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ABSTRACT 

 

The presence of metallic single-walled carbon nanotubes (M-SWCNT) in as-prepared 

single-walled carbon nanotubes (SWCNT) poses a significant hurdle to integrate 

carbon nanotubes into semiconductor electronics. Here the findings of enriching 

semiconducting single-walled carbon nanotubes (S-SWCNT) using an aqueous two-

phase system (ATPS) is reported. The solution containing as received SWCNT and 

polyethylene glycol (PEG), dextran, N-methylpyrrolidone (NMP) and water effectively 

separates into two distinct phases, with S-SWNT dominant in one phase while the M-

SWCNT congregates in another phase. The separation process is due to the attraction of 

amine and S-SWCNT as reported by Chattopadhyay. Micro-Raman spectroscopy and 

Ultraviolet-Visible spectroscopy results show evidence of the removal of M-SWCNT in 

one of the phases especially for volume ratio 1:1 experiment. The ratio of M11/S22 in the 

top phase for VR 1.5 reaches 0.2574 compared to 0.1507 in the bottom phase. This 

finding presents ATPS as an easy, effective and low-cost purification method of carbon 

nanotubes. 
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ABSTRAK 

 

Kehadiran nanotiub karbon berdinding tunggal logam (M-SWCNT) dalam sampel 

nanotiub karbon tulen (SWCNT) merupakan satu halangan untuk mengintegrasikan 

nanotiub karbon dalam bidang elektronik semikonduktor. Di sini penemuan dalam 

usaha penulenan nanotiub karbon berdinding tunggal semikonducktor (S-SWCNT) 

dengan menggunakan sistem akues dua-fasa (ATPS) dilaporkan. Campuran yang 

mengandungi nanotiub karbon tulen, polyethylene glycol (PEG), dextran, N-

methylpyrrolidone (NMP) dan air didapati membahagi kepada dua fasa berbeza, di 

mana S-SWCNT mendominasi satu fasa sementara M-SWCNT mendominasi fasa yang 

satu lagi. Proses pemisahan ini adalah disebabkan kesan tarikan amine ke atas S-

SWCNT seperti yang dilaporkan oleh Chattopadhyay. Spektroskopi Micro-Raman dan 

spektroskopi Ultraungu-Visible menunjukkan kesan pengurangan M-SWCNT dalam 

salah satu fasa, terutamanya untuk experimen bernisbah-isipadu 1:1. Nisbah M11/S22 

dalam fasa atas untuk VR 1.5 mencapai 0.2574 berbanding 0.1507 dalam fasa bawah. 

Penemuan ini dapat menawarkan ATPS sebagai satu teknik penulenan yang mudah, 

berkesan dan berkos rendah. 
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CHAPTER 1: INTRODUCTION 

 

1.1 Background of Research 

 

One of the most interesting nanomaterials found in the 21
st
 century is the single-

walled carbon nanotubes (SWCNT). Ever since its discovery by Sumio Iijima in 1992 

(Iijima and Ichihashi 1993), SWCNTs have shown huge potential to be used in the 

electronic industry. SWCNTs are wrapped-up sheets of graphene. Graphene is a sheet 

of single-layered carbon atoms arranged in a two-dimensional, closely-packed 

honeycomb crystal lattice. The wrapping of the graphene sheet results in a one-

dimensional material that is the carbon nanotubes. The thin layer of carbon atom results 

in high electron mobility (Durkop, et al 2004) as well as highly-desired mechanical (Yu, 

et al 2000) properties in carbon nanotubes. SWCNTs exhibit high length-to-diameter 

ratio (Wang, et al 2009), excellent electric (Hong and Myung 2007) and high thermal 

conductivity (Hone, et al 1999). Having high thermal conductivity also means that 

there is less phonon—specifically mass-defect—scattering in the tube. Ando and 

Nakanishi reported that the absence of backscattering is responsible for the long mean 

free path of SWCNTs (Ando and Nakanishi 1998).  

  Aqueous two phase system (ATPS) is a very useful technique for proteins 

purification and recovery. An ATPS is formed by dissolving the water-soluble phase 

components beyond a critical concentration that allows the formation of two 

immiscible phases (Zaslavsky 1995). It selectively partitions and concentrates target 

biomolecules into one of the phases. The basis of partitioning depends upon the surface 

properties of the particles and molecules such as size, charge, and hydrophobicity 

(Walter 1994). An ATPS uses water-soluble, phase separating polymer/polymer or 

salt/polymer system to generate a gentle purification environment that can maintain the 
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native structure of biomolecules (Arun 2008). An example of a polymer/salt system is 

polyethylene glycol (PEG)/potassium phosphate, and an example for polymer/polymer 

system is the PEG/dextran (Pereira, et al 2003). In recent years, ATPS has evolved 

beyond mere polymer/polymer and polymer/salt system. One example of this 

improvement is the alcohol/salt-based ATPS (Ooi, et al 2009b). Creative manipulation 

of ATPS such as multiple-step purification, recycling of phase components (Show, et al 

2012a; Show, et al 2012b), and the introduction of aqueous two-phase flotation (ATPF) 

method (Bi, et al 2010; Li and Dong 2010) have made ATPS an even more attractive 

separation method. Good purification can be achieved via ATPS by manipulating the 

system properties which are involved in chemical and physical interactions of the 

partitioning process (Rosa, et al 2010). The factors that influence the outcome of 

separation including: type of polymer used, molecular weight (Mw) of the polymer 

involved (Forciniti, et al 1991), temperature of system (daSilva, et al 1997; Forciniti, et 

al 1991), pH of system (daSilva, et al 1997), and also the addition of salt (Zaslavsky 

1995) . 

Reports from literatures have shown that ATPS had been successfully used for 

purification of various proteins such as lipase and alcohol dehydrogenase 

(Madhusudhan, et al 2008; Ooi, et al 2009a). Nevertheless the use of ATPS for the 

purification of SWCNT has not been investigated. ATPS has a few advantages over 

other purification methods such as low cost, short processing time and the potential for 

large scale purification (da Silva, et al 2009).  
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1.2 Research Problems and Motivations 

 

The homogeneity of as-prepared SWCNTs poses a hindrance to the integration 

of carbon nanotubes in the production of electronics such as transistors. An as-prepared 

SWCNT sample contains both semiconducting species (S-SWCNT) and metallic 

species (M-SWCNT) (Hong, et al 2011). Different species of carbon nanotubes are 

used for different applications. M-SWCNT is commonly used for interconnect 

applications or making electronic sensors (Deng, et al 2007) while the S-SWCNT is 

used to (Jimenez, et al 2007; Zhou, et al 2009) form the semiconducting channel of a 

field effect transistor (FET). Hence, the separation of S-SWCNT from M-SWCNT is an 

important step to develop high quality transistors. There are many purification methods 

reported by numerous authors. Some examples include microwave irradiation method 

(Shim, et al 2009), electrophoresis (Krupke, et al 2006; Marquardt, et al 2006), scotch-

tape method (Hong, et al 2011), and DNA-assisted purification (Tu, et al 2009; Zheng, 

et al 2003). Method like acid treatment results in unwanted carboxylic functionalities 

(Hamon, et al 2001), while the high cost of DNA renders the DNA-assisted separation 

economically impractical for large scale purification. A highly cost effective 

purification of metallic SWCNTs is the use of combined diazonium and air-oxidation 

approach. One critical drawback is that the chemical reaction of SWCNTs with 4-

bromobenzene diazonium takes a long period to complete. The use of microwave oven 

is another highly efficient and cost effective purification of M-SWCNTs. However, the 

thermal destruction of metallic SWCNTs using microwave induces random and 

uncontrollable damages to the neighbouring semiconducting SWCNTs (Shim, et al 

2009).  To date, researchers have yet to successfully find an effective, cost-efficient, 

scalable, and simple solution to separate the two species apart. Hence, the objective of 
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this work is to explore the possibility of ATPS as a purification method for separating 

M-SWCNTs and S-SWCNTs. 

 

1.3 Significance and Implications of the Research 

 

In this work, a simple and cost effective method for the separation of 

semiconducting SWCNTs using ATPS is reported. The enriched product will then be 

used to fabricate a SWCNT-FET. ATPS is chosen due to its benign nature, non-toxicity, 

and non-denaturing characteristics, which provides as an environmental-friendly 

approach. Moreover, this is also the first time that a biotechnology method is being 

used in the purification of carbon nanotubes, effectively integrating the two disciplines 

of science. Therefore, this research can provide insights into the means of controlling 

the purification parameters of carbon nanotubes using ATPS. 

 

1.4 Structure of Thesis 

 

A brief overview of the chapters in this thesis is presented as follows; 

 

Chapter 2 

  

Chapter 2 presents the literature review of the research. It begins with literature 

studies of SWCNT and ATPS. The problem of the integration of carbon nanotubes in 

semiconducting electronics is also discussed. Apart from that, the advantages and 

properties of general ATPS are also presented. Lastly, the chapter ends with the 

introduction of a newly-proposed ATPS to separate metallic SWCNT from a pristine 

carbon nanotubes sample. 
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Chapter 3 

  

In chapter 3, sources of materials used in the work are introduced. Next, the 

construction of the phase diagram is discussed. The optimization of the new aqueous 

two-phase system is described. Various characterization methods involved in this 

research are also described in the chapter. 

 

Chapter 4 

  

This chapter aims to deliver the results obtained from the various analytical 

techniques described in the previous chapter. The effects of molecular weight and other 

parameters on the separation of metallic and semiconducting tubes are studied. A 

plausible mechanism of the separation of SWCNTs is proposed. Moreover, the effects 

of temperature, time, and viscosity of the ATPS on the performance of the overall 

separation are also discussed.  

