the graphite structure. It is been found that it is a bit difficult to convert the planner 
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sp
2
 structure (graphite form) to sp

3
 structure network (diamond form) [45]. However, 

introducing hydrogen gas in CVD induces sp
3
 carbon hybridization (C-C single bond) into the 

CNTs skeleton and etching sp
2
 structure of the graphite makes the transformation easier since 

these defects will play a role as suitable sites for nucleation of diamond crystallites [44, 46, 

47]. Our current studies provide a proposed mechanism and composition of formed carbon 

nanoparticles. 

 

6.4 CONCLUSIONS 

Inner surface functionalisation of the CNTs was successfully demonstrated using the template 

technique to enable selective chemical modification onto the inner surface of tubes and leave 

the outer walls unaffected. This selectivity was confirmed by XPS analysis, FTIR and also 

TEM images. Functionalization for volatile ODA and DO and in the direct heating with the 

melt for polymeric PEI, were both successfully efficient techniques for the one step 

functionalization of the inner surface of the pristine tubes (0-CNTs). 

The degree of the functionalization was controlled by the amine groups number in the 

aliphatic amines and the percentage of the nitrogen present were as follows ODA-CNTs < 

DO-CNTs < PEI-CNTs. Further, confirmation of inner functionalization was carried out by 

conducting FTIR analysis of PEI-CNTs before and after reaction with acetic acid. 

Interestingly this resulted in the formation of carbon nanostructures in various forms such as 

nanodiamond and nanographite particles as shown from TEM images. This result were 

attributed to the low purity and the poor crystallinty of the catalyst free CNTs prepared by 

NAAMs as template, which also can be seen from XPS data that shows noticeable reduction 

in sp
2
 structure after the treatment of the pristine carbon nanotubes (0-CNTs). This finding 

opens a new window for producing nanodiamond structures by using free catalyst CNTs as 

starting material. We have investigated the production of nanodiamond structures by using 

free catalyst CNTs as starting material and take the advantages of the low purity and the 
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presence of defects as start points for nucleation of diamond by the assistance of many factors 

etching reactive species or energy by plasma and this work will be conducted in the future. 

Further studies will confirm importance of these surface modifications for controlling 

transport properties and drug delivery application and some of them will be presented in the 

following chapters. 
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CHAPTER 7: SYNTHESIS OF WELL-ORGANISED CARBON 

NANOTUBE MEMBRANES WITH TUNEABLE MOLECULAR 

TRANSPORT 

 

7.1 Introduction and Aims  

Among the most sophisticated membranes explored in separation technology, carbon 

nanotube membranes are considered as one of the best options as these combine outstanding 

transport properties along with chemical selectivity [1-3]. This makes CNTs membranes an 

excellent platform for such applications as water desalination and purification, gas and 

pervaporation separations, nanofiltration of biological mixtures, transdermal drug delivery, 

ultra-sensitive sensing and energy storage [1-17]. Notice that molecular transport through 

CNTs membranes can be precisely tuned with selective and reversible chemical interactions. 

Also, a gatekeeper strategy can be easily implemented by modifying the ends of open-ended 

CNTs with chemically selective species or electrical contacts [18,19]. Another advantage of 

CNTs membranes over conventional ones based on polymers or ceramics is that they can be 

recycled by ultrasonication and/or thermal cleaning as a result of their chemical inertness and 

mechanical and thermal stability. These treatments restore the performance of CNTs 

membranes and thus extend their usage for multiple cycles. Structurally, CNTs membranes 

feature two main arrangements: namely, i) randomly distributed bundles of CNTs and ii) 

vertically aligned CNTs grown over different supports [14,15]. The former has a simple 

fabrication process albeit the resulting CNTs membranes have a poor chemical selectivity as 

such non-polar species as aromatic compounds are retained by π- interactions between the 

outer walls of CNTs and molecules [22-24].  
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By contrast, the latter enables an extremely fast transport of gases and solutions through 

CNTs, which reduces the required pressure and increases the efficiency of 

separation/filtration processes [25]. Another important aspect of these membranes is their 

high chemical selectivity as the filtration mechanism is based on chemical selectivity and size 

exclusion when molecules flow along the inner walls of CNTs [3]. It is worth mentioning that 

subsequent surface functionalization with chemically active species can endow these 

nanotubes with further chemical selectivity. Traditionally, vertically aligned CNTs 

membranes have been produced by using silicon nitride and polymer matrices [3,20,21]. 

However, both methods require expensive laboratory facilities and long fabrication processes 

limited to laboratory scale, which present a poor control over the nanotube geometry [3]. As 

for this, NAA membranes are considered excellent inorganic templates to synthesise CNTs 

membranes featuring vertical nanotubes as a result of their unique set of properties (e.g. 

hexagonally arranged cylindrical pores, tuneable nanometric scale, chemical, mechanical and 

thermal stability, cost-competitive and scalable fabrication process, etc.) [26-36]. For these 

reasons just mentioned above, membranes with vertically aligned CNTs are thought to be 

more suitable platforms to develop versatile and smart separation devices. Previous studies 

have shown that synthesis of CNTs membrane directly on NAA membranes can be achieved 

by the means of two ways either carbonization of polymers or pyrolysis of gaseous 

hydrocarbons to produce CNTs inside of NAA pores [14-16].  

However, both approaches suffer from the difficulty of controlling the thickness of the CNTs 

wall or from high amount of amorphous covering the top surface of the NAAMs. Similar 

studies were conducted by Schneider et al [52], who reported about the formation of CNTs by 

using commercial anodic alumina membranes as a template. However, their CNTs/NAA 

composites presented a thick layer of amorphous carbon covering the top surface of NAA, 
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which is hard to remove by chemical approaches. This layer of amorphous carbon on the 

surface may present serious disadvantages and to hinder the transport of molecules. 

In this chapter, we put forward an innovative process to fabricate CNTs membranes featuring 

hexagonally arranged nanotubes with a vertical alignment and well-defined geometry and 

explore their transport properties. This process is based on a catalyst-free CVD approach, in 

which NAAMs act as templates while either toluene/ethanol or commercially available plastic 

bags are directly used as carbon sources. This makes it possible to synthesise CNTs/NAAMs 

and liberated CNTs for chemical separation applications (Figure 7.1). The molecular 

transport properties of the resulting CNTs/NAAMs structures were analyzed by studying the 

diffusion of several dye molecules. Furthermore, the structure of prepared CNTs/NAA 

composites were investigated by different characterisation techniques including SEM, 

HRTEM, EDXS and XPS. Transport and separations properties of prepared membranes were 

explored using several model molecules including Rose Bengal, tris (2,20-bipyridyl) 

dichlororuthenium(II) hexahydrate (Rubpy) and Rhodamine B showing the capability to tune 

the transport performance of these membranes. 

 

Figure 7.1. Schematic diagram of fabrication CNT/NAA composites by CVD growth of carbon 

nanotubes inside of NAA pores. 
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7.2 Experimental 

7.2.1 Materials 

High purity (99.999%) aluminum foils were purchased from Goodfellow Cambridge Ltd. 

