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A STUDY ON THE ADSORPTION PROPERTIES OF MULTIWALLED 

CARBON NANOTUBES AND THEIR RELATIONSHIP TO APPLICATIONS 

AS VOLATILE ORGANIC COMPOUNDS SENSORS 

ABSTRACT 

In this thesis, a study on the diameter effect of the adsorption properties of Rhodamine 

6G on multiwalled carbon nanotubes is presented. Multiwalled carbon nanotubes with 

diameters between 8 to 50 nm were used. Rhodamine 6G adsorption properties were 

measured based on the time variation of concentration reduction and were fitted to the 

Langmuir, Freundlich and Temkin adsorption models. The values of maximum 

adsorption capacity obtained from Langmuir isotherm equation at 300 K were 222 mg/g 

for ~8 nm and 49.3 mg/g for ~50 nm MWCNTs. Based on the Freundlich model, the 

constant for adsorption capacity for Rhodamine 6G were 146.59 mg/g and 19.70 mg/g 

for MWCNTs for diameter ~8 and ~50 nm, respectively.  The difference indicated 

strong interaction of the dye molecules with the smaller diameter MWCNTs. Also, 

based on all the models, it can be concluded the smallest diameter was the better 

adsorbent compared to the large diameter MWCNTs for the adsorption of R6G since it 

was related with the high specific surface area. Kinetic analysis of the time variation of 

the R6G concentration towards different amounts of MWCNTs were modeled to the 

pseudo first and the second order equations and shown that the adsorption kinetic was 

more accurately represented by a pseudo second-order model with regression value of 

pseudo second-order > first-order model. For vapor sensor, pure MWCNTs (diameters = 

~8, 20-30 and ~50 nm) together with ZnO decorated with MWCNTs (diameter = ~50 

nm) was used as sensor fabricated on printing paper for ethanol and toluene vapor 

sensing. The resistance of the MWCNTs samples on printing paper were 2.06, 0.49 and 

0.30 kΩ for MWCNTs for diameters ~8, 20-30 and ~50 nm respectively. The sensing 

response measured by exposing the samples to toluene vapor at concentrations of 
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between 425 and 4253 ppm yielded sensitivities of 12.73 × 10-5, 7.69 × 10-5 and 2.65 × 

10-5 ppm-1 while for ethanol vapor at concentrations of between 780 and 7804 ppm were 

9.88 × 10-5, 4.39 × 10-5, and 2.88 × 10-5 ppm-1 for MWCNTs for diameters ~8, 20-30 

and ~50 nm respectively. High sensitivity for low diameters can be due to higher 

effective specific surface area afforded higher conductivity by the MWCNTs with 

smaller diameter. 

Keywords: Adsorption, Carbon Nanotubes, Rhodamine 6G, Volatile Organic 

Compounds Sensors. 
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KAJIAN MENGENAI SIFAT PENYERAPAN NANOTIUB KARBON 

MULTIDINDING DAN HUBUNGAN MEREKA UNTUK KEGUNAAN 

SEBAGAI SENSOR KOMPONEN ORGANIK MERUAP  

ABSTRAK 

Dalam tesis ini, kajian mengenai kesan diameter terhadap ciri-ciri penyerapan rodamina 

6G pada nanotiub karbon multidinding dilaporkan. Nanotiub karbon multidinding 

dengan diameter antara 8-50 nm digunakan. Ciri-ciri penyerapan rodamina 6G diukur 

berdasarkan variasi masa terhadap pengurangan kepekatan dan telah disuaikan pada 

Langmuir, Freundlich dan Temkin model penyerapan. Nilai kapasiti penyerapan 

maksimum yang diperoleh dari Langmuir persamaan isoterma pada 300 K adalah 222 

mg/g untuk ~8 nm dan 49.3 mg/g untuk ~50 MWCNTs nm. Dari model Freundlich, 

pemalar untuk kapasiti penyerapan adalah dalam kadar 146.59 mg/g dan 19.70 mg/g 

bagi ~8 nm dan ~50 nm, masing-masing. Nilai pemalar yang tinggi untuk haba 

penyerapan daripada ~8 nm berbanding dengan ~50 nm menunjukkan interaksi kuat 

antara MWCNTs dengan diameter kecil berbanding diameter besar terhadap rodamina 

6G. Dari semua model, dapat disimpulkan diameter yang paling kecil adalah penyerap 

lebih baik berbanding diameter besar untuk penyerapan rodamina 6G kerana ia 

berkaitan dengan luas permukaan tertentu yang tinggi. Analisis kinetic terhadap variasi 

masa dan kepekatan rodamina 6G bagi jumlah MWCNTs yang berbeza dimodelkan 

kepada persamaan pseudo pertama dan peringkat kedua dan menunjukkan bahawa 

kinetik penyerapan diwakili lebih tepat oleh model pseudo kedua dengan regresi pseudo 

peringkat kedua > model peringkat pertama. Untuk sensor wap, MWCNTs tulen 

(diameter = ~8, 20-30 dan ~50 nm) juga dengan MWCNTs (diameter = ~50 nm) 

bertatahkan dengan ZnO akan digunakan sebagai sensor dihasilkan di atas kertas 

percetakan untuk etanol dan toluene wap pengesan. Rintangan daripada MWCNTs 

sampel di atas kertas percetakan adalah 2.06, 0.49 dan 0.30 kΩ untuk MWCNTs bagi 
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diameter ~8, 20-30 dan ~50 nm masing-masing. Tindak balas pengesan diukur dengan 

mendedahkan sampel kepada wap toluena pada kepekatan antara 425 dan 4253 ppm 

menghasilkan sensitiviti 12.73 × 10-5, 7.69 × 10-5 and 2.65 × 10-5 ppm-1 manakala bagi 

wap etanol pada kepekatan antara 780 dan 7804 ppm adalah 9.88 x 10-5, 4.39 x 10-5, dan 

2.88 x 10-5 ppm-1 untuk MWCNTs bagi diameter ~8, 20-30 dan ~50 nm masing-masing. 

Kepekaan yang tinggi bagi diameter rendah boleh disebabkan oleh keberkesanan luas 

permukaan tertentu yang lebih tinggi yang memberikan kekonduksian tinggi oleh 

MWCNTs dengan diameter lebih kecil. 

Kata kunci: Penyerapan, Karbon Nanotiub, Rodamina 6G, Sensor Komponen Organik 

Meruap. 
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CHAPTER 1: INTRODUCTION 

1.1 Overview 

Adsorption is a surface process that occurs at the interface of two phases where 

microscopic species from one phase adheres to the surface of the other. The microscopic 

species can be atoms, molecules, radicals or even clusters. The adsorbed species are 

known as adsorbates which adhered to surfaces of the absorbent. Generally, adsorption 

can occur by physical or chemical forces. Physical adsorption, known as physisorption 

occurred due to the van der Waal attraction between the adsorbates and the absorbent 

surface. The binding energy is normally weak, in the range of thermal energy. In 

adsorption due to chemical process known as chemisorption the binding energy can be 

high, in the range of a few eVs. Here, electronic bonding occurred between the 

adsorbates and the surface of the adsorbent. Chemisorption is common with metallic 

adsorbate surfaces. The chemical reaction can be visualized in simple terms as the 

bonding between adsorbate valence electrons with the free electrons in the metal. As 

such, it is not a purely chemical bond in the sense of ionic or covalent bonding.  A 

related process known as absorption involves the penetration into the pores of 

absorbates which is a macroscopic process. Under many situations, both adsorption and 

absorption may occur for a particular system. The general term to describe the process 

is sorption, which covers both the microscopic and macroscopic processes (Dąbrowski, 

2001).  

In the generalized form, adsorption has been described based on the time evolution 

of the process. These kinetic evaluation average out the reversible processes of 

adsorption and desorption that may have occurred. The significant of the kinetic models 

are that they can be directly verified experimentally. 
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For industrial applications porous adsorbents are desirable due to the significant 

increase in surface area afforded by the pores.  Owing to its superior properties such as 

large specific surface area, highly porous and hollow structure and highly reactive 

surface carbon nanotubes (CNTs) are excellent candidate as adsorbents. A variety of 

adsorption applications used CNTs as adsorbent has been reported. These including 

application in gas molecules adsorbents, removal of different pollutants such as metallic 

ions (Li et al., 2002; Moghaddam & Pakizeh, 2015), synthesized dyes (Gupta et al., 

2013; Wang et al., 2012) and hazardous organic compounds (Shao et al., 2011).  

As adsorbent in sensor materials, CNTs have exhibited good stability in terms of 

chemical and mechanical properties (Saito et al., 1998). A number of researchers have 

utilized CNTs in fabricating a variety of sensors like biosensors (Balasubramanian & 

Burghard, 2006; Yang et al., 2015), electrochemical sensors (Hu & Hu, 2009; Yáñez-

Sedeño et al., 2010) and gas sensors (Cantalini et al., 2003; Rajaputra et al., 2008). The 

selection of sensor based of the CNTs was due to their lower functioning temperatures 

compared to existing semiconducting oxide sensor which required operational 

temperatures in the range of 300 to 600oC to boost up the reaction and gained sensible 

sensitivity. Semiconducting oxide sensors normally have high resistance and this makes 

the sensing integration more complex and pricey (Kohl, 2001). CNTs used as gas sensor 

for NO2 and NH3 have been reported (Kong et al., 2000). The authors reported that the 

conductance value of SWCNTs increased when exposed to NO2 but decreased when 

exposed with NH3. This demonstrates the idea of CNTs application as chemical sensors. 

Specific sensing methods that has been reported which are based on the change of 

resistance (Terranova et al., 2007), capacitance (Chen et al., 2009) and ionization 

potential (Modi et al., 2003). These have been used to study gas sensing properties of 

CNTs.   
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1.2 Objective of this work 

The main objectives of this study are to investigate the adsorption behavior of 

MWCNTs. Adsorption capacity of MWCNTs was studied under two differ parameters 

which are effect of MWCNTs diameter and effect of MWCNTs amounts on the 

adsorption behavior towards R6G molecules in aqueous solution. Experimental 

adsorption behavior was fitted to three well known models, namely the Langmuir, 

Freundlich and Temkin models. The kinetic adsorption behavior was estimated by using 

the pseudo-first-order, pseudo-second order kinetic equations and the intraparticle 

diffusion model. The understanding of the adsorption behavior of the MWCNTS was 

then applied in the relationship between MWCNTS sensors and volatile organic 

compound (VOC).  

In summary, the objectives of the study are as follows; 

(i) To investigate the effect of MWCNTs diameter on adsorption behavior towards 

R6G molecules in aqueous solution. 

(ii) To investigate the sensing properties of MWCNTs toward volatile organic 

compound (VOC) at room temperature. 

(iii) To investigate the relationship of between adsorption properties and applications 

as volatile organic compound (VOC) sensor of MWCNTs. 

 

1.3 Thesis overview  

Chapter 2 of this thesis will give an overview of CNTs in terms of its discovery, 

structure of CNTs, and properties of CNTs which including electrical, optical, 

mechanical and thermal. In this chapter a brief discussion on ZnO nanoparticles and 
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ZnO decorated CNTs synthesis is presented. The applications of CNTs which were 

adsorbent and chemical sensors is examined in this chapter.  

Chapter 3 presents the adsorption properties of R6G on MWCNTs. In this chapter, 

two parameters were analyses. One was the effect of different diameters of MWCNTs 

and another one was the effect of different amount of MWCNTs. The results will be 

discussed in terms of adsorption equilibrium and kinetic behaviour.  

Chapter 4 focused on the studies of pure and ZnO decorated MWCNTs as VOC 

sensor. The VOC that have been used were ethanol and toluene. The results included 

several characterization of the sensor materials used to elucidate the morphological, 

thermal and electrical properties. The sensor response will also be discussed in terms of 

adsorption models as used in Chapter 3.  

Chapter 5 concludes the overall study in this work. To enhance this work, several 

suggestions for further work are also included.   
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CHAPTER 2: LITERATURE REVIEW ON MWCNTS AS VOC SENSOR AND 

ADSORBENT FOR DYE IN AQUEOUS SOLUTION 

2.1 Introduction 

In this chapter a brief overall review of carbon nanotubes (CNTs) is presented. It 

covers the structure of CNTs, the history of CNTs discovery, general CNTs properties 

including electrical, optical, mechanical and thermal properties. Different techniques to 

enhance the dispersion of CNTs are also discussed. In order to improve properties of 

CNTs especially in applications as vapor sensor, metal oxide specifically zinc oxide 

(ZnO) decoration is discussed. ZnO nanoparticles structures are briefly presented in the 

next section followed with the decoration of ZnO on multiwalled carbon nanotubes 

(MWCNTs). The next section is devoted to the applications of CNTs as adsorbent 

materials together with the adsorption equilibrium model and kinetic adsorption models 

in explaining the adsorption mechanism. The literature review section ends by 

describing some applications of CNTs as chemical sensors. 

 

2.2 Carbon nanotubes 

2.2.1 The Structure of CNTs 

CNTs consist of one atom thick layers of graphite known as the graphene sheet. The 

graphene sheet will be scrolled up into smooth and continuous cylinder form with the 

diameter in the range of nanometers (Dresselhaus et al., 2004). Basically there are two 

types of CNTs namely single-walled CNTs (SWCNTs) and multi-walled CNTs 

(MWCNTs) as shown in Figure 2.1. Another form of MWCNTs is the double-walled 

CNTs (DWCNTs) (Aqel et al., 2012). SWCNTs consist only one graphene sheet, while 

DWCNTs consist two layers of graphene sheets and MWCNTs have many layers of 

graphene sheets. 
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Figure 2.1: Structure of SWCNTs (left) and MWCNTs (right). 

 

There are several ways to roll up the sheet and the ways will be determined the 

pattern of the CNTs. This pattern will affect some properties of the CNTs such as 

electrical properties and the position of hexagonal bonding with corresponding 

nanotube axis. 

The CNTs with specific geometry can be described by a combination of integers n 

and m which known as chiral vector, Ch such that; 

   𝑪𝒉 = 𝑛𝒂1 + 𝑚𝒂2 (2.1) 

where a1 and a2 are the two units vectors of the carbon sheet.  The chiral vector goes 

along the edge of the fabricated CNTs (Marinković, 2008). The opening point (tail) and 

the ending point (tip) of the chiral vector are superimposed at which the carbon lattice 

are rolled.   

There are three well defined patterns for nanotube structure which are arm-chair 

nanotube (n = m), zigzag nanotube (n = 0 or m = 0) or chiral nanotube (any other n and 

m) as listed in Figure 2.2, Figure 2.3 and Figure 2.4, respectively (Aqel et al., 2012). It 

is known as arm-chair when the graphene sheet is rolled along the x-axis. The arm-chair 

line moves along continuous hexagon thus dividing them into two even portions. The 
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nanotube shape is similar to the upholstered chair with side support for the arm. The 

vector OA is the chiral vector (x-axis) and the vector OB is the translation vector 

represented as T. The a1 and a2 vectors are the unit vectors and x and y is the Cartesian 

coordinates. The graphene sheet pattern is called as zigzag nanotube when it is rolled 

along the y-axis. Shown in Figure 2.5 are the chiral nanotube generated from other 

chiral vector orientations of rolling graphene sheet.   

 

 

Figure 2.2: (a) Graphene sheet rolled up in the armchair formed. (b) Armchair 
carbon nanotube (n,m) = (5,5) (Dresselhaus et al., 1996). 
 

(a) 

(b) 
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Figure 2.3: (a) Graphene sheet rolled up in the zigzag formed. (b) Zigzag (n,m) = 
(9,0) (Dresselhaus et al., 1996). 

 

 

 

Figure 2.4: (a) Graphene sheet rolled up as chiral nanotube. (b) Chiral (n,m) = 
(10,5) (Dresselhaus et al., 1996). 

 

(a) 

(b) 

(a) 

(b) 
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CNTs can exhibit two different electrical responses which are metallic or 

semiconducting depending on its geometrical structure (Figure 2.5) (Dresselhaus et al., 

1996). The nanotube is metallic if (n-m) is divisible by 3 while become semiconducting 

when (n-m) is not divisible by 3. The CNTs can act as semimetal or zero bandgap 

semiconductors which means that it exhibit metallic properties at some direction and 

change to semiconducting properties at other direction. It was reported the band gap, Eg 

was inversely proportional with nanotube diameter (Eg0.84 eV/d) (Baughman et al., 

2002). SWCNTs have a diameter in the range of 1-2 nm and the lengths from a 

micrometres to several millimetres (Aqel et al., 2012). 

 

Figure 2.5: The CNTs specified using (n, m) notation. The solid dots represent 
semiconducting nanotubes and the hollow dots represent metallic nanotube. 
Zigzag and armchair direction are shown by dotted line (Charlier & Issi, 1998). 

 

2.2.2 History of CNTs 

Carbon in the form of graphite and diamond were discovered in 1779 and 1789, 

respectively. Later it was found that they belonged to the same family of a chemical 

element. It took about 200 years for a new discovery of carbon in 1985 when a new 
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molecule purely made from carbon was discovered by Kroto and his co-workers (Kroto 

et al., 1985). This molecule was known as fullerene and consists of 60 carbon atoms 

that are bonded in pentagons and hexagons structures and was named as the C60.   

However, CNTs were believed to be found as early as 1952 by Radushkevich and 

Lukyanovich (Monthioux & Kuznetsov, 2006) and later by Roger Bacon in the 1960 

where he discovered a strange new carbon filament with straight and hollow tubes with 

diameter <100 nm (Bacon, 1960). In 1972, Baker and his co-researchers successfully 

fabricated small carbon filament with a diameter of 15 nm by using metal as catalyst 

(Baker et al., 1972).  

MWCNTs was discovered accidentally by a group of researchers led by Sumio 

Iijima (Iijima, 1991). They found by using TEM imaging, a material with needle-shaped 

pattern which was deposited on the carbon cathode of an arc discharge while 

conducting a study on fullerenes (Kroto et al., 1985). This material was later named 

carbon nanotubes by Iijima. The first figures from the discovery are shown in Figure 

2.6(a)-(c) (Iijima, 1991).  
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Figure 2.6: (a)-(c) Figures of CNTs found by Iijima in 1991 through transmission 
electron microscope (TEM) (Iijima, 1991). 

 

SWCNTs was independently reported in 1993 with the same arc-discharge technique 

by Bethune with his group (Bethune et al., 1993) and Iijima with Ichihashi (Iijima & 

Ichihashi, 1993).  

 

2.2.3 CNTs properties 

The CNTs have gained great interest by many researchers as promising materials 

both in basic science and novel applications due to their excellent properties. This 

section will discuss the electrical, optical, mechanical and thermal properties of CNTs. 

 

2.2.3.1 Electrical properties 

The diameter and chirality of SWCNTs are the determination factors for the 

conductivity for the CNTs. For CNTs, it can be either metallic or semiconducting. It 

was reported that metallic CNTs can transfer up to 25 µA of current with high current 

(a) (b) (c) 
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density of 109 A/cm2 (Peng et al., 2014) while the maximum current density for copper 

is only 105 A/cm2 (Hong & Myung, 2007). 

The covalent bonded structure of CNTs prevented such breakdown in CNTs wires 

and due to ballistic transport, the intrinsic resistance of CNTs is almost zero. The failure 

condition of CNTs under great current is different from metallic wire conductors. In 

CNTs, the current is carried by the outermost tube layer whereas in metallic wires 

charge travelling throughout the cross-section. (Guldi & Martín, 2010). Therefore in 

MWCNTs, if the current capacity is achieved, only the outer wall of the tube is 

expected to fail and then the current is carried by a new exposed tube layer (Avouris, 

2002; Collins et al., 2001).  On the other hand for regular wire whenever the current 

carrying capacity is reached a complete failure causes the wire to break. 

