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ABSTRACT 
 

 

This research focusses on the development of polyacrylonitrile/zinc oxide modified 

montmorillonite nanofibrous membranes for the efficient capture of particulate matter from 

atmosphere as well as decontamination of hexavalent chromium ions from water sources. 

Montmorillonite clay has been modified with zinc oxide nanoparticles, termed as zinc oxide 

modified montmorillonite, using three different raw materials namely zinc oxide 

nanoparticle, zinc nitrate and aloe vera gel. The particle size of zinc oxide modified 

montmorillonite varies from 16 nm to 48 nm. The surface morphology showed the presence 

of cuboidal shaped zinc oxide nanoparticles over the surface of the flaky shaped 

montmorillonite. The modification of montmorillonite to zinc oxide modified 

montmorillonite enhanced the thermal stability of montmorillonite. 

Polyacrylonitrile/Montmorillonite nanofibrous nanocomposites were fabricated using 

electrospinning technique with variation in concentration of montmorillonite from 0.25% to 

1.00%. The electrospinning process developed PAN/Mt nanofibrous nanocomposites having 

reduced fiber diameters and high surface roughness as observed in Field Emission Scanning 

Electron Microscopy. The nanocomposite nanofibers were characterized by X-ray diffraction 

and Thermogravimetric analyzer for intercalation and thermal stability respectively.  

Electrospun polyacrylonitrile/zinc oxide modified montmorillonite nanofibrous 

nanocomposites with varying concentrations of zinc oxide modified montmorillonite ranging 

from 0.25% to 1.00% (w/w) were prepared to be used as filtration membranes. The addition 

of zinc oxide modified montmorillonite to polyacrylonitrile dope solution affects its viscosity 

and ionic conductivity. The surface morphology of the nanofibrous membranes was studied 

using field emission scanning electron microscopy. The average diameter of polycrylonitrile 

nanofibers and its nanocomposites was found to be between 247 nm to 468 nm. The addition 
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of zinc oxide modified montmorillonite enhanced the thermal stability of polyacrylonitrile 

nanofibrous membranes from 188 °C to 310 °C. 

Ultrafine particulate matter and airborne microorganisms present in atmosphere are 

responsible for affecting the human health and the global climate. The development of 

bifunctional membranes which can simultaneously filter the particulate matter and inhibit the 

growth of microorganisms is the need of the hour. Polyacrylonitrile/montmorillonite 

nanofibrous nanocomposites were tested for their water vapor transmission rate, air 

permeability, burst strength and tensile strength. The filtration efficiency of 0.75% 

Polyacrylonitrile/montmorillonite nanofibrous nanocomposite was found to be 98.7% for 

PM2.5 particles present in air with a pressure drop of 46.8 Pa. An increase in porosity, air 

permeability and water vapor transmission rate of the nanofibrous membranes was observed 

with an increase in concentration of zinc oxide modified montmorillonite in polyacrylonitrile 

nanofibers upto 0.75%. The filtration efficiency of the nanofibrous membranes was evaluated 

using environment particle air monitor instrument. Polyacrylonitrile/zinc oxide modified 

montmorillonite nanofibrous membranes having 0.75% w/w zinc oxide modified 

montmorillonite exhibited filtration efficiency of 99.9% and a pressure drop of 26.72 Pa. The 

antimicrobial property of PAN/ZnO-Mt nanofibrous membranes was studied against S. 

aureus and E. coli bacterial strains showing 99.58% and 99.71% antibacterial activity 

respectively.  

The efficient adsorption of hexavalent chromium ions from wastewater using montmorillonite, 

zinc oxide modified montmorillonite, polyacrylonitrile /montmorillonite and 

polyacrylonitrile/zinc oxide nanoparticle modified montmorillonite nanofibrous 

nanocomposites as adsorbents has been studied. The effect of pH, concentration, time and 

amount of adsorbent on the removal of hexavalent chromium ions from water were 

investigated. Adsorption of hexavalent chromium ions over the adsorbents follows pseudo-
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second-order kinetics, Langmuir and Freundlich isotherm. Polyacrylonitrile/zinc oxide 

nanoparticle modified montmorillonite and polyacrylonitrile /montmorillonite nanofibrous 

nanocomposites were found to be more effective adsorbents for Cr (VI) ions compared to zinc 

oxide modified montmorillonite and montmorillonite. 
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OVERVIEW OF THESIS 

 

The entire thesis has been summarized in nine chapters.  The chapter 1 of the thesis briefly 

introduces the past and the current scientific importance of this research work and focuses on 

the objectives of the thesis. The detailed scientific literature related to the polymeric 

nanofibrous membranes used for particulate matter filtration and decontamination of heavy 

metal ions from wastewater has been summarized in chapter 2. The chapter 3 of the thesis 

discusses the experimental methods used while carrying out the research work describing the 

source of the materials used, experimental procedures, name and parameters of various 

characterization techniques used to achieve the objective of the research work. The 

preparation and characterization of zinc oxide modified montmorillonite has been discussed 

in chapter 4. This chapter discusses the preparation of zinc oxide modified montmorillonite 

using three different raw materials and further its characterization using different techniques. 

The chapter 5 gives an insight about the preparation and characterization of 

polyacrylonitrile/montmorillonite and polyacrylonitrile/zinc oxide modified montmorillonite 

nanofibrous nanocomposites using electrospinning technique. The chapter 6 deals with the 

application of the developed nanofibrous nanocomposites in particulate matter filtration. The 

antibacterial properties of these nanofibrous nanocomposites have also been discussed in this 

chapter. The decontamination of heavy metal ion, chromium (VI) using montmorillonite, zinc 

oxide modified montmorillonite and the developed nanofibrous nanocomposites has been 

described in chapter 7 of the thesis. The chapter 8 summarizes the entire research work and 

also focusses on the future prospects of this research. The literature referred to carry out this 

entire research has been summarized in chapter 9 of the thesis. 
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CHAPTER 1 

INTRODUCTION AND OBJECTIVES OF RESEARCH 

 

1.1 Introduction 

The presence of particulate matter (PM) in the atmosphere is amongst one of the serious 

environmental issues being faced by majority of the population in the world which in turn 

is having adverse effects on the human health and the global climate further disturbing the 

ecological balance [1]. The emerging industrialization and increased use of automobiles 

has led to an increase in the concentration of toxic pollutants in the atmosphere. PM is 

generally a mixture of water droplets present in air, dust, smaller organic and inorganic 

particles generated through vehicular emissions and incomplete burning of fossil fuels 

[2]. PM particles are classified based on their size as PM0.1 (ultrafine particles), PM2.5 

(fine particles) and PM10 (thoracic particles) having an aerodynamic diameter less than 

0.1 µm, 2.5 µm and 10 µm [3]. The smaller size of the fine particles makes it easier for 

them to enter the lungs causing serious health problems [4] while the thoracic particles 

are capable of being blocked by nasal passage [5]. The particles having diameter greater 

than 10 µm are easier to eradicate by utilizing air cleaners such as scrubbers, 

sedimentation tanks and cyclones which are not effective for particles of diameter lesser 

than 10 µm while it is difficult to filter the fine and ultrafine particles from the 

atmosphere [6]. PM has become a hazard for the human health because of its smaller size 

which is responsible for its easier penetration into the respiratory tract and blood vessels 

leading to respiratory and cardiovascular problems [7, 8].   
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In addition to PM, the presence of airborne microorganisms such as bacteria, viruses, 

fungi in the atmosphere are also responsible for adversely affecting the human health. 

These can result in contagious infectious diseases, allergies and respiratory problems 

and so on [9, 10]. The most extensively used technology for the eradication of these 

airborne microorganisms is the utilization of antimicrobial air filters [9, 11–13].  

The presence of heavy metal ions such as Cd (II), Pb (II), Hg (II), Cu (II), Cr (VI) etc is 

also toxic to the environment and human health even at a very low concentration. The 

non-biodegradable toxic metal ions like chromium (Cr) released from industries mainly 

in its hexavalent state are injurious to human health and aquatic environment when their 

tolerance limit exceeds in water bodies. Hexavalent chromium ion is one amongst the 

highly toxic metal ions because of its carcinogenicity, mutagenicity, tetragenicity in 

living organisms and is hundred times more toxic than its trivalent state. According to 

the regulations of USEPA (U.S. Environmental Protection Agency), the maximum 

concentration of chromium must be lower than 100 µg/L while World Health 

Organization suggests it to be 50 µg/L [14].  

Electrospinning is a simple and convenient approach utilizing electrostatic forces to 

spin fibers having diameters in submicron range. The apparatus consists of three major 

components namely a capillary syringe containing polymer solution, vertical or 

horizontal rotating collector plate or drum and high voltage electric source. A polymer 

solution is prepared in a suitable solvent for electrospinning and fed into the syringe. 

The syringe is then connected to a high voltage source providing it the electric field 

which generates an electric charge over it. A charged jet is produced from the syringe 

when the surface tension is overcome by the repulsive electric forces leading to solvent 

evaporation and the fibers spun are collected at the rotating collector plate [15]. 
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The electrospun fibrous membranes have emerged as a promising material for efficient 

filtration of PM particles [16]. The nanofibrous membranes produced using 

electrospinning have diameters ranging from 40 to 2000 nm, higher surface-to-volume 

ratio, good network connectivity, tunable geometries and controllable structure. These 

properties of the nanofibrous membranes make them promising filtration materials [16]. 

Various electrospun nanofibrous membranes have been developed for air filtration 

applications using polyacrylonitrile [8, 17–22], polyamide [23, 24], polybenzimidazole 

[25], polyurethane/chitosan [9], polyvinyl alcohol/cellulose nanocrystals [26], 

polyimide/metal organic frameworks [27], cellulose based nanofibers [28], copper 

oxide/ polyacrylonitrile [29], and so on. Nanoparticles have also been doped to 

nanofibers for improvement in specific surface area [29]. At present, most of the 

research focusses on development of composite polymeric membranes for filtration of 

PM as a polymer solution comprising a single constituent does not exhibit efficient 

filtration whereas modified polymeric solutions enhance the properties of membranes 

improving the filtration performance of the membranes.  

Adsorption is one of the majorly used practices for the elimination of heavy metal ions 

and dyes from wastewater. Adsorption is being preferred over various methods such as 

liquid- liquid extraction, membrane filtration, ion exchange, coagulation, electrolysis, 

precipitation due to its higher energy saving, efficiency, broad operational range of pH 

and temperature, easy recycling of adsorbent and selectivity at lower contaminant 

concentration [30, 31]. Various hydrogels [32–35], biopolymers [36–38], microspheres 

[39] and nanofibrous membranes [40, 41] have found application in adsorption of metal 

ions. 
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Montmorillonite (Mt) is a phyllosilicate mineral with nanolayered structure. The crystal 

structure of Mt is comprised of stacked layers of an octahedral alumina (O-Al(Mg)-O) 

layer fused between two tetrahedral silica (O-Si-O) layers [42]. The stacked layers are 

held together by van der Waals and electrostatic forces which can be easily overcome 

by physical and chemical methods, resulting in excellent sorption ability, cation 

exchange capacity, high surface area and catalytic properties of Mt. The Mt nanolayers 

formed on exfoliation resulting due to dissociation of Mt aggregates to Mt particles in 

aqueous dispersion, have higher aspect ratios and larger surface area which on addition 

to the polymeric membrane results in Mt/polymer nanocomposites with enhanced 

barrier, mechanical and thermal properties [14, 42]. 

Adsorption of metal ions using Mt clay and their modified forms have been widely 

studied in the last two decades. The bonding between the two silica sheets is very weak, 

which permits water and exchangeable ions to enter. The efficiency to exchange cations, 

high swelling ability, mechanical & chemical stability and dispersion properties make 

them suitable adsorbent for metal ion removal. The adsorption efficiency of the clay can 

be improved by modifying them with organic materials and nanoparticles through 

intercalation, pillaring, acid/base activation and organofunctionalization [62, 63]. 

Zinc oxide (ZnO) nanoparticles having varying morphologies show unique properties 

such as photocatalytic[43–46], photoluminescence [47], optical [45, 48], antimicrobial 

activity [49–52], anticancer drug delivery [53, 54]. The efficiency of ZnO nanoparticles 

can be enhanced by addition of transition metals (such as Mn, Fe, Cu) and biomolecules 

which has expanded its use in biosensors, antimicrobial agents, antioxidants, water 

disinfectants, drug delivery systems and bio imaging materials [55, 56]. The metal 
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oxide nanoparticles especially ZnO supported Mt provide reactive absorbance with high 

surface area, improved chemical reactivity and display added physicochemical 

functions of both the metal oxide nanoparticles and Mt [46, 57]. ZnO/clay 

nanocomposites have been studied as good adsorbents for metal ion removal [58] and 

can photocatalytically degrade cationic and anionic dyes [59], pharmaceuticals present 

in waste water [60]. The major constraint of the simple clay minerals is the aggregation 

of the platelet under used condition, reducing its surface area and therefore removal 

efficiency. Clay/polymer composites have improved the adsorption capacity of bare 

clay minerals [61].  

The polymers having high tensile strength, resistant to chemicals and conductivity have 

been used by various researchers to spun into fibers using electrospinning and to study 

their structural and morphological properties. The nanofibers due to their tunable 

properties and possibility of producing 3D structure have gained much attention. One of 

the widely used polymer for electrospinning is polyacrylonitrile (PAN) due to its ease 

to spinnability, commercial availability, stability and good mechanical properties. 

Acrylonitrile based polymer, PAN has been widely used for electrospinning due to their 

solubility in various solvents such as dimethylformamide, dimethylsulfone, 

dimethylsulfoxide and tetramethylsulfide. Dimethylformamide is the best solvent to 

prepare polyacrylonitrile solutions. The higher carbon percentage and stability to tune 

the structure of polyacrylonitrile has made it one of the broadly researched polymers 

having applications in various fields such as filtration, tissue engineering, electronics 

and energy storage. The intermolecular forces present between the polymer chains are 

responsible for the high crystalline melting point, i.e., 317°C and its solubility in certain 

solvents. Surface modification of polyacrylonitrile can be carried out easily due to the 
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presence of surface-active groups (CN) which are converted to functional groups 

chemically. Wide literature is available on the use of PAN as a starting material in 

blends and composites for several applications such as catalysis, photosensors, 

protective clothing, filtration membranes and electrochemical devices [64]. 

Although a good amount of research has been carried out using polymeric nanofibrous 

membranes for filtration of PM2.5 and decontamination of heavy metal ions. Supported 

clay and its modified forms have been used for the adsorption of heavy metal ions. To 

the best of our knowledge, polymeric nanofibrous membranes supported with zinc 

oxide nanoparticle modified clay have been rarely used for the filtration of PM2.5 from 

atmosphere and decontamination of heavy metal ions present in wastewater. The 

addition of zinc oxide nanoparticles to the nanofibrous membranes enhances the 

antibacterial properties of the membranes. 

1.2 Research Gap 

The supported clay as well as the modified clay has been developed for adsorption of 

heavy metal ions. Polymeric nanofibrous membranes, composite polymeric nanofibrous 

membranes have been extensively studied for the filtration of particulate matter as well 

as decontamination of hexavalent chromium ions. To the best of our knowledge, 

polymeric nanofibrous membranes supported with montmorillonite and zinc oxide 

modified montmorillonite have not yet been utilised in filtration applications.  The 

antibacterial properties of zinc oxide, stacked structure of montmorillonite and higher 

specific surface area of nanofibrous membranes could be used for the development of 

antibacterial polymeric/zinc oxide modified montmorillonite nanofibrous membranes 
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which could be a potential candidate to be utilized in efficient capture of particulate 

matter as well as adsorption of hexavalent chromium ions.                                                                          

1.3 Motivation of Research 

Majority of Indian subcontinent breathes air rich in higher particulate matter. The PM 

2.5 is particularly dangerous and can lead to severe health effects due to its larger 

penetrability into the human respiratory system and eventual growth in human organs 

and blood. The waste from several industries is also being discharged into soil and 

water bodies producing serious environmental damages. 

Large specific surface area, chemical and mechanical stability, layered structure, and 

high cation exchange capacity has made clays excellent adsorbent materials as well as 

useful components of barrier protective materials. The properties of zinc oxide 

nanoparticles, clay and nanofibers can be utilized to develop zinc oxide nanoparticle 

supported clay polymeric nanofibrous membranes in the field of decontamination of 

heavy metal ions and filtration of contaminants from the environment. These 

nanofibrous membranes can be utilized at industrial level for filtration application. 

It has been realized that polyacrylonitrile and its derivatives have been used in various 

applications such as protective clothing, tissue engineering, energy storage, 

biomedical and filtration. The wide array of tailor-made properties makes them a 

perfect choice for several disciplines of science and engineering. Although the 

potential in this field lies in the development of polyacrylonitrile fibers by 

incorporation of clay, zinc oxide modified clay which can further be used in sensors, 

protective clothing, biomedical, decontamination of metal ions from wastewater and 

carbon-based high-performance fibers. It is expected that in the coming era various 
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other applications and potential of polyacrylonitrile based nanofibers will be explored 

by the scientific community. 

1.4 Objectives 

The broad objective of this research work was to develop antibacterial polyacrylonitrile/ 

zinc oxide nanoparticles modified montmorillonite electrospun nanofibrous membranes 

for particulate matter filtration and decontamination of Cr (VI) ions. 

1.5 Specific Objectives 

To achieve the above broad objective, the specific objectives are as follows: 

1. Synthesis of zinc oxide nanoparticle modified montmorillonite and their 

characterization. 

2. Fabrication of polymer/ montmorillonite nanofibrous membranes by electrospinning 

and their characterization. 

3. Fabrication of polymer/ zinc oxide nanoparticles modified montmorillonite 

nanofibrous membranes by electrospinning and their characterization. 

4. To study the particulate matter filtration efficiency, antimicrobial activity and 

decontamination of hexavalent chromium ions by the electrospun nanofibrous 

membranes. 
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CHAPTER 2  

LITERATURE REVIEW 

 

2.1 Overview 

In this chapter, electrospinning technique has been introduced. Various electrospun 

nanofibrous membranes used for PM2.5 filtration and adsorption of Cr(VI) metal ions 

have been briefly discussed. This chapter also includes various polyacrylonitrile 

nanofibrous and their applications in different fields.  

2.2 Electrospinning 

Electrospinning is amongst the widely used facile technique for fabrication nanofibers 

having diameter in the range of 20 to 4000 nm. The technique utilizes high voltage for 

the production of nanofibers from natural as well as synthetic polymer solutions. The 

basic set up of electrospinning involves four major components namely, syringe, high 

voltage source, spinneret and a grounded collector (generally a rotating drum or a 

vertical plate) (Fig 2.1). The polymer to be electrospun is initially dissolved in a 

particular solvent to prepare a polymeric solution known as dope solution. The polymer 

solution could be of natural or synthetic, loaded with nanoparticles, metals, active 

agents and ceramics. This polymeric solution is then introduced into the syringe to carry 

out the electrospinning. During the process of electrospinning, the polymeric solution 

which is held by the surface tension of the solution at the end of the syringe is subjected 

to high voltage electric field. This electric field induces electric charge over the surface 

of the liquid. A charged solution jet is produced on the Taylor cone (cone shaped fluid 

jet) tip when the forces of surface tension overcome the electrical forces as the electric 

field approaches a critical value. The jet formation between the syringe tip and collector 
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plate leads to the solvent evaporation, solidifying the polymer which is collected on the 

collecting plate as an interconnected mat. The electrospinning process is dependent on 

the process parameters including the voltage, flow rate, type of collector and tip to 

collector distance, solution parameters such as concentration, viscosity, conductivity, 

surface tension and molecular weight of the polymer and the ambient experimental 

conditions such as temperature, humidity etc. The electrospun nanofibrous membranes 

have smaller diameters, higher porosity, surface area to volume ratio, interconnected 

porous structure, tuneable network geometry and good internal connectivity which 

make them suitable to be used in energy storage, tissue engineering, sensors, protective 

clothing and filtration applications [15]. 

 

Fig 2.1: Electrospinning set up 

2.3 Electrospun nanofibrous membranes for air filtration 

The rapidly growing industrialization and urbanization has led to an increase in levels 

of atmospheric pollution worldwide. During the past years, two types of materials has 

been used for air purification namely porous films and fibrous filters [13]. The porous 
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films work on the principle of size-exclusion for the removal of particles. For efficient 

filtration, smaller surface pores are required for attachment of the filtered particles, 

which result in an increase in the pressure and reduction in the surface porosity [65]. On 

the other hand, the fibrous filters are composed of fibers of controllable interconnected 

pre structure with easy processability [66]. The fibrous filters capture PM via diffusion, 

interception and impaction. The fibrous membranes are considered to be better in terms 

of filtration capacity as compared to porous films. Thus, the electrospun nanofibrous 

membranes can be utilized as high-performance filter membranes due to their smaller 

diameters, larger surface area to volume ratio, good internal connectivity, tuneable 

network geometry and controllable morphology [13]. 