Commercial non-degradable plastic bags composed of linear low-density polyethylene 

(LLDPE) were collected from a local grocery shop (i.e. Coles, Adelaide, Australia) and used 

as a carbon source. All the chemicals used in this study, including the three dyes used for 

molecular diffusion (i.e. Rose Bengal (C20H4Cl4I4O5 – (RosB)
2-

), tris(2,20-bipyridyl) 

dichlororuthenium(III) hexahydrate (C30H24Cl2N6Ru·6H2O – (Ru(BPY)3)
3+

) and Rhodamine 

B (C28H31ClN2O3 – RhoB), were supplied by Sigma-Aldrich (Australia) and used as received. 

High purity water (i.e. 18.2 M cm) used to prepare the different aqueous solutions was 

produced by sequential treatments in a Millipore system. 

 

7.2.2 Fabrication of Nanoporous Anodic Alumina Membranes (NAAMs) 

NAAMs were prepared using a two-step anodization with a constant voltage of 40 V for 20 h 

in 0.3 M oxalic acid at 5 °C, a detailed description of this process is provided in Chapter 3 – 

Section 3.2.2.  

 

7.2.3 Synthesis and Surface Chemistry of CNTs-NAAMs 

CNTs membranes were produced by catalyst/solvent-free CVD method, which is described in 

detail in Chapter 3 – Section 3.7.2.3. An additional annealing process was conducted in the 

resulting CNTs/NAAMs in order to study the effect of surface chemistry (i.e. oxygen content) 

over the molecular transport performance. Annealing was performed by heating the 

CNTs/NAAMs under Ar atmosphere at 900 ⁰C for 3 h. 
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7.2.4 Experimental Set-up for Molecular Transport Studies 

Figure 7.2 shows a schematic diagram of the set-up used to perform our ionic transport study 

through CNTs/NAAMs. This consists of two half-cells between which CNTs/NAAMs are 

placed and sealed by two polydimethylsiloxane (PDMS) slides. These cells (i.e. feed and 

permeate cells) have a hole of 2 mm in diameter through which the ionic molecules flow from 

the feed cell to the permeate one. The system is clamped to avoid liquid leaks during the 

process. Aqueous solutions of Rose Bengal (C20H4Cl4I4O5 – (RosB)
2-

) 10 mM, tris(2,20-

bipyridyl) dichlororuthenium (III) hexahydrate (C30H24Cl2N6Ru·6H2O – (Ru(BPY)3)
3+

) 10 

mM and Rhodamine B (C28H31ClN2O3 – RhoB) 10 mM were used in this study. The permeate 

cell was connected to a UV-visible fibre optic spectrophotometer (USB400 Ocean Optics) by 

means of an optical fibre assembly. In this way, the absorbance in the permeate cell was 

monitored with time. Notice that the absorbance was monitored at wavelengths 553, 543 and 

455 nm for (RosB)
2-

, (Ru(BPY)3)
3+

 and  RhoB, respectively. 

 

Figure 7.2. U-tube permeation cell used to perform our study about ionic transport of dye molecules 

through CNTs-NAAMs. 
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7.2.4.1 Calibration Curves for Ionic Transport Analysis 

The diffusion of the aforementioned dye molecules was studied by measuring the absorbance 

in the permeate cell. Preliminary experiments were performed to relate the amount of each 

dye with the absorbance value. Figure 7.3 summarises the calibration curves obtained for 

(RosB)
2-

, (Ru(BPY)3)
3+

 and  RhoB and also provides a scheme showing the chemical 

structure of each of the above-mentioned dyes.  

 

Figure 7.3. Calibration curves relating the absorbance value with the concentration of each dye in the 

permeate cell (absorbance was measured at wavelengths 553, 543 and 455 nm for (RosB)
2-

, 

(Ru(BPY)3)
3+

 and  RhoB, respectively). a) Calibration curves and linear fittings. b) Chemical structure 

of molecular dyes used in performed diffusion studies. 
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7.2.5 Characterisation of CNTs/NAAMs 

7.2.5.1 Structural Characterisation of CNTs/NAAMs 

The prepared CNTs/NAAMs arrays were characterised by SEM and TEM imaging, which are 

mentioned in details in Chapter 3 – Section 3.7.3.1. 

 

7.2.5.2 Surface Characterisation of CNTs/NAAMs  

Surface characterisation of prepared CNTs and CNTs/NAAMs was performed by Raman 

spectroscopy, EDX and XPS. 

 

7.3. Result and Discussions 

 

7.3.1. Structural Characterisation 

Structures of NAAMs and CNTs/NAAMs were presented and characterized using SEM and 

TEM and results were presented in Chapter 3 – Section 3.7.3.1. 

 

7.3.2. Surface Characterisation of Liberated CNTs by XPS 

The transport properties of CNTs are not only related with their geometry but also with their 

chemical composition. To gain insight into this issue, we analyzed liberated CNTs before and 

after annealing treatment by XPS (Figure 7.4).  XPS survey scans indicate that non-annealed 

CNTs had a 13.47  % of oxygen, which was reduced to 4.90 % after the annealing treatment. 

The high percentage of oxygen in non-annealed CNTs can be associated with two sources: 

namely, i) oxygen from the NAAM structure (i.e. basically composed of Al2O3) and ii) 

oxygen from the carbon source (i.e. plastic bags or toluene/ethanol). It is noteworthy that the 

transport properties of CNTs are directly related with this as oxygen-containing functional 
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groups make CNTs more hydrophilic [46]. Therefore, an annealing treatment increases the 

hydrophobic character of CNTs.  

 

The high-resolution C 1s spectra of non-annealed and annealed CNTs were deconvoluted into 

five well-resolved peaks. The binding energies for non-annealed CNTs were 284.71, 285.71, 

286.91, 288.21 and 290.71 eV for C=C, C-OH, C=O, O=C-O and π-π* groups, respectively 

(Figure 7.4a). Notice that the predominance of peaks around 284.0 eV (i.e. main carbon 

reference peak) is associated with the graphitic carbon structure sp
2
 hybridised and the three 

main peaks are related to different oxygen-containing functional groups (e.g. alcohol 

hydroxyl ether, aldehyde and carboxylic acid). These groups result in oxidation of the carbon 

surface after exposure to air atmosphere and the absence of catalysts during the synthesis 

process (i.e. less crystalline structure) [18,47,48,49]. As for the binding energies for annealed 

CNTs, they were 284.73, 285.73, 286.73, 288.23 and 290.73 eV for C=C, C-OH, C=O, O=C-

O and π-π* groups, respectively (Figure 7.4b). However, the intensity of the peaks related 

with the oxygen-containing groups decreased slightly as a result of the oxygen percentage 

decrement after the annealing treatment. These results are summarised in Table 7.1. 

