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I. SYNOPSIS
A polymer is

a

large molecule (macromolecule)

composed

of

repeating structure units that are typically connected by covalent chemical bonds. It
encompasses a large class comprising both natural and synthetic materials with a wide
variety of properties. The extraordinary ranges of properties of polymeric materials have
made them an essential and ubiquitous material in everyday life [1, 2]. Synthetic and
semi-synthetic polymers today provide both necessities and amenities of our life. Among
naturally occurring polymers are proteins, starches, cellulose, and latex. Synthetic
polymers, Low Density Polyethylene (LDPE), High Density Polyethylene (HDPE),
Polypropylene(PP), Polyvinyl Chloride(PVC), Polystyrene(PS), Nylon, nylon 6, nylon
6,6, Teflon(Polytetrafluoroethylene) thermoplastic polyurethanes(TPU) etc, are produced
commercially on a very large scale and have a wide range of properties and uses. One
trend in modern civilization is to design and produce new materials to meet the growing
needs of new technologies such as cleaner energy resources, better health care and green
separation process [3]. It is essential to modify the properties of a polymer according to
tailor-made specifications designed for target applications. There are several means to
modify polymers properties, viz. blending, grafting, and curing. A variety of techniques
are available for synthesis and modification of polymeric materials [4]. Over the past
several decades, ionizing radiations have emerged as reliable tools for synthesis,
processing and modification of polymers for a number of industrial applications. The
radiation sources in form of rugged industrial electron beam (EB) machines and high
intensity gamma sources have made it possible that the fruits of radiation chemical
research are converted into useful industrial products such as polymers designed for
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electric and electronic industries, crosslinked wires and cables, heat shrinkable materials,
polyethylene foams and surface coatings. The industrial uses of radiation-processed
polymers have lead to the development of a new discipline of radiation polymer
chemistry [5, 6]
Recent progress in polymer science is unveiling the mystery of marvelous
functions of polymer molecules and a new exciting area of 'gel' technology has now
emerged [7]. A lot of interest has been evinced specially in a new class of materials that
are termed as “Hydrogels”. Hydrogels form a specific class of polymeric biomaterials.
hydrogels are defined as two- or multicomponent systems consisting of a threedimensional network of polymer chains and water that fills the space between
macromolecules. Hydrogels are three-dimensional network structures of polymer chains,
which swell in aqueous environments without dissolving or losing their structural
integrity [8]. The network is often formed by covalently cross-linked polymers, but ionic
bonds, crystalline regions, entanglements and Van-der Waals forces can also lead to
water swellable network materials. The water-imbibing properties of hydrogels enable
them to be employed for several pharmaceutical applications, sensors, separation
membranes and adsorbents. Depending on the properties of the polymer (polymers) used,
as well as on the nature and density of the network joints, such structures in an
equilibrium can contain various amounts of water; typically in the swollen state the mass
fraction of water in a hydrogel is much higher than the mass fraction of
polymer. Although hydrogels have a number of non-biomedical applications (e.g. in
agriculture), it seems that their use in the field of medicine and pharmacy is the most
successful and promising [9-11]. The research in this field has resulted in the common
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use of hydrogels as soft contact lenses, wound dressings, drug-delivery systems and
superabsorbent with a number of products being commercially available.
Cotton fabrics have wide acceptability as clothing material because of their
natural abundance and inherent properties like good folding endurance, breathability,
moisture absorbency, comfort, durability, easy care, and bio-degradability [12]. However,
one of the main drawbacks with the cotton is that it is amenable to bacterial and fungal
growth under moist conditions, which leads to mildew, causes bad smell and decreases
the life of cloth. Therefore, there exists a keen interest in developing antibacterial fibers
and fabrics for various applications such as clothing for hospital workers, hospital
beddings, sports clothing, underwear, ladies tights, shoe linings, armbands, sleeping bags
and toys for children [13]. Polycationic antimicrobial agents, especially quaternary
ammonium and phoshphonium salts containing polymers have been reported to be
excellent antimicrobial agents [14].
Synthetic dyes represent a relatively large group of organic chemicals, encountered
practically in all spheres of daily life. Various kinds of synthetic dyestuffs appear in the
effluents of industries, such as textile, leather, paper printing and plastic industry [15].
Release of these dyes in water stream is not only aesthetically undesirable but also has a
serious environmental impact. The intense color reduces the sunlight transmission into
water hence affecting photosynthesis phenomenon causing adverse effect on the growth
of bacteria and fungi, aquatic plants and other form of aquatic life, which ultimately
disturb aquatic ecosystem and food chain. Increased public concern, ecological
awareness, as well as strict regulation enforcement by concerned authorities regarding
effluent quality have forced industry to pre-treat effluents before discharging and to look
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for other economically viable ways to treat the effluents. It is now established that only
few dyes can be microbiologically degraded under anaerobic condition, which in most
cases leads to the generation of carcinogenic compounds [16] and mutagens [17]. The
adsorption process has been found to be comparatively simple, effective and efficient
techniques for dye removal from wastewater. Many adsorbents such as activated carbon,
peat, chitin, coir pith, banana and orange peel, silica, etc. have been tried for the purpose
[18].
Quaternary ammonium compounds (QACs) are frequently used as antibacterial agents
that disrupt cell membranes through binding of ammonium cation to anionic sites in the
outer layer tissues of bacteria. These compounds are non-toxic at low concentrations and
arestable for long periods without losing their antimicrobial activity. In recent years, the
derivatives in which QACs are attached to the functional groups that can be readily
polymerized have become commercially available. It is therefore of importance to stdy
the polymerization characteristics as well as their binding or grafting behavior onto other
substrates and to evaluate the resulting end products for their antibacterial behavoiur.
Radiation induced grafting is one of the promising synthesis strategies in the
development of new materials for a cvariety of applications. The present study is aimed
at investigating the polymerization and grafting behavior of derivatices of QACs,
characterization of the resulting end products and evaluating them for the desired
characteristics. The results of the work done are reported in the following six chapters.