Based on the classical filtration theory, the filtration using fibrous materials has been 

divided into five mechanisms for trapping of particulate matter, namely, interception, 

Brownian diffusion, inertial impaction, electrostatic effect and gravitational effect [16, 

67]. As the filtration occurs, the particulate matter when closer to the fibers generally 

deviates from the gas flow streamlines [6]. This deviation affects the performance of the 

fibrous material as a filter media. The deviation occurs via the following five 

mechanisms. The interception of PM occurs when the van der Waals interaction results 

on contacting the surface of the fibrous membrane assuming that PM follows a flow 

line and no deviation occurs. The capture of PM usually occurs through the interception 

mechanism for particle size of 0.1 to 1 µm [67,68]. As the particle size decreases, 

Brownian motion is favoured. The collision of PM with fibers results in deposition. 

During the Brownian motion, PM deviates randomly from its original flow and gets 

captured when this deviation is larger enough to impact the fiber and the PM. Brownian 

diffusion is generally exhibited for particles with size lower than 0.1 µm [68-70]. The 
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capture of particles with size 0.3 to 1µm is governed by inertial impaction. As the air 

flow turns, PM gets detached from the air flow line under the influence of inertia, 

further impinging and depositing over the fibrous membrane [67, 68]. When both the 

particles and the fibrous membranes are charged, electrostatic attraction comes into 

account. The electrostatic attraction results in a change of the track of PM in 

comparison to the air stream, resulting in deposition over the fibrous membrane. The 

electrostatic attraction is responsible for the firm adherence of PM over fibrous filter 

[71,72]. The gravitational effect is the least significant as the gravitational force has 

minimum contribution for majority of the particle size. Thus, different mechanisms 

favour the process of filtration for varying particle sizes [16]. 

The physical properties of air filtration materials and also its basic structure governs the 

filtration process having significant effects on the performance of the membranes as 

filters [16]. The nanofiber diameter and its distribution [73,74], surface area and pore 

size [75, 76], fiber basis weight [77] and packing density [78] are amongst the structural 

parameters of electrospun nanofiber membranes effecting the filtration performance 

[16]. Apart from these structural properties other parameters affecting the filtration 

performance of the fibrous membranes are face velocity [78, 79], particle size [77,80], 

temperature [81] and humidity [81]. 

The electrospun nanofibrous membranes have been utilized for the development of 

high-performance filters due to their excellent adhesion over the surface, high porosity, 

high specific surface area and low- basis weight with uniform fiber size [16, 82]. Till 

date, several polymers such as polyacrylonitrile [8, 18, 83], polyvinyl alcohol [75, 84], 

polyamide [23, 24], polyurethane [9], polysulfone [85], chitosan [11], cellulose acetate 
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[86], lignin [87] have been utilized to develop electrospun nanofibrous membranes with 

superior performance as filters. 

2.3.1 Electrospun polymeric nanofibrous membranes 

According to the Kuwabara model [88], to have a higher filtration efficiency, it is 

necessary to have smaller fiber diameters. The smaller pores of the fibrous materials are 

efficient in complete removal of particles having larger size than them due to sieving 

effect. Thus, the electrospun nanofibrous materials having smaller pore size are efficient 

in removal of ultrafine particles [88].  High filtration efficiency and lower pressure drop 

are the essential properties of an efficient electrospun nanofibrous membrane to be 

utilized in filtration of PM from the atmosphere [16, 88]. Zhang et al. developed 

electrospun polyvinyl alcohol/ cellulose nanocrystals composite nanofibrous air filters 

with a lower pressure drop of 91 Pa and PM2.5 filtration efficiency of 99.1%. The 

addition of cellulose nanocrystals resulted in an increase in the surface charge density of 

the solution for electrospinning which reduced the diameter of the fibers [26]. The 

ability to sustain the structural stability on deformation stress is necessary to ensure a 

reliable porous packing membrane [17]. Anti-deformed composite electrospun 

membranes of poly(ethylene oxide)@polyacrylonitrile/polysulfone having binary 

structure exhibited a filtration efficiency of 99.992% for PM2.5 with a lower pressure 

drop of 95 Pa. These composite membranes had smaller pore size, tensile strength of 

8.2 MPa and higher porosity [17]. Zhu et al. reported multifunctional and bio-based air 

filtration membranes of chitosan/poly(vinyl alcohol) using green electrospinning and 

UV curing. The addition of silica nanoparticles to these membranes introduced surface 

roughness and enhanced the filtration efficiency to 98.73% for NaCl aerosols. On 

addition of silver nanoparticles on the surface of silica nanoparticle supports 

chitosan/poly(vinyl alcohol), the filtration efficiency for NaCl aerosols increased from 
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42.97% to 96.6% for NaCl particles as the basis weight increased from 1.48 to 6.2 gm
-2 

[89]. A biodegradable cellulose based air filter, Ag-MOFs@CNF@ZIF-8 having multi-

layered structure was fabricated by Ma et al. with enhanced filtration performance for 

PM2.5 (94.3%), mechanical properties and gas adsorption. The improved PM 2.5 

filtration efficiency of these developed filters is due to the presence of MOFs which 

enhances the interaction between the filter membrane and PM2.5 [28]. Jing et al. 

fabricated electrospun polyacrylonitrile nanofibers with ionic liquid diethyl ammonium 

dihydrogen phosphate which could find application in the field of filtration devices of 

PM2.5 and environmental protection systems. The hydrophilic ionic liquid introduced 

surface roughness and improved the hydrophilicity of polyacrylonitrile nanofibers. The 

interlinked nanofibrous structure and the surface chemistry of the nanofibrous 

membranes is responsible for the higher affinity of the nanofibers for PM2.5 and thus 

the PM2.5 capture increases for polyacrylonitrile/diethyl ammonium dihydrogen 

phosphate nanofibers in comparison to polyacrylonitrile nanofibrous membranes [8].  

Hao et al. [27] prepared polyimide nanofibrous membranes modified with zeolitic 

imidazole framework-8 (PI-ZIF) with better thermal and chemical stability showed 

PM2.5 filtration efficiency of 96.6%, thermal stability upto temperature of 300 °C and 

pressure drop of 72 Pa. The addition of ZIF-8 to PI improved the capture of PM2.5 due 

to enhancement of adhesion of PM2.5 over the nanofibrous surface because of presence 

of surface charge of ZIF-8, rough surface morphology of the nanofibers and the higher 

adhesion of the ultrathin fibers towards PM2.5. Electrospun polyacrylonitrile 

nanofibrous air filters have been prepared by varying the concentration of 

polyacrylonitrile dope solution (11 wt%, 8wt% and 5 wt%) at a constant temperature of 

20 °C and varying the relative humidity (30%, 40%, 50% and 60%).  The developed 

bead-on-string air filters were able to capture the solid and oil-based PM present in 
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atmosphere with a filtration efficiency of 99% and a very low pressure drop of 27 Pa. 

These ultrafine fibers developed between the beads resulted in better PM2.5 filtration 

efficiencies and the construction of nanobeads developed open interconnected air flow 

channels responsible for the lower air flow resistance. These air filters could be utilized 

in practical applications because of their reusability, excellent performance and 

mechanical robustness [90]. Polyacrylonitrile/poly(acrylic acid) nanofibrous membranes 

with weight ratios of  3/7, 4/6, 5/5, 6/4, 7/3 and 10/0 were prepared having mechanical 

strength from 3.8 to 6.6 MPa comparatively higher than polyacrylonitrile nanofibers.  

The nanofibers had filtration efficiency>99.92% against NaCl aerosol particles and 

lower pressure drop of 310 Pa [18]. Polyacrylonitrile/ attapulgite composite nanofibers 

have been developed by acid activation of attapulgite and its modification with 3-

aminopropyltriethoxysilane which were capable of effective capture of PM and heavy 

metals [20]. The polymeric nanofibrous membranes having application in PM2.5 

filtration have been tabulated in Table 2.1. 

Table 2.1 Summary of various polymeric nanofibrous membranes for PM2.5 filtration 

S. No. Nanofibrous membrane PM2.5 filtration 

efficiency (%) 

Pressure drop 

1. Poly(vinyl alcohol)-poly(acrylic acid)-silica 

nanoparticle-silver nanoparticles (PVA-PAA-

SiO2-AgNP), base weight 4.26 gm
-2

 [91] 

98.85 150 Pa 

2. Herbal extract incorporated polyvinylpyrrolidone 

[92]  

99.99% 4.75 mmH2O 

3. Polyacrylonitrile, basis weight 25 gm
-2

 [93] 99.78 172.3 Pa 

4. Polyacrylonitrile [19] 99.26  

5. Poly(methylmethacrylate)/ 

polydimethylsiloxane-chitosan [94] 

98.23 21 Pa 

6. Polyvinylidene fluoride (PVDF) fibers doped 

with negative ions powder (NIPs) [65] 

99.99 40.5 Pa 

7. Zein/poly(vinyl alcohol) [84] 99.88  
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S. No. Nanofibrous membrane PM2.5 filtration 

efficiency (%) 

Pressure drop 

8. Multilayered nanofibrous membrane with 

poly(vinyl) alcohol/chitosan on both sides and 

middle layer of poly(vinyl) alcohol/biopolymer 

of N-halamine (PVA /P(ADMH-NVF)) [95] 

99.3 183 Pa 

9. Sericin/Poly(vinyl alcohol)/clay [96]   

10. Polyvinyl chloride/polyurethane [97] 99.5 144 Pa 

11. Hierarchical polysulfone/ TiO2 nanoparticles 

[98] 

99.997 45.3 Pa 

12. Multilevel nanofibers of silica nanoparticle 

incorporated PAN [83] 

99.989 117 Pa 

13. Hierarchical nanostructured polyetherimide-

silica hybrid membranes [99] 

99.992 61 Pa 

14. Polyamide-6/polyacrylonitrile/polyamide-6 

[100] 

99.999 117.5 Pa 

15. Nanosized/porous poly (lactic acid) (PLA-

N/PLA-P, double-layer structured) [101] 
99.999 93.3 Pa 

16. Poly(m-phenylene isophthalamide)/ 

polyacrylonitrile composite [102] 

99.9  

 

2.3.2 Antibacterial nanofibrous membranes 

The microorganisms present in environment are responsible for deteriorating human 

health. The microorganisms generally causing infections in human health include 

Staphylococcus aureus, Pseudomonas sp., Escherichia coli, Cladosporium sp., 

Micrococcus sp., Bacillus cereus, Aspergillus sp. and several viruses. Pseudomonas 

aeruginosa is one of the most dangerous bacterial species which has developed 

resistance to several antibiotics and is generally associated to nosocomial infection. The 

pathogens found on air filters include Penicillium spp., Alternaria spp., Rhizopus spp., 

etc.  produce mycotoxins which is more toxic to human health [104]. 

The deteriorating qualities of purified air as well as water has attracted the attention of 

researchers towards the development of electrospun nanofibrous membranes having 
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antimicrobial properties. The microorganisms present in the environment constantly 

attack the filters effecting their filtration efficiency by formation of biofilms. Thus, 

there is a need to develop filters with antimicrobial properties [103]. Amidoxime 

surface functionalised electrospun polyacrylonitrile nanofibrous membranes were 

reported to be antimicrobial. Further these nanofibrous membranes when treated with 

silver nitrate solution resulted in formation of highly antimicrobial membranes capable 

of killing S. aureus and E. coli within 30 minutes [103]. CS-PVA@SiO2-AgNPs 

composite nanofibrous membrane prepared by fabrication through UV reduction of 

silver ions showed significant antibacterial activity against E. coli and B. subtilis with 

an increase in the diameter of inhibition zone as the concentration of silver ions 

increases [89].  A multilayer structured biodegradable Ag-MOFs@CNF@ZIF-8 was 

fabricated through the process of in-situ generation with high antibacterial activity. The 

release of silver and zinc ions from MOFs crystal and the presence of stronger 

interfacial bonding of CNF between the layers of cellulose was responsible for the 

higher antibacterial activity of the developed filter against E. coli bacterial strains [28]. 

Electrospun composite nanofibrous membranes of polyacrylonitrile-silver prepared by 

in-situ synthesis of silver nanoparticles in polyacrylonitrile solution were found to be 

effective against E. coli and S. aureus bacterial strains [104].  Herbal extract (S. 

flaviscens) incorporated polyvinylpyrrolidone nanofibers have been synthesised with 

varying concentrations of the herbal extract, 2.04%, 4.07% and 6.11%. The herbal 

extract incorporated nanofibers showed antibacterial activity of 99.98% against S. 

epidermidis bioaerosols [92]. Zhang et al. [95] developed multilayer electrospun 

nanofibrous membranes with antibacterial property for air filtration via sequential 

electrospinning. Initially, N-halamine biopolymer was synthesised through 
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copolymerization between N-vinylformamide and 3-allyl-5,5-dimethylhydantoin which 

was further combined with poly(vinyl alcohol) and acted as the intermediate layer of 

the multilevel membrane. On the outer sides of the membrane poly(vinyl alcohol)/ 

chitosan was assembled. These multi-layered nanofibrous membranes imparted an 

antibacterial activity against E. coli and S. aureus bacterial strains due to the existence 

of N-halamine which damages the surface structure of the bacteria and kills it. 

Table 2.2 Summary of various antibacterial polymeric nanofibrous membranes 

S. No. Nanofibrous membrane Bacterial strains 

1. Poly(vinyl alcohol)-poly(acrylic acid)-silica nanoparticle-

silver nanoparticles (PVA-PAA-SiO2-AgNP) [91] 

Escherichia coli 

Bacillus subtilis 

2. Poly(methylmethacrylate)/polydimethylsiloxane-chitosan 

[94] 

Escherichia coli 

Staphylococcus aureus 

3. Sericin/Poly(vinyl alcohol)/clay [96] Escherichia coli 

Staphylococcus aureus 

4. Multilayered fibers of poly(3-hydroxybutyrate-co-3-

hydroxyvalerate) film coated with submicron fibers of 

poly(3-hydroxy alkanoate) and silver nanoparticles  [105] 

Listeria monocytogenes 

Salmonella enterica 

5. Polycaprolactone/chitosan [106] Escherichia coli 

Staphylococcus aureus 

6 Silver embedded polycaprolactone [107] Staphylococcus aureus 

7. Poly(vinyl alcohol)-silver mats [108] Escherichia coli 

Staphylococcus aureus 

8. Cross-linked collagen/silver nanoparticles [109] Escherichia coli 

Staphylococcus aureus 

P. aeruginosa 

9. Rice flour-based fibers containing Ag and PVA/β-cyclodextrin 

[110] 

Escherichia coli 

Staphylococcus aureus 

10. Poly(vinyl alcohol) nano TiO2 composite [111] Staphylococcus aureus 

K. pneumoniae 
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2.4 Electrospun nanofibrous membranes for decontamination of Cr (VI) ions 

Chromium and its compounds are being extensively used in electroplating, metal 

processing, metal finishing, metallurgy, leather tanning and various other industries [112]. 

The waste from these industries is being discharged into soil and water bodies producing 

serious environmental damages. This wastewater mainly constitutes chromium in its 

trivalent and hexavalent state. The toxicity of hexavalent chromium is 100 times of its 

trivalent state, is carcinogenic, tetratogenic and mutagenic to living organisms [113]. 

United State Environmental Protection Agency (USEPA) has classified Cr in aqueous 

environment as group A of human carcinogens and its maximum amount in drinking 

water is regulated to be below 0.10 mgl
-1

. On the other hand, WHO recommends the 

maximum amount of total Cr in drinking water to be 0.05 mgl
-1 

[14, 114]. 

For the decontamination of drinking water, the topmost priority is elimination of 

chromium from the wastewater. Several techniques such as chemical precipitation, 

membrane techniques, filtration, ion exchange, electrochemical treatment and reverse 

osmosis have been utilized for the removal of chromium from wastewater but these 

techniques are not being widely used because of their high cost, pH-dependence, non-

selectivity and use of complex methods. Thus, adsorbent technologies were developed 

which were economically and technically feasible [112, 115]. Natural materials such as 

clay minerals, silica, zeolites have been utilised as adsorbents for the heavy metal ion 

adsorption from wastewater [116]. Electrospun polymeric nanofibrous membranes are 

also being developed for the heavy metal ion adsorption because of larger specific 

surface areas, porous structure and tuneable surface functionalities [117]. 

The higher mechanical, chemical, thermal and corrosion resistance of the polymeric 

materials make them suitable to be used in purification of water systems [118, 119]. 
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The surface modified electrospun nanofibrous membranes are in great demand for 

heavy metal ions removal because of their high porosity, controllable surface 

functionalization and higher specific surface area. The surface functionalized 

nanofibrous membranes provide effective backbone to anchor the ligands over higher 

surface area supported fibrous structure [41]. 

Kummer et al. [115] developed tannin/nylon 6 and chitosan/nylon 6 nanofibrous 

membranes using Forcespinning method for Cr (VI) ion removal. The adsorption of Cr 

(VI) was spontaneous, endothermic and a favorable process. Adsorption process best 

fitted the Elovich kinetic model, pseudo-second-order kinetic model and Langmuir 

adsorption isotherm with an adsorption capacity of 23.9 mgg
-1

 for chitosan/nylon-6 at pH 

3 and 62.7 mgg
-1

 for tannin/nylon-6 nanofibrous membranes at pH 2. Electrospun 

polyacrylonitrile nanofibrous membranes embedded with cerium oxide nanoparticles and 

zerovalent iron were prepared through electrospinning technique [120]. The cerium oxide 

embedded PAN nanofibers showed 96% Cr (VI) ion removal as compared to cerium 

oxide nanoparticles with an efficiency of 79%. Whereas the zerovalent iron embedded 

PAN nanofibrous membranes were 99.9% efficient in removal of Cr (VI) ions. The 

zerovalent iron nanofibers followed the Freundlich adsorption isotherm while in case of 

cerium oxide nanofibers Langmuir adsorption isotherm best fitted the adsorption data 

with an adsorption capacity 0f 28 mgg
-1

. The adsorption of Cr (VI) ions using chitosan 

nanofibers cross-linked with glutaraldehyde was found to be twice in comparison to 

chitosan powder with the highest removal of Cr (VI) occurring at pH of 3.0. The 

adsorption best fitted pseudo-second-order kinetic model, Langmuir and Freundlich 

adsorption isotherms [121]. Surface modified PAN nanofibrous membranes with 

ethylenediaminetetraacetic acid utilising ethylenediamine as crosslinker were prepared for 

adsorption of Cr (VI) ions having maximum adsorption capacity of 66.24 mgg
-1
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following pseudo-second-order kinetic model and Freundlich adsorption isotherm [122]. 

Adsorption of Cr (VI) ions has been reported using polyaniline/sepiolite nanofibrous 

membranes prepared via in-situ synthesis involving chemical oxidation polymerization 

method [123]. The adsorption of metal ions was dependent on pH and best fitted pseudo-

second-order kinetic model and Langmuir isotherm with a maximum adsorption of 206.6 

mgg
-1

 to 244.5 mgg
-1

 as the temperature increases from 25 °C to 45 °C.  Electrospun 

polyacrylonitrile/thiol modified cellulose nanofibers were effective for removal of Cr (VI) 

ions from aqueous solutions with monolayer adsorption [124]. Magnesium hydroxide 

incorporated in polyamide nanofibers were efficient in adsorption of Cr (VI) ions from 

aqueous solutions [125]. Thermal plastic elastomer ester/iron alkoxide nanofibers were 

fabricated by Xu et al. [126] demonstrating Freundlich adsorption isotherm with 

multilayer adsorption of Cr (VI) ions. The adsorption mechanism involves the adsorption 

of Cr (VI) ions over iron alkoxide and formation of Cr (II) by reduction of Cr (VI) which 

is followed by Cr (III) precipitation on the membrane surface. 

Table 2.3 Summary of various polymeric nanofibrous membranes used for adsorption of 

Cr (VI) ions 

S. No. Nanofibrous membrane Adsorption capacity for Cr (VI) 

ions (mgg
-1

) 

1. PVP/alumina [127] 6.8 

2. Chitosan/MWCNT/Fe3O4 [128] 354 

3. NH2 functionalised Cellulose acetate silica [129] 19.45 

4. Chitosan/graphene oxide [130] 310.4 

5. Polypyrrole/polyaniline [131] 227 

6. Iron nanoparticle polyaniline composite [132] 434.78 

7. Polyaniline deposition on PAN nanofibers [133] 202.53 

8. Chitosan/polymethylmethacrylate composite [134] 67 

9. Chitosan [121] 131.58 

10. Nylon 6,6 [135] 650.41 
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2.5 Clay based adsorbents 

Clay minerals are hydrous aluminosilicates consisting of exchangeable cations and 

anions present on the surface. the clay minerals on the basis of their layered structure 

are divided into kaolinite, illite, smectite and chlorite groups. The properties of clay 

such as layered structure, higher specific surface area, higher cation exchange capacity 

make them suitable to be used as adsorbents [43, 136].  

