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คลอโรฟีนอล และ 2,4-ไดคลอโรฟีนอลโดยใช้วสัดคุาร์บอนนาโนทิวบ์ที่ถกูปรับแตง่ด้วยหมูฟั่งก์ชัน่กรด คาร์บอน
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The adsorption equilibrium isotherms as well as gas sensing of three chlorinated phenolic 
compounds (CPCs) including phenol, 2-chlorophenol, and 2,4-dichlorophenol by acid-functionalized 
carbon nanotubes (CNT) were studied. CNTs were synthesized via floating catalyst chemical vapor 
deposition method at 800oC and then functionalized with a mixture of HNO3 and H2SO4. The 
functionalized CNTs were vacuum filtered to form CNT buckypaper. The adsorption isotherm followed 
the Langmuir adsorption model better than the Freundlich and Redlich-Peterson models. The maximum 
adsorption capacities were found to be 61.35, 93.46 and 104.17 mg/g for phenol, 2-chlorophenol and 
2,4-dichlorophenol, respectively. The desorption activation energy determined via thermogravimetric 
analysis indicates that adsorption of all three CPCs onto the CNTs belonged to chemisorption type. 
For the gas sensing test, the CNT buckypaper showed fast response to the tested CPCs with good 
stability and repeatability. The sensitivity values obtained were 13.778 × 10-4, 8.835 × 10-4 and 7.122 × 
10-4 for 2,4-dichlorophenol, 2-chlorophenol and phenol, respectively. It is noteworthy that the 
adsorption capacity and sensitivity of the CNT based materials to the target gases increased with the 
increase in the number of chlorine atoms in the phenolic compounds. 
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Chapter 1 

Introduction 

 
1.1 Research motivation 

Gas sensors are attracting great interest in various fields such as manufacturing (e.g. to 

increase productivity and safety (de Vargas-Sansalvador et al., 2011, Cui et al., 2016)), medical 

diagnosis (e.g. to monitor disease via breath analysis (Ryabtsev et al., 1999, Karmaoui et al., 2016)) 

and environmental monitoring (to ensure environmental safety and health (Fine et al., 2010, Gardner 

et al., 2015)). Gas sensors with high sensitivity and selectivity are imperative for real-time and leakage 

detections of toxic gases. Carbon nanotubes (CNTs) have gained substantial attention as an active 

element of gas sensing because of their distinct properties such as high specific surface area, high 

chemical stability and outstanding electrical properties (Schuerle et al., 2011). Additionally, CNT is 

very sensitive to the adsorption of gas molecules, leading to the electrical conductivity changes 

caused by electron transfer between the nanotubes and the adsorbed gas molecules (Akbari et al., 

2016, Li et al., 2016). The electrical conductance of CNTs sensitively changes at room temperature on 

exposure to several gases (Dube et al., 2015). Consequently, the development of CNT-based gas 

sensor has received an increasing interest in the last several years. For example, Kong and co-workers 

used pristine CNT gas sensor to detect NO2 and NH3. The conductivity of CNTs changed significantly 

upon exposure to the gas molecules. The response time was in a scale of seconds for 200 ppm NO2 

and of a few minutes for 1% NH3. The recovery was approximately 12 hours at room temperature but 

decreased to 1 hour upon heating (Kong et al., 2000). Li and co-workers fabricated a gas sensor for 

NO2 with a detection limit of 44 ppb and 262 ppb for nitrotoluene. The detection response time was on 

the order of seconds and minutes for the recovery (Li et al., 2003). Jung and co-workers synthesized 

multi-walled carbon nanotube (MWCNT) sheet for H2 detection. The resistivity of the gas sensor 

increased on exposure to H2 with response time of 20s. The gas sensor became saturated when the 

concentration of H2 exceeded 30%. They also found that the recovery response was improved with an 

increased carrier gas flow (Jung et al., 2014).  
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For environmental monitoring purposes, the effects of environmentally hazardous gases on 

the electronic properties of carbon nanotubes as gas sensor have recently been investigated by 

several research groups. The CNT gas sensor is able to detect some gas species at very low 

concentration with excellent performance in terms of rapid response, high sensitivity, and good 

repeatability (Lucci et al., 2006, Park et al., 2009, Xie et al., 2012). Moreover, the interfacial interaction 

between the CNT surface and the adsorbed molecules can be improved by the functionalization of 

CNTs, which plays a critical role in its electrochemical performance. The polar groups attached on the 

CNT surface improve the adsorption affinity of the electron-donor or acceptor gases, and subsequently 

give enhanced responses (Xu et al., 2009). Dhall and co-workers reported the use of acid 

functionalized MWCNT gas sensor to detect 0.05% H2 gas at room temperature. The functionalized 

sensor performed faster response to H2 as compared to the pristine one. Moreover, the sensitivity 

increased with the acid functionalized sensor and recovery time decreased from 190 to 100 s (Dhall 

et al., 2013). Dong and co-workers used acid functionalized CNTs to detect CO and NH3 gas mixture 

at 150oC. Their results showed that the sensor was more sensitive to these gases after acid 

functionalization (Dong et al., 2013). 

Chlorinated phenolic compounds (CPCs) present an important family of environment 

pollutants. CPCs are widely used in many industrial manufacturing processes as intermediates for 

pesticide, herbicide, wood preservatives, paint, plastic and pharmaceuticals. They are highly stable 

and can withstand conventional biodegradation (Kılıç and Çınar, 2008), therefore their emissions to 

the atmosphere cause serious environmental concerns due to the adverse and toxic effect on 

ecosystems. CPCs in the gas phase have also been known as precursors to form polychlorinated 

dibenzo-p-dioxins and polychlorinated dibenzofurans (PCDD/PCDF) through the proposed pathways 

involving the recombination of chlorophenoxy radical–radical, radical–molecule, and molecule–

molecule reactions between chlorophenols (Milligan and Altwicker, 1996, Okamoto and Tomonari, 

1999, Gerasimov, 2007). Among the family of CPCs, the monochlorophenols (CP) and dichlorophenols 

(DCP) are most likely to be released into the air because they have the greatest tendency of being 

gases or vapors (as indicated by their large Henry’s law constant). Furthermore, chlorophenols are 

also released to the atmosphere through the chlorinated wastes incineration. For instance, 2,4-

dichlorophenol has been founded in air from the combustion of chlorophenol-based herbicides as well 
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as municipal solid waste and hazardous waste inceneration (Gomez et al., 1988, Öberg et al., 1989). 

To control the emission of the CPCs effectively, the use of accurate and reliable methods which are 

capable to detect their presence is necessary. Conventional techniques for detecting CPCs in air 

comprise of spectrometric and chromatographic techniques that require precision instrumentational 

analyses (Plümacher and Renner, 1993). These analytical methods generally give accurate 

quantitative measurements, but entail long lag time and can be cost prohibitive for frequent 

measurements. Hence, simple to operate and cost-effective alternative techniques for routine 

detection of CPC contaminants are highly desirable. Negash and co-workers reported the use of 

SWCNTs and poly(3,4-ethylenedioxythiophene (PEDOT) composite modified glassy carbon electrode 

to detect phenol and chlorophenols in water. The sensor exhibited a good performance for the 

detection of phenolic compounds in a flowing system. The sensor was found to be highly stable and 

reproducible after 20 repetitive injections (Negash et al., 2014). 

At present, application of CNTs for the sensing of gaseous CPCs has not been sufficiently 

studied. Therefore, the aims of this reasearch are to investigate the adsorption characteristics of 

selected CPCs (i.e., phenol, 2-chlorophenol and 2,4-dichlorophenol) on the CNTs synthesized in this 

research, and to evaluate the sensing performance of the CNT gas sensor on the exposure of the 

gaseous CPCs. The results of the morphological and chemical properties of the as-synthesized and 

the functionalized CNTs using electron microscopy, thermal gravimetric analysis, infrared 

spectroscopy, and Raman spectroscopy were presented in this study. The sensing patterns of the 

CNT membranes on the tested CPCs were collected through measuring the change in membrane 

resistivity, and were associated with the gaseous adsorption properties.  
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1.2 Objectives 

Main objectives of this study is to synthesize highly sensitive and selective carbon nanotubes 

(CNTs) for low concentration gaseous chlorinated phenols (CPs) detection. The sub-objectives 

consisted of: 

1. To study CNTs growth by thermal chemical vapor deposition (TCVD) and floating catalyst 

chemical vapor deposition (FCCVD) methods 

2. To evaluate adsorption capacity of CPs on the synthesized CNTs 

3. To investigate the effect of CNTs surface modification on the adsorption and sensing 

characteristics of the selected CPs 

4. To develop a sensing prototype using four-point probe to measure the electronic properties 

of the synthesized CNTs 

1.3 Hypotheses 

1. The synthesized CNTs have a favorable chlorinated phenols adsorption. 

2. The adsorption and sensing behaviors are influenced by the number of chlorine in the target 

compounds. 

3. Surface functionalization can enhance the gas selectivity and sensitivity of the CNTs.  
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1.4 Scope of the research 

1. The catalytic growths of CNTs on Si wafer were carried out using two methods namely Thermal 

CVD and Floating Catalyst CVD. The reaction parameters such as flow rate of carbon 

precursors, reaction temperature were varied individually in order to optimize the growth of 

CNTs. 

2. The catalysts were used in the experiment include Ni for TCVD, and Ferrocene for FCCVD. 

The catalyst, loading will be varied in order to optimize the growth of CNTs. 

3. The synthesized CNTs were characterized by a variety of physical and chemical techniques 

such as FE-SEM, TEM, TGA, Raman and FTIR spectroscopy. 

4. The gases used in adsorption and sensing test included phenol, 2-chlorophenol, and 2,4-

dichlorophenol. 
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Chapter 2 

Theoretical backgrounds and literature review 

2.1 Chlorinated phenols 

Chlorinated phenols (CPs) are a group of 19 chemicals produced by adding chlorine atom to 

phenol (1-hydroxybenzene) in different number of chlorine atom and where the chlorine atom are 

positioned in the atomic structure. The isomers of chlorophenols include mono, di, tri, tetra, and one 

pentachlorophenol. The information involving physical and chemical properties of the chlorophenols 

is shown in Table 2.1. Most chlorinated phenol compounds are solids at room temperature. Melting 

temperatures increase with the number of chlorine atoms. They have a strong medicinal smell and 

taste. They are industrial chemicals with wide applications, such as pesticides, herbicides, 

disinfectants, biocides and wood preservatives (Arcand et al., 1995, Keane, 2005). 2-chlorophenol is 

a commercial chemical normally used as an intermediate to produce higher chlorinated phenols.  

Chlorophenols can go into the environment during production process or being used as 

pesticides. Most of them transport into the water, with little going to the air. Human is often exposed to 

these compounds via air and food chains pathways. Among the chlorophenols, Mono- and 

dichlorophenols have high vapor pressures, they are most likely to be found in air rather than the 

particulate phase because they are the most volatile. (Eisenreich et al., 1981). Chlorinated phenols 

have been detected in water, air and soils as a result from inappropriate disposal, landfills leaching, 

and the chlorinated wastes combustion (ATSDR). Chlorinated organic by-products are generally 

produced from the burning of chlorine-containing materials. Industrial processes such as waste 

incineration, cement kiln combustion, nonferrous metal smelting are recognized as sources of 

polychlorinated dibenzodioxins (PCDD) and polychlorinated dibenzofurans (PCDF) (Muna et al., 2005).  

 

Figure 2.1 Chemical structures of PCDD and PCDF  
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Chlorinated phenols are the most direct precursors of PCDD and PCDFs found in exhaust 

gases emitted from municipal solid waste incinerators (MSWIs). They are highly carcinogenic and 

classified as persistent organic pollutants (POPs). Therefore, their emissions are an important 

environmental issue. Kishi found that 2,4,6-trichlorophenol formed 1,3,6,8-TCDD or 1,3,7,9-TCDD 

(Kishi et al., 2009). With poor combustion conditions, chlorophenols form toxic organic contaminants 

such as PCDD, PCDFs, polychlorinated biphenyls (PCBs) and polycyclic aromatic hydrocarbons 

(PAHs). All of which can have serious effects on humans and environment. 

 

Figure 2.2 PCDD/PCDF formation pathways from 2,3-dichlorophenol (DCP) (Ryu, 2008) 

2.1.1 Adverse effect of chlorinated phenols and PCDD/PCDF 

People who exposed to chlorinated phenols for a long time may have slightly higher chances 

of cancer. The EPA has derived RfDs for individual compounds as follows: The oral RfD for 2-CP is 

0.005 mg/kg/day based on a decrease (p<0.1) in litter size observed at 50 but not 5 mg/kg/day. The 

oral RfDs for 2,4-DCP and 2,4,5-TCP are 0.003 mg/kg/day and 0.1 mg/kg/day, respectively (IRIS 1998). 

2,4,6-TCP has been classified as a group B2 carcinogen (probably human carcinogen) based on 

leukemias in male rats and hepatocellular adenomas or carcinomas in male mice (NCI 1979). Exposure 

to high levels of chlorophenols can cause damage to the liver and immune system. 
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Exposure to PCDD and PCDF can increase risk of severe skin injuries in human (chloracne 

and hyperpigmentation), weakness, severe weight loss, alter in liver function and enzymes activities, 

lipid metabolism as well as the abnormalities of immune system, and endocrine and nervous system. 

Chronic effects of acute exposure can increase frequency of certain kinds of cancers (Procaccini et 

al., 2003). 2,3,7,8-TCDD is a strong teratogenic and fetotoxic chemical and also causes cancers of the 

liver and other organs in animals.  

2.1.2 Existing methods for detecting chlorinated phenols 

The principal methods for detecting CPs in environmental samples are based on 

spectrometric and chromatographic techniques (e.g. gas chromatography equipped with different 

detectors such as electron capture, flame ionization, mass spectrometry, and high pressure liquid 

chromatography). Highly sensitive and specific analytical techniques are necessary for measurements. 

The preferred analytical measurement for CPs typically involves the use of high resolution gas 

chromatography equipped with high resolution mass spectrometry for congener-specific 

determination of CPs in environmental matrices, depending on the commercial availability of labeled 

congener standards.  