Furthermore, the graphitic quality of the resulting CNTs before and after the annealing 

treatment was evaluated by TEM at high resolution magnification. Figures 7.5a and Figure 

7.5b show TEM magnified views of the graphitic structure of the CNTs obtained by the 

proposed CVD approach. This verifies that the annealing treatment improves the organization 

of the graphitic layers in the CNTs structure, which results in a subsequent modification of 

their transport properties. However, the intensity of the peaks related with the oxygen-

containing groups decreased slightly as a result of the oxygen percentage decrement after the 

annealing treatment. These results are summarised in Table 7.1. 
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Figure 7.4. XPS analysis of liberated CNTs. a) XPS spectrum of non-annealed CNTs. b) XPS 

spectrum of annealed CNTs. (with permission from T. Altalhi, T. Kumeria, A. Santos, D. Losic, 

Synthesis of well-organized carbon nanotube membranes from non-degradable plastic bags with 

tunable molecular transport: Towards smart nanotechnological recycling, Carbon, 2013, 63, 423-433, 

Copyright Elsevier 2013) 
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Table 7.1. Summary of high-resolution C 1s spectra after deconvolution for non-annealed and 

annealed CNTs. Free-standing CNTs were analysed by X-ray photoelectron spectroscopy (XPS Kratos 

Axis Ultra) by using the Al Kα (1486.7 eV) monochromatic line. 

 

Figure 7.5. TEM magnified views of liberated CNTs before and after annealing treatment. a) TEM 

magnified view of wall structure of non-annealed CNTs (scale bar = 5 nm). b) TEM magnified view of 

wall structure of annealed CNTs (scale bar = 5 nm). (with permission from T. Altalhi, T. Kumeria, A. 

Santos, D. Losic, Synthesis of well-organized carbon nanotube membranes from non-degradable 

plastic bags with tunable molecular transport: Towards smart nanotechnological recycling, Carbon, 

2013, 63, 423-433, Copyright Elsevier 2013) 

 

 

 

CNTs 

 

Group 

 

Binding Energy (eV) 

Non-annealed C=C 284.71 

 C-OH 285.71 

 C=O 286.91 

 O=C-O 288.21 

 π-π* 290.71 

Annealed C=C 284.73 

 C-OH 285.73 

 C=O 286.73 

 O=C-O 288.23 

 π-π* 290.73 
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7.3.3. Molecular Transport Performance of CNTs-NAAMs 

According to the Fick’s law, the concentration gradient of molecules between the feed and 

permeate cells is the driving force when molecules diffuse through CNTs-NAAMs [48]. In 

our study, we kept constant the CNTs geometry and the initial concentration in the feed cell. 

Therefore, the only factor governing the diffusion of these molecules through CNTs/NAAMs 

was their nature, which established the interaction with the inner surface of CNTs.  

Consequently, such parameters as the charge, size and interfacial properties of these 

molecules played a direct role in the transport performance through CNTs-NAAMs. 

Nevertheless, we must consider molecule size less significant in this study as the pore size is 

at least 30 times bigger than the Stokes-Einstein diameter of these molecules [51,52]. Hence, 

the charge and chemical structure were the main factors that determined the transport 

performance in these experiments. 

 

As a first result, we compared the transport performance of these molecules through as-

produced NAAMs and CNTs/NAAMs (Figure 7.6a). Notice that the pore length in NAAMs 

and CNTs/NAAMs was the same but the pore diameter was slightly bigger in NAAMs (i.e. 

membranes without CNTs). However, the diffusion flux of (RosB)
2-

 was found to be three 

times faster through CNTs/NAAMs (i.e. (3.11
 
± 0.04)∙10

-9
 mol cm

-2
 min

-1
) than through as-

produced NAAMs (i.e. (1.02
 
± 0.02)∙10

-9 
mol cm

-2
 min

-1
), even though they featured smaller 

pore diameters. These results are in agreement with previous studies showing faster transport 

with nanotube decreasing CNTs diameter , which demonstrates the huge potential of these 

membranes for separation/filtration applications since they not only can increase the 

efficiency of these processes (i.e. reduction of pore diameter = increment of size exclusion 

effect and surface interactions) but also save energy (i.e. lower pressure is required to flow 

solutions through these membranes). 
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We further performed a systematic study about the diffusion of several model molecules (i.e. 

(RosB)
2-

, Ru(BPY)3)
3+

 and RhoB) through CNTs-NAAMs synthesised from commercial 

plastic bags to probe their chemical selectivity. Figure 7.6b summarizes the diffusion rates of 

these three dyes through CNTs/NAAMs. We verified that negatively charged molecules 

((RosB)
2-

) diffused at a faster rate than positively charged (Ru(BPY)3)
3+

) and neutral ones 

(RhoB). In particular, the diffusion fluxes were (3.11 ± 0.04)∙10
-9
, (1.73 ± 0.07)∙10

-9
 and (1.51

 

± 0.02)∙10
-9

 mol cm
-2

 min
-1

 for (RosB)
2-

, Ru(BPY)3)
3+ 

and RhoB, respectively. This behaviour 

can be explained by repulsive interaction between negatively charged (RosB)
2-

 molecules and 

partially oxidised CNTs surface  with oxygen-containing groups, which enhances their 

transport through CNTs-NAAMs. 

 

As for the annealing effect, Figure 7.6c shows the transport performance of Ru(BPY)3)
3+

 

through non-annealed and annealed CNTs-NAAMs. The diffusion flux of Ru(BPY)3)
3+

 

through annealed and non-annealed CNTs was found to be (3.61 ± 0.08)∙10
-9

 and (1.51 ± 

0.02)∙10
-9

 mol cm
-2

 min
-1

, respectively. This certifies that an annealing treatment increases 

noticeably the hydrophobic behaviour of CNTs as Ru(BPY)3)
3+

 is a hydrophobic dye. 

 

Finally, on account of these results, CNTs/NAAMs produced from commercial plastic bags 

could be used as effective membranes to perform such a sophisticated process as separation of 

mixed solutions. As a proof of concept, we studied the diffusion of two mixed dyes through 

these CNTs/NAAMs. The molecular ratio of the two components in the binary mixture feed 

was 1:1 (i.e. the same concentrations 10 mM).   
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Figure 7.6d shows the transport of that mixture of Ru(BPY)3)
3+

 and RhoB through CNTs-

NAAMs. These dyes were carefully selected in order to avoid any chemical interaction 

between molecules.  

Figure 7.6. Molecular transport study through CNTs-NAAMs produced by the proposed CVD 

process. a) Diffusion of (RosB)
2-

 through as-produced NAAMs and CNTs-NAAMs. b) Diffusion of 

(RosB)
2-

, Ru(BPY)3)
3+

 and RhoB through CNTs-NAAMs. c) Diffusion of Ru(BPY)3)
3+

 through non-

annealed and annealed CNTs-NAAMs. d) Diffusion of a mixture of RhoB and Ru(BPY)3)
3+

 through 

CNTs-NAAMs showing the potential of these membranes to perform selective separations of 

molecular mixtures. (with permission from T. Altalhi, T. Kumeria, A. Santos, D. Losic, Synthesis of 

well-organised carbon nanotube membranes from non-degradable plastic bags with tuneable molecular 

transport: Towards smart nanotechnological recycling, Carbon,2013, 63, 423-433, Copyright Elsevier 

2013) 

 

The diffusion flux of both dyes was (3.17 ± 0.18)∙10
-9

 and (1.54 ± 0.08)∙10
-9

 mol cm
-2

 min
-1 

for Ru(BPY)3)
3+

 and RhoB, respectively. The diffusion flux ratio between both dyes (i.e. 2, 

approximately) indicates the potential of these CNTs-NAAMs to perform separation of 

molecular solutions. In other words, Ru(BPY)3)
3+

 molecules diffused faster than RhoB ones 

and thus could be separated when they flow through these CNTs-NAAMs (i.e. concept of 
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partition coefficient in chromatography). It is noteworthy that the diffusion flux of 

Ru(BPY)3)
3+

 molecules was significantly faster than that obtained in single dye experiments 

in contrast with the diffusion flux of RhoB, which was almost the same. These results can be 

associated with size exclusion effect and interactions with the CNTs walls. 