Montmorillonite clay belongs to the smectite group of the clay minerals composed of an 

octahedral alumina sheet sandwiched between two tetrahedral silica sheets. A common 

layer formation takes place between the tetrahedral layer tips and the hydroxyl layer of 

the octahedral alumina sheet with the common atom in the layer being oxygen rather 

than hydroxyl group. The sheets of montmorillonite are in the form of 2:1 structure with 

the presence of exchangeable cations balancing the negative charge created because of 

isomorphic substitution. Apart from the cation exchange, pH dependent metal uptake 

also occurs on montmorillonite with the binding of ions of adsorbate over the surface of 

the clay by ligand sharing with the cations of adsorbent. Precipitation of the metal ions 

occur as the pH or the concentration of adsorbate cation increases. The adsorption in 

montmorillonite can occur at the planar sites as well as the edge sites of the mineral. The 

properties of montmorillonite such as cation exchange, heat resistance, water sorption 

make it potential to be used as an adsorbent for heavy metal ions [137]. Several 

nanocomposites of montmorillonite have been prepared using dodecyl trimethyl 

ammonium chloride (DTAC), dodecyl amine (DA) and Al13 cations. The adsorption 

behaviour of the prepared montmorillonite nanocomposites against adsorption of Cr (VI) 

ions was studied with variation in pH, concentration of adsorbent, time and amount. The 

adsorption of hexavalent chromium ions over the montmorillonite nanocomposites was 
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mainly because of chemical adsorption and followed the pseudo-second-order kinetic 

model. The adsorption occurred as monolayer as well as on the heterogenous surface 

best fitting the Langmuir and Freundlich adsorption isotherm [14].   

The clay minerals modified using metal oxides prepared by cationic ion exchange in the 

interlayers of the swelled clay are of immense importance due to the higher surface 

area, enhanced thermal stability and intrinsic catalytic activity. These intercalated 

species prevent the breakdown of interlayer spaces generating interlayer space. Further 

when heated, the intercalated species convert to the clusters of metal oxides resulting in 

a stable microporous network with a higher surface area [137]. 

Zinc oxide nanoparticles are amongst one of the significant metal oxides with various 

advantages such as low cost, biocompatibility, non- toxicity, chemical and thermal 

stability, long shelf life and robust in comparison to other metal oxides. These have 

been widely used as catalysts in wastewater treatment, antimicrobial additives and 

cosmetics [138]. Generally, zinc oxide is found in the following three phases, cubic 

rock salt, cubic zinc blende and hexagonal quartzite. The most common structure is 

wurtzite with each zinc atom being tetrahedrally coordinated to four oxygen atoms 

[138]. Zinc oxide nanoparticles have been used for the heavy metal ions removal from 

wastewater. Zinc oxide nanoparticles have been used as adsorbents for removal of 

cadmium (II), copper (II), lead (II) and nickel (II) ions [139]. The adsorption of metal 

ions increase with an increase in pH of the solution and the removal efficiency 

increased with an increase in the adsorbent amount. Zinc oxide nanoparticle reinforced 

silty clay composites have been developed as adsorbents for Pb (II) ions. The 

adsorption process is best interpreted by the Langmuir model and follows pseudo-
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second-order kinetics. The adsorption of Pb (II) ions using zinc oxide reinforced clay 

composite is a feasible, spontaneous and endothermic process [140]. 

The clay minerals and their modified forms have attracted researchers, to be used as 

adsorbents for heavy metal ions present in aqueous solutions due to their easy 

availability and lower cost in comparison to activated carbon, membranes and zeolites 

[137]. However, the main drawback associated with the use of unaided clay is its 

tedious regeneration after its utilization. To overcome this limitation of clay, clay/ 

polymer nanocomposites are being developed for filtration applications. The addition of 

clay to polymers results in the enhancement of the membrane performance with better 

mechanical, barrier properties and improved thermal stability due to the dispersion of 

clay platelets and the interfacial interactions of the clay and polymeric membranes [42, 

63, 141].  Electrospun cellulose acetate nanofibers were fabricated with sodium dodecyl 

sulfonate modified montmorillonite for the efficient adsorption of Cr (VI) ions by Cai et 

al. [41]. The solution pH, contact time and temperature had an appreciable effect on the 

adsorption of Cr (VI) ions.  

Table 2.4 Summary of clay adsorbents for the adsorption of Cr (VI) ions. 

S. No. Clay  Adsorption capacity for Cr (VI) ions 

(mgg
-1

) 

1. Acid activated kaolinite [142] 8.0 

2. Kaolinite [142] 6.1 

3. Red clay [143] 1.3 

4. HDTMA modified red clay [143] 4.3 

5. Tetrabutylammonium kaolinite [142] 5.4 

6. Poly(oxozirconium) kaolinite [142] 5. 6 

7. Spent activated clay [144] 1.42 

8. Chitosan/bentonite composite [145] 89.13 
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2.6 Polyacrylonitrile based nanofibrous membranes 

One of the widely used polymer for electrospinning is polyacrylonitrile (PAN) due to its 

ease to spinnability, commercial availability, stability and good mechanical properties 

[64].
 
The modified polyacrylonitrile nanofibrous membranes owing to their larger surface 

area, resistance to chemicals, lower flammability, better mechanical properties and 

thermal stability have been found to be efficient in PM2.5 filtration [8,17, 18, 83] as well 

as adsorption of heavy metal ions [40, 146-151]. The surface modification of PAN 

nanofibers results in its altered hydrophilicity and introduction of chelating groups which 

in turn are responsible to make them suitable for efficient adsorption [152, 153]. 

Liu et al. [154] grafted hyperbranched thiourea over electrospun polyacrylonitrile 

nanofibers. The grafted nanofibrous membranes were prepared initially by mixing 

hyperbranched poyethyleneimine with electrospun polyacrylonitrile nanofibers and 

finally reacting with methyl isothiocyanate and methanol resulting in a high density 

hyperbranched structure. These chemically grafted nanofibers were found to be 

effective adsorbents for Au (III) from aqueous 

solutions resulting via coordination, electrostatic interaction and reduction. Cellulose/ 

polyacrylonitrile nanofibers have been prepared by Karki et al. [155] loading 15 weight 

% cellulose acetate solution in solvent mixture of N,N-Dimethylacetamide and acetone 

( 1:2 by volume) and polyacrylonitrile (5 weight%) solution in dimethylformamide on 

two different syringes and connecting them through a plastic tube. The solutions were 

alternately pumped at similar conditions on the collector plate to obtain the composite 

nanofibers. Stacked layers of fibers having higher water permeation flux and better 

recyclability for the oil in water mixture solution separation. 
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Chitosan, a natural polymer is difficult to be electrospun due to its polycationic nature 

and higher degree of hydrogen bonding. Lou et al. [156] devised a two-step method to 

prepare chitosan polyacrylonitrile nanofibrous mats by coating chitosan over PAN 

nanofibers which were further found to improve the adsorption efficiency of the dye, 

Acid Blue-113. The morphology of the nanofibers revealed that the average diameter of 

chitosan coated PAN nanofibers (189±29 nm) was close to that of PAN nanofibers 

(186±37 nm). The chitosan coated PAN nanofibers were found to be of closed state and 

formed films of nanorange at the juncture of PAN nanofibers. These films provided the 

adsorption sites for the dye. The adsorption of dye over the nanofibers best fitted 

pseudo-second-order kinetic model and the Langmuir adsorption isotherm having 

maximum adsorption of 1708 mgg
-1

. 

In another study, surface modified polyacrylonitrile nanofibers were enhanced by 

addition of 2D titanium carbide Ti3C2X MXene nanosheets for the fabrication of air 

filter efficient in capturing PM2.5 [157]. The filtration efficiency is enhanced by 

stronger interaction with bacteria and PM 2.5 resulting from chemical delamination due 

to the presence of surface terminating groups such as OH, F and O in MXene 

nanosheets. Chen et al. [158] reported preparation of aminated PAN nanofibers by 

grafting of branched polyethyleneimine on the surface of electrospun PAN nanofibers 

of average diameter 595 nm. These aminated nanofibers were found to be efficient for 

removal of copper ions from wastewater effluents. The adsorption study results suggest 

pseudo-second-order kinetics model and follows Langmuir adsorption isotherm. 

Thermodynamically the process of adsorption is endothermic and spontaneous.   Silver 

nanoparticle doped amidoxime modified PAN nanofibers have been prepared by a two-

step process [159]. Initially polyacrylonitrile was added to silver nitrate dissolved in 

dimethylformamide. The solution was electrospun at a voltage of 18 kV, flow rate 2 
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mL/h and collector to tip distance of 15 cm. Further the AgNP doped PAN nanofibers 

were modified by amidoxime groups chemically by immersing the nanofibers in 

hydroxylamine hydrochloride and ammonia solution. Smooth, beadles and continuous 

nanofibers having crackles surface were obtained. This led to the fabrication of 

nanoplatform for signal amplification which was utilized for detecting CA 125 in 

patients of ovarian cancer. The major disadvantage associated with this method is, time 

consumption and negative signal which need to overcome. Electrospun polyacrylonitrile 

nanofibers when dyed via exhaust dyeing method using disperse dyes displayed 

excellent light fastness and very good washing fastness. The dyeing also resulted in 

improvement of tensile strength of PAN fibers [160]. 

PAN has been blended with polyacrylamidoxime (PANOx) (1: 1 weight%) in solvent 

containing mixture of dimethylformamide and dimethylsulfoxide (85:15 weight %) and 

electrospun into nanofibers of diameters ranging from 10 to 380 nm by Chen et al. 

[161]. These modified polyacrylonitrile polyacrylamidoxime nanofibers have found its 

application in self detoxifying protective clothing. One of the major developments in 

modification of polyacrylonitrile has been reported by Peng et al. [162] describing the 

production of microphase separated fibers using blends of polyacrylonitrile and 

poly(AN-co-MMA). The copolymer solutions were oxidized and carbonized and 

further pyrolysed producing porous structured fibers in nano range having diameter of 

10 nm which were found to be interconnected on the surface as well as internally. 

Methyl methacrylate has been used instead of poy(methyl methacrylate) to blend with 

PAN due to the superior compatibility and solution stability of former with 

polyacrylonitrile while on blending latter with PAN a phase separation occurred during 

electrospinning process. These continuous nanofibrous membranes were found to be 

suitable to be used in electrochemical field. 
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Acrylonitrile based copolymers having porphyrin pendants have been blended and 

covalently immobilized via redox enzyme catalase which have been further electrospun 

into nanofibers by Wan et al. [163]. The nanofibrous membranes were found to have 

rough surface. The carbon nanofibers when blended with carbon nanotubes had 

protruding parts. The carboxyl groups were activated by N-(3-dimethylaminopropyl)-

N’-ethylcarbodiimide hydrochloride and N-hydroxysuccinimide which resulted in 

immobilization of catalase on nanofibers. Polyacrylonitrile nanofibers of twotypes of 

fluorescent whitening agents: 1,4-bis(o-cyanostyryl) benzene (ER) and 1-(o-

cyanostyryl)-4-(p-cyanostyryl) benzene (EB) were developed by Wang et al. The 

distinct structures and procedure of nanofiber production were due to the varying 

photoluminescence intensity of ER/PAN and EB/PAN nanofibers [164]. 

Polyacrylonitrile nanofibers have been modified via process modification. Doshi et al. 

[165] reported the production of nanofibers having parallel orientation to each other 

using the collector plate as a drum rotating at a higher speed. Polyacrylonitrile 

nanofibers have been prepared by needleless electrospinning by using wire electrode 

[166]. These resulted in formation of hollow fibers. A bobbin similar to wheel has been 

used as collector to generate nanofibers of parallel orientation by Zussman et al. [167]. 

The limitation of this method is that it cannot be used for production of well aligned 

nanofibers as a sharper edge of bobbin is required. 

The fascinating chemical and electronic characteristics of metal oxides make them one 

of the suitable materials to be used as fillers or to be incorporated into fibers. The large 

interfacial surface area of metal oxide nanoparticles results into the desirable properties 

of these particles. Karimiyan et al. [168] reported the preparation of electrospun 

polyacrylonitrile/ graphene oxide nanofibers for microextraction of packed sorbent of 
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anaesthetic drugs namely lidocaine and prilocaine from plasma samples of humans. 

These nanofibers combined with polystyrene showed better efficiency for the extraction 

of these drugs compared to the conventional adsorbents. PAN/ biogenic silica 

nanocomposite nanofibers have been explored for degradation of malachite green dye 

photocatalytically by Mohamed and coworkers [169]. The nanocomposite nanofibers 

were prepared by submerging nanosilica obtained from rice straw or diatomite onto 

electrospun PAN nanofibers. The crosslinked composite nanofibers showed maximum 

dye degradation at 15 and 25 minutes for diatomite and rice straw membranes under 

visible light irradiation. 98% of the dye was found to degrade under 10 minutes at 

optimal conditions making it suitable to be used in fixed bed columns. 

One of the recent studies describes the immobilization of calcium oxide chemically and 

mechanically on PAN fibers in the form of heterogenous catalyst for the conversion of 

Canola oil to biodiesel by transesterification reaction [170]. Calcium oxide powder was 

mixed into the polymeric solution and electrospun for the mechanical immobilization 

while for chemical immobilization, initially electrospun PAN fibers were activated by 

Pinner reaction and finally PAN fibers were amidated by dopamine hydrochloride-CaO. 

Polyacrylonitrile/ Graphene oxide-zinc oxide composite nanofibers were investigated to 

photodegrade organic dyes namely methylene blue and indigo carmine present in 

industrial wastewater with a degradation efficiency of 96% at 70 minutes and 98% merely 

after 27 minutes respectively under visible light irradiation [171]. Hashmi et al. [29] 

developed copper oxide loaded PAN nanofibrous membranes for antimicrobial respiratory 

mask use. The addition of copper oxide imparted mechanical, tensile strength, antibacterial 

properties and increased air permeability. Feng et al. [148] developed PAN/GO nanofibers 

by dispersion of polyacrylonitrile in graphene oxide solution in DMF solvent and further 

electrospinning the solution. The nanofibers were found to be effective Cr (VI) adsorption. 
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The adsorption process was spontaneous and endothermic thermodynamically and favored 

Freundlich adsorption isotherm having an adsorption of 382.5 mg/g. 

Table 2.5 Summary of various polyacrylonitrile nanofibrous membranes and their applications 

S.No. Nanofibrous membranes Applications 

1. Eu
3+

/Tb
3+

 doped PAN fibers [172] Color display and optoelectronics 

2. Modified hydrophobic 3D PAN/ZnO 

composite fiber [173] 

Separation of oil water mixture 

3. Polyacrylonitrile nanofibers decorated by 

activated carbon [174] 

Extraction of fluoroquinolones from 

wastewater by solid phase dispersion 

4. Silica nanoparticle doped polystyrene/PAN 

nanofibers [175]  

Hydrophobic protein adsorption 

5. PAN/lauric acid composite nanofiber [176]  Storage of thermal energy 

6. PAN/N-halamine nanofibers [177] Protective antimicrobial face masks 

7. PAN/β-cylodextrin/GO nanofibers [178] Cationic dye adsorption 

8. Zeolite/PAN nanofibers [179] Wastewater polycyclic aromatic 

hydrocarbons extraction          

9. PAN/ amino functionalization on zirconium 

metal organic framework [180] 

Analysis of pesticides in agricultural 

wastewater 

10. Cellulose/PAN nanofibers [181] Improved mechanical and thermal properties 

11. PAN nanofibrous surface grafted with 

polyamidoamine [182] 

Desalination and wastewater treatment 

12. Phosphorylated PAN nanofibers [147]  Heavy metal ion removal 

13. PAN/SAN/CNT composite [183] Electrocatalysts 

14. Polyethylene-imine functionalized PAN 

nanofiber [184] 

Adsorption of phenolic compounds 

15. Ag/PAN composite and AgNP/PAN 

nanofibers [185] 

Antibacterial activity 

16. Graphite carbon nitride/silver phosphate/ 

PAN nanofibers [186] 

Photocatalytic degradation of dyes and 

energy conversion 

17. Hydrous ZrO/PAN nanofibers [187] Groundwater defluoridation 

18. In-situ self-polymerized gadolinium contained 

PAN [188] 

Adsorption of thermal neutrons 

19. Porous CNF [189] Adsorption and catalysts 

20. Pd modified PAN [190] Determination of SO2  
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2.7 Research gap and hypothesis 

The detailed literature review on electrospun nanofibrous membranes for filtration of 

PM2.5 as well as for decontamination of heavy metal ions and clay based adsorbents 

suggested that the clay, modified clay, electrospun composite polymeric nanofibrous 

membranes have been utilized for the heavy metal ion adsorption as well as for capture 

of PM2.5 from atmosphere. To the best of our knowledge, polymeric nanofibrous 

membranes supported with montmorillonite and zinc oxide modified montmorillonite 

have not yet been utilised in filtration applications.   

The adsorption capacity of clay and ZnO modified clay depends on the surface area 

available for adsorption of metal ions. If clay breaks down from stacked structure to 

two-dimensional nanostructure, larger surface will be available for the adsorption of 

metal ions. Through electrospinning, clay and ZnO modified clay can be exfoliated.  

Thus, the incorporation of ZnO modified clay in nanofibrous membranes can 

enhance the adsorption capacity. With the above hypothesis, Mt was modified with 

ZnO nanoparticles. In this study, we have utilized the properties of both PAN as 

well as montmorillonite to develop bifunctional PAN/Mt nanofibrous 

nanocomposites using electrospinning technique for effective filtration of PM2.5 

particles present in atmosphere. The addition of Mt to PAN nanofibers results in the 

improvement of the stacked structure of Mt and the development of nanofibrous 

membranes having larger specific area and reactive functional groups, which are 

effective in adsorption of aerosols from the atmosphere as well as the heavy metal 

ions from water sources. 
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The bifunctional PAN/ZnO-Mt nanofibrous nanocomposites which can be effective 

against bacterial strains and also capture PM2.5 have been developed. The addition of 

montmorillonite to ZnO enhances its antibacterial properties. A series of thermally 

stable PAN/ZnO-Mt nanofibrous nanocomposites have been developed using 

electrospinning technique. 
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CHAPTER 3  

EXPERIMENTAL METHODS 

 

3.1 Overview 

This chapter introduces the various chemicals and their source used to carry out the 

experiments. The chapter also includes the experimental procedure involved, 

specifications of characterization instruments used and the testing procedures. The 

experimental materials and methods are discussed as follows.  

3.2 Materials 

Zinc Oxide (ZnO) nanopowder having an average particle size of approximately 30 

nm and clay nanopowder (composition: SiO2-65%, Al2O3-15%, Fe2O3-1.3%, Ti2O-

0.19%, K2O-1.3%, Na2O-0.65%, CaO-3.31%, MgO-0.99%) having an average 

particle size of 80-150 nm and cation exchange capacity of 3-10 meq/100 g, were 

purchased from SRL, India. Zinc nitrate hexahydrate was also procured from SRL, 

India. Ammonium carbonate ((NH4)2CO3) was purchased from Merck. Aloe vera gel 

was extracted from the aloe vera leaves plucked from the nursery of Delhi 

Technological University. Polyacrylonitrile (PAN) of average molecular weight 

150,000 gmol
-1

 was purchased from Sigma-Aldrich. N, N-Dimethylformamide 

(DMF) was purchased from Merck. Luria Broth, TM Media and agar agar 

(bacteriological grade) used to study the antimicrobial activity were purchased from 

Titan Biotech Ltd. and Fisher Scientific respectively. Potassium dichromate 

(K2Cr2O7) used for adsorption studies was purchased from Merck Specialties. 

Distilled water was used to carry out the experiment. 
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3.3 Preparation of zinc oxide modified montmorillonite using zinc oxide 

nanoparticles, ZnO-Mt (I) 

To prepare ZnO-Mt (I), 3 g of Mt was added in 0.008 wt% ZnO nanoparticle dispersion 

in water and constantly stirred for a week at room temperature. The dispersion was 

ultrasonicated and centrifuged. The supernatant solution was discarded and clay was 

dried at 80 °C. The dried sample was grinded using mortar pestle. The schematic 

representation is as follows: 

 

Fig 3.1 Schematic representation for preparation of ZnO-Mt(I) 

3.4 Preparation of zinc oxide modified montmorillonite using zinc nitrate, 

ZnO-Mt (II) 

ZnO-Mt (II) was synthesised via ion-exchange method, precipitation which was further 

followed by calcination [57]. To 30 ml solution of zinc nitrate (Zn(NO3)2, 1 mM), 3 g 

of Mt was added and the solution was continuously stirred for seven days at room 

temperature conditions. (NH4)2CO3 solution (0.3 M) was added to the above solution 

and stirred for two days to precipitate the zinc ions in the form of zinc carbonate. The 

obtained solution was finally washed with distilled water till neutral pH was obtained. 