Bending of CNTs can also affect the electrical properties, for example at twisting 

angle greater than 45°, kink will form at the tube wall and the tube resistance increases 

(Rochefort et al., 1999). The conductivity in MWCNTs is more complex than SWCNTs 

as each of the multiple rolled layers in MWCNTs  can have different electrical  

properties. Doping and annealing have been shown  to change the electrical properties 

of CNTs. Terrones et al. demonstrated that CNTs doped with nitrogen or boron 

exhibited novel electronic properties which is not seen in pure CNTs structure (Terrones 

et al., 2004). The incorporation of other element, for example less than 0.5 % of dopant 

would enhance the electrical conductance but the mechanical properties were not 

affected at all. This is due to the presence of donor for nitrogen-doped and holes for 

boron-doped CNTs, the CNTs surface then become reactive. This reactivity is useful in 

applications as electron emission sources, sensor and nanoelectronics applications. 

Annealing CNTs at 200°C for 10 hours in vacuum will change the semiconducting 
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CNTs to n-type (as-prepared semiconducting CNTs tend to demonstrate p-type 

behaviour) (Guldi & Martín, 2010). 

 

2.2.3.2 Optical properties 

Several characterization have been done in order to examine the optical properties of 

CNTs such as reflective measurement (Bommeli et al., 1996), optical ellipsometry (De 

Heer et al., 1995) and electron energy loss spectroscopy (Kuzuo et al., 1992). It was 

reported by Yang et al. in 2008 that CNTs is the darkest material known when they 

discovered the reflectance of nanotube was ~0.045 % (Yang et al., 2008). It was 

believed that this is due to random scattering which occur on rough tube’s surface 

(Guldi & Martín, 2010). 

It was found from Raman spectroscopy that different radial breathing mode (RBM), 

G and D peaks can change relying on the polarization angle and nanotube axis 

(Murakami et al., 2005; Rao et al., 2000). The degree of alignment of nanotubes can 

also be determined from optical adsorbance due to the dependency of tube adsorption 

on its axis orientation towards incident light polarization (Murakami et al., 2005). The 

value for adsorption coefficient for armchair and zig zag nanotubes was found to be 

different especially for lower energy area. This corresponds to the peak that attributed to 

between π bands (Huaxiang et al., 1994).  

 

2.2.3.3 Mechanical properties 

The covalent bond between the carbon-carbon in CNTs resulted in excellent 

mechanical properties. In terms of tensile strength and elastic modulus, CNTs are the 

strongest and stiffest material compared to other materials such as steels and aluminium 

Univ
ers

ity
 of

 M
ala

ya



 

 14 

(Fischer, 2006; Guldi & Martín, 2010). The individual SWCNTs give an excellent 

bending behaviour without breaking or suffering big transverse deformation (Falvo et 

al., 1997; Yakobson, 1998) and CNTs returned to their original form once the force is 

removed.  

 CNTs are also light weight with density of 1300-1400 kg/m3 compared to diamond 

which has comparable mechanical properties (Collins & Avouris, 2000; Guldi & 

Martín, 2010). Because of this, many future applications such as automotive 

manufacturing where CNTs can be used in composite for lighter and stronger body 

parts for better fuel utilization in automobiles. The specific strength for CNTs at 48 000 

kNmkg-1 is higher than carbon steel which is about 154 kNmkg-1 (Fischer, 2006). 

The mechanical properties of CNTs depend on the tube diameter and from 

simulation and experimental analysis showed that the reducing of tube diameter 

enhanced the elastic modulus value. In 2006, Huang and co-workers studied that 

SWCNTs at room temperature and 2000 °C have maximum tensile strain of 5-15 % and 

280 %, respectively before mechanical failure (Huang et al., 2006). 

CNTs will buckle under compression and bending pressure. This is caused by the 

high aspect ratio and its hollow structure (Jensen et al., 2007). Popov et al. have found 

that the SWCNTs was able to hold a pressure of up to 24 GPa without any change in 

shape and structure (Popov et al., 2002). They also evaluated that the bulk modulus of 

462-546 GPa which were higher than that for diamond (420 GPa). 

 

2.2.3.4 Thermal properties 

From simulation methods, it has been estimated that thermal conductivity of CNTs 

ranged from 1000-6600 Wm−1K−1 and are  higher than that of graphite or diamond 
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(Berber et al., 2000; Osman & Srivastava, 2001). From experiments thermal 

conductivity of SWCNTs at room temperature were measured in the range of 200-300 

Wm−1K−1 (Hone et al., 2002; Yang et al., 2002). This might be due to the existence of 

defects in the surface of CNTs in real samples. Another measurement reported that the 

thermal conductivity for MWCNTs and SWCNTs at room temperature were 3000 

Wm−1K−1 and 3500 Wm−1K−1, respectively (Pop et al., 2006). This value was greater 

than copper (385 Wm−1K−1). This means CNTs are superior for many applications such 

as in cooling of integrated circuit where fast dissipation of heat is required (Cao et al., 

2001). 

It was reported that the temperature stability of CNTs in vacuum and air is about 

2800 °C and 750-900 °C, respectively (Thostenson et al., 2005). The specific heat of 

bundled SWCNTs at room temperature was close to that of bulk graphite (600 mJg-1K-

1) (Hone et al., 2002). 

 

2.3 Agglomeration of CNTs 

In nature, the CNTs will mostly be present in bundled form. Highly entangled CNTs 

which are difficult to disperse will reduced performance below the theoretical 

assumptions. In order to maximize the CNTs dispersion much effort has been invested.  

Different techniques including mechanical treatments and chemical functionalization 

have been reported to dispersing the CNTs. 

Mechanical treatment for dispersion of the CNTs includes high power sonication (Yu 

et al., 2007), shear mixing (Baskaran et al., 2005), ball milled (Dyke & Tour, 2003), and 

magnetic stirring in organic or highly polar solvents (Bystrzejewski et al., 2010). Even 
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though these techniques can be used to dispersed the CNTs, however they can also 

cause CNTs to break and will reduce their aspect ratio (Vaisman et al., 2006). 

There are two methods for chemical functionalization of CNTs which are covalent 

and non-covalent methods. There are two ways of covalent functionalization of CNTs 

which are functionalized at ends tube of CNTs or defects or functionalized at sidewalls 

of CNTs. The functionalization of ends and defect sites of the CNTs can only occurred 

when acids are used in CNTs purification and opening. In order to achieve this process, 

strong acids like HNO3 (Tsang et al., 1994), HNO3+H2SO4 (Dujardin et al., 1998) and 

H2SO4+KMnO4 (Hiura et al., 1995) have been used resulting formation of carboxyl and 

other groups to functionalize the ends and defect sites of CNTs. The functionalization of 

CNTs sidewalls can be only happening if a highly reactive reagent is used. Processes 

including fluorination (Mickelson et al., 1998), addition of carbenes (Holzinger et al., 

2001), addition of nitrenes (Holzinger et al., 2003) and addition of radicals (Peng et al., 

2003) have been reported.  

The interaction of non-covalent happens through adsorption of the chemical moieties 

onto the CNTs surface, either via π–π stacking interaction can form between chemical 

moieties and the graphitic sidewalls of the CNTs or through coulomb attraction for the 

situation of charged chemical moieties. The examples of non-covalent technique to 

dispersed CNTs are using surfactants (Di Crescenzo et al., 2014) and polymers (Bilalis 

et al., 2014). The polymer chains will wrapped around the CNTs surface while the 

surfactant molecules will be adsorbed on the surface of CNTs and make it soluble in 

aqueous or organic solvents.  

Fujigaya and Nakashima had summarized the polymer wrapping on the surface of 

CNTs using π-conjugated polymers, aromatic polymers, non-aromatic polymers, 

cationic polymers and block polymers (Fujigaya & Nakashima, 2015). Example of 
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dispersing CNTs by a π-conjugated polymer in solvents was carried out using poly(p-

pheny-lenevinylene) derivatives (PPVs) as the polymer dispersant (Coleman et al., 

1998). They found that the dispersion was stable up to three days before some of the 

soot start to precipitate. Polyimide was in the group of aromatic polymers used in 

polymer wrapping of CNTs surfaces. In 2006, Shigeta et al studied the solubilization of 

SWCNTs using totally aromatic polyimide (Shigeta et al., 2006). From visible-near IR 

absorption and near-IR fluorescence spectroscopy, they concluded that aromatic 

polyimides carrying sulfonate were highly capable of solubilizing a large amount of 

SWCNTs in solution. Poly(methyl methacrylate) (PMMA) (Baskaran et al., 2005) and 

poly(vinyl alchohol) (PVA) (Zhang et al., 2003) are examples for non-aromatic 

polymers used in wrapping SWCNTs. Dispersion using these types of polymers 

depended on the CH–π interaction between CH bonds of polymers and π bonding of 

CNTs. Polymers such as poly(diallyldimethylammonium chloride) (PDDA) (Leubner et 

al., 2012) and polyaniline (PANI) (Yan et al., 2007) are classified as cation polymers 

through interaction of the π-π stacking with CNTs surfaces. Kang and Taton have 

demonstrated the dispersion of SWCNTs using polystyrene-b-poly (acrylic acid) (PS-

PAA) in dimethylformamide (DMF) solution (Kang & Taton, 2003). This is an example 

of using block polymer technique for CNTs dispersion.   

The used of surfactants to disperse CNTs have great advantages because they can be 

easily removed from the system. From the beginning until now, a variety of choices of 

surfactants have been applied to disperse CNTs such as sodium dodecyl 

benzenesulfonate (SDBS) (Islam et al., 2003), dodecyl trimethylammonium bromide 

(DTAB) (Whitsitt & Barron, 2003), hexadecyltrimethylammonium bromide (CTAB) 

(Ryabenko et al., 2004), octyl phenol ethoxylate (Triton X-100) (Wang et al., 2004a) 

and sodium dodecyl sulfate (SDS) (Yu et al., 2007). 

Univ
ers

ity
 of

 M
ala

ya



 

 18 

The dispersion of CNTs by covalent functionalization was reported to have good 

stability compared to non-covalent functionalization. However, chemical and electrical 

properties will be affected by the covalently attached moieties (Bystrzejewski et al., 

2010). 

Varieties of approaches have been made by the researchers in order to optimize the 

dispersion of CNTs. This was including either a single or combination technique of 

mechanical and chemical functionalization. Every technique has their owned 

advantages and disadvantages. It was depends on the researcher to choose the suitable 

technique based on their applications and experimental requirement.   

 

2.4 ZnO nanoparticles 

Zinc oxide (ZnO) is an intrinsically semiconducting material with direct band gap 

3.37 eV at room temperature and high exciton energy 60 meV with piezoelectric, and 

pyroelectric properties (Wang et al., 2004c). ZnO is also a unique metal oxide that can 

be grown into various shape and size including highly ordered nanowire arrays 

(Subannajui et al., 2012), tower-like structures (Wang et al., 2007), nanorods (Bhat, 

2008), nanobelts (Xing et al., 2010), nanosprings (Gao & Wang, 2005), nanocombs 

(Pan et al., 2005), and nanorings (Kong et al., 2004). Some of these structures are 

shown in Figure 2.7. ZnO has the widest range of morphology for many applications in 

the field of optoelectronics, sensors, transducers, and biomedical science. 
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Figure 2.7: ZnO with various shape; (a) nanocombs (Pan et al., 2005), (b) nanorods 
(Bhat, 2008), (c) nanobelts (Xing et al., 2010) and (d) flowers like structures (Sun et 
al., 2012). 

 

ZnO crystals can be in the form of wurtzite, zinc blende, and rocksalt (Rochelle salt) 

as shown in Figure 2.8(a), (b) and (c), respectively. The wurtzite structure are formed 

under room temperature and normal pressure while zinc blende must grow on cubic 

substrates to form stable structure and Rochelle salt can be obtained at very high 

pressure. 

For a wurtzite crystal structure, ZnO has shape of hexagonal closed packed of O and 

Zn atoms in space group P63mc in the Hermann-Mauguin notation and 𝐶6𝑣
4  in the 

Schoenflies notation with Zn atoms in tetrahedral sites (Kathalingam et al., 2015). The 

existent of inherent asymmetry along the c-axis in ZnO is due to wurtzite structure does 

not has center of inversion which means the anisotropic growth of the crystal occur 

(a) (b) 

(c) (d) 

500 nm 
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along the [001] direction (Chen & Lo, 2011). In chemical solution mechanism growth, 

there is a possibility to create OH- and Zn2+ ions at the same time in the solution 

regardless of the precursors. A very well deformed of ZnO nuclei can only be generated 

impulsively in the aqueous complex solution when the concentrations of Zn2+ and OH- 

ions achieved critical value for the supersaturation of ZnO. Afterwards, the ZnO 

nucleated organized into energy minimizing hexagonal wurtzite structure.  

 The zinc blende structure of ZnO can be stabilized only by epitaxial growth on cubic 

substrates such as ZnS (Catti et al., 2003), GaAs/ZnS (Ashrafi et al., 2000), and 

Pt/Ti/SiO2/Si (Chichvarina et al., 2015). The symmetry of the zinc blende is given by 

space group 𝐹43𝑚 and 𝑇𝑑
2 in the Hermann-Mauguin and Schoenflies notation, 

respectively (Morkoç & Özgür, 2009). The zinc blende consists of two interpenetrating 

face-centered cubic (fcc) sublattices varied along the body diagonal by 25% of the 

length of the body diagonal.  

ZnO can also be in the rocksalt or Rochelle salt structure at at relatively modest 

external hydrostatic pressures. This is due the decreases of the lattice dimensions 

produce from interionic Coulomb interaction to support the iconicity compared to 

covalent nature. The rocksalt have six fold coordinated structure and the space group 

symmetry is known as Fm3m in the Hermann–Mauguin notation while 𝑂ℎ
5 in the 

Schoenflies notation (Morkoç & Özgür, 2009). Univ
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Figure 2.8: ZnO crystal structures: (a) cubic rocksalt, (b) cubic zinc blende and (c) 
hexagonal wurtzite. Shaded gray and black spheres indicate Zn and O atoms, 
respectively (Morkoç & Özgür, 2009). 

 

2.5 ZnO Nanoparticles decorated CNTs 

As discussed earlier, CNTs have gained much attention for their unique structures, 

absolute mechanical and electrical which brings to potential materials in many 

applications (Kim, 2006; Peng et al., 2014; Zare et al., 2015). Several researches have 

demonstrated enhancement of CNTs optical and electrical properties. These processes 

involved the modification the CNTs using other materials such as metal (Azamian et al., 

2002; Kim et al., 2006a; Kim et al., 2006b) and semiconductor nanocrystals (Haremza 

et al., 2002; Švrček et al., 2006).  

ZnO has appeared to be prospective materials to decorate with CNTs since it was 

used in various applications such as chemical and biological sensors (Özgür et al., 

2005), photodetectors (Law & Thong, 2006), optical switches (Kind et al., 2002), 

optically pumped lasers (Huang et al., 2001) and field effect transistors (Ju et al., 2007). 

This is due ZnO having a wide band gap which is ~3.4 eV, huge exciton binding energy 

(~60 meV) and is easy to produce.  

(a) (c) (b) 

Univ
ers

ity
 of

 M
ala

ya



 

 22 

A few techniques have been demonstrated by other researchers to decorate ZnO 

nanoparticles with CNTs. Wang and his group have fabricated MWCNTs with ZnO 

decoration by using ZnCl2 (Wang et al., 2008). In order to produce the carboxyl groups 

(-COOH), they treated MWCNTs with HNO3. After that, the MWCNTs was soaked 

into ZnCl2 and NH3.H2O solution. Through chemical reaction between NH3.H2O and 

ZnCl2, they found the Zn(NH3)4
2+ was produced. After that, the carboxyl groups from 

MWCNTs reacted with Zn(NH3)4
2+ and gave CONH-Zn(NH3)3

2+ as results. The ionic 

CONH-Zn(NH3)3
2+ was  reduced throughout the soaked time  leading to the formation 

of ZnO nanoparticles on the MWCNTs surfaces.   

In 2009, Fang and coworkers fabricated ZnO/MWCNTs by suspended the MWCNTs 

and ZnO in dimethylformamide solution followed by sonication to disperse the 

materials (Fang et al., 2009). They found that the combination of ZnO and MWCNTs 

fabricated was applied as efficient amperometric sensors for the detection of hydrazine. 

Another technique that have been used to synthesis ZnO/CNTs was direct mixing 

followed by centrifuged with different solvents such as diethylene glycol, ammonia and 

deionized water as demonstrated by many researchers (Sui et al., 2013; Wayu et al., 

2013). The interaction of ZnO and CNTs was accomplished with the existent of binder 

such as polyethyleneimine (Sui et al., 2013).  

 

2.6 Adsorption properties of CNTs 

CNTs have gain great attention for environmental applications especially in water 

treatment. This was due to the potential of CNTs or CNTs based composites as 

adsorbent of dyes. Several examples involving CNTs as dye remover is summarized in 

Table 2.1. 
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A study to investigate adsorption efficiency of CNTs towards Procion Red MX-5B at 

various pHs and temperatures (Wu, 2007) found that the adsorbed dosage increased 

with amount of CNTs but the adsorption capacity initially increased with amount of 

CNTs (<0.25 g/l) and then reduced as the amount of CNTs increased further (>0.25 g/l). 

They determined the free energy of adsorption (ΔGo), enthalpy (ΔHo) and activation 

energy (Ea) and proposed that the adsorption of Procion Red MX-5B on CNTs was 

predominantly by physisorption. 

The removal of safranine O (SO) by using activated carbon (AC), MWCNTs and 

cadmium hydroxide nanowire loaded on activated carbon (Cd(OH)2- NW-AC) was 

reported by Ghaedi and co-workers (Ghaedi et al., 2012). Several parameters such as 

pH, temperature, concentration of the dye, amount of adsorbents, and contact time on 

the SO adsorption efficiency for all adsorbents were investigated. The experimental data 

was correlated for all adsorbents with adsorption models like Langmuir, Freundlich, 

Temkin, and Dubinin–Radushkevich. From the models, they discovered that adsorption 

of SO on all adsorbents was endothermic and feasible in nature. From kinetic analysis 

of the adsorption process, they have suggested the adsorption process was best fitted to 

the pseudo-second-order kinetics which means there was involvement of particle 

diffusion mechanism. 

The efficiency of MWCNTs as adsorption material for Acid Red 18 solution has 

been examined (Shirmardi et al., 2012). They conducted the experiment by varying 

parameters such as contact time, pH, adsorbent dosage, and initial dye concentration. 

They discovered that the rate of dye adsorption increased when the amount of adsorbent 

increased but the dosage of adsorbed dyes per mass unit of adsorbent reduced. From 

experiment involving pH, they found that the best pH was acidic with value of pH equal 

to 3. They also fitted their experimental data with adsorption models and suggested that 
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this experiment was best fitted to the Langmuir model (R2=0.985) and maximum 

adsorption capacity obtained was 166.67 mg/g. From kinetic model they estimated that 

this experiment was best fitted to the pseudo second order which the correlation 

coefficient value, R2 equal to 0.999. 

Yao and co-workers studied the effect of temperature towards adsorption of 

methylene blue (MB) dye solution by using CNTs as adsorbents (Yao et al., 2010). 

