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ABSTRACT 

Water is being polluted in many different ways. Moreover, existing water and wastewater 

treatment processes are going to exceed the limit for supplying sufficient water quality to 

meet the demands. More efficient water treatment membrane made of polymeric 

materials from renewable resources are necessary. 

Chitosan is a biopolymer which is very well known for its biodegradability, nontoxicity, 

biocompatibility etc. As it is a partially deacetylated derivative of chitin, it behaves as 

polycationic in nature. Producing chitosan nanofiber via electrospinning is a challenge 

due to its polycationic behavior. In addition, limited solubility of chitosan and protonation 

of amino group decrease the electrospinnability of chitosan. To increase the 

electrospinnability, it is necessary to increase the degree of deacetylation and decrease 

the protonation of chitosan. In order to reduce the protonation of chitosan in acidic 

medium and water, blending with other polymer like PVA is helpful as it make hydrogen 

bond with amino group. Zeolite is widely being used for water treatment because of its 

molecular sieve structure. The objective of this study is to fabricate a novel 

chitosan/PVA/zeolite nanofibrous composite membrane via electrospinning process. 

Firstly, crude chitosan was hydrolyzed with NaOH for 24 hours to make the 

electrospinning feasible. Hydrolyzed chitosan was analyzed by FTIR. Consequently, 

degree of deacetylation and molecular weight of hydrolyzed chitosan was calculated. 

Analysis over hydrolyzed chitosan resulted in increase of degree of deacetylation. This 

will ease the electrospinning process. Next, 7 wt.% of hydrolyzed chitosan solution made 

by dissolving in 90% conc. acetic acid was blended with 8wt% of aqueous polyvinyl 

alcohol solution. Five electrospinning dope with the different weight ratio of 

chitosan/PVA was prepared, those are 50:50, 60:40, 70:30, 80:20 and 90:10. The 

electrospinning dope was then loaded in a syringe for electrospinning. Morphology of the 

electrospun products were studied by FESEM. FESEM analysis showed that 
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chitosan/PVA with 50:50 weight ratio gave defect-free nanofibrous mat. Where, higher 

chitosan content in the blend solution lead to poor nanofiber. Therefore, 50:50 weight 

ratio of chitosan/PVA was selected as the polymer matrix for zeolite. Then, 1 wt % of 

zeolite was added to the blend solution followed by electrospinning process. The structure 

and elemental studies on the electrospun composite nanofiber was characterized with 

field emission scanning electron microscopy, X-Ray diffraction, Fourier transform 

infrared spectroscopy, swelling test and adsorption test. The result showed that 

chitosan/PVA/zeolite nanofibrous composite was successfully produced via 

electrospinning process. From the FESEM result, finer, beads free nanofiber with 

homogeneous size was electrospun. Fourier Transform Infrared spectroscopy test shown 

a strong bond between chitosan and zeolite. X-Ray diffraction spectra also showed strong 

interaction of chitosan and zeolite. Zeolite loses its crystallinity due to strong bonding 

with chitosan molecules. Swelling test showed no change in weight after immersing in 

distilled water, acidic and basic medium for 20 days. The isotherm models showed that 

the Langmuir model described the equilibrium data of Cr (VI), Fe (III) and Ni (II) 

adsorption. Adsorption capacity of the nanofiber was unaltered after 5 recycling runs 

which indicate the reusability of the chitosan/PVA/zeolite nanofibrous membrane. 
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ABSTRAK 

Air dicemarkan melalui pelbagai cara. Selain itu, air yang sedia ada dan rawatan air sisa 

akan melebihi keperluan air yang bersih. Membran rawatan air yang lebih efisyen dan 

juga diperbuat daripada polimer yang boleh diperbaharui amat diperlukan. 

Chitosan merupakan biopolymer yang diketahui sebagai polimer yang boleh biorosot, 

tidak toksik, dan sesuai untuk badan manusia. Atas sebab bentuk chitin yang terdapat 

dalam polimer tersebut, ia mempunyai sifat polikationik. Pembuatan nanofiber chitosan 

melalui electrospinning merupakan cabaran atas sebab sifat polikationik tersebut. Selain 

itu, kelarutan chitosan yang terhad serta pemprotonan kumpulan amino dalam chitosan 

menjejaskan electrospinning chitosan tersebut. Untuk menyenangkan electrospinning, 

peningkatan tahap penyingkiran kumpulan asetil dan penurunan pemprotonan kumpulan 

amino dalam chitosan diperlukan. Untuk menurunkan pemprotonan chitosan dalam 

pelarut yang berasid, pergabungan dengan polimer lain seperti PVA adalah bermanfaat 

kerana chitosan akan bentuk ikatan hydrogen dengan kumpulan amino. Zeolite luas 

digunakan untuk rawatan air atas sebab bentuk molekul yang bersifat tapisan. Objektif 

kajian ini ialah untuk reka membrane composit bernanofiber chitosan/PVA/zeolite yang 

novel melalui proses electrospinning.  

Mulanya, chitosan mentah dihidrolisiskan dengan NaOH selama 24 jam untuk 

memastikan electrospinning boleh dilaksanakan. Chitosan yang telah dihidrolisiskan 

telah dianalisis dengan FTIR. Dengan ini, tahap penyingkiran asetil dan berat molekul 

telah dikira. Pengiraan menunjukkan peningkatan tahap penyingkiran kumpulan asetil. 

Ini akan menyenangkan proses electrospinning. Seterusnya, 7 wt% larutan chitosan yang 

telah dihidrolisiskan disediakan dengan penglarutan dalam 90% asid asetik pekat dan 8 

wt% lartuan PVA. Lima nisbah chitosan/PVA digunakan untuk menghasilkan composit 

bernanofiber, iaitu 50:50, 60:40, 70:30, 80:20 dan 90:10. Larutan-larutan tersebut 

dimasukkan dalam picagari untuk electrospinning. Morfologi membran composit 
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bernanofiber turut dianalisis dengan FESEM. FESEM menunjukkan bahawa 

chitosan/PVA dengan nisbah 50:50 mempunyai membran bernanofiber yang paling baik. 

Penggunaan chitosan yang lebih tinggi menyebabkan membran yang cacat. Dengan itu, 

nisbah 50:50 chitosan/PVA digunakan sebagai polimer matrix untuk zeolite. 1 wt% 

zeolite telah ditambah ke dalam larutan polimer dan diteruskan ke proses electrospinning. 

Melalui FESEM, X-ray diffraction, Fourier transofmr infrared spectroscopy, ujian 

bengkak dan ujian penjerapan, morfologi dan kajian elemen membran tersebut didapati. 

Keputusan menunjukkan bahawa halus, homogen nanofiber chitosan/PVA/zeolite yang 

bebas daripada kecacatan didapati. FTIR menunjukkan ikatan yang kuat antara chitosan 

dengan zeolite. XRD turut menunjukkan ikatan yang kuat antara chitosan dengan zeolite 

dan sebab itu, penghabluran zeolite menurun. Ujian bengkak menunujukkan tiada 

perbezaan dalam berat membrane tersebut selepas merendam dalam air suling, air berasid 

dan air alkali selama 20 hari. Model-model isoterma menunjukkan bahawa model 

Langmuir menjelaskan data keseimbangan penjerapan Cr (VI), Fe (III) dan Ni (II). 

Kapasiti penjerapan yang masih tidak berubah selepas penggunaan selama 5 kali 

menunjukkan membran chitosan/PVA/zeolite tersebut sesuai untuk diguna semula.  
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1 CHAPTER 1: INTRODUCTION 

 

1.1 Problem Statement 

Water is an obligatory material for all life in the world. It is a precious resource 

which is being polluted every day. Contaminants of water are micro-organisms, organics, 

Heavy metals and toxicants. Though freshwater is a natural resource, the ability of these 

resources to sustain water quality at suitable level has become difficult because of 

increasing water pollution. Nowadays seeking ways of purifying water is one of the main 

concerns because of the lack of clean water resources. Remarkable amount of pollutants 

are discharged from all kinds of industries (M. A. Shannon et al., 2008). In addition, 

organic dyes and heavy metals come in contact with water from different industries, 

ternaries and pharmaceutical etc. (Carmen & Daniela, 2012). The increasing demand of 

water quality as well as emerging contaminants in water, guides to study the prevailing 

water treatment processes and introduce more efficient one. Growing pressure on water 

lead to thinking of using alternative and unusual water resources like wastewater, sea 

water, storm water and brackish water. Moreover, existing water and wastewater 

treatment processes are going to exceed the limit for supplying sufficient water quality to 

meet the needs. Therefore, it is very urgent to introduce water treatment procedure in the 

mostly affected areas. 

Current improvement in nanotechnology suggests positive opening to develop 

next-generation water treatment processes. Our existing water treatment processes are no 

longer sustainable as it heavily depends on conveyance and centralized systems. 

Nanotechnology launched promising waste water treatment processes to overcome major 

problems in existing processes. Nanomaterials are being synthesized by different methods 

to get the desired properties. Usually the materials smaller than 100nm in at least one 

dimension are called nanomaterials. Some nanomaterials possess some promising 
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properties that make them suitable for water treatment. In the last few decades, some 

processes such as reverse osmosis, flocculation (Golob, Vinder, & Simonič, 2005), 

bacterial action, adsorption (Annadurai, Ling, & Lee, 2008) and photocatalytic 

degradation (Tabatabaee & Abolfazl Mirrahimi, 2011) have been used. Among them, 

adsorption has been found to be more useful for simplicity of design, lower initial cost 

and manageability of operation. Adsorption of any species to a solid surface commonly 

results from Van der Waals attraction between adsorbate and adsorbent. However, higher 

adsorption can be a result of weak chemical bonding between adsorbate molecules and 

adsorbent. Functional polymers are potentials materials for water treatment. Its functional 

groups help to introduce more property to the parent material by modification of 

functional groups and introducing more active sites.  Usually the adsorption process is 

limited by selectivity, active sites and kinetics of adsorbent. Appropriate nanomaterials 

can ensure high surface area, more active sites, porous structure and short intraparticle 

diffusion distance.  

Nanofiber offers some promising properties such as light weight, porosity and 

high surface to volume ratio which is suitable to become adsorption. There are many 

nanofiber fabrication processes like drawing (Annadurai et al., 2008; Joachim, 1998), 

template synthesis (Feng et al., 2002; Martin, 1996), phase separation (Martin, 1996), 

self-assembly (Liu et al., 1999), melt blowing (Butin, Harding, & Keller, 1974; Ellison, 

Phatak, Giles, Macosko, & Bates, 2007), solution blow spinning (Medeiros, Glenn, 

Klamczynski, Orts, & Mattoso, 2009; Oliveira et al., 2011) and electrospinning (Deitzel, 

Kleinmeyer, Hirvonen, & Tan, 2001). Nowadays, electrospinning has become more 

popular as it can fabricate nanofiber below 100nm diameter (Bhattarai, Edmondson, 

Veiseh, Matsen, & Zhang, 2005; Jayakumar, Prabaharan, Nair, & Tamura, 2010; L. Li & 

Hsieh, 2006; Ohkawa, Minato, Kumagai, Hayashi, & Yamamoto, 2006). Electrospun 

polymer fiber has been successfully used in drug delivery (Sill & von Recum, 2008), 
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tissue engineering (W. J. Li, Laurencin, Caterson, Tuan, & Ko, 2002) electronic devices 

(M. Y. Song, Kim, Ihn, Jo, & Kim, 2004) , water filtration (Aussawasathien, 

Teerawattananon, & Vongachariya, 2008; Gopal et al., 2006; S Ramakrishna et al., 2010) 

and so on. Among many applications, water treatment is one of the promising application 

because of its porosity and tunable pore size and larger surface area to volume ratio 

(Bognitzki et al., 2001; Hao Fong & Reneker, 1999; Huang, Zhang, Kotaki, & 

Ramakrishna, 2003). It is also highly permeable (Phillip Gibson, Schreuder-Gibson, & 

Rivin, 2001; PW Gibson, Schreuder‐Gibson, & Rivin, 1999) and selective (Baker et al., 

2008; Manesh, Santhosh, Gopalan, & Lee, 2007). Moreover, interconnected pore and 

smaller pore size implies more retention over dissolve particle in water (Burger, Hsiao, 

& Chu, 2006). These properties make the electrospun membrane very suitable for water 

treatment. But, it is defenseless against compaction and fouling during operation because 

of high porosity and surface area exposed to mechanical stress. Thus, selection of 

membrane materials needs to fulfil the filtration efficiency as well as mechanical strength. 

Chitosan is promising polymer for drug delivery, tissue engineering, filtration and 

so on  (Borchard, 2001). It is second most abounded bio materials in nature. It is being 

used widely for water treatment for its hydrophilicity, disinfection capacity, non-toxicity, 

adsorptivity, and biocompatibility. Being polycationic in nature it can bind metal ions and 

pathogens. It also reduces fouling and increase water flow rate (Desai et al., 2009; 

Jayakumar et al., 2010; J. Kim & Van der Bruggen, 2010). Presence of amino group 

ensures its multipurpose application (Martinová & Lubasová, 2008). Nonetheless, it is 

mechanically unstable and susceptible to swelling (Cooper, Oldinski, Ma, Bryers, & 

Zhang, 2013). Nowadays PVA, PEO, PVP, PET, PLA etc. are blended with chitosan to 

improve its mechanical property (Jayakumar et al., 2010). These polymers will form 

hydrogen bond with the chitosan and lead to a good mechanical property. In this study, 

chitosan was blended with PVA to improve the mechanical strength by making hydrogen 
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bond with the amino group of chitosan. Meanwhile, it also helps to decrease the swelling 

rate. Moreover, PVA is nontoxic (Koski, Yim, & Shivkumar, 2004), biodegradable and 

soluble in acidic medium. PVA also reduce the crystallinity of chitosan network in some 

extent (J. H. Kim, Kim, Lee, & Kim, 1992). The strong hydrogen bond of PVA with 

functional group –NH2 and NH-R lead to form good fibers (Pawlak & Mucha, 2003; Q. 

Li, 2010; Qi, Yu, Zhu, Chen, & Li, 2010). One of the important objective by adding PVA 

is to introduce more active sites (-OH groups) for adsorption (Tadros, 1974, 1978). 