Further, the solution was dried at 50 °C and calcined for a time period of 2.5 h at 500 

°C. Fig 3.2 shows the schematic preparation of ZnO-Mt (II). 
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Fig 3.2 Schematic representation for preparation of ZnO-Mt (II) 

3.5 Preparation of zinc oxide modified montmorillonite using aloe vera gel, 

ZnO-Mt (III) 

The preparation of ZnO-Mt (III) was carried out using the method for synthesis of ZnO 

nanoparticles using aloe vera leaf [191] with some modifications. The aloe vera gel was 

extracted from boiled aloe vera leaves. The crushed gel was grounded to a thin paste by 

addition of distilled water which was further filtered using a fine mesh.  

To prepare ZnO-Mt (III), 3g of Mt was added to aloe vera gel solution prepared in 

distilled water. The solution was continuously stirred for two days and further 20 mL of 

1mM Zn(NO3)2 solution was added. The solution was vigorously stirred for five days and 

the supernatant was discarded. The obtained white solid was centrifuged after washing 

with distilled water. The resultant dried solid was calcined at 500 °C or 2.5 h (Fig 3.3). 

 

Fig 3.3 Schematic representation for preparation of ZnO-Mt (III) 
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3.6 Preparation of PAN and PAN/Mt dope solution 

PAN (7% w/v) was dissolved in DMF by heating at 70 °C till a clear homogenous 

solution was obtained. Various PAN solutions comprising 0.25, 0.50, 0.75 and 1.00 

wt% of Mt (w.r.t. PAN) were prepared by first sonicating Mt in DMF for 30 minutes 

and by further adding 7 wt% PAN to the solution. The solution was further heated at  

70 °C till a homogenous solution was obtained. The solutions have been abbreviated as 

0.25% PAN/Mt, 0.50% PAN/Mt, 0.75% PAN/Mt and 1.00% PAN/Mt. 

3.7 Electrospinning of PAN and PAN/Mt nanofibrous nanocomposites 

The dope solutions prepared were electrospun to produce nanofibers by placing a 12 

mL syringe containing the solution on the pump. The solutions were further electrospun 

under a high voltage of 18 kV, at a flow rate of 6 mLh
-1

 at room temperature and were 

finally collected on the grounded drum roller covered with aluminium foil at a needle 

tip to collector distance of 12 cm. The various nanofibrous membranes prepared have 

been denoted as PAN, 0.25% PAN/Mt, 0.50% PAN/Mt, 0.75% PAN/Mt and 1.00% 

PAN/Mt. Fig 3.4 depicts the schematic representation for electrospinning of PAN/Mt 

nanofibrous nanocomposites. 

 

Fig 3.4 Schematic representation for electrospinning of PAN and PAN/Mt nanofibrous 

nanocomposites 
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3.8 Preparation of PAN/ZnO-Mt dope solution 

ZnO-Mt (0.25% w/w w.r.t 7% w/v PAN) was ultrasonicated in 20 mL of DMF for 30 

minutes and further PAN was added to the solution. The solution was heated at 70°C 

for 30 minutes till a homogenous solution was obtained. This solution was denoted as 

0.25% PAN/ZnO-Mt (I) solution. Similarly, 0.50%, 0.75%, 1.00% PAN/ZnO-Mt (I), 

0.75% PAN/ZnO-Mt (II) and 0.75% PAN/ZnO-Mt (III) solutions were prepared by 

varying the concentration of ZnO-Mt (I) from 0.50%, 0.75% to 1.00% and the 

concentration of ZnO-Mt (II) and ZnO-Mt (III) as 0.75% respectively. The solutions 

were brought to room temperature and used for electrospinning of nanofibrous 

nanocomposites. 

3.9 Electrospinning of PAN/ZnO-Mt nanofibrous nanocomposites 

Electrospun PAN/ZnO-Mt nanofibrous membranes were prepared by electrospinning 

machine (Royal Enterprises, India). A 12 mL syringe containing 0.25 % PAN/ ZnO-Mt 

(I) solution was placed on the pump. The process of electrospinning was carried 

through the needle tip to the grounded drum roller covered with aluminium foil.  The 

solution was electrospun at room temperature conditions for 4 h at a flow rate of 6 mLh
-1

, 

providing a high voltage of 18 kV to form stable jets and the nanofibers were collected 

on a grounded collector placed at a distance of 12 cm at room temperature conditions. 

The nanofibrous nanocomposites were electrospun under similar conditions using the 

prepared 0.50%, 0.75%, 1.00% PAN/ZnO-Mt (I), 0.75% PAN/ZnO-Mt (II) and 0.75% 

PAN/ZnO-Mt (III) solutions. The nanofibrous nanocomposites containing ZnO-Mt in 

varying concentrations have been denoted as 0.25% PAN/ZnO-Mt (I), 0.50% 

PAN/ZnO-Mt (I), 0.75% PAN/ZnO-Mt (I), 1.00% PAN/ZnO-Mt (I), 0.75% PAN/ZnO-
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Mt (II) and 0.75% PAN/ZnO-Mt (III) nanofibrous nanocomposites. Fig 3.5 shows the 

schematic representation for electrospinning of PAN/Mt nanofibrous nanocomposites. 

 

Fig 3.5 Schematic representation for electrospinning of PAN/ZnO-Mt nanofibrous 

nanocomposites 

 

3.10 Particle size  

The particle size of the modified clay was studied using Malvern Particle Size Analyzer. 

To study the particle size and zeta potential of Mt and ZnO-Mt, dispersed solutions of Mt 

and ZnO-Mt were prepared by sonicating 4 mg of Mt and ZnO-Mt in 10 mL methanol. 

3.11 Viscosity and conductivity measurements 

The viscosity of the dope solutions was measured via Anton Paar Modular compact 

rheometer 302 (MCR) of cone plate geometry (40-2°) of 0.21 mm gap at room 

temperature. The tests were carried out at a constant shear rate of 0.5 s
-1

. The ionic 

conductivity of the solutions was measured using CON 700 conductivity meter at room 

temperature conditions. 
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3.12 Morphological and elemental characterization 

The surface morphology of montmorillonite, zinc oxide modified montmorillonite and 

the nanofibrous nanocomposites was analyzed using the field emission scanning 

electron microscope (FESEM) with environmental SEM FEI Quanta 200 F with oxford 

EDS IE 250X Max 80, Netherlands. The surface of the samples was coated with 

platinum to study their morphology at an accelerating voltage of 15 kV. The deposition 

of zinc oxide over montmorillonite and zinc oxide modified montmorillonite on the 

surface of the nanofibrous membranes was studied by EDX analysis. The average 

diameter of the developed nanofibers was calculated by measurement of diameter of 20 

nanofibers using ImageJ software. Transmission electron microscope -JEOL 2100 F 

was used to analyse the morphology of zinc oxide modified montmorillonite. A drop of 

sonicated aqueous solution of zinc oxide modified montmorillonite was casted on 

carbon coated copper HRTEM grid. 

3.13 Structural characterization using X-ray diffraction 

The exfoliation or intercalation of Mt with ZnO and Mt, ZnO-Mt with PAN was studied 

using Panlytical X’Pert Pro X-ray diffractometer by varying θ from 5° to 80°. The 

source of X-ray radiation was Cu Kα having wavelength of 0.154 nm. 

3.14 Thermal analysis 

The thermal stability of the samples was studied on Perkin Elmer Thermogravimetric 

Analyzer (TGA) instrument. For the thermal analysis of the samples, approximately 4 

mg of the sample was weighed and the weight loss with respect to temperature was 

carried out under nitrogen atmosphere at a heating rate of 10 °Cmin
-1

 from 30 °C to  

800 °C. 
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3.15 BET surface area 

The BET surface area of Mt and ZnO-Mt was analyzed using Quantachrome ASiQwin 

instruments under nitrogen gas.  

3.16 Water vapor transmission rate 

The water vapor transmission rate (WVTR) of the nanofibrous nanocomposites was 

measured using standard ASTM D 1653 method. In this method, the samples measuring 

9.5 cm
2
 were sealed on the beaker containing distilled water at room temperature conditions 

and weighed. After 24 hours the samples were weighed again. WVTR (gm
-2

day
-1

) of the 

nanofibrous nanocomposites was calculated by the equation given below:  

     
     
    

 

Where W1 and W2 represent the weight of assembly before and after 24 h of water 

evaporation, respectively, and A represents the transmission area of the sealing samples. 

3.17 Porosity 

Liquid displacement method [192] was used to determine the porosity of the 

nanofibrous nanocomposites. Hexane was used as the displacement liquid because of its 

easy permeation through the pores of the fibers. A rectangular piece of dimensions 

20X20 mm was immersed in 10 mL of hexane (V1) in a graduated measuring cylinder 

for an interval of 10 minutes. The volume of hexane after immersing the samples was 

recorded (V2). The residual hexane volume (V3) in cylinder after removal of hexane 

impregnated sample was also recorded. The porosity was calculated by the equation:  

         ( )  
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3.18 Air permeability 

The air permeability of the nanofibrous nanocomposites was measured using air 

permeability tester WIRA and IS:11056-84 (RA 2006) test method.  The air 

permeability is measured as the passage of volume of air (cm
3
) through 1 cm

2
 of the 

fiber per second at a differential pressure of 1 cm head of water.  

3.19 Burst strength 

The burst strength of the nanofibrous nanocomposites was measured using IS:1966 

(Part-1) test method (Diaphragm Bursting, Materiau IngenierieI, France).  The burst 

strength measures the application of maximum fluid pressure to a circular sample in 

expanding it to rupture.  

3.20 PM2.5 filtration efficiency 

The filtration efficiency of the nanofibrous nanocomposites was evaluated using 

Environmental Particle Air Monitor (EPAM-5000, HAZ-DUST, USA) having flow rate 

of 4 lmin
-1

 and sample rate of 1 s for 6 h. The monitor of the equipment is highly 

sensitive and is based on the scattering of light for measurement of concentrations of 

particle in mgm
-3

. The levels of PM10, PM2.5 and PM1.0 can be monitored using the 

interchangeable size selective impactors. The frequency of certain volume of collected 

air is termed as the sample rate of respirable suspended particulate matter (RSPM). In 

this test, the filters having pore size of 1 µm, 2.5 µm and 10 µm are selected to filter the 

particle size of 1 µm, 2.5 µm and 10 µm respectively, present in the volume ambient air 

are to be passed through the filter. The particle concentration of the sample was 

determined by calculating difference between the weight of the sample before and after 

the test. This is expressed as the concentration of particulate matter collected in mgm
-3

. 
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Filtration efficiency of the nanofibrous membranes have been calculated using the 

following equation 

                      ( )  
   

 
     

Where X and Y are the particle concentration of PAN nanofibers (control) and 

nanofibrous nanocomposites. 

 

Fig 3.6 HAZ DUST EPAM 5000 instrument used for RSPM test 

3.21 Pressure drop 

The pressure drop or the differential pressure of the nanofibrous nanocomposites was 

measured using standard method IS 16289.  The pressure drop of 1 cm
2
 of nanofibrous 

samples was evaluated. 

3.22 Antibacterial activity 

The antibacterial activity of the nanofibrous membranes was studied by modified disc 

diffusion test (AATCC 30) against Gram positive Staphylococcus aureus and Gram 

negative Eschericia coli as described by Purwar et al. [96, 193]. Circular discs 
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(diameter=6mm) of the nanofibrous membranes were sterilized for 24 hours under UV 

light in laminar air flow which were further placed on cultured agar plates and 

incubated at 37 °C for 24 hours. The incubated samples were shaken in 10 mL sterilized 

water at 120 rpm for 30 minutes for the release of bacteria. The sample was further 

serially diluted upto 10
-5

 times. 20 μL of serially diluted sample was spread over the 

agar plates and further incubated at 37 °C for 16 hours. The experiment was performed 

in triplicates. The bacterial colonies were counted and % antibacterial activity was 

determined using the following equation. 

                       ( )   
   

 
     

Where X and Y denote the number of colonies in control and treated sample. 

3.23 Metal ion adsorption 

Stock solution of K2Cr2O7 (200 ppm) was used to prepare diluted solutions of 50 ppm 

to 150 ppm for adsorption study at λmax= 350 nm. The minimum detectable 

concentrations for Cr (VI) ions in UV-Visible spectrophotometer were used to study the 

adsorption process of metal ions.  The effect of pH, initial concentration, time and 

amount of adsorbent were analyzed. The experiments were performed in triplicates with 

a known amount of adsorbent (Mt and ZnO-Mt) i.e., 60 mg of the adsorbent was added 

to 25 mL of 100 ppm K2Cr2O7 solution at pH 4.75. In case of nanofibrous 

nanocomposite, 3 mg of adsorbent was added to 25 mL of 100 ppm K2Cr2O7 solution at 

pH 4.75. The solutions were uniformly stirred on magnetic shaker bath for 120 min to 

attain equilibrium. The solutions were further filtered, and the amount of metal ions 

adsorbed was analyzed using UV-Visible spectrophotometer. The percentage removal 
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of metal ions and adsorption capacity at equilibrium, qe (mgg
-1

) were calculated using 

the following equations 

          
     

  
     (   ) 

   
(     ) 

 
 (   ) 

where C0 and Ce are the initial and equilibrium concentration of metal ions in ppm, V is 

the volume of the solution and M is the mass of the adsorbent (g). 
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CHAPTER 4  

PREPARATION AND CHARACTERIZATION OF ZINC OXIDE 

MODIFIED MONTMORILLONITE 

 

4.1 Overview 

Montmorillonite is a layered aluminosilicate clay with cation exchange capacity at its 

octahedral alumina layer which is fused between two tetrahedra silica layers. The 

excellent sorption ability, high surface area, catalytic property and ion exchange 

capacity of Mt makes it suitable to be used as an adsorbent. On the other hand, zinc 

oxide nanoparticles exhibit unique physical and chemical properties owing to its high 

density and limited size of corner or edges on their surface sites. The support of Mt over 

zinc oxide nanoparticles results in nanoparticles with enhanced surface area for 

adsorption and these materials also display the physicochemical properties of Mt and 

the metal oxide nanoparticle. 

This chapter describes the preparation and characterization of zinc oxide modified 

montmorillonite, ZnO-Mt. ZnO-Mt has been prepared using three different starting 

material, (i) ZnO nanoparticles, (ii) zinc nitrate and (iii) aloe vera gel, which have been 

denoted as ZnO-Mt (I), ZnO-Mt (II) and ZnO-Mt (III) respectively. The reactions 

involved are as follows: 

(i) using zinc oxide nanoparticles 
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(ii) using zinc nitrate 

 

(iii) using aloe vera gel 

A repetitive redox reaction occurs between zinc ions and the plant phytochemical 

involving conversion of carbohydrate to energy [194]].  

 

 

Fig 4.1 Representation of preparation of ZnO-Mt 

To study the effect of modification of Mt to ZnO-Mt, morphological, structural and 

thermal properties of ZnO-Mt were analysed. The particle size and BET surface area of 

ZnO-Mt were analysed to study the changes in particle size and BET surface area of Mt 

on modification to ZnO-Mt. The morphology of modified montmorillonite was 

analysed using FESEM and HRTEM to study the changes on surface of Mt and inner 

structural changes in the morphology as Mt modifies to ZnO-Mt. The thermal stability 

of ZnO-Mt was also analysed. The results are summarized as follows. 
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4.2 Particle size of Mt and ZnO-Mt 

The particle size of Mt and ZnO nanoparticles was analyzed using particle size analyzer. 

The average particle size of Mt was 71 nm. On modification, the size of ZnO-Mt (I), 

ZnO-Mt (II) and ZnO-Mt (III) was found to be 48 nm, 18 nm and 16 nm respectively. 

Hadjltaief et al. [59] and Akkari et al..[46] calculated size of ZnO on clay using 

Scherrer’s equation and it was found to be around 13.65 nm and in the range of 7 to 10 

nm respectively. Kumar et al. [57] prepared ZnO supported Mt for decontamination of 

sulfur mustard using ion-exchange, precipitation followed by calcination, the size of ZnO 

supported Mt was reported to be 3-6 nm by TEM and 6 nm from XRD.  

4.3 Morphological properties 

Mt was observed to be of flaky shape under scanning electron microscope (Fig 4.2 (a)). The 

cuboidal shaped ZnO nanoparticles are uniformly distributed over the surface of Mt (Fig 

4.2 (b, c, d)). This change in surface of Mt demonstrates adsorption of ZnO nanoparticles 

over Mt surface. The morphology of ZnO-Mt was further analysed using high resolution 

transmission electron microscopy (HRTEM). HRTEM image of ZnO-Mt (I) (Fig 4.3) 

shows that the ZnO nanoparticles are uniformly present within the layers of Mt. Based on 

HRTEM results it has been observed that on modification of Mt by ZnO nanoparticles the 

spacing between the layers of Mt decreases and the ZnO nanoparticle gets inserted between 

the layers and are also uniformly distributed over the layers of Mt. This insertion of ZnO 

nanoparticles over the surface and between the layers of Mt results in change in size of 

ZnO-Mt in comparison to ZnO nanoparticle and Mt. Akkari et al. [46] observed 

homogenous distribution of ZnO nanoparticles prepared in situ along sepiolite fibers. Sani 

et al.. [58] demonstrated flower like shape of ZnO/ MMT nanocomposite. 
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Fig 4.2 FESEM images of (a) Mt, (b) ZnO-Mt (I), (c) ZnO-Mt (II) and (d) ZnO-Mt (III) 

 

Fig 4.3 HRTEM images of (a) ZnO-Mt (I), (b) ZnO-Mt (II) and (c) ZnO-Mt (III) 
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The FESEM images of ZnO-Mt (II) and ZnO-Mt (III) clearly indicates the deposition of 

cuboidal shaped zinc oxide nanoparticles over the surface of flaky shaped 

montmorillonite (Fig 4.2 (c) and (d)). The formation of aggregates of ZnO on the 

montmorillonite surface was observed in the HRTEM images of ZnO-Mt (II) and ZnO-

Mt (III). Non-uniform deposition of ZnO was observed over Mt in case of ZnO-Mt (II) 

and ZnO-Mt (III) (Fig 4.3 (b) and (c)). 

4.4 Structural properties 

A diffraction peak at 2 equal to 7.12° for corresponding d-spacing of 1.24 nm appears 

in X-ray diffractogram of Mt (Fig 4.4 (a)). In case of ZnO-Mt (I), the X-ray 

diffractogram shows a minor shift in 2 value. The 2 value shifts to 7.32 (d 

spacing=1.21 nm) from 7.12.  ZnO-Mt (II) shows a broad peak at 7.8° due to presence 

of Mt and diffraction peaks at 35.1° and 36.2° are due to presence of ZnO. ZnO-Mt (III) 

shows diffraction peaks at 6.9° and broadening of peak occurs at 35.5° (Fig 4.4 (b)). 

Broadening of peak appears in ZnO-Mt in comparison to Mt which indicates that ZnO 

nanoparticles get inserted within the layers of Mt with a negligible shift in 2θ value. 

  

Fig 4.4 X-ray diffractogram of (a) Mt, ZnO and ZnO-Mt (I), and (b) ZnO-Mt (II) and 

ZnO-Mt (III) 
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4.5 BET surface area 

The BET surface area of Mt was found to be 6.91 m
2
g

-1
. On modification of Mt with 

ZnO nanoparticles the surface area (11.16 m
2
g

-1
) increased by 1.6 times. The BET 

surface area of ZnO-Mt (II) and ZnO-Mt (III) was found to be 14.33 m
2
g

-1 
and 15.23 

m
2
g

-1
. The increase in surface area on modification suggest that the ZnO nanoparticle is 

present over and between the layers of Mt. This is in contradiction to the ZnO-Mt 

prepared by Kumar et al. the surface area of ZnO-Mt reduced in comparison to Mt 

suggesting blocking of pores of Mt by formation of ZnO-Mt over the surface of Mt 

[57]. The high surface area of ZnO-Mt would result in higher adsorption capacities of 

these materials. 

4.6 Thermal properties 

Mt, ZnO-Mt (I), ZnO-Mt (II) and ZnO-Mt (III) were analyzed for their thermal stability 

(Fig 4.5).  