They analyzed experimental data with two adsorption models which were the Langmuir 

and the Freundlich models and found that the Langmuir model gave better fitting 

compared than the Freudlich model. They also examined the adsorption in kinetic 

analyses by using pseudo-first and second-order models and the intraparticle diffusion 

model. Based on the regression results, they claimed that the adsorption kinetics was 

more accurately represented by the pseudo-second-order model. From negative values 

of ΔGo obtained, they suggested that adsorption of MB on CNTs was a spontaneous and 

endothermic process.   

Shahryani and his teams reported experimental results for the adsorption of MB dye 

solution by using CNTs (Zohre et al., 2010). They studied different parameters such as 

temperature, initial dye concentration, CNTs dosage, and pH. From their results, they 

proposed the removal of MB dye was enhanced with the increasing initial concentration 

of MB dye, amount of CNTs and temperature. From the experiment they found that the 

optimum amount of CNTs to adsorb 90% of MB dye solution is 400 mg L-1. They also 

claimed the adsorption process was best described by the pseudo-second-order kinetic 

model and the Sips model. 

Rodrígyez et al. investigated the effect of cationic dye (MB) and anionic dye (orange 

II (OII)) on MWCNTs and carbon nanofibers (CNF) as adsorbents (Rodriguez et al., 

2010). Several parameters were investigated such as pH, temperature and surface 
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modification of adsorbent. They found that optimum pH of OII and MB removed by 

MWCNTs were at 3 and 7, respectively while maximum removals by CNF were 

achieved at pH 9 and 5 for OII and MB, respectively.  They found that the equilibrium 

data for both dyes and adsorbents were best described by Langmuir model. They 

concluded that both MWCNTs and CNF can be used as adsorbents for cationic or 

anionic dyes solution.  

MWCNTs and powdered activated carbon (AC) have been used to remove Reactive 

Red M-2BE textile dye from aqueous solutions by Machado and co-workers (Machado 

et al., 2011). For their experiment several parameters had been varied such as pH, 

shaking time and temperature on adsorption capacity. They found for MWCNTs and 

AC, the adsorption of dye was favorable in acidic pH region which is at pH 2. For 

kinetic model, they discovered the Avrami fractional-order gave the best fit to the 

experimental data compared to other kinetic models while for equilibrium model, the 

best fitted was found to the Liu model.  
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Table 2.1: Dye adsorption of CNTs. 

CNTs Treatment Dye adsorbed qe (mg/g) Reference 

MWCNTs  
Procion red MX-

5B  
44.68 (Wu, 2007)  

MWCNTs HCl Safranine O 43.48 (Ghaedi et al., 2012)  

MWCNTs  Acid red 18 166.67 (Shirmardi et al., 2012)  

CNTs  Methylene blue 64.7 (Yao et al., 2010)  

MWCNTs  Methylene blue 132.6 (Zohre et al., 2010)  

MWCNTs  
Orange II, 

Methylene blue 

66.12,  

54.54 
(Rodriguez et al., 2010)  

MWCNTs  
Reactive red M-

2BE  
335.7 (Machado et al., 2011)  

qe = maximum adsorption capacity 

 

2.6.1 Adsorption equilibrium models 

In this study, equilibrium data were modeled using the Langmuir (Langmuir, 1918; 

Patiha et al., 2016), Freundlich (Freundlich, 1906) and Temkin (Temkin & Pyzhev, 

1940) models. The different models are described in the next section. 

 

2.6.1.1 The Langmuir model 

The Langmuir model can be expressed by the following equation: 

 

eL

eL
me Ck

Ck
qq




1  

(2.2) 

Langmuir adsorption parameters were determined by transforming the Langmuir 

Equation 2.2 into linear form: 
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eLmme Ckqqq
111



 

(2.3) 

or in another linear form: 

 

Lmm

e

e

e
kqq

C
q
C 1



 

(2.4) 

where qe (mg/g) is the quantity of substance adsorbed per gram of adsorbent, Ce (mg/L) 

is the equilibrium concentration of adsorbates in solution, kL (L/mg) denotes the 

Langmuir constant that relates to the affinity of binding sites and qm (mg/g) is a 

theoretical limit of adsorption capacity when the monolayer surface is fully covered 

with adsorbate molecules. 

The model was based on Irving Langmuir who suggested the behavior of adsorption 

of gases on solid surfaces as a chemical phenomenon (Langmuir, 1918). Even though in 

the original model the mechanism aspects of the adsorption process were not discussed, 

it provided information regarding the uptake capabilities and the efficiency of the 

general equilibrium adsorption process. Other assumptions were as followed: 

(1) Number of adsorption sites was fixed and for any temperature and pressure a 

portion of surface sites, θ is occupied by adsorbed molecules and the available 

sites are 1-θ. 

(2) The probability of adsorption on all unoccupied sites is equal. 

(3) Only one adsorbate molecule adsorb with one unoccupied site. 

(4) There is no interaction between adsorbed molecules with each other. 

Another parameter that can be determined from this model is the separation factor or 

equilibrium parameter written as RL.  With this parameter the feasibility or favorability 

of adsorption in a given concentration towards adsorbent can be estimated (Hall et al., 

1966). It is written as follows; 
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oL
L Ck

R



1

1

 

(2.5) 

where kL is the Langmuir adsorption constant (L/mg) and Co is the initial substance 

concentration. From this relation, it was established that (Hall et al., 1966): 

(1) 0 < RL < 1 for favorable adsorption;  

(2) RL > 1 for unfavorable adsorption;  

(3) RL = 1 for linear adsorption; and 

(4) RL = 0 for irreversible adsorption. 

 

2.6.1.2 The Freundlich model 

The Freundlich model also known as Halsey-Taylor has the following mathematical 

form: 

 n
eFe Ckq 1  

(2.6) 

Adsorption parameters for Freundlich model were determined by transforming the 

Freundlich Equation 2.2 into linear form: 

 
eFe C

n
kq log1loglog 

 

(2.7) 

where qe is the quantity of substance adsorbed per gram of adsorbent (mg/g); kF and n 

are the Freundlich constants, which represent the adsorption capacity and the adsorption 

strength or feasibility, respectively.  

The magnitude of n expressed the favourability or feasibility of adsorption and the 

degree of heterogeneity of the adsorbent surface which describes as (Sun et al., 2013): 
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(1) If n = 2-10 then the adsorption is good. 

(2) If n = 1-2 then the adsorption is moderately difficult. 

(3) If n < 1 then the adsorption is poor. 

n has an asymptotic value if the increment of pressure is without bound. The 

constants kF and n changed with increasing temperature. This is in line with empirical 

observation which is the amount of adsorbed increase slower and more pressure needed 

in order to achieve saturated on the surface (Rosa et al., 2008).   

 

2.6.1.3 Temkin model 

This model which also known as Slygin-Frumkin and have a factor that clearly about 

interactions between the adsorbate and the adsorbent. This model proposed by 

disregarding value of concentrations, that the heat of adsorption of all molecules in the 

layer would reduce relatively linear than logarithmic with coverage (Aharoni & 

Ungarish, 1977). 

As implied in the equation, the derivation is described by a similar distribution of 

binding energies  which can be up to some optimum binding energy was carried out by 

plotting the amount of adsorbed qe against ln Ce and the constants were determined 

from the slope and intercept. The model is given by the following equation (Temkin & 

Pyzhev, 1940): 

 
 eT

T
e Ck

b
RTq ln

 

(2.8) 

 
;lnln e

T
T

T
e C

b
RTk

b
RTq                 

T
T b

RTB   (2.9) 
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 eTTTe CBkBq lnln   
(2.10) 

where R is a universal gas constant (8.314 J/mol/K), T is an absolute temperature (K), kT 

is the equilibrium binding constant (L/mol) corresponding to maximum binding energy, 

bT is a Temkin isotherm constant and BT (J/mol) is a constant related to adsorption heat. 

 

2.6.2 Kinetic Adsorption Model 

Adsorption is a method regarding the transformation of molecules from solution to 

the adsorbent surface. The transient behavior of the adsorption can be determined by 

using several kinetic models such as pseudo-first-order, pseudo-second-order and 

intraparticle diffusion models. 

 

2.6.2.1 Pseudo-first-order Kinetic Model 

The pseudo-first-order kinetic model can be represented by the following Lagergren 

rate equation:  

 
 te

t qqk
dt

dq
 1

 

(2.11) 

Integrating this equation for the boundary conditions t = 0 to t = t and q = 0 to q = qt, 

gives: 

     tkqqq ete 1lnln   
(2.12) 

where qe and qt are the quantity of substance adsorbed (mg/g) at equilibrium and at 

contact time t (min), respectively and k1 is the pseudo-first-order rate constant (min−1).  

 

Univ
ers

ity
 of

 M
ala

ya



 

 31 

2.6.2.2 Pseudo-second-order Kinetic Model 

The pseudo-second-order equation based on adsorption equilibrium capacity can be 

expressed as: 

 
 22 qqk

dt
dq

e 
 

(2.13) 

Rearranging the variables in Equation 2.13 gives: 

 

 
dtk

qq
dq

e
22 

  

(2.14) 

Taking into account, the boundary conditions t = 0 to t = t and q = 0 to q = qt, the 

integrated linear form of Equation 2.14 can be rearranged to determine: 

 

ee q
t

qkq
t

 2
2

1

 

(2.15) 

where qe (mg/g) and q (mg/g) are the quantity of substance adsorbed onto adsorbent at 

equilibrium and at various times, t (min), and k2 is the rate constant of the pseudo 

second-order model for adsorption (mg/g min) (Mall et al., 2006; Wu, 2007). The slope 

and intercept of the linear plot of t/q as a function of t yielded the values of qe and k2. 

Moreover, the initial adsorption rate, h (mg/g min) can be calculated using the equation: 

 2
2 eqkh   

(2.16) 

 

2.6.2.3 Intraparticle diffusion Kinetic Model 

The adsorption in porous solids can be classified into three phase if motion of 

substance from bulk liquid to liquid film that only around the adsorbent is ignored 

(Rengaraj et al., 2004):  
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(1) Film diffusion or boundary layer diffusion or outer diffusion is external 

molecules transfer of adsorbate through the liquid phase to the adsorbent outer 

surface. 

(2) Intraparticle diffusion or inner diffusion is phenomenon where molecules from 

the adsorbate transfer to the pores or capillaries of the adsorbent internal 

structure. 

(3) Adsorption occurs only on the active sites which can either be on the inner or 

the outer of adsorbent surfaces. 

Overall rate of adsorption system was determined from the slowest steps. The last 

step is not being taken into account as rate limiting step due to very rapid process. 

Commonly, rate of adsorption is ruled by film diffusion or intraparticle diffusion or 

both. The intraparticle diffusion model was evaluated to explain the diffusion 

mechanism because the pseudo first-order and pseudo second-order did not 

distinguished the diffusion mechanism. This model was derived by Weber and Morris 

in 1963 which is expressed as (Weber & Morris, 1963): 

 Ctkq it  21  (2.17) 

where C is the intercept and ki is the intraparticle diffusion rate constant (mg/mg min0.5), 

which can be estimated from the slope of the linear plot of q versus t1/2 (Mall et al., 

2006; Wu, 2007). If the regression of q versus t1/2 is linear and passes through the origin 

(intercept equal to zero), then intraparticle diffusion is the only rate-limiting step 

(Kannan & Sundaram, 2001; Özcan & Özcan, 2005). 
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2.7 Chemical Sensing Properties of CNTs 

Since the year 2000, the potential for CNTs chemical gas sensing applications has 

attracted extensive research effort for three significant reasons. First, CNTs are surface 

reacting materials, i.e., they are composed entirely of surface atoms where adsorbed gas 

molecules can dramatically change CNTs electrical properties at room temperature. 

Next, the ballistic electronic transport along the CNTs axis provides excellent 

transmission of the altered electrical signal to the external contact. Third, the long-term 

performance of CNTs based sensor may be stable due to their chemically robust 

graphitic surface. CNTs for gas sensing at room temperature are of great interest 

because most currently available sensors operate at elevated temperatures. A brief 

review of research on CNTs for gas sensing is given in this section. Due to the nature of 

this research, the discussion will focus on non-functionalized as-grown CNTs based gas 

sensors and conductance-based detection vapor sensors. 

The pioneer works by Kong, et al. (Kong et al., 2000) and Collins, et al. (Collins et 

al., 2000) were the first to report that the adsorption of certain gas molecules can 

dramatically change the electrical conductance of SWCNTs. Kong and coworkers 

investigated individual p-type semiconducting SWCNTs as a resistive sensor for NO2 

and NH3 detection at room temperature in air or argon. They exhibited that conductivity 

of SWCNTs with p-type will be raised and reduce when exposed to oxiding agent or 

electron acceptor  (NO2) and reducing agent or electron donor (NH3), respectively 

(Kong et al., 2000). They estimated the lowest detection of SWCNTs to be ~2 ppm for 

NO2 and ~0.1% for NH3. They also discovered recovery time of the sensor to be 12 

hours and it was significantly reduced by heating the sample in air at 200 ºC (Kong et 

al., 2000).  
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Using transport measurement and scanning tunneling spectroscopy, Collins and 

coworkers demonstrated that the electrical resistance, thermoelectric power and local 

density of states of SWCNTs is sensitive to air or oxygen exposure. By alternating the 

medium between air (or oxygen) and vacuum, a reversible change in SWCNTs 

resistance was observed (Collins et al., 2000). They attributed this variation in 

resistance to the charge transfer between adsorbed oxygen molecules and SWCNTs. 

However, in order to fully recover, the sample had to be heated above 110 ºC for 

several hours in vacuum for oxygen to be desorbed (Collins et al., 2000). The authors 

also suggested that any intrinsic properties measurement on as-prepared CNTs could be 

compromised by extrinsic air exposure (oxygen exposure). Therefore they claimed that 

the electronic properties of a given nanotube are not only specified by its chirality and 

diameter but also depend on gas exposure history. 

Li, et al. investigated SWCNTs based sensor for the detection of NO2 and 

nitrotoluene vapors at room temperature (Li et al., 2003). Randomly orientated 

SWCNTs were dispersed in dimethylformamide (DMF) and drop-deposited on a sensor 

platform with interdigitated electrodes patterned on top. The SWCNTs sensor 

responded in seconds to the presence of NO2 within the concentration range of 6-100 

ppm while pure nitrogen was used as carrier gas for dilution and purging. The 

conductance of the SWCNTs sensor was increased significantly by exposure to the 

oxidizing agent NO2. Due to the high bonding energy between SWCNTs and NO2, the 

sensor recovered slowly with a recovery time on the order of 10 hours, which is 

consistent with the results reported by other researchers (Kong et al., 2000). Jing Li and 

coworkers applied ultraviolet (UV) light illumination during recovery and successfully 

accelerated the recovery time to 10 min (Kong et al., 2000; Li et al., 2003). They 

reported that the UV illumination lowered desorption energy barrier of CNTs thus 

facilitating the NO2 desorption.  
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Chen, et al. were the first to discover the photo-induced molecular desorption in 

molecule-CNTs systems (Chen et al., 2001). They found that UV light induced 

desorption of oxygen, NO2, and NH3 molecules can drastically alter the electrical 

characteristics of semiconducting SWCNTs. Although the mechanism has not been 

fully understood, they suggested that the photodesorption in CNTs is a non-thermal 

process and wavelength dependent. 

Zhao, et al. have performed first principles calculations on the electronic properties 

of SWCNTs upon adsorption of various gas molecules, such as NO2, O2, NH3, N2, CO2, 

CH4, H2O, H2 and Ar (Zhao et al., 2002). The authors found all molecules, either 

electron donor or electron acceptor, are weakly adsorbed on SWCNTs with small 

charge transfer. They also determined the equilibrium position, adsorption energy, 

charge transfer, and electronic band structures for SWCNTs with variety structures. 

Bradley and coworkers used SWCNTs field-effect transistor to detect NH3 through 

the shift of gate voltage (Bradley et al., 2003). They determined that the shift of gate 

voltage is due to the charge transfer between SWCNTs and adsorbed NH3 molecules. 

Their experiments measured the amount of charge transfer to be approximately 0.04 

electrons per NH3 molecule.  

Qi, et al. fabricated arrays of electrical devices with each comprising ensembles of 

SWCNTs bridging metal electrodes for NO2 detection (Qi et al., 2003). The sensor is 

capable of detecting NO2 at less than 1 ppb (parts per billion) concentration. Their 

calculations indicate that NO2 binds to the SWCNTs surface with energy of 0.8 eV and 

withdraws approximately 0.1 electrons per molecule.  
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Chang and coworkers investigated the adsorption of NH3 and NO2 molecules on 

semiconducting (10,0) SWCNTs through density function theory (Chang et al., 2001). 

Their calculation shows that the binding energies are less than 0.5 eV for both 

molecules (0.18 eV for NH3 and 0.42 for NO2). Therefore they claim that both NH3 and 

NO2 molecules bind to nanotubes by physisorption and the electron charge transfer is 

the major mechanism for the change of conductivity. 

Although most of the attention has focused on SWCNTs for gas sensing, MWCNTs 

do present one attractive feature with respect to SWCNTs, i.e., low production cost. 

Recently, there have been increasing numbers of reports on the studies of MWCNTs for 

gas detection. Cantalini, et al. reported the influence of the catalyst geometry on the 

growth of MWNTs and their electrical response to NO2 of 10-100 ppb concentrations at 

different operating temperatures ranging from 25 to 215ºC (Cantalini et al., 2003). The 

resistive gas sensor was fabricated by PECVD depositing MWCNTs on Pt interdigitated 

electrodes based on Si/Si3N4 substrate. The maximum response was found at 165ºC and 

the sensor showed fast dynamic response and reproducible electrical properties.  

Based on a similar sensor structure, Valentini and coworkers studied CH4 detection 

by MWCNTs grown on a Ni catalyst (Valentini et al., 2004). They demonstrated that 

oxygen molecules are chemisorbed when CNTs walls contain defects and this caused 

the electrical response to CH4. The authors also suggest that the semiconducting CNTs 

could be converted from p-type to n-type by adsorption of oxygen molecules at elevated 

temperature. 

Wang, et al. investigated the effect of MWCNTs resistive sensor for NH3 detection at 

room temperature (Wang et al., 2004b). The sensor was fabricated by patterning Ti/Au 

electrode on top of ultrasonically dispersed MWCNTs using evaporation and lift-off 

techniques. They observed a significant decrease in sensor conductance upon exposure 
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to 1% NH3 in air. The authors also demonstrated that the sensitivity is linearly 

proportional to the NH3 concentration ranging from 10 to 200 ppm. While in vacuum, 

the sensor required more than 6 hours at 250 ºC to recover to baseline condition, 

therefore they conclude that the sensor response involved both physisorption and 

chemisorption. 
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CHAPTER 3: ADSORPTION OF RHODAMINE 6G ON MWCNTS 

3.1 Introduction 

CNTs as adsorbents have been applied to the removing of many kinds of organic and 

inorganic contaminants including 1,2-dichlorobenzene (Peng et al., 2003),  

trihalomethanes (Lu et al., 2005), microcystins (Yan et al., 2006), fluoride (Li et al., 

2001), nickel (Chen & Wang, 2006) and arsenate (Peng et al., 2005).  The effect of 

temperature on the equilibrium adsorption of methylene blue dye from aqueous solution 

using CNTs was reported by (Yao et al., 2010). Their equilibrium adsorption data were 

analyzed based on the Langmuir and Freundlich models. They revealed that Langmuir 

isotherm fitted the experimental results well. They also analyzed the kinetic behavior 

using the pseudo-first, second-order and the intraparticle diffusion models. They found 

that the regression results showed that the adsorption kinetics was more accurately 

represented by pseudo-second-order model. The activation energy of system (Ea) was 

calculated as 18.54 kJ/mol. Standard free energy changes (ΔGo), standard enthalpy 

change (ΔHo), and standard entropy change (ΔSo) were obtained using adsorption 

equilibrium constants obtained from the Langmuir isotherm at different temperatures. 