Brief chapter wise work in thesis is explained below:
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Chapter: 1 Fundamental aspects of radiation chemistry, polymers and
radiation induced grafting

The chapter introduces fundamental aspects related to polymers and radiation
technology. These include an understanding of the basic principles of interaction of
radiation with matter as well as macro effects of radiation on the monomer and the
polymeric substrates. Different processes for energy loss by electromagnetic radiation
and charged particles when they pass through different media. The radiation chemistry of
aqueous solution is discussed in details starting from typical time scales of different
events, which finally leads to formation of primary (1o) as well as secondary (2o) radicals.
Basic properties of both 1o and 2o radicals have been summarized.

The chapter also

briefly introduces the subject of grafting, different methods of radiation induced grafting
and advantages of radiation graft co-polymerization method over conventional methods.
The chapter also introduces various types of gels along with historical development of the
subject. In the last little description is given about the Quaternary ammonium based
germicides with its probable mode of action on germs.

Chapter: 2 Experimental Methodology and techniques for characterization of
Polymers

During the course of this study, a variety of methods has been used to modify
and synthesis of polymeric materials and characterize the end products with various
characterization techniques. These include steady-state irradiation facilities like

60

Co

gamma radiation chamber for irradiation and characterization techniques like Scanning
Electron Microscopy (SEM), Fourier Transform Infrared spectroscopy (FTIR), Elemental
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Analysis (EA), Thermogravimetric analysis (TGA), UV-visible spectroscopy for the
characterization of radiation induced synthesized and modified polymer materials. The
chapter details the principle and methodologies used in these studies. Some of the
principles regarding the swelling of hydrogel have also been explained to provide a view
of the experimental and theoretical aspects of the process. At the end of the chapter
qualitative and quantitative methods of determining the antibacterial efficacy of polyQACs and poly-QACs grafted cotton have been elaborated.

Chapter: 3 Radiation induced Synthesis 2-Hydroxy- ethylmethacrylate-co[2-(Methacryloyloxy)ethyl]Trimethylamm -onium Chloride Hydrogels &
swelling response under various-In Vitro Conditions