  

Fig 4.5 Thermogram of (a)Mt and ZnO-Mt (I) and (b) ZnO-Mt (II) and ZnO-Mt (III) 

It was found that the first thermal degradation temperature of ZnO-Mt (I) was 235 °C 

whereas for Mt it was 203 °C. The residual mass obtained at 900 °C increased from 

55% in Mt to 58% for ZnO-Mt (I). This implies an increase in the thermal stability of 
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Mt with addition of ZnO to Mt. The thermal degradation of ZnO-Mt (II) and ZnO-Mt 

(III) occurred at 561 °C and 539 °C respectively. The thermal stability of ZnO-Mt (II) 

and ZnO-Mt (III) was quite enhanced in comparison to Mt and ZnO-Mt (I). This 

enhancement in thermal stability could be due to smaller particle size of the fine 

powders. The smaller particle size of a crystallite results in stronger thermal stability of 

the crystallite [138].  

4.7 Conclusions 

ZnO-Mt was synthesised using zinc oxide nanoparticles, zinc nitrate and aloe vera gel. 

The particle size of Mt reduced from 71 nm in Mt to 16 nm in ZnO-Mt (III), on 

modification of Mt and an increase in BET surface area was observed for Mt on its 

modification with ZnO. The FESEM images showed the presence of cuboidal shaped 

ZnO over the surface of flaky shaped Mt and HRTEM images confirmed the presence 

of ZnO nanoparticles within the layers of Mt. The diffraction peaks broadened as 

observed from XRD which suggested the insertion of ZnO nanoparticles within the 

layers of Mt. Modification of Mt to ZnO-Mt enhanced the thermal stability of Mt. 
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CHAPTER 5  

PREPARATION AND CHARACTERIZATION OF  

NANOFIBROUS NANOCOMPOSITES 

 

This chapter has been divided into two parts. The first part of the chapter discusses the 

preparation and characterization of PAN and PAN/Mt nanofibrous nanocomposites. 

The second part of the chapter gives an account of the preparation and characterization 

of PAN/ZnO-Mt nanofibrous nanocomposites. 

5.1 PREPARATION AND CHARACTERIZATION OF POLYACRYLONITRILE 

(PAN) AND POLYACRYLONITRILE/ MONTMORILLONITE (PAN/Mt) 

NANOFIBROUS NANOCOMPOSITES 

5.1.1 Overview 

In this chapter, preparation of PAN/Mt nanofibrous nanocomposites using 

electrospinning technique has been discussed. The nanofibrous nanocomposites were 

electrospun at room temperature conditions and the effect of addition of Mt in PAN was 

studied. Electrospun PAN/Mt nanofibrous nanocomposites were prepared by varying 

the concentration of Mt from 0.25% to 1.00% w/w (w.r.t PAN) and the electrospun 

nanofibrous nanocomposites were denoted as 0.25% PAN/Mt, 0.50% PAN/Mt, 0.75% 

PAN/Mt and 1.00% PAN/Mt nanofibrous nanocomposites. The changes in the viscosity 

and ionic conductivity of PAN/Mt dope solutions were studied to examine the effect of 

increasing concentration of Mt in PAN/Mt and was also compared with PAN dope 

solution. The electrospun nanofibrous nanocomposites were characterised using 

FESEM, XRD and TGA techniques. The FESEM micrographs suggested the changes 

in surface morphology of the nanofibrous nanocomposites as Mt was added to PAN 
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nanofibers. The increasing concentration of Mt in PAN/Mt nanofibrous nanocomposites 

also resulted in changes in the average diameter of the nanofibrous nanocomposites 

which was also a consequence of the variation in viscosity and conductivity of the dope 

solutions used for electrospinning. The intercalation in PAN/Mt nanofibrous 

nanocomposites was confirmed using X-ray diffraction analysis. The changes in 

thermal stability of PAN nanofibers and PAN/Mt nanofibrous nanocomposites was also 

examined. The effect of addition of Mt to PAN nanofibers on its morphology, structure 

and thermal stability have been discussed. The results are summarized as follows. 

5.1.2 Viscosity and conductivity of PAN and PAN/Mt solution 

The variation in viscosity of the dope solutions of PAN and PAN/Mt were studied to 

examine the effect of addition of Mt to PAN solution (Fig 5.1.1 (a)). It was observed that 

the addition of Mt increases the viscosity of PAN/Mt dope solution in comparison to PAN 

dope solution. The increase in viscosity of PAN/Mt solution might be due to the stronger 

interactions occurring between PAN and Mt layers. The increase in concentration of Mt 

from 0.25% to 0.75% results in a decrease in the viscosity of PAN/Mt solutions while a 

rapid increase in viscosity was observed for 1.00% PAN/Mt solution. A degradation in 

polymeric network occurs on addition of fillers resulting in a decrease in solution 

viscosity. But at a higher filler concentration, an increase in viscosity is observed resulting 

in difficulty in processing of the polymer solution [195, 196]. It has been reported that a 

reduction in solution viscosity is observed on weakening of force of interaction between 

the surface of clay. Creation of larger aggregates due to the interaction between platelets of 

clay results in an increase in viscosity at higher concentrations [197]. The reduction in 

viscosity can be attributed to the occurrence of breakdown in the platelet stacking of clay 



Chapter 5 

 

54 

and successive dispersion and exfoliation occurring under shear possibly resulting in 

slipping of chains over the platelets of clay [198].  

   

Fig 5.1.1 (a) Viscosity and (b) Conductivity of PAN and PAN/Mt solutions 

The ionic conductivity of PAN solution increases on addition of Mt (Fig 5.1.1 (b)). As 

the concentration of Mt increases, a gradual increase in conductivity is observed in 

PAN/Mt solution. The ionic conductivity increases from 238±2.6 µScm
-1

 in PAN to 

275±2.4 µScm
-1

 in 1.00% PAN/Mt solution. The ionic conductivity of a solution is 

dependent on the number of carrier ions and mobility of the ions. The crystallite 

structure of the polymer and the segmental mobility of the polymeric chains are 

responsible for the mobility of ions in a polymeric solution [199]. The increase in 

concentration of Mt increases the number of carrier ions and interaction between PAN 

and Mt enhances the mobility of the ions present in the solution thus resulting in 

increase in the conductivity of the PAN/Mt solution. 

5.1.3 Surface morphology of PAN and PAN/Mt nanofibrous nanocomposites 

The surface morphology of the PAN/Mt nanofibrous nanocomposites prepared by 

varying the concentration of Mt from 0.25% to 1.00% was analyzed using FESEM and 

is shown in Fig 5.1.2. It was observed that the addition of 0.25% Mt to PAN nanofibers 

increased the average diameter of the fibers from 269 nm in PAN nanofibers to 292 nm 
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for 0.25% PAN/Mt nanofibrous nanocomposites. The addition of Mt slightly increases 

the roughness of the fibers [200, 201]. As the concentration increased to 0.50% and 

0.75% the diameter of PAN/Mt nanofibrous nanocomposites reduced to 228 nm and 

206 nm respectively whereas a sharp increase in diameter was observed for 1.00% 

PAN/Mt nanofibrous nanocomposites. Agglomeration of Mt was visible at higher 

concentration of 1.00%. The change in diameter of the fibers is due to the addition of 

Mt to PAN and a change in viscosity of the solution. The increase in viscosity increases 

the fiber diameter with smooth fibrous surface [202]. The increased conductivity of 

PAN/Mt nanofibrous nanocomposites due to the layer charge present in Mt imparting 

higher polarity, is responsible for the formation of fine nanofibers [201, 203]. The 

charge density of ejected jets during electrospinning increases due to addition of a salt 

resulting in stronger forces of elongation on the jet due to the repulsion occurring 

among the excess charge when electric field is applied which in turn is responsible for 

production of substantially straight and small diameters of the fibers electrospun [203, 

204]. The increase in ionic conductivity of PAN/Mt nanofibrous nanocomposites also 

account for a decrease in the average diameters of electrospun fibers [199, 203]. 

Almuhamed et al. [201] have prepared PAN/Na-Mt composite fibers with the 

concentration of Na-Mt varying from 5 to 19 wt%. The average diameter of the 

composite fibers electrospun at 13 kV ranged from 455 nm to 717 nm while the pristine 

PAN nanofiber had an average diameter of 747 nm. 
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Fig 5.1.2 FESEM images of (a) PAN, (b) 0.25%, (c) 0.50%, (d) 0.75% and (e) 1.00% 

PAN/Mt nanofibrous nanocomposites 

The dispersion of Mt into the PAN matrix was analysed using HRTEM images. The 

HRTEM image of 0.75% PAN/Mt nanofibrous nanocomposite clearly indicates the 

dispersion of Mt into PAN matrix. The surface roughness observed through HRTEM 

(Fig 5.1.3) is consistent with the SEM images of PAN/Mt nanofibers. The presence of 

Mt within PAN/Mt nanofibrous membranes was also confirmed from the EDX 

analysis.  
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Fig 5.1.3 HRTEM image of (a) PAN and (b) 0.75% PAN/Mt nanofibrous nanocomposite 

(c) EDS of 0.75% PAN/Mt nanofibrous nanocomposite 

The EDX spectra of 0.75% PAN/Mt nanofibrous membranes shows the presence of 

carbon (C), nitrogen (N), oxygen (O), calcium (Ca), sodium (Na), magnesium (Mg), 

silicon (Si) and aluminium (Al) elements, belonging to PAN and Mt (Fig 5.1.3 (c)).  

5.1.4 Structural properties of PAN and PAN/Mt nanofibrous nanocomposites 

The X-ray diffractogram of PAN nanofibers shows a strong diffraction peak at 

2θ=16.9° whereas in case of PAN/Mt nanofibrous nanocomposites two peaks are 

observed at 2θ=7.7° due to presence of Mt and 2θ=16.9° which corresponds to PAN 

(Fig 5.1.4). As the concentration of Mt increases from 0.25% to 1.00%, the intensity of 

the peak at 7.7° increases while that of 16.9° decreases. This could be due to the 

intercalation of either PAN or DMF into the interlayer spacing of Mt [201]. The 

intercalation of water molecules into the galleries of Mt could also be responsible for 

this change [201]. 
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Fig 5.1.4 X-ray diffractogram of PAN and PAN/Mt nanofibrous nanocomposites 

5.1.5 Thermal properties of PAN and PAN/Mt nanofibrous nanocomposites 

The thermal stability of the nanofibrous nanocomposites was studied using 

thermogravimetric analysis. The thermograms were recorded and are shown in Fig 5.1.5.  

 

Fig 5.1.5 Thermogram of PAN and PAN/Mt nanofibrous nanocomposites 



Chapter 5 

 

60 

The electrospun nanofibrous membranes exhibited a similar behaviour till 165 °C 

exhibiting significant weight loss which is due to the desorption of water adsorbed. It 

was found that weight loss was negligible in PAN/Mt nanofibrous nanocomposites up 

to 290 °C while for PAN nanofibers it was up to 220 °C. This negligible weight loss 

was due to the process of cyclization [201, 205]. Further a swift weight loss was 

observed in nanofibrous nanocomposites which is due to the hydrogenation reaction 

[205]. The thermograms suggested that the addition of Mt to PAN resulted in lower 

weight loss in PAN/Mt nanofibrous nanocomposites compared to PAN nanofibers. The 

addition of Mt thus prevents the polymer degradation enhancing the thermal stability of 

nanofibrous nanocomposites. Similar results were reported by Almuhamed et al. [201], 

suggesting lowered weight loss and increased onset temperature as the amount of Mt 

increases in PAN.  

5.1.6 Conclusions 

The addition of Mt to PAN nanofibers introduced roughness on the surface of the 

nanofibrous nanocomposites. PAN/Mt nanofibrous nanocomposites were found to be 

thermally stable as the initial temperature of decomposition of the membranes increased 

and a lower weight loss in comparison to PAN nanofibers was observed.  
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5.2 PREPARATION AND CHARACTERIZATION OF 

POLYACRYLONITRILE/ ZINC OXIDE MODIFIED 

MONTMORILLONITE (PAN/ZnO-Mt) NANOFIBROUS 

NANOCOMPOSITES 

5.2.1 Overview 

This part of chapter discusses the preparation of thermally stable PAN/ZnO-Mt 

nanofibrous nanocomposites using electrospinning technique. PAN/ZnO-Mt (I), 

PAN/ZnO-Mt (II) and PAN/ZnO-Mt (III) nanofibrous nanocomposites were prepared 

by addition of ZnO-Mt (I), ZnO-Mt (II) and ZnO-Mt (III) to PAN solution in DMF 

respectively. The optimization was carried out using ZnO-Mt (I) and further the 

nanofibrous nanocomposites using ZnO-Mt (II) and ZnO-Mt (III) were prepared for the 

optimized concentration. The concentration of ZNO-Mt (I) was varied as 0.25%, 

0.50%, 0.75% and 1.00% w/w (w.r.t 7% w/v PAN) and the electrospun PAN/ZnO-Mt 

(I) nanofibrous nanocomposites were labelled as 0.25% PAN/ZnO-Mt (I), 0.50% 

PAN/ZnO-Mt (I), 0.75% PAN/ZnO-Mt (I) and 1.00% PAN/ZnO-Mt (I) nanofibrous 

nanocomposites. Using ZnO-Mt (II) and ZnO-Mt (III), 0.75% PAN/ZnO-Mt (II) and 

0.75% PAN/ZnO-Mt (III) nanofibrous nanocomposites were prepared. The viscosity 

and conductivity changes of dope solution with increasing concentration of ZnO-Mt (I) 

were studied. Viscosity and conductivity of PAN/ZnO-Mt (II) and PAN/ZnO-Mt (III) 

dope solutions were also analysed. The morphological, structural, physical, and thermal 

properties of nanofibrous nanocomposites have also been evaluated. The results are 

summarised as follows. 

5.2.2 Viscosity and conductivity of PAN/ZnO-Mt solution 

The variation of viscosity of the solution at a constant shear rate of 0.5 s
-1

 has been 

studied (Fig 5.2.1 (a)). It was found that addition of ZnO-Mt to PAN affects the 
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viscosity of the solution. The viscosity of the solution increases on the addition of ZnO-

Mt (I) into PAN solution upto 0.50 % (w/w) concentration of ZnO-Mt (I) while 

decreases on further increase in the concentration of ZnO-Mt (I) (Fig 5.2.1 (a)). The 

viscosity of the PAN/ZnO-Mt (I) solution upto 0.75 % (w/w) was found to be higher 

than PAN solution. The increase in viscosity of the solution upto 0.50% PAN/ZnO-Mt 

(I) solution might be due to stronger interaction between PAN and ZnO-Mt in the 

solution. The stronger interaction could limit the polymeric chain mobility in the 

suspension resulting in higher entanglement of polymeric chains which facilitates 

extrusion of the solution during the process of electrospinning [206].  Whereas on 

increasing the concentration of ZnO-Mt (I) to 0.75% and 1.00% in PAN solution, the 

interaction between PAN and ZnO-Mt weakens due to accumulation of greater amount 

of ZnO-Mt resulting in a decrease in viscosity of the solution. The viscosity of 

PAN/ZnO-Mt (II) and 0.75% PAN/ZnO-Mt (III) was found to be 90.21±1.5 mPas and 

87.32±1.6 mPas respectively which is approximately similar to the viscosity of 

PAN/ZnO-Mt (I) (88.82±1.8 mPas). Researchers have reported enhancement as well as 

reduction in viscosity of polymer solution on incorporation of clay [207, 208]. The 

dispersion and exfoliation of platelets during mixing reduces the shear viscosity of the 

nanocomposites in comparison to pristine polymer [196]. 

   

Fig 5.2.1 (a) Viscosity and (b) Ionic conductivity of PAN/ZnO-Mt (I) dope solutions 
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The ionic conductivity of pure PAN solution was found to be 238 µScm
-1

 solution and 

further increased on addition of ZnO-Mt (I) into PAN solution upto 350 µScm
-1

. The 

ionic conductivity of the solution is governed by two factors, the mobility of the ions 

and the amount of the carrier ions in olution. The amount of carrier ions in a solution is 

affected by the concentration of ions present in the solution. Mt possesses negative 

charge and OH group linked to Al or Si. This charge is responsible for the interaction 

between Mt and PAN. The ionic conductivity of PAN solution increases on addition of 

ZnO-Mt as the number of charged ions increases in the solution (Fig 5.2.1 (b)). The 

ionic conductivity of 0.75% PAN/ZnO-Mt (II) was 346 µScm
-1 

whereas for 0.75% 

PAN/ZnO-Mt (III), it was found to be 349 µScm
-1

. Sikkanthar et al. [209] reported that 

the ionic conductivity of polyacrylonitrile-ammonium bromide polymer electrolyte 

increased from 1.3X10
-4

 Scm
-1

 in 95:5 composition to 2.5X10
-3

 Scm
-1

 in 70:30 

composition due to the increase in mobility of the charge carriers. 

5.2.3 Surface morphology of PAN/ZnO-Mt nanofibrous nanocomposites 

The nanofibrous membranes have been developed by varying the concentrations of 

ZnO-Mt (I) in PAN solution from 0.25% to 1.00%. 0.75% PAN/ZnO-Mt (II) and 

0.75% PAN/ZnO-Mt (III) nanofibrous nanocomposites have also been electrospun. The 

field emission scanning electron micrographs of the PAN/ZnO-Mt nanofibrous 

nanocomposites are shown in Fig 5.2.2.   

The surface morphology of the nanofibrous nanocomposites suggested that on addition 

of ZnO-Mt (I) into the PAN matrix, the roughness on the surface of the nanofibers 

increased. PAN nanofibrous membranes (Fig 5.2.2 (a)) were smooth in comparison to 

PAN/ZnO-Mt (I) nanofibrous nanocomposites. As the concentration of ZnO-Mt (I) 

increases in PAN/ZnO-Mt (I) nanofibrous nanocomposites respectively, the fibers 
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changed their orientation from beaded to beadless uniformly densely packed nanofibers. 

But as the concentration increased to 1.00%, beaded and less dense nanofibers were 

formed.  An increase in the concentration results in instability of the solution at the tip 

of spinneret during electrospinning resulting in formation of beaded fibers with a 

thicker diameter [15]. The diameter of the fibers increased at higher concentration due 

to viscosity changes in the solution which is due to the entanglement of the molecules 

of the polymeric chain [206]. 

In case of ZnO-Mt (II) and ZnO-Mt (III), 0.75% PAN/ZnO-Mt (II) and 0.75% 

PAN/ZnO-Mt (III) were prepared as 0.75% concentration was optimized from the 

results of PAN/Mt and PAN/ZnO-Mt nanofibrous nanocomposites. The FESEM 

images for PAN/ZnO-Mt (II) and PAN/ZnO-Mt (III) nanofibrous nanocomposites are 

shown in Fig 5.2.2 (f) and (g). The average diameter of 0.75% PAN/ZnO-Mt (II) and 

0.75% PAN/ZnO-Mt (III) nanofibrous nanocomposites was found to be 219.94 nm and 

225.61 nm respectively which was comparable to 0.75% PAN/ZnO-Mt (I) nanofibrous 

nanocomposite. The surface roughness of 0.75% PAN/ZnO-Mt (II) and 0.75% 

PAN/ZnO-Mt (III) was significantly enhanced as compared to PAN nanofibers. 
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Fig 5.2.2 FESEM images and average diameter of (a) PAN, (b) 0.25%, (c) 0.50%, (d) 

0.75%, (e) 1.00% PAN/ZnO-Mt (I) nanofibrous nanocomposites, (f) 0.75% 

PAN/ZnO-Mt (II) and (g) 0.75% PAN/ZnO-Mt (III) nanofibrous nanocomposites 

 

The viscosity and electrical conductivity of the dope solution has a major effect on the 

diameter of the nanofibers. The size of the fiber and its uniformity is dependent on the 

viscosity of the polymer solution [93]. Non-uniform beaded fibers are formed at lower 
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viscosities whereas at a higher viscosity the electrospinning jet experiences a difficulty 

in ejection. The increase in conductivity is also responsible for a decrease in the 

diameter of the fibers as the electrospinning spinneret jet carries higher amount of 

electric charges which results in application of much higher forces of elongation on the 

surface of the fiber and finer diameter fibers are formed. Thus, a solution of an optimum 

viscosity and conductivity is required for electrospinning [15]. A regular trend in 

average diameter of nanofibers was not observed due to the combined effect of 

viscosity and conductivity of the solution resulting in formation of nanofibers. 0.75% 

PAN/ZnO-Mt (I) nanofibrous nanocomposites had the smallest average diameter of 247 

nm amongst the series of nanofibers developed.  The addition of clay increases the fiber 

diameter as an increase in clay content increases the viscosity as well as electrical 

conductivity of the solution [210]. Liu et al. [18] reported that the average diameter of 

polyacrylonitrile/polyacrylic acid nanofibers is dependent both on the viscosity and 

conductivity of the dope solution. Similar results have been obtained by the addition of 

sodium montmorillonite into PAN matrix which resulted in an increase in the surface 

roughness of the produced composite nanofibers and decrease in average diameter of 

the nanofibers with respect to their pristine counterpart [201]. 