 

The different diffusion fluxes obtained in the aforementioned transport studies are 

summarised in Table 7.2. These results confirm that the molecular transport performance of 

CNTs/NAAMs produced from commercial plastic bags by the proposed CVD process can be 

used in separation/filtration processes. Furthermore, the molecular transport can be tuned at 

will by selecting such parameters as the interaction molecules-CNTs walls and subsequent 

annealing treatments. 
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Table 7.2. Diffusion fluxes obtained for each molecular transport experiment performed in this study. 

 

7.4 Conclusions 

The obtained results have demonstrated that the molecular transport can be tuned ad lib by 

selecting the molecule charge and subsequent annealing treatments. As a proof of concept, we 

have performed a separation process of a mixture of two dyes. These results revealed that 

these membranes, which were obtained from a waste material, can be used in sophisticated 

processes as separations of dye mixtures.  

Many advantages of the proposed process to fabricate CNTs membranes (i.e. uniform surface 

with controlled diameters, straight walls, empty cavities and open ends) is indicated to make 

Experiment Figure Dye and Membrane Diffusion Flux  

(mol cm
-2

 min
-1

) 10
-9

 

Transport 

through CNTs 

7.6a (RosB)
2-

 + Non-annealed CNTs-

NAAMs 

3.11
 
± 0.04 

  (RosB)
2-

 + As-produced NAAMs 1.02
 
± 0.02 

Dye Charge 7.6b (RosB)
2-

 + Non-annealed CNTs-

NAAMs 

3.11
 
± 0.04 

  Ru(BPY)3)
3+

 + Non-annealed 

CNTs-NAAMs 

1.73
 
± 0.07 

  RhoB + Non-annealed CNTs-

NAAMs 

1.51
 
± 0.02 

Annealing 

effect 

7.6c Ru(BPY)3)
3+

 + Annealed CNTs-

NAAMs 

3.61
 
± 0.08 

  Ru(BPY)3)
3+

 + Non-annealed 

CNTs-NAAMs 

1.51
 
± 0.02 

Separation 7.6d Ru(BPY)3)
3+

 + Non-annealed 

CNTs-NAAMs 

3.17
 
± 0.18 

  RhoB + Non-annealed CNTs-

NAAMs 

1.54
 
± 0.08 
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potential nanotechnological process to produce sophisticated products as separation/filtration 

membranes. Further studies are proposed to explore influence of CNT pore dimensions (pore 

diameters, length, shapes, doping, and surface chemistry) on transport studies of CNT 

membranes.  
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CHAPTER 8: HIGHLY BIOCOMPATIBLE CARBON 

NANOCAPSULES DERIVED FROM PLASTIC WASTE: 

RECYCLING TOWARDS ADVANCED CANCER 

THERAPIES* 

 

8.1 Introduction 

Cancer is the leading cause of death worldwide and has enticed researchers worldwide to look 

for better and advanced treatments as that to chemo and radiation therapy. Lack of specificity 

and high toxicity has been the major drawback of the general chemotherapeutic procedure. 

The ideal cancer drug delivery systems combine targeted delivery with controlled release to 

deliver and release in a selective fashion to the target cells [1-4]. Such systems not only 

improve the efficacy of the drug, but also reduce the toxic side effects of the drug. In recent 

years a wide range of different nanoscale drug carriers have been developed and explored [5–

7]. Notably, single wall carbon nanotubes (SWCNTs) have emerged as strong potential 

candidate due to their advantages as a high cargo loading, intrinsic stability and structural 

flexibility, over the more widely studied metal nanoparticle systems, which could prolong the 

circulation time and enhance the bioavailability of the therapeutic agent [8–11]. Moreover, 

SWCNTs have been shown to enter mammalian cells [12–15] and thus investigated as 

potential delivery vehicles for intracellular transport of nucleic acids, proteins and drug 

molecules [3,12-20]. Furthermore, SWCNTs have been functionalized with antibodies as 

targeting agents providing a high efficiency for nanotube internalization into cells [19–27]. 

Drug molecules such as doxorubicin (DOX) can be loaded onto CNTs via π-π stacking 

interactions and the release rate can be controllable by using nanotubes with different 

diameters [20]. However, inherent properties of SWCNTs such as poor aqueous solubility and  

*Drug loading/release study and cell studies from prepared CNTs were performed in collaboration with student 

Riju Bhavesh as part of his Master project. Some images are partially published in his Master thesis “Carbon 

nanotube (CNT) capsules as nano-carriers for anti-cancer drugs for advanced cancer therapy “Amity 

University, India 2012 
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tendency to form bundles limited their use for pharmacological applications.  

To overcome this drawback a number of synthetic and natural polymers [24,28–35] have been 

used to encase SWCNTs via non-covalent interactions to improve their compatibility with 

water and physiological environments. Despite excellent progress in using SWCNTs as drug 

carriers, more research is needed to further optimize their ability to selectively accumulate in 

diseased tissues and release the payload in a controlled manner. Notice that, most of the 

aforementioned studies using CNTs for drug delivery application are based on single walled 

CNTs and CNTs prepared using catalyst based CVD methods. This fabrication suffers from 

the difficulty in controlling the thickness of the CNTs wall and thus the nanotube diameter, 

shape morphology and importantly presence of metal catalyst particles from conventional 

CNTs (i.e. SWCNTs and catalyst based CNTs) restrict their use as drug delivery systems. 

Due to the aforementioned reasons, the toxicity of these CNTs is still a highly debatable issue. 

In addition, all the above studies target systemic route of therapeutic administration with no 

reports on the use of CNTs for local drug administration. In recent studies based on template 

synthesis of nanotubes for drug delivery, the focus has been on uniformity of these carriers so 

as to easily internalize into a cell and facilitate an apt calculation for the authenticity of the 

method [37]. In this chapter, we propose to use CNTs prepared by catalyst-free CVD process 

using NAA template for local drug delivery applications [38]. Furthermore, we fabricated 

CNTs from waste plastic grocery bags as a precursor for this study.  