High-energy

60

Co gamma radiation has been used to synthesize 2-

hydroxyethylmethacrylate-co-[2- (methacryloyloxy)ethyl]trimethylammonium chloride
(HEMA-co-MAETC) polyelectrolyte hydrogels. HEMA-co-MAETC co-polymer gels
formed were characterized and investigated for swelling behaviour in different swelling
conditions. Fourier transformed infrared spectroscopy (FT-IR) and scanning electron
microscopy (SEM) techniques were used to characterize the co-polymer gels. Swelling
extent of the gels was found to be a linear function of MAETC content in the gels. The
effect of ionic strength, temperature, pH, some solutes of biological importance like
glucose, urea, and surfactants such as Triton-X and deoxycholic acid on swelling
behavior have been investigated. The swelling of gels at higher temperature enhanced the
swelling rates but not the swelling extent. HEMA-co-MAETC hydrogel exhibited an
excellent responsive characteristic to the ionic strength of the swelling medium. The
results showed that the swelling of the co-polymer gel at 60◦C reduced the swelling–
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deswelling cycle time by approx. 30% without altering the swelling extent. The gels were
also investigated for their swelling in aqueous solutions of anionic dyes, Acid Blue 25
(AB25), Acid Blue (AB74) and Acid Yellow 99 (AY99), and were found to be suitable
for dye uptake applications. The details of these studies have been presented in this
chapter.

Chapter 4: Synthesis of antibacterial cotton fabric by radiation-induced
grafting of [2-(Methacryloyloxy)ethyl] trimethyl amm- onium chloride
(MAETC) onto cotton

As discussed earlier, there is a keen interest in modifying the properties of cotton
fabrics specially to impart antifungal and antibacterial properties into them for specific
applications. The antibacterial property can be introduced into the fiber, either at the
manufacturing step itself by incorporating antibacterial chemicals or by coating the
finished product with antibacterial compounds [19]. However, such products have the
limitation of leaching of physically trapped antibacterial compounds leading to induced
toxicity and decreased antibacterial efficacy of the substrate. Immobilization of
antimicrobial agents through covalent bonding can be a solution of this problem. In the
present work, radiation grafting of MAETC, a quaternary ammonium monomer with
amphiphilc character, onto finished cotton has been carried out in order to impart
antibacterial property. Radiation grafting has been carried out in aqueous medium by
mutual grafting method and effect of various experimental variables like total dose, dose
rate, monomer concentration, ambiance, effect solvents and homopolymer inhibitor on
the grafting extent has been investigated. Mutual radiation grafting has the disadvantage
of homopolymer formation during grafting reaction, which leads to unproductive use of
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monomer and necessitates removal of physically adsorbed homo-polymers on the grafted
copolymer. Addition of certain inorganic salts has been reported to suppress the
production of undesirable homopolymer during radiation induced grafting. Various metal
salts viz. Fe2+, Cu2+, Ce4+ were used to study their efficacy in inhibition of homopolymerization. The grafted product has been characterized with various techniques like
FTIR, elemental analysis, SEM, water uptake etc. Grafted samples were also investigated
for their antibacterial efficacy. The qualitative test for antibacterial activity of radiation
synthesized PMAETC in nutrient broth indicated it to be bactericidal as there was no
significant increase in turbidity and number of colonies formed on solid media reduced
with time. The minimum bactericidal concentration (MBC) of the polymer ranged from
0.025% to 0.075% depending on the organism used. The lowest MBC was found to be
for S. aureus, followed by E. coli, B. cereus and P. fluorescens. Maximum activity was
found against S. aureus, as there was approximately 5-log cycle kill in 24 h. In case of B.
cereus and E. coli, up to 4-log cycle was observed with 19% grafting followed by P.
fluorescens where only 3-log cycle kill was observed. The details of these investigations
are presented and discussed in this chapter.

Chapter 5: Radiation induced synthesis of antibacterial cotton fabric by
grafting of [2- (Acryloyloxyethyl)]trimethyl- ammonium chloride and cografting of 2-Hydroxyethyl methacrylate onto cotton fibrils
This chapters deals with the study of covalently binding of quaternary ammonium
based agent [2-(Acryloyloxyethyl)]trimethylammonium chloride (AETC) through gamma
irradiation on the surface of cotton to impart antibacterial activities. AETC has side
chain (hydrophobic part) which is different from MAETC and as positive charge and
hydrophobic nature of the antibacterial reagent are important factors of cationic
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disinfectants [20]. Quaternary ammonium compounds have a broad spectrum of
antimicrobial activity against both gram-positive and gram-negative bacteria [21]. As
compared with small molecule antimicrobial agents, polymeric antimicrobials have
advantages in terms of being nonvolatile, chemically stable, long-term antimicrobial
activity, and hard to permeate through the skin [22-24].