Typical gas chromatography with electron capture detector (ECD) have also been used for 

the quantification of organo-chlorines. However, the direct measurement by GC for chlorophenols is 

difficult because of their highly polarity with relatively low vapor pressures. Therefore, they are usually 

derivatized to less polar form before analysis. Although GC and HPLC provide reliable results at trace 

levels, these methods also have some disadvantages. require high-priced and sophisticated 

equipment (Ayude et al., 2009). Sample extraction and cleanup is required to achieve correct 

separation and quantitation. HPLC required extraction steps and long run times in analysis (Lokhnauth 

and Snow, 2005).  
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2.2 Carbon nanotubes 

Carbon nanotube (CNT) is a cylindrical graphitic tube made of graphene sheet rolled up into 

a cylinder with diameters of nanometers and macroscopic size length. Nanotubes made of one 

graphene sheet are called single-walled carbon nanotubes (SWCNTs). While, nanotubes with two or 

more shells are called multi-walled carbon nanotubes (MWCNTs). SWCNTs typically have a range of 

external diameter of only 0.4~3 nm, whereas that of MWCNTs is typically less than 50 nm.  

 

Figure 2.3 Structural models of a SWCNT (left) and an MWCNT (right) 

Table 2.2 Allotropes of graphene and their properties. 

Dimension 0D 1D 2D 3D 

Allotrope C60 buckyball Carbon nanotubes Graphene Graphite 

Structure Spherical Cylindrical Planar Stacked planar 

Hybridization sp2 sp2 sp2 sp2 

Electronic properties Semiconductor Metal or semiconductor Semi-metal Metal 

 

An isolated carbon atom has four valances electrons in atomic orbitals (2s, 2px, 2py and 2pz). 

In graphene, carbon atoms are bonded by the interaction of the 2s, 2px, and 2py, and hybridized into 

sp2 orbitals making three σ bonds with neighboring carbon atoms in the same plane. They have 

electrons localized along the plane connecting carbon atoms which make it the strongest type of 

covalent bonds. These bonds offer graphene and carbon nanotubes the outstanding strength and 
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excellent mechanical properties. The 2pz electrons, where the electron cloud is distributed 

perpendicular to the plane connecting carbon atoms, are loosely bound to the nuclei and are relatively 

delocalized. They either form covalent bonds called  bonds out of the plane of graphene or 

participate in interactions between two different planes of carbon atoms via a “- stacking” 

mechanism. These  orbitals are responsible for the electronic properties of graphene and carbon 

nanotubes by delocalized states (Javey and Kong, 2009). 

SWCNTs can have electronic properties of either metallic or semiconducting depending on 

the way the graphene sheet is rolled into a cylinder. The design of SWCNTs is represented by the 

chiral vector (a pair of indices (n,m)). The chiral vector is explained in Figure 2.4. For instance, rolling 

a graphene sheet from its corner (Armchair, m = n), and a different design (Zigzag, m = 0) are formed 

by rolling from its edge. The design of structure has a direct effect on the electrical properties. The 

Armchair design is always metallic which have a band degeneracy between the highest  valence 

band and the lowest  conduction band, where these bands meet the Fermi level. While Zigzag or 

Chiral (m  n), the major part of CNTs, are semiconducting in nature and have a smaller band gap 

(Dai, 2001). They exhibit field effect transistor (FET) behavior and are applied in many devices like 

transistors and sensors. MWCNTs have different orientations of the lattice (chiral vectors and angles) 

and defect concentration. However, the electron transport in the MWCNTs is found to be similar to that 

of SWCNTs because most of the current which passes through the tube is limited to the outermost 

layer of the CNTs (Kanoun et al., 2014).  

 

Figure 2.4 Different types of single-walled carbon nanotube 
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Electrical behavior of CNTs stimulates the continuous research and application of CNT based 

materials. Nanotube synthesized by different methods show completely different electrical 

conductivities, metallic, quasi-metallic and semiconducting. Such properties are reported to be 

sensitive to the nanotubes’ diameter, wrapping vector angle as well as defects. Slight differences in 

these parameter can turn quite similar carbon materials from metallic to semiconducting states. 

Carbon nanotubes possess many unique properties which had not been observed previously, 

and thus the application of CNTs and their derived structures have been under intense research 

studies. Since their discovery by Iijima (Iijima, 1991), CNTs have gained a great interest for their unique 

nanostructures with enchanting mechanical, chemical, and electronic properties. Its one-dimensional 

quantum effects lead to the outstanding electronic properties. Due to its nano-scale size, CNTs 

inherently contain fairly large specific surface area with highly ordered structure. Its porous 

components include not only of the interstitial and interlayer micropores, but also of those intra-tubular 

pores existed in a bundle of CNTs. The well distributed pore sizes thus make the CNTs a potent sorbent 

which may be applied to atomic storage (e.g., H2) and molecular storage (e.g., CH4, CO2) which are 

of great interest for the future generation of energy supply, as well as surface interaction with larger 

organic molecules which are of interest of environmental pollution control. In addition, CNTs are also 

a very promising material for sensor applications because of their high electrical conductance and 

electrochemical properties. 

2.2.1 Methods for carbon nanotube synthesis 

CNTs are generally synthesized by three methods, namely arc discharge, laser ablation, and 

chemical vapor deposition (CVD) methods. Arc discharge is the earliest method for CNTs synthesis. 

CVD is a new, controllable and economic technique compared to the other two methods. It provides 

considerably high yield as well as purity. 

(a) Arc discharge 

Arc discharge is the most common method to produce carbon nanostructures (Ando and 

Iijima, 1993). It was first used for the production of fullerene (Kratschmer et al., 1990). The system 

consists of two graphite rods (cathode and anode) placed in an inert atmosphere (such as He). Metal 

catalyst particles (such as Co, Ni, Fe) are contained in the chamber. Direct current (50 to 100 A, driven 
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by 20 V potential) is applied between the rods. This will cause high current density producing high 

temperature discharge (3,000-4,000oC) between the two rods. The surface of the carbon electrode is 

vaporized by the discharge and then condenses upon cooling, forming a rod-shaped carbon deposit 

on the chamber wall and the electrode. The deposits contain CNTs with fullerene and amorphous 

carbon particles as by-products. 

(b) Laser ablation 

The laser ablation method was developed in 1995 by Smalley’s group. A block of graphite 

contained in a quartz tube is heated in a furnace with a continuous flow of Ar gas. A laser beam is 

introduced through the window and focused onto the graphite target containing catalyst materials 

(usually Ni or Co) in the furnace at 1200oC. The target is vaporized, carried by argon gas and forms 

SWNTs on the cooler surfaces of the reactor (Arepalli, 2004). The product from method appear as a 

CNT bundle with 10-20 nm diameter and the length up to 100 µm or more. The laser ablation method 

is more suitable to grow SWNTs. However, MWNTs can also be produced with special reaction 

conditions. 

(c) Chemical vapor deposition 

Chemical vapor deposition (CVD), a simple and economic technique, becomes the most 

favorable method for synthesizing high quality CNTs at large scale. It can produce CNTs at low 

temperature and ambient pressure. It offers using of hydrocarbons in any state (solid, liquid or gas), 

allows CNTs to grow on various materials in various forms, such as powder, films (Kukovitsky et al., 

2003), aligned (Lee et al., 2001), entangled, coiled nanotubes (Fejes and Hernádi, 2010), or a preferred 

architecture of CNT with a predefined pattern (Kuljanishvili et al., 2009). This method has advantages 

of the very high yield, the consistent alignment of the nanotubes as well as better control on the growth 

parameters. The schematic diagram of a simple CVD setup is illustrated in Figure 2.5. 

The typical mechanism of CNT growth in CVD process relates to the hydrocarbon 

decomposition at elevated temperature catalyzed by the metal catalyst nanoparticles. Then the 

dissociated carbon precipitates on the saturated metal nanoparticle and form tubular carbon solids in 

sp2 structure. The diameter of the synthesized CNT is generally governed by the catalyst nanoparticle 
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size. Most commonly used precursors in CVD process are methane (CH4), ethylene (C2H4), acetylene 

(C2H2), benzene (C6H6), xylene (C6H4(CH3)2) and carbon monoxide (CO). Typically, MWCNTs are 

produced at low temperature CVD (600-900oC), while high temperature (900-1200oC) reaction is 

required to grow SWCNTs because SWCNTs have a higher formation energy. Moreover, MWCNTs can 

be grown from most kinds of the hydrocarbon but SWCNTs require selected hydrocarbons.  

 

Figure 2.5 Schematic diagram of a CVD setup 

Thermal CVD is the simplest CVD technique that only heat to activate hydrocarbon 

decomposition. It is obviously suitable for large quantity CNT synthesis. The yield, size, and 

morphology of the synthesized CNT are crucially affected by the type of catalyst (Dong et al., 2004, Qi 

et al., 2010). The catalyst particle size dictates the nanotube diameter. Therefore, metal catalyst 

particles with well-ordered size could be employed to grow controlled diameter CNTs (Fan et al., 1999). 

CNT synthesis typically requires metal catalyst particles in nanometer size to allow hydrocarbon to 

decompose of at lower temperatures. Transition metals often used to catalyze CNT formation include 

Fe, Co and Ni, because of the high solubility and diffusion rate of carbon in these kinds of metals at 

high temperatures (Dupuis, 2005). The non-filled “d” shells of these transition metals enable them to 

interact with hydrocarbons and show the catalytic activity. High melting point and low equilibrium vapor 

pressure of these metals offer a wide range of carbon precursors used in CVD. In addition, Fe, Co and 

Ni catalysts are efficient to form CNTs with low diameter because they have strong adhesion with the 

growing CNTs (Ding et al., 2008). Solid organometallocenes (such as ferrocene, cobaltocene, 

nickelocene) are also widely used catalysts because they in-situ discharge metal nanoparticles to 

catalyze the decomposition of hydrocarbon more effectively. 
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CNT growth consists of two growth modes. The base-growth mode occurs when strong 

interactions between metal-support exist, the catalyst particle remains on the substrate surface and 

the nanotube grows with a closed-end. On the other hand, in the tip-growth mechanism, where 

interaction of metal-support is weak, the catalyst particle were raised from the substrate and lifted at 

the tube end during the nanotube growth (Cassell et al., 1999). 

2.2.2 Purification of as-synthesized carbon nanotubes 

The main impurities usually found in as-synthesized CNTs can be divided into (1) metal 

catalyst particles from the synthesis and (2) carbonaceous impurities such as amorphous and other 

forms of carbon. Acid treatment is an effective method to remove the impurities from the carbon 

nanotubes. The acid is usually heated to its boiling point during acid treatment with cold water running 

through the system helps in refluxing the acid and preventing it from vaporizing. The important 

parameters to be considered during acid treatment are type of acid, acid concentration, amount of 

nanotubes to acid ratio, duration of acid treatment and temperature used in acid treatment. At the end 

of the acid treatment, the acid is neutralized using de-ionized water and the nanotubes are filtered. 

The filtered nanotubes are then dried in an oven because all the moisture must be removed to obtain 

a pure sample of carbon nanotubes. 

In contrasts, gas phase oxidation is a milder purification technique than acid treatment. 

Carbon impurities are burnt out selectively at elevated temperature in the presence of oxygen or air. 

This method is based on the assumption that CNTs are more resistant to oxidation than impurities. 

Therefore, the impurities (mainly amorphous carbon) can be eliminated at a temperature below the 

oxidation temperature of CNTs without damaging the nanotubes (Dementev et al., 2009). 
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2.2.3 Functionalization of carbon nanotubes 

There are two types of functionalization relying on the attaching of the functional groups onto 

the CNT sidewall: (a) covalent functionalization and (b) non-covalent functionalization. Covalent 

functionalization of CNTs is often carried out by acid treatment. This process generates defect sites 

and results in a loss of conductivity. In contrast, non-covalent functionalization, based on Van der 

Waals interactions and  -stacking. The structure of CNTs and their physical properties of are 

preserved (Eder, 2010, Karousis et al., 2010). 

(a) Covalent methods 

The covalent method is the most common method for the functionalization of CNTs which 

involves the adding of carbonyl and carboxyl groups through a treatment with a mixture of HNO3/H2SO4. 

The solubility and reactivity of CNTs could be significantly improved via introducing these functional 

groups (Pavese et al., 2008). Acid-oxidized proved versatile for further elaboration, because the end 

caps of the nanotubes are opened and acidic functionalities in the oxidation, which is suitable for 

further derivatization by fluoroalkanes, silanes and polymers to CNTs. However, this method creates 

structural defects and interrupts the delocalized electron system in the CNT surface, and lead to 

change of the electronic and mechanical properties which may influence the performance (Yuca et al., 

2011). 

(b) Noncovalent methods 

Noncovalent adsorption of polymer gained much attraction because It can possibly introduce 

various functional groups on the nanotube surface without affecting the  system of the graphite sheets 

(Thostenson et al., 2001). Noncovalent adsorption of polymer has been indicated as one of the most 

effective treatment for functionalization of CNTs without detrimental effect on the original CNT structure, 

maintaining and reinforcing their electronic properties. 
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2.3 Carbon nanotube membrane (Buckypaper) 

Buckypaper, invented by Dr. Smalley and his research group (Sreekumar et al., 2003), is a 

thin sheet formed with carbon nanotubes. It can be serve as an ideal freestanding flexible and versatile 

electrode for electrochemical devices. CNT Buckypaper shows a wide range of potential applications, 

such as water purification, desalination (Yang et al., 2013, Das et al., 2014), gas separation (Gilani et 

al., 2013, Holt et al., 2006), drug delivery (Wu et al., 2010b), super-capacitor electrodes (Futaba et al., 

2006), and gas sensor (Slobodian et al., 2011). A buckypaper was originally a thin carbon nanotube 

mesh, with relatively uniform nanotube rope size and porous structure, peeled from the membrane 

after filtration process. The thickness, density, and porosity of buckypapers can be controlled in 

manufacturing by adjusting main parameters, such as concentration of suspension, sonication time, 

surfactant type and vacuum pump pressure. 