All ΔGo values were negative; the ΔHo values and ΔSo values of CNTs were 7.29 kJ/mol 

and 64.6 J/mol K, respectively. From the results, they suggested that methylene blue 

adsorption on CNTs was a spontaneous and endothermic process. 

The adsorption efficiency of CNTs for Procion Red MX-5B at various pHs and 

temperatures was examined by (Wu, 2007).  They found that the amount adsorbed 

increased with the CNTs dosage; however, the adsorption capacity initially increased 

with the CNTs dosage (<0.25 g/l) and then declined as the CNTs dosage increased 

further (>0.25 g/l). They determined the linear correlation coefficients and standard 

deviations of Langmuir and Freundlich isotherms and the results revealed that 

Langmuir isotherm fitted the experimental results well. They also conducted kinetic 
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analyses using pseudo first-order, second-order and the intraparticle diffusion models 

and discovered that the regression results showed that the adsorption kinetics were more 

accurately represented by a pseudo second-order model. They calculated ΔHo and ΔSo 

were 31.55 kJ/mol and 216.99 J/mol K, respectively, at pH 6.5 and 41.47 kJ/mol and 

244.64 J/molK at pH 10. The Ea value was 33.35 kJ/mol at pH 6.5. They suggested that 

the adsorption of Procion Red MX-5B onto CNTs was predominantly physisorption. 

Kuo and his group had examined the feasibility of removing direct dyes C.I. Direct 

Yellow 86 (DY86) and C.I. Direct Red 224 (DR224) from aqueous solutions using 

CNTs (Kuo et al., 2008). They evaluated the effects of dye concentration, CNTs dosage, 

ionic strength and temperature on adsorption of direct dyes by CNTs. Pseudo second-

order, intraparticle diffusion and Bangham models were adopted to evaluate 

experimental data and thereby elucidate the kinetic adsorption process. Additionally, 

this study used the Langmuir, Freundlich, Dubinin and Radushkevich (D–R) and 

Temkin isotherms to describe equilibrium adsorption. They found that the adsorption 

percentage of direct dyes increased with CNTs dosage, NaCl addition and temperature 

increase. Conversely, the adsorption percentage of direct dyes decreased as dye 

concentration increased. For adsorption kinetics, they found that pseudo second-order 

model was best fitted to their results. Based on the regressions of intraparticle diffusion 

and Bangham models, they suggested data that the adsorption of direct dyes onto CNTs 

involved intraparticle diffusion, but that was not the only rate limiting step. They 

evaluated the equilibrium adsorption of DR86 was best fitted in the Freundlich isotherm 

and that DR224 was best fitted in the D–R isotherm. The capacity of CNTs to adsorb 

DY86 and DR224 was reported as 56.2 and 61.3 mg/g, respectively. They estimated for 

DY86, ΔHo and ΔSo were 13.69 kJ/mol and 139.51 J/molK, respectively, and those for 

DR224 were 24.29 kJ/mol and 172.06 J/molK, respectively. From the values of ΔHo, 
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ΔGo and Ea they concluded that the adsorption of direct dyes onto CNTs was 

predominantly the physisorption process. 

In this chapter the results of a study on the adsorption behavior of R6G on pristine 

MWCNTs as the adsorption materials are presented. Diameter effects and amount of 

adsorbent which are expected to influence the properties of the MWCNTs as adsorbent 

have been investigated. The equilibrium adsorption data were analyzed the Langmuir, 

Freundlich and Temkin models. Kinetic analysis of the R6G adsorption using different 

amounts of MWCNTs based on the the pseudo first-order, pseudo second-order and 

intraparticle diffusion models were performed.  

 

3.2 Materials 

Rhodamine 6G which is also called as R6G, Rh6G, C.I. Pigment Red 81, C.I. 

Pigment Red 169 used in this experiment, is a reactive azo dye with a molecular 

structure as shown in Figure 3.1, was purchased from Aldrich (Mw = 479.01 g/mol) and 

used without further purification.  

 

 

Figure 3.1: Molecular structure of R6G (Elking et al., 1996). 
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The UV-vis absorption spectra of R6G in aqueous solution are classified by three 

main bands as shown in Figure 3.2. The absorbance was measured with water as 

reference. The first and second bands which represent the absorption of benzene like 

and naphthalene like structures in the molecule were in the UV region, λmax = 246 nm 

and 345 nm, respectively (Dükkancı et al., 2010). The most intense peak was due to 

chromophoric components for color of R6G resulting from aromatic rings connected by 

azo group, which is in the visible region of λmax = 526 nm (Dükkancı et al., 2010). A 

high energy shoulder band at around 495 nm is due to the aggregates of R6G 

(sometimes called H dimer) (Selwyn & Steinfeld, 1972). These dimers are formed 

through van der Waals dye-dye interactions and Rhodamine-water (counterions) 

interactions (Dare-Doyen et al., 2003). In our experiment, the adsorption process was 

monitored by recording the change of the absorbance maximum of R6G (λmax = 526 

nm). 

 

Figure 3.2: UV–vis absorption spectra of aqueous solutions of Rhodamine 6G. 
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MWCNTs used in this experiment were obtained from Timesnano, China reportedly 

synthesized by the chemical vapor deposition (CVD) technique. Outer diameter for 

MWCNTs used in this work ranged from ~8, 20-30 and ~50 nm with length 0.5-2, 10-

30, and 10-20 µm, respectively reported from High Resolution Transmission Electron 

Microscopy (HRTEM). The MWCNTs have electrical conductivity more than 100Scm-

1, purity more than 98 wt. % with ash content less than 1.5 wt. %. These values were 

based on Thermogravimetric Analysis (TGA) and Transmission Electron Microscopy 

(TEM) measurements. Special surface area calculated using Brunauer-Emmett-Teller 

(BET) method were; ~8 nm (>350 m2g-1), 20-30 nm (>110 m2g-1) and ~50 nm (60 m2g-

1). The MWCNTs properties as specified by the manufacturer are summarized in Table 

3.1. 

Table 3.1: Specifications of MWCNTs with different diameters ("Carbon 
Nanotubes - Price - Chinese Academy of Sciences, Chengdu Organic Chemistry 
Co., Ltd.,"). 

Properties MWCNTs 
Method of 

measurement 

*Outer diameter (nm) ~8 20-30 ~50 HRTEM, Raman 

*Purity (wt.%) >98 >98 >98 TGA, TEM 

*Length (µm) 0.5-2 10-30 10-20 TEM 

*Special surface area (m2/g) >350 >110 >60 BET 

*Ash (wt.%) <1.5 <1.5 <1.5 TGA 

*Electrical conductivity 

(S/cm) 
>100 >100 >100  

* As given by manufacturer. 

 

3.3 Experimental methods 

The study on the MWCNTs size effect on the adsorption of R6G was conducted 

based on the change in concentration aqueous solution of R6G with time. The 
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concentration of R6G and amount of MWCNTs used in this experiment were fixed at 

10 mg/L and 8 mg, respectively. The study for the effect of amount on adsorption R6G 

on MWCNTs was conducted with various amounts of MWCNTs ranging from 2-12 mg 

for the MWCNTs of different diameters and at the same concentration of R6G of 10 

mg/L.  

The adsorption activities of the MWCNTs were evaluated for the adsorption of R6G 

solution as target pollution with continuous stirring at 800 rpm. Different amounts of 

MWCNTs with different diameters (~8, 20-30 and ~50 nm) were added into 100 ml of 

R6G solution at a concentration of 10 mg/L for a total reaction time of 50 minutes. At 

every 5 minutes 4 ml of the R6G solution was withdrawn from the reaction beaker, 

centrifuged and analyzed by UV-vis spectrometry. The example of this plot obtained is 

as Figure 3.3. From this graph, the concentration of adsorbed R6G was calculated by 

using the relationship: 

 
𝐶𝑡 =

𝐴0 − 𝐴𝑡

𝐴𝑜
× 𝐶𝑜 

(3.1) 

where Ao and At are the UV-vis absorbance peak intensity at 526 nm at t = 0 and t = t, 

respectively, Co is initial concentration of R6G which was 10 mg/L.  
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Figure 3.3: Absorbance versus wavelength for aqueous solution just after adding 
the CNTs (Ao), after 5 minutes (A1), 10 minutes (A2), 15 minutes (A3) and 20 
minutes (A4). 

 

Amount of R6G adsorbed at reaction time was calculated from the equation: 

 
V

W
CC

q to
t 


  

(3.2) 

The equilibrium adsorption of R6G was calculated by this equation: 

 
𝑞𝑒 =

𝐶𝑜 − 𝐶𝑒

𝑊
× 𝑉 

(3.3) 

where Co, Ce and Ct (mg/L) are concentrations of R6G at initial, equilibrium and after 

certain reaction time, t, respectively, V (L) is the volume of the solution and W (g) is the 

mass of adsorbent used. The equilibrium data were modeled using the Langmuir 

(Langmuir, 1918; Patiha et al., 2016), Freundlich (Freundlich, 1906) and Temkin 

(Temkin & Pyzhev, 1940) models. Removal efficiency in percentage was calculated 

using the following formula: 
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𝑅𝑒𝑚𝑜𝑣𝑎𝑙 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) 100




OC
CC to  

(3.4) 

 

3.4 Results and discussion 

3.4.1 Effect of MWCNTs diameters on adsorption of R6G 

The characteristic  UV-vis absorption peak for R6G at about 526 nm for solutions 

reacted with MWCNTs of  different diameters of MWCNTs at 5 minutes interval up to 

50 minutes are shown in Figure 3.4. From these peaks the time evolution of the R6G 

concentration can be evaluated denoting the amount adsorbed. Adsorption was observed 

to occur at various degrees for all MWCNTs samples. From the image in the inset of 

Figure 3.4(a), the R6G solution which was initially very dark-reddish in color changed 

into a very pale color solution after 5 minutes using MWCNTs for MWCNTs of 

diameter of ~8 nm at room temperature, and the continued stirring resulted in clean and 

colorless solution after 50 minutes. These changes were confirmed when R6G UV-vis 

absorbance intensity peaks reduced from initial to 50 min reaction times. 

For MWCNTs with diameters 20-30 nm (Figure 3.4(b)) less effect was observed 

compared to ~8 nm MWCNTs. It took about 50 min for this sample to reduce to half of 

initial R6G UV-vis absorbance peak intensity. The change of R6G color was barely 

noticeable by naked eyes based on the images in the inset of Figure 3.4(b). The lowest 

R6G adsorption was observed when ~50 nm MWCNTs were used as adsorbent (Figure 

3.4(c)). The reduction of R6G UV-vis absorbance intensity was barely noticeable for 

the whole duration of the 50 minutes based on the image in the inset of Figure 3.4(c).  
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Figure 3.4: UV-vis spectra of degradation R6G dye from 0 min to 50 min with 
existent of different diameters MWCNTs; (a) ~8 nm, (b) 20-30 nm and (c) ~50 nm 
as adsorber. 

 

MWCNTs used in this study had several different properties such as length, external 

diameter and surface area as listed in Table 3.1. The high adsorption capacity of 

MWCNTs was attributed to their large surface areas, and their affinity towards both 

volatile and semi-volatile organic compounds were achieved through hydrogen bonding 

interactions, π–π stacking interactions, van der Waals forces, and hydrophobic 

interactions (Yu et al., 2014). In this experiment, it is predicted that the chemical 

(a) (b) 

(c) 
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structure of R6G that has rich aromatic rings and cationic atoms (N+) (Figure 3.1) was 

favorable for adsorbing on the MWCNTs surface through π−π stacking and ionic 

interaction. The adsorption interactions usually occur on the MWCNTs walls and in the 

interstitial spaces between the tubes. So, it is reasonable for the MWCNTs diameter 

with the highest surface areas have the highest R6G adsorption.  

The time evolution of the mount of adsorption R6G was calculated by evaluating the 

time varying R6G concentration in the solution using Equation 3.2. The plot of qt versus 

time is shown in Figure 3.5. For all MWCNTs samples used, the adsorption was 

observed to occur in a two stage kinetic behavior with a rapid initial adsorption in 

contact time up to 15 minutes, followed by a second stage with a much lower adsorption 

rate.  

 

 

Figure 3.5: Normalized adsorbed amount of R6G by MWCNTs of different 
diameters as a function of time from 0 to 50 min. 
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This is obvious from the fact that a large number of vacant surface sites were 

available for the adsorption during the initial stage and with the passage of time, the 

remaining vacant surface sites were more difficult to be occupied due to repulsive 

forces between the adsorbed molecules on the MWCNTs and those in the bulk liquid 

phase (Anbia & Ghaffari, 2009). 

Figure 3.6 shows the removal efficiency for a 10 mg/L R6G solution under stirring at 

800 rpm with 8 mg and different diameters of MWCNTs from 0-50 min. The removal 

efficiency was calculated according to Equation 3.4. It was observed that the highest 

removal efficiency was obtained using MWCNTs with diameter ~8 nm. R6G solution 

was quickly decolorized during the 50 min with ~8 nm MWCNTs, yielding 93.4% 

removal efficiency, whereas for the same time, 20-30 and ~50 nm gave 54.5% and 

24.1% removal efficiency, respectively. These results indicate that small diameter of 

MWCNTs can effectively accelerate the removal efficiency.  
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Figure 3.6: Removal efficiency of different diameters MWCNTs as a function of 
time. 

 

3.4.2 Effect of MWCNTs amount on adsorption rate of R6G 

To evaluate the effect of the amount of MWCNTs on the adsorption rate of R6G, a 

series of experiments were carried out using different amounts of MWCNTs, from 2 to 

12 mg MWCNTs with same diameter as shown in Figure 3.7. The adsorbent dose is an 

important parameter in adsorption studies because it determines the adsorption capacity 

of the adsorbent to a point of equilibrium for a given initial concentration of dye 

solution. From Figure 3.7(a), after 50 min the R6G adsorption intensity peak was 

reduced into half using 2 mg MWCNTs with diameter ~8 nm. However, as shown in 

Figure 3.7(b)-(d) only 5 min adsorption time was required for 4, 6 and 8 mg MWCNTs 

with same diameter to reduce the absorbance intensity to half. Further enhancement of 

the reduction of absorbance intensity after 5 min time was observed with 10 and 12 mg 

MWCNTs which gave reduction to about 14 and 1.5%, respectively.   
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Figure 3.7: UV-vis spectra and degradation rate vs. reaction time under 
continuous stirring of MWCNTs ~8 nm with different amounts; (a) 2 mg, (b) 4 mg, 
(c) 6 mg, (d) 8 mg, (e) 10 mg and (f) 12 mg.  

 

(a) (b) 

(c) (d) 

(e) (f) 
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Figure 3.8(a) shows the adsorption capacity using different amounts of MWCNTs of 

diameter (~8 nm) MWCNTs in 10 mg/L R6G solution. The adsorption capacity 

increased with time but decreased as the MWCNTs dosage increased. Increasing the 

MWCNTs dose increased the probability of the MWCNTs entanglement in the solution, 

causing adsorption in the interlayer space and a decrease in the aggregation of R6G at 

the external surface. Accordingly, the adsorption capacity declined as the MWCNTs 

dosage increased. Moreover, the high MWCNTs dosage may influence the physical 

characteristics of the solid–liquid suspensions, such as by increasing the viscosity and 

inhibiting the diffusion of R6G molecules to the surface of the MWCNTs. Since the 

concentration of R6G was fixed, the adsorption capacity decreased as the MWCNTs 

dosage increased. The increase with MWCNTs dosage of the amount of R6G adsorbed 

was caused by the availability of more surface area of the MWCNTs.  

For removal efficiency results for this experiment as shown in Figure 3.8(b), it was 

observed that the highest amounts of MWCNTs have the highest of removal efficiency. 

Since the value of R6G was set to 10 mg/L for all samples, the removal efficiency 

remained constant at one stage especially for high amount such as 10 and 12 mg. This 

might be due to the adsorption capacity (MWCNTs) was higher than the concentration 

of adsorbate itself.  
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Figure 3.8: (a) Adsorbed amounts and (b) removal efficiency of MWCNTs with 
different amounts on R6G as a function of time. 

 

(a) 

(b) 
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3.4.3 Adsorption equilibrium studies 

3.4.3.1 Langmuir isotherm 

Figure 3.9(a)-(d) show the Langmuir isotherm plot used for adsorption equilibrium 

obtained from this experimental setup. Values of Ce and qe were obtained from different 

amounts of MWCNTs plots as in Figure A1. For ~8 nm MWCNTs (Figure 3.9(a)), the 

equation 𝑦 = 0.0045𝑥 + 0.0018 was obtained with R2 value of 0.961. Other diameter 

of MWCNTs which is 20-30 nm (Figure 3.9(b)), was fitted to the equation 𝑦 =

0.0146𝑥 + 0.0046 with R2 value 0.974. The largest diameter of MWCNTs used (~50 

nm) was plotted in Figure 3.9(c) showed the equation of 𝑦 = 0.0203𝑥 + 0.0568 and R2 

value 0.805. 

The values of maximum monolayer capacity, qm and affinity of binding sites, kL were 

computed from the slope and intercept of the Langmuir plot of 1/qe versus 1/Ce. These 

parameters of the Langmuir isotherm together with correlation coefficient, R2 were 

listed in Table 3.2. The Langmuir isotherm fitted quite well with the experimental data 

(correlation coefficient, R2>0.805) indicating this model is suitable for describing the 

adsorption equilibrium of R6G onto MWCNTs. This model represented monolayer 

adsorption of molecules on the surface of different diameters of MWCNTs. 
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Figure 3.9: Langmuir isotherm analyses of R6G solution with different diameters 
MWCNTs; (a) ~8 nm, (b) 20-30 nm and (c) ~50 nm. 

 

Table 3.2 indicates that the computed maximum monolayer capacity, qm on the 

MWCNTs gave values, ranging from 222.2 to 49.3 mg/g for R6G solution. As 

mentioned before, qm is a theoretical limit adsorption capacity when the monolayer 

surface was fully covered with adsorbate molecules to assist in the comparison of 

adsorption performance. Therefore it is not surprising that the highest qm values was 

MWCNTs with diameter ~8 nm since it was related with the highest surface area.  

(a) 

(b) (c) 
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The values of kL for MWCNTs with diameters ~8, 20-30 and ~50 nm were 2.5, 3.2 

and 0.4 L/mg, respectively. The kL which indicates the affinity of binding sites to 

adsorbate molecules, showed little difference between MWCNTs at ~8 and 20-30 nm, 

but was significantly low for MWCNTs of ~50 nm diameter. This may be due to the 

difference in surface electronic structures of MWCNTs of different diameters due to 

greater number of walls and the curvature of the outer wall. 

The RL values were found to vary within a range, 0.22 to 0.02 for the initial R6G 

concentration values of 10 mg/L. These results are in the range of 0 to 1 which indicates 

this adsorption process was favorable under the conditions used in this study. 

 

Table 3.2: Langmuir isotherm parameters for the removal of R6G solution by 
different diameters MWCNTs. 