Although chitosan bind metal ions, a filler material can increase the adsorption 

property and mechanical strength. They are a few such as activated carbon (Demirbas, 

Kobya, Senturk, & Ozkan, 2004; Kula, Uğurlu, Karaoğlu, & Celik, 2008; Selvi, Pattabhi, 

& Kadirvelu, 2001), silica (Aguado, Arsuaga, Arencibia, Lindo, & Gascón, 2009), 

diatomite (Dantas, Neto, & Moura, 2001), appetite and perlite (Mathialagan & 

Viraraghavan, 2002).Among them zeolite was used to increase the absorptivity and 

mechanical strength of electrospun fiber. It is cheap and commonly used for water 

treatment. Zeolites are hydrated Aluminosilicated porous structure. This porous structure 

can accommodate different positively charged ion molecules, cation and organic 

molecules. It is mechanically strong, thermally stable and good adsorbent (Blocki, 1993). 

Most important character of zeolite for wastewater treatment is its hydrophilicity 

(Perminova, Hatfield, & Hertkorn, 2005) .Three-dimensional frameworks of SiO4 and 

AlO4 tetrahedral made the main structure of zeolite. The aluminum takes the center 

position of the tetrahedron of four oxygen atoms and negative charge is produced in the 

lattice by the isomorphous replacement of Si4+ by Al3+. The exchangeable cation (sodium, 

potassium, or calcium) balance the net negative charge. These exchangeable cations are 

key factor for metal binding as they are also exchangeable with other cations such as lead, 

cadmium, zinc and manganese present in the water (Dahe, Teotia, & Bellare, 2012; 

Erdem, Karapinar, & Donat, 2004; Juang & Shiau, 2000; C.-F. Lin, Wu, & Lai, 2008). 
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Crosslinking of chitosan nanofiber is needed to improve chemical and mechanical 

stability in wet environment. Crosslinker such as glutaraldehyde (GA) (Chiou & Li, 2003; 

Jameela & Jayakrishnan, 1995; Schiffman & Schauer, 2007a, 2007b), genipin (Mi, Tan, 

Liang, Huang, & Sung, 2001), diisocyanates (Ngah, Endud, & Mayanar, 2002), and 

epoxides(Shauer & Schiffman, 2008) are being used. It also helps to decrease diameter 

of nanofiber (Austero, Donius, Wegst, & Schauer, 2012). In this study glutaraldehyde 

(GA) was selected. 

1.2 Objectives  

1. To fabricate chitosan/PVA/Zeolite nanofibrous composite membrane via 

electrospinning process. 

2. To investigate the properties of the resulting nanofibrous composite membrane 

via FESEM, XRD, FTIR and Swelling test. 

3. To evaluate the adsorption behavior of the nanofibrous composite membrane over 

Cr(VI), Ni(II) and Fe(III). 

1.3 Thesis Overview 

Chapter one of the thesis introduces the motivation, objectives and scope of the 

study. Chapter two represents literature review of background knowledge. Experimental 

and characterization details of the study have been discussed in chapter three. 

Experimental study has three parts; first one discusses the hydrolysis of the chitosan, 

second discuss the electrospinning and morphology of chitosan/PVA nanofiber and third 

discuss the electrospinning and characterization of chitosan/PVA/zeolite composite 

nanofibrous membrane.  

1.4 Scope of Work 

The study focus on the fabrication and characterization of chitosan/PVA/zeolite 

electrospun nanofibrous membrane and its adsorption behavior on Cr (VI). Fe (III) and 
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Ni (II). Adsorption capacity was not evaluated in different pH and temperature. This study 

explores the resulting nanofiber as a faster heavy metal ion removal agent. One minute of 

contact time in adsorption study provide a significant information about the adsorption 

capacity of the resulting nanofiber membrane. The working capacity of this membrane 

can be tested in subsequent research to prove it as an attractive material for desalination.  
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2 CHAPTER 2: LITERATURE REVIEW 

2.1 Chitosan 

Chitosan is a polycationic, non-toxic, biodegradable polysaccharide which is 

deacetylated unit of chitin. Chitin is the second most plentiful polysaccharide found in 

the nature. It is extracted from exoskeleton of crab, crustaceans and shrimp shells, insects, 

fungal mycelia (Cauchie, 2002; Roberts, 1992) and wastes of mushrooms such as 

Agaricus bisporus (Wu, Zivanovic, Draughon, & Sams, 2004). Chitosan is a copolymer 

of N-acetyl-D-glucosamine and D-glucosamine. Here, the D-glucosamine is the 

deacetylated unit which depends on the degree of deacetylation (DDA) of chitin to 

chitosan. Chitosan has  pKa near 6.5 and soluble in acidic solutions as some of the amine 

groups become protonated (Sorlier, Denuziere, Viton, & Domard, 2001). The positively 

charged fraction of repeat units is a function of the solution pH and degree of 

deacetylation (DDA). A higher degree of deacetylation means chitosan backbone 

contains larger number of positively charged groups. Chitosan has several unique 

properties which are suitable for water treatment. It has the ability to adsorb metal ions 

from solution and to hinder the maturation of a wide variety of bacteria, yeasts and fungi  

(Desai et al., 2009). The amino group of chitosan becomes positively charged in aqueous 

medium. Positively charged amino of chitosan interact with the negatively charged 

components in the microbial cell membranes. Barrier property of microbial is altered for 

the binding between chitosan and cell wall components. Thus, it causes leakage of 

intracellular components and prevents entry of nutrients (Helander, Nurmiaho-Lassila, 

Ahvenainen, Rhoades, & Roller, 2001), which cause the death of the cell. The 

antimicrobial effectiveness of chitosan depends on  degree of deacetylation, pH, 

molecular weight and crystallinity of chitosan as well as microbial buffer solution 

temperature (Lim & Hudson, 2003). 
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Figure 2.1: Chitin and chitosan molecule 

 Properties 

The properties of chitosan depends on the degree of deacetylation of chitosan. 

Degree of deacetylation of chitosan depends on processing parameters and conditions 

under which it is processed. This is because, the amount of free amino groups in the 

polymer chain is controlled by the degree of deacetylation. The free amino groups of 

chitosan becomes positive in acidic medium.  The amino group along with the hydroxyl 

group ensures functionality of chitosan which turns it to be a very reactive polysaccharide. 

Chitosan’s polycationic behavior helps to establish electrostatic interactions with 

different atom and molecules. The amount of functional groups generated by 

deacetylation and other processing condition  allow for making active sites which is also 

helpful for solubility (Şenel & McClure, 2004).  It is a semicrystalline polymer. 

Deacetylated unit of low molecular weight chitin is used to obtain the Single crystals of 

chitosan (Cartier, Domard, & Chanzy, 1990). It crystalize in an orthorhombic unit cell 

(P212121) with dimensions a 0.807 nm, b ¼ 0:844 nm, c ¼ 1:034 nm. It is a two-chain 
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orthorhombic unit cell where two chains are arranged in antiparallel mode (Ogawa, 1991; 

Ogawa, Yui, & Miya, 1992). 

2.1.1.1 Solubility of Chitosan 

The solubility of chitosan depends on its degree of deacetylation, distribution of 

the acetyl groups along the main chain and the molecular weight (Aiba, 1991; Kubota & 

Eguchi, 1997). Usually, an irregular structure is obtained after deacetylation due to 

semicrystalline character of initial polymer. The degree of ionization of chitosan molecule 

in the acidic medium depends on the pH and the pK of the acid. It was examined by the 

role of the protonation of chitosan on solubility in the presence of acetic acid (M Rinaudo, 

Pavlov, & Desbrieres, 1999) and hydrochloric acid (Rinaudc, Pavlov, & Desbrieres, 

1999). Chitosan is soluble at acidic medium. The required amount of acid to dissolve 

depends on the quantity of chitosan (M Rinaudo et al., 1999). The required concentration 

of protons in the acidic solution is at least equal to the concentration of -NH2 units. In 

actual fact, the solubility is a highly unfavorable parameter to control. It depends on the 

degree of deacetylation, intra-chain H bonds involving the hydroxyl groups, distribution 

of acetyl groups along the chain and the ionic concentration of chitosan as well as property 

of the acid used for protonation.  

2.1.1.2 Degree of Deacetylation of Chitosan 

The degree of deacetylation (DDA) is one of the important properties for chitosan. 

It determines the applicability of chitosan.  It helps to recognize whether the biopolymer 

is chitin or chitosan. It should be equal or higher than 40% for defining chitosan (Peter, 

1995). It also have a remarkable role in determining the applicability of chitosan. 

Moreover, the physical, chemical and biological properties of chitosan such as the tensile 

strength of films (Mima, Miya, Iwamoto, & Yoshikawa, 1983), ability to chelate metal 

ions (Tan, Khor, Tan, & Wong, 1998), reactivity and solubility (Duarte, Ferreira, Marvao, 

& Rocha, 2002) are influenced by DDA. 
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 Applications 

Many interesting properties of Chitosan like biodegradability, natural and 

abundance origin, reactivity, etc. make it a useful material in agricultural, food 

processing, nutritional enhancement, cosmetics and waste water treatment. 

2.1.2.1  Agricultural Applications  

Chitosan is a biodegradable and nontoxic biopolymer. Therefore, it can be used 

in agriculture. It was reported that chitosan can be used for seed coating, fertilizer and 

time released drug application. The use of chitosan in these areas has shown to increase 

the amount of crops produced by improving germination, rooting and leaf growth, while 

reducing the occurrence of fungal infections and diseases (Şenel & McClure, 2004). 

2.1.2.2 Wastewater Treatment   

Chitosan can be used in wastewater treatment in different ways. It can be used as 

flocculent to clarify water, adsorbent and chilling agent to remove organic elements and 

metal ion, respectively (Marguerite Rinaudo, 2006). –OH and –NH2 are the two functional 

group of chitosan that role as active sites in different reactions and bonding. Chitosan’s 

functional groups and natural chelating properties make chitosan useful in wastewater 

treatment by allowing for the binding and removal of metal ions such as copper, lead, 

chromium, mercury, and uranium from wastewater. It is also to remove other negatively 

charged solids from wastewater effluents (Q. Li, Dunn, Grandmaison, & Goosen, 1992).  

2.1.2.3 Food Industry Applications  

Chitosan’s chelating properties and high functionality make it valuable in several 

applications within the food industry such as binding with and removing certain elements, 

particles, and materials such as dyes and fats from foods. The antibacterial and antifungal 

properties found in chitosan can also be used during the storage and preservation of food 

(Q. Li et al., 1992). 
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2.1.2.4 Medical Applications  

Chitosan can be functioned to different forms. This ability makes it a useful 

polymer in the medical application. Application of chitosan has been reported in 

orthopedic, periodontal, and tissue engineering, wound healing, and drug delivery (Khor 

& Lim, 2003).  

2.2 Polyvinyl Alcohol 

Polyvinyl Alcohol is a biodegradable synthetic polymer. It is non-toxic, 

biocompatible and hydrophilic (Zheng, Du, Yu, Huang, & Zhang, 2001). It is composed 

of 1, 3-diol linkages [-CH2-CH (OH)-CH2-CH (OH)-]. In some cases, few percentage of 

1, 2-diols [-CH2-CH (OH)-CH (OH)-CH2-] can be present depending on the condition of 

the polymerization of vinyl ester precursor (Hallensleben, 2000). PVA is water soluble 

(XingYu Chen, Hou, Yang, & Xu, 2016). PVA is widely used in different industries such 

as  in medical (Kanamoto, Kiyooka, Tovmasyan, Sano, & Narukawa, 1990; Y. Wang & 

Hsieh, 2008), packaging (Kunugi, Kawasumi, & Ito, 1990) and building industries 

(Grubb & Kearney, 1990).  PVA can be modified by pre- or post-polymerization 

techniques to enhance to its desired property. (Lyoo, Blackwell, & Ghim, 1998). 

 Chitosan/PVA Blend 

PVA is a most common polymer additive that is blended with chitosan to make 

nanofiber (L. Li & Hsieh, 2006). PVA can ease the electrospinning process of nanofiber 

fabrication. PVA and chitosan both is soluble in diluted acetic acid. Therefore, miscibility 

of chitosan and PVA solution become easier (Park, Jeong, Yoo, & Hudson, 2004). PVA 

can reduce the crystallinity in the chitosan network and make strong hydrogen bond with 

functional group –NH2 and NH-R present in chitosan (Pawlak & Mucha, 2003; Qi et al., 

2010). For lower composition of PVA, hydrogen bond is made with CH2OH group of 

chitosan. CH2OH group of chitosan is more available for interaction, as it shows free 

rotation. As the PVA increases, it start to make bond with NH2 groups. This formation 
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helps in electrospinning of chitosan. Although PVA is soluble in water, its combination 

with chitosan renders the latter insoluble by forming a hydrogen bond. PVA also increases 

the adsorption property of chitosan (Muhd Julkapli, Akil, & Ahmad, 2011). In strengthen 

the chitosan by making –H bonding with the amino group of chitosan molecule and also 

introduce more active sites for dye adsorption. 

2.3 Zeolite 

Zeolites are hydrated Aluminosilicated porous structure. This porous structure can 

accommodate different positively charged ion molecules, cation and organic molecules 

.Zeolite is cheap and available in large amount in the earth. It is mechanically strong, 

thermally stable and good adsorbent (Misaelides, 2011). The uptake of metal cations from 

solutions by the zeolites is affected by a variety of factors such as the temperature, the 

solution pH, the presence of competing cations and complexing agents (Colella, 2007). 

 Properties of Natural zeolite 

Different kinds of zeolite can be found all around the world. But all zeolite have 

the common framework. It consists of three common component named aluminosilicate 

framework, exchangeable cations and zeolitic water. Here is the usual chemical formula 

of zeolite:  

Mx/n [AlxSiyO2(x+y)] ·pH2O……………….2.1 

Where, M represent cations like Na, K, Li, Ca, Mg, Ba and Sr, n is the charge of 

cations, y/x = 1-6 and p/x = 1-4. The main framework of zeolite is the tetrahedron. 

Usually, a silicon or aluminum atom occupy the centre of the tetrahedron and four oxygen 

atoms are settled at the vertices. Though SiO4 tetrahedron is neutral, lattice becomes 

negative when Si4+ is replaced by Al3+ in the center of a tetrahedron. The negative charge 

is neutralized by cations like sodium. The aluminosilicate framework is the most 

conserved and stable component and defines the structure type. The water molecules can 
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be present in voids of large cavities and bonded between framework ions and 

exchangeable ions via aqueous bridges. The water may serve as bridges between different 

exchangeable cations.  Zeolites are capable of exchanging ions with external medium, 

which is the significant characteristic of zeolite. Ion exchange proceeds in an isomorphous 

fashion. Several factors control the ion-exchange behavior of natural zeolite such as 

charge density of the anionic framework, the framework structure, ionic charge, ion size 

and shape and concentration of the external electrolyte solution (Kalló, 2001). Due to the 

formation environment, natural zeolite has varying chemical composition and cation-

exchange capacity.  