2.3.1 Methods for CNT buckypaper fabrication 

CNT buckypaper can be prepared by many techniques and the widely used fabrication 

techniques includes spray coating (Schindler et al., 2007), dip coating (Li et al., 2011), spin coating 

(Meitl et al., 2004) and vacuum filtration (Luo et al., 2008). 

Among them, vacuum filtration method is the most promising and widely used because the 

homogeneity of the buckypaper can be adjusted by the filtration process itself (Wu et al., 2004). The 

method is based on separating CNTs composites from solvents and compress into films by the 

different pressures between two sides Buchner funnel. A pump is attached to the vacuum port of the 

filtration flask. The solution is then vacuum-filtered through a filter resulting in the CNT film to collect on 

the filter and subjected to drying process. The film thickness can be precisely controlled by the volume 

and concentration of the CNT solution. It can be applied with various types of materials e.g. CNTs, 

carbon nanofiber and graphene, or even mixed types of material (Memon et al., 2011). 
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2.4 Characterization of carbon nanotubes 

2.4.1 Morphology analysis 

There is a robust interrelationship between the properties and the structure of the carbon 

nanotubes. The structure and morphology of the CNTs is formed during the synthesis step. It can be 

presented in uniformly dispersed, agglomerated, entangled or aligned patterns. The shape, size, and 

distribution of CNTs influence its properties. Therefore, the morphology observation of CNTs is an 

important thing for the material characterization. Scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM) are commonly used techniques to analyze material 

morphology. They provide good depth of field images with high magnification. 

SEM is a fundamental technique for observing the surface morphology of materials. Normally, 

SEM operates at a high vacuum condition. Electron beam is generated and accelerated by a high 

voltage (e.g. 20 kV) and then the beam scans the surface of the specimen and the emitted electrons 

from the specimen are collected by a suitably-positioned detector. The schematic layout of SEM 

instrument is shown in Figure 2.6 

 

Figure 2.6 Schematic layout of SEM 
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TEM is a powerful imaging technique for material science. It is used to characterize atomic 

features found in nanostructures. A high energy beam of electrons is transmitted through a very thin 

specimen. The image is formed from the interaction between electrons and the specimen atoms. TEM 

can be used to observed crystal structure, quality, shape, size of the specimens as well as feature 

structures such as grain boundaries and dislocation. TEM typically gives more detailed structural 

information than SEM, it can achieve a resolution down to 0.1 nm. The schematic layout of TEM 

instrument is shown in Figure 2.7 

 

Figure 2.7 Schematic layout of TEM 

2.4.2 Spectroscopic characterization 

  Spectroscopic techniques are effective methods to examine the chemical compositions in the 

materials and identify the surface modification of CNTs. Raman spectroscopy and Fourier-transform 

infrared spectroscopy (FTIR) are forms of vibrational spectroscopic techniques for characterizing CNT 

based materials. Adsorption of infrared radiation results in vibrations within molecules and the bond 

vibrate arises the adsorption bands. 
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Raman spectroscopy is used to investigate the vibrational, rotational, and other low frequency 

modes of a material based on the change in the polarizability of the molecule. A specimen is irradiated 

with a monochromatic laser beam. The laser interacts with the molecules and generates a scattered 

light with different frequencies from that of incident light, and is then used to create a Raman spectrum 

(Bumbrah and Sharma, 2015). The schematic diagram of Raman spectroscopy (Biswas et al., 2010) 

is shown in Figure 2.8.  

All allotropic of carbon are active in Raman spectroscopy. However, the different forms of 

carbon have the difference in of absorption bands in term of position, width, and relative intensity. The 

features of CNTs in Raman spectra consist of the radial breathing mode (RBM), D-band, and G-band. 

The degree of graphitization can be inferred by the intensity ratio of D band (ID) to G band (IG). A lower 

in ID/IG ratio implied a better graphite structure. The change in intensity of absorption bands have been 

detected for functionalized CNTs. In addition, exposure to target gases was observed to reduce G-

band intensity of CNTs gas sensor in Raman spectra (Ghaddab et al., 2012).  

 

Figure 2.8 Schematic diagram of Raman spectroscopy 

  



 

 

21 

FTIR is a very useful technique for identifying the presence of certain functional groups of 

organic molecules compounds that attached on CNTs. Functional groups, side chains and cross-

links will have the unique vibrational frequencies in the infrared range. The adsorption bands, 

specifically corresponding to the bonds in the molecule, confirm the property change of materials after 

surface modification and also identify the presence of specific impurities. The schematic diagram of a 

Michelson interferometer, configured for FTIR is shown in Figure 2.9. 

 

Figure 2.9 Schematic diagram of FTIR 

  



 

 

22 

2.4.3 Thermal analysis 

The thermal limitation is an important characteristic of the CNTs materials because some 

applications require high temperature working condition. The thermal stability is determined by the 

tolerance temperature which the structure of CNTs begins to change. Thermal gravimetric and 

derivative thermal gravimetric (TG-DTG) analyses are typically utilized for evaluating the thermal 

stability of the materials. The schematic diagram of TGA instrument is shown in Figure 2.10. TGA is 

based on the mass loss of sample as a function of temperature. Meanwhile, DTG performs the mass 

change as a function of temperature (dm/dt). Both measurement data are obtained when a material is 

heated at a constant rate. 

 

Figure 2.10 Schematic diagram of TGA instrument (White, 2012) 

  



 

 

23 

2.5 Adsorption 

Adsorption is the process in which a gas molecules or vapor is brought into contact with a 

solid by unbalanced residual force, and adhere at the surface of the solid. Adsorption process involves 

two components namely adsorbent and adsorbate. The solid that adsorb the gas is called “adsorbent” 

and the gas molecules or vapor being adsorbed on the surface is called “adsorbate”. Adsorption is 

essentially a surface-based process where adsorbates accumulate on the surface of the adsorbent. 

The adsorption forces between adsorbates and adsorbent define the type of adsorption whether it is 

physical or chemical. Adsorption and desorption processes of gases on solids are often quite complex. 

It is seldom unclear to indicate the type of adsorption in a certain situation. Adsorption sometimes 

occurs as a combination of chemisorption and physisorption. 

Physisorption is fast and reversible. It generally predominates at low temperatures. Molecules 

are typically binding to the surface of porous material by the attraction of van der Waals forces without 

chemical reaction with the adsorbent. Molecular interactions with permanent dipole changes, heats of 

adsorption ranging from 10 to 40 kJ/mole. The important parameters for physisorption include the 

surface area, pore structure, pore size, and pore volume. 

In contrast, the chemisorption of a gas-phase adsorbate to a solid occurs through an overlap 

between the electronic orbitals of the molecule and the surface. This overlap could induce a weakening 

of the internal bindings of the molecule and end up in a dissociation of the molecule. Electron transfer 

between an adsorbate a solid surface is required for the formation of chemisorptive bonds. Normally 

the energies of chemisorption are greater than 40 kJ/mol. The main advantage of chemisorption is the 

ability to effectively handle low concentrations of gas molecules. 

2.5.1 Adsorption isotherm 

The adsorption isotherms characterize the dependency of the amount of adsorbate on the 

adsorbent as a function of concentration or relative vapor pressure at constant temperature. Gas 

adsorption on solid surfaces involves the mass and energy interaction between adsorptive molecules 

and adsorbent surface which resulted from pore texture and surface structure. Adsorption isotherm 

offers information for the active surface of a material, cavity structures and adsorption affinity of 

molecules. 
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Figure 2.11, Type I isotherms describe microporous adsorbents (e.g. activated carbons). It 

indicates the single monolayer of adsorbate at the adsorbent surface. Type II describe the formation 

of indefinite multi-layer after the monolayer completion and III describe amount of gas adsorption 

increase without limit on mesoporous adsorbents. Type IV isotherm is a variation of Type II, but with 

hysteresis loop associated with a finite multi-layer formation due to capillary condensation in 

mesopores. The Type V isotherm is obtained with certain porous adsorbents. It is related to the Type 

III isotherm in which the interaction between adsorbent and adsorbate is weak. The Type VI isotherm 

describes multilayer adsorption occurred on a uniform non-porous surface. 

 

Figure 2.11 The IUPAC classification of adsorption isotherms. 

2.5.2 Adsorption isotherm models 

Modeling of the experimental data form adsorption isotherm is necessary to predict the 

adsorption mechanisms and estimate the adsorption capacity of the adsorbent. 

(a) Langmuir isotherm model 

Langmuir isotherm was initially developed by Irving Langmuir in 1916 to describe the 

adsorption between gas-solid phases on activated carbon. The model is based on the assumption that 

the adsorbed layer is one molecule in thickness (monolayer adsorption). The adsorption can only occur 

at a fixed number of identical and equivalent sites, with no side interaction and steric interferent 

between the adsorbed molecules.  

(b) Freundlich isotherm model 

Freundlich isotherm describes the non-ideal, reversible and not restricted to the formation of 

monolayer adsorption. This isotherm provides empirical equation which can be applied to multilayer 

adsorption, with non-uniformly distributed adsorption affinities over the heterogeneous surface. The 
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model assumes that the stronger binding sites are taken up first, until energy of adsorption decreased 

exponentially upon the adsorption end. The amount adsorbed is the summation of adsorption on all 

sites.  

(c) Redlich–Peterson isotherm model 

Redlich–Peterson isotherm (Redlich and Peterson, 1959) is a hybrid isotherm containing three 

parameters and involves the features of both Langmuir and Freundlich isotherms. The Redlich–

Peterson model can be applied either in homogeneous or heterogeneous systems due to the equation 

versatility. Normally, the procedure for solving equations involves maximizing the correlation coefficient 

(R2) between the theoretical model predictions and the experimental data with solver function of the 

Microsoft excel (Wu et al., 2010a). At high concentration (as the exponent  tends to zero), it 

approaches the Freundlich isotherm model and is in accordance with the Langmuir isotherm at low 

adsorbate concentrations (as the  values are all close to one).  

2.5.3 CNT adsorption of chlorinated aromatic compounds 

The adsorption of various aromatic compounds on CNTs has been expansively studied, but 

relatively little results have been published on the adsorption of chlorinated aromatics. CNTs have a 

highly graphitic surface structure and contain cylindrical pores that allow CNT interacts with an 

adsorbing molecule more substantially than slit-shape pores materials, such as activated carbon 

(Rege and Yang, 2000). Moreover, CNTs are highly aromatic, a high density of π electrons contained 

on the surface of a CNT could involve in charge transfer with an adsorbate molecule, especially one 

that also contains π electrons (Sumanasekera et al., 2002). These unique properties of CNTs make it 

adsorbs molecules with aromatic rings much stronger than other kinds of adsorbents.  

For instance, Long and Yang have demonstrated that the bond energy between dioxin 

molecules and CNTs was nearly three times that between dioxins and activated carbon used for 

removing dioxin from incineration off-gases. The stronger bond energy stems from the overlapping 

potentials when the two benzene rings of dioxin molecules are optimally aligned with the graphitic ring 

of the CNT walls (Long and Yang, 2001). A number of other studies showed that CNTs have strong 

adsorption of molecules with aromatic rings, such as benzene and chlorobenzenes (Eswaramoorthy 
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et al., 1999, Peng et al., 2003). For example, Lin and Xing studied the adsorption of several polar 

aromatic compounds, and observed that the adsorption affinity of these compounds by CNTs 

increased with increasing number of aromatic rings (cyclohexanol < phenol < 2-phenylphenol < 1-

naphthol), and was greatly improved by the substitution of -OH (phenol (1-OH) < catechol (2 -OH) < 

pyrogallol (3 -OH)). They concluded that the substitution of electron-donating on the aromatic rings 

enhanced the π-π interaction between the CNTs and aromatics, and accordingly the adsorption 

affinity (Lin and Xing, 2008).  

Den and co-workers also reported that the adsorption capacity of the nanotubes was 

substantially greater than that of activated carbon due to the π-π interaction between the benzene 

ring of the phthalates and the graphitic surface of the nanotubes. Between the nanotubes with different 

outer diameters, the adsorption capacity appeared to be controlled by their specific surface areas, 

although the abundance of oxygenated surface functional groups may also facilitate adsorption of the 

phthalate esters (Den et al., 2006). Also, the adsorption process of the carbon nanotubes was an 

endothermic one, as the adsorption capacity was enhanced under higher temperatures. Yang and co-

workers studied the adsorptivity of polycyclic aromatic hydrocarbons (PAHs), including pyrene, 

phenanthrene, and naphthalene on MWCNTs, and successfully described the experimental results 

using the Polanyi-Manes model. They proposed that the molecular size of the adsorbate may determine 

the adsorption capacity, because larger molecules tend to be physisorbed on graphite surface, 

whereas smaller molecules penetrate into the interior pores, but are limited by the diffusion rate. The 

observed results exhibiting better adsorption for PAH molecules with planar structure are consistent 

with those involving π-π bonding (Yang et al., 2006).  

Similarly, Zhang and co-workers found that the pore volume occupancies of three aromatic 

compounds followed the order of activated carbon fiber (ACF) > granular activated carbon (GAC) > 

SWNT > MWNT, implying that the adsorption site availability was related to the pore size distributions 

of the adsorbents (Zhang et al., 2010). ACF and GAC with higher microporous volumes showed higher 

adsorption affinities to aromatic compounds with low molecular weight than SWNT and MWNT with 

higher mesopore and macropore volumes. In contrast, SWNTs and MWNTs are expected to be more 
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efficient in adsorption of larger size molecules. Elimination of oxygen-containing functional groups from 

the surface of SWNT enhanced adsorption of these aromatic compounds. 

In recent years, Toth’s group has published a number of results focusing on the CNT 

adsorption of multi-component phenols and chlorophenols, among other compounds. In one study, 

they reported that the surface coverage for the two aromatic probe molecules (21–33% for dopamine 

and 8–12% for phenol) is significantly lower than the performance of porous carbons, but the free 

energy change (G) values show that the adsorption potential is stronger (Tóth et al., 2011). In another 

study involving co-adsorption of phenol and m-chlorophenol on the two purified commercial CNTs, 

they reported that the chemical nature of the aromatic compound, the surface chemistry of the CNT, 

as well as their relative and total concentration all play an important role in the performance. The uptake 

of phenol was restrained in comparison to its single solute behavior on both nanotubes, independently 

of the initial pollutant concentration. The uptake of m-chlorophenol, in contrast, was more sensitive to 

the surface chemistry of the nanotube and the concentration. CP was preferentially adsorbed in about 

95% of the relative concentration range (Tóth et al., 2012). 