 

Chapter 5 

  

This chapter concludes the entire experiment. It starts with a review on the 

objectives of the experiment, and ends with the suggestions for future works. The 

objectives are explained in accordance to the results and discussion presented in 

Chapter 4. Furthermore, simple and brief description about this work is made, pointing 

out its influence in the scientific community.  
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CHAPTER 2: LITERATURE REVIEW 

 

2.1  Introduction 

Nanotechnology is an area of research focused on the investigation of nano-

sized materials. The world “nano” originates from a Greek word which means 

extremely small. Therefore nanomaterials are defined as any material with a size within 

in the range of 1-100 nanometers (nm). At this level, the size of atom becomes 

significant and several properties not seen in bulk materials can be observed. In the past, 

the investigation of these materials was hindered by their size. Since more sophisticated 

tools are being invented, we are now able to peer into the mysterious realm of 

nanomaterials. The progress that comes with these insights results in various 

applications which span across various fields namely medicine, semiconductor 

electronics and material sciences.  

 

2.2 Carbon Nanotubes (CNT) 

 

SWCNT is a one-dimensional, nano-sized cylindrical tube made up of a single 

or multiple sheet of honeycomb network of carbon atoms. Despite widespread 

assumption that CNT was discovered by Sumio Iijima in 1991, there are some factions 

within the scientific community who argue that the credit should go to earlier pioneers 

of CNT. According to an article by Monthioux and Kuznetsov published in the journal 

Carbon, SWCNT were formed following failed attempts to produce multi-walled 

carbon nanotubes (MWCNT) (Monthioux and Kuznetsov 2006). Russian scientists 

Radushkevich and Lukyanovich published transmission electron microscopy (TEM) 

images of tube-shaped, nano-sized carbon filament 41 years before the alleged 
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discovery by Sumio Iijima. Their publication, however, received minimal attention then 

due to the ongoing cold war between the Communist and Democratic bloc (Monthioux 

and Kuznetsov 2006). These pioneers, however, did not have the knowledge to mass-

synthesize sufficient amount of CNT to study its interesting properties, which explains 

why they were unable to follow up with the interest in CNT. 

 

Figure 1 The coordinate system on a single walled carbon nanotube: discrete model of (10,10) 

armchair single walled carbon nanotube of 8.147 nm length and consisting of 1340 carbon atoms 

arranged in hexagonal fashion, showing thickness h and radius R (Narendar, et al 2012) 

 

Iijima was working on diamond-like carbon for NEC during the 1990s when 

coincidently, Donald Huffman from the United States and Wolfgang Krätschmer from 

Germany proposed the arc evaporation method to mass produce C60, a soccer-shaped 

carbon molecule. Intrigued by their discovery, Iijima investigated the process for his 

own research. He unexpectedly found large amount of MWCNT while examining the 

content of a cylindrical electrode deposit produced during the arc evaporation process. 

His discovery was subsequently hailed as the breakthrough in nanotechnology.  
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2.2.1  Growth of SWCNT 

 

There are several methods commonly used to grow carbon nanotubes. Electric 

arc discharge is one of the earliest methods developed to grow nanotubes. It was the 

method that led to the discovery of CNT by Iijima. In this method, the multi-walled 

tubes were found in the byproduct of fullerene production (Saito, et al 1992), i.e. 

cathode deposit, prepared by a direct current arc discharge in rarefied Helium gas 

(Ando 1993; Iijima 1991). By including transition metals such as iron, copper and 

nickel as catalysts, researchers are able to produce single-walled tubes as remnants 

found in the chamber soot (Bethune, et al 1993; Iijima and Ichihashi 1993). The 

resulting nanotubes are made up of tubes with various diameters and chiralities.  

Apart from electric arc discharge method, the laser vaporization method is also 

a widely used method for producing CNT. This method was initially developed by Dr. 

Richard E. Smalley of Rice University, Houston to produce MWCNT (Guo, et al 

1995a). In 1995, they used laser to vaporize the graphite-transition metal composite rod 

to produce single-walled tubes. The transition metals used in their method were copper 

and nickel. An important feature of the laser vaporization method is that it allows for 

continuous operation and better control over growth condition. It also produces high 

quality tubes in higher yield (Guo, et al 1995b).  

Chemical vapour deposition (CVD) method for growing carbon nanotubes was 

developed in 1993 by José-Yacamán et al. (Joseyacaman, et al 1993). It employs the 

usage of transition metals—nickel, copper and iron—mixed with catalysts such as 

magnesium oxide, silicon dioxide and aluminium oxide in order to improve the yield 

(Eftekhari, et al 2006). These catalysts must be removed after the growth process via 

acid wash because metal catalysts can give rise to health problem (Jakubek, et al 2009). 
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Nevertheless, this method is the most suitable method for large-scale CNT production 

due to its relatively low unit cost.  

 Following the success of the CVD method, Dr. Richard Smalley’s group at Rice 

University also developed the high pressure carbon monoxide disproportionation 

(HiPco) method (Bronikowski, et al 2001). In this method, SWNTs are produced by 

mixing carbon monoxide (CO) with a small amount of iron pentacarbonyl (Fe(CO)5) in 

a reactor. The thermal decomposition products react to produce iron clusters in the gas 

phase, which act as nuclei for SWNTs to grow. This method is able to produce up to 

450 miligrams of carbon nanotubes an hour (Bronikowski, et al 2001).  

 

Figure 2 Transmission electron microscopy images of raw HIPCO tubes, at (a) low, and (b) high  

magnifications (Vazquez, et al 2002) 

 

2.2.2 Chirality and Types of CNT 

 

There are several species of CNT. They are categorized by their chiral vector 

(n,m), where n and m are integers of the vector equation. 

   (1)  

  

(a) (b) 
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Figure 3 Methods of naming various types of CNT 

   

To understand the concept of chiralities of CNT, one must refer to the blue and 

red lines in the example featured in Figure 3. Note that the two blue lines are drawn 

along the tube axis, with the point of intersection between the line DT and a carbon 

atom labelled as point D, while the point of intersection between the second tube axis 

and the carbon atom nearest to the armchair line is labelled as point C. An armchair 

line is represented by the yellow line. The red line, which represents the chiral vector R, 

connects point C and D. The angle between the chiral vector R and the armchair line 

(yellow), θo decides the species of CNT. For example, the CNT is an armchair if the 

chiral vector R falls on the armchair (yellow) line (θo = 0
o
); if the angle θo = 30

o
, the 

CNT is called “zigzag” nanotube; and if 0
o
 < θo < 30

o
, the CNT is called “chiral” tube.  

The diameter, d, of CNT can also be calculated via the equation below: 

    (2) 

where a = 0.246nm, and n and m are the integers of the vector equation 

Within the “chiral” family, the nanotubes are further divided into two natures—

metallic and semiconducting. The tube is called metallic species M-SWCNT when the 



11 

 

value of |n-m|/3 is an integer. Therefore all armchair nanotubes are metallic species, 

but not all metallic species are armchair tubes. But if the value of |n-m|/3 is not an 

integer, then the CNT is called semiconducting species S-SWCNT. Different way of 

wrapping the graphene sheet could come up with different species of CNT, each with 

its own characteristic. Hence, scientists have come up with a periodic table of SWCNT 

to ease the recognition of different species of SWCNT (Figure 5).  

 

 

Figure 4 Periodic table of carbon nanotubes. The diameter of carbon nanotubes increases towards 

the right and down. DWNTs is the acronym for double-walled nanotubes. SWCNTs with extremely 

small diameter of about 0.4nm can be produced inside AFI-zeolite (microporous 

aluminophosphate crystallites) channels (Kurti, et al 2003; Tang, et al 1998) 

 The optical properties of carbon nanotubes are derived from the electronic 

transitions within their one-dimensional density of states (DOS). For semiconducting 

nanotubes, the valence band is separated from the conduction band by band gap E11. 

The movement of electron across the band gap, from valance band to conduction band 

is known as the Van Hove optical transition, or simply denoted as S11, S22, etc. 
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Likewise for metallic species, a similar electronic transition will be labelled as M11, 

M22, etc. 

 

2.3 Aqueous Two-Phase Separation (ATPS) system  

 

The separation of liquid into two phases was first reported by Dutch scientist M. 

Beijernick (Xiao, et al 2000). He wrote that gelatine and agar, upon mixing beyond a 

certain threshold concentration, would separate into two distinct phases (Tolstoguzov 

2006). 90 years later, Swedish scientist P. A. Albertsson developed the aqueous two-

phase separation (ATPS) method (Albertsson 1986). ATPS has since became an 

efficient method for the purification of a myriad of biomaterials such as proteins, 

nucleic acids, virus particles, microorganism, plant and animal cells (Albertsson 1986; 

Hatti-Kaul 2000). A simple example of how aqueous two-phase system works is shown 

in Figure 5. 

 

Figure 5 Schematic representation of a micellar system composed of surfactant, affinity ligands, 

and the desired biomaterial. Upon phase-separation the desired biomaterial can be concentrated in 

the micelle-rich phase according to affinity interactions, thereby enhancing the separation 

efficiency (Lopes, et al 2008) 
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 ATPS constitutes two major procedures: equilibration and phase separation. 

Equilibration is a process of mixing the different phase constituents thoroughly, which 

involves shaking and agitation. The ATPS phase separation time needed may range 

from several minutes to several hours. Hence, researchers often resort to centrifugation 

to hasten the phase separation process (Hustedt 1985). 

 Mass transfer across the interface between the two phase components is 

possible due to the low interfacial tension of ATPS, which is only between 0.0001 and 

0.1 dyne/cm (Albertsson 1986). Physical factors such as size, net charge and surface 

properties are the common properties that could influence the distribution of substance 

between the two phases. Otherwise, chemical interactions and properties such as the 

presence of Van der Waals’ forces, hydrogen bonds, electrostatic interactions, 

hydrophobicity, specific affinity, and conformation effects may also affect the 

partitioning process (Albertsson 1986; Albertsson 1990b).  

 Smaller molecules are usually partitioned evenly, whereas the partitioning of 

larger molecules is relatively one-sided. To balance the partitioning of targeted 

molecules, variables such as the concentration of phase components, volume ratio (VR), 

pH and the presence of additives such as salt must be optimized (Rito-Palomares 2004). 