Mutual radiation induced

grafting method was used as it is well established that grafting is an ideal and efficient
technique for attaching polymer chains containing desired chemical groups via covalent
bonding to existing polymeric backbones. The results showed that due high reactivity of
AETC monomer in aqueous solution; homo-polymerization was predominant over graft
copolymerization. Hence 2-Hydroxyethyl methacrylate (2-HEMA) monomer was used
as AETC grafting facilitator. Grafting of only AETC was also studied in various solvents
like water, DMF, alcohols and their mixture to enhance the graft co-polymerization. The
effect of various other experimental variables like dose, dose rate, monomer
concentration as function of AETC and HEMA, ambiance, solvents, additives like salts
as an homopolymer inhibitor and acid on grafting extent was studied. Grafting extent
increased with dose and monomer concentration whereas high dose rate, presence of O2
and salts suppressed grafting. The grafting was also observed to be a function of the ratio
of the monomers in the feed solution. The grafted samples have been characterized for
water-uptake, surface morphology and thermal stability. AETC-grafted and AETCHEMA co-grafted cotton samples were tested for their antibacterial efficacy against
various bacteria and were found to possess significant antibacterial activity particularly
against gram positive bacteria like S. aureus and B. cereus. The presence of HEMA in the
grafting mixture though increased the grafting extent but decreased the antibacterial
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activity of the grafted matrix. The details of these studies have been presented in this
chapter.

Chapter: 6 Functionalization of textile adsorbent from textile cotton
cellulose waste via radiation grafting process for acid dye removal:
Equilibrium and kinetic adsorption studies

A large amount of cellulose based waste by-products are generated from
agriculture and the cotton based industries has no salability and creates environmental
pollution. India alone consumes cotton fibers approximately 26 million tons per year, of
which approximately 0.21 million tons of cotton waste is generated during yarn
manufacture [25]. The utilization of textile cotton waste for the production of functional
adsorbent for treatment of textile dye effluent offers an attractive waste processing
method. The objective of the present work is to develop an efficient functionalized
adsorbent from a textile cotton waste and to examine the possibility of its use for the
treatment of another textile industrial waste, i.e., dye effluent. In present work,
experimental conditions have been optimized to produce the cotton cellulose based
cationic adsorbent by radiation induced grafting of polyvinylbenzyltrimethylammoinum
chloride (PVBT). The adsorbent was further studied for the adsorption of three acid dyes,
AB25, AY99 and AB74. PVBT-g-Cellulose exhibited equilibrium adsorption capacities
of ~540 mg/g, ~474 mg/g and ~122 mg/g for AB25, AY99 and AB74, respectively.
Based on coefficient of determination (r2) values, the degree of agreement between
adsorption isotherm models and experimental equilibrium adsorption data followed the
order: Langmuir-Freundlich>Redlich-Peterson>Langmuir>Freundlich. Higher value of r2
(>0.99) and better agreement between the qe,cal and qe,exp values suggested that the
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pseudo-second order model better represents the kinetic adsorption data. The adsorption
rate of AB74 was found to be an order faster than that of AB25 and AY99. The multilinearities in the intra-particle kinetic plots suggested the involvement of different
processes in the adsorption kinetics of acid dyes. The elution extent of ~95%, ~70%
and~20% could be achieved for AB25, AY99 and AB74, respectively, using optimized
eluent composition. This chapter will discuss the optimization studies carried out to
produce the functional adsorbent and its subsequent performance for removing textile
dyes from aqueous solution.