 Decontamination by Zeolite 

Zeolite has a unique structure that make it a proper material for decontamination. 

It has been widely used as adsorbents because of its ion exchange capability and 

molecular sieve properties. It is a common material in purification and separation 

technologies. Water contains different organic and inorganic pollutants. Zeolites are 

being used for removal of organic dyes, heavy metal ion such as Fe (III), Zn (II), Cr (VI) 

etc. and other pollutants. The purification of waters and the treatment of industrial and 

urban wastewaters are further fields of applications of natural zeolite (Colella, 2007). 

Natural zeolites were mainly investigated and applied as adsorbent for ammonium from 

urban as well as for heavy metals and dyes from industrial wastewaters. Wastewater 

treating facilities utilizing natural zeolites are already in operation in many countries. 

Natural zeolite is also used for the reduction of heavy metals and petroleum products in 

motorway storm waters (Pitcher, Slade, & Ward, 2004). In this section, application of 

zeolite as a purifier will be discussed.  

2.3.2.1 Removal of Ammonium 

Ammonium is nitrogen ion form pollutant comes from municipal sewage, 

fertilizer factory effluent and agricultural wastes into the water. Ammonia causes 

Univ
ers

ity
 of

 M
ala

ya



 

14 

 

depletion of dissolve oxygen, fish toxicity and eutrophication of lakes and rivers. Higher 

concentration of ammonium can worsen the problem. Natural zeolite is an effective 

adsorbent for removal of ammonium from water. It can remove as much as 30.6 mg/g of 

ammonium. (S. Wang & Peng, 2010).  

2.3.2.2 Removal of Heavy Metal Ions 

Water pollution by heavy metal is increasing day by day because of increasing 

different kinds of industries. The contamination by heavy metal is becoming a major 

concern because of its toxicity. It has been reported that many heavy metal ions are 

causing dangerous diseases. It was reported that zeolite is robust adsorbent for metal ion 

removal (Kalló, 2001; Kesraoui‐Ouki, Cheeseman, & Perry, 1994). However, most of 

research concentrated on single metal ion. But real wastewater can contain several metal 

ions at a time. Ion-exchange kinetics of zeolite is an important factor for removal of heavy 

metal ions. Many analysis have revealed that adsorption mechanism of heavy metal ions 

usually follow two kinetic models, pseudo-first-order or pseudo-second-order. It is 

observed that the kinetics of heavy metal ion adsorption depends on respective metal ions 

and type of zeolite (S. Wang & Peng, 2010). Cation selectivity of zeolite is an important 

parameter. Among different heavy metal ions, Pb has the prominent affinity for ion 

exchange for almost all kinds of zeolites. It is also seen that the ion concentration and 

solution pH has effects on the ion-exchange selectivity. Therefore, several factors are 

needed to be considered in real wastewater treatment process (S. Wang & Peng, 2010). 

2.3.2.3 Removal of Inorganic Anions 

The acid ions such as NO3
−, SO4

2−, PO4
3−, F−, ClO4

−, CN− are largely present in 

wastewater. These ions are very harmful as they are reason of pollution at high content. 

Other toxic species are Cr(VI) with CrO4
2−, Cr2O7

2− forms, As(V) with H2AsO4
2−, 

HAsO4
−, and As(III). They are harmful for human body. Currently,  ion-exchanged 
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zeolite and surfactant-modified forms are being used for removal of these anions (S. 

Wang & Peng, 2010).  

2.3.2.4 Removal of Organic Contaminants  

The removal of organic contaminants in a cheaper process is a problem even 

though a large number of systems are being used with adsorption techniques. Adsorption 

is becoming popular because of simplicity of design, lower initial cost and ease of 

operation. Dyes are common pollutants organic pollutant present in wastewater, which 

are mainly discharged with the effluent from textile, printing, food and leather industries. 

Different kinds of dyes including basic, acidic, reactive, and dispersive dyes are being 

used. Dyes have very adverse effect to environment. It affect the nature of the water by 

hindering sunlight penetration into the water and decreasing the photosynthetic reaction. 

Some dyes are also toxic and even carcinogenic (S. Wang, Boyjoo, Choueib, & Zhu, 

2005). In the past decade, several research have been conducted using natural zeolites for 

dye adsorption. (Alpat, Özbayrak, Alpat, & Akçay, 2008; Karadag, Akgul, et al., 2007; 

Karadag, Turan, Akgul, Tok, & Faki, 2007; S. Wang & Ariyanto, 2007; S. Wang & Zhu, 

2006). It is discovered that natural zeolites are effective adsorbent for cationic dye due to 

the cation-exchange characteristic. They also shows low adsorption capacity towards 

anionic dyes. After surfactant modification, natural zeolites will be good adsorbents for 

anionic dye adsorption (S. Wang & Peng, 2010). 

2.4 Water Pollution  

Water pollution is the contamination of natural water by physical, chemical, 

radioactive or pathogenic microbial substances. It is contaminated by both natural reasons 

and man-made activities. Polluted water is the reason of illness and even lethal diseases. 

Various microbes present in water can causes many threatening diseases like 

Schistosomaisis, Dracunculiasis, Amebiasis, Cholera, Typhoid etc. (Hunter, 2003). 

Different metal ions like Cr, Pb, As, Zn, Co, Cu and Ni are contaminant of water (Argun 

Univ
ers

ity
 of

 M
ala

ya



 

16 

 

& Dursun, 2008). These contaminants can cause severe health problem. This situation is 

more severe in developing country and industry area .Predominant impact of water 

pollution upon environment includes soil pollution, increasing species mortality rate, loss 

of ecosystem and biodiversity. There are several natural causes of water pollution. Some 

natural causes of water pollution are volcanic eruptions, sedimentation from severe 

rainfall, storm, earthquake and algae blooms from natural causes and etc. 

 Classes of Water Pollutants 

Water is being polluted from different sources. There are different kinds of 

pollutants which are being discharged in the water. Among them, chemical water 

pollutants are very dangerous as most of them have negative effect on human body as 

well as environment. There are many chemical pollutants which come to environment 

from different natural and man-made sources. Among them, Some common names of 

chemical contaminants are mercury emerging from mining activity (Malm, 1998), 

chlorinated organic molecules originated from water treatment plants, nitrogen 

compounds applied for agricultural purposes or various acids from of different 

manufacturing activities (Kumazawa, 2002; Rogers, 1996). 

Physical water pollutants are not so harmful as pathogens or chemical to 

environment or human health.  They are some physical factors such as temperature 

change and larger particles. Although they are not toxic, it can cause various harmful 

effects. Sediment load and rubbish like plastic bags, bottles etc. can be classified as 

physical pollutants. This kinds of pollution have very negative effects on the metabolism 

and food cycle of marine life in adverse ways (Clark, 1969). 

Radioactive substances are mainly chemical pollutants. They have smallest 

contribution to water pollution. Radioactive materials rarely discharged to water from 

nuclear plants. It is discharged from agricultural firm like tobacco farming. Usually, 
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radioactive materials come into  the environment as a result of contamination of 

phosphate fertilizer from these firming (Ahmed & El-Arabi, 2005; Fávaro, 2005).  

Pathogens are common microbes that pollute water. Untreated sewage and surface 

runoff from intensive livestock grazing are main source of pathogens. Giardia lamblia is 

an example of disease agents which can cause diarrhea, abdominal cramping and many 

more health problem. It is a parasitic protozoan, usually present in fecal material of animal 

and humans. It is peculiarly insidious, because of its immunity from ordinary sewage 

treatment process (Sahlström, Aspan, Bagge, Danielsson-Tham, & Albihn, 2004).  

 Causes of Water Pollution 

2.4.2.1 Industrial Waste  

Different kinds of industries such as textile industries, pharmaceutical industries, 

tannery polymer, ceramic and steel manufacturing industries produce large amount of 

waste and by-products which contains harmful chemicals and other pollutants. 

Pharmaceutical wastes are very toxic and complex among other industrial waste (Seif, 

Joshi, & Gupta, 1992). Some common pollutants are mercury, metal ions, sulphur, 

asbestos, dyes, nitrates and many other harmful chemicals. Many industries do not have 

proper waste management system and discharge the effluent in the environment which 

cause water pollution as well as soil pollution.  The waste is moved into the natural water 

resources like rivers and canal via drainage system. In many countries, the waste is 

directly released to water sources. These chemicals can change the color of water and 

temperature and cause Eutrophication. Therefore, natural environment of water resources 

can be destroyed. It is a treat to the flora and fauna of the water. 

2.4.2.2 Sewage and Wastewater 

The sewage and waste water that is produced by each household is chemically 

treated and released into the sea. The sewage water is source of several harmful microbes 
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and chemicals which are root cause of many dangerous health problems. Pathogens are 

known as a common water pollutant. Microorganisms in water are known to be causes of 

some very deadly diseases and become the breeding grounds for other creatures that act 

like carriers. These carriers inflict these diseases via various forms of contact onto an 

individual. A common example of this process would be Malaria. 

2.4.2.3 Mining Activities 

 Mining is the technique of extracting coal and minerals from underground. This 

process brings different harmful element to the contact of ground water. Different 

components which are taken out in the crude form carries hazardous chemicals. These 

hazardous components mix with water and may cause different health problems. 

Generally, mining activities discharge sulphides and several metal wastes from the rocks. 

2.4.2.4 Marine Dumping 

The rubbish assemble by every household in the form of aluminum, paper, glass, 

rubber, plastic and food are dump into the river and sea in many countries. This kind of 

object need from 2 weeks to 200 years to be decomposed or degraded. These objects not 

only the reason of water pollution but also harm a threat to the marine life sustainability 

in the sea. 

2.4.2.5 Accidental Oil Leakage 

Oil spill is a matter of concern as large amount of oil enters into the natural water. 

Oil does not dissolve in the water. Therefore, it hampers the natural environment of 

marine wildlife including fish, birds and sea otters. The oil can be spilled by accident its 

carriage ship and can be a threat to the marine species depending on the toxicity of 

pollutants and amount of oil.  
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2.4.2.6 Burning of Fossil Fuels  

Fossil fuels are made by natural processes from dead organisms. Fossil fuels 

contains large amount of carbon. Coal and oil are two common fossil fuels which are 

burnt for different purposes. It produce large amount of ash in the atmosphere. Ash 

contains different hazardous chemicals that mixed with water vapor and causes acid rain.  

2.4.2.7 Chemical Fertilizers and Pesticides 

 Chemical fertilizers and pesticides are applied to save crops from bacteria and 

insects. These chemical substances are beneficial for the plants maturation. But, they have 

negative effects on environment. When these chemical substances mixes with water, it 

become very harmful for plants and animals present in the water. Also, when it rains, the 

chemicals mix up with rainwater and flow down into rivers and canals which pose serious 

damage for aquatic animals. 

2.4.2.8 Global Warming 

An increase in earth’s temperature due to greenhouse effect results in global 

warming. Increasing temperature has many adverse effect on environment. One of them 

is increasing temperature of water. It causes death of aquatic animals and marine species 

which later results in water pollution. 

2.4.2.9 Animal Waste 

Animal waste can contain different harmful microbes. It often washed away to the 

river and canal by rain water. Thus, water quality is diminished. This water can cause 

different water borne diseases like cholera, jaundice, diarrhea, dysentery and typhoid. 

2.4.2.10 Underground Storage Leakage 

Coal, petroleum, chemical and different hazardous products are transform through 

underground pipes. Accidentals leakage may contaminate the soil and consequently the 

water.  
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2.5 Heavy Metal Ions 

The term heavy metal refers to any metallic chemical element that is toxic or 

poisonous at even low concentrations. Among different pollutants, heavy metal ions are 

very dangerous because of its toxicity carcinogenic behavior (Fu & Wang, 2011).  

Besides, it is nondegradable in the environment and cannot be decomposed (Mapanda, 

Mangwayana, Nyamangara, & Giller, 2005). Several metal ions can be present in the 

water such as Cr (VI), Cr (III) (Anderson, Meyer, & Mayer, 1973), As (V) (Silver & 

Phung, 1996), Cu (II), Co (II), Ni (II), Fe (III), Mn (II) (Nies, 1999), Hg (II), Zn (II), Cd 

(VI) , Pb (II) (Hahne & Kroontje, 1973), Se (VI) (Whanger, 1992) and Tl (VI) (Alluri et 

al., 2007).These ions can cause different diseases like throat dryness, lung tumors, 

damage of organs including kidneys and heart, tooth decay, gastroenteritis symptoms and 

so on. Heavy metal are present in the nature. It comes to water sources via geochemical 

process. Besides, several man made activities such as construction, manufacturing, 

agriculture, mining and transportation cause addition of heavy metal ions into the water 

resources. Fig 2.2 represents the heavy metal content in the waste water effluents released 

from different industries of Taloja Industrial Estate of Mumbai for the Assessment years 

1999-2000. 
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Figure 2.2: Average variation in Heavy metal content in the waste water effluents 

released from different industries of Taloja Industrial Estate of Mumbai for the 

Assessment years 1999-2000 (Lokhande, Singare, & Pimple, 2011) 

 

 Chromium (VI) 

Hexavalent chromium, Cr (VI) means any compound containing the element 

chromium in the +6 oxidation state. It does not freely prevail in nature. Main chromium 

mineral is chromite (FeCr2O4). Chromium metal and Cr (III) are not considered harmful 

material for health. But Cr (VI) is toxic and carcinogenic  (Barceloux & Barceloux, 1999).  
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Figure 2.3: Potassium Chromate 

It come in contact with water when it is discharge from several industries. 