An illustration of an ATPS system is shown in Figure 6. 
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Figure 6 Aqueous two-phase system consisted of polyethylene glycol, polyvinylpyrrolidone, and 

water 

 

2.3.1 Phase Diagram 

  

A phase diagram shows the functional area of a specific ATPS. It provides 

information like the concentration of each component needed for the formation of  two 

phases, the concentration of phase components in both phases, and the volume ratio 

(VR) of the system (Hatti-Kaul 2000). The curve featured in the phase diagram is called 

binodal curve. The curve is the boundary between two-phase and single-phase region, 

with the region above the curve reflects the concentration of the phase-forming 

components required to produce a two-phase system. The common methods used to 

determine the binodal curve are the turbidometric titration, cloud-point method and 

node determination (Hatti-Kaul 2000).  

 

 

Polyethylene 

glycol 

Polyvinyl 

pyrrolidone 
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2.3.2 Advantages of ATPS 

  

ATPS is a cost efficient separation technique because it uses low cost polymers 

and salts, such as polyethylene glycol (PEG) and potassium dihydrogen phosphate 

(KH2PO4) to achieve phase separation. This is often considered the dominant advantage 

of ATPS because large-scale purification often requires large amount of chemicals.  

 Apart from low cost, polymers like PEG have the stabilizing effect on the 

biological activities and could maintain the structure of the target protein (Albertsson 

1986). Due to its high water content, ATPS provides a biocompatible environment for 

proteins, enzymes and cell extracts (Agasoster 1998; Albertsson 1986; Gupta, et al 

1999). ATPS is therefore viewed as an attractive alternative purification method due to 

its ability to combine several early processing steps (recovery, concentration and 

purification) into a single step process (Mazzola, et al 2008).  

 By using lower volume of ATPS to partition target product, the target material 

or product can be concentrated, and thereby increasing the yield. Moreover, recent 

advancement in ATPS technology has improved the recyclability of the phase 

components (Hustedt 1985; Veide, et al 1989). This could help to reduce pollution and 

other environmental impact of ATPS. 

 ATPS is also relatively more time-efficient compared to many purification 

methods. The time needed to form two-phase ranges from several minutes to several 

hours. Hence ATPS is able to produce more yield over time, apart from saving precious 

time when undergoing large-scale purification.  
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2.4 Purification of Carbon Nanotubes 

 

The search for an effective purification method for SWCNT is one of the hottest 

research interests in the 21st century. An as-prepared SWCNT grown using the 

standard CVD process contains both semiconducting species and metallic species at a 

ratio of two to one. Each species of carbon nanotubes has its specific applications. 

Metallic species is commonly utilized in interconnect applications or making electronic 

sensors (Deng, et al 2007; Dresselhaus, et al 2005). Semiconducting species is usually 

integrated as the semiconducting channel of a field effect transistor (FET) (Jimenez, et 

al 2007; Ryu, et al 2010; Zhou, et al 2009). Therefore, the separation of S-SWCNT 

from M-SWCNT remains an important challenge in an effort to develop high-

performance transistors. Many efforts have been made to separate the M-SWCNTs 

from the S-SWCNTs. Notable contributions include dielectrophoretic deposition 

(Krupke, et al 2006; Marquardt, et al 2006), DNA-assisted separation (Zheng, et al 

2003), acid treatment (Yang, et al 2005), light-assisted oxidation (Yudasaka, et al 

2003), amine interaction (Chattopadhyay, et al 2003), trapping of semiconducting 

SWCNTs using agrarose gel (Tanaka, et al 2009) and microwave irradiation (Vazquez 

and Prato 2009).  

In the work reported by Marquardt, short and dispersed SWCNTs were 

subjected to two different dielectrophoretic force fields. An electric field with field 

strength of Erms=3.5 x 10
6
 V/m was then applied. They found out that mainly metallic 

species were attracted to the electrodes (Marquardt, et al 2006). They did not, however, 

quantify their findings in terms of purity and the yield of the purification.  

 The DNA-assisted separation is also an interesting methodology of separating 

M-SWCNT from S-SWCNT. SWCNT is found to be able to disperse in solution 
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containing single-stranded DNA. The modelling experiment showed that DNA could 

bind with SWCNT via π-stacking, which caused the DNA to wrap around the SWCNT 

(Zheng, et al 2003). In 2009, a new paper published by Xiaomin Tu et al. showed that 

DNA-assisted separation is also highly chiral-sensitive (Tu, et al 2009). A particular 

DNA sequence, poly(GT), formed ordered structures on SWCNTs. Therefore different 

DNA sequences could selectively wrap around SWCNT of different chirality, which 

could then be filtered out via ion chromatography (Tu, et al 2009).  Nevertheless, the 

exorbitant price and the fragile nature of DNA render the DNA-assisted separation 

economically impractical for large scale purification. As of 1
st
 April 2013, 0.1 

milligram of DNA from human placenta costs RM 537.49 (Sigma Aldrich). 

 

Figure 7 Schematic description of the formation of DNA-wrapped MWCNTs (Li, et al 2009) 

 

 The acid treatment method was developed by Cheol-Min Yang and his research 

group from the Ewha Womans University in 2005. The treatment involved dissolving 

SWCNT in a mixture of nitric acid and sulphuric acid at three volume ratios (1:9, 1:3, 

1:2) for 12 and 48 hours, respectively. They reported that following the treatment, the 

metallic species with diameter less than 1.1 nm were removed while the 

semiconducting species remained intact. Since there were more available electron 

densities at Fermi level in M-SWCNT, therefore the positively charged nitronium ion 

(NO2
+
) would preferentially adsorb on the surface of M-SWCNT (Yang, et al 2005). 
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Nevertheless, the treatment of SWCNT using strong acid could result in unwanted 

carboxylic functionalities (Hamon, et al 2001).  

 

Figure 8 Functionalization possibilities for SWNTs: (a) defect-group functionalization, (b) covalent 

sidewall functionalization, (c) noncovalent exohedral functionalization with surfactants, (d) 

noncovalent exohedral functionalization with polymers, and (e) endohedral functionalization with, 

for example, C60. For methods b-e, the tubes are drawn in idealized fashion, but defects are found 

in real situations (Hirsch 2002) 

 

 A highly cost effective purification of metallic SWCNTs is the use of combined 

diazonium and air-oxidation approach. A critical drawback of the method is the lengthy 

period required for the chemical reaction of SWCNTs with 4-bromobenzene diazonium 

to complete (Wu and Guan 2011).  

A highly efficient and cost-effective purification method is the use of 

microwave radiation. In this method, the author exploited the intrinsic high dielectric 

constant of M-SWCNT (Kozinsky and Marzari 2006), which is due to its infinite 

polarizability (Benedict, et al 1995). On the contrary, the dielectric constant of S-

SWCNT is relatively low, which ranges from 1 to 10 (Krupke, et al 2003). Due to its 
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high dielectric constant, M-SWCNT effectively absorbs much more microwave energy 

compared to S-SWCNT. This difference in absorbed energy can be applied to 

selectively destroy metallic species while retaining the semiconducting species. 

However, the thermal destruction of metallic SWCNTs using microwave induces 

random and uncontrollable damages to the neighbouring semiconducting SWCNTs 

(Shim, et al 2009). Therefore, a truly cost-efficient, scalable, time-saving and simple 

SWCNT separation protocol has yet to be developed.  

 

2.5 Purification of Carbon Nanotubes using ATPS System 

 

Industry demands fast, economic, high-yielding and efficient downstream 

processes for the partitioning and purification of SWCNTs. ATPS is an ideal 

technology to fulfil the above demands. This method can be easily scaled up and has 

been proven in wider biotechnological applications. The main motivation of this 

experiment is to develop a method in separating M-SWCNTs from S-SWCNTs by 

using an ATPS. To accomplish the objective, a new ATPS is developed using 

polyethylene glycol (PEG), dextran, N-methylpyrrolidone (NMP), 

cetyltrimethylammonium bromide (CTAB) and water. The concept of the research is 

simple: when an ATPS partitions into two distinct phases, certain species of carbon 

nanotubes will be attracted to one of the phases. It is critical that the S-SWCNTs are 

attracted to one of the components in an ATPS.  The selective adsorption of amine onto 

S-SWCNTs is employed (Chattopadhyay, et al 2003; Kong and Dai 2001). NMP and  

CTAB are added to the system to disperse SWCNTs (Xiao, et al 2007; XIAO Qi 2007). 

The PEG/dextran system is chosen for this study because it is the most widely used 

ATPS system with rich reservoir of literature (Antov, et al 2004; Schindler and 
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Nothwang 2006). Moreover, dextran has also been reported to wrap around a SWCNT 

(O'Connell, et al 2001; Stobinski, et al 2008).  
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CHAPTER 3: EXPERIMENT DETAILS 

 

3.1 Introduction 

 

This chapter commences with the introduction of sources of material used in 

this experiment. Besides, step-by-step procedures for constructing the phase diagram 

are discussed as well. The optimization of the ATPS system using different molecular 

weight of polyethylene glycol (1,500~20,000 g/mol) is also highlighted in this chapter. 

The characterization techniques used in this experiment to study the structure, 

morphology and optical properties of separated nanotubes are also highlighted.  

 

3.2 Experimental  

 

3.2.1  Material  

 

 PEG (average molecular weight (Mw) of 1500 g/mol; 4000 g/mol; 6000 g/mol; 

10000 g/mol; and 20000 g/mol),  anhydrous NMP with 99.5% assay, cationic surfactant 

CTAB and dextran with average Mw of 40,000 g/mol were purchased from Sigma-

Aldrich Co. (St. Louis, MO, USA). SWCNTs with tube diameter 0.7~0.9 nm were 

sourced from Southwest Nanotechnologies. Deionized water with 1% w/w CTAB was 

used throughout the experiment. All experiments were conducted within a class 10K 

clean room at temperature 19 
o
C. 

 



22 

 

 

3.2.2  Phase Diagram 

 

 Firstly, the phase-forming components for the research have to be chosen. 

Previously published information may serve as references for deciding the choices. 

Other choices could be used to replace existing phase components in the case of 

obtaining negative purification result. The process should be repeated until positive 

purification results are obtained (Benavides and Rito-Palomares 2008). Then, a phase 

diagram is constructed to produce a few ATPS for preliminary partitioning. Common 

ATPS parameters such as tie-line length (TLL) and volume ratio (VR) are varied to 

produce the optimum purification (Rito-Palomares 2004; Rosa, et al 2010). 