Langmuir constants kL (L/mg) qm (mg/g) R
2
 RL 

~8 nm 2.5 222.2 0.961 0.04 

20-30 nm 3.2 68.5 0.974 0.03 

~50 nm 0.4 49.3 0.805 0.22 

 

3.4.3.2 Freundlich isotherm 

The experimental equilibrium data were compared with the theoretical equilibrium 

data obtained from Freundlich isotherm model (Figure 3.10). For this model as plotted 

in Figure 3.10(a), MWCNTs with diameter ~8 nm gave a fitting equation 𝑦 =

0.1489𝑥 + 2.1661 with R2 = 0.854, diameter 20-30 nm (Figure 3.10(b)) yielded 

equation 𝑦 = 0.1111𝑥 + 1.7331 with R2 = 0.663 and diameter ~50 nm as plotted in 

Figure 3.10(c) gave  𝑦 = 0.2946𝑥 + 1.2944 with R2 = 0.536.  
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Figure 3.10: Freundlich isotherm analyses of R6G solution with different 
diameters MWCNTs; (a) ~8 nm, (b) 20-30 nm and (c) ~50 nm. 

 

The values of Freundlich constants, kF and n, were obtained from the linear fitting of 

the Freundlich isotherm ((2.7) and are listed in Table 3.3. Recall that the n and kF of a 

linearized Freundlich model roughly represent the adsorption intensity and the 

adsorption capacity respectively. The adsorption intensity, n obtained was an indication 

of the favorability of adsorption. The n values for all different diameters were in the 

range 0 < n < 10 which showed that the adsorption of R6G molecules on MWCNTs was 

favorable. As in the values of kL, significantly smaller value n for MWCNTs with ~50 

nm diameter was due to the difference in surface electronic structures of MWCNTs of 

(a) (b) 

(c) 
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different diameters due to greater number of walls and the curvature of the outer wall. 

The kF values were in the sequence for diameters ~8 > 20-30 > ~50 nm indicating that 

the lowest diameter had the highest adsorption capacity which was related with specific 

surface area. The correlation coefficient, R2 values of R6G for MWCNTs was below 

0.854 indicating that the adsorption of R6G molecules on MWCNTs were as not well 

fitted using the Freundlich model. 

 

Table 3.3: Freundlich isotherm parameters for the removal of R6G solution by 
MWCNTs. 

Freundlich constants kF (mg/g) n R
2
 

~8 nm 146.589 6.716 0.854 

20-30 nm 54.088 9.001 0.663 

~50 nm 19.697 3.394 0.536 

 

3.4.3.3 Temkin isotherm 

Figure 3.11(a)-(c) showed the Temkin model plots of R6G with different diameter 

MWCNTs. The adsorption data were analyzed according to linear form of the Temkin 

model (Equation 2.10). From qe vs ln Ce at 27 oC, the equation were obtained as 

𝑦 = 20.237𝑥 + 153.99 (R2 =0.784), 𝑦 = 6.5861𝑥 + 54.11 (R2 = 0.649) and 𝑦 =

9.6856𝑥 + 16.178 (R2 = 0.536) for diameter ~8, 20-30 and ~50 nm MWCNTs, 

respectively.  

A plot of qe versus ln Ce (Figure 3.11) enabled the determination of the model 

constants kT and BT. The values of the parameters together with correlation coefficient 

(R2) are given in Table 3.4. It can be assumed from BT values obtained that the 

adsorption process of R6G on MWCNTs involved physical adsorption process. Also, it 
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was observed that using all MWCNTs samples poor agreement of fitting Temkin model 

with the experimental data where R2<0.784 were obtained. 

 

 

Figure 3.11: Temkin isotherm analyses of R6G solution with different diameters 
MWCNTs; (a) ~8 nm, (b) 20-30 nm and (c) ~50 nm. 

 

 

(a) (b) 

(c) 
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Table 3.4: Temkin isotherm parameters for the removal of R6G solution by 
MWCNTs. 

Temkin constants kT (L/mg) BT (J/mol) R
2
 

~8 nm 2017 20.237 0.784 

20-30 nm 3699 6.586 0.649 

~50 nm 5 9.686 0.536 

 

3.4.4 Adsorption equilibrium discussion 

It was observed that the adsorption behavior of R6G on MWCNTs was modeled well 

with   the Langmuir model with the highest R2 were obtained compared to the other two 

models under the concentration range studied. It can be concluded that: 

1) The adsorption of R6G towards MWCNTs was monolayer adsorption (the 

adsorbed layer is one molecule thick); 

2) Once a R6G molecule occupies a site, no further adsorption can take place at 

that site; 

3) All sites are energetically equivalent; 

4) There is no interaction between R6G molecules which adsorbed towards another 

in the neighboring sites; 

5) At equilibrium, MWCNTs has a finite capacity for R6G molecules adsorption (a 

saturation point is reached where no further adsorption can occur); 

The adsorption of R6G on MWCNTs can be classified as favorable since the values 

for RL and n obtained from Langmuir and Freundlich model, respectively were in the 

range of favorable adsorption. Maximum monolayer capacity, qm (from Langmuir 

model) and adsorption capacity, kF showed that MWCNTs with high specific surface 

area (small diameter) were found to be better compared to low specific surface area 

(high diameter) MWCNTs.  
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3.4.5 Adsorption kinetics 

To study the adsorption kinetics of R6G on different amounts MWCNTs, 10 mg/L 

initial concentration of R6G solution was used. The transient behavior of the R6G 

adsorption process was analyzed by using different kinetic models which were pseudo-

first-order, pseudo-second-order and intraparticle diffusion models.  

 

3.4.5.1 Pseudo-first-order 

Figure 3.12 is the pseudo-first-order kinetic plots for the adsorption of R6G on 

MWCNTs calculated using Equation 2.12. The intercept and slope of this plot gave 

values for ln qe (log of the equilibrium adsorption capacity) and k1 (pseudo-first-order 

rate constant), respectively. The values of k1, qe (experimental and calculation) and 

correlation coefficients (R2) for different amounts MWCNTs used are presented in 

Table 3.5. The values of the rate constants, k1 were found to increase from 0.094 to 

0.453 (min-1) with increase in the MWCNTs dose from 2 to 12 mg. The equilibrium 

adsorption capacity, qe decreased with increasing MWCNTs amount due to less number 

of R6G molecules adsorbed at the available adsorption sites. 

The correlation coefficients for the pseudo-first-order model changed in the range of 

0.846 to 0.973. However, if the value of the intercept is not equal to qe based on 

Equation 3.3, the interaction would not likely to be first order even though this plot has 

high correlation coefficient (R2) with the experimental data. From the experimental qe 

values (qe,exp) and calculated values (qe,cal) obtained from the linear plots, it obtained 

that the kinetics of R6G adsorption on different amounts of MWCNTs did not follow 

the pseudo-first-order kinetic model. 
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Figure 3.12: Pseudo-first-order kinetics plots for the adsorption of R6G onto 
MWCNTs at different amounts. 

 

Table 3.5: Coefficients pseudo-first-order adsorption kinetic models for different 
amounts MWCNTs. 

Pseudo-first-order model qe,exp (mg/g) k1 (min-1) qe,cal (mg/g) R
2
 

2 mg 219 0.094 143 0.846 

4 mg 184 0.140 108 0.929 

6 mg 137 0.183 116 0.971 

8 mg 117 0.202 115 0.970 

10 mg 100 0.397 51 0.973 

12 mg 83 0.453 22 0.904 

 

3.4.5.2 Pseudo-second-order 

Figure 3.13 displays the linear regressions of pseudo-second-order plot for different 

amounts of MWCNTs and all parameters obtained are listed in Table 3.6. Value of 

equilibrium adsorption capacity as calculated from this model is using equation: 
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𝑞𝑒,𝑐𝑎𝑙 =

1

𝑠𝑙𝑜𝑝𝑒
 

(3.5) 

where the slope is from the pseudo-second-order plot. While the value of equilibrium 

adsorption capacity experiment (qe,exp) was obtained using Equation 3.3.  It was 

observed that the value of equilibrium adsorption capacity between experimental (qe,exp) 

and calculated (qe,cal) were in good agreement with each other. Furthermore, the plots of 

t/qt versus t showed linearity with correlation coefficients, R2 greater than 0.959 as 

listed in Table 3.6. As a result, it can be suggested that the pseudo-second-order kinetic 

equation was the better kinetic expression to represent the R6G uptake by different 

amounts of MWCNTs. 

The values of the rate constants, k2 were found to increase from 0.001 to 0.06 (g/mg 

min) with increasing MWCNTs dose from 2 to 12 mg. The pseudo-second-order kinetic 

analysis revealed that the values of the initial adsorption rates, h increased with 

increasing MWCNTs amount. The higher amount of MWCNTs means the higher 

adsorption sites which caused the lower the probability of R6G adsorption and hence 

the faster R6G molecules could be bonded to the active sites on the surface of the 

MWCNTs (Kumar & Kirthika, 2009). 
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Figure 3.13: Regressions of kinetic plots at different amounts of MWCNTs pseudo-
second-order model R6G solution adsorption. 

 

Table 3.6: Coefficients pseudo-second-order adsorption kinetic models for 
different amounts MWCNTs. 

Pseudo-second-
order 

qe,exp 
(mg/g) 

k2 
(g/mg min) 

h 
(mg/g min) 

qe,cal 
(mg/g) R

2
 

2 mg 219 0.001 24.4 222 0.959 

4 mg 184 0.002 32.8 189 0.993 

6 mg 137 0.002 41.1 145 0.988 

8 mg 117 0.002 62.1 127 0.986 

10 mg 100 0.016 166.7 101 1.000 

12 mg 83 0.060 416.7 83 1.000 
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3.4.6 Intraparticle diffusion 

There are different stages involving the adsorption process on porous adsorbents 

which are: 

1) Bulk diffusion; 

2) Film diffusion; 

3) Intraparticle diffusion; 

4) Adsorption of the solute onto surface. 

Generally for bulk and film diffusion are assumed to be rapid thus there will be no 

rate determining factor. Since both models for adsorption kinetic (pseudo-first-order 

and pseudo-second-order) cannot identified the diffusion mechanism, the intraparticle 

diffusion model was used to explained the diffusion mechanism. 

According to Weber and Morris if the rate limiting step is intraparticle diffusion, a 

plot of adsorbate adsorption against the square root of the contact time should yield a 

straight line passing through the origin (Weber & Morris, 1963). The plots obtained in 

Figure 3.14 were related by two straight lines for low amount of MWCNTs (2-8 mg) 

and 3 straight lines for high amount of MWCNTs (10 and 12 mg). The first straight line 

depicted the adsorption on the external surface which occurred almost instantaneously. 

The second portion indicated a comparatively slower adsorption process when the 

adsorbate diffused gradually into the interior surfaces of the particles and the adsorption 

becomes intraparticle diffusion controlled (Wu et al., 2000). The third portion could 

also be distinguished as the final equilibrium stage when the intraparticle diffusion 

started to slow down due to saturation of adsorption sites. The deviation of the straight 

lines from the origin may be due to the difference in the rate of mass transfer in the 

initial and final stages of adsorption (Panday et al., 1986).  
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Figure 3.14: Regressions of intraparticle diffusion models at different amounts of 
MWCNTs; (a) 2 mg, (b) 4 mg, (c) 6 mg, (d) 8 mg, (e) 10 mg and (f) 12 mg. 

 

(a) (b) 

(c) (d) 

(e) (f) 
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Table 3.7 summarized the coefficients of intraparticle diffusion model for every 

curve in Figure 3.14. The ki value was higher at the lower amount of MWCNTs. It is 

seen that the order of adsorption rates was first stage (ki1)> second stage (ki2)> third 

stage (ki3). At the beginning, the R6G was adsorbed by the exterior surface of 

MWCNTs, so the adsorption rate was very high. When the exterior surface reached 

saturation, the R6G entered into MWCNTs by the pore within the CNTs and were 

adsorbed by the interior surface of the CNTs. When the R6G diffused in the pore of 

MWCNTs, the diffusion resistance increased, which caused the diffusion rate to 

decrease. With the decrease of the R6G concentration in the solution, the diffusion rate 

became lower and lower, and the diffusion processes reached the final equilibrium 

stage. Therefore the changes of ki1, ki2 and ki3 could be attributed to the adsorption 

stages of the exterior surface, interior surface, and equilibrium, respectively (Rengaraj 

et al., 2004). 

 

Table 3.7: Coefficients of intraparticle diffusion parameters obtained with 
different ~8 nm MWCNTs loading. 

MWCNTs 

loading 
ki1 (mg/g min0.5) ki2 (mg/g min0.5) ki3 (mg/g min0.5) R

2
 

2 mg 43.3 20.5 - 0.8492 

4 mg 39.8 9.8 - 0.9606 

6 mg 27.6 9.9 - 0.9541 

8 mg 23.1 8.3 - 0.9836 

10 mg 31.3 4.1 0.17 0.9694 

12 mg 27.6 1.5 0.01 0.8834 
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3.4.7 Adsorption kinetics discussion 

For the pseudo-first-order model, it was observed that the large differences between 

experimental (qe,exp) and calculated (qe,cal) values of the equilibrium adsorption capacity, 

indicating that the adsorption of R6G on the MWCNTs did not obey the pseudo-first-

order model. In contrast, the pseudo-second-order model showed a good fit with 

experimental data. The values of qe,cal also appeared to be close to the experimentally 

observed values of qe,exp. These results suggested that the adsorption kinetic followed 

the pseudo-second-order model.  

If the initial concentration of solute (Co) is high,  adsorption kinetics better fitted the 

pseudo-first-order model, while for values of Co that are not too high, the fit of 

adsorption to the pseudo-second-order kinetics was better (Azizian, 2004). The 

concentration of R6G (10 mg/L) used in this experiment setup was not too high and the 

rate constant is a complex function of initial concentration of R6G.   

 For intraparticle diffusion, the regression was linear, but the plot did not pass 

through the origin (Figure 3.14), suggesting that adsorption involved intraparticle 

diffusion, but that was not the only rate-controlling step. 

 

3.4.8 Raman analysis 

Figure 3.15 show Raman spectra for MWCNTs before and after adsorption with 

R6G solution. It was observed that for MWCNTs there were two peaks. The first was 

the ‘‘defect’’ mode (D) at about 1342 cm-1, induced by sp3 electronic states (considered 

to be defects in the planar sp2 graphitic structure) (Machado et al., 2012). The second 

peak was at 1571 cm-1 known as the G band, which was related to the graphite E2g 

Univ
ers

ity
 of

 M
ala

ya



 

 68 

symmetry of the interlayer mode. This mode reflected the structural integrity of sp2-

hybridised carbon atoms of the nanotubes.  

Through introduction of R6G solution, several new peaks corresponding to R6G 

existed together with MWCNTs peaks as listed in Table 3.8. These peaks located at 612 

cm-1, 773 cm-1, 1184 cm-1 and 1309 cm-1, were known as C-C-C ring in-plane bending, 

C-H out-of-plane bending, C-H in-plane bending and in plane xanthene ring, 

respectively. For peaks located at 1506 cm-1 and 1647 cm-1 both of them corresponded 

to aromatic C-C stretching. 

The Raman spectra of the MWCNTs loaded with R6G dye showed a shift in position 

of D band to 1359 cm-1 but G band was unchanged but the intensity was reduced in 

relation to the D band. The interaction between R6G molecules and surface of adsorbent 

can induce the shift of the characteristic MWCNTs bands to higher of Raman shift 

values due to the increase in the elastic constant of the harmonic oscillator of MWCNTs 

(Mishra et al., 2010). The van der Waals attraction between the dye and the graphene 

sheets of MWCNTs may increase the energy needed for vibrations, which was reflected 

in the higher frequency of Raman peaks (Mishra et al., 2010). Moreover, Hildebrandt 

and Stockburger studied the stretching of C-O-C of R6G molecules reported strong 

Raman band at 1363 cm-1, therefore the interaction between this band with the D band 

of MWCNTs resulted in the strong peak at 1359 cm-1 (Hildebrandt & Stockburger, 

1984). 
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Figure 3.15: Raman spectra of (a) MWCNTs and (b) MWCNTs after adsorption 
with R6G solution. 

  

Table 3.8: Experimental Raman shifts and assignment of selected band of R6G. 

Raman shift (cm-1) Assignment Reference 

612 C-C-C ring in-plane 

bending 

(Habouti et al., 2011; Hildebrandt 

& Stockburger, 1984)  

773 C-H out-of-plane bending (Habouti et al., 2011; Hildebrandt 

& Stockburger, 1984)  

1184 C-H in-plane bending (Hildebrandt & Stockburger, 1984)  

1309 In plane xanthene ring 

breath 

(Jensen & Schatz, 2006)  

1359 C-O-C stretching (Hildebrandt & Stockburger, 1984)  

1506 Aromatic C-C stretching (Hildebrandt & Stockburger, 1984)  

1647 Aromatic C-C stretching (Hildebrandt & Stockburger, 1984)  

(a) 

(b) 
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CHAPTER 4: PURE AND ZNO DECORATED MWCNTS AS ETHANOL AND 

TOLUENE VAPOUR SENSORS 

Commercial volatile organic compound (VOC) sensors available in the market are 

based on metal oxides. Some examples are listed in Table 4.1. The gas responses of the 

NiO nanoflowers were investigated towards 100 ppm of a variety of gases including H2, 

NO2, CO, toluene, NH3 and H2S at 150 °C (Wu et al., 2012). It was reported that NiO 

nanoflowers were excellent for NO2 sensing materials owing to their excellent response 

and selectivity. 

A microwave-assisted hydrothermal method have been used to produce CuO 

nanorods with the diameter of 15–20 nm and the length of 60–80 nm by Yang and co-

workers (Yang et al., 2011). They discovered that response of the CuO sensor to 1000 

ppm of ethanol was 9.8 at the operating temperature of 210 oC and the response time 

and the recovery time were within the range of 13–42 s and 17–51 s, respectively. They 

also investigated other target gases such as ethyl-acetate, acetone, xylene, toluene and 

cyclo-hexane and found that higher response compared to ethanol gas. 

Co3O4 mesocrystals with concave octahedral structures were successfully prepared 

by a facile, polymer-mediated route (Liu et al., 2012). It was found that they show high 

sensitivity and good response and recovery characteristics for formaldehyde and ethanol 

for working temperature at 200 oC. As compared with Co3O4 powder, Co3O4 

mesocrystals exhibit 1.8-fold and 1.4-fold enhancement in gas responses to 100 ppm of 

formaldehyde and ethanol, respectively. 
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The sensing response of pure Cr2O3 and Cr2O3 activated SnO2 to ethanol vapor has 

been investigated (Singh et al., 2010). They found that response to ethanol vapor 

significantly improved with the addition of SnO2 but the operating temperature (300 oC) 

remained the same.  

Ag@α-Fe2O3 core–shell nanoparticles were synthesized using a simple two step 

chemical route (Ag nanoparticles synthesis by sodium borohydride as the reducing 

agent in a first step and the subsequent mixing with a Fe3+ sol for α-Fe2O3 coating) 

(Mirzaei et al., 2015). They developed sensor that can detect ethanol at concentrations 

as 100 ppm at 250 °C with response and recovery time 5.5 and 16 s, respectively. 

 

Table 4.1: Various metal oxide VOC sensor reported by other researchers. 