      As for this, the aim of this chapter is to investigate and exploit role of CNTs prepared 

using waste plastic bags as an optimal drug carrier in the field of localized drug delivery. The 

carbon nanotubes (CNTs) or nanocapsules (CNCs), fabricated in this chapter possesses 

unique and uniform morphology, efficient in explicitly internalizing into a cell while 

withholding a cavity large enough to cargo sufficient amount of therapeutic agents. The 

localized and sustained delivery of an antineoplastic drug, doxorubicin (Dox), has been 

evaluated in this in vitro study. These nanocapsules in there pristine form (i.e. without drug 
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inside) were also tested on both, human breast cancer and human foreskin fibroblast cell lines 

in order to investigate the toxicity of these carbon based materials where hence concluding 

them to be an ideal intra-cellular drug transporter for breast cancer treatment. Figure 8.1 

presents a schematic illustration of the proposed plastic CNTs or CNCs being used for drug 

delivery application. 

 

Figure 8.1. Schematic showing application of liberated CNTs for developing smart nanocarriers for 

localized drug release over cancer cells. (adapted with permission from T. Altalhi, T. Kumeria, A. 

Santos, D. Losic, Synthesis of well-organized carbon nanotube membranes from non-degradable 

plastic bags with tunable molecular transport: Towards smart nanotechnological recycling, 

Carbon,2013, 63, 423-433, Copyright Elsevier 2013) 

 

8.2. Experimental 

 

8.2.1 NAA Template Fabrication    

NAATs were prepared using a two-step anodisation with a constant voltage of 40 V for 20 h 

in 0.3 M oxalic acid at 5 ⁰C temperature as described previously in (Section 3.2.2). 
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8.2.2. Synthesis of Carbon Nanocapsules 

CNTs were produced from plastic bags through the protocol described in Chapter 3 – 

Section 3.7.2.3. The obtained CNTs were followed by being taken out and ultra sonicated in 

HF solution in order to dissolve the alumina membrane. HF dissolution was performed 

following required University safety procedures using special lab facilities for HF work. This 

was followed by centrifugation (15000 rpm) and sequential washing with deionized water. 

The centrifuged pellet hence obtained was then oxidized under air plasma by exposure for 30 

s and then re-dispersed in phosphate buffer, pH-8.5. The nanotubes remained dispersed for 

months. 

 

8.2.3 Drug Loading in Nanocapsules and Release Study 

Doxorubicin hydrochloride (Sigma Aldrich) was prepared in a concentration of 2 mg mL
-1

 in 

deionized water and stored at 4 
0
C as drug stock solution. 300 µL of this solution was then 

gradually added to 5 mL of the alkaline buffer suspended nanotubes and kept under 

continuous stirring for 24 h at room temperature under dark condition followed by subsequent 

addition of chitosan solution (1 % wt/vol in 3 % acetic acid) to form the polymeric 

integument. The drug loaded nanocapsules were isolated through dialysis and then incubated 

with 1 % HSA overnight at a constant pH of 8.0. The purification after this again followed the 

same process of dialysis. The volume of the solution containing the dispersed nanocapsules, 

was thereafter made up to 20 mL.  

 

For the drug release study, conventional spectroscopic method was opted. Briefly, 10 mL of 

the buffer containing nanocapsules was taken in a dialysis bag with a threshold of 3000 

Daltons and dialyzed against a neutral pH of 7.0 at 37 
0
C. Subsequently, aliquots of the 

sample were taken at different time intervals analyzed for Dox concentration through UV-
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visible spectroscopy. The volume of the aliquot taken out for this study was replaced with 

fresh buffer (pH 7.0) so as to maintain the concentration gradient at all times.  

 

8.2.4 Characterisation 

 

8.2.4.1 Structural Characterisation 

The prepared CNTs/NAAMS arrays were characterised by SEM and TEM imaging according 

to the steps mentioned in Chapter 3. 

 

8.2.5 Cell Culture 

Human breast cancer cell line MDA-MB-231 TXSA and human foreskin fibroblast (HFF) 

were cultured in DMEM, supplemented with 10 % foetal calf serum (FCS) in 5 % CO2 at 37 

0
C in an incubator. 

 

8.2.5.1 Treatment of Cancer Cells with Nanocapsules 

The TXSA breast cancer cells were plated in a 12-well plate and seeded with a concentration 

of 1.25x10
4
 cells per well. These wells were then, each dosed with 1 mL of the varying 

concentration of drug loaded nanocapsules (100 µL/mL and 200 µL/mL; prepared in PBS). 

As a comparative study, the empty carbon nanocapsules in similar concentrations as their 

drug loaded counterparts were added in the adjacent wells. At all times, the volume was 

maintained at 1 mL with PBS. Subsequently as the positive control, the as calculated amount 

of dox corresponding to different volume of the drug retained in the varying concentration of 

nanocapsule dosage was added. At the end, a well was treated with 1 mL of only PBS, which 

served as the negative control (referred to as blank).  

 

 

 



189 

 

8.2.5.2 Toxicity Study of Carbon Nanocapsules  

As a study for biological toxicity of these carbon nanocapsules, their interaction with normal 

human foreskin fibroblasts (HFF) was tested. Briefly, HFFs were seeded in a similar fashion 

as above in a 12-well plate with a concentration of 1.25x10
4
 cells per well. The wells were 

dosed with two different concentrations of unloaded carbon nanocapsules (100 µL/mL and 

200 µL/mL) with dosing volume maintained at 1 mL in PBS. As the positive control, a well 

was treated with blank PBS while another treated with corresponding dox concentration (as in 

the loaded nanocapsules) served as the negative control.  

 

8.2.5.3 Cell Viability Study 

In each case (with TXSA and HFF cell cultures), the cells were accounted to microscopic 

observation after every 24 h for 5 days. On the fifth day, the dead cells (now floating up in the 

medium) were warded off and the adhered alive cells were washed and fixed in 10% formalin. 

The cells were stained with crystal violet solution followed by subsequent washing with 

distilled water to remove excess stain and imaged further under microscope. Optical density 

(OD) for the analysis of percentage viable cells, the stain was dissolved in acetic acid viewed 

under 96-well plate reader. 

 

8.3. Results and Discussion  

 

8.3.1 Structural Morphology of NAA Template and CNTs and CNC 

Fabricated inside NAA Templates 

Structures of NAAMs and CNTs/NAAMs were presented in Chapter 3. The obtained CNTs from 

within the NAA membrane were liberated through ultra-sonication in HF (resulting in shortening 

of the tubes see Chapter 5) and an overnight stay in the same solution under stagnant condition. 

The liberated CNTs were isolated through centrifugation and subsequent washing in de-ionized 
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water. The CNTs from here on was kept suspended in 70 % ethanol. SEM characterisation  of 

these liberated nanotubes was performed to confirm the predicted dimensions and indicate a 

level of purity as observed from the lack of any debris. The hence purified CNTs were then 

dried under vacuum in a watch glass and exposed to RF cold plasma for 30 s. The CNTs after 

treatment was redispersed in buffer of pH 8.5 for drug delivery application and in buffer of 

pH 7.4, for toxicity analysis. The SEM microscopy images of thus prepared CNTs and 

chitosan coated CNTs is provided in Figure 8.2a and b, respectively. A layer of chitosan can 

be clearly seen in Figure 8.2b confirming successful coating.  