 The predetermined quantities of PEG and dextran dissolved in deionized water 

were prepared in 15.0 mL vials. Then, 2.0 g of each polymer was added together to 

produce a final total weight of 4.0 g. The system was mixed thoroughly through gentle 

agitation. 0.5mg of pristine SWCNT was then added into the cloudy mixture. The 

system was then subjected to 10 minutes of centrifugation at 2000 rpm to induce phase 

separation. After the formation of two phases, the top and bottom phases were drawn 

out and the concentration of each species of SWCNT was evaluated using ultraviolet-

visible spectroscopy. To gauge the effect of purification, the purification factors (PF) of 

each species in both phases were evaluated. 

 The binodal curves for PEG 4000, 6000, 8000, 10000 and 20000-dextran 

system at pH 7.0 were obtained using turbidometric titration method as described by 

Hatti-Kaul (Hatti-Kaul 2000). Stock solutions of both polymers with known 

concentrations were prepared. The ATP systems were then prepared by mixing the two 

stock solutions together. Distilled water was added slowly into the turbid mixture 

followed by gentle agitation, until it turned into a transparent solution. At this point, the 

system reflects a homogenous phase. The weight of added distilled water was 
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determined to identify the curve’s point. The process was repeated for different known 

weight composition systems to generate series points for binodal curve.  

 

3.2.3  Separation Experiment 

 

 Several points were identified from the phase diagram for the separation 

experiment. A few vials containing different concentrations of PEG, dextran and NMP 

were prepared in several 7.0 ml vials. 0.5 mg of pristine carbon nanotubes is added into 

each of the vials and sonicated at 50W using the Thermo-6D Ultrasonic cleaner at 20 

o
C for 20 minutes. The SWNT powder would disperse in the solution following the 

ultrasonication. After thorough mixing by gentle agitation, the mixture was incubated at 

room temperature for 30 minutes to allow the phases to form.  

 

3.2.4  Optimization and Post Treatment 

 

 In order to obtain the best yield, purification factor and dispersion of carbon 

nanotubes, the concentration of each phase forming components must be optimized. 

Several points were identified from the phase diagram and a few vials containing the 

plotted concentration of PEG, dextran and NMP were prepared. The volume ratios (VR) 

of the top and bottom phases were measured and tabulated.  

 The two phases were drawn out using a pipette into two different vials. The 

concentrated solutions were then added with 2 ml of deionized water, followed by 

gentle agitation to reduce the viscosity of each phase. The solutions were then 

centrifuged at 40,000 rpm for 20 minutes. The supernatant was discarded, and 2 ml of 

deionized water with 1% CTAB was added to the precipitate to thoroughly disperse the 

SWNT. The cleaning process was repeated thrice to thoroughly get rid of contaminants 
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and excess polymers. The absorbance value of SWCNT for all the resultant volume 

ratios were recorded and tabulated. Then, the VR that gives the highest absorbance 

value and purification factor was selected for characterization process.  

 

3.3  Characterization of Carbon Nanotubes 

 

The concentration of carbon nanotubes in the top and bottom phases was 

quantified by using absorption spectra obtained via Thermo Scientific Evolution 300 

Ultraviolet-Visible-Near Infrared spectrophotometer with a scan rate of 120 nm/s. 

Micro-Raman spectroscopy was performed using a Renishaw inVia Raman microscope 

illuminated by a 514 nm wavelength laser. Atomic force microscopy images were 

obtained from the JPK Nanowizard 3 Atomic Force Microscope with a maximum scan 

range of 100 X 100 μm
2
. Besides, the content of the ATPS was analyzed using the 

Perkin Elmer Spectrum 400 Fourier Transform Infrared Spectrometer. The samples 

also underwent field-emission scanning electron microscopy via Hitachi SU 8000 

FESEM. Lastly, X-ray photoelectron spectroscopy at the Synchrotron Light Research 

Institute (SLRI), Thailand with a 650 eV X-ray beamline was used for XPS 

characterization. 

 

3.3.1  Ultraviolet-Visible Absorption Spectroscopy 

  

The primary principle of the ultraviolet-visible (UV-Vis) absorption 

spectroscopy is the absorption of photons by matter. When a stream of photons passes 

through a matter, some photons are absorbed by the molecules of the matter, thus 

causing the resultant beam intensity to become lower than that of the initial beam.  
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 Different materials have different absorbance band in different regions. 

Absorbance band for transition metals, for instance, lies in the range of visible light 

(400-700 nm). Organic compounds, on the other hand, have a variety of absorbance 

band depending on the nature of the bonds that form their molecules. 

 

Figure 9 A monochromatic light, Io, passing through a cuvette. The light intensity decreases to I 

after passing through the cuvette due to adsorption 

 

Optical transmittance, T is defined as the ratio of resultant light intensity, I, to 

the initial light intensity, Io: 

     (3) 

The logarithm inverse of transmittance is defined as the optical absorbance : 

  (4) 

The law dictating the relationship between absorbance and concentration is 

the Beer-Lambert law. It states that absorbance is proportional to the concentration of 

the absorbing species, the path length ( , cm) and the concentration ( , mol/L) of the 

absorbing species:  

    (5) 
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In equation (5),  represents the molar extinction coefficient (L mol
-1

 cm
-1

). It is the 

measure of the amount of light absorbed per unit concentration. The value of  differs 

according to different absorbing species. Equation (5) shows that UV-Vis spectroscopy 

can be used to determine the concentration of the certain chemical in a solution, and 

thus identify different types of chemicals based on their distinctive curves. 

 In this work, the separated SWCNTs sample will be pipetted out and rinsed with 

deionized water. The sample will then be mixed with water with 1% CTAB to re-

disperse the SWCNTs. The re-dispersed mixture will be dropped into a cuvette for the 

UV-Vis spectroscopy measurement.  

 UV-Vis spectroscopy is a widely utilized tool for the characterization of 

SWCNTs (Attal, et al 2006). The reduction in the size of the peak signifies the 

reduction of the M-SWCNT or S-SWCNT component in the sample (Fogden, et al 

2012). Despite the large number of chemicals involved in the formation of ATP, they 

do not affect the resulting UV-Vis spectra. CTAB, for example, does not absorb light in 

the same wavelength region as that of SWCNTs (Attal, et al 2006). PEG has no UV 

chromophore, i.e. it is transparent and does not absorb light (Elliott, et al 2012). 

Dextran, too, does not possess characteristic absorbance in UV and visible region 

(Wang, et al 2010). Organic solvent NMP does have low UV chromophore. But its 

absorbance peaks at wavelength 229 nm, 304 nm and 321 nm (Opaprakasit, et al 2004), 

which is out of our minimum wavelength investigation which is 350 nm. Hence the 

peak intensity in the region between 350-750 nm, attributed to the optical transition 

between Van Hove Singularities, comes wholly from SWCNTs.  
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3.3.2  Micro-Raman Spectroscopy 

 

Micro-Raman spectroscopy is a powerful tool for the characterization of 

SWCNT. The primary principle of Raman spectroscopy involves the interaction 

between light and matter, in which the light is inelastically scattered in a process known 

as the Raman Effect. The photons from a laser are focused at the sample, where they 

will interact with the molecules of the samples and are either reflected, absorbed or 

scattered.  

Most of the elastically-scattered photons are of the same wavelength as the 

incident beam. A small number of the incident photons, however, are scattered with 

wavelength different to the incident beam. For the scattered photons, their wavelengths 

can either be shifted to higher or lower energy level, dubbed as blue or red shifted, 

respectively. The more common phenomenon is the red shift, which is also known as 

Stokes shift.  

Apart from scattering, the photons interact with the electron cloud of the bonds 

present in the functional groups. This will then excite an electron into a virtual state. 

From there, the electron then relaxes into a less excited vibrational or rotational state. 

This relaxation of electron causes the release of photons, which is detected as Stokes 

Raman scattering. The energy lost is directly related to the functional group, the 

structure of the molecule, the types of atoms in that molecule and its environment. The 

information is then picked up and translated into Micro-Raman spectra.  

 In this work, the separated SWCNTs sample will be dropped on a piece of glass. 

The glass will then be put inside the sample chamber and illuminated by a green laser. 
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3.3.3 X-ray Photoelectron Spectroscopy 

 

X-ray Photoelectron spectroscopy (XPS) was first used in the mid 1960s to 

probe the composition of elemental, chemical stoichiometry, chemical state, and 

electronic state of the elements of a material.  It must be operated under ultra-high 

vacuum (UHV) to ensure smooth electron detection and to prevent sample 

contamination. The targeted material will be bombarded with an X-ray beam which 

will cause the electrons at the surface of the material to escape. Two quantities namely 

the kinetic energy and the number of electrons that escape are detected and analyzed. 

Since the bonding energy of electrons for each material is unique, hence it is possible to 

determine the type of material from which the electrons escape by determining the 

kinetic energy of the escaped electrons. 

 

3.3.4 Fourier-Transform Infrared Spectroscopy 

  

Fourier transform infrared spectroscopy (FTIR) is a technique for obtaining 

infrared spectra of absorption, emission, photoconductivity or Raman scattering of a 

solid, liquid or gas. The term Fourier transform means that a mathematical Fourier 

transform is required to transform the obtained information into spectrum.  

 The degree of absorption of the infrared beam at each wavelength is 

proportional to the number of absorbing molecules in the sample. This makes 

multicomponent quantitative analysis of mixtures possible. In order to perform 

multicomponent analysis, it is important to first obtain the reference spectra for all the 

individual components of a sample. A reference spectrum is a spectrum of a single 

component of known concentration. Chemical bonds such as C=O and C-C have their 

http://en.wikipedia.org/wiki/Fourier_transform
http://en.wikipedia.org/wiki/Fourier_transform
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very own signature spectra. Therefore it is possible to trace the presence and 

concentration of each individual component contained in a mixture. 

 Using the FTIR, it is possible to trace the different chemicals in a mixture. 

Therefore, it is an ideal instrument for determining the types of phase component in the 

top and bottom phase contained in this work. 