In summary, the consensus in the scientific community is that both the adsorption capacity 

and the affinity were found to increase with the number of aromatic rings as - bonds play a 

significant role in the interaction with such molecular structures. Also, the number of -OH groups 

attached either on the aromatic compounds or the CNT surface enhances the uptake of aromatic 

compounds. A number of studies have been done to modify chemically both SWNTs and MWNTs. A 

mixture of sulfuric acid and nitric acid was used to form carboxylic acid groups on the surface (Liu et 

al., 1998). The addition of carboxylic acid groups on the CNTs surface is convenient because a variety 

of chemical reactions can be carried out with this group. Furthermore, the chlorinated aromatics 

appeared to be favorably adsorbed as compared to their non-chlorinated counterparts. Vast majority 

of these studies, however, pertains to aromatic and chlorinated aromatic compounds in aqueous 

phase. Those in gaseous phase are still very limited. Also, while theoretical computation concerning 

CNT adsorption of CPs with different number of chlorines exists, there has not been any systematic 

experimental investigation on the effect of chlorine position and number on the adsorption of these 

chlorinated aromatics. Through Density functional theory (DFT) calculations, Jiang and co-workers 
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observed that 2-chlorophenol and 2-chlorophenoxy radical naturally interact with the pristine CNT by 

the van der Waals force; in contrast, they exhibit much higher reactivity towards the Si-doped CNT. 

Doped CNTs, thus, can be considered as promising material for adsorbing (concentrating) and/or 

detecting these PCDD/PCDF precursors (Jiang et al., 2009). 

2.6 Gas sensor 

Traditional solutions for chemical gas sensing have been dominated by conventional 

laboratory analytical instruments such as mass spectroscopy, gas chromatography and ion mobility 

spectroscopy. Although these methods are accurate for detecting chemicals in low concentration, they 

are costly and require complex instruments to run analysis. Their high cost, time consumption and the 

prerequisite of trained operators often prohibit practical use for routine detection in residential sensing 

of toxic chemicals. Since 1970s, microelectronic gas sensors have been investigated to be an 

alternative to laboratory chemical sensing methods for lower cost, faster response times and greater 

accessibility (Neri, 2015). Typical gas sensors have advantages in its smaller size (micrometers to 

centimeters) and simpler to operate. These advantages make gas sensors feasible for real time use in 

environments.  

Chemical gas sensor is a physical device that can change the properties upon exposure to 

gas molecules. The change in their properties generates electrical signal and are then used to detect 

the gas molecules. The sensors are based on the chemical reaction between the sensor and the 

analyte molecules. The resistance of the gas sensor is typically proportional to the concentration of a 

target chemical in the atmosphere. In addition, changes in the operating conditions such as 

temperature can affect the sensor response. These temperature-dependent sensor responses may be 

helpful to get a characteristic response for different chemicals, thus improving the selectivity of the 

sensors without changing their physical properties. 

Several important parameters for evaluating the gas sensor performance include: (1) 

Sensitivity: a change of signal over target gas concentration unit, i.e., the slope of a calibration graph; 

(2) Selectivity: the ability to recognize a specific gas among a gas mixture; (3) Response time: the time 

required for sensor to respond to a concentration change; (4) Recovery time: the time for the sensor 

signal to return to its initial value; (5) Reversibility: whether the sensor could return to its original state 
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after detection (6) Stability: the ability of a sensor to provide reproducible results for a certain period 

of time. This includes retaining the sensitivity, selectivity, response, and recovery time; (7) Working 

temperature: the temperature that corresponds to maximum sensitivity; (8) Life cycle: the period of 

time which the sensor can operate continuously; (9) Energy consumption; (10) fabrication cost (Liu et 

al., 2012, Kumar et al., 2015). 

2.6.1 CNT gas sensors 

Due to the high surface area and the ability to change electrical properties at room 

temperature upon exposure to gas molecules, carbon nanotubes (CNT) have been a promising gas 

sensing material. Gas sensors made from carbon nanotubes have good sensitivity at room temperature 

(Kong et al., 2000), in comparison with the commercially available semiconductor sensors which have 

operating temperature at above 200oC. In multi-walled carbon nanotube (MWCNT), the electrical 

resistance is mainly determined by the atom at the surface. This means that no diffusion is required, 

which in turn has impact on the response time of the gas sensor. These factors make MWCNT to be 

potential material for gas sensing applications. However, the high binding energy between gas 

molecules and CNT makes gas molecule desorption process difficult, thus causing long recovery time. 

The adsorption of gas molecules onto the surface of CNT, results in donation or withdrawal of 

electrons to or from the CNT. As molecules adsorb on CNT surface, charges transfer causing its Fermi 

level, carrier density, and electrical resistance to change and production of a sensor signal. Jijun and 

co-workers used Density Functional Theory (DFT) to measure the SWCNT/gas molecules interaction 

by evaluating the binding energy, the distance between SWCNT and gas molecule, and the charge 

transfer between SWCNT and the molecule. High binding energy corresponds to the chemisorption of 

analytes, while low binding energy indicates a physisorption mechanism. Physisorption allows the 

sensor to be easily reset , in contrast, chemisorption brings a larger charge transfer resulting in higher 

sensitivity (Jijun et al., 2002). 

Semiconducting CNT is usually p-type, which is different from that of the other metal oxide 

nanowire (n-type). Comparing to metal oxide nanowires, such as In2O3, SnO2 and ZnO, the difference 

in semiconductor type of CNTs can be utilized for gas molecule discrimination because CNTs appear 

to give inverse electrical response when exposed to target gases (Chen et al., 2009). 
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Table 2.3 The changes in the electrical resistance of gas sensor in gas atmosphere (Fine et al., 2010) 

Classification Majority charge Oxidizing gases Reducing gases 

n-type Negative (electron) Resistance increase Resistance decrease 

p-type Positive (Hole) Resistance decrease Resistance increase 

 

2.6.2 Application of CNTs for detection of organic air contaminants 

In the quickly emerging field of environmental monitoring, the development of progressively 

sophisticated instrumentation has arisen in areas with little changes before the 1990s. Applications 

include a broad range of activities, but mainly the potentially polluting industrial installations such as 

those of the energy, defense, chemical, paper, food, agriculture and waste processing (e.g., landfill 

sites and wastewater treatment plants) industries. Carbon nanotube (CNT) presents a promising one-

dimensional nanostructure for various nanoscale electronic applications because of its high 

environment stability. Additionally, the nanostructure of CNTs would provide a significant high surface-

to-volume ratio which is an advantage for high-responsive gas sensors. The absorption of gas on the 

CNT surface at room temperature varies its electrical properties with fast response, which enables 

them to be a potential candidate for gas sensing applications.  

For example, Chopra and co-workers developed a method using wired SWNTs to study the 

resonant frequency shift phenomenon for several polar and nonpolar gaseous compounds (He, Ar, N2, 

O2, CO, NH3), and found that there existed a correlation between the dielectric constant of SWNT in 

contact with these gaseous compounds and the responding resonant frequency shift, and that these 

correlations may be used for gas detection in the parts-per-million (ppm) level (Chopra et al., 2003). 

Qi and co-workers fabricated arrays of electrical devices comprising multiple SWCNTs bridging metal 

electrodes by CVD of nanotubes across prefabricated electrode arrays. They demonstrated the great 

changes in electrical conductance under electrostatic gating, thanks to the high percentage of 

semiconducting nanotubes. They also showed that, by coating polyethyleneimine, the n-type nanotube 

devices was capable of detecting NO2 at less than 1 ppb while being insensitive to NH3; whereas 

coating Nafion on nanotubes allowed for selective sensing of NH3 (Qi et al., 2003).  
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For detection of organic vapors, Consales and co-workers applied Langmuir-Blodgett method 

to prepare SWNT on standard silica optical fibers (SOFs) and quartz crystal microbalance (QCM) 

elements. They tested the changes in frequency shift and optoelectronic signals during adsorption of 

volatile organic compounds (VOCs) such as toluene and xylene, and estimated sensitivity could reach 

parts-per-billion levels (Consales et al., 2007). The same group of researchers also attempted to use 

cadmium arachidate (CdA) as the substrate and the SWNTs-enhanced optical fibers for detecting VOC 

including toluene, xylene and ethanol. They reported that composite sensor CdA/SWNTs was more 

sensitive than SWNTs sensor along, with sensitivities in the ppb-level (120~560 ppb) (Consales et al., 

2009). Li and co-workers casted SWCNTs on an inter-digitated electrode (IDE) for detecting gas and 

organic vapor at room temperature. The responses of the sensor were linear for concentrations of sub 

ppm to hundreds of ppm with detection limits of 44 ppb for NO2 and 262 ppb for nitrotoluene. They 

proposed that the detection of the gas to organic vapors was related to direct charge transfer on 

individual semiconducting SWCNT with additional electron hopping effects on intertube conductivity. 

(Li et al., 2003).  

The conductivity of CNTs can be significantly changed while absorbing gas molecules by 

withdrawing and donating electrons. For instance, Someya and co-workers fabricated SWNTs by 

evaporating Au with metal shadow masks, the results showed good reversibility and reproducibility 

while exposed to different alcohol vapors (such as methanol, ethanol, 1-propanol and 2-propanol) 

(Someya et al., 2003). Novak and co-workers also reported dimethyl methylphosphonate (DMMP) 

detection on a SWNT network based chemical field effect transistor at sub-ppb concentration levels 

(Novak et al., 2003). 

2.6.3 Functionalization of carbon Nanotube-based gas sensors 

Some potential disadvantages of using sole CNTs as sensors are the lack of selectivity and 

the low sensitivity to different gaseous analytes. As has been pointed out by Cantalini and co-workers, 

the cross-sensitivity of SWCNT gas sensors can result in incorrect alarms in a complicated atmosphere 

(Cantalini et al., 2003). To develop the sensitivity and selectivity CNT-based devices, the common 

approach is functionalization the CNT sidewall to modify the chemical activity and enhance their 

sensitivity to a specific gas.  
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Recent studies have extended the gas sensing applications to functionalized CNT gas 

sensors, which include nanoparticle functionalized CNTs as the metal nanoparticles can act as 

reactive sites to target gas molecules (Zhang et al., 2008), and organic polymer functionalized CNTs 

by delocalizing bonds to increase conductivity (Janata and Josowicz, 2003). For example, elemental 

Pd and Pt are catalysts with high H2 diffusivity and solubility, thus, they are widely applied in hydrogen-

related sensors. Randeniya and co-workers used Pd/MWCNTs and Pt-Pd/MWCNTs composites for the 

H2 detection with a concentration range of 20 ppm - 2% in N2 and 200 ppm - 2% in air (Randeniya et 

al., 2012). Pd nanoparticle is applied to CNTs to reduce the hole-carrier concentration by forming a 

Schottky contact localizing the depletion region which results in enhancing the response of the Pd-

CNTs sensor for NO2 gases (Yun et al., 2009). Pd nanoparticles can also be applied to CNTs sensors 

in detecting organic matters. Lu and co-workers developed a chemiresistive sensor for CH4 detection 

using Pd-CNTs drop-coasted on interdigitated electrodes (Lu et al., 2004). The fabricated sensors are 

able to detect low CH4 concentrations (6-100 ppm). The same group further produced a gas sensor 

array composted of 32 sensing elements with pristine, metal-doped and polymer coated SWNTs for 

sensing discriminated gases such as NO2, acetone, HCN, and benzene at ppm concentration levels 

(Lu et al., 2006). Lu and co-workers also used Rh/SWCNTs for the detection of formaldehyde (HCOH) 

at room temperature. The sensors presented the estimated detection limit of 10 ppb with very quick 

response (~18 sec) and recovery time of ca. 1 min (Lu et al., 2011). 
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Chapter 3 

Methodology: Synthesis and characterization of CNTs 

The synthesis of carbon nanotubes by thermal CVD and floating catalyst CVD, the purification 

and functionalization of carbon nanotubes, the preparation of carbon nanotube buckypaper were 

explained. The characterization of the synthesized materials were also described in this chapter. 

3.1 Substrate preparation 

 Silicon wafer was used as support substrate in CNTs growth. Before the CNTs can be grown 

on a substrate using thermal CVD system, a thin film needs to be formed on the substrate to form 

nanoparticles. However, Cobalt (Co), iron (Fe) and nickel (Ni) can diffuse into silicon at high 

temperatures. Minimal nanotube growth occurred when acetylene reacted with Ni catalyst deposited 

directly on a clean silicon substrate at 700oC because Ni diffused into the substrate and form NiSix at 

temperature above 450oC (Sze, 1988). Thermally oxidization of silicon wafer prior to the catalysis 

deposition is expected to help achieve high yield and uniform growth of carbon nanotube on the 

substrate. 

 
Figure 3.1 The attained SiO2film thickness as a function of time and temperature.  
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In this study, the substrate preparation consisted of two processes namely thermal oxidation 

of silicon substrate and catalyst deposition on the substrate. The procedure is shown in Figure 3.2 

 

 
Figure 3.2 Flow diagram of substrate preparation 

 

3.1.1 Thermal oxidation of silicon substrate 

Silicon wafer was thermally oxidized at 900oC in air for 6 hours. It was expected to form 

approximately 80 nm-thick SiO2 layer on the surface (Figure 3.1). This thin insulating layer of SiO2 acts 

as a diffusion barrier which can prevent the diffusion of catalyst into the silicon substrate. (Rao et al., 

2000, Teo et al., 2002). The oxidized wafer was cut into small square pieces in the size of 3×3 cm2 and 

cleaned with acetone (3 min), methanol (3 min) and DI water (3 min) in ultrasonic bath, and then N2 

blow-dry (Figure 3.3). These substrates were subject to catalyst deposition before CNTs growth by 

thermal CVD process. 