 

Figure 8.2. SEM images of CNTs or CNCs. a) without chitosan coating (high resolution image in 

inset, sale bar 1 µm). and b) with chitosan coating.  

 

8.3.2 Characterisation of drug loading and Drug Release  

High degree of functionality on the exterior and the interior surface of the nanotubes enabled 

the successful loading of the drug (Dox) within the nanocapsule cavity. The addition of 

chitosan followed by the drug loading, to selective de-protonation of the polymer chains on 

the carboxyl anchors of the CNTs external surface. The drug loaded carbon nanocapsules 

(purified through dialysis) were dispersed in a phosphate buffer of pH 8.5. This experiment 
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was duplicated alongside with an exception of chitosan integument on the CNTs. This 

facilitated us in proving our nanocapsules possesed a much better drug release profile. When 

observed under UV-visible spectra, the pure drug, Dox, gave an absorbance peak at 230 nm. 

The drug release study was further monitored at this specific wavelength of 230 nm 

throughout the experiment. The absorbance peak was also observed for CNTs and chitosan 

solution independently so as to eliminate any error during investigation of drug release. There 

was evidently no observable absorbance peak at the wavelength of 230 nm for carbon 

nanotubes or the chitosan solution. The main aim of coating Chitosan on Dox loaded CNTs or 

CNCs was to decrease the amount of drug released during its burst release period, while 

extending the release period of the remnant drug for a sustained drug release over a period of 

several days. 

The drug release from the CNCs, in both the cases was evaluated against a buffer of pH 7.0 

for 10 days at 37 ⁰C. The final observed release was considered as the 100 % release for 

further calculations which in this case was observed to be 12 ± 3 µg. While plotting a 

cumulative drug release profile against time, the burst release section portrayed a linear 

profile. As per this theory, drug released in the case of chitosan coated nanocapsule during the 

first 6 h was 58.789 %, while 88.65 % of the total drug eluted as a burst release in case of 

only Dox loaded CNTs (Figure 8.2a). In the case of drug loaded CNTs, nearly 100 % of the 

drug exclusion from the tubes was observed in 24 h. Contrary to this, the chitosan coated 

nanocapsules adopted a slow release profile, extending the 100% drug exclusion to 9 days 

(216 h) (Figure 8.2b). This can be accredited to the slow un-entanglement of the chitosan 

chains at a lower pH (in this case pH 7) and hence controlling the release.  
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Figure 8.3. Drug (Dox) release plots for uncoated and chitosan coated CNTs or CNCs in a buffer of 

pH 7.0 and at a temperature of 37 
0
C for different time periods. a) Burst release of 360 min. b) 

Complete release including burst and sustained release for 9 days. Results are presented as the mean ± 

SD of three repeated measurements.   
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This theoretical calculation of drug release may greatly vary when considering the release in 

the acidic tumoral microenvironment. The delayed release bases our hypothesis of long time 

retention of drug within the nanocapsule in its pristine form and hence increasing the 

bioavailability of the drug.  

 

8.3.3 Cell Viability  

The human breast (TXSA) cancer cells, seeded at a concentration of 1.25x10
4
 were treated 

with two different concentration of drug loaded and unloaded nanocapsules (100 µL and 200 

µL). The microscopic observations were done for five days before finally discarding the 

medium and staining it for the study of cell viability. At all times during the experiment, the 

study was based on the comparison between the treated cells and the untreated ones (control). 

Prima facie, there was no apparent change observed in either the physical appearance or the 

density of the plated cells as an immediate impact of treatment. The multi-well plate was then 

incubated at 37 
0
C in 5 % CO2 atmosphere. The cell cultures were observed under light 

microscope after every 24 h for the period of 5 days. As observed, cellular infarction resulted 

in its loss of adhesion from the base, which further resulted in its debris floating up in the 

medium. After 24 h, the highest cell death observed was in the case of the well treated with 

Dox alone (Figure 8.4). This effect however stabilized during the next few observations, as 

the cells proliferated again and no observable increase in the debris volume. On the other 

hand, the wells treated with drug loaded CNCs, suffered an inhibited growth rate of the cells 

when compared to the control. Cellular debris in this case wasn’t observed until after the third 

day.  This effect can be attributed to our hypothesis of slow drug release within the cellular 

proximity, with the release rate being directly proportional to the acidity of the medium. At 

low concentration and increased bioavailability, Dox tends to uniformly cease the growth 

within the treated cells. Over time, as the exposure to the slowly eluting drug increased, Dox 

mediated cellular apoptosis was observed. The result of the cells treated with empty CNTs, on 
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the other hand, was in direct comparison with the control sample. The cells in the case of both 

CNT treated and the control, showed a dense vegetative growth. This hence confirmed the 

biocompatibility of the tubes as no signs of toxicity was observed.  

As an effort towards the study of toxicity, the hence synthesised and plasma oxidized CNTs 

(suspended in a buffer of pH 7.4) were also dosed in the same volume of 100 µL and 200 µL 

to the human foreskin fibroblasts (HFF). These fibroblasts were seeded in the same 

concentration as that of the TXSA cancer cells.  As expected, the cells dosed with the CNTs 

and the one in the control, showed a similar growth curve over the period of 5 days (Figure 

8.6 and Figure 8.7b). This specific experiment was done to investigate the role of cell type 

on the vulnerability towards the nanotubes.  

 

The TXSA cancer and HFF cell cultures were discarded off of any floating debris, washed 

and the remnant cells were then fixed in 10% formalin. This was followed by crystal violet 

staining of the live cells. The cell histology gave a better illustration of the adhered cells and 

hence simplifying the visual comparison between the various subsets of the experiment. As 

observed in Figure 8.5, the observable cell counts in case of the wells treated with drug 

loaded CNCs are much less than in the ones treated with empty CNTs, which actually is 

comparable to control. When treated with empty CNTs, there was no visual change in cellular 

density in either of the cell types (TXSA and HFF), when studied against the control. For an 

estimate calculation of the percentage viability of cells in each case, the stain was dissolved in 

acetic acid and studied for optical density in micro plate reader. The data as observed in 

control was considered a 100 % growth profile. Percentage viability in the case of rest of the 

samples was calculated against it. As seen in Figure 8.7a it can clearly be noted that the drug 

loaded CNCs showed an enhanced toxicity as compared to the pure drug. As per the 

theoretical calculation from the in vitro drug release data, 100 µL and 200 µL of the sample 

contains 100 and 200 ng of Dox respectively. When considering the well treated with pure 
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drug, the bioavailability was limited and the drug was retained on the surface. The cell death 

observed after 24 h, was due to this high concentration on the surface. Following this, as the 

drug activity diminished due to its short half-life, the healthy cancer cells proliferated again, 

though at a slower pace now. In case of the cells treated with drug loaded CNCs however, the 

drug was retained in its pristine form within the CNT and followed a slow release dependent 

on the atmospheric acidity. This increased the bioavailability of the drug manifold. The 

retarded growth in the cancer cells treated with CNCs can be linked back to this. The 

experiment was conducted at a two different concentration of 100 µL and 200 µL per mL of 

dosage. Doubling the concentration did not impact the cell viability much, when considering 

the drug loaded CNCs, with a decline rate of only 8.11 %. On the other hand, this change in 

concentration accounted to a 16 % enhanced toxicity in case of cells treated with Dox alone. 