Summary
This thesis contains results from the research work towards radiation polymerization and/
or radiation induced grafting behavior of derivatives of QACs and their evaluation for health care
and environmental applications. In this work, efforts have been made to acquire new insights in
obtaining the well characterized grafted and / or copolymerized QACs through radiation
technology. The results have been interpreted in terms of their antibacterial and dye uptake
studies for healthcare and environmental applications.
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Chapter 1
Fundamental aspects of radiation chemistry, polymers and radiation induced
grafting
Keywords: Polymer, Grafting, Hydrogel, Polyelectrolytes, Quaternary ammonium
monomer
1.1 Introduction
Polymer surfaces can be modified to achieve a variety of goals, including
increasing adhesion, improving wettability and biocompatibilty, reducing friction,
reducing susceptibility to harsh chemicals or environmental agents, bio-functional
surfaces in tissue engineering and antibacterial surfaces. Polymer surfaces may also be
modified by functionalization with various chelating groups for their application in the
treatment of waste water like toxic metals and dyes from textile effluents to address the
serious environmental pollution problem [1, 2]. Surface-modified polymers are of
substantial importance in many diverse aspects of modern technology, and whilst there
are a number of existing physical and chemical methods like UV, plasma, conventional
chemical methods, enzymatic [3] and most recently laser surface modification for surface
modification of polymers, the frequent requirement for significant infrastructure, harsh
reaction conditions and limitation to specific polymer types led to explore high energy
radiation (gamma-ray, electrons beams etc.) based technology known for convenience,
high efficiency, high purity, easy and environmental friendly process for such
modifications. It started back in 1950s and continued to be a subject of intensive research
for obtaining modified materials for various applications based on the wide range of
properties available when different polymer chains are connected to form hybrid
branched polymers. These surface modifies surfaces have many applications like
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antibacterial properties [4], odor absorbent fabrics, ion exchange separation of metal ions,
dyes, pesticides, purification of proteins, immobilization of enzymes, extraction of
uranium from sea water, recovery of precious/rare earth metals, desalination of seawater,
toxic gases [5] and compatibilization in heterogeneous composites. Some of the pioneer
progress in the area of radiation induced surface grafting of polymers are elaborated
below.
Extensive investigations of adsorbents capable of recovering uranium from
seawater which has about 4.5 billion tons of uranium in seawater and aqueous systems
have been carried out during the last two decades especially in Takasaki Radiation
Chemistry Research Establishment. By using the radiation grafting method, the group
from Japan Atomic Energy Research Institute designed a fabric absorbent based to
extract uranium from seawater in 2002 [6]. They prepared a polymeric absorbent in a
nonwoven fabric by radiation induced grafting of acrylonitrile and subsequently
converted to amidoxime group that was capable of forming a complex with uranyl
tricarbonate ions. In their marine experiments, the group already has collected one kg of
uranium yellow cake. Efforts are being made to decrease the cost and increase the
efficiency of uranium uptake by incorporating two amidoxime per monomer unit to
increase the capacity of the adsorbent for uranium uptake [7]. Smart polymers, especially
PNIPAAM have been grafted by radiation induced polymerization to explore to have
smart surfaces for the various applications in the field of tissue engineering by various
groups. Okano and Yamato and co-workers have been pioneer in the area of smart
polymers cell cultures. This group grafted PNIPAAM, which behave like hydrophobic
above 37oC and hydrophilic below 37oC, by radiation induced grafting method. This dual
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behavior of the grafted film was applied for the cell culture to avoid the cell adhesion
without damaging it [8].
Radiation grafting has also been used to combine the proton-conducting
properties of a graft component, hydrophilic polystyrenesulfonate, with the thermal and
chemical stability of the partial and fully fluorinated polymer base films together in
membranes suitable for the application in Polymer Electrolyte Membrane Fuel Cells
(PEMFC) [9]. Considerable work has been recently devoted to develop new cation
exchange membranes by radiation-induced graft copolymerization of styrene onto
various fluorinated and partially fluorinated polymer films such as PTFE, FEP, PVDF,
and ETFE requirements include high ionic conductivity, defined swelling behavior, high
chemical resistance, and mechanical integrity and thermal stability [10].
During the last two decades continuous efforts have been made to develop polymers with
antimicrobial properties. Positive charge and hydrophobic nature of the antibacterial
reagent are important factors of cationic disinfectants [11]. Quaternary ammonium
compounds (QACs) have been widely used in water treatment, textiles and food
industries because of their low toxicity and broad antibacterial spectrum [12]. In the
present thesis surface modification of cottons by covalently attaching QACs has been
investigated with high energy gamma radiation technology to smart surfaces with
antibacterial properties. These smart surfaces are aimed for adding the antibacterial
properties for number of possible applications in the field of healthcare like antibacterial
bandages for faster wound healing and antibacterial clothes for undergarments, shoe
lining, hospitals and sportswear etc. To add these QACs, radiation induced grafting
method was adopted which is further explained in later section of this chapter. Grafted
samples, having quaternary ammonium group a strong anion exchanger, have also been
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investigated for the treatment of textile effluents containing toxic acid dyes to address the
serious problem of environmental pollution.