 
Figure 3.3 Silicon substrate before and after thermal oxidation at 900oC 
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3.1.2 Catalyst deposition on silicon substrate 

The use of spin coating is a promising process due to its simplicity and cost effectiveness. 

Nickel catalyst was prepared by dissolving nickel chloride (NiCl2) in ethanol water by magnetically 

stirred at 60oC. Triton X-100 was then added into the solution and kept stirring for 3 hours to achieve 

good dispersion. Then Ni catalyst was deposited onto Si substrate in a form of thin film by spin coating 

technique. Silicon substrate was fixed on the spin head of the spin coating machine by vacuum suction 

(Figure 3.4). Two milliliters of the prepared Ni catalyst mixture was dropped on the Si substrate. Then 

the substrate was spun at different revolution speeds (1500-5000 rpm) for 1 min. Finally, the Ni coated 

Si wafer was calcined at 550oC in air for 4 h with the heating rate of 5oC/min to form NiO nanoparticles. 

 
Figure 3.4 Spin coating machine Inset: spin head 

 

3.2 Carbon nanotube synthesis 

Chemical vapor deposition (CVD) system was used for the growth of CNTs. The system 

includes a set of concentric quartz tubes (inner diameter: 35 mm, length: 120 cm) that was placed 

horizontally in a tubular furnace (Olink OT-T040, maximum temperature 1200oC), and a set of chiller. 

The mass flow meters rated with 2×300 sccm (Olink FCSA300C, calibrated with H2 and CH4) and 

1×1000 sccm (Olink FCSA1000C, calibrated with Ar) linked to multichannel gas flow controller units 

(Olink GC400) were used to control the flow of hydrogen, argon and methane individually (Figure 3.5). 
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Figure 3.5 Schematic diagram of CVD system 

 

3.2.1 Thermal CVD (TCVD) method 

Nickel catalyst coated silicon substrates were placed at the middle of the quartz tube in the 

furnace. First, oxygen and moisture were eliminated from the reactor by vacuum suction for 5 min. The 

vacuum suction pressure was fixed at 1 atm. The cooling system was maintained at 15oC to protect 

the vacuum sealing part of CVD throughout the CNT growth process. After that, Ar was then fed into 

the reactor at a flow rate of 200 sccm (standard cubic centrimeters per minute) until the pressure 

gauge returned to 0 and kept feeding for 5 min before starting CNT growth to ensure the absence of 

O2 in the system. The system was heated up to 800oC at a rate of 5oC/min. At the same time, hydrogen 

gas was fed into the system at a flow rate of 100 sccm with a constant Ar flow rate. At temperature of 

500oC, Ar was switched off and the flow rate of H2 was increased to 200 sccm until the temperature 

reached 800oC.  

Hydrogen acted as a reducing gas which activate Ni catalyst before CNT growth by reducing 

NiO to metallic Ni catalyst particles at temperature above 450oC (Manukyan et al., 2015). When the 

temperature reached 800oC, CH4 was introduced into the system with a flow rate of 100 sccm to initiate 

CNT growth. The temperature was held at 800oC for 30 minutes which was the reaction time for CNTs 

growth. After that, CH4 and H2 feeds were switched off and system was cooled down to room 
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temperature under Ar atmosphere to prevent oxidation at high temperature. The samples were 

collected and kept in a desiccator until use. The temporal diagram of TCVD is shown in Figure 3.6. 

 

 
Figure 3.6 The temporal diagram of TCVD CNT growth processes 

 

Table 3.1 TCVD parameters corresponding to the processes in Figure 3.6 

Step Duration (min) Gas composition Flow rate (sccm) 

(1) 5 Ar 200 

(2) 95 
Ar 

H2 

100 

100 

(3) 60 H2 200 

(4) 30 
H2 

CH4 

200 

100 

(5) Cool down Ar 200 
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3.2.2 Floating catalyst CVD (FCCVD) method 

Compared with other CVD method, FCCVD avoid extra time consumed for catalyst 

preparation (Khavarian et al., 2009). In this research, CNT production by FCCVD was carried out with 

the same system as thermal CVD which is described in the previous section. In contrast, a heating 

zone at the entrance of the reactor was added. The FCCVD system consisted of two zones. The first 

zone was wrapped with a heating tape to control the temperature of 200oC for vaporizing catalyst and 

then the catalyst vapor was carried into the second zone (reaction zone) operating at 800oC (Figure 

3.6). Lim and co-workers reported that temperature of 800oC and 850oC are suitable for CNTs growth 

by FCCVD. However, bigger diameter CNTs were produced with the temperature of 850oC (Lim et al., 

2012). Ferrocene was used as a catalyst precursor for CNT growth. 

 
Figure 3.7 Schematic diagram of FCCVD system 

 

Cleaned Si substrates were inserted at the reaction zone. Prior to CNT growth, the system 

was vacuumed to removed moisture and oxygen and Ar was fed into the system at a flow rate of 150 

sccm for 10 min. Then the second stage was heated to 800oC with 20oC/min temperature ramp. At the 

same time hydrogen gas was introduced into the system at a flow rate of 50 sccm with a constant Ar 

flow rate. Ferrocene was vaporized at 200oC and then the ferrocene vapor was carried into the reaction 

zone by an Ar-H2 gas flow with a total flow rate of 200 sccm. When the temperature of the reaction 

zone reached 800oC, methane was fed into the system with a flow rate of 50 sccm. The temperature 
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was held at 800oC for 30 min as well as CH4 feed. After that, CH4 and H2 feeds were switched off and 

system was cooled down to room temperature under Ar atmosphere to prevent oxidation. The CNTs 

grown on Si substrates as well as the CNTs grown on the wall of the quartz tube were collected and 

kept in a desiccator. The temporal diagram of FCCVD is shown in Figure 3.8. 

 

 
Figure 3.8 The temporal diagram of FCCVD CNT growth processes 

 

Table 3.2 FCCVD parameters corresponding to the processes in Figure 3.8 

Step Duration (min) Gas composition Flow rate (sccm) 

(1) 5 Ar 200 

(2) 39 
Ar 

H2 

150 

50 

(3) 30 

Ar 

H2 

CH4 

150 

50 

50 

(4) Cool down Ar 200 
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3.3 Purification and functionalization of CNTs 

3.3.1 Purification 

The synthesized CNTs were purified with 5N hydrochloric acid (HCl) at 80oC for 1 h to remove 

iron nanoparticles. The samples were subsequently washed with distilled water to eliminate the acid. 

The samples were dried in an oven at 100oC. The acid-purified CNTs were then oxidized at 350oC for 

4 h in air to remove amorphous carbon. 

3.3.2 Preparation of acid-functionalized CNTs (CNTs-COOH) 

Five hundred mg of CNTs were added into a flask containing 120 ml of 69% Nitric acid (HNO3) 

and 95% Sulfuric acid (H2SO4) mixture. The (HNO3/H2SO4) acid mixture was in the ratio of 1:3 by volume. 

The CNTs were refluxed in the acid mixture at 70oC for 12 h to attach carboxylic functional group 

(COOH) on the surface of the CNTs (Figure 3.9). Then the acid functionalized CNTs were filtered 

through a 0.45 µm pore-sized PVDF membrane and washed with DI water repeatedly until the pH 

reached neutral. The functionalized CNTs were dried in a vacuum oven at 60oC for 12 h. 

 
 

Figure 3.9 Acid functionalization of CNTs 
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3.4 CNT buckypaper preparation 

Fifty mg of functionalized CNTs were dispersed in 150 ml deionized water using 30 W 

ultrasonic for 15 min. Then 1 ml of a surfactant (Triton X-100), and 100 ml DI water was added into the 

above suspension of CNTs. Triton X-100 is one of the most commonly used surfactants and is known 

to effectively disperse carbon nanotubes (Fatemi and Foroutan, 2015). The mixture was further 

sonicated at 30 W for 15 min. The suspension of well-dispersed CNTs was filtered by a vacuum pump 

through a 0.45 µm Durapore PVDF membrane filter. The filter was placed in air at room temperature 

for 1 h and then dried in a vacuum oven at 60oC for 3 h. The CNT buckypaper was peeled off from the 

filter and kept in a desiccator until application (Figure 3.10). 

 
 

Figure 3.10 CNT Buckypaper preparation via vacuum filtration 
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3.5 Characterization of CNTs 

The physical and chemical properties of the synthesized materials were characterized by 

various instruments such as SEM, TEM, TG/DTA, FTIR and Raman. 

3.5.1 Microscopic examinations 

The surface morphology of CNTs was observed by a field-emission scanning electron 

microscope (FESEM) (JOEL, JSM 7000F, Japan). The samples were placed in sample holder and 

sputtered with platinum (Pt) prior to SEM imaging. Sputter coating prevents charging of the sample 

occurred from the accumulation of electrostatic fields and also improve the signal to noise ratio. 

High-resolution transmission electron microscope (HRTEM) (JOEL, JEM-2100, Japan) 

operating at 80 kV was used to observe the interior structure of the CNTs. The CNTs sample was 

suspended in isopropyl alcohol by ultrasonic to ensure separation of particles. The suspension of CNTs 

in isopropyl alcohol was dropped on a copper grid with carbon film. The sample was thoroughly dried 

before TEM imaging.   

3.5.2 Thermal Gravimetric and Differential Thermal Analysis (TG/DTA) 

The thermal stability and weight loss of the CNTs were analyzed by SII Exstar TG/DTA 6000 

(Japan). The sample with known weight was loaded on a platinum pan, equipped inside the instrument. 

The flow rate of air through the pan during the experiment was 20 ml/min. The temperature was raised 

from 25 to 800°C with a heating rate of 5°C/min and the mass loss was recorded as a function of 

temperature. 

3.5.3 Raman spectroscopy 

Raman spectroscopy was used to investigate graphitic structures and structural defects of 

the CNTs. The measurement was carried out using NT-MDT, NTEGRA SPECTRA (Germany). The 

samples were excited with 514 nm (green) Ar ion laser. The Raman spectra were recorded in the range 

of 2000 to 1000 cm-1 with a scanning rate of 50 cm-1/min. 
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3.5.4 Fourier-transform infrared spectroscopy (FTIR) 

FTIR spectroscopy was used to identify surface functional groups of the CNTs. The sample 

were analyzed by potassium bromide (KBr) pellet method. To prepare a pellet, small amount of powder 

sample was added into a mortar containing KBr powder, mixed and crushed to a fine powder. The 

amount of the sample in KBr should be in the range of 0.2 to 1% since too high concentration of sample 

usually causes difficulties in obtaining clear pellets. The finely ground mixture was pressed in a 10 ton 

hydraulic press to make a KBr pellet, The characterization was performed using Jasco FT/IR-4100 

(Japan) with a scanning range between 1000 and 4000 cm-1 at a rate of 10 cm-1/s. 
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Chapter 4 

Results and discussion: Synthesis and characterization of CNTs 

4.1 Carbon nanotube synthesis 

4.1.1 Thermal CVD 

After spin coating with the catalyst, the wafer was annealed at 550oC in air for 4 h. This 

annealing step at over 500oC was carried out to decompose the deposited nickel salt and form NiO 

nanoparticles (Chang et al., 2004, Rahdar et al., 2015). The surface of the prepared Ni-coated silicon 

wafer was examined by SEM and are shown in Figure 4.1 (a) and (b). It can be observed that catalyst 

particles were distributed thoroughly on silicon wafer surface. However, Ni catalyst appeared to 

connect together in a form of cluster rather than individual particles. This was due to the excess 

thickness of the Ni catalyst film in spin coating process. 

  

Figure 4.1 SEM images of Ni catalyst coated on silicon wafer after calcination (a) 10000x and (b) 

50000x magnification 

The thickness of films are proportional inversely to the rotational speed. The rotational speed 

of spin coating was varied between 1500, 3000, 4000 and 5000 rpm to study the effect on CNT growth. 

The SEM images of the grown CNTs on Ni catalyst spin-coated on Si wafer at different rotational speeds 

are shown in Figure 4.2. The results show that at 1500 rpm the Ni catalyst film was too thick due to 

slow spin speed. This resulted in the formation of particle groups sticking together after calcination. 

There was almost none of nanotube growth. It can be found that CNTs could not grow well on large 

catalyst particles. When the spin speed increased to 3000, 4000 and 5000 rpm, CNTs were observed 
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to grow better. The increase in density of CNTs grown on Si wafer was found with increasing spin 

speed as higher rotational speed can create smaller catalyst dots which effectively catalyze CNTs 

growth. 

  

1500 rpm 3000 rpm 

  

4000 rpm 5000 rpm 

Figure 4.2 SEM images of CNTs grown on Ni coated silicon wafer at different rotational speed (1500, 

3000, 4000 and 5000 rpm) 

The results showed that although Thermal CVD could grow CNTs on the substrate using Ni 

as a catalyst, the yield of the CNT growth and the density were relatively low. Moreover, difference in 

nanotubes’ size could be observed. The results suggested that, in this study, Thermal CVD process 

may not be suitable for producing a highly uniform and satisfactory quality CNTs for further use in 

adsorption and gas sensor applications. 
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4.1.2 Floating catalyst CVD  

 Methane (CH4) flow rates were varied (25, 50, 100 and 150 sccm, accounted to CH4-H2 ratio 

of 0.5, 1, 2 and 3) to study its effect on the yield of CNTs. The parameters were set as follows:  

 Ferrocene 150 mg 

 Argon flow rate 150 sccm 

 Hydrogen flow rate 50 sccm  

 Reaction temperature 800oC 

 Reaction time of 30 min 

 
 Figure 4.3 Effect of CH4 flow rate on CNT yield 

TGA analysis was performed to determine the yield of CNTs growth with different CH4 flow 

rates by FCCVD and is shown in Figure 4.3. The results showed that CNTs grown on a silicon substrate 

significantly increased when increased CH4 flow rate from 25 to 50 sccm. The yield of CNTs increased 

almost twice (10.4 to 20.1 mg/cm2). However, the CNT growth appeared to decrease when CH4 flow 

rate exceeded 50 sccm (CH4-H2 ratio 1:1). This may be caused by the high CH4 content decomposed 

to excessive amount of C atoms and coated around the catalysts. In addition, H2 gas is required to 

activate catalyst, CNTs did not grow well due to inactive catalyst by insufficient H2 gas. The results 

showed that the optimum CH4 flow rate for CNT growth by FCCVD was 50 sccm with the yield of 20.1 

mg/cm2. 
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 In the study, 50 sccm of CH4 flow rate was used to synthesize CNTs. The other parameters 

were described earlier in Chapter 3. The as-synthesized CNTs on Si substrate by FCCVD method is 

shown in Figure 4.4. 