This observation indicates a diminished rate of drug toxicity when administered through the 

CNCs as compared to a normal chemotherapeutic procedure, while varying the drug 

concentration. This data further indicates that it’s easy to attain an extensively high death rate 

of cancer cells at a much lower concentration of drug when delivered encapsulated inside the 

CNCs. This opens a remarkable opportunity for investigating these CNCs as an optimum 

delivery vehicle for targeted treatment of cancer and other ailments. The authenticity of these 

CNTs as efficient biocompatible cargo transporters was further proven through their stealth 

property observed in the case of both TXSA breast cancer and HFF cell lines. These cells 

treated with the empty nanotubes, did not show any variation in the growth profile when 

compared to the control sample (Figure 8.6). The calculated cell viability of the CNT treated 

HFF was similar to that of control (Figure 8.7b), with minor deviations.  

 



196 

 

 

Figure 8.4. Light micrograph of TXSA cancer cells treated with drug loaded CNCs, empty CNTs and 

Dox, in two different concentrations of 100 and 200 µL. The volume of the dosage in each case was 

maintained to 1mL in PBS. Measurements were taken after 24 h of incubation with the Dox-loaded 

CNTs/CNCs, empty CNTs and pure Dox. Contribution  from C &S. Hay from Queen Elizabeth 

Hospital for this cell study is acknowledged. Some of these images are published in R. Bhavesh 

Master thesis “Carbon nanotube (CNT) capsules as nano-carriers for anti-cancer drugs for advanced 

cancer therapy” Amity University  ndia, 2012 
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Figure 8.5. Light micrograph of TXSA cancer cells stained in crystal violet after 5 days of incubation 

with the Dox-loaded CNTs/CNCs, empty CNTs and pure Dox. Contribution from C &S. Hay from 

Queen Elizabeth Hospital for this cell study is acknowledged. Some of these images are published in 

R.  havesh  aster thesis “Carbon nanotube (CNT) capsules as nano-carriers for anti-cancer drugs for 

advanced cancer therapy” Amity University  ndia, 2012 
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Figure 8.6. Light micrograph of empty CNT treated human foreskin fibroblasts (HFF), stained in 

crystal violet after 5 days of incubation with the CNTs or CNCs. The two different concentration of 

dosage is compared with control. The dosage volume was maintained at 1 mL in each case. 

Contribution  from C &S. Hay from Queen Elizabeth Hospital for this cell study is acknowledged.  

 

 

Figure 8.7. Comparative cell viability analysis on the 5
th
 day. a) Drug loaded carbon nanocapsules 

(CNCs), empty carbon nanotubes (CNTs) and pure drug (Dox) when treated up on TXSA cancer cells; 

studied against control (treated with equal volume of PBS). b) Empty carbon nanotubes (CNTs) on 

human foreskin fibroblasts (HFF) as an attempt to study CNT mediated cytotoxicity. Results are 

presented as the mean ± SD of three repeated measurements.   
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8.4 Conclusions 

This eco-friendly chemical vapour deposition (CVD) technique involved a template synthesis 

of CNCs with plastic bags as the precursor, in a predesigned nanoporous anodic alumina 

membrane (NAAM). The CNCs hence synthesised, were plasma functionalized and loaded 

with chemotherapeutic drug, doxorubicin hydrochloride (Dox) before encapsulating the 

nanocapsules with a pH responsive cationic polymer, chitosan (Ch). These Ch-CNCs were 

then tested for their localized and slow drug eluting property within the cellular vicinity of 

MDA-MB-231 TXSA, human breast cancer cell line. The results confirmed a 500 fold 

enhanced death rate in the case of cells treated with Ch-CNCs as compared to the pro-drug 

alone. The effect of plasma oxidized CNCs with Ch coating alone, was also tested on the 

TXSA cell line and the normal human foreskin fibroblasts (HFF), further confirming its 

biocompatibility, with no cellular toxicity at all in either of the cell lines. This is expected to 

open a new gateway towards much cheaper and advanced therapeutics. 

Being cheap and durable has resulted in an ever-growing consumption of plastic products 

worldwide which leaves a prodigious amount of non-degradable waste. Recycling, hence, has 

been a widely adopted technique to overcome this problem. It was shown that these highly 

biocompatible carbon nanocapsules (CNCs) derived from plastic bag and can be further used 

as cargo transporters to study an intra-tumoral delivery of an anti-neoplastic drug.   
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CHAPTER 9: CONCLUSIONS AND FUTURE WORK 

 
 

Because of their unique physico-chemical properties, CNTs are expected to play a significant 

role in numerous applications. Plotted applications as function of time led to classify 

applications into three different categories:  Applications that are already available as short 

term applications (conductive polymers and composites, transistors and electronics), mid-term 

applications expected to be available as (catalysts in petrochemical, textiles and fibers and 

membranes and filters), and those still under many studies and investigation with many 

conflicting results, as long-term applications (medical implants and drugs delivery systems). 

 

One of the current challenges in carbon nanotubes technology is to develop a technique for 

growing CNTs of a precise type (number of walls) with a precise orientation and dimension 

(diameters and lengths). Furthermore, it is known that CNTs are not a standard material and 

hence there is conflicting results in vital applications, specifically long and midterm 

applications. 

 

Engineered nanoporous anodic alumina membranes and titania nanotubes have been used as 

templates for controlled growth of carbon nanotubes with properties tailored for two different 

applications categorized as mid and long term applications.  

 

9.1. Conclusions 
 

 
 The effectiveness of the manufactured CVD reactor to fabricate CNTs was 

successfully accomplished; and each component in the CVD reactor has efficiently 

achieved its goal resulting in function CVD for CNTs fabrication (Chapter 2). 

Furthermore, consideration towards future fabrication processes with available options 
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to allow versatility were addressed through manufacturing compatible components 

with any scientific equipment that could be implemented in the CVD system.  

 

 The problem of the fabrication of catalyst and catalyst-free CNTs addressed by the 

proposed approach has demonstrated the advantages of the NAAMs and TNTs 

templates based approach, and proposed the growth mechanism (Chapter 3). The 

morphological and structural characterisations of CNTs/NAA composites have been 

carried out by TEM and SEM, showing that CNTs formed inside the pores are 

uniform surface with controlled diameters, straight walls, empty cavities and open 

ends. These features used to be limitations for traditional catalyst fabrication of CNTs 

for nanofluidic and drug delivery applications. The chemical analysis through Raman 

and XPS analysis have also shown the difference in growth mechanism of CNTs 

grown over the NAAMs and TNTs pores. Furthermore, an eco-friendly and innovative 

synthesis of carbon nanotubes by CVD using nanoporous anodic alumina membranes 

as templates and commercially available plastic bags as a carbon source. This process 

is performed in the absence of metal catalysts and solvents, which reduces the 

generation of poisonous compounds and makes it cost-competitive in comparison with 

traditional catalyst-based processes. 