 

3.3.5   Atomic Force Microscopy 

  

Atomic Force Microscopy (AFM) is a type of high-resolution scanning probe 

microscopy. An AFM uses a cantilever—a sharp tip typically made of silicon or silicon 

nitride—to scan the surface of the sample. The radius of the tip of the cantilever is 

usually in the order of nanometers. When the tip approaches the surface of a 

sample, the forces acting on tip by the sample will cause the cantilever to deflect. The 

deflection will be measured via the reflection of a laser spot reflected from the top of 

the cantilever into a row of photodiodes.  

 

3.3.6 Field Emission Scanning Electron Microscopy 

 

The Field Emission Scanning Electron Microscopy (FESEM) is a useful surface 

morphological technique for the characterization of nanostructures. Unlike optical 

microscopes which can only view micron-size material, an electron microscopy gives 

an even higher resolution.  

The electrons used for SEM are generated using two types of electron guns, 

namely the thermionic gun and field emission gun. The field emission (FE) gun is made 

up of a tungsten tip, usually less than 0.1 micron in diameter, which serves as the 

cathode and two anodes. It is much brighter than the thermionic electron gun because it 
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can produce up to three orders of magnitude greater electron density. When a potential 

difference is applied across the terminals, the electrons acquire enough energy to 

penetrate the energy barrier of tungsten tip into the vacuum. There are two anodes: 

extraction anode (0-5 kV) which extracts the electrons; and acceleration anode (1-50 

kV) which accelerates the electrons. Electromagnetic lenses are used to focus the 

electron beam, while the scanning coil deflects the beam to the target by adjusting the 

current flowing past the radial-oriented coils. The electron beam interacts with the 

sample and signals are picked up by a detector which transforms the signals into digital 

images.  

 

Figure 10 (a) Photograph of a Hitachi SU8000 FESEM; (b) FESEM image of a polymer 

 

During an interaction, the incident electrons collide with the electrons of the 

sample to induce an inelastic scattering which ejects weakly-bonded electrons. The 

weakly-bonded electrons are also known as the secondary electrons, and the signals 

generated from these electrons are the ones used to generate FESEM images. This is 

because a single incident electron can generate more than 1000 secondary electrons. 

Nevertheless, the low energy of the incident electrons prevent them from penetrating 
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deeper into the sample, and thus the signals generated from secondary electrons are 

primarily those located close to the surface of the sample. 

 

3.4  Calculations and Formulae 

 

The volume ratio (VR) was defined as the ratio of volume in the top phase (VT) 

to the volume of the bottom phase (VB) (10): 

    (10) 

 The purification factor (PF) is described as the ratio of the 

metallic/semiconducting absorbance in the top phase to the pristine 

metallic/semiconducting absorbance (11): 

  (11) 

  

According to the Beer-Lambert’s law shown in equation (5), absorption is 

proportional to the concentration of the absorbing species in a given material: 

     (5) 

 

The total absorbance is the sum of each component absorbances: 

   (12) 

 

Therefore, it is possible to sum up the absorbances for the metallic species and 

semiconducting species to obtain the total absorbance of the sample. 

Using the definition of absorbance stated in equations (5) and (12), the partition 

coefficient, K, for different species of nanotubes is calculated according to Equation 

(13): 
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    (13) 

The specific activity (SA) of sample is described by Equation (14): 

  (14) 

   

The purity of the resulting nanotubes is defined as the ratio of the absorbance of 

metallic species M11 to the absorbance of semiconducting species S22: 

  (15) 

     

The recovery yield of nanotubes (%) in each phase was computed according to 

equation (16): 

   (16) 

where K is partition coefficient and VR is the volume ratio. 
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CHAPTER 4: RESULTS AND DISCUSSION 

 

4.1 Introduction 

  

In chapter 4, the setup, construction and optimization of the aqueous two-phase 

system is discussed. The phase diagram of various PEG molecular weights is analyzed. 

The successfully separated two phases system is characterized using UV-Vis absorption 

spectroscopy, Micro-Raman spectroscopy, AFM, FESEM, XPS and FTIR spectroscopy. 

The UV-Vis absorption spectrum shows that there is a clear reduction of M-SWCNTs 

at the bottom phase. This is complemented by the Micro-Raman analysis which shows 

that there are less metallic species at the bottom phase. The Micro-Raman spectroscopy 

also shows that the D-band of the SWCNT spectrum is slightly more significant at the 

bottom phase. This means that the SWCNT has suffered some damage to the tube 

structure after the separation. AFM analysis shows that the SWCNTs are wrapped by 

polymer chains. The wrapping causes the SWCNTs to wriggle in worm-like shape. The 

FESEM result also provides substantial evidence of SWCNTs wrapped by polymers. 

The XPS analysis proves that the material presents around the SWCNT is polymer, 

because of the present of C—O peak in the XPS spectrum. Subsequent FTIR analysis 

shows that the top phase is dominated by the more hydrophobic polymer PEG, while 

the bottom phase is dominated by the hydrophilic polymer dextran. From the FTIR 

analysis it is found that NMP has an equal distribution in both phases, while the amine-

bearing surfactant CTAB only appears at the bottom phase. A possible mechanism of 

the separation process is proposed at the end of this chapter. 
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4.2 Visual Analysis of SWCNT—ATPS 

 

 
Figure 11 Photographs of ATPS made up of PEG-NMP/dextran-CTAB system before (a) 

incubation, and after (b) partitioning into two distinct phases 

 

Immediately after sonication, the mixture of the solution was dark as shown in 

Figure 11(a). It should be noted that the pristine ATPS without SWCNTs is transparent. 

In approximately 30 minutes, two distinct phases were formed as shown in Figure 11(b). 

It is worth noting that prior to the formation of two phases the dispersion of SWCNTs 

in the mixture does not exhibit SWCNT bundles. The formation of SWCNT bundles 

occurred after the two-phase partition. 
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4.3  Phase Diagram 

 

 
Figure 12 Phase diagram for PEG Mw 1500, 4000, 6000, 10000, and 20000 against dextran 40000 

 

The binodal curves of various PEG (Mw 1500, 4000, 6000, 10000, 20000) 

against the single Mw dextran are shown in the phase diagram in Figure 12. It can be 

seen that all the binodal curves shift downwards to the dextran-axis as the Mw of PEG 

increases. This phenomenon is consistent with the work reported by Albertsson which 

claimed that the polymer with higher Mw requires less concentration to form two 

phases (Albertsson 1990a).  

PEGs can dissolve easily in some organic solvents. In this experiment the PEGs 

were dissolved in NMP organic solvent as stock solutions. The PEG exhibited high 

solubility in NMP even when the Mw of PEG was increased. It is interesting to note that 

despite using NMP in place of water, the resultant binodal curves is in agreement with 

the prediction by Albertsson for PEG dissolved in water. The phase diagram shows that 

the quantity of polymer is needed to form two-phase reduces as the polymer Mw 

increases. This may result in the reduction of the operation cost while minimizing the 

impact on the environment.  
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4.4   Optimization Table 

 

4.4.1 The effect of Mw on nanotubes partitioning 

PEG Concentration 

of PEG in 

NMP (% w/w) 

Concentration 

of dextran in 

CTAB (% w/w) 

K Yield (%) 

M11 S22 S33 M11 top S22 top S33 top 

4K 20.0 25.0 Salt-out Salt-out Salt-out Salt-out Salt-out Salt-out 

15.0 25.0 Salt-out Salt-out Salt-out Salt-out Salt-out Salt-out 

25.0 12.5 0.0546 0.0423 0.0510 32.9 27.6 31.5 

23.0 18.0 0.337 0.252 0.211 57.2 50.2 45.7 

6K 25.0 15.0 0 0 0 0 0 0 

20.0 20.0 0.0707 0.0590 0.0497 17.5 15.0 12.9 

17.5 21.0 0.696 0.671 0.460 61.9 60.9 51.7 

23.0 18.0 0.187 0.212 0.184 51.5 54.6 51.0 

10K 20.0 15.0 0.221 0.205 0.234 47.0 45.1 48.4 

18.0 20.0 0.117 0.138 0.119 21.4 24.4 21.7 

15.0 15.0 0.280 0.277 0.271 52.8 52.6 52.0 

22.0 15.0 0 0 0 0 0 0 

20K 13.0 15.0 0.201 0.150 0.256 31.9 25.9 37.4 

17.5 20.0 0.0656 0.0473 0.0512 10.9 8.07 8.68 

15.0 15.0 0.0349 0.0291 0.0331 9.47 8.02 9.03 

18.0 12.5 0.108 0.0820 0.107 38.0 31.7 37.7 

 
Table 1 The effect of Mw on SWCNT partitioning 

 

Table 1 indicates that the partitioning of SWCNTs in PEG-NMP/dextran-CTAB 

system is dependent on the Mw of PEG. From the table, we can observe that the two 

highest partition coefficient, K (0.6957), and yield (61.85 %) value are obtained from 

the experiments involving the 6000 and 10000 Mw PEG, respectively. The Mw 10000 

PEG shows a more promising and consistent results compared to Mw 4000 and 20000 

PEGs, but its yield (46.96) and K (0.2343) values are lower than that of Mw 6000 PEG. 

The other two polymers, i.e. Mw 4000 and 20000 PEGs give low yield and K values. 

The Mw 4000 PEG exhibited two salt-out events at PEG 20% (w/w)/dextran 25% (w/w) 

and PEG 15% (w/w)/dextran 25% (w/w). But salt-out did not occur for high 

PEG/dextran concentration in the Mw 6000 PEG experiment, for example the PEG 20% 

(w/w)/dextran 20% (w/w). This shows that as PEG Mw increases, the systems become 

more resilient against salt-out. It is evident that nanotubes-partitioning using certain Mw 
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of PEG could lead to high K and yield values. Therefore, the PEG that gives the highest 

yield and K value, PEG 6000/dextran system, was chosen for further study.  