 

Figure 4.4 Cross-section SEM image of the synthesized CNTs via FCCVD 

The result reveals a high density of CNTs growth in a forest-like form and vertically aligned to 

the substrate surface. The high density of the carbon nanotubes confirms the high catalytic activity of 

the iron catalyst in the growth process. The as-grown CNTs had a diameter range of 20 - 50 nm and a 

length range of 3 - 5 µm. In addition to the bundle of CNTs, white spots which are carbonaceous 

particles, mainly amorphous carbons, and the metal catalyst (Fe) particles on the surfaces of the CNTs 

were also observed on the top of the synthesized nanotubes (Figure 4.5). These impurities were 

eliminated by acid treatment and thermal oxidation. 
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Figure 4.5 SEM image of the synthesized CNTs via FCCVD 

HRTEM examination verified the tubular structure of the as-grown MWCNTs possessing 16 

walls and the inter-wall spacing around 0.18 nm (Figure 4.7). The inter-wall spacing is not large enough 

for phenol molecules (0.46 nm) and other CPCs with greater molecular sizes to access (Lorenc-

Grabowska, 2016). The results suggested that only the inner cavity and the external nanotube surface 

are available for CPCs adsorption on the synthesized MWCNTs (Yang and Xing, 2007). 

 

Figure 4.6 HR-TEM image of as-synthesized MWCNT. 



 

 

49 

4.2 Purification of carbon nanotubes 

The as-synthesized CNTs was purified by HCl acid and followed by thermal oxidation to 

remove the amorphous carbons and residual metal catalyst particles. The SEM images of the CNTs 

before and after purification processes are shown in Figure 4.7 (a) and (b). Clusters of metal catalyst 

particles were observed in the as-synthesized CNTs while very clean nanotubes were observed in the 

acid-purified CNTs. It can be clearly seen that metal particles resided on the CNTs were effectively 

removed by acid-treatment.  

 

 

Figure 4.7 SEM images of the CNTs (a) before and (b) after purification 
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Beside the visual observation, the thermogravimetric analysis was carried out. TGA revealed 

the weight loss of the materials under air atmosphere was recorded from 30oC to 800oC with a heating 

temperature of 5oC/min. The weight loss was due to the combustion of carbon atoms in the sample by 

O2. Figure 4.8 shows TGA profiles of as-synthesized and acid-purified CNTs. The TGA profiles showed 

similar patterns as both CNT samples are thermally stable up to 550oC. However, the onset temperature 

of the acid-purified CNTs combustion was slightly lower than that of as-synthesized CNTs. This might 

be due to the more oxygenated groups on the purified CNT surface which were generated during the 

acid treatment process (Titus et al., 2006). These oxygenated groups were more reactive to oxygen, 

resulting in combustion at lower temperature. There was no weight loss after 650oC. The as-

synthesized CNTs contained residual metal particles around 7% while the amount of residue in the 

acid-purified CNTs was reduced to less than 1%. These results are in good agreement with SEM results 

that the resided metal catalyst particles were effectively removed from the CNTs after acid treatment. 

 

Figure 4.8 TGA profile for as-synthesized and purified CNTs 
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4.3 Acid functionalization of carbon nanotubes 

FTIR was employed to characterize the functional groups sited on CNTs. Figure 4.9 shows 

the FTIR spectra of the as-synthesized CNT and the acid-functionalized CNTs. 

 

Figure 4.9 FTIR spectra of as-synthesized and acid-functionalized CNTs. 

FTIR spectra from the both samples showed a CNT backbone (C=C) peak at around 1640 

cm-1. Broad peak around 3450 cm-1 in both spectra corresponded to –O–H groups of adsorbed water. 

Most of the –O–H was assumed to come from water adsorbed in the specimen rather than surface 

functional groups. Because the remaining trace of water in the KBr pellet could not be totally eliminated 

even heating in oven before the measurement had been done. A C=O stretching vibration of carbonyl 

and carboxyl groups can be seen around 1750 cm-1 for the acid-functionalized CNTs, indicating the 

formation of carboxylic groups due to the oxidation of some carbon atoms on the surface of CNTs. 

Chen and co-workers suggested that the band at around 1540 cm-1 observed in the acid-functionalized 

CNTs is also related to carboxyl groups (Chen et al., 2005). The results indicated that the CNTs were 

successfully functionalized by sulfuric and nitric acid mixture (Buang et al., 2012, Turgunov et al., 2014).  
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Theoretically, the oxygen-containing functional groups attached on the surface of CNTs help 

decrease the aggregation of CNT bundles, which was in good agreement with SEM results, hence the 

availability of adsorption sites will increase (Pan and Xing, 2008). Moreover, the COOH polar groups 

attached onto the CNTs surface enhance the adsorption efficiency between the polar organic 

molecules and the COOH on the CNTs due to the dipole-dipole interactions (Sin et al., 2006). The 

sensors are believed to give better responses toward volatile organic molecules. 

 

Figure 4.10 Raman spectra of as-synthesized and acid-functionalized CNTs. 

Raman spectroscopy was used to examine the graphitic structure and structural defects in 

the CNT materials. Figure 4.10 shows the Raman spectra from 1000-2000 cm-1 of the as-synthesized 

CNTs via FCCVD and the acid-functionalized CNTs. The Raman spectra contain two domains in the 

range. The first band located at 1345 cm-1 is denoted as D band; the presence of imperfection or 

disorder in carbon structure. The second band at 1580 cm-1 (G band) is assigned to the in-plane 

vibration of C=C bond with a shoulder at around 1600 cm-1.  D band and G band of the spectra 

confirmed that the synthesized CNTs were structured with multiple layers. The intensity ratio of D- to 

G-band (ID/IG) reflects both purity and the defect density of CNTs.  
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The spectra of the acid-functionalized CNTs exhibited higher intensity of D-band due to the 

breaking of sidewall C-C bonds (Zhang and Zhang, 2015) and introduction of the oxygenated 

functional groups onto the sidewall and the end wall of the nanotubes (Dhall et al., 2013). The ID/IG 

increased from 0.94 to 0.97 after acid functionalization. The crystallite size (La) could be determined 

by the Equation 4.1 (Cançado et al., 2006). 

𝐿𝑎(𝑛𝑚) = (2.4 × 10−10)𝑙
4 (

𝐼𝐷

𝐼𝐺
)

−1
  (4.1) 

where l is the wavelength of excitation laser in nanometer units. The equation gives the crystallite size 

from the integrated intensity ratio ID/IG by using any laser line in the visible range. 

The calculated crystallite size (La) of the acid functionalized CNTs is found to decrease to 

17.27 nm as compared to17.82 nm for the as-synthesized CNT. The nanotube defects introduced by 

the acid treatment lead to the decrease of crystallite size (La). The electrical resistivity increases with 

decreasing structural perfection (Issi and Nysten, 1998). 
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4.4 CNT buckypaper 

CNT buckypaper were successfully prepared via vacuum filtration of MWCNT dispersions 

using Triton X-100 as a surfactant through a PVDF filtration. SEM images of CNT buckypaper and acid-

functionalized CNT buckypaper are shown in Figure 4.11 (a) and (b). Acid-functionalized CNTs 

showed much cleaner and more uniformly distributed surface than that of as-synthesized one, 

demonstrating that acid treatment helped remove residue and amorphous carbon. 

 

 

Figure 4.11 SEM images of a) non-modified CNT buckypaper and b) acid-functionalized CNT 

buckypaper 
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It can be obviously seen that the acid-functionalized CNTs have a shorter length, slightly 

smaller diameter. The acid-functionalized CNTs were found to be stable with significantly less 

aggregation in solution resulting in better CNT distribution in the buckypaper (Jiang et al., 2015). Past 

research reported that defects on the CNTs induced by acid treatment tend to break carbon-carbon 

bonds while promoting bonding with carboxyl groups. The treatment leads to a decrease in weight 

and thickness of CNTs (Saito et al., 2002). 

Figure 4.12 shows the SEM images of CNT buckypapers. The buckypaper tend to form a 

porous network of randomly orientated MWCNTs. It is observed that CNTs mainly lie parallel to the 

membrane surface resulted from tube self-assembly by Van der Waals force during filtration (Ji et al., 

2012). The CNTs were spread and evenly distributed over the network surface, indicating good 

dispersion of CNTs in the suspension. The Inset shows the cross sectional view. The thickness of the 

buckypaper was about 90-100 µm and weighed 44 mg, and the density of the buckypaper was about 

0.82 g/cm3.  

 

Figure 4.12 SEM image of the acid-functionalized CNT buckypaper Inset: Cross sectional view. 
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The thermal stability of CNT buckypapers were investigated by TGA. The TGA profiles of the 

non-modified CNT buckypaper and the acid-functionalized CNT buckypaper are shown in Figure 4.13. 

The profiles of both buckypapers were similar and showed two main weight losses at around 300oC 

and 600oC. The first loss accounted for 10% was due to the decomposition of the residual surfactant 

and the second loss accounted for 85-90% was due to the decomposition of carbon nanotubes. It can 

be seen that the CNT buckypapers lost some thermal stability compared to the as-synthesized CNT 

powder (dotted line in the figure). However, the both CNT buckypapers can withstand temperatures 

up to 500oC. 

 

Figure 4.13 TGA profiles for non-modified CNT buckypaper and acid-functionalized CNT 

buckypaper. 
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Chapter 5 

Methodology: Adsorption and gas sensing studies 

This chapter consists of two main parts: Adsorption and Gas sensing studies. The adsorption 

study includes adsorption isotherms and the adsorption behaviors of chlorinated phenolic compounds 

on the acid functionalized CNTs adsorbent. For the gas sensing study, the sensing capability of the 

synthesized CNTs for three chlorinated phenolic compounds procedure were described. 

5.1 Adsorption isotherms 

Equilibrium isotherms were used to determine the adsorption capacity of acid-functionalized 

CNTs subject to the exposure to three different phenolic compounds, namely phenol, 2-chlorophenol 

and 2,4-dichlorophenol. Five mg of the CNTs were placed in a 50 ml glass sampling bottle. Each 

phenolic compound was injected into the sampling bottles with various controlled amounts to make 

initial concentration in the range of 1 to 250 ppm (Figure 5.1). The adsorption experiments were carried 

out at 25oC for 72 hours to ensure adsorption equilibrium.  

 

Figure 5.1 CNTs in seven different concentrations of gaseous CPs 

The equilibrium adsorbed CNTs were analyzed by thermal gravimetric technique on (TG/DTA, 

SII Exstar 6000, Japan) to determine the equilibrium adsorption capacity (qe). The equilibrated gas 

samples were taken from the sampling bottles and then analyzed by gas chromatography (GC, K07380, 

Thermo Scientific, USA) coupled with mass spectrometry (MS, Trace DSQ II, Thermo Scientific, USA). 
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The experiment procedure is illustrated in Figure 5.2. Chromatographic analysis was achieved on a 

TG-5MS capillary column (30 m length, 0.25 mm ID, and 0.25 µm nominal film thickness). Helium was 

used as the carrier gas at a flow rate of 1 ml/min. The injection temperature was set at 280oC. The 

temperature of transferring line between GC and MS was maintained at 250oC. The temperature 

program was set as follows: Injection temperature was initially held at 70oC for 1 min, then ramped to 

110oC with a rate of 20oC/min, followed by another ramp to 200oC with 25oC/min heating rate and held 

for 2 min. The ion source temperature was set at 200oC. The detector of MS was operated in full scan 

electron ionization mode. The data were obtained in range of m/z 50400. 

 

Figure 5.2 Schematic diagram of adsorption isotherm experiment 

Three adsorption isotherm models, namely the Langmuir, Freundlich and Redlich-Peterson 

(R-P) isotherms, were used to fit the experimental data in this work. The adsorption capacities of were 

estimated from the results fitted by linear equations. In order to determine the best fit isotherm model, 

the correlation coefficient (r2) were used to evaluate data. 

The Langmuir adsorption isotherm is the most common model used to quantify the amount of 

adsorbate on an adsorbent as a function of partial pressure (or concentration) at a given temperature. 

The Langmuir isotherm and its linearized form are expressed as Equation 1 and 2, respectively 

𝑞𝑒 =  
𝑞𝑚𝑏𝐶𝑒

1+𝑏𝐶𝑒
   (5.1) 
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1

𝑞𝑒
=

1

𝑏𝑞𝑚

1

𝐶𝑒
+

1

𝑞𝑚
  (5.2) 

where qe is the amount of adsorbed adsorbate per unit weight of the adsorbent at equilibrium 

(mg/gadsorbent), Ce is the equilibrium concentration in the gas phase (mg/l), b is a constant (L/mg), and 

qm is the maximum adsorption capacity (mg/gadsorbent). The constants are determined from the slope 

and interception of the linear plot of 1/qe versus 1/Ce. 

The Freundlich adsorption isotherm gives an empirical expression representing the isothermal 

variation of adsorption of a quantity of gas adsorbed by unit mass of solid adsorbent under a constant 

pressure. It can be expressed through Equation 3 and 4: 

𝑞𝑒 = 𝐾𝑓𝐶𝑒
1/𝑛  (5.3) 

The linear form of the Freundlich isotherm can be written as  

ln 𝑞𝑒 = ln 𝐾𝑓 +
1

𝑛
ln 𝐶𝑒  (5.4) 

where Kf is an indicator of adsorption capacity (mg l1/n /mg1/n g), and n is the intensity of adsorption of 

the adsorbents. Both values are evaluated from the slope and interception of the plot of ln qe versus ln 

Ce. 

The Redlich–Peterson isotherm combines elements from both the Langmuir and Freundlich 

equations incorporating three parameters. The mechanism of adsorption is a hybrid and does not 

follow ideal monolayer adsorption. It is expressed by parameters, qmon, α, and bRP, as shown in 

Equation 5. 