Metal 

oxide 
VOC 

Sensing 

Temperature 

(oC) 

VOC 

concentration 

(ppm) 

Response 

time (s) 

/Recovery 

time (s) 

References 

NiO Ethanol 150 100 - (Wu et al., 2012)  

CuO Ethanol 160-300 5-1000 13-42/17-51 
(Yang et al., 

2011)  

CO3O4 CH2O 200 100-1000 - (Liu et al., 2012)  

Cr2O3 Ethanol 300 250 ~39/~50 
(Singh et al., 

2010)  

Ag@ 

Fe2O3 
Ethanol 250 100 5.5/16 

(Mirzaei et al., 

2015) 

 

Although metal oxide based sensors have good performance, they require high 

operating temperatures and exhibit poor chemical selectivity (Tasaltin & Basarir, 2014). 

Another disadvantage of this type of sensing materials is that they required post 
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treatments such as calcination and annealing (Jimenez-Cadena et al., 2007). In a way to 

overcome this problem, novel nanomaterial are sought to provide better solution over 

conventional metal oxide. Nanomaterials are ideal for gas molecule adsorption and 

storage since it have very large surface to volume ratio and void structure. Thus, 

nanomaterials such as carbon nanotubes (CNTs) have been widely studied as gas 

sensors based materials (Izadi et al., 2012; Kim, 2006; Sayago et al., 2008). Multiwalled 

carbon nanotubes (MWCNTs) based gas sensors have attracted great interest due to 

their high surface area volume ratio, high electron mobility and high potential of gas 

adsorption (Tasaltin & Basarir, 2014). 

 MWCNTs based ammonia sensor by dielectrophoresis on a microelectrode array has 

been fabricated (Suehiro et al., 2003). They discovered sensor for ammonia by 

MWCNTs could quantitatively and reversibly detect ppm-level ammonia gas by the 

conductance decrease at room temperature.  

CNTs based NOx gas sensors which were fabricated on Al2O3 substrates with 

interdigitated Pt-electrodes and operating at ambient temperature were reported (Ueda et 

al., 2008). Resistance of samples reduced with increasing of concentration of NO or 

NO2 gas. They also found that the used of ultraviolet light irradiation as a method to 

remove the adsorbed gas molecule at room temperature.  

In this chapter, a study on the effect of diameter of pure MWCNTs on the sensing 

efficiency of ethanol and toluene vapours is presented. Also, the effect of ZnO 

decorated MWCNTs of ~50 nm diameter compared to pure MWCNTs will be reported. 

The behavior of each diameter as sensor vapor will be related with adsorption behavior 

as discussed on Chapter 3.  
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4.1 Preparation of pure MWCNTs and ZnO decorated MWCNTs sensors 

MWCNTs used in this experimental were as described in Table 3.1. A good 

dispersion of MWCNTs in water can be accomplished by physical adsorption of SDS. 

Hydrophilic parts of surfactants interact with water while the hydrophobic parts are 

adsorbed into MWCNTs surface. It was predicted, the alkyl chain of SDS molecules 

attaches along the outer surface of pristine MWCNTs as shown in Figure 4.1. 

Electrostatic repulsion produced by the existence of –SO3
- ions assisted to stabilize the 

suspension and generate a lot of negative functional groups around MWCNTs surfaces.  

 

Figure 4.1: Adsorption of SDS molecules on MWCNTs (Ellipsoids shape are 
representing the hydrophilic groups and black lines are hydrophobic group). 

 

Typically 1 g SDS dissolved in deionized water was used as the dispersion solution. 

50 mg MWCNTs was added to 100 ml SDS solution and sonicated for 4 hours resulting 

in a dispersed suspension of MWCNTs which was stable for months.  

To fabricate the sensor, 10 µl dispersed MWCNTs suspensions were dropped on 

printing paper with dimension of 0.5 cm x 1.0 cm. After drying at 100 oC for 1 h 

conductive silver paint was applied at the edge as electrodes for the sensor as shown in 
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Figure 4.2. The sensor was then glued on top of glass slide in order to form a good 

standing sensor. 

 

Figure 4.2: MWCNTs on printing paper as VOC sensor. 

 

MWCNTs with diameter ~50 nm was chosen because it has a large outer diameter 

compared to others to be decorated with ZnO. The synthesis process of ZnO decorated 

MWCNTs nanocomposites comprised of two steps. 50 mg MWCNTs was added to 1 

wt. % SDS solution and dispersed ultrasonically. Then, NaOH was added into the 

solution to facilitate abundance of OH- ions for formation of ZnO. In the second step, 

Zn(NO3)2.6H2O of weight 4.55, 9.10, 13.65, 18.20, or 22.75 mg which was equivalent 

to 0.37, 0.73, 1.10, 1.47, or 1.84 mol % Zn with respect to C was added to the 

suspension containing 50 mg dispersed MWCNTs and was stirred at 95 oC for 3 h. 

After that, the solution was stirred at room temperature for about 24 h. Zn decorated 

MWCNTs were obtained after centrifuging and thoroughly washed with deionized 

water. The ZnO decorated MWCNTs were calcined at 300 oC for 1 h.  

 

 

Electrode 

CNTs 

Glass slide 

CNTs CNTs 
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4.2 Analysis of Pure MWCNTs and ZnO NPs Decorated MWCNTs 

4.2.1 Sensor characterization  

All the samples used in this experiment which were pure MWCNTs and ZnO 

decorated MWCNTs were analyzed by Energy Dispersive X-ray Spectroscopy (EDX), 

Field Emission Scanning Electron Microscopy (FESEM), Thermogravimetric Analysis 

(TGA), X-ray Diffraction (XRD), Raman spectroscopy and (High Resolution 

Transmission Electron Microscopy) HRTEM.. 

For EDX samples preparation, a few drop of sensor suspension was cast on silicon 

wafer. An acceleration voltage of 15 kV was applied and each spectrum collected with 

acquisition time of 30 s during the calibration process. The measuring spots were 

randomly selected from surface of the sample.  

For FESEM analysis, preparation sample was done differently between the pure 

MWCNTs and ZnO decorated MWCNTs samples. In order to understand the 

distribution of MWCNTs on printing paper, the sample was prepared like sample for 

vapor sensor (suspension dropped on printing paper). To achieve better morphology 

image of ZnO decorated MWCNTs, silicon wafer was used as a substrate instead of 

printing paper since silicon wafer is more conducting compared to printing paper.  

TGA test was carried out in nitrogen with a heating rate of 50 oC/min. TGA is to 

evaluate the thermal stability of material and analyzed the purity of samples. There were 

three parameters measured in the TGA which were the initiation temperature, oxidation 

temperature and residual mass as shown in Figure 4.3. The temperature when the 

material starts to decompose was defined as an initiation temperature while the 

oxidation temperature is defined as the thermal stability temperature of the material or 

peak in the derivative thermal analysis (DTA) as a function of temperature. The residual 

mass is the mass remaining after the decomposition process.  
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Figure 4.3: TGA and DTA as a function of temperature. 

 

For XRD samples preparation, powder form of the MWCNTs was used in the 

characterization. The sample was stacked on the microscope slide and placed in the 

sample holder. Monochromatic beam, CuKα with radiation wavelength of 1.5406 Å was 

used and the sample was rotated in the range of 2θ between 5o to 80o with a scanning 

rate of 0.013o.  

The similar samples preparation as XRD was used for Raman spectroscopy analysis. 

These measurements were carried with laser excitation wavelength 532 nm.  

HRTEM sample was prepared by diluting one drop of the sensor suspension onto 

isopropanol solution and cast it onto copper grid. The measurement was done with an 

accelerating voltage of 120 kV. 
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4.2.2 Sensing Set up 

The fabricated samples were then tested for ethanol or toluene vapors exposure in a 

closed stainless steel chamber as shown in Figure 4.4. The chamber volume was 

approximately 11.4 L. The sensing sample was placed in the center of the chamber. Air 

was pump in into the chamber to stabilize the electrical resistance for 40 s. VOC was 

injected into the chamber by using the micropipette. To monitor constant pressure, a 

vacuum gauge was used. The concentration of VOC on the sensor can be estimated 

from these relations: 

 
 𝑛𝑎 =

𝑃𝑉𝑐

𝑅𝑇
 

(4.1) 

where na is numbers of moles of air, P is pressure inside the chamber, Vc is volume of 

chamber, R is the universal gas constant (8.31 x 10-5 m3Bar K-1 mol-1) and T is the 

absolute temperature (300 K). 

 𝑛𝑣𝑜𝑐 =
𝑚𝑣𝑜𝑐

𝑚𝑤
 (4.2) 

 𝑚𝑣𝑜𝑐 = 𝜌𝑣𝑜𝑐𝑉𝑣𝑜𝑐   (4.3) 

Substitute Equation 4.3 into Equation 4.2: 

 
𝑛𝑣𝑜𝑐 =

𝜌𝑣𝑜𝑐𝑉𝑣𝑜𝑐

𝑚𝑤
 

(4.4) 

where nvoc is the VOC numbers of moles, mvoc is the VOC mass, ρvoc is the VOC 

density, Vvoc is the volume of the VOC injected and mw is the molecular weight of VOC 

injected. 

Concentration of VOC in part per million: 

 𝐶𝑝𝑝𝑚 =
𝑛𝑣𝑜𝑐

𝑛𝑎
× 106 (4.5) 

Substitute Equation 4.1 and 4.4 into Equation 4.5: 
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𝐶𝑝𝑝𝑚 =

𝜌𝑣𝑜𝑐𝑉𝑣𝑜𝑐𝑅𝑇

𝑚𝑣𝑜𝑐𝑃𝑉𝐶
× 106 

(4.6) 

With typical pressure P of 0.96 Bar, the volume of the VOC injected into the 

chamber was between 20 to 200 µL with an interval of 20 µL giving equivalent 

concentrations of 780 to 7803 ppm for ethanol and 425 to 4253 ppm for toluene. 

 

 

Figure 4.4: Schematic diagram of the test setup used for sensor characterization. 

 

In a typical measurement, the voltage of source measuring unit (SMU) was set to 6 V 

and current through the sensor was measured. The electrical response was monitored in 

the form of changes in current vs times as shown in Figure 4.5(a). The SMU was 

connected to a computer and data acquisition was facilitated by a software. The time 

variation of current through the sensor was recorded in current (I) vs times (t) over 

period of 650 s. VOC liquid was injected every 60 s, each time at an increased volume. 

Current response was almost immediate and typically lasted for ~30 s. Different current  
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peaks denoted the sensor response in the form reduced in current flow which resulted 

from increase in resistance as shown in Figure 4.5(b).  

The sensor response, SR is defined as: 

 
100(%) 




o

og

R
RR

SR
 

(4.7) 

where Ro and Rg represent the resistance in air and resistance during VOC exposure, 

respectively. Within a sampling period of 650 s, the calibration graph of ethanol was 

linear R2 = 0.96 (Figure 4.5(c)). 

 

 

Figure 4.5: Output of ethanol sensing for MWCNTs (a) current vs time (b) 
resistance vs time and (c) sensor response versus ethanol concentrations. 

(a) 
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Figure 4.5, continued. 

 

(c) 

(b) 

R2 = 0.96 
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4.3 Results and discussion 

4.3.1 EDX and FESEM analysis 

Figure 4.6 shows the EDX spectrum of ZnO decorated MWCNTs synthesis with 

different amount of Zn(NO3)2.6H2O sample. Peaks due to C, Zn, O, Si, Ni and S were 

observed. The presence of Ni was due to the Ni being used as catalyst in CVD process 

to grow MWCNTs. Sulphur was from SDS used for the dispersion of MWCNTs and Si 

was from silicon wafer used as substrate for the EDX analysis. ZnO decoration levels of 

different concentration of Zn(NO3)2.6H2O used is summarized in table along with each 

EDX spectrum. 

 

 

 

Figure 4.6: EDX and spectrum analysis of decorated MWCNTs with different 
amounts of Zn(NO3)2.6H2O used; (a) 2 wt. %, (b) 4 wt. %, (c) 6 wt. %, (d) 8 wt. % 
and (e) 10 wt. %. 

(a) 

(b) 

Elements Weight 
(%) 

Atomic 
(%) 

C K 95.83 98.06 

O K 1.87 1.44 

S K 0.21 0.08 

Ni K 1.23 0.26 

Zn L 0.85 0.16 

 

Elements Weight 
(%) 

Atomic 
(%) 

C K 91.62 96.15 

O K 3.53 2.78 

S K 0.48 0.19 

Ni K 1.45 0.31 

Zn L 2.91 0.56 
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Figure 4.6, continued. 

As shown in Figure 4.7, the percentage ratio of ZnO decorated MWCNTs increased 

non-linearly with composition of Zn(NO3)2.6H2O used during synthesis. From the EDX 

results, it was discovered that using 2, 4, 6, 8 and 10 wt. % of Zn(NO3)2.6H2O produced 

ZnO decoration at 0.002, 0.006, 0.007, 0.032 and 0.036 mol %, respectively. 

(c) 

(e) 

(d) 

Elements Weight 
(%) 

Atomic 
(%) 

C K 92.59 97.07 

O K 2.39 1.88 

S K 0.28 0.11 

Ni K 1.47 0.32 

Zn L 3.27 0.63 

 

Elements Weight 
(%) 

Atomic 
(%) 

C K 75.40 87.85 

O K 10.30 9.01 

S K 0.25 0.11 

Ni K 0.81 0.19 

Zn L 13.25 2.84 

 

Elements Weight 
(%) 

Atomic 
(%) 

C K 58.44 73.69 

O K 18.54 17.55 

S K 0.19 0.09 

Ni K 0.35 0.09 

Zn L 11.51 2.67 
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Figure 4.7: Zn over C versus Zn(NO3)2.6H2O weight percent. 

 

Figure 4.8 shows FESEM images for MWCNTs with 20-30 nm diameter fabricated 

on a printing paper substrate. In Figure 4.8(a) the cellulose fibers of printing paper are 

appeared to be randomly oriented on the surface. The diameters of the fibers were about 

15 µm. It can be observed from the image that cellulose surfaces were covered with 

MWCNTs which became more evident form a close-up view shown in Figure 4.8(c). 

The images showed that paper cellulose can be used to bind pure MWCNTs together in 

order to form free standing samples. 
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Figure 4.8: FESEM images of MWCNTs with diameter 20-30 nm on printing 
paper substrate in magnifications (a) 1k, (b) 10k and (c) 20k. 

  

 Figure 4.9 shows FESEM images for different diameters MWCNTs used in this 

experiment. For MWCNTs with diameter of ~8 nm (Figure 4.9(a)), it was observed that 

the bundles of MWCNTs entangled with each other. As for MWCNTs of diameter 20-

30 nm (Figure 4.9(b)), the bundles of MWCNTs were in diameter range of 19.5 nm to 

30.1 nm. For the biggest diameter MWCNTs labeled as ~50 nm (Figure 4.9(c)), it was 

estimated that the diameter was in the range of 49.6 nm to 52.8 nm. Overall, all different 

diameters of MWCNTs appeared as bundle of seamless cylindrical entangle to each 

other. 

(a) (b) 

(c) 
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Figure 4.9: FESEM images of different diameters of MWCNTs; (a) ~8 nm, (b) 20-
30 nm and (c) ~50 nm. 

 

Figure 4.10 shows FESEM images of pure MWCNTs and different amount of ZnO 

decorated with MWCNTs. Pure MWCNTs were curved, tangled and with smooth 

surfaces (Figure 4.10(a)). Figure 4.10(b)-(e) show typical ZnO decorated MWCNTs 

structures. It can be seen that at low decorated concentration of precursor (0.002 mol % 

and 0.006 mol %), the ZnO grew around MWCNTs surface and formed an enclosure.  

 

(a) (b) 

(c) 
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Figure 4.10: FESEM images of decorated MWCNTs with ZnO at (a) 0 mol %, (b) 
0.002 mol %, (c) 0.006 mol %, (d) 0.007 mol %, (e) 0.032 mol % and (f) 0.036 mol 
%. 

 

Figure 4.10(d)-(f) shows flower-like ZnO microstructures with average length of 

flower petals about 2 µm. It can be seen from Figure 4.10(e) that the growth of ZnO 

particles were well distributed and uniform above MWCNTs surface. The size of ZnO 

flower petals increased with increasing amount of precursor Zn concentration used, as 

(a) (b) 

(c) (d) 

(e) (f) 
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shown in Figure 4.10(f). Thus, depending on the Zn precursor concentration, the ZnO 

can grow throughout completely, covering the MWCNTs surface. 

In order to enhance ZnO decoration of MWCNTs, high density of active sites for 

Zn2+ ions condensation should be available (Jiang & Gao, 2005). Originally, the Zn2+ 

ions from Zn(NO3)2.6H2O would nucleate on the surface of MWCNTs because of 

electrostatic attraction and then produce ZnO nanoparticles when NaOH added to the 

solution. This can be explained by the simple chemical reaction between zinc nitrate 

hexahydrate and sodium hydroxide and schematic diagram as shown in Figure 4.11 and 

Equation 4.8-4.10 (Shi et al., 2013; Wu et al., 2006). Firstly, with the presence of alkali 

solution, (NaOH), Zn(NO3)2.6H2O produced Zn(OH)2 as in Equation 4.8. Through the 

interaction with the alkaline solution, Zn(OH)2 changed to Zn(OH)4
2− as shown in 

Equation 4.9. Zn(OH)4
2− produced into ZnO (Equation 4.10) through hydrothermal 

process. This process continued until the ZnO nuclei form agglomeration to each other 

due to supersaturated. Furthermore, the increasing concentration of Zn(OH)4
2− will lead 

to the development ZnO crystal into nanorods form, and the creation of flower-like ZnO 

as shown in Figure 4.10(b) to (f). 

 Zn(NO3)2.6H2O + 2NaOH → Zn(OH)2 + 2NaNO3 + 6H2O (4.8) 

 Zn(OH)2 + 2OH− → Zn(OH)4
2− (4.9)  

 Zn(OH)4
2− → ZnO + 2H2O+2OH− (4.10) 
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Figure 4.11: Schematic diagram of possible formation process of flower-like ZnO 

NPs. 

 

It can be observed that the increment of decorated element (Zn(NO3)2.6H2O), had 

evidently increased the diameter of flower-like ZnO structure grown on the MWCNTs 

surface. ZnO nanoparticles were more efficiently bound on the entangled MWCNTs in 

the solution since there were no active sites on the surface of MWCNTs for the in-situ 

growth of ZnO (Du et al., 2008).  

 

4.3.2 Thermogravimetric Analysis (TGA) 

Figure 4.12 is the thermal analysis samples of MWCNTs on printing paper and pure 

printing paper. For printing paper, thermal decomposition occurred in two steps as it is 

observed from the derivative weight change curve by the presence of two peaks. The 

first step corresponds to cellulosic materials have thermal degradation began at about 

270 oC and was essentially completed by approximately 380 oC with a peak at 320 oC 

(Arenales Rivera et al., 2016). This cellulosic material decomposed by mainly carbon-

carbon and carbon-oxygen bonds for forming CO and CO2 at lower temperature. The 

second step is decomposed of carbon-hydrogen bonds for forming hydrogen and 

hydrocarbon at higher temperature. All these happen due to the bonding energy of 

Univ
ers

ity
 of

 M
ala

ya



 

 89 

carbon-carbon and carbon-oxygen is lower than that of carbon-hydrogen bonds 

(Bhuiyan et al., 2008).  