 

4.4.2 The effect of VR on nanotube partitioning coefficient, purity, specific 

activity and purification factor 

 

Figure 13 The effect of VR on the partition coefficient K and the purity (M11/S22) of SWCNTs 

 

The K and purity of SWCNT gauged at different VR is shown in Figure 13. The 

ATPS was constructed by mixing PEG with concentration ranging from 12-15% (w/w) 

and dextran concentration 18-25% (w/w). Note that the K value for M-SWCNT reaches 

its highest value (0.4581) at VR 1.86. The value then drops to 0.0536 before rising 

again to 0.1956 at VR 3.0. Meanwhile, we can observe from the column that there is a 

huge difference in terms of purity for VR 1.5. The ratio of M11/S22 in the top phase for 

VR 1.5 reaches 0.2574 compared to 0.1507 in the bottom phase. This means that there 

are more metallic species residing in the top phase compared to the bottom phase. 
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Figure 14 The effect of VR on the specific activity of S-SWCNT in top and bottom phases 

 

Figure 14 shows the effect of different VR on the specific activity of 

semiconducting SWCNT in both phases after purification. We can see that there is a 

clear difference between the top and bottom phases especially for VR=1.5. 

Theoretically, lipase partitioning behavior will not be affected by changes of VR 

because the relative partitioning of individual enzyme will stay the same (Ashipala and 

He 2008). Therefore it is interesting to see if it also holds for SWCNT. The results 

indicate that K shows a random pattern with the increment of VR (Figure 13). This 

means that the partitioning behavior of SWCNT does not depend on the change of VR.  
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Figure 15 The effect of VR on the purification factor of all the species of SWCNT in both phases 

 

From Figure 15, we can see that the species that exhibited the largest difference 

between the top and bottom phase is the metallic species at VR=1.5. The 

semiconducting species, however, shows relatively less drastic changes. This means 

that there is not much change in term of semiconducting concentration in the two 

phases for the said VR. This contradicts with the reports reported by various authors 

that amine attracts semiconducting species (Chattopadhyay, et al 2003; Kong and Dai 

2001) instead of metallic species. The reason for this could be that amine actually 

adsorb more strongly on metallic species compared to semiconducting species, as 

reported by Maeda in 2005 (Maeda, et al 2005) who suggested that the complex of 

amine and as-prepared M-SWCNTs may have higher solubility in organic solvents 

compared to S-SWCNTs.  
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4.4.3 The effect of the concentration of NMP and water on VR, K, yield, SA, PF, 

and purity 

 

The inclusion of NMP in the system serves two functions: it is an effective 

dispersing agent of SWCNTs; it is an amide. Amine has been reported to attract S-

SWCNT (Chattopadhyay, et al 2003). Apart from NMP organic solvent,  the CTAB 

amine-bearing surfactant was also included in our experiment. 1% (w/w) CTAB is 

added to deionized water to facilitate the dispersion of SWCNT. Therefore it is 

important to gauge the effect of the concentration of NMP and water on the separation 

of M-SWCNT from S-SWCNT.  

PEG 6K 

(15% w/w) 

Dextran 40k 

(20% w/w) 

VR K Yield (%) 

M11 S22 S33 M11 S22 S33 

4.50g 2.00g Salt-out Salt-out Salt-out Salt-out Salt-out Salt-out Salt-out 

4.00g 2.00g Salt-out Salt-out Salt-out Salt-out Salt-out Salt-out Salt-out 

3.50g 2.00g Salt-out Salt-out Salt-out Salt-out Salt-out Salt-out Salt-out 

3.00g 2.00g 3.00 0.0344 0.0328 0.0319 9.35 8.96 8.74 

2.50g 2.00g 3.00 0.0517 0.0586 0.0622 13.4 14.9 15.7 

2.00g 4.50g 1.00 0.0595 0.0487 0.0512 5.62 4.65 4.87 

2.00g 4.00g 1.00 None None None None None None 

2.00g 3.50g 1.08 None None None None None None 

2.00g 3.00g 1.25 0.0851 0.0830 0.0770 9.61 9.40 8.78 

2.00g 2.50g 1.86 0.0598 0.0515 0.0533 9.99 8.74 9.00 

4.50g 2.50g 4.00 0.0735 0.0673 0.0690 22.7 21.2 21.6 

4.00g 2.50g 5.67 0.325 0.318 0.356 64.8 64.3 66.9 

3.50g 2.50g 3.00 0.0509 0.0453 0.0609 13.2 12.0 15.5 

3.00g 2.50g 3.00 0.208 0.219 0.198 38.4 39.7 37.3 

2.50g 4.50g 1.22 None None None None None None 

2.50g 4.00g 1.50 None None None None None None 

2.50g 3.50g 1.86 None None None None None None 

2.50g 3.00g 2.33 0.0676 0.0648 0.0496 13.6 13.1 10.4 

4.50g 3.00g 3.00 0.195 0.184 0.266 36.9 35.5 44.4 

4.00g 3.00g 3.00 0.514 0.468 0.475 60.7 58.4 58.7 

3.50g 3.00g 2.33 0.215 0.191 0.190 33.4 30.8 30.7 

3.00g 4.50g 1.50 0.174 0.215 0.126 20.7 24.4 15.9 

3.00g 4.00g 1.86 0.289 0.283 0.285 34.9 34.4 34.6 

3.00g 3.50g 2.13 0.140 0.136 0.153 23.0 22.4 25.4 

 

Table 2 The effect of the concentration of NMP and water on VR, K and yield 
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PEG 

6K 

(15% 

w/w) 

Dextran 

40K 

(20% 

w/w) 

Specific activity Purification index M11/S22 
M-

SWCNT 

top 

S-

SWCNT 

top 

M-

SWCNT 

bottom 

S-

SWCNT 

bottom 

M-

SWCNT 

top 

S-

SWCNT 

top 

M-

SWCNT 

bottom 

S-

SWCNT  

bottom 

top bottom 

4.50g 2.00g None None None None None None None None None None 

4.00g 2.00g None None None None None None None None None None 

3.50g 2.00g None None None None None None None None None None 

3.00g 2.00g 0.109 0.364 0.104 0.896 0.420 0.149 0.400 0.366 0.172 0.164 

2.50g 2.00g 0.0922 0.353 0.105 0.895 0.354 0.144 0.403 0.366 0.142 0.161 

2.00g 4.50g 0.121 0.348 0.103 0.897 0.466 0.142 0.395 0.366 0.186 0.152 

2.00g 4.00g None None None None None None None None None None 

2.00g 3.50g None None None None None None None None None None 

2.00g 3.00g 0.102 0.328 0.0977 0.902 0.391 0.134 0.376 0.368 0.151 0.148 

2.00g 2.50g 0.113 0.337 0.100 0.900 0.436 0.138 0.384 0.368 0.171 0.148 

4.50g 2.50g 0.110 0.346 0.102 0.898 0.421 0.141 0.392 0.367 0.168 0.153 

4.00g 2.50g 0.102 0.358 0.103 0.897 0.393 0.146 0.396 0.366 0.159 0.156 

3.50g 2.50g 0.109 0.391 0.106 0.894 0.419 0.160 0.408 0.365 0.179 0.159 

3.00g 2.50g 0.0977 0.320 0.100 0.900 0.376 0.130 0.385 0.367 0.144 0.151 

2.50g 4.50g None None None None None None None None None None 

2.50g 4.00g None None None None None None None None None None 

2.50g 3.50g None None None None None None None None None None 

2.50g 3.00g 0.103 0.308 0.0933 0.907 0.396 0.126 0.359 0.370 0.149 0.143 

4.50g 3.00g 0.0986 0.381 0.102 0.898 0.379 0.155 0.394 0.367 0.159 0.150 

4.00g 3.00g 0.0956 0.310 0.0882 0.912 0.368 0.127 0.339 0.372 0.139 0.126 

3.50g 3.00g 0.107 0.307 0.0964 0.904 0.412 0.125 0.371 0.369 0.155 0.138 

3.00g 4.50g 0.0837 0.316 0.0877 0.912 0.322 0.129 0.337 0.372 0.122 0.152 

3.00g 4.00g 0.0978 0.318 0.0962 0.904 0.376 0.130 0.370 0.369 0.144 0.141 

3.00g 3.50g 0.102 0.356 0.102 0.898 0.391 0.145 0.392 0.367 0.158 0.153 

 

Table 3 The effect of the concentration of NMP and water on the SA, PF and purity 

 

From Tables 2 and 3, we can see that generally, the purity of the resultant 

nanotubes is independent of the VR. The mixing of PEG stock solution 15% (w/w) with 

dextran stock solution 20% (w/w) at various weighs will increase the amount of NMP 

and water significantly. From the results, 4.0 g of PEG 15% (w/w) mixed with 2.5 g of 

dextran 20% (w/w) gives the highest yield (64.79%), but the purity for the top phase is 

identical to that of the bottom phase. This means that despite the high yield value, there 

is no separation of the two species of nanotubes. As for partition coefficient, K, the 

highest K value (0.5139) comes from the mixture of 4.0 g PEG 15% (w/w) with 3.0 g 

dextran 20% (w/w). However, the difference in purity for the top and bottom phase for 

this system is also insignificant. Other results such as PF and SA also do not change 

much. This shows that the change in NMP concentration will not affect the overall 

outcome of the separation, but the changes in the concentration of PEG and dextran 

will. 
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4.5   Ultraviolet-Visible Absorption Spectroscopy 

 

Figure 16  UV-Vis spectra for both top and bottom phase 

 

UV-Vis absorption spectroscopy measurement for the top and bottom phases is 

shown in the above figure. The wavelength of investigation ranges of 350 nm to 1100 

nm, but the focus of the work is in the region between 350 nm and 750 nm. The inset of 

Figure 16, which will be discussed in detail as Figure 17, shows the baseline-subtracted 

spectra of the top and bottom phase from 430 -780 nm. The peak at the 450 nm 

signifies the metallic species, denoted as M11, while the semiconducting species 

exhibits two peaks, i.e. 550-650 nm and 950-1050 nm, denoted as S22 and S11, 

respectively. The area under each peak is related to the concentration of the 

corresponding species, as given by Beer-Lambert law in equation (5). The ratio of 

M11/S22 therefore presents a good measure of the relative decrement or increment of the 

two species in the sample.  
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Figure 17 Baseline-subtracted spectra of the top and bottom phases from 430 nm-650 nm 