Different industries like chrome plating, textile dye industries, wood preservation , 

pigment production, stainless-steel production, petroleum refineries, and leather tanning 

use Cr (VI) as chromate and dichromate (Sultan & Hasnain, 2005; Thacker, Parikh, 

Shouche, & Madamwar, 2006). These industries discharge effluent which contains Cr 

(VI). These effluent cause pollution of soil and water. Cr (VI) is recognize as genotoxic 

carcinogenic material (Cancer & Organization, 1990). It increases the risk of lung cancer 

and can cause ulcers in the stomach (Dupont & Guillon, 2003). Cr (VI) is also toxic to 

animals and plant because of its high oxidative property(Cutting et al., 2010). According 

to WHO and USEPA, acceptable concentration of Cr (VI) is 50 and 100 μg·L−1, 

respectively (Lv, Xu, Jiang, Tang, & Xu, 2012). But, concentration of Cr (VI) is higher 

than the acceptable value in Cr (VI) containing wastewater (Z. Wang, Ma, Chen, & Zhao, 

2008).  
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Figure 2.4: Tannery waste, containing hexavalent chromium and azodyes, Ranipet, 

India 

 

 Nickel (II) 

Nickel is a metallic element with symbol Ni. Usually, it is a two valent element, 

but other oxidation state can exist. It has many recognizable industrial uses. It is used in 

stainless steel, rechargeable battery, welding products, electroplating industries, nickel 

steel and different special alloys (Davis, 2000). A research study on effluent of Taloja 

industrial belt of Mumbai showed that Ni (II) content was 33.6 mg/L which is very high 

from the acceptable value (Lokhande et al., 2011). It can contaminate drinking water by 

leaching from the pipe and fittings (Organization, 2004). It was reported that nickel 

leaching can be up to 6 µg/L from new stainless steel pipe (Organization, 2004). 

Acceptable level of nickel consumption is 0.2 µg/m3 (Kasprzak, Sunderman, & Salnikow, 

2003). High dose is dangerous for life and health because of its acute toxicity and 

carcinogenicity.  

Univ
ers

ity
 of

 M
ala

ya



 

24 

 

 

Figure 2.5: Electroplating Industry waste water (Md. ashikur & Rabia 2014) 

 

 Iron (III) 

Iron is an essential material for human nutrient. Acceptable level of iron 

consumption is 10-50 mg/day (Organization, 1988). According to European Legislation, 

acceptable iron content in drinking water is 200 μg/L (Sieliechi, Kayem, & Sandu, 

2010).Consumption dose as low as 60mg/kg of body weight can cause death (El-Harbawi 

et al., 2010). Excessive iron in the blood can cause damage of cells of gastrointestinal 

tract  (Sieliechi et al., 2010). It was reported that excessive iron can cause Alzheimer’s 

disease (Ong & Halliwell, 2004).  Interaction between iron and cholesterol causes 

oxidative damage leading to atherosclerosis and neurodegeneration. Excessive iron in 

selective regions of the brain may be involved in the neurodegenerative disorders (Perez 

et al., 2010). A research study on effluent of Taloja industrial belt of Mumbai showed that 

Iron  content was 12.8 mg/L which is very high from the acceptable value (Lokhande et 

al., 2011). Iron can be responsible for diphasic shock and anorexia. Iron also deposit in 
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pipelines which make problem in water supply. It combine with oxygen to make reddish 

particles. These debris can cause metallic taste to water (Zamzow & Murphy, 1992). 

 

Figure 2.6: Cadmium, zinc, copper, and iron stain the Animas River in Colorado 

 

Iron can be present in tape water. Exposure to a combination of water and oxygen 

causes iron to deteriorate; the casings and pipes of a well water supply have a passing 

acquaintance with both factors. If the casings and pipes contain iron, the acquaintance 

leads to this deterioration. Rust, the natural by-product of iron corrosion, flakes off the 

well’s components and into the water traveling from the well to our taps. Possibility of 

iron contaminant become higher when iron pipes are used (Jin, Wu, Zhang, & Guan, 

2014). More specifically, the main source of an appreciable iron entry into a municipal 

water supply is  through pipeline corrosion, metal finishing and galvanized pipe 

manufacturing (Zuane, 1990). 
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Figure 2.7: Iron in tape water  

 

2.6 Water Treatment 

Water treatment is a process to remove all the undesirable element present in the 

water to have acceptable quality of water for drinking, household and other application. 

Usually, water is polluted by the contaminants like pathogen, metal ions, detergent, 

disinfection by product, chemical compound, petroleum (gasoline, diesel), sediment, 

fertilizer, chemical waste etc. Among them, metal ions are very dangerous as they are 

carcinogenic and cannot be decomposed. There are three kinds of technology for water 

treatment: chemical method, physical method and biological method. Some examples of 

chemical methods are flocculation, coagulation, ion-exchange, precipitation, 

electroflotation etc. (S. H. Lin & Chen, 1997). Usually, chemical methods are rapid and 

efficient process. There is no loss of adsorbent materials. But, the limitation of these 

process are high energy and chemical cost. Besides, accumulation of concentrated sludge 

creates a disposal problem (Robinson, McMullan, Marchant, & Nigam, 2001). Physical 

methods of water treatment are membrane filtration, eletrodialysis, reverse osmosis and 
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adsorption. Physical methods are more advantageous as there is no sludge production and 

little consumption of chemical. But it is economically unfeasible and creates by-products. 

Besides, reproducibility of adsorbent is challenging (R. S. Bai & Abraham, 2003). 

Biological methods are adsorption by microbial biomass, fungal decolorization, 

bioremediation systems and microbial degradation. These processes are economically 

attractive but slow.  

2.7 Wastewater Treatment 

Wastewater treatment is a different from water treatment. It gives attention to 

disposal rather than use. Water reclamation implies avoidance of disposal by use of 

wastewater as a raw water supply. Main objective of water and wastewater treatment is 

to remove impurities or pollutants present in the water. But, typical water treatment 

processes may not be suitable for wastewater treatment. Because it may contains inert, 

highly toxic and inhibitory organic compounds (Chakinala, Gogate, Burgess, & Bremner, 

2008; Oller, Malato, & Sánchez-Pérez, 2011) Several processes are discussed below. 

 Adsorption process  

Adsorption is a process of separating or collecting soluble particles from a 

solution by an interface which is called adsorbent. The Adsorption process can have three 

steps which vary with type of adsorbent: 1) transfer of the adsorbate molecule to the 

adsorbent wall, 2) diffusion of adsorbate through the adsorbent if it is porous and 3) 

removing of adsorbate molecule from the solution by making bond between adsorbate 

and adsorbent. It can be classified as chemical and physical adsorbent. Usually, physical 

adsorption is caused by Van der Waals attrition force between adsorbate and adsorbent. 

In case of chemical adsorption, there is a chemical reaction or interaction between 

adsorbent and adsorbate (Metcalf, 1991). Many adsorption process are reversible. It 

means adsorbate can be separated from the adsorbent by desorption process. There are 

several reason of desorption. Most common two is displacement by other compound or 
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decrease in effluent concentration (Snoeyink, 1990). Desorption is very useful 

phenomenon as it help to recover the adsorbed important metal ion which is applicable in 

mining belt (Benavente, Moreno, & Martinez, 2011). On the other hand, it ensure 

reusability of adsorbent (Jing, Zhou, Song, & Dong, 2011).  

 

 Phase Separation 

Phase separation are applied to an intermediate phase in a water treatment 

sequence during oxidation or polishing. Impurities are transferred into a non-aqueous 

phase. In a primary stage of phase separation, floating, visible and heavy materials are 

removed from the water. Sedimentation and filtration are two common examples of phase 

separation. Solids and non-polar liquids can be isolated from wastewater by 

sedimentation process. In this process, gravity is used for separation when density 

differences are enough to overcome dispersion by turbulence. Gravity separation 

techniques are used as primary treatment of wastewater of sewage. In this process, heavy 

solids are accumulated on the bottom of a special container such as quiescent settling 

basin. Nowadays, skimmers are being used with complex clarifiers to concurrently 

separate floating grease. Grease can contain solids like feathers, wood chips and soap 

scum. (Weber, 1972). Colloidal suspensions of fine solids may be removed by filtration. 

Fine physical barriers distinguished from coarser screens or sieves by the ability to 

remove particles which are smaller than the openings (through which the water passes) 

(Weber, 1972). 

 Oxidation 

Oxidation can reduce the biochemical oxygen requirement of wastewater. Thus, 

it helps to diminish the toxicity of several contaminates. Secondary treatment converts 

some impurities to carbon dioxide, water, and biosolids. In the recent years, advanced 

oxidation processes has been introduced for wastewater treatment. Two types of 
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processes are available called heterogeneous (photocatalyst and iron based) and 

homogenous (ozone and ultraviolet (UV)/H2O2) (Linden & Mohseni, 2014). It is 

recognized as a tool to destroy recalcitrant compounds or, at least, to transform them into 

biodegradable species (Ribeiro, Nunes, Pereira, & Silva, 2015). Two examples of 

oxidation are biochemical oxidation and chemical oxidation. Biochemical oxidation is a 

secondary treatment of dissolved colloidal organic compounds. It was usually used for 

the treatment of agricultural wastewater, industrial wastewaters and sewage (Balmat, 

1957; Butterfield, Purdy, & Theriault, 1931; Butterfield, Ruchhoft, & McNamee, 1937). 

On the other hand, chemical oxidation is usually used as post treatment process after 

biochemical oxidation (Weber, 1972). It can remove some unaffected organic pollutants 

remaining after biochemical oxidation. Ozone, chlorine or hypochlorite is added to 

wastewater for disinfection of bacteria and microbial pathogens by chemical oxidation. 

 Polishing 

Polishing is used as post treatment or independent treatment process for industrial 

water treatment in some extent. Chemical reduction or pH adjustment minimizes 

chemical reactivity of wastewater following chemical oxidation (Weber, 1972).  

2.8 Nanotechnology in Water Treatment 

Nanomaterials are being used widely for water treatment and wastewater 

treatment. Different kinds of nanomaterials have been designed for removal of organic 

and inorganic solutes, toxic metal ions and microorganisms from the water (Cloete, 2010). 

Nanomaterials have some stunning properties to remove contaminants from water. It is 

considered to be a dynamic research area for water treatment (Cloete, 2010; Karn, 

Kuiken, & Otto, 2009).  

At present, nanotech-based technologies such as adsorption, reverse osmosis, 

nanofiltration and ultrafiltration membranes etc. are being applied in water treatment. 

Indeed, different nanofibers, carbon nanotubes and various nanoparticles are the products 
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used for water treatment (Celik, Park, Choi, & Choi, 2011; Pradeep, 2009; X. H. Qin & 

Wang, 2006; Savage & Diallo, 2005). Nanotechnology is used for water treatment 

expecting more efficient action to remove pollutants such as bacteria, virus and heavy 

metals which are difficult to be removed from water if using convectional water treatment 

systems. Nanomaterials have higher surface areas. It helps to increase reactivity, 

dissolution and adsorption of contaminants (Qu, Alvarez, & Li, 2013). 

 Nano-adsorbent  

Adsorption is an important step to remove pollutants form water. Usually, it is 

applied as a polishing step. Limitation of ordinary adsorbents are lack of selectivity, 

insufficiency of the surface area or active sites and the adsorption kinetics. Nano-

adsorbents are attracting attention because of its large surface area to volume ratio which 

can ensure efficient adsorption associated with adsorption active sites. Other important 

factors of nano-adsorbents are tunable pore size and short intraparticle diffusion distance 

which can accelerate the adsorption process. 

2.8.1.1 Carbon Based Nano-adsorbents 

CNTs are very efficient for removing various organic chemicals. It is a robust 

adsorbent for different organic chemicals (Bo Pan & Xing, 2008). Mainly, the larger 

surface area to volume ration is the reason of this high adsorption capacity to the 

chemicals. Moreover, the multiple interactions between CNT and pollutants accelerate 

the process. CNTs are hydrophobic in nature because of its graphitic surface. In any 

aqueous medium, CNTs are susceptible to form bundles or aggregates because of its 

hydrophobicity. As a result, the effective surface area is reduced. On the other hand, CNT 

aggregates accommodate interstitial spaces and channels, which act as very energetic 

active sites for high adsorption for organic molecules (B. Pan, Lin, Mashayekhi, & Xing, 

2008). It also can accommodate large quantity of micropores unreachable to large organic 

molecules (Ji, Chen, Duan, & Zhu, 2009). It can be concluded that CNTs are superior to 
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other materials because of its higher adsorption capacity. It is also good adsorbent for 

several larger sized organic molecules as a result of more accessible and active adsorption 

sites and porosity. 

Activated carbon has some limitation. Low adsorption affinity for low molecular 

weight polar organic compounds is a vital limitation. On the other hand, CNTs can adsorb 

different polar organic molecules. There are some factors such as π-π interactions, 

electrostatic interaction and hydrogen bonding which speed up the process.  (Yang & 

Xing, 2010). The π electron rich CNT surface is very active during any adsorption 

process. It helps to make π-π interactions with organic molecules with polar aromatic 

compound and  C=C bonds  (W. Chen, Duan, & Zhu, 2007; D. Lin & Xing, 2008). 

Organic compounds which have -COOH, -OH, -NH2 functional groups could also form 

hydrogen bond with the graphitic CNT surface which donates electrons (Yang, Wu, Jing, 

& Zhu, 2008). The adsorption process is accelerated by electrostatic interaction between 

adsorbate and adsorbent specially for positively charged organic molecules (Ji et al., 

2009). 

Oxidized CNTs can adsorb metal ions very efficiently with higher removal rate. 

The major adsorption sites of CNTs are functional groups such as hydroxyl (-OH), 

carboxyl (-COOH) and phenol for metal ion adsorption. Another important fact is that all 

the functional groups are present in the surface which increase the possibility of 

interaction between CNT and contaminants. The adsorption process mainly comprises of  

electrostatic attraction and chemical bonding (Rao, Lu, & Su, 2007). As a consequence, 

the adsorption capacity of CNTs can be enhanced significantly by surface oxidation. It 

has been confirmed by different studies that adsorption capacity of CNTs is higher than 

activated carbon for heavy metal ions like Cu (II), Cr (VI) Pb (II), Zn (II) etc. (Y. H. Li 

et al., 2003; Lu, Chiu, & Liu, 2006). Moreover, active adsorption sites and tiny 
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intraparticle diffusion distance speed up the adsorption process. Therefore, activated 

carbon can be consider as an alternative agent for adsorption. 

2.8.1.2  Metal Based Nano-adsorbents 

There are several metal oxides that can act as effective adsorbent for organic dyes, 

heavy metal ions and other pollutants. Some familiar adsorbents are alumina, iron oxide, 

zeolite and titanium oxide. The adsorption mechanism is basically monitored by 

ineraction between pollutants ion present in the water and the oxygen of metal oxides 

(Koeppenkastrop & De Carlo, 1993). Adsorption can be completed by single step or two-

step process. In single stage process, direct adsorption is occurred at the surface of 

adsorbent. As for two-step process, initial adsorption of pollutants ions on the exposed 

surface of adsorbent. Last step of this process is intraparticle diffusion along with 

micropore walls. (Trivedi & Axe, 2000). It was reported that arsenic adsorption capacity 

of nano-magnetite increased to 100 times as particle size was decreased from 300 to 11 

nm (Yean et al., 2005). Specific surface area was increased as the particle size was 

decreased.  Therefore, increasing in adsorption can be ascribed to the increase in specific 

surface area (Auffan et al., 2009; Auffan et al., 2008). Metal based nanomaterials have 

shown its efficiency for removal of heavy metal ions such as arsenic, lead, mercury, 

copper, cadmium, chromium, nickel. Its potentiality to remove metal ion is higher  

activated carbon (Sharma, Srivastava, Singh, Kaul, & Weng, 2009). Among them, 

remarkable results was observed for arsenic removal. Though, activated carbon is an 

efficient adsorbent for several organic and inorganic pollutants, it shows limited 

adsorption capacity for arsenic, especially for As (V) (Daus, Wennrich, & Weiss, 2004). 