The HRTEM images of PAN/ZnO-Mt (I), 0.75% PAN/ZnO-Mt (II) and PAN/ZnO-Mt 

(III) nanofibrous nanocomposites indicate the dispersion of ZnO-Mt in PAN nanofibrous 

membranes (Fig 5.2.3 (a), (b) and (c)). The surface roughness was visible in the HRTEM 

images. From the images it is evident that ZnO-Mt (I), Zn)-Mt (II) and ZnO-Mt (III) are 

present over and within the PAN matrix. The presence of ZnO-Mt within PAN/ZnO-Mt 

nanofibrous membranes was also confirmed from the EDX analysis. The EDX spectra of 

0.75% PAN/ZnO-Mt (I), 0.75% PAN/ZnO-Mt (II) and 0.75% PAN/ZnO-Mt (III) 
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nanofibrous membranes shows the presence of carbon (C), nitrogen (N), oxygen (O), 

calcium (Ca), sodium (Na), magnesium (Mg), silicon (Si), aluminium (Al) and zinc (Zn) 

(Fig 5.2.3 (d), (e) and (f)) elements, belonging to PAN and ZnO-Mt.  

  

  

  

Fig 5.2.3 HRTEM image of (a) 0.75% PAN/ZnO-Mt (I), (b) 0.75% PAN/ZnO-Mt (II), (c) 

0.75% PAN/ZnO-Mt (III), EDS of (d) 0.75% PAN/ZnO-Mt (I), (e) 0.75% 

PAN/ZnO-Mt (II) and (f) 0.75% PAN/ZnO-Mt (III) nanofibrous 

nanocomposites 
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5.2.4 Structural properties of PAN/ZnO-Mt nanofibrous nanocomposites 

The presence of ZnO-Mt in the nanofibrous membranes was analyzed using XRD  

(Fig 5.2.4). XRD pattern shows a peak at 16.9° for PAN nanofibers whereas for 

PAN/ZnO-Mt (I) nanocomposite nanofiber two peaks were observed at 16.9° and 

31.8°.  Strong anatase peaks of ZnO are observed at 31°, 34° and 36° [40], the 

modification of Mt with ZnO resulted in broadening of peak. It was observed that 

with addition of ZnO-Mt to PAN nanofibers the peak appeared at 16.5° for PAN was 

broadening, suggesting localization of ZnO-Mt into the nanofibrous membranes. The 

fiber diffraction pattern for PAN having hexagonal crystal system shows two 

equatorial peaks at 2θ=29.5° and 2θ=17° with degree of crystallinity of PAN fibers in 

the range 8.8% to 11.27%. The crystallization slows down during electrospinning 

because of rapid solidification of stretched chains of polymer at higher elongation 

rates hindering crystal formation [211-213]. The degree of crystallinity of PAN was 

found to be 13.33% whereas on addition of ZnO-Mt to the PAN nanofibrous 

membranes, the degree of crystallinity increased in the order 0.25% PAN/ZnO-Mt (I) 

(38.10%)> 0.50% PAN/ZnO-Mt (I) (28.03%)> 0.75% PAN/ZnO-Mt (I) (26.82%)> 

0.75% PAN/ZnO-Mt (II) (24.23%)> 0.75% PAN/ZnO-Mt (III) (24.11%)> 1.00% 

PAN/ZnO-Mt (17.65%).  The zinc oxide modified clay may act as nucleating site and 

enhanced the crystallinity of nanocomposite fibers. However, higher amount of clay 

in nanofibrous matrix affects the crystallization behavior of polyacrylonitrile polymer 

chain and reduces the crystallinity. Two diffraction peaks were observed for 

PAN/ZnO-Mt (II) and 0.75% PAN/ZnO-Mt (III) nanofibrous nanocomposites at 16.9° 

and 27.1°. The appearance of diffraction peaks at 27° to 33.1° suggested the presence 

of ZnO in ZnO-Mt. 
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Fig 5.2.4 X-ray diffractogram of PAN/ZnO-Mt nanofibrous nanocomposites 

5.2.5 Thermal properties of PAN/ZnO-Mt nanofibrous nanocomposites 

The performance of the nanofibrous nanocomposites under thermal conditions was 

studied by thermogravimetric analysis. The thermal degradation of the nanofibrous 

nanocomposites was found to be a two-step degradation process whereas for PAN 

nanofibers it was a three-step degradation process (Fig 5.2.5). On addition of ZnO-Mt (I) 

into PAN nanofibrous membranes the onset temperature of first step of degradation was 

found to increase from 92 °C in PAN nanofibers to 288 °C in nanofibrous 

nanocomposites. The second step of thermal decomposition starts at 188 °C for PAN 

nanofibers and increases to 381 °C in nanofibrous nanocomposites. The nanocomposite 

fibers show only 40% weight loss at 900 °C higher in comparison to PAN nanofibers due 

to stability of ZnO-Mt (I) at higher temperatures. Addition of ZnO-Mt enhances the 

thermal stability of PAN nanofibers due to the synergistic effect of ZnO-Mt. The 

tremendous improvement in thermal properties of nanofibers suggests uniform dispersion 

of ZnO-Mt in nanofibrous matrix. The addition of ZnO-Mt into PAN nanofibers resulted 

in much more thermally stable nanofibrous nanocomposites in comparison to PAN 

nanofibers as the presence of ZnO-Mt prevents degradation of PAN.  ZnO nanoparticles 
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have also been reported to enhance the thermal stability of PAN nanofibers [40]. Similar 

results have been reported by Almuhamed et al. [201] for electrospun PAN/Na-MMT 

hybrid nanofibers comprising 5, 10 and 19 wt% Na-MMT, an increase in thermal stability 

of the nanofibers was observed with incorporation of Na-MMT in PAN. 

The thermal decomposition temperature was found to increase in case of 0.75% 

PAN/ZnO-Mt (II) and 0.75% PAN/ZnO-Mt (III) nanofibrous nanocomposites. 

This increase could be attributed to the smaller particle size of ZnO-Mt (II) and 

ZnO-Mt (III). 

   

Fig 5.2.5 Thermogram of PAN/ZnO-Mt nanofibrous nanocomposites 

5.2.6 Conclusions 

PAN/ZnO-Mt (I) nanofibrous nanocomposites were developed by varying 

concentration of ZnO-Mt (I) from 0.25% to 1.00%. ZnO-Mt (II) and ZnO-Mt (III) were 

used to prepare 0.75% PAN/ZnO-Mt (II) and 0.75% PAN/ZnO-Mt (III) nanofibrous 

nanocomposites. The average diameter of the nanofibrous nanocomposites was found to 

be in the range of 260±5.7 nm to 350±7.8 nm. The surface roughness of the nanofibrous 

nanocomposites was increased as compared to PAN nanofibers on addition of ZnO-Mt. 
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The broadened peak observed in X-ray diffractogram suggested localization of ZnO-Mt 

within nanofibrous membranes. The addition of ZnO-Mt enhanced the thermal stability 

of the nanofibrous nanocomposites in comparison to PAN nanofibers. 
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CHAPTER 6  

FILTRATION OF PM2.5 AND ANTIBACTERIAL ACTIVITY OF 

NANOFIBROUS NANOCOMPOSITES 

 

6.1 Overview 

Air pollution and presence of heavy metal ions in water resources are amongst the 

significant environmental issues adversely affecting the health of the public, production 

efficiency and the ecosystem. One of the harmful pollutants giving rise to atmospheric 

pollution is particulate matter (PM) pollution which is majorly due to the emission of 

various solid and liquid particles into the atmosphere, adversely affecting the human 

health, due to its easy penetration into the respiratory and cardiovascular systems. The 

electrospun fibrous membranes have emerged as a promising material for efficient 

filtration of PM particles.
 
The nanofibrous membranes produced using electrospinning 

have diameters ranging from 40 to 2000 nm, higher surface-to-volume ratio, good 

network connectivity, tunable geometries and controllable structure. These properties of 

the nanofibrous membranes make them promising filtration materials. 

The nanofibrous nanocomposites were analysed for their ability to capture PM2.5 from 

atmosphere. This chapter discusses about the PM2.5 filtration efficiency of PAN/Mt and 

PAN/ZnO-Mt nanofibrous nanocomposites. The addition of ZnO to Mt enhances its 

antibacterial properties. This chapter also focuses on the antibacterial properties of 

PAN/ZnO-Mt nanofibrous nanocomposites against Gram-positive and Gram-negative 

bacterial strains. The physical properties such as porosity, burst strength, air permeability 

and water vapor transmission rate of PAN/Mt and PAN/ZnO-Mt nanofibrous 

nanocomposites were examined. The porosity, burst strength, air permeability and 
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WVTR of nanofibrous nanocomposites depend on the average fiber diameter. These 

properties have a significant effect on the PM2.5 capture efficiency of the nanofibrous 

nanocomposites. The results are discussed as follows. 

6.2 Porosity of nanofibrous nanocomposites 

The nanofibrous membranes are known to be porous which accounts for its ability to 

absorb and retain the electrolyte which in turn imparts high ionic conductivity. The 

average porosities of the nanofibrous nanocomposites are tabulated in Table 6.1.  

Increase in the concentration of Mt from 0.25% to 0.75% increases the porosity of 

PAN/Mt nanofibrous nanocomposites while a slight decrease is observed as the 

concentration of Mt reaches to 1.00%. The porosity of PAN nanofibrous membranes 

increased from 50% to 75% in 0.75% PAN/Mt nanofibrous nanocomposite. It has been 

found that the porosity of the nanofibrous nanocomposites increases with a decrease in 

fiber diameter. The difference in porosity is due to the loosely bound fibrous network 

and average diameter of the fibrous membrane. The well-developed interconnected 

fibrous network is also responsible for the superior porosities of the nanofibrous 

membranes [199]. 

0.75% PAN/ZnO-Mt (II) nanofibrous nanocomposites were found to have the highest 

porosity of 88% respectively. The porosity of the nanofibrous nanocomposites were 

found to increase with an increase in the concentration of ZnO-Mt upto 0.75% w/w. 

whereas 1.00% PAN/ZnO-Mt nanofibrous nanocomposite had porosity equal to PAN 

nanofibers. It was observed that the porosity of the nanofibrous nanocomposites 

increased with decrease in fiber diameter suggesting that uniformly developed 

interconnected network of fibers was accountable for better porosities of the 
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nanofibrous nanocomposites. The porosity of 0.75% PAN/ZnO-Mt (II) and 0.75% 

PAN/ZnO-Mt (III) was found to be in close proximity with 0.75% PAN/ZnO-Mt (I) 

Table 6.1 Parameters of nanofibrous nanocomposites 

 Porosity 

(%) 

Burst Strength 

(Nmm
-2

) 

Water Vapor 

Transmission Rate  

(kgm
-2

day
-1

) 

Air 

Permeability 

(Lm
-2

s
-1

) 

PAN 50 8.9 0.79 5.4 

0.25% PAN/Mt 33 11.3 0.21 6.1 

0.50% PAN/Mt 67 16.7 0.93 11.1 

0.75% PAN/Mt 75 18.1 5.41 19.8 

1.00% PAN/Mt 63 9.8 0.83 10.0 

0.50% PAN/ZnO-Mt (I) 80 21.6 1.04 14.2 

0.75% PAN/ZnO-Mt (I) 86 27.8 7.81 25.3 

1.00% PAN/ZnO-Mt (I) 50 25.4 2.86 6.6 

0.75% PAN/ZnO-Mt (II) 88 26.5 8.77 27.1 

0.75% PAN/ZnO-Mt (III) 86 24.3 7.98 26.5 

 

6.3 Burst strength of nanofibrous nanocomposites 

The ability of a material to maintain its continuity on application of pressure is defined 

as the burst strength of the material. The burst strength increased from 8.9 N mm
-2

 in 

PAN nanofibers to 18.1 N mm
-2

 on addition of Mt to PAN nanofibers. The increase in 

concentration of Mt from 0.25% to 0.75% resulted in an increase in burst strength of 

PAN/Mt nanofibrous nanocomposites from 11.3 N mm
-2

 to 18.1 N mm
-2

 whereas a 

slight decrease was observed as the concentration of Mt increases to 1.00%. The 

exfoliated clay acts as a reinforcing filler for the nanofibrous membranes. The increase 

in concentration of clay increases the burst strength of the sample [96]. 
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The burst strength of the PAN/ZnO-Mt nanofibrous nanocomposites was found to 

increase from 15.7 to 27.8 Nmm
-2

. As the concentration of ZnO-Mt increases to 0.75% 

in PAN nanofibers, the burst strength increases as the modified clay present within the 

nanofibers act as a reinforcing filler whereas a slight decrease was observed for 1.00% 

PAN/ZnO-Mt (I) nanofibrous nanocomposites which might be due to a less dense 

structure of the membrane as observed from FESEM.
 
 

6.4 Water vapor transmission rate and air permeability of nanofibrous 

nanocomposites 

The transportation characteristics of nanofibrous membranes is essential to determine 

the suitability of the membrane as a filter which were studied by evaluation of water 

vapor transmission rate of the nanofibrous nanocomposites. WVTR of PAN 

nanofibrous membranes was found to be 0.79 kgm
-2

day
-1

. On addition of Mt to PAN 

the WVTR increased to 5.41 kgm
-2

day
-1 

in for 0.75% PAN/Mt nanofibrous 

nanocomposite while a decrease was observed in 1.00% PAN/Mt nanofibrous 

nanocomposite. WVTR was found to be linearly related to porosity of the nanofibrous 

nanocomposites. An increase in porosity resulted in increase in WVTR of the 

nanofibrous membranes. WVTR was found to increase with an increase in the 

concentration of ZnO-Mt in PAN/ZnO-Mt nanofibrous nanocomposites.  The increase 

in WVTR in case of PAN/ZnO-Mt in comparison to PAN is due to enhancement of 

porosity. The change in the morphology of the nanofibrous membranes results in 

variation in WVTR of the nanofibrous nanocomposites. PAN nanofibers were more 

densely packed compared to PAN/ZnO-Mt and had lower pore size which resulted in 

lower water vapor transmission rate of the nanofibrous nanocomposites. As indicated 

from FESEM images, the addition of ZnO-Mt to PAN nanofibers resulted in an 
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increased pore size and lower nanofiber diameters which increased its water vapor 

transmission rate compared to PAN. 

The measurement of passage of air through a specified area of a fiber is termed as air 

permeability [214]. The air permeability is also one of the important measures to study 

the permittivity of the membrane for filters. The air permeability of a fiber is majorly 

dependent on the porosity, pore size and diameter of the fiber influencing its openness 

[215]. The air permeability of the nanofibrous membranes was directly related to the 

porosity of the nanofibrous membranes. The air permeability was found to increase 

from 5.4 Lm
-2

s
-1

 in PAN to 19.8 Lm
-2

s
-1 

for 0.75% PAN/Mt nanofibrous 

nanocomposites. The air permeability increased by five times in 0.75% PAN/ZnO-Mt 

in comparison to PAN nanofibrous membranes. It has been reported that the fluffy 

structure of PAN nanofibrous membranes exhibit WVTR of 13.7 kgm
-2

day
-1 

and an air 

permeability value of 23.6 Lm
-2

s
-1

. On increasing the concentration of 

polydimethylsiloxane in PAN, the WVTR and air permeability decreases due to the 

transformation in structure from being fluffy to adhesive resulting in decreased porosity 

of the membranes[216].  Roche et al. [217] developed laminated PAN nanofibers for air 

filtration having air permeability of 4 Lm
-2

s
-1 

which was comparatively lower due to 

adhesion method reducing the porosity of the membrane. Wang et al. [218] fabricated 

waterproof and breathable electrospun PAN nanofibers modified with waterborne 

fluorinated polyurethane having an air permeability of 5.9 Lm
-2

s
-1 

suitable for protective 

clothing. 
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6.5 Filtration performance of nanofibrous nanocomposites 

The filtration performance of the nanofibrous nanocomposites was evaluated by 

environment particle air monitor test. The capture of PM2.5 was performed in 

environmental conditions (the machine containing the filter samples was kept at busy 

roadside to capture the PM2.5 for 6 hours). To evaluate the filtration efficiency of the 

nanofibrous nanocomposites, PAN nanofibers were used as a control. The addition of 

Mt to PAN has an appreciable effect on the filtration performance of PAN/Mt 

nanofibrous nanocomposites. The addition of Mt enhanced the filtration efficiency of 

nanofibrous nanocomposites in comparison to PAN nanofibrous membranes. As the 

concentration of Mt increased from 0.25% to 0.75% the filtration efficiency and particle 

concentration increased significantly to 98.7% and 62.93 mgm
-3

 respectively. It was 

observed that the particle concentration increases from 31.67 mgm
-3

 in PAN nanofibers 

to 62.93 mgm
-3

 in 0.75% PAN/Mt nanofibrous nanocomposite. The improvement 

observed in filtration efficiency might be due to the decrease in fiber diameter which as 

a result enhances the porosity of nanofibrous nanocomposites. Further, addition of Mt 

to the PAN nanofibers increases the surface area and roughness as clearly visible from 

SEM and HRTEM images. Such enhancement is responsible for better filtration 

efficiency of nanofibrous nanocomposites. Similar results of increase in filtration 

efficiency due to smaller and narrower diameter distribution have been shown by Zhu et 

al. for poly(vinyl alcohol)/poly(acrylic acid) composite membranes doped with silica 

and silver nanoparticles. The highest concentration of PM2.5 was filtered by 0.75% 

PAN/Mt nanofibrous nanocomposite. It has also been observed that as the 

concentration increased from 0.75% to 1.00%, filtration efficiency remarkably 

decreased to 36.83%. This decrease in behaviour could be due to distorted fibrous 
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structure of 1.00% PAN/Mt nanofibrous nanocomposite as shown in the FESEM 

images. Thus, the addition of Mt to PAN nanofibrous membranes upto 0.75% enhances 

the filtration of particles having size lesser than 2.5 µm. Wang et al. [20] reported that 

the composite membranes comprising attapulgite nanorods are able to enhance the 

sieving effect due to the network-like hierarchical structure having larger surface area 

and a smaller pore size effective in capturing ultrafine particulates compared to PAN 

nanofibers. 

As the concentration of ZnO-Mt (I) in nanofibrous nanocomposites increased from 

0.25% to 0.75% the filtration efficiency of the membrane increased and further 

decreased as the concentration increases to 1.00%. The RSPM test analysis showed that 

0.75% PAN/ZnO-Mt (III) nanofibrous nanocomposites adsorbed the highest amount of 

PM2.5 while PAN nanofibers were comparatively less efficient in filtering PM2.5. This 

suggests that the addition of ZnO-Mt enhances PM2.5 capture over the nanofibrous 

membranes. The filtration efficiency of the nanofibrous membranes increased from 

56.5% to 99.6% as concentration increased from 0.25% to 0.75% whereas a rapid 

decrease to 26.5% was observed in case of 1.00% PAN/ZnO-Mt (I) (Table 6.2). The 

particle concentration of PM2.5 increases from 31.67 mgm
-3 

in PAN nanofibers to 

79.58 mgm
-3

 in 0.75% PAN/ZnO-Mt (I) nanofibrous nanocomposite. Further a decrease 

in particle concentration to 50.43 mgm
-3 

was observed for 1.00% PAN/ZnO-Mt (I) 

nanofibrous nanocomposite. This trend in filtration efficiency of the nanofibrous 

membranes is due to the increasing amount of ZnO-Mt (I) which decreases the diameter 

of the nanofibers which is further responsible for an efficient capture of PM2.5. As the 

surface roughness of the fiber increases, it provides larger number of sites for 

adsorption of PM2.5, thereby increasing the filtration efficiency which is evident from 
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the RSPM test of the nanofibrous membranes. The addition of nanofibers accounts for 

the interception due to diffusion mechanism for filtration of particles with size upto 100 

nm and an increase in filtration occurs as the fiber size decreases. The interception 

mechanism considers the flow of particle along the gas streamline adhering to the 

surface of the fiber when the distance between the surface of the fiber and the particle is 

lower than the radius of the considered spherical particle.
 
The diffusion as well as 

interception mechanism was effective for the diffusion of particles upto 150 nm for the 

nanofibrous membranes with higher porosity whereas interception favoured for 

particles having size above 150 nm [218]. From the above studies it was found that 

0.75% PAN/ZnO-Mt (III) nanofibrous nanocomposites had the highest filtration 

efficiency. 