 

To ease the discussion on the changes of M-SWCNT and S-SWCNTs, the 450 

nm-650 nm region where M11 and S22 are located will be magnified and focused at. The 

resultant curve is baseline-subtracted to magnify the peaks of metallic and 

semiconducting SWCNTs. Figure 17 shows the baseline-subtracted-peaks in the 430 

nm-65 0nm region normalized at S22 peak at 581 nm. It can be clearly seen that for 

VR=1:1, there is an enrichment of M11 peak, i.e. there are more M-SWNT in the top 

phase, whereas both the semiconducting peaks S11 for top and bottom phases remain 

roughly the same. For the bottom phase of VR=1:1, despite the high absorbance shown 

by S22 peak, the signal from the M11 peak is undetected, but the M11 for bottom phase 

VR=1:3 is comparable to the M11 for bottom phase VR=1:1. The fluctuation seen in 

region 400-500 nm is the result of the small background noise after baseline-subtraction.  
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4.6   Micro-Raman Spectroscopy 

 

Figure 18 Raman spectra for top and bottom phases normalized at G
+
 peak (1581 cm

-1
). The inset 

shows the RBM region of the Raman spectra. The RBM metallic peaks for the top phase are more 

intense compared to the bottom phase 

 

Micro-Raman spectroscopy is a powerful tool for the characterization of 

SWCNTs, from which their diameter and electronic properties can be estimated 

(Dresselhaus, et al 2002). Raman spectra of the samples were measured with laser 

wavelengths of 514.5 nm. From the analysis of radial breathing modes (RBM), the 

diameters of the SWCNTs are estimated to be 0.7-0.9 nm. A detailed study of the plots 

by Kataura et al. allows us to assign and identify the chirality and species for each peak 

(Kataura, et al 1999). The frequency of the RBM is the monotonic function of the 

diameter. The position of the peaks and the diameter of different chirality of SWCNTs 

can be calculated via equation (17) 

   (17) 
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where ωRBM is the mode frequency, ac-c = 0.144nm, dt is the diameter of the tube in 

nanometer, n and m are integers of the vector equation and the while C1 and C2 are 

empirically derived parameters. Previous work by Strano et al. yielded C1 as 223.5 and 

C2 as 12.5 cm
-1

(Strano, et al 2003). Calculation based on equation (17) and comparison 

with Kataura plot yielded RBM wavenumbers between 180-300 cm
-1 

as peaks of M-

SWCNTs species, whereas the S-SWCNTs have RBM wavenumbers in the range 

between 300-400 cm
-1

. Calculation by Jorio et al. shows that the dominant metallic 

species in this pristine carbon nanotube is the (7,4) species, followed by (8,5), (10,1) 

and (9,3) (Jorio, et al 2005).  

Figure 18 shows the corresponding Raman spectra for the top and bottom phase 

SWCNT normalized at 1581 cm
-1

. It can be seen from the RBM that the metallic peaks 

for the top phase are more intense compared to the bottom phase (inset of Figure 18). In 

contrast, the semiconducting peak for the bottom phase is more intense than that of top 

phase.  

The region around 1500-1600 cm
-1

 is called the G-band. It is related to the 

lattice C—C stretching vibrations (Kukovecz, et al 2002). This property can also be 

used to gauge the level of purity of SWCNT. The broadening of G
-
 band indicates the 

presence of metallic species (Haroz, et al 2011). It is evident from Figure 18 that there 

is a slight broadening of G
-
 band for the top phase sample. The region around 1280 cm

-

1
 to 1300 cm

-1
 represents the D-band. The intensity ratio of G band to D band offers a 

quick way to evaluate the purity and defect density of the carbon nanotubes (Miyata, et 

al 2011). The spectra shown in Figure 18 show that the signal of D band for the bottom 

phase is slightly stronger than that of the top phase. Hence a higher intensity D band in 

the bottom phase signifies a slightly higher degree of defect imparted on the tubes in 

the top phase. Hence, both micro-Raman and UV-Vis-NIR results indicate that the 
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metallic species are indeed more dominant in the top phase compared to the bottom 

phase. 

 

4.7   X-ray Photoelectron Spectroscopy Analysis 

 

 
Figure 19 XPS of SWCNT and polymer 

 

XPS analysis has been done to probe and investigate the presence of polymer in 

and around the SWCNT sample. The XPS analysis was done at SLRI, Thailand, with a 

650 eV X-ray beamline. Fitting of the asymmetrical graph shows that there are two 

peaks. From the data shown in Figure 19, it is clear that the two peaks shown are at 

285.0 eV and 286.2 eV; the former is attributed to the C—C bond while the latter 

comes from C=O bond.  

Since carbon nanotubes are made entirely of carbon atoms, the C—C bond can 

be attributed to the carbon atoms from the carbon nanotubes. This is supported by an 

earlier results reported by Lee et al. which show that a typical XPS spectrum of the 

carbon 1S centres at 285.0 eV (Lee, et al 2001). Meanwhile, the peak centred at 286.2 
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eV is assigned to the C—O bond (Akhavan, et al 2009; Chen, et al 2009). The result is 

very close to the 286.4 eV published by the same group (Lee, et al 2001) mentioned 

above. Therefore it is clear that there is one oxygenated component present around the 

C—C component. The C—O bond is a contribution from polymer, which in this case 

could be either PEG or dextran because there is no oxygen atom in carbon nanotube, 

and hence it is not possible for C—O to originate from carbon nanotubes. This 

indicates that the polymer is enveloping the SWCNTs.  

 

4.8  Fourier-Transform Infrared Spectroscopy 

 
 

Figure 20 (a) FTIR spectra of all the constituents of the ATPS from 1800 cm
-1

 to 400 cm
-1

 (b) of 

NMP 50% w/w, CTAB 1% w/w, bottom phase and top phase. There is a clear indication of CTAB 

in the bottom phase as shown in the dashed rectangle 
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By using FTIR spectroscopy, the contents of the two phases were investigated. 

From the FTIR results shown in Figure 20 (a), it can be seen that the bottom phase 

contains a strong signal from dextran at 1000 cm
-1

. Since PEG is more hydrophobic 

than dextran (Albertsson 1986), water tends to aggregate in the bottom phase. The 

FTIR curves in Figure 20 (b) show that signals from NMP organic solvent are present 

in both phases, which mean that the selective enrichment could not be due to NMP. 

CTAB, an amine-bearing surfactant, is present in the bottom phase but not detected in 

the top phase. The signal of CTAB can be seen in the bottom phase and compared 

clearly in Figure 20 (b) in the rectangular dotted box. Since the spectra obtained from 

the UV-Vis and Micro-Raman analyses show that the S-SWCNT is present in the 

bottom phase, hence it is possible that the selectivity of S-SWCNTs is attributed to 

CTAB. 

 

4.9   Atomic Force Microscopy 

 

 
Figure 21 AFM height images of SWCNT extracted from the bottom phase. Figures (a) and (b) are 

two different spots on a same sample. The inset of both images shows the corresponding amplitude 

images 
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The AFM images of two single strand of SWCNT extracted from the bottom 

phase of the ATPS are shown in Figure 21. Both figures show the height images 

whereas the insets show the corresponding amplitude images. From the images, we can 

see a strand of SWCNT with bright contrast. AFM does not provide information on the 

species of the SWCNT, but the UV-Vis and Micro-Raman analyses show that S-

SWCNT is more dominant in the bottom phase. Cross-section analysis indicated the 

height of the SWCNT in Figure 21 is approximately 0.7 nm, which is in agreement 

with the figure presented by the manufacturer of the SWCNT, Southwest 

Nanotechnologies.  

It is interesting to note that the two strands of SWCNT shown in Figures 30 (a) 

and (b) are not slick, long and sturdy ropes. Instead, both exhibit worm-like wriggling 

as if they are wrapped by a polymer chain. In fact there is an earlier publication which 

shows that SWCNT wrapped by polymer will exhibit such wriggling phenomenon 

(Kumar, et al 2012). This corresponds well with the fact that dextran used in the ATPS 

can act as long polysaccharide chains that wrap around a SWCNT (Stobinski, et al 

2008). The non-covalent wrapping of a SWCNT is favourable because it preserves the 

physical properties of the SWCNT (Kumar, et al 2012).  
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4.10 Field Emission Scanning Electron Microscopy 

 

 

Figure 22 FESEM images of (a) PEG, (b) close-up look at the PEG, where strands of SWCNTs can 

be found, and (c) single strand of SWCNT 

 

FESEM images of the samples are shown in Figure 22. The huge clump of 

material observed in image (a) is the dried-up polymer which is either dextran or PEG. 

The reason for this uncertainty is that for an ATPS, all chemicals will be present in both 

phases. Although it is evident from literature and experiment that dextran is more 

dominant in the bottom phase, but there are still traces of PEG present in the bottom 

phase. 

It can be clearly seen from Figure 22 (b) that the SWCNTs are distributed quite 

evenly in the polymer. The area surrounding the polymer was found to contain no 

traces of carbon nanotubes. The area surrounding the polymer was found to contain no 

traces of carbon nanotubes. When looked closer, the tubes appeared to have some 

nanoparticles attached to its sidewall, as can be seen from Figure 22 (c). Those 
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nanoparticles could be the micelles of surfactant CTAB. Surfactant molecules form 

micelles when the concentration of the surfactant goes beyond the critical micellar 

concentration (CMC) (Gaidamauskas, et al 2010). When this happens, the hydrophobic 

tails of several surfactant molecules will bond together forming a ball of molecules 

called micelle. In this formation, the hydrophilic head of surfactant molecules will be 

pointing out towards the water-rich environment, shielding the hydrophobic tail within 

the micelle, as shown in Figure 23. With the presence of these CTAB nanoparticles on 

the SWCNT, it could possibly explain the reduced dispersion of SWCNT in the upper 

phase as shown in Figure 20(b). When the molecules of CTAB form micelle instead of 

attaching their hydrophobic tails into SWCNT sidewall, the number of CTAB 

molecules available to enable SWCNT-dispersion reduces. This causes the strong 

lateral van der Waals attraction between the nanotubes (Han, et al 2009) to attract the 

SWCNTs together to form bundles, as shown in the top phase in Figure 20(b). 