Several metal oxide nanomaterials including nano sized magnetite and TiO2 have shown 

arsenic adsorption performance superior to activated carbon (Deliyanni, Bakoyannakis, 

Zouboulis, & Matis, 2003; Mayo et al., 2007). Suitable porous materials like activated 

carbon can accommodate metal (hydr)oxide nanoparticles. These nanoparticle 
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impregnated porous structure can be used to remove arsenic as well as organic co-

contaminants (Hristovski, Nguyen, & Westerhoff, 2009; Hristovski, Westerhoff, Möller, 

& Sylvester, 2009). 

2.8.1.3 Polymeric Nano-adsorbents 

Dendrimers are designed adsorbents for removing different organic pollutants and 

heavy metal ions present in the water. Inner shell of dendrimers are hydrophobic. It is 

useful for adsorption of organic contaminates from water. Besides, the outer part or 

branches of these adsorbents are designable for acting as an adsorbents of heavy metal 

ions. Several phenomena or factor can be involved in the adsorption process including 

hydrogen bonding, complexation, hydrophobic effect and electrostatic cooperation 

(Crooks, Zhao, Sun, Chechik, & Yeung, 2001). It was reported that, a dendrimer-

ultrafiltration scheme was made adsorption of heavy metal ions (Diallo, Christie, 

Swaminathan, Johnson, & Goddard, 2005). Complete removal of Cu (II) was observed 

by PAMAM dendrimer 

2.8.1.4 Membranes and Membrane Processes 

Membranes make a physical obstacle for pollutants based on their size. As the key 

component of water treatment and reuse, they provide high level of automation, require 

less land and chemical use, and the modular configuration allows flexible design (Qu, 

Brame, Li, & Alvarez, 2012). One of the significant limitation of membrane is high 

energy consumption in pressure driven membrane process. Another problem is intrinsic 

tradeoff between membrane permeability and selectivity. Membrane fouling adds to the 

energy consumption and the complexity of the process design and operation. 

Furthermore, it decreases the lifespan of membranes. The performance and efficiency of 

any membrane systems is mainly controlled by the membrane material. Introduction of 

functional nanomaterials into membranes can improve the membrane permeability, 
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longer life span, fouling resistance, mechanical and thermal stability. Moreover, 

functional nanomaterials can contribute for contaminant degradation and self-cleaning. 

2.8.1.5 Thin Film Nanocomposite Membranes 

Thin film nanocomposite has several important properties for water treatment. In 

this case, main concern is the introduction of proper nanomaterials like TiO2, Ag, SiO2 

and zeolites into the membrane. There are two common process for introduction of 

nanomaterials named surface modification and mixing with the casting solution. Among 

various dopants, currently zeolites are attracting attention. They have exhibited their 

potentiality in improving membrane property. The addition of nano-zeolites leads to more 

permeable, negatively charged, and thicker polyamide active layer (Mary L Lind et al., 

2009). One study revealed that water permeability increased up to 80% over the TFC 

membrane as well as the salt rejection predominantly preserved (93.9±0.3%) (B.-H. Jeong 

et al., 2007). Another study reported that adding 0.2 wt% of  nano-zeolites(250 nm) to 

membrane ensured higher permeability and better salt rejection (>99.4%) than ordinary 

RO membranes (Mary Laura Lind, Eumine Suk, Nguyen, & Hoek, 2010). The 

hydrophilic porous structure of nano-zeolites generate favorable paths for water. 

However, water permeability increased even with pore-filled zeolites, although less than 

the pore-open ones, which could be attributed to defects at the zeolite-polymer interface. 

Zeolite has been used as a bearer of antimicrobial dopants such as Ag+, which imparts 

anti-fouling property to the membrane (Lind et al., 2009b). The zeolite doped TFN 

technology has reached the initial phage of commercialization. A membrane named 

Quantum Flux is commercially available. It can filtrate wastewater using reverse osmosis 

process.  

2.8.1.6 Nanofiber Membranes 

Nanofiber is defined as a fiber having diameter in nanometer range. It has 

important properties like permeability, interconnected porosity, selectivity, high surface 
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area to volume ratio, light weight etc. Some common processes for nanofiber fabrication 

are melt blowing, meltspinning, jetspinning, force spinning and electrospinning. Among 

them, electrospinning is a popular process because of its simplicity, efficiency and cheap 

which can fabricate nanofibers with diameter below 100 nm using various polymer and 

polymer matrix composites (Cloete, 2010; D. Li & Xia, 2004).  The electrospun 

nanofibers have smaller diameter, high specific surface area to volume ratio and complex 

pore structures. Its morphology including diameter and diameter distribution, 

composition, secondary structure, and spatial alignment of electrospun nanofibers can be 

easily manipulated for specific applications (D. Li & Xia, 2004). Even though nanofiber 

membranes are being commercially utilized for air filtration, their prospective utilization 

in water treatment is still undeveloped. Nanofiber membranes can remove very small 

particles from water at a very high rejection rate with less fouling (Seeram Ramakrishna 

et al., 2006). Electrospun nanofiber membrane can ensure retention of micro-

particle/nanoparticle with higher elastic modules, compaction resistance (S. 

Homaeigohar, Koll, Lilleodden, & Elbahri, 2012; Sawada et al., 2012) , high ductility and 

longer life span (Maximous, Nakhla, Wan, & Wong, 2010). In addition, ceramic particles 

and functional nanomaterials can be easily introduce into the spinning solutions to 

fabricate composite nanofibers (D. Li & Xia, 2004). The exceptional properties of 

electrospun membrane make it an ideal platform to synthesize a multifunctional media 

for water treatment. For example, by implementing ceramic nanomaterials or any 

adsorbent agents on the nanofiber scaffold, removal capacity of nanofiber can be 

increased. It has been revealed by notable number of research studies that membranes can 

act as multifunctional barrier over pollutants by adding nanomaterials in the membrane. 

Hydrophilic metal oxide nanoparticles such as Al2O3, TiO2, and zeolite etc. are widely 

being used for such application. antimicrobial nanoparticles (e.g., nano-Ag and CNTs), 

and (photo) catalytic nanomaterials (e.g., bi-metallic nanoparticles, TiO2). The objective 
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of introducing hydrophilic metal oxide to nanofiber is to diminish the possibility fouling 

during operation by increasing the hydrophilicity of the membrane. It has been shown 

that the addition of metal oxide  including alumina (Maximous, Nakhla, Wong, & Wan, 

2010), silica (Bottino, Capannelli, D'asti, & Piaggio, 2001), zeolite (Pendergast, Nygaard, 

Ghosh, & Hoek, 2010) and TiO2 (Bae & Tak, 2005) to polymeric membranes can increase 

membrane surface hydrophilicity, water permeability, or fouling resistance. Moreover,  

these particles can  help to improve the mechanical and thermal strength of polymeric 

membranes, lowering the effect of heat and compaction on membrane permeability 

(Ebert, Fritsch, Koll, & Tjahjawiguna, 2004; Pendergast et al., 2010) 

2.9 Electrospinning 

Electrospinning is a method of producing very fine fiber with high surface area to 

volume ratio. Electrospun fiber has been used in scaffolds engineering, filtration 

technology, wound healing and medical application due to their interesting 

characteristics.The set up consists of a spinneret, a high voltage power supply and a 

grounded collector. Electric potential is applied between the spinneret and the target 

collector. After a certain value of electrostatic force which can overcome the surface 

tension of electrospinning solution, a charged fluid jet is ejected from the tip of cone 

(Bognitzki et al., 2001; Hao Fong & Reneker, 1999; Huang et al., 2003; Zong et al., 2002). 

The polymer to be electrospun is dissolved in a suitable solvent to prepare electrospinning 

solution. A grounded metal plate or rotating drum is used as a target collector. The 

electrode is connected to the tip of the metal needle. The process is schematically 

illustrated in Fig. 2.8.  
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Figure 2.8: Schematic diagram of electrospinning equipment (Zhu & Chen, 2013) 

 Electrospinning Mechanism 

A static electric force is responsible for electrospinning a polymer solution to 

fiber. At first, a syringe or capillary tube is loaded with polymer solution. Then, electric 

field is applied between a conducting capillary (needle or spinneret) and collector plate 

or rotating drum. The polymer solution is sustained in a droplet shape by surface tension. 

When appropriate voltage is applied to overcome the surface tension a jet comes out of it 

(D. Li & Xia, 2004). 
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Figure 2.9: Taylor cone formation and origin 

 

Electric field causes the spherical droplet to transform into a conical shape. This 

is known as the Taylor cone (see Figure 2.3). The force from the electric field causes the 

solution to be drawn out towards the collector. In this stage, internal and external charges 

cause the liquid jet to be whipped around the field as it accelerates towards the grounded 

collector. This action is responsible for the evaporation of the solvent. Simultaneously, it 

causes stretching and sliding of polymer chains. This whipping motion helps the fibers to 

have diameters in nanometer range (Huang et al., 2003; Subbiah, Bhat, Tock, 

Parameswaran, & Ramkumar, 2005). 

 Electrospinning Process Parameters 

Though the electrospinning process is simple, fabrication of nano-sized fiber with 

uniformity depends on numerous variables. There are two types of parameter named 

solution parameter and machine parameter. Solution parameters include polymer type, 
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concentration of solution, type of solvent, solvent concentration, viscosity, molecular 

weight of the polymer, conductivity and surface tension. Machine or process parameters 

include electric field strength, flow rate, distance from the capillary to the collector, shape 

and movement of the collector, room temperature, and humidity (Huang et al., 2003; D. 

Li, Ouyang, McCann, & Xia, 2005) Viscosity of polymer solution is a notably  crucial 

parameter and significantly dominated by polymer concentration. A minimum amount of 

polymer chains is a prerequisite to be present to ensure chain entanglement and fiber 

production (Frenot & Chronakis, 2003; D. Li & Xia, 2004). Increasing polymer 

concentration increases the number of polymer chains present in solution. Meanwhile, 

viscosity is also increased which causes obstacle to flow through a needle. Therefore, 

electrospinning is hampered (Frenot & Chronakis, 2003; D. Li & Xia, 2004). 

2.9.2.1 Effect of Applied voltage  

During electrospinning, high-voltage power supply create a flow of current 

through the solution to be electrospun via metallic needle. This effect cause a spherical 

droplet of solution to be deformed into a Taylor cone. Finally, electrospinning is started 

from a stable Taylor cone to form nanofibers at a suitable voltage ( Fig. 2.10 a–c) 

(Laudenslager & Sigmund, 2012). The application of high voltage to the polymer solution 

held by its surface tension creates a charge on the surface of the liquid. Reciprocated 

charge repulsion and the contraction of the surface charges to the counter electrode cause 

a force directly opposite to the surface tension. As the intensity of the electric field is 

increased, the hemispherical drop formed at tip of the needle tip gets converted into 

conical shape Critical value of applied voltage can vary for different polymer. The 

formation of smaller-diameter nanofibers with an increase in the applied voltage is 

attributed to the stretching of the polymer solution in correlation with the charge repulsion 

within the polymer jet (Sill & von Recum, 2008). Usually, beads or beaded nanofibers 

are formed when applied voltage is higher than critical value. Formation of nanofiber 
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with increased diameter or defects like beads at higher voltage are attributed to increase 

in the jet velocity and decrease in the size of the Taylor cone at the same flow rate. It was 

reported by Deitzel et al. that increase in the voltage caused bead formation using 

poly(ethylene)/water solution (Deitzel, Kleinmeyer, Harris, & Tan, 2001). Moreover, 

increase of diameter with increasing applied voltage also reported which is attributed to 

an increase in the jet length  (Fig. 2.10) (Baumgarten, 1971). 

 

Figure 2.10: (a–c) three stage deformation of the polyvinylpyrrolidone droplet under 

the influence of increasing electric field, (d–f) the mechanism of the effect of charges 

on the polymeric droplets (Laudenslager & Sigmund, 2012) . 

2.9.2.2 Effect of Solution Feed Rate 

Feed rate or flow rate is an important parameter in electrospinning. Morphology 

of electrospun nanofiber depends on it. Suitable feed rate of a polymer solution can help 
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in producing bead free uniform nanofiber.  The critical value of feed rate varies with 

polymer solution. Flow rate above critical value can be a reason of bead formation in the 

fiber matrix. It was reported that bead less nanofibers of polystyrene was fabricated at 

feed rate 0.07 mL/min, while bead was observed at 0.10 mL/min. Feed rate beyond 

critical value can cause increase in pore size and diameter because of incomplete drying 

of nanofiber jet (Megelski, Stephens, Chase, & Rabolt, 2002). Therefore, a balance in 

feed rate is required to maintain a balance between the leaving polymer or polymer blend 

solution and replacement of that solution with a new one during jet formation (Megelski 

et al., 2002; Zeleny, 1935). This will also allow the formation of a stable jet cone and 

sometimes a receded jet (a jet that emerges directly from the inside of the needle with no 

apparent droplet or cone). Receded jets are not stable jets, and during the electrospinning 

process, these jets are continuously replaced by cone jets. As a result of this phenomenon, 

nanofibers with a wide range diameter are formed (Fig. 2.11f) (Zargham, Bazgir, 

Tavakoli, Rashidi, & Damerchely, 2012). In addition to bead formation, in some cases, 

at an elevated flow rate, ribbon-like defects (Megelski et al., 2002) and unspun droplets 

(Fig. 2.11g) have also been reported in the literature (Zargham et al., 2012). Higher feed 

rate cause non-evaporation of the solvent and inadequate stretching of the solution. These 

effects are possible reason of formation of beads, ribbon-like structure and increase in 

diameter (Z. Li & Wang, 2013). The presence of the unspun droplets is attributed to the 

influence of the gravitational force (Zargham et al., 2012). Surface charge density is 

another important factor that can cause defects in nanofiber. Reduction in the surface 

charge density allow merging of nanofiber during electrospinning towards the grounded 

collector. This merging of nanofibers facilitates the formation of garlands (Reneker, 

Kataphinan, Theron, Zussman, & Yarin, 2002). 
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Figure 2.11: (a-e) Formation of various jets with increasing flow rate, (f) the SEM 

image of nanofiber, (g) the digital images show solution drop  and (h) electrospun 

fibers of chitosan deposited on aluminum foil of nylon 6 (Zargham et al., 2012).  