1.2 Basic aspects of radiation chemistry
Radiation chemistry deals with the study of chemical changes induced by highenergy electromagnetic radiation (-rays, X-rays), charged particles (electrons, protons,
deuterons, -particles) or uncharged particle (neutron), termed as ―ionizing radiation‖,
with energy in the range of 102 to 107eV.
Chemistry

IR
Photochemistry
~ 0.03 – 1.2 eV

UV-Visible
photochemistry
~ 1.5 - 6.5 eV

Radiation
Chemistry
keV - MeV

Figure 1.1: Energy ranges for electromagnetic radiation
Interaction of ionizing radiation with atoms and molecules in their path is non-specific
and thus non-selective in nature. It can cause ionization and excitation of varied types of
molecules and atoms in many possible ways resulting in the formation of a variety of
reactive species. Interaction of high energy ionizing radiation are non-selective process
because of much higher energy which is much higher than the chemical bond in organic
compounds, unlike in photochemistry where one can selectively excite, ionize or break a
particular bond in a given molecule by choosing the energy of a photon (figure 1.1).
A thorough knowledge of the processes by which high-energy radiation interacts
with matter is a pre-requisite for understanding the radiation chemical effects, as it is the
absorbed energy, which results in the observed chemical changes in the substrate. The
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extent and process of energy absorption depends upon the nature of radiation and
properties of the material. The important parameters on which the interaction will depend
are energy, mass and charge of the radiation, and atomic number or electron density of
the material [13]. Mechanisms of interaction of (i) electromagnetic radiation (ii) electrons
(iii) heavy charged particles and (iv) neutrons, which are of relevance in radiation
chemistry, are explained in brief in the following sections.

1.2.1 Interaction of electromagnetic radiation
Electromagnetic radiations of wavelength less than 100 A belong to the class of
ionizing radiation. They are usually called X-rays (extra nuclear origin) or  rays
(produced from the atomic nuclei). The gamma rays emitted by radioactive isotopes are
mono-energetic, possessing one or more discrete energies, for example

60

Co emits -

photons of energy 1.332MeV and 1.173MeV. For a narrow beam, the intensity of gamma
radiation transmitted through an absorber is given by
I = Io e─x

(1.1)

Where, Io is the incident radiation intensity, x is the thickness of material through which
radiation has traversed and  is the linear attenuation coefficient, which is the sum of a
number of partial coefficients representing different processes occurring inside the
absorber. These are (i) Photoelectric effect, (ii) Compton scattering, (iii) Pair production
(iv)coherent scattering and (v) photonuclear reactions. The relative importance of each
process depends on the photon energy and the atomic number of the absorbing material.
Coherent scattering is of importance for low energy photons (<0.1MeV), photonuclear
reactions are possible with photons of energies in the range of 2 to 8MeV for low Z
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materials and in the region of 7-20MeV for high Z materials. Thus, for gamma radiation
emitted by

60

Co source, only the first three interaction processes are of importance and

are discussed below briefly.
(i) Photoelectric effect: This process is the principal interaction process at low photon
energies. In photoelectric process photon interacts with a bound electron in an atom and
transfers all its energy to eject it from the atom (figure. 1.2).

Figure 1.2: Photoelectric Effect
The kinetic energy of the ejected electron (EKE) is equal to the difference between the
energy of the incident photon (Ehv) and the binding energy of the electron (EBE) as given
by equation 1.2.

EKE = Ehν − EBE

(1.2)

(ii) Compton scattering: Compton scattering is an inelastic scattering, which occurs
when a photon with energy Eo interacts with a loosely bound or free electron (as shown in
figure 1.3). The resulting photon is deflected with reduced energy E‘ at an angle  to the
direction of the incident photon and the electron gets accelerated at an angle  with recoil
energy Ee. The relation between the various parameters is given by equation (1.3). The
energy of recoil electron is given by the equation (1.4).
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Figure 1.3: Compton Scattering

E'=

E0
1+

E0

me c

2

(1−cos θ)

E ′ = E0 − Ee −

(1.3)

(1.4)