Therefore this could also be the evidence of the wrapping of carbon nanotubes by 

polymer chain. 

 

Figure 23 Schematic representation of (a) a CTAB micelle, and (b) a reverse micelle 

(Gaidamauskas, et al 2010) 

 

 

(a) (b) 
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4.11  Mechanism 

 

 

Figure 24 Schematic formation mechanism of polymer around carbon nanotube sidewall in a 

sequence of (a), (b), (c), and (d) 

 

A plausible mechanism for the separation of the two species of tubes is 

illustrated in Figure 24. This mechanism is derived according to the evidence collected 

from the analysis as well as reported intrinsic characteristics of carbon nanotubes. The 

affinity of amine for semiconducting SWCNTs, for instance, has been reported by 

numerous authors (Chattopadhyay, et al 2003; Feng, et al 2011; Furtado, et al 2004; 

Hong, et al 2011; Rubianes and Rivas 2007). The AFM results shown in Figure 21 

provide possible evidence on the wrapping of polymer around a SWCNT based on 

works published by Kumar et al (Kumar, et al 2012). The FTIR results indicate that 

CTAB is present in the dextran-dominant bottom phase. UV-Vis and Micro-Raman 

results show that S-SWCNT is more abundant in the dextran-CTAB phase.  

Theoretical modelling suggested that the hydrophobic D-glucose units of 

dextran wrapped around the hydrophobic outer surface of a SWCNT with the hydroxyl 
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group pointing away from the surface of the SWCNT (Stobinski, et al 2008). In our 

case, the hydroxyl groups of D-glucose attract a thin layer of water in close proximity 

to the SWCNT outer side-wall. The cationic surfactant CTAB has a polar head and a 

hydrophobic tail. But CTAB does not dissolved in NMP, which is evenly distributed in 

both phases. Hence, CTAB molecules selectively embed their polar heads into the thin 

water layer surrounding the S-SWCNTs with their hydrophobic tails pointing towards 

NMP-rich environment. Therefore when dextran molecules migrate to the bottom phase, 

they carry together with them the CTAB molecules, which selectively attach itself to S-

SWCNT due to the affinity of S-SWCNT with CTAB’s amine group.  

Such supramolecular self-organization of surfactant along a tube is called 

reverse micellar effect as illustrated in Figure 24. This is phenomenon is commonly 

seen in the purification of enzymes in organic solvents.  

 

4.12 Effect of time, temperature and viscosity of ATPS 

 

Due to the large percentage (up to 42.5% (w/w)) of organic solvent in the 

system, this ATPS is very different compared to the conventional ATPS. Observations 

show that the system could not maintain the two phases over a long period of time. The 

bottom phase would often salt-out if left to incubate for more than 4 hours, whereby it 

would harden into solid that could not be re-solubilized in water or organic solvent. The 

nature of the solid has yet to be determined because of its inability to solubilize in water 

or organic solvent. Therefore it is important to pipette out the top and bottom phase for 

analysis as soon as two phases are formed.  

It is observed throughout the experiment that temperature has a strong influence 

on the formation of the two phases. It took a longer time for the two phases to form if 

the ATPS were left to incubate in an oven (45 
o
C), and relatively shorter time if left to 
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incubate in the clean room where the temperature is maintained at 19 
o
C. The two 

phases will not form, however, beyond a certain threshold temperature (TT). This 

threshold temperature is closely related to the concentration of solvents in the system, 

which is in turn related to the viscosity of each phases of the system. As the 

temperature increases beyond the TT, the energy supplied to the polymer molecules by 

the heat overcomes the intermolecular attraction between polymer molecules. With the 

extra energy, the molecules are able to move freely. Hence the viscosity of the entire 

system reduces and the solvent exhibits fluid-like characteristics. The net attractive 

force exerted by each polymer molecule is weak and therefore unable to form a neat 

boundary across the system.  

As temperature drops, the energy possessed by individual polymer molecule 

decreases. Therefore the intermolecular attraction becomes dominant and causes the 

polymer molecules to form long polymer chains. The viscosity increased and the ATPS 

exhibited gel-like characteristics. The intramolecular attraction of different polymer 

will give rise to strong surface tension, thus creating a clear boundary. It is observed 

that as the total concentration of the ATPs increases, the TT increases as well. This 

information is crucial because it proves a flexible range of working temperature for 

ATP.  

Nevertheless, it took about 30 minutes for the two phases to form at room 

temperature. The viscosity of both phases under the influence of temperature has not 

been quantified in the experiment. However, there is a possibility that the viscosity and 

temperature of the ATPS will also affect the outcome of the separation (van Berlo, et al 

1998).  
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CHAPTER 5: CONCLUSIONS AND FUTURE WORKS 

 

 From the results shown in Figure 11, it can be seen that a new ATPS can be 

formed by using high amount of organic solvent NMP alongside water and polymer. 

Observation indicates that PEG dissolves readily in NMP, and the resulting phase 

diagram possesses a similar characteristic as the conventional PEG-water system. 

Results from the ATPS separation experiment shows that as the molecular weight of 

PEG increases, the new system becomes more resilient against salt-out.  

 As for the SWCNT separation experiment, results shows that the best volume 

ratio for separation of different SWCNT species is 1.5. The UV-VIS diagram in Figure 

16 shows the absence of metallic species in the bottom phase. Closer inspection shows 

the decrement of M-SWCNT in the bottom phase for both volume ratio 1:1 and 1:3. 

This result is further consolidated by the results from Raman spectroscopy which 

indicates a broadening of G
-
 band for the bottom phase.   

The next step for the experiment is to use the purified carbon nanotubes in the 

construction of devices such as field effect transistor (FET) and sensor. Nevertheless, 

we found out that the tubes remain encapsulated within the polymer even after several 

rounds of washing. 



56 

 

 

Figure 25 The vacuum filtration system that was used to wash away polymer from the carbon 

nanotubes 

 

The optical properties of the tubes are not affected as proven by the UV-vis and 

Raman spectroscopy results. Nevertheless, the presence of polymer around the tubes 

can significantly disrupt the performance of the device. Theoretically, the polymers are 

easy to remove due to their hydrophilic nature. However, SEM results show that the 

polymer molecules remained even after several rounds of washing using deionized 

water. During the test, the polymer-wrapped nanotubes FET did not allow current to 

pass through.  
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Figure 26 The I-V test of the SWCNT-FET did not yield satisfactory results 

 

This could be due to the intrinsic insulating nature of the polymer preventing 

the current from reaching and flowing through the tubes. Therefore, it is imperative for 

any future works to include steps to properly remove the polymers before utilizing the 

tubes in the construction of devices. 

ATPS is a very useful purification technique because it caters not only for a 

single material but a wide variety of other options. There are so many parameters that 

can be manipulated to transform the outcome of purification. The most commonly 

manipulated variable is the type of polymer used for phase separation. Using polymers 

with the capability of interacting with nanotubes (Feng, et al 2011) and forming ATPs 

(Zafarani-Moattar and Sadeghi 2002) such as polyvinylpyrrolidone (PVP) to replace 

PEG, or using a combination of both polymers may also yield good results. Other 

polymers that can be used are Pluronic F108 (Granite, et al 2011), Poly(9,9-

dioctylfluorenyl-2,7-diyl) (PFO) (Gao and Loi 2010), polystyrene sulfonate (PSS) and 

Polyethylenimine (PEI) (O'Connell, et al 2001).  

Apart from that, temperature could also influence the outcome of the 

purification. It should be noted that ATPS is very sensitive to the changes in 
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temperature. Different polymers have different characteristics when exposed to 

different temperature. Some can form ATPS more easily at high temperature, while 

some form ATPS faster at low temperature. The effect of temperature was not 

thoroughly studied in this work. Therefore it would be interesting to see how 

temperature affects the outcome of the purification for SWCNT. 

Besides, a combination of cationic and anionic surfactants may also form ATPS. 

The most famous example for this is the ATPS formed using 

cethyltrimethylammonium bromide (CTAB) and sodium dodecyl sulfate (SDS) (Wang, 

et al 2011). This method is very interesting because while both of these surfactants are 

excellent dispersant of SWCNT, CTAB contains amine group while SDS does not. 

Hence it would be interesting to see the interaction between the semiconducting 

SWCNT and amine.  

ATPS is a famous purification technique in biotechnology, biochemistry and 

biology-related fields. Therefore it is possible to combine this concept with earlier 

SWCNT works such as purification of nanotube via DNA and aromatic polymer to 

improve purification results and reduce experimental cost. ATPS has already been used 

to purify enzymes such as lipase (Show, et al 2011; Show, et al 2012a; Show, et al 

2012b), partition human antibodies (Azevedo, et al 2009) and in the purification of 

DNA (Wiendahl, et al 2012). It is therefore plausible to combine the earlier work of 

DNA-carbon nanotubes-purification (Tu, et al 2009; Zheng, et al 2003) with ATPS. 

The results of the purification of SWCNT using DNA shows that certain DNAs show 

selectivity when it comes to the type of SWCNT they wrap. With this in mind, ATPS 

can be used to further segregate the DNAs according to specification, and therefore also 

separate the SWCNT according to its chirality. The primary challenge for this 

combination is finding a way to reduce the cost of experiment. 
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This work uses the ATPs which can itself become an efficient standalone 

carbon nanotubes purification method through further optimization. There is an 

ongoing debate on the interaction between SWCNT with amine and polymers. A 2005 

paper by Maeda et al suggests that M-SWCNT is more strongly adsorbed by amine 

than S-SWCNT (Maeda, et al 2005). The experimental results support the existing 

hypothesis regarding the interaction of amine and carbon nanotubes. Besides, this work 

has proven to be cost and time efficient while maintaining the high level of purification. 

This study has shown that polymer encloses on individual nanotubes as shown in 

FESEM figures.  

The future applications of the ATPS purification technique and SWCNT should 

not be limited to the examples mentioned above. There are a lot to be done in order to 

bring carbon nanotubes to the realm of large-scale production to benefit mankind in the 

future. 
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