𝑞𝑒 =  
𝑞𝑚𝑜𝑛𝑏𝑅𝑃𝐶𝑒

1+𝑏𝑅𝑃𝐶𝑒
𝛼    (5.5) 

Rearrangement into its linear form gives (Equation 6) 

𝐶𝑒

𝑞𝑒
=

1

𝑏𝑅𝑃𝑞𝑚𝑜𝑛
+ (

1

𝑞𝑚𝑜𝑛
) 𝐶𝑒

𝛼  (5.6) 

The Ce
α values were first calculated with Microsoft Excel and then the linear regression line 

was plotted. The linear plot with the optimum correlation coefficient (r2) by trial-and-error determination 

of α values. 
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5.2 Adsorption behaviors 

The adsorption behaviors of phenol, 2-chlorophenol and 2,4-dichlorophenol on the acid-

functionalized CNTs were studied by thermal gravimetric analysis. Five mg of the CNTs were placed 

in a sealed bottle containing saturated pollutant vapor. The adsorption process was kept at constant 

temperature for 72 h to reach equilibrium. The saturated sorbents were then characterized by 

thermogravimetric (TG) and differential thermogravimetric (DTG) analyses (TG/DTA, SII Exstar 6000, 

Japan) (Figure 5.3).  The sample was heated up from room temperature to 500oC with different heating 

rates (i.e., 1, 3, 5 and 7oC/min) under N2 atmosphere. The DTG desorption profiles provided the peak 

temperatures at each heating rate which were used to calculate the activation energy for desorption 

(Ed) of the CPCs on the adsorbents. 

 

Figure 5.3 Schematic diagram of adsorption behavior study 

In general, desorption processes follow a first-order kinetics with respect to the adsorbed 

species, as expressed in the equation d/dt = kd, where the parameter  is the surface coverage 

and kd is the desorption rate constant. According to the Arrhenius equation, kd = A exp(Ed/RT), kd is a 

function of temperature. When the temperature profile is a linear function of time and heating rate, the 

first-order equation may be integrated as described in Equation 7. 

∫ −
𝑑𝜃

𝜃

𝜃𝑡

𝜃0
=  

𝐴

𝐵
∫ 𝑒𝑥𝑝 (−

𝐸𝑑

𝑅𝑇
) 𝑑𝑇

𝑇𝑡

𝑇0
  (5.7) 

Equation 7 may be integrated and expressed as a linear function in Equation 8. Ed was 

obtained from the slope of the plot of 2ln Tm - ln B versus 1000/Tm. 

2ln 𝑇𝑚 − ln 𝐵  =  
𝐸𝑑

𝑅𝑇𝑚
+

𝐸𝑑

𝐴𝑅
  (5.8) 



 

 

61 

where A is the pre-exponential factor, B is the heating rate (oC/min), and 0 and t are the surface 

coverage at time t = 0 and t, respectively. R is the gas constant (kJ/mol K), T is the temperature (K), 

and Ed is the activation energy for desorption (kJ/mol). The maximum desorption temperatures (Tm) 

were obtained from the thermogram at different heating rates and used to determine the activation 

energy for desorption (Ed) for each adsorbate. 

5.3 Gas sensing study 

5.3.1 Gaseous chlorinated phenol preparation 

The saturator unit consisted of a series of three saturators submerged in the water inside the 

refrigeration unit. N2 gas was used as carrier and diluting gas (Figure 5.4). The first saturator contained 

target chemicals and was connected to the second saturator filled with glass beads for helping gas 

dispersion. The third saturator was a blank saturator used for mixing the evaporated CPs and N2. The 

different concentrations of CPs were prepared by adjusting the N2 flow rate and water temperature to 

control the amount of phenolic compounds and then measured by GC-MS as described earlier. The 

calibration curve of the CPs are shown in Figure A1. When the concentration of CPs became stable, 

the gas was filled into a 3-Liter Tedlar bag for gas sensing application. 

 

Figure 5.4 Schematic diagram of gas saturator unit 
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5.3.2 Gas sensing system setup 

An airtight glass chamber (0.1 L in volume) (Figure 5.5) was equipped with electrical 

feedthrough. The four-point probe (Figure 5.6) was mounted on the top of the sample to make electrical 

contacts and the wires were connected to a Keithley’s Series 2400 SourceMeter Source Measure Unit 

(SMU) used to supply voltage and monitor the values of resistance (Figure 5.7). High-purity air was 

used as the background and purge gas. The flow rate of the gases were controlled by a PC-540 multi-

channel flow controller (MFC) readout power supply (PROTEC Instruments, U.S.A.) equipped with 

2×500 sccm (standard cubic centrimeter per minute) mass flow controllers (Sierra Instruments). The 

SMU was connected to the computer via the USB interface and the data were acquired using National 

Instrument LabVIEW version 2013 program. 

 

Figure 5.5 Airtight glass chamber 
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Figure 5.6 Four-point probe system 

 

 

Figure 5.7 Schematic diagram of the gas sensing system 
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5.3.3 Gaseous chlorinated phenol sensing on acid-functionalized CNT buckypaper 

A four-point probe measurement device was adopted for monitoring the change of resistivity 

of the CNT buckypaper while exposing to air contaminated with a pre-determined concentration of 

target gas in an air-tight glass chamber. Three types of gas (i.e., phenol, 2-chlorophenol and 2,4-

dichlorophenol) were tested in the experiment. The target gases with desired concentrations were 

prepared in the gas saturator unit (Figure 5.4) and were transferred into a 3-Liter Tedlar bag.  

Acid functionalized CNT buckypaper was placed in the gas sensing glass chamber (Figure 

5.5). The four-point probe was mounted on the top of the buckypaper sample to make electrical 

contacts and the wires were connected to the SMU for monitoring the resistance values of the 

buckypaper. The input current was set at 50 mA. High-purity air was used as the background gas a 

flow rate of 300 sccm. When the resistance of CNTs gave constant results (Figure A2), the background 

gas was switched off and the target gas (phenol or 2-chlorophenol or 2,4-dichlorophrnol) in a Tedlar 

bag with pre-defined concentrations was fed into the chamber at a constant flow rate of 300 sccm for 

1 minute. Then air was fed through the chamber to flush the target gas out from the chamber. All 

measurements were taken at room temperature with three replicates and the resistance of CNTs was 

recorded at every 1 second. 

The sensor sensitivity (S) is calculated by using Equation 5.9 (Varghese et al., 2001). 

S (%) = 
𝑅𝑔𝑎𝑠−𝑅𝑎𝑖𝑟

𝑅𝑎𝑖𝑟
 × 100%  (5.9) 

where Rgas is the resistance (Ω) in the presence of a test gas, and Rair is the resistance (Ω) in the 

presence of air.  
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Chapter 6 

Results and discussion: Adsorption and gas sensing studies 

The adsorption capacity of the synthesized CNTs were determined by adsorption isotherm 

experiment and fitted by three isotherm models. The effect of acid functionalization and the influence 

of chlorine functional groups in CPs on acid-functionalized CNTs adsorptivity were studied in 

adsorption behavior experiment. The sensing capability of the acid-functionalized CNT buckypaper 

for gaseous CPs was evaluated, and the results were reported and discussed in this chapter. 

6.1 Adsorption isotherms 

The equilibrium adsorbed amounts of gaseous phenol (P), 2-chlorophenol (2-CP) and 2,4-

dichlorophenol (2,4-DCP) at equilibrium concentrations on acid-functionalized CNTs are shown in 

Figure 6.1. 

 

Figure 6.1 Adsorption equilibriums of gaseous CPs on acid-functionalized CNTs. 

The adsorption capacity of different CPs onto the acid-functionalized CNT buckypaper varies 

with the number of chlorine atoms in the compounds. The results showed that chlorophenols were 

adsorbed better than phenol. The adsorption capacities can be ranked in descending order as 2,4-
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DCP > 2-CP > P. The strong electronegativity of chlorine atoms decreases the electron density of 

benzene ring. The decrease in electron density of benzene ring is believed to enhance the π-π 

electron-donor-acceptor interaction between chlorophenols and the surface of CNTs (Ding et al., 2016). 

The three adsorption isotherm models (Langmuir, Freundlich and Redlich-Peterson isotherms) 

were used to fit the experimental data in this work and the plots fitted by Langmuir, Freundlich and 

Redlich-Peterson models are shown in Figure 6.2 (a)-(c), and the results are summarized in Table 6.1. 

 

 

(a) 

(b) 
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Figure 6.2 Adsorption data fitted with Langmuir (a), Freundlich (b), and Redlich-Peterson 

models (c) 

The Redlich-Peterson isotherm equation provided the best fit in the adsorptions of phenol, 2-

chlorophenol and 2,4-dichlorophenol with α values of 0.86, 1.04 and 0.85, respectively. As α values 

approached 1, the adsorption tended to followed monolayer adsorption of Langmuir. However, the 

results from Redlich-Peterson model could imply that another adsorption mode, multilayer adsorption, 

might occurred at higher concentration range. The correlation coefficients for the Freundlich isotherm 

are significantly less than those of the Langmuir and the Redlich-Peterson isotherms. The results 

showed that adsorption equilibrium data were fitted best with the Langmuir isotherm as the r2 value 

were relatively high. The fitted data showed that the r2 values for the Langmuir isotherm model are 

greater than 0.996, with maximum adsorption capacity calculated from Langmuir equation of 61.35, 

93.46 and 104.17 mg/g for phenol, 2-chlorophenol and 2,4-dichlorophenol, respectively. It is clearly 

observed that the equilibrium adsorption capacity of CPs on the adsorbent increased with increasing 

number of chlorine atoms. The higher adsorption affinity between CPs and the CNTs contributes the 

higher adsorption capacity. 

(c) 
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The adsorption capacity of the acid-functionalized CNT in the present study was compared 

to the previous research in the Table 6.2. The results were in good agreement with other works, even 

though in aqueous phase, that the adsorption capacity increased with increasing of chlorine atoms in 

the compounds. In addition, the acid-functionalized CNTs in this study showed higher adsorption 

capacity than previous works with pristine CNTs and CNTs-COOH.  

Table 6.2 The adsorption capacity of the materials 

Material Phase Chemical 
Adsorption capacity  

(mg/g) 
References 

MWCNTs Aqueous P 64.6 (Dehghani et al., 2016) 

SWCNTs Aqueous 
2-CP 

2,4-DCP 
24.9 
59.9 

(Ding et al., 2016) 

MWCNTs-COOH Aqueous 
P 

3-CP 
14.12 
51.49 

(Tóth et al., 2012) 

MWCNTs-COOH Aqueous 2,4-DCP 24.15 (Kragulj et al., 2015) 

MWCNTs/SiO
2
 Gaseous 

P 
2-CP 

2,4-DCP 

3.12 
13.83 
44.25 

(Tulaphol et al., 2016) 

MWCNTs-COOH Gaseous 
P 

2-CP 
2,4-DCP 

61.35 
93.46 
104.17 

This work 
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6.2 Adsorption behaviors 

6.2.1 Effect of acid functionalization on CP adsorption 

Surface functionalization was expected to enhance the adsorptivity of the adsorbent. In order 

to prove the hypothesis, 2-chlorophenol (2-CP) was selected as a target pollutant in this experiment. 

The 2-CP vapor was adsorbed by the non-modified and the acid-functionalized CNTs. The activation 

energy for desorption of 2-CP were studied by TG/DTG method. The desorption profiles from DTG 

measurement of 2-chlorophenol adsorbed on CNTs under N2 atmosphere are shown in Figure 6.3 (a)-

(b). 

 

 

Figure 6.3 DTG desorption profiles for 2-CP on non-modified CNTs (a) and acid-

functionalized CNTs (b). 

(a) 

(b) 
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It can be seen from the DTG desorption profiles that the peak of desorbed chlorophenol on 

the acid-functionalized CNTs occurred at higher temperature than the non-modified CNTs. The peak 

temperature (Tm) for each heating rate was calculated to determine the activation energy for desorption 

(Ed) of each material. The Ed were found to be 52.3 kJ/mol for the non-modified CNTs and 62.5 kJ/mol 

for the acid-functionalized CNTs. The adsorption behaviors of chlorophenol on both materials were 

higher than 40 kJ/mol which were classified as chemisorpion (Guo et al., 2014). These results 

suggested that carboxyl group on CNTs could enhance the bonding energy between CNTs material 

and the 2-chlorophenol. 

6.2.2 Adsorption behaviors of CPCs on acid-functionalized CNTs 

The activation energy for desorption of the three different target CPCs were studied on acid-

functionalized CNTs by TG/DTG method. The differential thermogravimetric measurements at different 

heating rates of three CPCs are shown in Figure 6.4 (a)-(c). 

 

 

(a) 

(b) 
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Figure 6.4 DTG desorption profiles for (a) P, (b) 2-CP and (c) 2,4-DCP 

 

Figure 6.5 Plots of 2lnTm-lnB versus 1000/Tm 

All phenolic compounds showed a similar pattern where the desorption peaks occurred at a 

higher temperature as the heating rate increased. Figure 6.5 shows the plotted peak temperature (Tm) 

values against the heating rate. 2,4-dichlorophenol possessed the steepest slope, followed by 2-

chlorophenol and then phenol. The Tm for each heating rate was calculated based on Equation 8 to 

determine the activation energy for desorption (Ed) of each compound. The Ed value of each pollutant 

was found to be 56.3, 62.5 and 108.9 kJ/mol for phenol, 2-chlorophenol and 2,4-dichlorophenol, 

respectively. The strong activation energy (Ed values) indicated that the adsorption for all three tested 

(c) 
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CPCs on the MWCNT surfaces were chemisorption type, where the energy involved in the adsorption 

is typically greater than 40 kJ/mol (Guo et al., 2014).  

The results also revealed that the Ed value increased with the presence of chlorine atoms in 

the pollutants. Chlorine atoms have a strong ability to withdraw electron and cause electrons on the 

chloro-substituted benzene rings to be depleted. Therefore, they work as π-electron acceptors that 

interact powerfully with the π-electron-rich of the graphene surface sites of CNTs. Consequently, the 

adsorption of chloroaromatic compounds becomes much stronger. The number of substituted groups 

(nitro and chloro) could have significant effect on the adsorption, indicating that the more groups 

substitution will have higher adsorption affinity (Ding et al., 2016). 