2.9.2.3 Effect of needle to collector distance and needle diameter 

One of the important parameter of electrospinning is the distance between needle 

tip and collector. Morphology of nanofiber membrane can be varied by changing this 

parameter. It also varies with other polymer like other parameter such as the applied 

electric field, viscosity, and flow rate. Distance can affect the deposition time, instability 

interval and evaporation rate of solvent (Matabola & Moutloali, 2013). Therefore, a 

critical distance need to maintain for a particular polymer to get defect free and uniform 

nanofiber. (Bhardwaj & Kundu, 2010). It was reported that defective and large-diameter 

nanofibers are formed when this distance is kept small, whereas the diameter of the 

nanofiber decreased as the distance was increased (Baumgarten, 1971; Matabola & 

Moutloali, 2013; T. Wang & Kumar, 2006). However, some studies reported that there is 

no effect on the morphology of the nanofiber with a change in the distance between the 

metallic needle and collector (C. Zhang, Yuan, Wu, Han, & Sheng, 2005). 
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2.9.2.4 Effects of polymer concentration and solution viscosity 

Polymer concentration and solution viscosity is an important parameter in 

electrospinning. Stretching of solution jet is affected by concentration of polymer 

solution. It was reported that if  the concentration of the polymeric solution is low, the 

applied electric field and surface tension cause the entangled polymer chains to break into 

fragments before reaching the collector (Haider et al., 2013). Beaded nanofiber are caused 

by fragments. Viscosity of polymer solution is increased with concentration of solution 

which causes increase in chain entanglement among the polymer chains. Chain 

entanglement of polymer help to produce defect free nanofiber by overcoming the surface 

tension. The concentration beyond the critical value can hampers the flow of solution 

which leads to formation of defects in nanofiber. (Haider et al., 2013). The morphologies 

of the beads depict an interesting shape change from a round droplet-like shape (with low 

viscosity solutions) to a stretched droplet or ellipse to smooth fibers (with sufficient 

viscosity) as the solution viscosity changes (Fig. 2.12a–d) (Zargham et al., 2012). Similar 

phenomenon was reported for electrospinning of PEO varying the solution viscosity (Fig. 

2.12e–h) (H Fong, Chun, & Reneker, 1999). In case of poly(D,L-lactic acid) (PDLA) and 

poly(L-lactic acid) (PLLA), shape of the bead changes were observed with changing in 

viscosity (Zong et al., 2002). It was reported that optimum viscosity of PEO is 800–4000 

cp for defect free nanofiber fabrication (Doshi & Reneker, 1993). In case of 

polyacrylonitrile (PAN), viscosity of the solution was kept at 1.7–215 cp foe defect free 

electrospinning. It can be concluded that critical value of concentration or viscosity need 

to be find out for every polymer for defect free nanofiber (Baumgarten, 1971). 
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Figure 2.12: (a–d) Variation in morphology of electrospun nanofibers of PEO with 

viscosity and (e–h) SEM micrographs. Reproduce with permission from the 

publisher (H Fong et al., 1999; Luzio, Canesi, Bertarelli, & Caironi, 2014; Zander, 

2013) 
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3 CHAPTER 3: EXPERIMENTAL WORK 

3.1 Materials 

Chitosan (Mw =8.96×105 g/mole, degree of deacetylation = 40 %) was obtained 

from SE Chemical Co. Ltd and PVA (Mw =60000, degree of hydrolysis = 89%) was a 

commercial product purchased from Kurray Co Ltd, Tokyo, Japan. NaOH was purchased 

from System. Acetic acid, FeCl3.6H2O, NiCl2.6H2O, Zeolite and K2Cr2O7 were purchased 

from Sigma-Aldrich. 

3.2 Hydrolysis of Chitosan with NaOH 

The degree of deacetylation (%DDA) of chitosan indicates the extent of the 

transformation of N-acetyl-D-glucosamine to D-glucosamine (Dimzon & Knepper, 

2015). Molecular weight and degree of deacetylation of supplied chitosan was not suitable 

for electrospinning. It was reported that low molecular weight align more effectively in 

the electromagnetic field of the electrospinning unit. Hydrolysis of chitosan causes 

deacetylation of chitosan. It means that it increases the degree of deacetylation 

concurrently decreases molecular weight  (Homayoni, Ravandi, & Valizadeh, 2009). 

Moreover, a degree of deacetylation greater than 70% is needed for the solubility of 

chitosan (L. Li & Hsieh, 2006). Molecular weight and degree of deacetylation of supplied 

chitosan was not suitable for electrospinning. Therefore, hydrolysis was done to increase 

the degree of deacetylation and decrease the molecular weight of chitosan. At first, 40 g 

of NaOH was added to 80 g of distilled water. The solution was stirred and temperature 

was set to 90°C. At this temperature, 2.5 wt.% of chitosan was added to the solution and 

stirred for 24 hours at elevated temperature (90 °C). After that, the chitosan was filtered 

and washed several times to remove the NaOH. Finally, chitosan was dried 60 °C for 7 

hours. The details of the process is shown in Fig. 3.1 
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 Characterization of Hydrolyzed Chitosan 

3.2.1.1 FTIR Analysis 

FTIR spectroscopy was used to study the chemical structure of chitosan after 

hydrolysis. It was also used to determine the degree of deacetylation (DDA) of chitosan 

before and after hydrolysis process. It was done using Nicolet iS10 FTIR spectrometer 

from Thermo Scientific. Spectral range is 600-3000 wavenumber with resolution of 4 cm-

1. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: Flowchart of hydrolysis process 
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3.3 Fabrication of Chitosan/PVA Electrospun Nanofiber 

Electrospinning of chitosan/PVA was completed by several steps. It has been 

shown in Fig. 3.2. Details of the electrospinning process has been described below.  

 

 

 

 

 

 

 

 

 

 

Figure 3.2: Flowchart of electrospinning of chitosan/PVA nanofiber 

 Solution Preparation 

At first, 7 wt.% of chitosan solution was made in concentrated acetic acid by 

stirring for 1 hour . Second, 8 wt.% of aqueous PVA solution was prepared by stirring for 

24 hour. Finally, blended solution was prepared with weight ratio of 50:50, 60:40, 70:30, 

80:20 and 90:10 of chitosan and PVA, respectively. Blend solution was numbered as A1, 

A2, A3, A4 and A5, respectively. Previous study reported that chitosan/PVA can be 

electrospun with 30:70 weight ratio (Jia et al., 2007). In this study, first composition of 

blend solution was chosen to be 50:50 to ensure more biopolymer, which is the 

chitosan content in the resulting nanofiber. 
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 Electrospinning 

Previously prepared solutions A1, A2, A3, A4 and A5 were loaded in 10ml syringe 

for electrospinning process. Electrospinning setup consisted of an high-voltage power 

supply 25 kV (LD Didactic GmbH, Germany), a laboratory syringe pump NE-300 (New 

Era Pump Systems, NY, USA) and a stainless steel made stationary collector. 

Electrospinning was done under the following conditions: 19 gauge needles, 10 cm tip to 

collector distance, 0·1– 0.4 mL.h−1 feed-rate, 7·1-14 kV voltage. Feed rate was needed to 

decrease with increasing chitosan percentage in the blend solution. On the other hand 

applied voltage was required to increase as viscosity of the solution became higher with 

increasing chitosan content (Homayoni et al., 2009). Electrospinning set up of current 

study has been shown in Fig. 3.3. 

 

Figure 3.3: Electrospinning set up used in current study 

 

 Morphology Observation of Chitosan/PVA Nanofiber 

Morphology observation and measurement of fiber diameter was done by field 

emission scanning electron spectroscopy (ZEISS AURIGA). Mean diameter and size 

distribution of fiber was determined from 100 fibers. 
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3.4 Preparation of Chitosan/PVA/Zeolite Electrospun Nanofibrous Composite 

Membrane 

In this section, electrospinning process of chitosan/PVA/zeolite will be discussed 

elaborately. The flowchart of the process is shown in Fig. 3.3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4: Flowchart of electrospinning of chitosan/PVA/zeolite nanofiber 
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 Electrospinning 

50:50 of chitosan/PVA was chosen for this study and 1 wt. % of zeolite was added 

and continuously stirred for 15 min. Finally, electrospinning was performed under the 

following conditions: 19-gauge needle, 10 cm tip to the collector distance, 0.4 mL.h-1 

feed-rate, and 10 kV applied voltage. The electrospun fibers were kept in desiccator with 

GA vapor for 24 h. 

 Characterization of Chitosan/PVA/Zeolite Nanofibrous Composite 

Membrane 

3.4.2.1 Morphological Analysis of Chitosan/PVA/Zeolite Nanofibrous Composite 

Membrane 

The morphology of chitosan/PVA/zeolite nanofibrous composite was studied 

under a field-emission scanning electron microscope (FE-SEM; High-resolution FEI 

Quanta 200F;Hitachi; Japan).  

3.4.2.2 FTIR Analysis of Chitosan/PVA/Zeolite Nanofiber 

In the case of chitosan/PVA/zeolite nanofibrous composite membrane, bonding 

among membrane materials was analyzed with FTIR. It was also done using Nicolet iS10 

FTIR spectrometer from Thermo Scientific. Spectral range is 600-3000 wavenumber with 

resolution 4 cm-1. 

3.4.2.3 XRD Analysis of Chitosan/PVA/Zeolite Nanofibrous Membrane  

XRD analysis was done to know the overall crystallinity of the nanofibrous 

composite membrane. The X-ray diffraction (XRD) patterns of the powder and the 

composite were obtained by the PAN analytical's Empyrean XRD (USA) with 

monochromated CuK radiation (λ=1.54056Å), operated at 45 kV, 40 mA, a step size of 

0.026 °, and a scanning rate of 0.1 ° s-1 over a 2θ range from 5 ° to 100 °. 
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3.4.2.4 Swelling Experiments 

Swelling behavior of resulting nanofiber was necessary to know the durability of 

the fiber in water. In this study distilled water (pH = 7), acidic medium (pH = 3) and basic 

medium (pH = 10) was chosen for swelling test. Though chitosan is insoluble but PVA is 

soluble in distilled water (Çay, Miraftab, & Kumbasar, 2014). Therefore it was necessary 

to compare the swelling behavior of resulting nanofiber with PVA in distilled water.  

Chitosan/PVA and chitosan/PVA/zeolite membrane samples were weighted and 

subsequently immersed in distilled water for 24 h at room temperature. The swollen 

samples was weighted immediately after excess water was removed. The swelling ratio 

Sw was estimated using the following equation 

                                                                  𝐒𝐰 =
𝐖𝐬 −𝐖𝐝

𝐖𝐝
                                                        3.1 

 

Where, Wd and Ws are the masses before and after dipping in water, respectively. 

3.4.2.5 Adsorption Study 

In this study, industrial wastewater was not used for treatment as it contains not 

only heavy metal but also different chemical and elements. Therefore, the capacity of the 

resulting membrane for heavy metal adsorption will not be well understood and heavy 

metal containing water was prepared in the laboratory. Adsorption behavior of the 

resulting nanofibrous membrane was evaluated on Cr (VI), Fe (III) and Ni (II). Sources 

of these heavy metal ion and health effects have been discussed in literature review, 

section 2.5. 0.1 g of the chitosan/PVA/zeolite nanofibrous composite membrane was 

agitated with 10ml of Potassium (VI) dichromate, Nickel (II) Chloride and Iron (III) 

Chloride solution by magnetic stirrer. Initial concentration of heavy metal ion was varied 

from 10 to 80 mg/L. Concentration of solution was calculated after different time interval. 

Stirring was done to ensure the maximum contact of fiber surface with the metal ions 
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present in the solution. Concentration of the solution was measured by using Flame 

atomic absorption spectrometer (Analyst 400, Perkin Elmer). Sufficient amount of clear 

part of solution was taken for concentration measurement.  
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4 CHAPTER 4: RESULTS AND DISCUSSION 

4.1 Hydrolysis of Chitosan 

 FTIR Analysis of Hydrolyzed Chitosan  

FTIR spectrum of resulting chitosan is shown in Fig. 4.1. The presence of 

saccharide group was verified by absorption observed at 894, 1080 and 1150cm-1 

(Homayoni et al., 2009). Absorption band at 1590 and 1653 cm-1   indicated the presence 

of –NH2 and C=O-NHR, respectively, where 3363 cm-1   indicated N-H stretch (Homayoni 

et al., 2009). All these conclude the presence of chitosan. Therefore, it can be concluded 

that the chemical structure of chitosan remained unaffected after 24 hour hydrolysis 

treatment.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: FTIR spectra of (a) crude chitosan and (b) hydrolyzed 

chitosan 

a 

b 
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 Calculation of the Degree of Deacetylation (DDA) 

Several methods have been already developed to determine the DA. IR 

spectroscopy is a relatively quick technique for a qualitative evaluation of the DA through 

the determination of absorption ratios. Several procedures using different absorption 

ratios have been already proposed for determination of the DA. Several absorption band 

ratios such as A1560/A2875, A1655/A2875, A1655/A3450, A1320/A3450, A1655/A1070, A1655/A1030, 

A1560/A1160, A1560/A897, and A1320/A1420 have been proposed to determine the DA (Baxter, 

Dillon, Taylor, & Roberts, 1992; Brugnerotto et al., 2001; Domszy & Roberts, 1985; 

Dong et al., 2002; Miya, Iwamoto, Yoshikawa, & Mima, 1980; Muzzarelli, Tanfani, 

Scarpini, & Laterza, 1980; Sannan, Kurita, Ogura, & Iwakura, 1978; Y Shigemasa, 

Matsuura, Sashiwa, & Saimato, 1996; Yoshihiro Shigemasa, Matsuura, Sashiwa, & 

Saimoto, 1996).  

However, in this study the ratio of A1320 and A1420 was selected for determination 

of DA. The degree of deacetylation was calculated using the following equations (Muhd 

Julkapli et al., 2011).  