In this experiment it was found that for printing paper, the first step start to occur 

between 220 oC to ~380 oC with 72.84 % of weight loss and peak at 327 oC. The second 

steps have in the temperature range between 580 oC to 640 oC and peak at 621 oC with 

6.35 % weight loss. It can be noticed weight loss of printing paper remained constant 

after 640 oC to 850 oC. This is because of the dehydration and cross-linking reactions 

which will cause cellulose tends to be carbonized (Arseneau, 1971) and the 

rearrangement of cellulose structure after preheating process will provide end product of 

char residue (Maschio et al., 1992). 

For samples containing MWCNTs with different diameters exhibit three steps. The 

first step was in the range between ~180 oC to ~240 oC and peak at ~216 oC with 4.53 % 

of weight loss.  This weight loss is due to the decomposition of SDS (Sen et al., 2015) 

used as surfactant in this experiment. The second mass loss with maximum rate at ~334 

oC and a hump at ~308 oC is due to the decomposition of cellulose (Arseneau, 1971) 

together with amorphous carbon impurities of the MWCNTs (Li & Zhang, 2005). The 

third mass loss occurred between ~380 oC to ~640 oC was due to decomposition of 

carbon (Shamsudin et al., 2012; Shamsudin et al., 2013), both originating from the 

paper and the MWCNTs deposited. The residual mass is attributed to the metal catalyst 

particles that remained as verified by EDX analysis in section 4.3.1. Amounts of 

MWCNTs incorporated in the sensor are visible based on the difference between 

samples of MWCNTs on printing paper and printing paper. For the samples measured, 

the incorporation MWCNTs on the paper substrates were about 0.6, 1.8 and 0.3 weight 

(%) for diameter ~8, 20-30, and ~50 nm respectively. 
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Figure 4.12: Thermal analysis curves of printing paper, and different diameters of 
MWCNTs samples; (a) ~8 nm, (b) 20-30 nm and (c) ~50 nm. 

 

 

(a) 

(b) 

(c) 
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Figure 4.13 shows the thermal decomposition expressed in terms of weight loss as a 

function of temperature curves for printing paper and printing paper filled with different 

amounts of ZnO decorated MWCNTs. The weight loss trend of ZnO decorated 

MWCNTs on printing paper was similar to samples of MWCNTs on printing paper. 

The first step of weight loss for ZnO decorated MWCNTs occurred at ~200–250 oC 

with oxidation peak at ~213 oC. The highest weight loss achieved at 250-400 oC and 

consist two maximum rates. The first maximum rate was around 295 oC and the second 

maximum rate at ~337 oC. The last decomposition occurred at temperature between 

~580 oC to 640 oC with oxidation peak at 620 oC. The incorporation of MWCNTs 

together with decorated ZnO on the printing paper was estimated as 0.5, 0.4, 0.3, 0.2 

and 0.1 weight (%) for 0.002 mol %, 0.006 mol %, 0.007 mol %, 0.032 mol % and 

0.036 mol %, respectively. 

 

 

Figure 4.13: Thermal analysis curves of different amounts of ZnO; (a) 0.002 mol 
%, (b) 0.006 mol %, (c) 0.007 mol %, (d) 0.032 mol % and (e) 0.036 mol % 
decorated MWCNTs on the printing paper substrate. 

(a) 
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Figure 4.13, continued. 

(b) 

(c) 

(d) 
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Figure 4.13, continued. 

 

4.3.3 XRD analysis 

XRD spectra of ZnO decorated MWCNTs samples are shown in Figure 4.14. Peaks 

at 2θ = 26.23o, 43.01o, 44.60o, and 51.88o assigned to (0,0,2), (1,0,0), (1,0,1) and (2,0,0) 

planes of MWCNTs or graphite, respectively (Sun et al., 2006; Zhang et al., 2009). For 

ZnO decorated MWCNTs samples, diffractions of both MWCNTs and ZnO could be 

observed. The (1,0,0), (0,0,2), (1,0,1), (1,0,2), (1,1,0) and (1,0,3) plane of ZnO were 

observed at 2θ = 31.84o, 34.50o, 36.33o, 47.65o, 56.73o and 63.01o, respectively 

indicating  the hexagonal wurtzite ZnO structure (Kou et al., 2012). With the increase of 

ZnO concentration, the peaks of MWCNTs become weaker and the ZnO peaks tend to 

be sharper due to the increased presence of ZnO on the MWCNTs surface. The 

formation of ZnO depended on the solution concentration and calcination temperature. 

The availability of OH- ions depended on the concentration of NaOH and the 

dissolution of Zn(OH)2 during hydrothermal process.  

(e) 
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Figure 4.14: XRD spectra of different amounts of ZnO; (a) 0.002 mol %, (b) 0.006 
mol %, (c) 0.007 mol %, (d) 0.032 mol % and (e) 0.036 mol % decorated 
MWCNTs.  

 

4.3.4 Raman analysis 

Crystallinity of CNTs can be characterized by using Raman spectroscopy. In Raman 

scattering, MWCNTs is like to be a combination of CNTs with different diameters 

ranging. Many difference characteristics which differ between Raman spectra in CNTs 

from that of graphite are not clearly seen in MWCNTs due to the large diameter of outer 

tubes for usual MWCNTs.  

In the range of 1200 to 1700 cm-1, all Raman spectra for all different diameters of 

MWCNTs samples in Figure 4.15 show four peaks located at ~1341, ~1575, ~1607 and 

~2662 cm-1 which known as D, G, D’ and 2D bands respectively. The D band is 

attributed to the double-resonance band which indicated as a standard of structural 

disorder due to finite particle size (Hiura et al., 1993), curvature effects of graphene, 

defects due to pentagons or heptagons, and nanoscale or graphitic carbon particles 

Univ
ers

ity
 of

 M
ala

ya



 

 95 

material on the tubes (Bacsa et al., 1994; Eklund et al., 1995). The D’ band is also a 

double-resonance Raman characteristics originally by disorder and defects (Shih & Li, 

2008).  

As mentioned earlier, D and D’ can be explained by double resonance theory 

(Baranov et al., 1987). In Raman spectra of graphite the appearance of D band and other 

weak dispersive phonon modes was related with resonant enhancement of Raman 

intensity in two continuous scattering phenomena. Basically, an electron with 

momentum k is excited to the energy Ei(k) by incident photon before scattered to a state 

k + q [E(k + q)] and then backscattered to state k[Ef(k)], and lastly remerged with a 

hole to provide the scattered photon. If E(k + q) and either Ei(k) or Ef(k) states 

correspond to real electronic states, the Raman intensity is increase by two resonant 

factors in the denominators appearing in the intensity formula, and this is called as the 

double-resonance Raman process (Grüneis et al., 2002). 

The G band is from C-C stretching vibrations on the CNTs axis (Gonzalez et al., 

2012). From previous research that using several excitation wavelengths have showed 

that G peak does not distribute in graphite itself, nanocrystalline graphite, or glassy 

carbon but it can be dispersed in more disordered carbon which the dispersion is 

proportional to the degree of disorder (Antunes et al., 2006). 

The 2D band is caused by a double-resonance effect similar to the D band but caused 

by two inelastic phonon scattering processes (Saito et al., 2002). This band can also be 

observed in high quality graphitic materials since there are no defects necessary for this 

band (Dresselhaus et al., 2005). 
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The D to G band intensity ratios (ID/IG) for ~8, 20-30 and ~50 nm are 0.21, 0.59 and 

0.76, respectively. MWCNTs with the lowest diameter exhibit the lowest ratio and thus 

the most highly ordered CNTs or purest species in this study. It implies that the degree 

of structural disorder or defects can be noticeable for different diameters of MWCNTs 

samples. This amount is important to be calculated as any chemical reactions with 

CNTs are more likely occurred at disordered regions than ordered regions. 

 

 

Figure 4.15: Raman spectra of MWCNTs with diameters (a) ~8 nm, (b) 20-30 nm 
and (c) ~50 nm. 

 

4.3.5 HRTEM analysis 

Figure 4.16 shows images of different diameters MWCNTs used as sensor in this 

experiment with high resolution lattice images for each diameter. Each MWCNT 

sample was named from the average diameter estimated by HRTEM imaging as 

specified by the supplier and it was found that from the HRTEM observation that the 

values were quite consistent. As example, the MWCNTs named as ~8 nm, 20-30 nm 
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and 50 nm indicates an average diameter of 8.5 nm, 20.2 nm and 55.7 nm, respectively 

as shown in Figure 4.16(a)-(c).  

 

 
Figure 4.16: HRTEM images for different diameters MWCNTs; (a) ~8 nm, (b) 20-
30 nm and (c) ~50 nm.  

(a) 

(b) (c) 
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Figure 4.16, continued. 

HRTEM was performed to further study the morphology and microstructure of ZnO 

decorated on surface of the MWCNTs. The HRTEM image of ZnO decorated 

MWCNTs (Figure 4.17(a)) shows bead shaped nanoparticles densely attached on the 

MWCNTs surface. The ZnO grow in size and pile up on each other as Zn dosage 

increases, resulting in a dense with MWCNTs deeply embedded. High resolution TEM 

confirmed that most of the bead shaped ZnO nanoparticles were single crystalline. 

Figure 4.17(c) is a high resolution HRTEM image showing the (100) lattice plane of a 

ZnO crystal with a hexagonal structure having an interplanar distance of 0.26 nm. From 

HRTEM images it can also showed that the adhesion of ZnO particles on the walls of 

MWCNTs is very strong even though the sample has been ultrasonicated for the 

preparation of the HRTEM sample. 
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Figure 4.17: (a), (b) and (c) HRTEM images of ZnO decorated MWCNTs. 

(a) 

(b) 

(c) 
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4.3.6 Effect of Different Diameters MWCNTs towards VOC 

Generally, there are few kind of site for adsorption occurred on MWCNTs as shown 

in Figure 4.18 which are external surface of the bundle (Wang & Yeow, 2009; Young & 

Lin, 2016), groove formed at the contact between adjacent tubes on the outside of the 

bundle (Wang & Yeow, 2009; Young & Lin, 2016), interior pore of individual tubes 

(Wang & Yeow, 2009) and interstitial channel formed between three adjacent tubes 

within the bundle (Wang & Yeow, 2009; Young & Lin, 2016). 

The adsorption of gas molecules is determined by site availability and binding 

energy of the adsorbate gas. For some gases, not all of these sites were available 

because of gas molecule dimension and the site diameter. Adsorption gas for inner pore 

can only happen when MWCNTs is uncapped or has imperfection on tube walls (Adu et 

al., 2001). 

 

Figure 4.18: Diagram of MWCNTs in bundle represents the sites for adsorption 
(Wang & Yeow, 2009). 
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4.3.6.1 Ethanol vapor 

Figure 4.19 shows the variation of resistance for sensors fabricated from different 

diameter MWCNTs exposed to different concentrations of ethanol vapor. All samples 

showed similar trend which increase in resistance upon exposure to ethanol vapor. The 

mechanism of resistive response of the sensors due to ethanol vapor exposure can be 

viewed as the closing of the conduction channel in the MWCNTs. Adsorption of ethanol 

molecules temporarily bound to electrons on the MWCNTs wall reduced the 

conductivity of the MWCNTs. Once the ethanol molecules removed from the 

MWCNTs wall, the conduction channel was free thus the resistivity was reduced to 

original position.  

 

 

Figure 4.19: Normalized resistance for fabricated sensor in the range 780 to 7804 
ppm with different MWCNTs diameters; (a) ~8 nm, (b) 20-30 nm and (c) ~50 nm. 
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Response time is the time taken for sensor to react to a step concentration change 

from zero to a certain concentration value. Recovery time is the time it needed for the 

sensor signal to restore to its initial value after a step concentration change from a 

certain value to zero. An example of how to estimate response time and recovery time 

was shown in Figure 4.20. From this plot, it can be estimated the response and recovery 

times are ~2 s and 17-28 s, respectively. It also can be seen that the characteristics of 

these sensors are almost reproducible as well as quick response and recovery time.  

 

Figure 4.20: The estimation of response and recovery time for VOC sensing. 

Sensor response to several concentrations of ethanol vapor towards variety diameters 

MWCNTs is shown in Figure 4.21. The value for each sensor response was calculated 

according to Equation 4.7. From the plots, it can be seen that there is linear relation 

between the sensor response and ethanol vapor for concentration from 780 to 7804 ppm. 

Compared to other diameters (20-30 nm and ~50 nm), the lowest diameter of MWCNTs 

(~8 nm) shown the highest response to ethanol vapor, followed by 20-30 nm and lastly 

~50 nm. Our results showed that a trend of high response with smaller diameter 

MWCNTs was evident. 
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Beside sensor response, sensitivity is another property in vapor sensors that can be 

measured from sensor response. Sensitivity is the change of measured signal per analyte 

concentration unit, i.e., the slope of a calibration graph. The sensitivity of VOC used in 

this experiment was calculated by using equation: 

  
C

SRySensitivit





%  
(4.11) 

where ∆SR is the change in sensor response over the change of VOC concentration or in 

other words is the gradient for sensor response versus VOC concentration graph as 

shown in Figure 4.21.  

 

 

Figure 4.21: Sensor response to different concentrations of ethanol vapor in the 
range 780 to 7804 ppm for different MWCNTs diameters; (a) ~8 nm, (b) 20-30 nm 
and (c) ~50 nm. 
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The sensor response and sensitivity values of different diameters MWCNTs in the 

order of ~8 > 20-30 > ~50 nm is shown in Figure 4.21. The trend of higher sensitivity 

observed in MWCNTs of small diameter, i.e. ~8 nm compared to that of 20-30 and ~50 

nm can be due to the effective surface area and initial conductivity (Figure 4.22). The 

total surface area due to MWCNTs of smaller diameters is expected to be larger than 

that of larger diameters. Also, marked difference in conductivity was observed based on 

the values of the initial resistance of 2.002, 0.472 and 0.293 kΩ for samples fabricated 

from MWCNTs of diameter ~8, 20-30 and ~50 nm respectively. 

 

 

Figure 4.22: Histogram sensitivity of ethanol vapor for MWCNTs with different 
diameters. 
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4.3.6.2 Toluene vapor 

Toluene detection experiments were performed for different samples with MWCNTs 

diameters at room temperature (Figure 4.23). The responses of tested samples were 

done in the range of 425 to 4253 ppm. Sensor resistance for all the samples increases in 

the presence of toluene vapor with response time ~2 s and the recovery time varied in 

the range of 11 to 40 s depending on the toluene concentrations applied.  

Beside the surface area, the adsorption mechanisms of MWCNTs involved the 

interstitial and channel areas formed between the MWCNTs and inner pores of the 

tubes. Organic molecules which in this case toluene, containing π electrons (C=C 

double bonds or benzene rings) can form π-π bonds with MWCNTs since every carbon 

atom in MWCNTs has a π electron orbit perpendicular to the MWCNTs surface (Woods 

et al., 2007).  

The resistance of sample increase upon exposure to toluene vapor and returns to its 

original value when expose to the air. This phenomenon can be explained by the effect 

of methyl groups in toluene which will function as weak charge donors and provide 

electrons which partially neutralized charged of the holes in MWCNTs which lead to 

increase the electrical resistance (Zhou et al., 2014). 
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Figure 4.23: Normalized resistance in different toluene concentration with 
different MWCNTs diameters; (a) ~50 nm, (b) 20-30 nm and (c) ~8 nm. 

 

Figure 4.24 shows the relations between sensor responses for different concentration 

of toluene calculated using Equation 4.7. The sensitivity value (Figure 4.25) and the 

sensor response of MWCNTs of different diameters (Figure 4.24) indicated that there 

was a trend of higher sensitivity according to diameter ~8 > 20-30 > ~50 nm of 

MWCNTs. This may be due to the initial conductivity and effective surface area of the 

samples.  

Based on the values of the initial resistance of samples fabricated (2.06, 0.49 and 

0.30 kΩ for MWCNTs with diameters ~8, 20-30 and ~50 nm respectively), there were 

different initial conductivities. It also known that the total surface area per gram and 

pore volume of smaller outside diameters MWCNTs is larger than that of larger outside 

diameters (Hilding et al., 2001). 
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Figure 4.24: Sensor response over different concentration of toluene for MWCNTs 
with diameters; (a) ~50 nm, (b) 20-30 nm and (c) ~8 nm. 

 

 

Figure 4.25: Sensitivity of toluene vapor for MWCNTs sensor with different 
diameters. 
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4.3.7 Diameter Effect of Adsorption of VOC on MWCNTs 

In order to calculate the saturated response based on Langmuir adsorption isotherm, 

the sensor response is defined as: 

 
𝑆 =

∆𝑅

𝑅𝑜
 

(4.12) 

where ΔR and Ro are ratio of resistance of the sensor after vapor exposure to that before 

vapor exposure. Adsorption of this vapor in this experiment can be described based on 

the Langmuir model as shown in Chapter 2: 

 
𝜃 =

𝐾𝐿𝐶

1 + 𝐾𝐿𝐶
 

(4.13) 

where θ is the fractional monolayer coverage of adsorbate molecules, C is the vapor 

concentration and KL is the equilibrium constant. θ is also means (Wu et al., 2015): 

 
𝜃 =

𝑆

𝑆𝑚𝑎𝑥
 

(4.14) 

where Smax is the maximum response of the sensor at saturation coverage. Place 

Equation 4.14 into Equation 4.13: 

 𝑆

𝑆𝑚𝑎𝑥
=

𝐾𝐿𝐶

1 + 𝐾𝐿𝐶
 

(4.15) 

The gas concentration can be expressed by: 

 
𝐶 =

𝑆

𝐾𝐿(𝑆𝑚𝑎𝑥 − 𝑆)
 

(4.16) 

Transform Equation 4.16 into linear equation: 

 1

𝑆
=

1

𝑆𝑚𝑎𝑥
+

1

𝑆𝑚𝑎𝑥𝐾𝐿𝐶
 

(4.17) 

Or in other linear form: 
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 𝐶

𝑆
=

𝐶

𝑆𝑚𝑎𝑥
+

1

𝑆𝑚𝑎𝑥𝐾𝐿
 

(4.18) 

The saturated response was also calculated based on Freundlich model. As 

mentioned before, the Freundlich model is derived to model multilayer adsorption and 

adsorption on heterogeneous surfaces. For this experiment, the Freundlich model is 

described as: 

 𝑆 = 𝐾𝐹𝐶1 𝑛⁄  (4.19) 

where S is sensor response (ΔR/Ro), KF is adsorption capacity, C is vapor concentration 

and n is the adsorption feasibility.  

Another most commonly used model in the field is the Temkin model that assumed 

that the heat of adsorption ΔH decreases with decreasing coverage (θ), where θ is a 

measure of the number of occupied adsorption sites. In this case θ is proportional to 

S/Smax as shown in Equation 4.14. The Temkin model predicts a linear relationship 

between sensor response and the logarithm of the vapor concentration. 

 𝜃 = 𝑅𝑇 ln(𝑘𝑇𝐶) (4.20) 

Replace Equation 4.14 into Equation 4.20: 

 𝑆

𝑆𝑚𝑎𝑥
= 𝑅𝑇 ln(𝑘𝑇𝐶) 

(4.21) 

 
𝑆 =

𝑅𝑇

𝑆𝑚𝑎𝑥
ln 𝑘𝑇 +

𝑅𝑇

𝑆𝑚𝑎𝑥
ln 𝐶 

(4.22) 

 
𝐵𝑇 =

𝑅𝑇

𝑆𝑚𝑎𝑥
 

(4.23) 

Substitute Equation 4.23 into Equation 4.22: 

 𝑆 = 𝐵𝑇 ln 𝑘𝑇 + 𝐵𝑇 ln 𝐶 (4.24) 
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where S is sensor response, BT is adsorption constant related with heat (J mol-1), R is the 

universal gas constant (8.314J/mol/K), T is the temperature (300 K), kT is the binding 

constant of Temkin model,  Smax is the maximum response of the sensor at saturation 

coverage and C is vapor concentration (ppm).  