 

 Synthesis of highly ordered arrays of CNTs with desired shapes and geometries 

controlled using characteristic nanostructured NAAMs templates prepared by normal 

and/or cyclic anodization were successfully demonstrated (Chapter 4). The resultant 

nanotube dimensions in the range <20 nm to >200 nm with length in range <1 µm to > 

100 μm and with periodically shaped morphology with controlled length of periodic 

structures were successfully achieved for the first time in large and small diameter 

offering an opportunity to create new properties for emerging  applications.  
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 Fabrication of catalyst-free doped carbon nanotubes with (S,P,N and mixed S,P) were 

conducted by using variable precursors and through solvent and solvent-free from 

(toluene/pyridine) precursor and a comparison of morphology, walls structure, 

elemental composition of undoped 0-CNTs and doped CNTs with TEM ,EDX and 

XPS analysis were performed to confirm the heteroatoms incorporation in the carbon 

nanotubes skeleton (chapter 5).  

 A development of chemical modification methodologies to functionalize internal 

surface of CNTs with chemical groups is reported for the first time (chapter 6). The 

synthetic approach for fabrication of CNTs membranes using nanoporous alumina 

membrane as a host material with chemically modified inside CNTs with long chain 

amines were achieved.  The gas-phase, solvent-free functionalization of CNTs was 

applied to react the CNT inner surfaces with 1-octadecylamine (ODA), 1,8-

diaminooctane (DO) and polymeric branched amine, polyethyleneimine (PEI). The 

amine functionalized CNT/NAAMs membranes were characterized by SEM, TEM, 

FTIR and XPS spectroscopy. 

 

 Molecular transport performance of the prepared CNTs/NAAMs was characterized 

showing advanced transport properties (Chapter 7).  The results show that molecular 

transport can be tuned ad lib by selecting the molecule charge and subsequent 

annealing treatments. As a proof of concept, we have performed a separation process 

of a mixture of two dyes. These results revealed that these membranes, which were 

obtained from a waste material, can be used in sophisticated processes as separations 

of dye mixture. 

 
 

 Carbon nanocapsules synthesised in this work hold a great promise for future needs in 

the field of nanomedicine which is demonstrated with this pioneering work (Chapter 
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8). The template based fabrication eliminates one of the major causes of toxicity 

otherwise faced during the catalyst based fabrication. The template used for the CVD 

does not interact chemically at any point with the CNTs formed and hence ruling out 

any cause of contamination. In addition this technique allows the user to manipulate 

the structural design as per the application. Moreover, plasma oxidation for imparting 

functional moieties on the CNT surface is an eco-friendly approach warding off the 

need of any harsh chemicals required during the process. Evidently, all these 

properties symbiotically promote its role as one of the most promising materials in the 

future. The small CNTs with closed bottom were tested as their role of carbon 

nanocapsules for intra-tumoral delivery of doxorubicin. These biocompatible vehicles 

were found very effective in transporting the drug to the cancer cells which results in 

manifold enhancement of the effective death rate as compared to the drug alone and 

hence eliminating the general toxicity due to high volume of drug. These intra-cellular 

transporters can actually find their way ahead in the field advanced chemotherapy with 

an emphasis on localized and targeted delivery by acting as a perfect candidate for 

smart medicines. 

 

9.2. Future Work 

 

1. Further advancing transport properties of CNTs membranes and beter understanding 

of their transport properties 

 

Molecular dynamics studies show clearly that there are interactions between transported 

molecules and small portion of initially twisted wall (periodic segments in our work) 

presented in wall of CNTs. Therefore, different lengths of periodic segments will result in 

different controllable molecules performance, which is dominated mainly through a gradient 
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and imbalance of interactions forces created by these torsions (segments) in the wall of the 

tubes. Hence, transport properties of the CNTs membranes should be proceeded, under the 

effluences of CNTs with the impact of chemical and physical structures as follow: 

 

 Molecular transport in CNTs by the influence of doping and surface chemistry to 

demonstrate controlling and separation of CNTs for chemical-based separations. 

 

 Molecular transport in CNTs by influence of the diameter of CNTs, which can be 

controlled by the deposition time  

 

 Molecular transport in CNTs by influence of pore diameters lengths and shapes. 

 

 Further evaluation of mechanical parameters such as stress and strain, should be 

carried out to better ascertain the strengths of the CNTs-NAAMs for filtration 

process under high mechanical pressure. 

 

 Designing more sofisticated separation devices by incorporation CNT membranes 

into microfluidic system 

 

2. Further advancing fabrication of CNT process using non-degradable plastic as carbon 

precursor 

 

Fabrication of CNT from nondegradable plastic showed great potential to use this method to 

for nanotechnological recycling and recycle nodegradable waste materials into new and 

highly valuable materials and devices. Following future work is proposed. 

 

 Scaling-up production process based on nondegradable plastic for synthesis both 

CNT membranes and large quantities of CNTs for broad applications. 
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3. Carbon nanocapsules for drug delivery applications. Initial study presented in this thesis 

shows good promises of CNC toward development of multifunctional drug-delivery 

nanocarriers for targeted and localized drug delivery. Their advanced biocompatibility and 

degradability are under investigation to be proved. Following work is expected in future: 

 

 Improving biodegradability of CNCs by controlling contents of doping with N, P 

and S. 

 Reproducible and scalable production of CNCs with controllable length (200-

1000 nm), diameters (20-80 nm), shapes and internal/external surface chemistries. 

 Solving some critical parameters in fabrication CNCs using green processes and 

avoiding to use toxic materials such as HF 

 Designing more complex systems multi-functional CNCs for DD with multi-

drugs, magnetic nanoparticels and bioimaging probes. 

 In-vitro and Ex-vivo study for treatment of cancer cells and tissues. 

 

 

 

 

 

 


	TITLE: Carbon Nanotube Composites: Advanced Properties for Emerging Applications
	CONTENTS
	Abstract
	List of Contributions
	Declaration
	Acknowledgements
	List of Figures
	List of Tables

	CHAPTER 1: INTRODUCTION
	CHAPTER 2: DEVELOPMENT OF EXPERIMENTAL SETUP FOR CNTs FABRICATION
	CHAPTER 3: FABRICATION AND CHARACTERISATION OF CNTs MEMBRANES
	CHAPTER 4: CONTROLLING DIMENSIONS AND SHAPE OF CNTs
	CHAPTER 5: FABRICATION AND CHARACTERISATION OF DOPED CNTs
	CHAPTER 6: CHEMICAL FUNCTIONALIZATION OF INNER WALLS OF CNTs WITH LONG-CHAIN ALIPHATIC AMINES
	CHAPTER 7: SYNTHESIS OF WELL-ORGANISED CARBON NANOTUBE MEMBRANES WITH TUNEABLE MOLECULAR TRANSPORT
	CHAPTER 8: HIGHLY BIOCOMPATIBLE CARBON NANOCAPSULES DERIVED FROM PLASTIC WASTE: RECYCLING TOWARDS ADVANCED CANCER THERAPIES*
	CHAPTER 9: CONCLUSIONS AND FUTURE WORK