Table 6.2 Filtration efficiency of nanofibrous nanocomposites 

S.No. Nanofibrous nanocomposites Filtration efficiency 

(%) 

Particle concentration 

(mgm
-3

) 

1 PAN  31.67 

2 0.25% PAN/Mt 46.5 46.40 

3 0.50% PAN/Mt 86.5 59.06 

4 0.75% PAN/Mt 98.7 62.93 

5 1.00% PAN/Mt 16.3 36.83 

6 0.25% PAN/ZnO-Mt (I) 56.5 49.56 

7 0.50% PAN/ZnO-Mt (I) 94.6 61.63 

8 0.75% PAN/ZnO-Mt (I) 99.6 63.21 

9 1.00% PAN/ZnO-Mt (I) 26.5 40.06 

10 0.75% PAN/ZnO-Mt (II) 99.8 63.28 

11 0.75% PAN/ZnO-Mt (III) 99.9 63.31 
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The surface morphology of 0.75% PAN/Mt, 0.75% PAN/ZnO-Mt (I), 0.75% 

PAN/ZnO-Mt (II) and 0.75% PAN/ZnO-Mt (III) nanofibrous nanocomposite before 

and after the RSPM test was analyzed as it showed the highest particle concentration of 

PM2.5 (Fig 6.1). The FESEM images show that PM2.5 gets attached to the surface of 

the nanofibrous nanocomposites as a beaded structure and aggregates were formed 

when these particles got attached one above the other.  

   

   

Fig 6.1 FESEM images of (a) 0.75% PAN/Mt before, (b) after, (c) 0.75% PAN/ZnO-Mt (I) 

before, (d) after RSPM test of nanofibrous nanocomposites 

 

It was found that the particles got attached one above other on the nanofibrous 

membranes forming agglomeration or bigger sized particles which can also be due to 

the affinity of these particles to get attached on the surface of these nanofibers. The 
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attachment of PM particles over nanofibrous nanocomposites suggest that the 

nanofibrous surface has affinity for these PM2.5 leading to contact area enlargement 

[26]. The dust particles of PM2.5 accumulated on the nanofibrous membranes via van 

der Waals interaction [219]. The particles of PM2.5 move and merge as larger particles 

along the nanofibrous membranes, leaving surface for absorption of more particles the 

particles attach over one another forming agglomeration of larger sizes [220]. Similar 

results of agglomeration of PM2.5 wrapped and deposited over nanofibrous network 

has been observed for PAN/DEAP nanofibers [8]. Jing et al. [8] enhanced capture of 

PM2.5 generated by cigarette burning using electrospun PAN/ionic liquid nanofibers in 

comparison to PAN nanofibers mainly due to improvement in surface roughness, dipole 

moment and hydrophilicity of PAN on modification. PAN/PAA nanofibrous 

membranes with weight ratio 6:4 have been reported with filtration efficiency of 

99.994% for sodium chloride aerosol particles (300-500 nm) [18]. The RSPM test for 

0.75% sericin/PVA/clay nanofibers having burst strength 10 N/mm
2
 filtered 0.725 

mg/m
3
/s of particulate matter compared to other concentrations [96]. 

The pressure drop of the nanofibrous nanocomposites decreased as the concentration of 

Mt increased in PAN/Mt nanofibrous nanocomposites (Fig 6.2 (a)). The pressure drop 

of 0.75% PAN/Mt was found to be 46.8 Pa which was lowest amongst these developed 

nanofibrous nanocomposites. The lowered pressure drop might be due to the mitigation 

in stacked layers of nanofibrous membranes by addition of Mt as its dispersion between 

the polymeric layers enhanced the interlayer spacing further broadening the passage of 

air flow [20]. The pressure drop decreased from 96.5 Pa to 46.8 Pa as the concentration 

of Mt increased from 0% to 0.75% in PAN/Mt nanofibrous nanocomposites. This 

decrease in pressure drop might be due to a decrease in fiber diameter as nanofibrous 
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membrane developed due to smaller fibers has a higher porosity allowing easy passage 

of air molecules [26].  

As the concentration of ZnO-Mt (I) in nanofibrous nanocomposites increased from 0.25% 

to 0.75% the pressure drop of the membrane decreased from 71.62 Pa to 41.18 Pa and 

further increased to 100.56 Pa as the concentration increases to 1.00%. As the surface 

roughness of the fiber increases, it provides larger number of sites for adsorption of PM2.5, 

thereby increasing the filtration efficiency and decreasing its pressure drop (Fig 6.2 (b)).  

   

Fig 6.2 Pressure drop versus concentration of (a) PAN/Mt and (b) PAN/ZnO-Mt (I) 

nanofibrous nanocomposites 

 

The pressure drop of PAN/ZnO-Mt (II) and PAN/ZnO-Mt (III) nanofibrous 

nanocomposites was found to be 38.41 Pa and 26.72 Pa
 
respectively. The increase in 

surface roughness of the nanofibrous nanocomposites with increase in concentration results 

in an increase in filtration efficiency of the nanofibrous nanocomposites with a lower 

pressure drop and higher quality factor [206]. The smaller size of the nanofibrous 

membranes helps in collision of aerosol particles with the surface of the nanofibrous 

membrane which results in deposition of the particles over the surface of the nanofibrous 

membrane and in turn increasing the filtration efficiency [221]. The filtration efficiency 
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increases from 41.6% for PAN nanofibers to 99.9% for 0.75% PAN/ZnO-Mt nanofibrous 

nanocomposites. The increase in concentration to 1.00% decreases the filtration efficiency 

to 21.5%. A saturation point is achieved and higher concentration does not enhance the 

filtration performance [222].  According to the “slip effect” theory, the smaller diameter 

fibers results in lower pressure drop across the filter media as the airflow bypasses the fiber 

causing lower airflow resistance [223].
 
Higher filtration efficiency is achieved for the 

thinner fibers. As the fiber diameter decreases to mean free path of molecules of the air, the 

air moves over the fibrous membrane and reduces the pressure drop of the fiber [224].
 
On 

the basis of pressure drop and filtration efficiency, 0.75% PAN/ZnO-Mt nanofibrous 

nanocomposites were found to be suitable to be used as a filter membrane.  

6.6 Antibacterial activity of nanofibrous nanocomposites 

The antibacterial activity of the PAN/ZnO-Mt nanofibrous nanocomposites was studied 

against Gram-positive S. aureus and Gram-negative E. coli bacterial strains (Fig 6.3). 

The zone of inhibition was absent around the nanofibrous mats and no growth of 

bacteria was observed beneath PAN/ZnO-Mt nanofibrous nanocomposites suggesting 

antibacterial activity in the nanofibrous mats having non-leaching or barrier mechanism 

(i.e., negligible migration of ZnO-Mt from the nanofibrous nanocomposites). 0.75% 

PAN/ZnO-Mt (III) nanofibrous nanocomposites showed excellent antibacterial activity 

of 99.58% and 99.71% against E. coli and S. aureus respectively (Table 6.3). 
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Fig 6.3 Antibacterial activity of PAN/ZnO-Mt nanofibrous nanocomposites 

ZnO has been used at micro and nanoscale as an antibacterial agent. When the size of 

the particle reduces to nanoscale, it comes in interaction with the surface and/or core of 

the bacteria, entering the cell and exhibits significant bactericidal activity [225]. The 

antibacterial activity of ZnO nanoparticles depends on several factors such as size of the 

particle, concentration of solution, morphology, surface modification and defects [226, 

227]. Various mechanisms have been reported for the antibacterial activity of ZnO 

nanoparticles namely, destruction of bacterial cell integrity when ZnO nanoparticles 

comes in direct contact with the bacterial cell wall, release of antimicrobial Zn
2+ 

ions 

and formation of reactive oxygen species [228, 229]. 

Table 6.3 Antibacterial activity of nanofibrous nanocomposites 

S.No. PAN/ZnO-Mt 

nanofibrous 

nanocomposites 

Escherichia coli Staphylococcus aureus 

CFU/mL 

x 10
5
 

Antibacterial 

activity (%) 

CFU/mL  

x 10
5
 

Antibacterial 

activity (%) 

1 Control 504.00±5.3 - 438.00±7.9 - 

2 0.25% PAN/ZnO-Mt (I) 180.38±2.9 64.21±3.6 67.23±3.8 84.65±2.8 
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3 0.50% PAN/ZnO-Mt (I) 138.30±3.1 72.56±2.1 45.55±4.6 89.60±1.5 

4 0.75% PAN/ZnO-Mt (I) 41.00±3.6 91.86±0.7 14.00±2.6 96.80±0.6 

5 1.00% PAN/ZnO-Mt (I)  46.82±2.7 90.71±0.8 35.61±2.5 91.87±0.9 

6 0.75% PAN/ZnO-Mt (II) 4.25±1.2 99.15±1.2 12.43±2.1 97.16±1.4 

7 0.75% PAN/ZnO-Mt (III) 2.13±1.4 99.58±1.5 1.25±1.1 99.71±1.1 

 

The clay modified with ZnO can easily penetrate inside the bacterial cell wall due to its 

small size, destructing the cell integrity. When ZnO-Mt is incorporated in the 

polyacrylonitrile nanofibrous mat, stacked structure of the clay further breakdowns 

providing more surface to ZnO to interact with bacterial cell wall. In this case ZnO has 

not leached out/released in the agar medium from polymeric matrix, the bacterial cell 

which comes in contact of the fibrous matrix gets killed. The non-leaching phenomenon 

of ZnO nanoparticle from the nanofibrous surface may be due to formation of weak 

complex acrylonitrile with Zn cation or CH2CH(CN)
-
-----Zn.  It was observed that ZnO 

nanoparticles incorporated alginate/polyvinyl alcohol nanofibrous nanocomposite 

diffuse out from the matrix and show zone of inhibition. It was also mentioned that the 

release of higher concentration of zinc oxide (2%) highly toxic to the cells.  However, 

the bacterial cells when comes in contact with the surface of the fibrous matrix, their 

growth gets inhibited [230].  

6.7 Conclusions 

Electrospun PAN/Mt and PAN/ZnO-Mt nanofibrous nanocomposites have been 

utilized in effective filtration of ultrafine PM2.5 particles. These nanofibrous 

nanocomposites had a filtration efficiency of 99.9% compared to PAN nanofibers for 

PM2.5 particles on exposure to environmental conditions for 6 hours. The pressure drop 

of the PAN/Mt nanofibrous membranes decreased from 96.5 Pa to 46.8 Pa on addition 



Chapter 6 

 

87 

of Mt to PAN nanofibers. The addition of Mt to PAN nanofibers introduced roughness 

on the surface of the nanofibrous nanocomposites which provided larger surface are for 

capturing PM2.5. A lower pressure drop makes this nanofibrous membrane suitable to 

be utilized as filter. 0.75% PAN/Mt had the highest water vapor transmission rate of 

5.41 kgm
-2

day
-1

 and an air permeability of 19.8 Lm
-2

s
-1

. The efficient capturing of 

PM2.5 using 0.75% PAN/Mt nanofibrous nanocomposite makes it a promising material 

to be developed as a breathable filtration media. 

The addition of ZnO-Mt into PAN nanofibrous membranes increased its ability to 

capture PM2.5 from the atmosphere. PAN/ZnO-Mt nanofibrous nanocomposites were 

found to be effective against Gram-positive and Gram-negative bacterial strains. The 

antimicrobial efficiency increased with an increase in concentration of ZnO-Mt. 0.75% 

PAN/ZnO-Mt nanofibrous nanocomposite was found to have 99.58% and 99.71% 

antibacterial activity against E. coli and S. aureus bacterial strains. Thus, 0.75% 

PAN/ZnO-Mt nanofibrous nanocomposites can be a promising filter membrane for 

PM2.5 and microorganisms. Thereupon the nanofibrous nanocomposites serves as a 

bifunctional membrane which can simultaneously capture PM2.5 and inhibit the growth 

of microorganisms and can also provide future approach for its development to be an 

effective antimicrobial air filter. 
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CHAPTER 7  

DECONTAMINATION OF CHROMIUM (VI) IONS USING 

NANOFIBROUS NANOCOMPOSITES 

 

7.1 Overview 

One of the major challenges currently is the availability of clean drinking water. The 

non-biodegradable toxic metal ions like chromium (Cr) released from industries mainly 

in its hexavalent state are injurious to human health and aquatic environment when their 

tolerance limit exceeds in water bodies. Cr (VI) is amongst one of the highly toxic 

metal ions due to its carcinogenicity, mutagenicity, tetragenicity in living organisms and 

is hundred times more toxic than its trivalent state.  

This chapter discusses the adsorption behaviour of PAN/ZnO-Mt (I) and PAN/Mt 

nanofibrous nanocomposites for Cr (VI) ion in comparison to ZnO-Mt (I) and Mt. The 

properties of 0.75% PAN/ZnO-Mt (I), 0,75% PAN/ZnO-Mt (II) and 0.75% PAN/ZnO-

Mt (III) nanofibrous nanocomposites were found to be quite comparable, so for 

adsorption of Cr (VI) ions 0.75% PAN/ZnO-Mt (I) nanofibrous nanocomposites have 

been used. The effect of pH, concentration, amount of adsorbent and contact time on 

adsorption of Cr (VI) ions using Mt, ZnO-Mt, PAN/Mt and PAN/ZnO-Mt nanofibrous 

nanocomposites were studied.  The adsorption kinetics was studied to determine the 

rate controlling step of the adsorption of Cr (VI) over adsorbents. To determine the 

mechanism of adsorption of Cr (VI) ions, adsorption isotherm was also evaluated. 

7.2 Effect of pH 

The effect of pH on the adsorption of Cr (VI) ions using Mt, ZnO-Mt (I), PAN/Mt 

nanofibrous nanocomposites and PAN/ZnO-Mt (I) nanofibrous nanocomposites is 

shown in Fig 7.1.  
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Fig 7.1 Effect of pH on the adsorption of Cr (VI) using (a) Mt and ZnO-Mt (I) and (b) 

PAN/Mt and PAN/ZnO-Mt (I) nanofibrous nanocomposites 

 

The maximum adsorption of Cr (VI) ions was found to occur at a pH of 4.5 for Mt and 

ZnO-Mt (I) whereas for nanofibrous nanocomposites it was observed at pH 4.75. The 

amount of Cr (VI) ions adsorbed using Mt, ZnO-Mt (I), PAN/Mt nanofibrous 

nanocomposites and PAN/ZnO-Mt (I) nanofibrous nanocomposites was 14.10 mgg
-1

, 

52.61 mgg
-1

, 216.21 mgg
-1

 and 350.16 mgg
-1

 respectively. The adsorption of Cr (VI) 

ions increased initially with an increase in pH and after attaining an optimum value 

adsorption decreased with increasing pH. The acidity of the solution is one of the 

important factors governing the adsorption of Cr (VI) ions. The point of zero charge of 

Mt, ZnO-Mt (I), PAN/Mt nanofibrous nanocomposite and PAN/ZnO-Mt (I) 

nanofibrous nanocomposite was found to be 5.9, 6.7, 6.4 and 7.2 respectively. The point 

of zero charge of PAN/ZnO fibers have been reported to be 6.4 [231]. According to the 

point of zero charge, the surface of the adsorbents will be positively charged below pH 

5.9 for Mt, pH 6.7 for ZnO-Mt (I), pH 6.4 for PAN/Mt and pH 7.2 for PAN/ZnO-Mt (I) 

nanofibrous nanocomposites and negatively charged above this pH. The adsorption of 

Cr (VI) ions will be higher at pH below point of zero charge as the anionic form of Cr 

(VI) ion will bind with the positively charged surface of the adsorbent in acidic media. 
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The difference in the adsorption of Cr (VI) ions at different pH is attributed to the 

ability of the adsorbent to bind with the various Cr (VI) ion species (H2CrO4, Cr2O7
2-

, 

CrO4
2-

 and HCrO
4-

) present in the solution at different pH values [221]. 

7.3 Adsorption kinetics 

The metal ion adsorption of PAN/ZnO-Mt (I) nanofibrous nanocomposites, PAN/Mt 

nanofibrous nanocomposites, ZnO-Mt (I) and Mt were studied for hexavalent, Cr (VI) 

ions which is known to be the most toxic form and is reported as carcinogenic and 

mutagenic to living organisms. Mt can adsorb metal ions via two different ways (i) 

through cation exchange at the interlayers resulting from interactions between ions and 

negative permanent charge, and (ii) through the formation complexes with Si-O and Al-

O groups at the clay particle edge. Both the mechanisms are pH dependent [40].  In case 

of ZnO nanoparticles, the surface area of the particle is responsible for adsorption of 

metal ions and forms metal ion/ZnO hybrid which is dependent on the pH of the 

solution. The predicted mechanism of Cr (VI) adsorption on ZnO or clay in the acidic 

pH (pH=4.75) is associated with electrostatic attraction between the surface hydroxyl 

groups of metal oxides (ZnOH
2+

) or protonated silanol and aluminol groups on edge of 

clay and CrO4
2−

 or Cr2O7
2−

. Therefore, the present adsorption study was carried out at 

pH 4.75 for Cr (VI) ion.  In case of nanofibrous nanocomposites, both Mt and ZnO-Mt 

get exfoliated during electrospinning, providing greater surface area for removal of Cr 

(VI) ions.  

A rapid and stable kinetics of adsorption is necessary for an adsorbent to determine its 

efficiency in removal of heavy metal ions from aqueous solutions. The adsorption of Cr 

(VI) ion with respect to time of contact with adsorbent shows that as the time of contact 
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increases adsorption of metal ions initially increases rapidly upto 60 minutes, further a 

slower increase in adsorption of the metal ion is observed (Fig 7.2).  

   

Fig 7.2 Effect of contact time on removal of Cr (VI) (Experimental conditions: 

Concentration of Cr (VI): 100 ppm, amount of Mt and ZnO-Mt (I) 60 mg in Cr 

(VI), amount of PAN/Mt and PAN/ZnO-Mt (I): 3 mg) 

 

Addition of ZnO to Mt enhanced the adsorption of Cr (VI) ions by two times. However, 

for PAN/Mt and PAN/ZnO-Mt (I) nanofibrous nanocomposites the amount of Cr (VI) 

adsorbed was found to be 401 mgg
-1

 and 421 mgg
-1

 respectively in comparison to 2.06 

mgg
-1

 for Mt and 4.11 mgg
-1

 for ZnO-Mt, suggesting an enhanced adsorption for Cr 

(VI) ions in case of nanofibrous nanocomposites. This difference in behavior may be 

attributed to higher specific surface area and porosity of nanofibrous nanocomposites as 

compared to ZnO-Mt and Mt, providing greater number of active sites for adsorption 

and possibly partial access to inter and intra fibrous network resulting in better 

adsorption of metal ions while as time increases the diffusion rate is reduced. The 

addition of Mt and ZnO-Mt to nanofibrous nanocomposites has substantially improved 

the adsorption of Cr (VI) ions over the adsorbents. The BET surface area of the 

adsorbents was found to increase in the order: Mt (6.910 m
2
g

-1
) < ZnO-Mt (I) (11.165 

m
2
g

-1
) < PAN/Mt (23.665 m

2
g

-1
) < PAN/ZnO-Mt (I) (46.567 m

2
g

-1
) which was also one 
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of the major factors governing the adsorption. Amongst the various adsorbents studied, 

PAN/ZnO-Mt (I) nanofibrous nanocomposites with highest specific surface area 

imparted the highest adsorption (421 mgg
-1

)
 
for Cr (VI) ions.  

One of the important factors to determine the applicability of adsorption process is to 

predict the rate of adsorption. To examine the reaction kinetics, pseudo-first-order and 

pseudo-second-order models were studied. Various factors such as the morphology and 

type of adsorbent, physicochemical properties of adsorbent and adsorbate, affect the 

reaction kinetics and the process performance. 

Pseudo-first-order and pseudo-second-order kinetic models are represented using 

equation 7.1 and 7.2 respectively, 

 
   

  
   (     )           (   ) 

 
   

  
   (     )

           (   ) 

The linear form of the pseudo-first-order and pseudo-second-order reaction kinetic 

models can be represented, using equation 7.3 and 7.4 respectively. 

   (     )               (   ) 

 
 

  
 

 

    
  

 

  
             (   ) 

where t, qe, qt, k1 and k2 are time, amount of Cr (VI) ion adsorbed at equilibrium (mgg
-1

) 

and time t (min), rate constant of first-order (min
-1

) and second-order (lmin
-1

) 

respectively.  