 

4.3.7.1 Ethanol Vapor Sensing Behavior Based on Adsorption Models 

Figure 4.26 was plotted of adsorption model based on the vapor sensing of ethanol 

with different diameters MWCNTs as adsorbents. It can be seen that the sensor response 

was initially rapid for low ethanol concentration followed by much slower response rate 

at high ethanol concentration. Every parameter for these models were calculated and 

listed in Table 4.2 based on linear plots shown in Figures B1, C1 and D1 for Langmuir, 

Freundlich and Temkin model, respectively.  

From Langmuir model calculation, the equilibrium constant or KL for the ~8, 20-30 

and ~50 nm was estimated as 2.42×10-4, 2.61×10-4 and 3.87×10-4, respectively. It was 

found that, the lowest diameter MWCNTs has the highest maximum sensing response at 

saturation coverage (Smax) followed by the moderate diameter and lastly the biggest 

diameter.  

As listed in Table 4.2, ~8 nm has higher value of adsorption capacity (KF), followed 

by 20-30 nm and finally ~50 nm. Similar trend was observed for the sensor response 

versus concentration results shown in Figure 4.26. Based on Equation 4.19, the 

adsorption is considered good if value of n is in the range of 2-10 and the adsorption 

was moderately difficult if value of n is in the range of 1-2 (Sun et al., 2013). So, it can 

be concluded that the adsorption for ~8 nm and 20-30 nm were moderately difficult 

while the adsorption was considered as good for ~50 nm. 
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The Temkin model was represented by linear plot of sensor response to natural 

logarithm of the ethanol vapor concentration as shown in Figure D1. The constants 

involved (BT and kT) were determined from the slope and intercept of linear equation for 

Temkin model (Equation 4.24) and were summarized in Table 4.2. The highest value of 

adsorption constant related with heat, BT for ~8 nm indicated a strong interaction 

between the MWCNTs and the ethanol vapor compared to other diameters MWCNTs. 

This might be due the lowest diameter have the strong van der Waals forces towards the 

walls which will coincidently attracted the ethanol vapor to temporarily bound at the 

surface of MWCNTs. 

The Langmuir model was fitted by plotting the sensor response over concentration as 

a function of the concentration which shown in Figure B1 gave correlation coefficient, 

R2 more than 0.872. Others fitted models which were Freundlich and Temkin gaves R2 

value > 0.920 and > 0.887, respectively. It can be concluded that the Freundlich model 

gave good fitting with the adsorption of ethanol by different diameters of MWCNTs 

compared to other fitting models. 
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Figure 4.26: (a) Langmuir, (b) Freundlich and (c) Temkin model analyses of 
ethanol vapor with different diameters MWCNTs. 

 

(a) (b) 

(c) 

C (ppm) 
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Table 4.2: Langmuir, Freundlich and Temkin models parameters for the vapor 
sensing of ethanol by different diameters MWCNTs. 

Langmuir constants: KL (ppm-1) Smax R2
 

~8 nm 2.42 x 10-4 14.68 x 10-3 0.872 

20-30 nm 2.61 x 10-4 6.56 x 10-3 0.970 

~50 nm 3.87 x 10-4 4.22 x 10-3 0.932 

Freundlich constants: KF n R2
 

~8 nm 9.89 x 10-5 1.95 0.927 

20-30 nm 6.04 x 10-5 1.71 0.920 

~50 nm 2.50 x 10-5 2.24 0.959 

Temkin constants: BT (J mol-1) kT R2
 

~8 nm 3.07 x 10-3 2.70 x 10-3 0.889 

20-30 nm 1.45 x 10-3 2.55 x 10-3 0.978 

~50 nm 0.94 x 10-3 3.75 x 10-3 0.887 

 

4.3.7.2 Toluene vapor sensing based on adsorption models 

Figure 4.27 presents the Langmuir and Freundlich models of toluene vapor on 

MWCNTs at 300 K as a relationship between the sensor response of MWCNTs (ΔR/Ro) 

and the concentration of toluene vapor (ppm) at different diameters of MWCNTs. From 

the plots, the sensor response for every MWCNTs diameter increased with 

concentration. The linearized Langmuir plots for toluene vapor with different diameters 

are given in the Figure E1 while for linearized Freundlich plots are plotted in the Figure 

F1. Table 4.3 summarized the coefficients of the Langmuir and Freundlich models for 

different diameters MWCNTs. 

From the slope and the intercept of the linear fitted line in Figure E1, KL were 

estimated to be 5.1 x 10-4, 1.8 x 10-4, 4.6 x 10-4 ppm-1 and Smax were estimated to be 

10.1×10-3, 8×10-3, 2.3×10-3 for MWCNTs with diameter ~8, 20-30 and ~50 nm, 

respectively. It can be seen that the lowest diameters (~8 nm) have the highest 
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maximum response of the sensor at saturation coverage, Smax compared to other two 

diameters. This means that ~8 nm has the highest sensitivity compared to larger 

diameter. The reason that ~8 nm has high maximum response is most possibly related 

with the fact that it has the highest specific surface area.  

For Freundlich models, the parameters as KF and n which obtained from slope and 

intercept for graph plotted in Figure E1. It can be noticed that value for KF is in the 

range of ~8 > 20-30 > ~50 nm which also related with specific surface area of 

MWCNTs. The n value was used as indicator for feasibility of the adsorption. 

MWCNTs with ~8 nm diameter gave n value of 2.11, which was between 2 and 10, 

indicating good adsorption. MWCNTs with diameter 20-30 nm and ~50 nm gave n 

values of 1.48 and 1.68, respectively, which was between 1 and 2, indicating moderately 

difficult adsorption. This means that MWCNTs with diameter ~8 nm was good 

adsorption compared to 20-30 nm and ~50 nm. 

Based on linear plot of Temkin models in Figure G1, the Temkin adsorption curves 

relating toluene sensor response can be given as 𝑆 = 2.12 × 10−3 ln(5.77 × 10−3𝐶), 

𝑆 = 1.29 × 10−3 𝑙𝑛(3.03 × 10−3𝐶) and 𝑆 = 0.48 × 10−3 𝑙𝑛(5.72 × 10−3𝐶) for 

MWCNTs with diameters ~8, 20-30 and ~50 nm, respectively. The same observation 

was found for BT value as ethanol vapor for toluene adsorption which it value was high 

for the lowest diameter MWCNTs. 

The lower determination coefficients or R2 of the Langmuir and Temkin suggested 

that the model data do not fit for both models. The higher determination coefficients, R2 

(> 0.757) of the Freundlich equation suggested that the Freundlich equation can be used 

to fit the experimental data and evaluate the adsorption capacity and adsorption 

feasibility of the three adsorbents. The results also indicate that the sensor response of 
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toluene by the three different diameters MWCNTs takes place in a multilayer adsorption 

pattern. 

 

 

 

Figure 4.27: (a) Langmuir, (b) Freundlich and (c) Temkin model analyses of 
toluene vapor with different diameters MWCNTs. 

 

(a) (b) 

(c) 
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Table 4.3: Langmuir, Freundlich and Temkin models parameters for the vapor 
sensing of toluene by different diameters MWCNTs. 

Langmuir constants: KL (ppm-1) Smax R2
 

~8 nm 5.14 x 10-4 10.09 x 10-3 0.837 

20-30 nm 1.83 x 10-4 8.03 x 10-3 0.547 

~50 nm 4.64 x 10-4 2.32 x 10-3 0.734 

Freundlich constants: KF n R2
 

~8 nm 13.50 x 10-5 2.11 0.919 

20-30 nm 1.21 x 10-5 1.48 0.912 

~50 nm 1.18 x 10-5 1.68 0.757 

Temkin constants: BT (J mol-1) kT R2
 

~8 nm 2.12 x 10-3 5.77 x 10-3 0.838 

20-30 nm 1.29 x 10-3 3.03 x 10-3 0.861 

~50 nm 0.48 x 10-3 5.72 x 10-3 0.771 

 

From the ethanol and toluene sensing results, it can be concluded that the small 

diameter have the excellent properties compared to other diameters. This result was 

related with specific surface area and initial resistivity of the samples. Also, this result 

can be related with some parameters discussed earlier in Chapter 3. Table 4.4 shows 

summary of adsorption equilibrium and their parameters values obtained from Chapter 

3. It can be seen from Langmuir model, value of maximum monolayer capacity, qm of 

MWCNTs which indicated the theoretical limit of adsorption capacity for sometimes 

are in the range of ~8 > 20-30 > ~50 nm. Other  fitted model which known as 

Freundlich showed that kF value which represents adsorption capacity are also in the 

sequence of ~8 > 20-30 > ~50 nm. 
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Table 4.4: Summary of adsorption equilibrium and their parameters obtained 
from Table 3.2 and Table 3.3 in Chapter 3. 

Adsorption parameters 
MWCNTs diameter (nm) 

~8 20-30 ~50 

Langmuir model:    

qm (mg/g) 222.2 68.5 49.3 

kL (L/mg) 2.5 3.2 0.4 

RL 0.04 0.03 0.22 

R2 0.961 0.974 0.805 

Freundlich model:    

kF (mg/g) 146.6 54.1 19.7 

n 6.7 9.0 3.4 

R2 0.854 0.663 0.536 

 

4.3.8 Effect of ZnO Decorated MWCNTs towards VOC 

In an attempt to enhance the performance of fabricated vapor sensor, method such as 

decorated MWCNTs with metal oxide was used. As mentioned earlier in introduction, 

metal oxide based sensor have good performance. In this experiment, ZnO was chosen 

as oxide materials to be decorated with MWCNTs. 

 

4.3.8.1 Ethanol vapor 

The normalized resistance of sensors based on pristine MWCNTs and difference 

weight percent of ZnO decorated MWCNTs as a sensor operating at room temperature 

are displayed in Figure 4.28. It can be observed, when vapor is released (VOC injected) 

into test chamber, response time is around 8 s while when vapour is removed, the 

response decrease quickly with a recovery time ranging from 27-50 s depending on 

concentration of vapor. The interaction of ethanol with ZnO decorated MWCNTs can 

be described with following equation (Yang et al., 2009): 
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 CH3CH2OH(adsorbed) + 6O(adsorbed)− → 2CO2 + 3H2O + 6e−  (4.25) 

The peak normalized resistances of sensor decorate with ZnO displays to increase as 

the ZnO content increased. The responses of the 0.036 mol % ZnO decorated MWCNTs 

is higher than that of pristine MWCNTs by around 2.8 times at ethanol 7804 ppm 

concentration. From the results, it can be concluded the introduction of ZnO with 

MWCNTs have been successfully improved the sensor response for ethanol vapor. 

 

 

Figure 4.28: Normalized resistance for fabricated ethanol sensor in the range 780 
to 7804 ppm with different concentrations of MWCNTs decorated ZnO: (a) 0 mol 
%, (b) 0.002 mol %, (c) 0.006 mol %, (d) 0.007 mol %, (e) 0.032 mol % and (f) 
0.036 mol % samples. 

 

The relationship between response and ethanol vapor concentration for MWCNTs 

and ZnO decorated MWCNTs sensor is displayed in Figure 4.29. From the graph, it can 

be concluded a good linear dependency between sensor response and ethanol vapor 
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concentration. All samples exhibit no significant sign to reach saturation point 

indicating these samples can be used for high detection limit of ethanol vapor.  

 

 

Figure 4.29: Sensor response to different concentrations of ethanol vapor for 
different MWCNTs decorated ZnO: (a) 0 mol %, (b) 0.002 mol %, (c) 0.006 mol 
%, (d) 0.007 mol %, (e) 0.032 mol % and (f) 0.036 mol % samples. 

 

The response of the sensors increased with ethanol vapor concentration. Similar 

trend was observed for pristine MWCNTs, but the response of it was much weaker 

which indicated that it has a much lower sensitivity compared with ZnO decorated 

MWCNTs sensors (Figure 4.30). The sensitivity values calculated from Equation 3.3 for 

pristine MWCNTs and ZnO decorated MWCNTs is plotted in Figure 4.30 indicating 

that addition of 0.036 mol % ZnO towards MWCNTs have improved approximately 3.2 

times higher than pristine MWCNTs.  
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Figure 4.30: Histogram sensitivity of ethanol vapor for MWCNTs decorated with 
different amount of ZnO. 

 

4.3.8.2 Toluene vapor 

Figure 4.31 shows the changes in resistance at room temperature for pure MWCNTs 

and ZnO decorated MWCNTs were exposed to toluene vapor at various concentrations. 

For toluene vapor ~4253 ppm, a total change of almost 7 times in resistance of 

MWCNTs without and with decorated 0.032 mol % of ZnO. The sensing mechanism of 

MWCNTs can be demonstrated by two main features. First, is the large specific surface 

area of MWCNTs which give rise possibility of target vapor molecules adsorbed and 

reacted on the surface of MWCNTs. Secondly, it is the tubular structure of MWCNTs 

that can be available for transferring of oxygen molecules or target vapor from the 

reaction sites (Dai, 2002). Compare with pure MWCNTs, MWCNTs decorated with 

ZnO NPs exhibits enhanced sensitivity by doping a small amount of ZnO, which may 

be ascribed to main characteristics of ZnO and the deficiency of MWCNTs as a vapor 
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sensor. The pure MWCNTs have strong sp2 carbon-carbon bonds, which means 

chemically stable and hard to form strong bonding with most vapor molecule (Cui et al., 

2012). Whereby the sensing mechanism of ZnO involved by the catch and remove 

procedure of electrons on surface of ZnO (Cheng et al., 2004; Prajapati & Sahay, 2011; 

Trinh et al., 2011). When ZnO is in air, its surface will be enclosed by oxygen 

molecules and later on electrons will be release from it and ionization to O2
-, O- and O2- 

as a result to increase of resistance. This process of oxygen adsorption can be described 

in the following equations (Yang et al., 2009): 

 O2(vapour) ↔ O2(adsorbed) (4.26) 

 O2(adsorbed) + e− ↔ 𝑂2
−

 (adsorbed) (4.27) 

 𝑂2
2−

 (adsorbed) + 2e− ↔ 2𝑂2−
 (lattice) (4.28) 

Thus, as the decorated of ZnO, the sensitivity of MWCNTs enhanced gradually. 

Interaction of toluene sensing with ZnO decorated MWCNTs is described as in 

following equations: 

 C6H5CH3 + O2− → C6H5CHO− + H2O + e− (4.29) 

 C6H5CHO− → C6H5CHO + e (4.30) 
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Figure 4.31: Normalized resistance for fabricated toluene sensor in the range 425 
to 4253 ppm with different concentrations of ZnO; (a) 0 mol %, (b) 0.002 mol %, 
(c) 0.006 mol %, (d) 0.007 mol %, (e) 0.032 mol % and (f) 0.036 mol % decorated 
MWCNTs samples. 

 

From Figure 4.32, the gradient of sensor response versus toluene concentration 

increased with increment of ZnO amount suggested the more favorable samples to 

detect ethanol are 0.032 mol % ZnO decorated MWCNTs. The increase in sensor 

responses varied linearly on vapor concentrations in the range from 425 to 4253 ppm for 

all samples, which further confirms the existent of MWCNTs and ZnO decorated 

MWCNTs structures can be used as promising materials for toluene vapor sensors. 
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Figure 4.32: Sensor response to different concentrations of toluene vapor for 
different MWCNTs doped ZnO: (a) 0 mol %, (b) 0.002 mol %, (c) 0.006 mol %, (d) 
0.007 mol %, (e) 0.032 mol % and (f) 0.036 mol % samples. 

 

Figure 4.30 and Figure 4.33 show the ensitivity of MWCNTs decorated with 

different amount of ZnO NPs to ethanol and toluene, respectively, at room temperature. 

From the graphs, the sensitivity of toluene is much higher compared to ethanol 

indicating a good selectivity of MWCNTs decorated ZnO towards toluene vapor. This 

may be due to characteristics of materials. In general, the mechanism and activities of 

adsorbed oxygen on surface were not identical in different materials. For a certain 

materials, some vapor has optimum working temperatures (Qi et al., 2009). As a result, 

the sensitivities of different vapor are unpredictable for the same temperature which in 

order words represents the selectivity behavior.   
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Figure 4.33: Histogram sensitivity of toluene vapor for MWCNTs decorated with 
different amount of ZnO. 
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CHAPTER 5: CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK 

5.1 Conclusions 

It can be concluded that the different diameters of MWCNTs did have effect on the 

adsorption behavior of R6G in aqueous solutions. The lowest diameter MWCNTs has 

the highest removal efficiency. It was found that the Langmuir model was best fitted to 

the experimental data obtained. The model assumed monolayer adsorption on 

homogeneous surface without interaction between adsorbed MWCNTs and the 

adsorptions of all molecules have equal activation energy. Once the monolayer 

coverage was achieved, the adsorption was no longer influenced by the R6G molecules 

transport behavior and lessen the affinity of the R6G on MWCNTs. From kinetic 

adsorption model, the results were not well fitted to the pseudo-first-order since the 

large differences between experimental (qe,exp) and calculated (qe,cal) values of the 

equilibrium adsorption capacity. In contrast, the pseudo-second-order model showed 

good fits to the experimental data. The values of qe,cal also appeared to be close to the 

experimentally observed values of qe,exp. These results suggest that the adsorption 

kinetic for this experiment followed the pseudo-second-order model.  

Vapor sensor for ethanol and toluene from different diameters MWCNTs and ZnO 

decorated MWCNTs have been successfully fabricated and applied at room 

temperature. The sensitivities towards ethanol vapor in the range 780 ppm to 7803 ppm 

were 9.88 x 10-5, 4.39 x 10-5 and 2.88 x 10-5 ppm-1 for MWCNTs of diameter ~8, 20-30 

and ~50 nm, respectively. The sensitivities for toluene vapor in the range 425 ppm to 

4253 ppm were 12.73 x 10-5, 7.69 x 10-5 and 2.65 x 10-5 ppm-1 for MWCNTs of 

diameter ~8, 20-30 and ~50 nm, respectively.  The results suggested that the high 

sensitivity with low diameters can be due to; higher effective specific surface area 

afforded by the MWCNTs with smaller diameter and higher conductivity with smaller 

diameter. It was found that the introduction of ZnO nanoparticles into the sensor 
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increased the sensitivities of sensor from 2.88 x 10-5 to 9.09 x 10-5 ppm-1 with 0.036 mol 

% of ZnO content and 2.65 x 10-5 to 16.10 x 10-5 ppm-1 with 0.032 mol % of ZnO 

content for ethanol and toluene vapor, respectively. The sensor response of ethanol and 

toluene towards MWCNTs were also investigated in terms of adsorption model. It was 

found that both vapors were better fitted to the Freundlich model compared to Langmuir 

and Temkin models.   

 

5.2 Suggestions for future work 

Adsorption of R6G solution can be continued by using adsorbent which natural 

materials or the wastes products of industries or synthetically prepared materials such as 

banana peel, orange peel, rice husk, charcoal and saw dust. These types of adsorbent 

were as an alternative for low cost and easy to find.  

The sensor experiment should be continued by using other volatile organic 

compounds such as methanol, acetone and benzene which frequently found in daily 

activities of human being. The sensor response might be increased by functionalized 

MWCNTs with polymer or other metal oxide to enhance the sensor properties. 
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