 

                                                 𝐷𝐴 = (31.92
𝐴1320

𝐴1420
− 12.20) × 100                           4.1  

                                            𝐷𝐷 = 1 − 𝐷𝐴                                                            4.2 

Here, DDA = Degree of Deacetylation 

          DA = Degree of Acetylation 

                A= Absorption peak 

This ratio of  
𝐴1320

𝐴1420
⁄  has been chosen for this calculation as it is sensitive to 

chemical composition of chitin and chitosan (Muhd Julkapli et al., 2011). The absorption 

band at 1320 cm-1 was considered as contribution of amide III (Brugnerotto et al., 2001; 

C. Qin et al., 2006). It was reported that the DA determined from the ratio of A1320/A1420 
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of FTIR spectra of chitosan was in agreement with the DA determined from 1H NMR 

and 13C NMR spectra which was reported by Brugneretto et.al. (2001).This is because 

the intensities and positions of bands appeared at 1320 and 1420 cm-1 did not change with 

humidity and hydrogen bonds. The degree of deacetylation calculated using the FTIR 

spectra is 84% for 24 hour hydrolysis. It means that 84% is D-glucosamine units of total 

chitosan (Czechowska-Biskup, Jarosińska, Rokita, Ulański, & Rosiak, 2012).  

4.2 Fabrication of Chitosan/PVA Nanofiber                                            

 Electrospinning of Chitosan/PVA Blends 

Chitosan did not give any nanofiber structure because of large repelling action 

between chitosan molecules. This problem can be solved by blending the chitosan 

solution with PVA. Solutions numbered A1, A2, A3, A4 and A5 were tried for 

electrospinning. From the result, it showed that 70% was the maximum chitosan content 

in the blend solution for possible electrospinning to give fiber structure. In case of lower 

compositions of PVA, the interaction was predominantly with the -OH groups of chitosan 

while, as the composition of PVA increased, the interaction with the NH2 groups 

increased. The -OH group of chitosan displays free rotation; hence, it is more available 

for interaction with the OH groups of PVA. In addition, as the amount of PVA increases 

with decreasing chitosan content, the availability of -OH groups of chitosan become less. 

Therefore, -OH groups of PVA begin to interact with the NH2 groups of chitosan and his 

formation will help in getting a good distributed nanofiber in electrospinning process. 

 Morphology Study and Diameter Distribution for Chitosan/PVA 

Nanofibers 

Fig. 4.2 shows FESEM micrographs of nanofibers. From the micrographs, the 

surface of nanofiber seems to be comparatively smooth. However, some irregular shape 

and beads were observed in the nanofibrous mat of A2 and A3, respectively. Instability of 

jet, lower molecular weight, higher applied voltage, lower viscosity and higher surface 
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tension are some reasons of beads formation in nanofiber (Homayoni et al., 2009; Muhd 

Julkapli et al., 2011; Yarin, 1993). Referring to Table 4.1, applied voltage for A2 and A3 

are higher than A1. This might be the reason for bead formation with increasing chitosan 

content in the polymer blend. In case of polymer blend A4, only few fiber was observed 

with beads. However, A5 formed particles only. This may due to the hydrolysis process 

reduces the molecular weight of chitosan (Homayoni et al., 2009). Therefore, another 

possible reason for bead formation is lower molecular weight as the chitosan was 

hydrolyzed for 24 hours. It was reported by other study that hydrolysis decreases the 

molecular weight of chitosan (Homayoni et al., 2009). 

100 fibers were analyzed via Digimizer for every sample and the size distribution 

histogram was drawn. Fig. 4.2 shows respective fiber diameter distribution of the 

nanofibers. It was observed that when chitosan content in polymer blend increased the 

mean diameter and standard deviation increased. In addition, the value of standard 

deviation is maximum for the polymer blend containing higher amount of chitosan. It 

may be the result of uneven splaying of jet for higher viscosity of blend solution. On the 

other hand, applied voltage required for 70:30 weight ratio of chitosan/PVA polymer 

blend is 9.8 kV which was much higher than 7.1 kV, required for 50:50 weight ratio of 

chitosan/PVA blend. This is because amino group of chitosan was protonated in the 

solution which made the solution viscous and higher voltage was required to get the 

stretched jet (Hao Fong & Reneker, 1999). As reported by Huang et al. (2003), higher 

voltage results in larger diameter. 
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Figure 4.2: FESEM image of nanofiber membrane and fiber diameter distribution of 

polymer blends 
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Table 4.1: Applied voltage and Mean diameter of the blend solutions 

Sample 

Name 

Chitosan/

PVA 

Product 

type 

Voltage(kV) Feed Rate 

(ml.h-1) 

SD % MD(nm) 

A1 50:50 Fibers 7.1 0.40 28.50 59 

A2 60:40 Fibers 9.1 0.30 52.94 85 

A3 70:30 Fibers 9.8 0.25 62.50 88 

A4 80:20 Mixture 

of fibers 

and 

Particles 

12 0.1   

A5 90:10 Particles 12 0.1   

 

Therefore, 50:50 of chitosan/PVA is the best in mean diameter and standard 

deviation. It is believed that larger amount of PVA prevented repelling action between 

polycationic chitosan molecules and leaded to good fiber diameter distribution. 

4.3 Fabrication of Chitosan/PVA/zeolite Nanofibrous Composite Membrane 

 Electrospinning of Chitosan/PVA/zeolite Nanofibrous Composite 

Membrane 

It was observed that 50:50 weight ratio of chitosan/PVA blend produced better 

nanofiber comparing to other ratio. Therefore, this weight percentage was selected as 

polymer matrix for chitosan/PVA/zeolite nanofiber fabrication. Applied voltage required 

for electrospinning of chitosan/PVA/zeolite blend solution was 10 kV which is higher 

than required voltage for electrospinning of A1 solution with the flow rate of 0.2 ml.h-1. 

This is due to the addition of filler material causes incensement in viscosity and 

viscoelastic force (S. S. Homaeigohar & Elbahri, 2012). Higher viscoelastic force leads 

to a higher resistance toward electrostatic force stretching the jet. Higher the viscoelastic 
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force is seen at 1 wt.% zeolite which inhibits a continuous jet formation. Hence, to 

continue electrospinning a higher voltage was needed. A photo of prepared nanofiber has 

been shown in Fig. 4.3 

 

Figure 4.3: Nanofiber of current study 

 

 Characterization of Chitosan/PVA/zeolite Nanofibrous Membrane 

4.3.2.1 Morphology Study of Chitosan/PVA/Zeolite Nanofiber  

Morphological characteristic of electrospun chitosan/PVA/zeolite nanofibrous 

membrane was studied by Field Emission Scanning Electron Microscope. FESEM image 

and fiber diameter distribution are shown in Figure 4.4. From the figure, it showed that 

most of the zeolite particles were embedded into the nanofiber where some articles were 

uniformly distributed over the surface of nanofiber. Strong interaction of zeolite with 

functional group of chitosan and PVA considered to be the reason of uniform particle 

distribution. This behavior also considered to be the reason of formation of rough and 

porous surface (S. S. Homaeigohar & Elbahri, 2012). In addition, beads were not 

observed. Increase of the conductivity of electrospun solution is one of the main reason 

for formation of bead free nanofiber (S. S. Homaeigohar, Mahdavi, & Elbahri, 2012). 
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Presence of appropriate filler material in solution can be a reason of increased 

conductivity. Hence it showed that zeolite fulfilled the requirement as a filler material in 

electrospun solution. While addition of the inorganic filler increases the viscosity and 

viscoelastic force, it hampers the surface tension of the chitosan solution to be electrospun 

(S. S. Homaeigohar & Elbahri, 2012). Consequently, formation of structural irregularities 

such as beads and surface roughness decreases and the fiber diameter distribution 

becomes more uniform (H Fong et al., 1999). However, higher viscoelastic force leads to 

a higher resistance toward electrostatic force stretching the jet. This effect magnifies the 

fiber diameter at the higher filler concentrations. Moreover, FESEM images showed 

homogeneous distribution of zeolite over the surface of the fiber. From the image, it 

showed that some of the particles are hold as an individual particle onto the surface and 

some are dispersed among the fibers. 100 fibers were analyzed with Digimizer and where 

the size distribution histogram was drawn. Fig. 4.4 shows the respective fiber diameter 

distribution of the nanofibers. Comparison between nanofiber with and without zeolite 

was presented too. It was observed that mean diameter was increased from 59 nm to 70 

nm. However, standard deviation was decreased from 28.5 to 19%. Though fiber diameter 

were increased to some extent, but homogeneity of fiber increased after adding zeolite in 

the chitosan/PVA blend solution. It may be due to very strong interaction of zeolite with 

chitosan. It will be discussed in FTIR and XRD analysis. One of the active site of chitosan 

is –NH2 which is susceptible to protonation in acidic medium. Protonation of amino group 

is one of the obstacles in electrospinning. As zeolite made hydrogen bond with the amino 

group of chitosan, it decreased the possibility of protonation of amino group. Therefore, 

zeolite may ensure uniform jet flow rate charge distribution along the jet surface which 

can help to maintain smaller deviation in fiber diameter. Another reason of smaller 

standard deviation of fiber diameter distribution was smaller standard deviation of 

volume of Taylor cone (Yan & Gevelber, 2010). In this study, applied voltage for 
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electrospinning of chitosan/PVA/Zeolite was higher than the voltage required for 

chitosan/PVA. Usually, higher voltage is helpful to maintain smaller standard deviation 

of Taylor cone (Yan & Gevelber, 2010).  
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Fig. 4.5 shows the mapping results of chitosan/PVA/zeolite nanofiber. It revealed 

the uniform distribution of zeolite particles in the membrane. From this result, it can be 

hypothesized that zeolite particles were scattered through the fiber interior and outer 

surface. Particles inside the fiber are responsible for strong interaction between polymer 

matrix and filler materials. On the other hand, particle in the outer surface can ensure 

surface roughness which leads to higher hydrophilicity of the membrane (Frohbergh et 

al., 2012; X. Song, Ling, Ma, Yang, & Chen, 2013). It indicates that the resulting 

membrane can be useful for water treatment application as hydrophilicity is very 

important property for any material to be used in water treatment application. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.5: Mapping Analysis showing the elemental topographical 

distribution of carbon, oxygen, silicon, sodium and aluminum 
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The EDX analysis of chitosan/PVA/zeolite nanofiber (Fig. 4.6), confirmed the 

elemental composition of these materials. It was observed that main component of the 

fiber were C, O, N, Si, Al and Na as expected. 

 

Figure 4.6: EDX analysis of chitosan/PVA/zeolite nanofibrous membrane 

 

4.3.2.2 XRD Analysis of Chitosan/PVA/zeolite Nanofibrous Membrane 

Figure 4.7 shows the X-Ray diffraction patterns of PVA, chitosan, Zeolite A and 

Zeolite filled chitosan/PVA membrane. Pure Zeolite A showed its major crystalline peaks 

at 7.05°, 10.03°, 12.3°, 15.9°, 21.5°, 23.8°, 25.9°, 26.9°, 29.8°, 30.68°, 34.03°, 44° and 52.4° 

.All the identical characteristic peaks of zeolite was not observed in the chitosan zeolite 

membrane. Some peaks of zeolite has been changed after incorporating with chitosan 

membrane. The reason of limitation in crystallization of zeolite due to strong interaction 

between chitosan and Zeolite (Xin Chen, Yang, Gu, & Shao, 2001).  
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Figure 4.7: XRD spectra of chitosan, PVA, zeolite, chitosan/PVA and 

chitosan/PVA/zeolite nanofibrous composite membrane 

 

Chitosan has two crystal forms: form I has the major crystalline peaks at 11.2° 

and 18.0°, while form II has major peaks at 15°, 20.9° and 23.8° (Xin Chen et al., 2001). 

11.65°, 14.91°, 19.34° and 20.65° peaks at XRD spectra of the composite nanofibrous 

composite membrane are expected to be peaks of two crystalline forms of chitosan. 12.3°, 

15.9°, 20.3° and 21.5° peaks of pure zeolite also consider to be shifted to lower theta 

degree position because of bonding between chitosan and zeolite. So 11.65°, 14.91°, 

19.34° and 20.65° peaks are also considered as overlapping peaks of zeolite. Peak shifting 

of zeolite symbolizes that crystallinity of zeolite was affected by chitosan molecule. It has 

been shown in Table 4.2 that some more peaks of zeolite with respective crystal plane 

changed due to strong interaction between chitosan and zeolite. The peak intensity  of 

chitosan around 10⁰ and 20⁰ became weak in the composites representing strong 
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interaction among chitosan, PVA and filler materials and loosing of crystallinity (Yen, 

Yang, & Mau, 2009).  