6.3 Gas sensing study 

A p-type semiconductor is a material that have a majority of positives charge carriers. Under 

oxygen ambient, when p-type gas sensor absorbs oxygen ions, the electrons from valence band are 

excited and positive holes are generated on the surface. Consequently, a quantity of charge carriers 

on the surface increase and results in a decrease of the sensor resistance. Conversely, when a p-type 

gas sensor is under the target gas ambient (reducing gas), the negative charges are introduced into 

the material and recombine with the positive holes. As a result, the positive (holes) charge-carrier 

concentration reduces, and leads to an increase of the sensor resistance. The interaction between the 

MWCNT gas sensor and the reducing gas (electron donor) is likely to be a charge-transfer interaction. 

The interaction energy is in between a purely adsorptive process (<40 kJ/mol) and a true covalent 

bond (approximately 300 kJ/mol) (Kolesar and Wiseman, 1989). 

6.3.1 Effect of acid functionalization on CP gas sensing 

The sensitivity of 100 ppm gaseous chlorophenol on two different buckypapers is shown in 

Figure 6.6. Both buckypapers performed rapid detection when chlorophenol gas was introduced into 

the chamber. The acid-functionalized CNT buckypaper showed substantially more sensitive than the 

non-modified one. The carboxylate group on the surface of acid-functionalized CNT could enhance 

the electron transfer rate (Jacobs et al., 2011), resulting in significantly higher resistance change when 

exposed to chlorophenol gas. The signal change was about three times higher while the recovery time 

was slightly longer than that of non-modified CNT buckypaper due to the stronger bonding energy. 
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These results are in good agreement with the results of adsorption behavior test discussed in previous 

section. 

 

Figure 6.6. The sensitivity of 100 ppm 2-chlorophenol 

6.3.2 CPC Gas sensing on acid-functionalized CNT buckypaper 

The performance of acid-functionalized CNT buckypaper gas sensor on the detection of 

phenol, 2-chlorophenol and 2,4-dichlorophenol are shown in Figure 6.7 (a)-(c). The gas sensor 

revealed good sensitivity and fast response to all three gaseous CPCs. Upon gas exposure, the 

resistance of the CNT buckypaper was observed to increase rapidly. The response time of the 

buckypaper was approximately 30 seconds. As the CPCs gas feed was terminated, the increased 

resistance returned to its original value in 300~420 s for all CPCs. The recovery time was slow because 

of the high bonding energy between CNTs and CPCs. However, some researchers found that the 

recovery time can be decreased by increasing carrier gas flow (Jung et al., 2014), heating (Kong et 

al., 2000), and using ultraviolet (UV) light (Li et al., 2003). 
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Figure 6.7 Effect of gas concentration on the resistance of acid-functionalized CNT 

buckypaper (a) phenol (b) 2-chlorophenol and (c) 2,4-dichlorophenol. 
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From the sensor response, the resistance of the acid-functionalized CNT buckypaper 

increased when it was exposed to the CPC gases. It can be concluded that CPC gaseous molecules 

act as electron donors to the CNT gas sensor. A p-type semiconducting CNTs have positive (holes) 

majority charge carriers. The CPC gases donated electrons to the CNT buckypaper causes a reduction 

in the number of holes in active layer. The decrease in charge carrier density then led to an increase 

the distance between valence band and Fermi level. Therefore, the resistance of the device increased 

(Afrin and Shah, 2015). 

 

Figure 6.8 Sensitivity comparison of three CPCs on acid-functionalized CNT gas sensor. 

The sensitivity of the CNT buckypaper is defined as the slope of the dose-response curve 

(y/x), representing sensing response versus the measured concentration curve. Ideally, one would 

like to have the sensitivity to be constant over the dynamic range of the sensor. This would imply a 

linear dose-response curve. The sensitivity of CNT buckypaper was investigated by exposing it to the 

three CPCs with a tested concentration range between 10 and 100 ppm in synthetic air. The calculated 

slope of the curves can be used as an index of sensor sensitivity. The dose-response curves of each 

CPC are shown in Figure A3. The comparison between these three compounds was made to observe 

the sensitivity and selectivity for each compound (Figure 6.8). It can be seen that the acid-

functionalized MWCNT gas sensor responses were linear with respect to analyte concentration (r2 > 

0.99), suggesting a first-order interaction kinetics between the analyte and CNTs. From the slope of 

the lines, it is clear that the sensitivity of acid-functionalized CNT buckypaper on 2,4-dichlorophenol 
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was higher than 2-chlorophenol and phenol gases. The sensitivity values obtained were 13.778×10-4, 

8.835×10-4 and 7.122×10-4 for 2,4-dichlorophenol, 2-chlorophenol and phenol, respectively. It is 

noteworthy that the sensitivity of gas sensor to the target gases increased with an increasing of the 

number of chlorine atoms, which corresponded with the results in adsorption behavior study. The limit 

of detection (LOD) for phenol, 2-chlorophenol and chlorophenol could be estimated by the signal-to-

noise (S/N) method. The magnitude of noise was measured manually from the baseline noise of the 

plot (Figure A4). Generally, an S/N ratio of three is accepted to estimate the LOD of the sensor. The 

LOD of the acid-functionalized CNT gas sensor for phenol, 2-chlorophenol and chlorophenol were 

estimated to be 476, 384 and 246 ppb, respectively. 

In order to evaluate the stability and repeatability of the acid-functionalized MWCNT gas 

sensor, the sensor was exposed to 4 consecutive pulses of 100 ppm 2-chlorophenol. The exposure 

duration was 2 min/pulse and then purging with air for 10 min, repeatedly. Figure 6.9 shows 4 reversible 

cycles of the response curve of the acid-functionalized gas sensor exposed to 2-chlorophenol. The 

sensor showed insignificant change in response recovery time and the sensitivity. The sensor 

responded rapidly in few seconds upon the exposure of the target gas. After the target gas was turned 

off, the resistance of the gas sensor recovered to the initial value in around 8~9 minutes. The deviations 

of sensitivity and the recovery time was 1.7% and 3.9%, respectively. 

 

Figure 6.9 Stability and repeatability of acid-functionalized CNT gas sensor with 4 

consecutive pulses of 2-chlorophenol (2 min/pulse). 
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In addition, the gas sensor was further tested with 8 consecutive pulses of 100 ppm 2-

chlorophenol with 1 min exposure duration for each pulse (Figure 6.10). The sensor showed good 

stability after 8 loops of gas sensing. The sensitivity at 1 min were in range of approximately 0.1679 to 

0.1686 accounted for the deviations of 0.22%. It can be seen that the sensor performed good 

repeatability. 

 

Figure 6.10 Stability and repeatability of acid-functionalized CNT gas sensor with 8 

consecutive pulses of 2-chlorophenol (1 min/pulse). 

6.3.3 Validation of gas sensor 

The CNT gas sensor was validated with 2-chlorophenol with various concentrations in a range 

of 1-118 ppm to investigate the accuracy of the gas sensor. The target gas samples with different 

concentrations were prepared by the gas saturator unit and then prepared gas concentrations were 

confirmed with gas chromatography-mass spectrometry (GC-MS). Figure 6.11 shows the linearly 

adjusted dose-response curve of 2-chlorophenol and the experimental data. The results showed that 

the sensor could detect 2-CP gas concentration as low as 1 ppm. However, the accuracy and precision 

were very low because it nearly reached the limit of detection of the sensor. Furthermore, the accuracy 

and precision of the sensor increased when the concentration of 2-CP were in the range of 24-118 

ppm. The sensor performed acceptably precise detection with the deviations of less than 3%. 
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Figure 6.11 Sensor validation with different 2-CP concentrations 

6.3.4 Study of selectivity 

To investigate the selectivity of the gas sensor, the CNT buckypaper gas sensor was tested 

with various gas species besides chlorophenols such as ethanol, methanol, acetone and toluene at 

100 ppm. Figure 6.12 displays the sensitivity of acid-functionalized CNT gas sensor to each kind of 

gases. 

 

Figure 6.12 Selectivity of the gas sensor to various gases at 100 ppm  
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The results showed that the acid-functionalized CNT gas sensor could not detect three kinds 

of gases i.e. methanol, ethanol and acetone at 100 ppm concentration. However, small detection of 

toluene were observed. This may be due to the π-π stacking from benzene ring in toluene structure 

enhanced the electron transfer between toluene and the gas sensor, and consequently gave better 

sensitivity than other three gases.  

 

Figure 6.13 Selectivity of the gas sensor to various gases at 500 ppm 

Furthermore, when the concentrations of toluene, methanol, ethanol and acetone were 

increased to 500 ppm, the sensor was able to detect all four kinds of gases. The sensitivity to toluene 

was obviously higher than the other three gases due to its aromatic structures. The results implied that 

the adsorption and sensing performance affected greatly by the π-π electron stacking of benzene 

rings in the target compounds and the CNTs. 
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Chapter 7 

Conclusions and recommendations 

7.1 Conclusions 

MWCNTs were successfully synthesized via FCCVD method using ferrocene catalyst. The 

high density growth of the carbon nanotubes indicated the high catalytic activity of the iron catalyst. 

The synthesized MWCNTs were purified by acid treatment and thermal oxidation to remove amorphous 

carbon and residual metal catalyst particles. The purified CNTs were then functionalized with a mixture 

of sulfuric and nitric acid to attach carbonyl functional group (C=O) on to the surface of nanotubes. 

The adsorption isotherms results showed that the adsorption capacity of the adsorbent to the phenolic 

compounds were affected by the number of chlorine atoms in the target pollutants. The adsorption 

experimental data were fitted best with Langmuir model, suggesting monolayer adsorption of CPCs on 

the CNT surface. Maximum adsorption capacity calculated from Langmuir equation were 61.35, 93.46 

and 104.17 mg/g for phenol, 2-chlorophenol and 2,4-dichlorophenol, respectively. Acid 

functionalization of the CNTs was found to enhance the adsorption bonding energy between CNTs and 

chlorophenol. Adsorption behaviors of three CPCs adsorbed on the CNTs were classified as 

chemisorption. Afterwards, CNT buckypaper were prepared by vacuum filtration and utilized as gas 

sensor. The CNT buckypaper responded quickly (several seconds) upon the exposure of the target 

gases and the sensitivity was directly proportional to the degree of chlorination in the target CPCs. The 

CNT buckypaper gas sensor showed good sensitivity to all gaseous CPCs through the concentration 

range of 10-100 ppm. After 4 consecutive cycles test, the CNT buckypaper still gave unchanged 

responses indicating satisfied stability and repeatability. The results suggest that the acid-

functionalized CNT buckypaper is a promising material for a simple detection of CPCs in air. 
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7.2 Recommendations 

Mixed gaseous CPCs should be studied for better understanding on the selectivity of the gas 

sensor. Different response patterns are expected from the different gas mixture. More modification and 

functionalization techniques should be assessed to improve the selectivity of the sensor. The current 

experiments were carried out under the controlled condition (e.g. 25oC, 40-50 %Rh). Different 

operating parameters should be studied. The sensing chamber might be equipped with UV lamp or 

heating system in order to shorten the recovery time of the gas sensor. The four-point probe material 

might be a limitation for very low concentration gas sensing. Switching the other kind of metals (e.g. 

Cu or Ag) which have higher electrical conductivity is expected to increase the signal to noise ratio. 
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Chemicals and materials for Chapter 3 

The chemicals and materials used in this study include: 

Silicon wafer (P-type <100>) from Sumitomo Sitix Corp., Japan. 

Durapore membrane filter (PVDF, 0.45 µm) from Merck Millipore, Ireland. 

Nickel (II) chloride (NiCl2∙6H2O) from Showa Chemical, Japan 

Ferrocene (Fe(C5H5)2, 98%) from Acros Organics, Germany. 

Methanol (CH3OH, 99.8) from Sigma Aldrich, Germany. 

Acetone (CH3COH3, 99.5%) from J.T. Baker, U.S.A. 

Ethanol (C2H5OH, 99.8%) from Sigma Aldrich, Germany. 

TritonTM X-100 from Sigma Aldrich, U.S.A. 

Hydrochloric acid (HCl, 37%) from Sigma Aldrich, Austria. 

Nitric acid (HNO3, >65%) from Sigma Aldrich, Germany. 

Sulfuric acid (H2SO4, 95%) from Sigma Aldrich, Germany. 

Thionyl chloride (SOCl2, 99%) from Merck, Germany 

Ehtylenediamine (NH2CH2CH2NH2, 100%) from J.T. Baker, U.S.A. 

These chemicals were of analytical reagent grade or better and were used as received without any 
further purification. 
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Chemicals for Chapter 5 

Three chlorinated phenolic compounds were used to study the adsorption on the acid-

functionalized carbon nanotubes. The chemicals used in the experiment are listed as follows: 

Phenol (purity 99%) from Sigma Aldrich, U.S.A. 

2-chlorophenol (purity >98%) from Lancaster, England. 

2,4-dichlorophenol (purity 99%) from Alfa Aesar, Great Britain. 

Dichloromethane (purity 99.5%) from Macron Fine Chemicals, U.S.A.  

All chemicals were of analytical reagent grade and were used without further purification. The chemical 

properties are shown in Table A1. 

Table A1 Properties of the chemicals for Chapter 5 

Chemical name Chemical Structure Molecular formula Molecular weight (g/mol) 

Phenol 

 

C6H5OH 94.11 

2-chlorophenol 

 

C6H4ClOH 128.56 

2,4-dichlorophenol 

 

C6H4Cl2O 163.00 

Dichloromethane 
 

CH2Cl2 84.93 
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Figure A1 The calibration curves for phenol (a), 2-chlorophenol (b) and 2,4-dichlorophenol (c) 

 

(a) 

(b) 

(c) 
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Figure A2 Resistance of the CNT gas sensor in background gas 
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Figure A3 Dose-response curves for P, 2-CP and 2,4-DCP 
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Figure A4 Background noise of gas sensor under air atmosphere
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