From the linear plot of ln (qe-qt) versus t (Fig 7.3 (a) and (b)), the value of rate constant, 

k1 was found to be 0.0401 min
-1

, 0.0138 min
-1

, 0. 0757 min
-1 

and 0.1071 min
-1 

for Cr 
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(VI) for Mt, ZnO-Mt (I), PAN/Mt and PAN/ZnO-Mt (I) nanofibrous nanocomposites 

respectively.  

  

  

Fig 7.3 Pseudo-first-order kinetic plot (a) Mt and ZnO-Mt (I), (b) PAN/Mt and PAN/ZnO-

Mt (I) nanofibrous nanocomposite, Pseudo-second-order kinetic plot of (c) Mt and 

ZnO-Mt and (d) PAN/Mt and PAN/ZnO-Mt nanofibrous nanocomposite 

 

The value of second-order rate constant k2 was calculated from the linear plot of t/qt 

versus t (Fig 7.3 (c) and (d)) and was found out to be 5.67x10
-4

 lmin
-1

, 75.12x10
-4

 lmin
-1

, 

38.40x10
-4

 lmin
-1

 and 0.76x10
-4

 lmin
-1

 for Cr (VI) for Mt, ZnO-Mt (I), PAN/Mt and 

PAN/ZnO-Mt (I) nanofibrous nanocomposites respectively. 

The value of qe was also calculated from the plots and was found to be in good 

agreement with the experimental value. The various parameters calculated from the 



Chapter 7 

 

94 

pseudo-first-order and pseudo-second-order kinetic models have been summarized in 

Table 7.1.  

Table 7.1 Model parameters of Pseudo-first-order and pseudo-second-order kinetic 

models for Cr (VI) 

  Mt ZnO-Mt 

(I) 

PAN/Mt nanofibrous 

nanocomposites 

PAN/ZnO-Mt (I) 

nanofibrous 

nanocomposites 

Pseudo-

first-

order 

qe(experimental) 2.06 4.11 401 421 

Pseudo-

first-

order 

k1 X 10
-2

 (min
-1

) 4.01 1.38 7.57 10.71 

qe (mgg
-1

) 3.97 3.04 777.51 1945.16 

R
2
 0.9709 0.9073 0.8766 0.8597 

 AARD (%) 31.77 9.4 6.28 16.17 

Pseudo-

second-

order 

k2 X 10
-4

 (lmin
-1

) 5.67 75.12 38.40 0.76 

qe (mgg
-1

) 8.08 4.23 416.67 488.23 

R
2
 0.9718 0.9650 0.9686 0.9507 

 AARD (%) 0.51 2.49 3.43 3.35 

 

The value of R
2 

(R
2
 > 95%) i.e., the correlation coefficient was used to fit the models to 

the experimental data. Average absolute relative deviation (     
 

 
   (

         

  
), 

where yi and yfit, i are left hand side of equations 7.5 and 7.6), an error metric was also 

used for evaluation of the kinetic model to best fit the experimental data. The higher 

values of R
2
 revealed best fit between experimental data and model. Mt best fitted both 

pseudo-first-order as well as pseudo-second-order kinetic model but in case of pseudo-

first-order kinetic model, value of qe was not in good agreement with experimental data 

which was also depicted from higher value of AARD. The experimental data of kinetic 

study suggest that the adsorption of Cr (VI) ions over adsorbent best fits the pseudo-

second-order kinetic model (low AARD and high R
2
) which suggests that the rate 

controlling step is chemically governed or involves chemisorption involving shared or 
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exchanged electrons between adsorbent and adsorbate. Similar results were obtained in 

amidoximated polyacrylamide/organobentonite composite for adsorption of copper ions 

[231]. The adsorption of lead ion on clay/poly(methoxyethyl)acrylamide composite 

[221] and Cr (VI) ions on aromatic polyamide and s-triazine core silane coupling agent 

modified ZnO nanocomposite [40] also follow the pseudo second order kinetic model. 

PAN/ZnO nanofibrous nanocomposites follow the second order kinetic model for Cd 

(II) and Pb (II) ions [232]. 

The effect of amount of adsorbent on removal of Cr (VI) ions was studied and it was 

observed that the increase in the amount of adsorbent increases the adsorption of Cr 

(VI) ions (Fig 7.4).  

   

Fig 7.4 Effect of amount of adsorbent on removal of (a and b) Cr (VI) (Experimental 

conditions: Concentration of Cr (VI): 100 ppm, contact time: 120 min) 

 

The amount of adsorbent affects the removal efficiency of Cr (VI) ion as it determines 

the number of available active sites. On increasing the amount of adsorbent in same 

volume of solution greater number of active sites are available for binding to metal ions.  

The percentage removal of metal ions increases as the surface area of the adsorbent 

increases on increasing the amount of adsorbent [40]. Initially Cr (VI) ions are adsorbed 
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over and between the layers of adsorbent resulting in rapid increase of removal of Cr 

(VI) ions. After attaining an optimum value, the adsorption of Cr (VI) ions increases at 

a slower rate due to formation of clusters over the surface of adsorbent as more and 

more of metal ions get adsorbed over the surface of adsorbent which doesn’t allow Cr 

(VI) ions to be adsorbed between the layers of adsorbent. 

It is observed that the incorporation of Mt and ZnO-Mt (I) into PAN nanofibers reduces 

the amount of adsorbent required for removal of metal ions. On incorporation of Mt and 

ZnO-Mt (I) into nanofibers, the amount of adsorbent required for removal of Cr (VI) 

ions reduces by 20 times. The optimum dosage of adsorbent required for removal of 

metal ions is lower in case of ZnO-Mt (I) in comparison to Mt. This is because of ZnO-

Mt (I) being smaller in size provides greater number of active sites for binding of metal 

ions. Cr (VI) adsorbed through electrostatic interaction with clay as well as ZnO. When 

Mt and ZnO-Mt (I) are incorporated in PAN nanofibers, the surface area of the 

adsorbent for the metal ion increases and the pore size of the nanofibrous 

nanocomposites decreases resulting in lower amount of adsorbent required for 

adsorption of metal ions compared to Mt and ZnO-Mt (I). Haddad and Alharbi [107] 

found that 123 % increment in the adsorption of Cd (II) ion on PAN/ZnO nanofibrous 

mat as compared to PAN nanofibrous mat and adsorption equilibrium reached within 

60 min. When kaolinite and kaolinite modified with acid were used as an adsorbent for 

the adsorption of Cr (VI) ions, it has been reported that the adsorption increases with an 

increase in amount of adsorbent added [59]. 

The effect of initial concentration of Cr (VI) ions over the adsorbent shows that as the 

concentration of Cr (VI) ions increases the adsorption amount of metal ion increases 
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rapidly without attaining any equilibrium (Fig 7.5).  It was observed that the adsorption 

of metal ions was higher in case of PAN/ZnO-Mt (I) nanofibrous nanocomposite and 

ZnO-Mt (I) as compared with PAN/Mt nanofibrous nanocomposite and Mt 

respectively. This increase in removal of metal ions using nanofibrous nanocomposites 

as an adsorbent is observed due to enhancement of surface to volume ratio and surface 

area of Mt and ZnO-Mt (I) during fabrication of nanofibrous nanocomposites.  ZnO 

was immobilized over Tunisian clay and found a decrease in degradation ratio of dyes 

with initial concentration of the dye [142]. It has been reported that kaolinite and acid 

modified kaolinite decreases the extent of adsorption and an increase in amount 

adsorbed per unit mass as the concentration of metal ions increase [40]. 

  

Fig 7.5 Effect of concentration of adsorbent on percent removal of Cr (VI) metal ion 

(Experimental conditions: Amount of Mt and ZnO-Mt (I) is 60 mg, amount of 

PAN/Mt and PAN/ZnO-Mt (I) is 3 mg, contact time is 120 min) 

 

7.4 Adsorption isotherms 

The equilibrium adsorption isotherms are the promising tools to understand the 

mechanism of adsorption. The Langmuir and Freundlich isotherms are represented 

using equation 7.5 and 7.6 respectively. 
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The linear form of the Langmuir and Freundlich isotherms were analyzed using 

equations 7.7 and 7.8 respectively. 
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In which Ce and qe are the adsorbate concentration at equilibrium in mgl
-1

 and 

equilibrium amount of heavy metal adsorbed in mgg
-1

 respectively, b and qm are 

adsorption energy and saturated monolayer sorption capacity respectively related to 

Langmuir constant, kf and n are intensity of adsorption and Freundlich constant related 

to adsorption capacity respectively. Langmuir adsorption depicts the adsorption of gas-

solid phase and is used to study the adsorptive efficiency of adsorbents. It describes the 

surface coverage by the study of dynamic equilibrium between adsorption and 

desorption. The Langmuir constant related to adsorption capacity is related to surface 

area and the porosity of adsorbent which suggest that greater surface area and pore size 

increase adsorption efficiency. Separation factor, RL was calculated to determine the 

favorable conditions of adsorption using equation 7.9. The adsorption is said to be 

favorable when 0< RL<1 and unfavorable when RL>1. 

    
 

     
           (   ) 
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The adsorption process occurring over heterogenous surfaces are described by 

Freundlich isotherm. For Langmuir isotherm of Cr (VI), a plot of Ce/qe versus Ce was 

plotted representing a straight line (Fig 7.6 (a) and (b)z). A plot of lnqe and lnCe was 

plotted to study the Freundlich isotherm of Cr (VI). A straight line was obtained in case 

of Freundlich isotherm (Fig 7.6 (c) and (d)). The values of b, qm, RL, n and kf for Cr 

(VI) ions have been tabulated (Table 7.2). 

 

  

  

Fig 7.6 (a and b) Langmuir isotherm and (c and d) Freundlich isotherm for adsorption of 

Cr (VI) ions 
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Table 7.2 Various parameters of Langmuir and Freundlich isotherm for adsorption of Cr 

(VI) ions 

Isotherm  Mt ZnO-Mt (I) PAN/Mt 

nanofibrous 

nanocomposites 

PAN/ZnO-Mt 

(I) nanofibrous 

nanocomposites 

Langmuir qm (mgg
-1

) 16.89 59.88 416.67 476.19 

B 0.03 0.06 0.60 7.00 

R
2
 0.9855 0.9962 0.9991 0.9997 

AARD (%)  4.13 0.53 1.06 0.63 

RL 0.25 0.14 0.02 0.001 

Freundlich kf 3.16 6.16 300..01 456.46 

N 3.44 2.87 3.46 4.54 

R
2
 0.9671 0.9613 0.9919 0.9847 

 AARD (%) 1.15 0.51 0.26 0.21 

 

By linear curve fitting, it was found that the adsorption of Cr (VI) follows Langmuir 

and Freundlich isotherm. The error metrics (AARD) was used for fitting of 

experimental data. It was observed that R
2
 was higher in case of Langmuir model. The 

Langmuir model is based on the assumption that none of the interactions are present 

between adjacent adsorbed species and all the available sites of adsorption are 

equivalent in energy. The fitting for Langmuir adsorption isotherm suggested 

homogenous distributed adsorption sites on the surface of the adsorbent [233]. The 

Freundlich isotherm assumes that adsorption occurs on heterogeneous surface with the 

stronger binding sites occupied first and that the binding strength decreases with an 

increasing degree of site occupation [1231]. For the Freundlich model, the value of kf at 

equilibrium is 3.16 to 456 for different adsorbent and adsorbate system. The Freundlich 

constant n is a measure of the deviation from linearity of the adsorption. If the value for 

n is below unity, it implies that the adsorption process is governed by a chemical 
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mechanism, but the value for n above unity suggests that the adsorption is a favorable 

physical process [234]. The value of n at equilibrium are lying between 2.87 to 4.54 

suggesting physical mechanism of adsorption.  From the linear plots, the R
2 

and AARD 

value was lower in case of Freundlich model as compared to Langmuir model. Lower 

values of AARD suggest that the adsorbents best fit the Freundlich adsorption isotherm 

suggesting heterogenous adsorption of Cr (VI) ions on the surface of Mt, ZnO-Mt (I), 

PAN/Mt and PAN/ZnO-Mt (I) nanofibrous nanocomposites. In Fig 7.7 the possible 

interaction of Cr (VI) with nanocomposite nanofibers has been described. PAN/ ZnO-

Mt (I) nanofibrous nanocomposites were found to be most efficient in adsorption of Cr 

(VI) ions which is attributed to larger number of surface active sites for metal ion 

adsorption because of its porous structure and surface polar nature of positively (Zn) 

and negatively charged (O) ions [142]. 

 

Fig 7.7 Mechanism of adsorption of Cr (VI) ions on (a) PAN/ Mt (b) PAN/ZnO-Mt (I) 

nanofibrous nanocomposites 
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The heterogenous adsorption in presence of ZnO-Mt (I) can also be explained by 

XRD (Fig 4.3). The XRD analysis of ZnO-Mt suggests that the spacing between the 

layers of Mt decreases on addition of ZnO nanoparticles and ZnO gets inserted 

between the layers and are also uniformly distributed over the layers of Mt (Fig 4.3). 

This insertion of ZnO nanoparticles over the surface and between the layers of Mt 

results in change in size of ZnO-Mt in comparison to ZnO and Mt. Reduction in size 

of clay after modification with ZnO enhanced the surface area which further helps in 

improving adsorption efficiency of ZnO-Mt. When Mt is added to PAN nanofibers, 

Mt gets completely exfoliated as well as on addition of ZnO-Mt to PAN nanofibers, 

ZnO-Mt gets exfoliated. The porous structure of the nanofibers also supports the 

heterogenous adsorption of metal ions on nanofibrous nanocomposites.  Cr (VI) ion 

adsorption on kaolinite clay [221] and aromatic polyamide/s-triazine heterocyclic 

ring modified ZnO nanocomposite [235] follow both Langmuir and Freundlich 

isotherm. The value of n lies between 2 to 9. Amidoximated polyacrylonitrile/ 

organobentonite composite [40] show best correlation with Langmuir isotherm for 

removal of Cu (II) ions. In case of PAN/ZnO nanofibrous nanocomposite show 

Langmuir isotherm is best fit for adsorption of Cd (II) and Pb (II) ions [40]. The 

addition of ZnO-Mt to PAN nanofibers enhances its adsorption efficiency for Cr 

(VI). Various adsorbents and their adsorption capacities for Cr (VI) have been 

tabulated in Table 7.3. 
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Table 7.3 Cr (VI) ion adsorption capacity of various adsorbents 

Adsorbent material Amount of 

adsorbent  

(gL
-1

) 

Initial Cr (VI) 

concentration  

(mgL
-1

) 

qm  

(mg g
-1

) 

Chitosan/nylon 6 nanofibers [115] 1.00 30-200 23.90 

Tannin/nylon 6 nanofibers [115] 1.00 30-200 62.70 

HCl activated Akadama Clay [114]   5.00 112.5 7.47 

Acid activated montmorillonite clay 

[236]  

10.00 250 4.51 

Cerium oxide nanoparticles [237] 0.32 80 121.95 

Mt (This study) 2.40 100 16.89 

ZnO-Mt (I) (This study) 2.40 100 59.88 

PAN/Mt (This study) 0.12 100 416.67 

PAN/ZnO-Mt (I) (This study) 0.12 100 476.19 

 

7.5 Conclusions 

The effect of concentration, amount of adsorbent and time on removal of metal ions 

show that when Mt and ZnO-Mt (I) are incorporated in PAN nanofibers better 

adsorption of metal ions is observed owing to increase in specific surface area available 

for adsorption and the uniform distribution of pore size compared to Mt and ZnO-Mt 

(I). The intercalation of ZnO-Mt over PAN nanofibers resulted in a decrease in amount 

of adsorbent and contact time for removal of metal ions compared to ZnO-Mt. PAN/Mt 

nanofibrous nanocomposites are found to be more effective adsorbent for heavy metal 

ions compared to Mt. The adsorption studies suggest that PAN/Mt nanofibrous 

nanocomposites and PAN/ZnO-Mt (I) nanofibrous nanocomposites can be used as an 

adsorbent for removal of Cr (VI) ions from aqueous solutions. The adsorption of Cr 

(VI) ions over Mt, ZnO-Mt (I), PAN/Mt nanofibrous nanocomposites and PAN/ZnO-

Mt (I) nanofibrous nanocomposites follows pseudo-second-order kinetics suggesting 
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chemisorption between adsorbate and adsorbent. The adsorption isotherm analysis 

suggested that homogenous and heterogenous adsorption of Cr (VI) ions occur over the 

adsorbent and thus best fit the Langmuir and Freundlich adsorption isotherm. The 

addition of Mt and ZnO-Mt (I) to electrospun PAN nanofibers enhances the adsorption 

of Cr (VI) ions over the adsorbent site. 
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CHAPTER 8  

CONCLUSIONS AND FUTURE PROSPECTS 

 

8.1 Conclusions 

Zinc oxide modified montmorillonite has been successfully synthesised using three 

different precursors, zinc oxide nanoparticles, zinc nitrate and aloe vera gel. The 

average particle size of montmorillonite reduced from 71 nm to 16 nm on modification 

to zinc oxide modified montmorillonite. The structural analysis of zinc oxide modified 

montmorillonite suggested distribution of cuboidal shaped zinc oxide nanoparticles 

over the surface of flaky shaped montmorillonite. The broadening of peaks in X-ray 

diffractogram suggested the insertion of zinc oxide nanoparticles within the layers of 

montmorillonite in zinc oxide modified montmorillonite. These zinc oxide modified 

montmorillonite were incorporated in polyacrylonitrile nanofibrous membranes using 

electrospinning. Polyacrylonitrile/ montmorillonite and polyacrylonitrile/ zinc oxide 

modified montmorillonite nanofibrous nanocomposites have been successfully 

developed using electrospinning technique. The addition of montmorillonite and zinc 

oxide modified montmorillonite to polyacrylonitrile introduces surface roughness in 

polyacrylonitrile/montmorillonite nanofibrous nanocomposites and polyacrylonitrile/ 

zinc oxide modified montmorillonite nanofibrous nanocomposites in comparison to 

polyacrylonitrile nanofibrous membranes. The average diameter of the nanofibrous 

nanocomposites was found to be in the range of 206.7±10.9 nm to 1032.7±25.8 nm. 

The nanofibrous nanocomposites were found to be much more thermally stable than 

polyacrylonitrile nanofibrous membranes as the addition of montmorillonite and zinc 

oxide modified montmorillonite prevents degradation of polyacrylonitrile. The 
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nanofibrous nanocomposites were analysed for their efficiency in filtration of 

particulate matter and effectiveness against S. aureus and E. coli bacterial strains. 

Nanofibrous nanocomposites had a filtration efficiency of 99.9% compared to 

polyacrylonitrile nanofibers for PM2.5 particles on exposure to environmental 

conditions for 6 hours. 0.75% PAN/ZnO-Mt had the highest water vapor transmission 

rate of 8.77 kgm
-2

day
-1

 and an air permeability of 27.1 Lm
-2

s
-1

.  0.75% 

Polyacrylonitrile/zinc oxide modified montmorillonite nanofibrous nanocomposite was 

found to have an antibacterial activity of 99.58% and 99.71% against E. coli and S. 

aureus bacterial strains respectively. The developed polyacrylonitrile/zinc oxide 

modified montmorillonite nanofibrous nanocomposites could serve as a bifunctional 

membrane which can simultaneously capture PM2.5 and inhibit the growth of 

microorganisms and can also provide future approach for its development to be an 

effective antimicrobial air filter. Adsorption of Cr (VI) ions over montmorillonite, zinc 

oxide modified montmorillonite, polyacrylonitrile/montmorillonite nanofibrous 

nanocomposites and polyacrylonitrile/ zinc oxide modified montmorillonite 

nanofibrous nanocomposites follows pseudo-second-order kinetics suggesting 

chemisorption between adsorbate and adsorbent. Adsorption isotherm analysis 

suggested that homogenous and heterogenous adsorption of Cr (VI) ions occurs over 

the adsorbent and thus best fit the Langmuir and Freundlich adsorption isotherms. The 

addition of montmorillonite and zinc oxide modified montmorillonite to electrospun 

polyacrylonitrile nanofibers enhances the adsorption of Cr (VI) ions over the adsorbent 

site. Thus, the developed multifunctional nanofibrous nanocomposites could be 

potential materials in the field of filtration mainly bacteria, PM2.5 from atmosphere and 

Cr (VI) ions from water sources. 
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8.2 Future prospects 

The potential in this field lies in the development of polyacrylonitrile nanofibers by 

incorporation of clay, metal oxides and metal oxide modified clay which can further be 

used in sensors, protective clothing, biomedical, decontamination of metal ions from 

wastewater and carbon based high performance fibers. It is expected that in the coming 

era various other applications and potential of polyacrylonitrile based nanofibers will be 

explored by the scientific community.  The future study of nanofibrous membranes 

should also involve development of cost-effective methods in drainage industrial 

wastewater treatment. 
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