Table 4.2: Comparison of Characteristic Peak Positions Zeolite and 

chitosan/PVA/zeolite nanofibrous composite membrane 

No. [h k l] 
2θ position  

(Zeolite) 

2θ position 

(nanofiber 

membrane) 

Change in 

2θ position 

1 0 0 1 7.05 8.85 1.8 

2 1 1 1 12.3 11.65 0.65 

3 0 1 2 15.9 14.9 1.0 

4 0 2 2 20.3 19.3 1.0 

5 0 0 3 21.5 20.65 0.8 

6 1 2 3 26.9 26.4 0.5 

7 0 1 4 29.8 28.8 1.0 

8 2 2 4 35.6 35.2 0.4 

9 2 3 4 39.2 38.7 0.5 

10 3 3 4 42.7 42.5 0.2 

11 3 4 4 47.2 46.8 0.4 

12 2 2 6 48.9 47.9 1.0 

13 0 3 7 56.3 56 0.3 

14 0 4 7 60 60 0 

15 3 5 6 62.6 62.5 0.1 

16 5 5 5 65 65 0 

17 3 3 8 68 68 0 

18 5 5 6 70.4 69.8 0.6 

19 1 3 9 72 72 0 

20 0 10 77 76.7 0.3 

 

 

4.3.2.3 FTIR Analysis of Chitosan/PVA/zeolite Nanofibrous Membrane 

FTIR spectra of nanofibrous membrane is shown in Fig. 4.8. Absorption peak at 

1257 cm-1  is assigned to O-H band (Zheng et al., 2001) of PVA shifted to 1260 cm-1  with 

lower frequency for chitosan/PVA nanofiber.  Broad band at 3335 to 3357 cm-1 is 
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attributed to stretching vibration of –OH group which indicated characteristic peak for 

both chitosan and PVA. 1375 cm-1 is the characteristic peak of –CH2 connecting to –OH 

group which is present in spectra of PVA, chitosan and chitosan/PVA. This peak becomes 

weaker in the chitosan/PVA/zeolite due to vibration limitation (Sun, Lu, Chen, & Jiang, 

2008). It also indicates that interaction of zeolite with chitosan occurred over the O-H 

groups. Characteristic peak of primary amino of chitosan was observed at 1650 cm-1 

which becomes weaker in chitosan/PVA and chitosan/PVA/zeolite membrane due to the 

H-bonds. Some common peaks in the range of 1000 to 1200 cm-1 were characteristic 

peaks of C-O vibration of chitosan and PVA molecule (Kittur, Kulkarni, Aralaguppi, & 

Kariduraganavar, 2005).These bands overlapped with the band of T-O stretching 

vibration of zeolite in the resulting membrane (Elaiopoulos, Perraki, & Grigoropoulou, 

2010; Jansen, Van der Gaag, & Van Bekkum, 1984). 1432 and 1420 cm-1 are 

characteristic peaks of C–H wagging vibration in PVA and chitosan, respectively (J. Bai 

et al., 2007). 1591 cm-1 was assigned to secondary amino in chitosan molecule (Kittur et 

al., 2005). Shifting to lower frequency with significant increasing in peak intensity is 

observed at 1420 and 1592 cm-1 in the composite membrane. This is because of increased 

strength of hydrogen bond due to increased dipoles. FTIR spectra of chitosan/PVA/zeolite 

contains peaks of chitosan, PVA and zeolite. Some shifting of peaks were observed. No 

new peaks were introduced. It indicated that chemical reaction was not occurred among 

chitosan, PVA and zeolite. This FTIR result is in line with the XRD result which showing 

the occurrence of the interaction among Chitosan, PVA and zeolites. 
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Figure 4.8: FTIR spectra for PVA nanofiber, Chitosan, Chitosan/PVA nanofiber, 

Chitosan/PVA/Zeolite nanofiber 

 

4.3.2.4 TGA Analysis  

Thermal behavior of chitosan/PVA/zeolite nanofibrous membrane was analyzed 

by thermal gravimetric analysis and results has been shown in Fig. 4.9. Thermal 

degradation values at different temperature has been listed in Table 4.3. In the case of 

chitosan, mass loss of 15% occurred in the region of 40-145ºC due to moisture 

evaporation. It is notable that the temperature 145ºC is higher than in free water (usually 

110ºC). Strong hydrogen bonding between water molecule and active groups (-NH2, -

OH) of chitosan can be the probable reason of this high temperature. Pure chitosan 

powder was decomposed at 296 ºC. Chitosan/PVA and chitosan/PVA/zeolite nanofiber 

was decomposed at 228ºC and 245ºC, respectively. Decomposition temperature of 

chitosan/PVA and chitosan/PVA/zeolite nanofiber is lower than respective chitosan. 
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According to FTIR and XRD result, there is strong interaction between chitosan, zeolite 

and PVA. Therefore, decomposition temperature of chitosan/PVA and 

chitosan/PVA/zeolite nanofiber should be increased. Decreased thermal stability may be 

caused by physical form of the polymer sample (Hatakeyama & Quinn, 1994). 
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Figure 4.9: (a) TGA and (b) DTG curve of chitosan/PVA/zeolite 

nanofiber 
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Table 4.3: Percentage cumulative weight loss obtained in different temperature 

Sample Percentage cumulative weight loss (%) 

100ºC 200ºC 300ºC 400ºC 500ºC 600ºC 700ºC 800ºC 

PVA  1 8 14 58.5 86 92 94 95 

Ch powder 9 20 41 66 79.5 97 0 0 

Ch/PVA 

nanofiber 

11.8 20 57 75 98.2 98.6 98.8 100 

Ch/PVA/zeolite 

nanofiber 

21 30 55 68 77.3 78.1 78.7 80 

 

4.3.2.5 Swelling Test for Chitosan/PVA/zeolite Nanofibrous Membrane 

Swelling test of chitosan/zeolite composite nanofiber was carried out for 20 days 

in distilled water, and also to basic and acidic medium. All medium showing no weight 

change. Several factors can be responsible for this behavior like insolubility of chitosan 

fraction (M. N. R. Kumar, 2000), hydrogen bonding interactions among chitosan, PVA 

and zeolite, lower degree of deacetylation (Çay et al., 2014) and crystallinity of the 

membrane (Xin Chen et al., 2001). The rigidity and shape of the nanofibrous membrane 

were unaltered after dipping in distilled water and basic medium. But shrinkage was 

observed after dipping in acidic medium. The shrinkage of the chitosan/PVA/zeolite 

nanofibrous membrane may be caused by decreasing in internal pore size (L. Jeong & 

Park, 2014).The color of the nanofibrous membrane was changed to brown after dipping 

in acidic and basic medium. Color change may be due to interaction of amino groups of 

chitosan with H+/OH- of acidic and basic medium. 

 Adsorption Study 

4.3.3.1 Adsorption Isotherm Studies 

Adsorption isotherm studies are used to predict the interaction between the 

adsorbate such as dye molecule or heavy metal ions and the adsorbent materials. Several 
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adsorption isotherm can be used to determine the adsorption process. In this study, the 

standard isotherm such as Langmuir isotherms has been used. The mathematical 

expression of the Langmuir isotherm equation (M. Kumar, Tamilarasan, & Sivakumar, 

2013) is given as  

                                                         𝑞
𝑒=

𝑞𝑚𝑘𝑎𝐶𝑒
1+𝐾𝑎𝐶𝑒

                                                                4.3 

Linear form of equation 4.3 is written below 

                                              
 𝐶𝑒

𝑞𝑒
=

𝐶𝑒

𝑞𝑚
+

1

𝐾𝑎𝑞𝑚
                                                   4.4 

Where, qe (mg.g−1) is the amounts of heavy metal ions adsorbed per unit mass of 

adsorbent, Ce (mg.L−1) is the concentration of remained heavy metal ions in solution at 

equilibrium, qm is the maximum amount of heavy metal ions adsorbed per unit mass of 

adsorbent and Ka (L.mg−1) is a constant related to the affinity of the binding sites.  

  

 

 

  

 

 

 

 

 

 

 

 

 

Figure 4.10: Langmuir plot for adsorption of Cr (VI), Fe (III) and Ni (II) 

 

Univ
ers

ity
 of

 M
ala

ya



 

71 

 

Langmuir isotherm parameters obtained by using linear method has tabulated in 

Table 4.4. The Langmuir isotherm of chitosan/PVA/zeolite nanofibrous membrane for 

adsorption of Cr (VI), Fe (III) and Ni (II) has been shown in Fig. 4.10. From the results, 

a closer proximity to unity of the correlation coefficients for adsorption of Cr (VI), Fe 

(III) and Ni (II) were observed. This indicates that the Langmuir isotherm was the best fit 

for the absorption of Cr (VI), Fe (III) and Ni (II) onto chitosan/PVA/zeolite nanofibrous 

membrane. The results of the data confirms that the monolayer adsorption process of the 

Cr (VI), Fe (III) and Ni (II) onto the resulting membrane (H. Zhang et al., 2011). 

 

Table 4.4: Langmuir isotherm parameters obtained by using linear method 

Heavy Metal qm (mg.g−1) Ka (L.mg−1) R2 

Cr (VI) 9.17 1.34 0.97 

Fe (III) 6 0.57 0.99 

Ni (II) 1.7 14.57 0.99 

 

4.3.3.2 Effect of Initial Concentration of Heavy Metal  

The present study was done to know the effect of initial concentration of heavy 

metal ions to the adsorption capacity of the chitosan/PVA/zeolite nanofibrous membrane. 

The concentration of Cr (VI) were varied from 10 to 80 mg.L−1. Fig. 4.11 shows the 

relationship between initial and final concentrations of heavy metal ions. It was observed 

that the final concentration of heavy metals was almost zero at an initial concentration of 

10 mg.L-1.The final concentration of heavy metal in the solution increases with increasing 

initial concentration. These results indicate that energetically less favorable sites became 

involved in increasing metal concentrations in the aqueous solution.  
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Figure 4.11: Relation between initial and final concentration of heavy metal 

 

The removal percentage of heavy metal at different initial concentration was 

determined by the following expression (Mahanta, Manna, Madras, & Patil, 2010) 

                                  η = 
Co−Ct

C0
× 100%                                                                         4.5   

Where,η, Co and Ct are removal percentage, initial concentration and final concentration 

of heavy metal, respectively. 

Fig. 4.12 shows the effect of initial concentration of heavy metal on adsorption 

capacity of chitosan/PVA/zeolite nanofibrous membrane. The removal percentage of 

heavy metal ions decrease with the increase in the initial concentration of heavy metal 

ions. This is because the adsorption sites on the chitosan/PVA/zeolite nanofiber were 

decreased at higher concentration of heavy metal (M. Kumar et al., 2013). The maximum 

removal of Cr (VI) was 100% at concentration of 20 mg.L-1 and the lowest was 91.66% 
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at 100 mg.L-1. It indicated the highly favorable active sites were involved in the removal 

process of Cr (VI). The removal process can be attributed to both ion exchange process 

and direct adsorption on the surface (Erdem et al., 2004). This behavior implies that Cr 

has strong affinity to the surface of chitosan/PVA/zeolite nanofiber (Jing et al., 2011). 

The maximum removal of Fe (III) was 99% at the concentration of 10 mg.L-1 and lowest 

was 50% at 80 mg.L-1. From the graph, it was observed that the adsorption efficiency start 

to drop after reaching 60 mg L-1. This showed the limit of this nanofibrous membrane in 

term of adsorption capability. In the case of Ni (II), the maximum removal rate was 100% 

at concentration of 10 mg.L-1 and the lowest was 21% at 80 mg.L-1. Same phenomena 

was observed, a sudden drop after 60 mg.L-1. This might be the limit of this nanofibrous 

membrane. Results showed that the adsorption capacity of different metal ions decreased 

in order of Cr (VI) >Fe (III) >Ni (II). The ionic radius range for these heavy metal ions 

are in order of Cr (VI) <Fe (III) < Ni (II) (R. t. Shannon, 1976). As ionic radius increases 

due to charge density decreases, the availability of active sites to react with nanofibrous 

membranes for adsorption process decreases; which resulted in decreasing the adsorption 

capacity of different metal ions by increasing the ionic radius (Aliabadi, Irani, Ismaeili, 

Piri, & Parnian, 2013). 
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Figure 4.12: Effect of initial concentration of heavy metal on removal percentage 

 

4.3.3.3 The Reusability of Chitosan/PVA/zeolite Nanofibrous Membrane 

In any adsorption process, one common difficulty is regeneration of adsorbent. 

Normally, chemical, ultrasonic and thermal methods are used for regeneration of 

adsorbent (Breitbach & Bathen, 2001; Rege, Yang, & Cain, 1998). However, several 

limitations such as the necessity of high temperature, unreasonable burnout of the 

adsorbent, pollution of the adsorbent by inorganic chemicals or organic solvents 

(Breitbach & Bathen, 2001) are happening. In view of practical application, the adsorbent 

should be chemically stable after several repeated adsorption treatments. Therefore, the 

adsorption experiment was repeated five times to investigate the reusability of 

chitosan/PVA/zeolite. For each run, the adsorbent dosage and initial heavy metal ion 

concentration were 0.05g and 50 mg.L−1, respectively. pH of solutions were 6.5, 6.5 and 

5  for Cr, Fe and Ni, respectively. After every adsorption test, the chitosan/PVA/zeolite 
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nanofibrous membrane were washed with distilled water. It has been shown in Fig. 4.13 

that after five cycle adsorption experiment, chitosan/PVA/zeolite nanofibrous membrane 

did not show deterioration in adsorption efficiency. From these results, it can be 

hypothesized that chitosan/PVA/zeolite membrane is stable under the experimental 

process. It owned an impressive reusability which is a key factor in practical application. 

 

Figure 4.13: Cycling runs of heavy metal ion adsorption by chitosan/PVA/zeolite 

nanofibrous membrane. 
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5 CHAPTER 5: CONCLUSION 

 

In this study, chitosan/PVA/zeolite electrospun nanofibrous composite membrane 

was fabricated. At first, crude chitosan was hydrolyzed for 24 hour at 90 °C. Intrinsic 

Viscosity and molecular weight of hydrolyzed chitosan was calculated. Then, 50:50, 

60:40, 70:30, 80:20 and 90:10 weight ratio of chitosan/PVA nanofiber was electrospun. 

It was found that nanofiber with 50:50 weight ratio of chitosan/PVA was finer, defect 

free and comparatively homogeneous in diameter. Therefore, 50:50 weight ratio of 

chitosan/PVA blend solution was selected for polymer matrix of zeolite. Then, 1 wt % of 

zeolite was added to blend solution and electrospinning was done.  The composite 

nanofibrous membrane was characterized with field emission scanning electron 

microscopy, X-Ray Diffraction, Fourier Transform Infrared spectroscopy, swelling test 

and adsorption test. Adsorption capacity of the composite nanofiber was studied over Cr 

(VI), Fe (III) and Ni (II) ions.  

Several points can be concluded from this study: 

1. Hydrolysis of chitosan increased the degree of deacetylation of chitosan. This will 

ease the electrospinning process. 

2. Defect free nanofiber was fabricated with 50:50 weight ration of chitosan/PVA. 

Higher chitosan content in the blend solution lead to poor nanofiber. 

3. Chitosan/PVA/zeolite nanofibrous composite membrane was successfully 

produced via electrospinning process. Finer, bead free nanofiber with 

homogeneous nanofiber was electrospun. 

4. Fourier Transform Infrared spectroscopy test showed, strong bond between 

chitosan and zeolite.  

5. X-Ray diffraction spectra also showed strong interaction of chitosan and zeolite. 

Zeolite loses its crystallinity due to strong bonding with chitosan molecules.  
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6. Swelling test showed no change in weight after immersing in water, acidic and 

basic medium for 20 days. 

7. The isotherm models showed that the Langmuir model best described the 

equilibrium data of Cr (VI), Fe (III) and Ni (II) adsorption mechanism.  

8. Adsorption capacity of the nanofiber was unaltered after 5 runs. This phenomenon 

ensures the reusability of the membrane.  

Future Work 

In spite of the fact that chitosan/PVA/zeolite nanofiber fabricated in this study 

showed superior adsorption capacity on Cr (VI), Fe (III) and Ni (II) but there is still room 

for more research on other heavy metals, organic dyes and microbial. In this study, 

adsorption study was done on distilled water at room temperature. Therefore more 

research can be done on adsorption by varying the solution pH and temperature. Magnetic 

stirrer was used for agitating the solution during adsorption test. Water bath shaker can 

be used during adsorption.  
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