Compton scattering predominates for photon energies between 30keV to 20MeV for low
Z materials like water and polymeric materials.
(iii) Pair production: In the pair production process, as diagramed in the figure 1.4
below labeled ―Pair Production - Energy Conversion to Mass,‖ the photon is literally split
into an electron and its anti-particle, called a positron. Both have a rest mass energy
equivalent of 0.511MeV (2mec2). (Since mass and energy are equivalent, the mass energy
equivalent is just the amount of energy that it would take to form the mass of the particle.
Pair production is a phenomenon of nature where energy is converted to mass (equation
1.5). It involves the complete absorption of a photon in the vicinity of an atomic nucleus.
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Figure 1.4: Pair Production

E0 = Ee − + Ee + + 2me C2

(1.5)

The electron and positron can move in opposite directions (at an angle of 180o)
meaning they have a total momentum of zero or they can move at an angle of less than
180o resulting in a net combined momentum. However, if the photon had only just
enough energy to create the mass of the electron-positron pair then the electron and
positron will be at rest. This could violate the conservation of momentum since the
photon has momentum and the two resulting particles have none if they are stationary
(since momentum = mass × velocity). This means that the pair production must take
place near another photon or the nucleus of an atom since they will be able to absorb the
momentum of the original photon. In other words, since the momentum of the initial
photon must be absorbed by something, pair production by a single photon cannot occur
in empty space; the nucleus (or another particle) is needed to conserve both momentum
and energy [14]. Thus depending on the incident photon energy, the photon gets
attenuated and the total linear attenuation coefficient () is given by equation (1.6).
= τ+ σ +κ
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(1.6)

Where, , ,  are the linear attenuation coefficient of photoelectric, Compton and pair
production process respectively.

1.2.2 Interactions of charged particles
(a) Electrons
Electron interacts with matter via four processes namely, emission of
Bremsstrahlung radiation, inelastic collision, elastic collision and Cerenkov emission.
The relative importance of these processes depends mostly on the energy of the electrons
and to a lesser extent on the nature of the absorbing material.
(i) Bremsstrahlung: High energy electrons passing close to the nucleus of an atom are
decelerated due to their interaction with the electric field of the nucleus and radiate
electromagnetic radiation called bremsstrahlung radiation. Bremsstrahlung emission is
negligible below 100KeV but increases rapidly with increasing energy, and is the
dominant process at electron energy between 10-100MeV.
(ii) Inelastic collision: This is the major process for electrons having energy more than
that at which bremsstrahlung emission occurs. The average amount of kinetic energy lost
per unit length by electron through coulomb interaction with atomic electrons in a
medium is defined as the specific energy loss or stopping power (S) of the medium and is
defined by the Bethe‘s equation (1.7).

S 

4
dE 2e N o Z

dx
mo v 2



mo v 2 E
1
ln
 (2 1   2  1   2 ) ln 2  1   2  (1  1   2 ) 2 

2
2
8
 2l (1   )


(1.7)

Where, e and mo represents the charge rest mass of electron, v is the velocity of electron,
No is the number of atoms cm-3 in the medium, Z is the atomic number and l is the mean
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excitation potential of the electrons in the stopping material,  is the ratio of v to the
speed of light c and is numerically represented in equation (1.8)

β=

{1 − (m0 c 2 /(E − m0 c 2 )}2

(1.8)

(iii) Elastic collision: This is a quite frequent phenomenon because of the small mass of
electrons and happens when electrons get deflected by the electrostatic field of an atomic
nucleus. This essentially leads to a change in the direction of motion of electrons and is
more probable for electrons with low energy and target with high atomic number.
(iv) Cerenkov emission: Electrons with velocity higher than that of light in a particular
medium interacts and emits electromagnetic radiation, called Cerenkov radiation. This
phenomenon is responsible for the blue glow observed around high intensity -sources
stored under water.
(b) Heavy charged particles
The interaction of heavy charged particles with matter is the same as that of
electrons, i.e., Bremsstrahlung emission, inelastic collision and elastic scattering. The
most important among these processes by which charged particle interact with matter is
inelastic collision. As heavy charged particles have higher mass than electrons, for a
given energy, they have a much higher linear energy transfer (LET), which give rise to
high local concentration of primary species and leads to recombination in spurs to yield
molecular products.
(c) Neutrons
Neutrons do not produce ionization directly in matter but interact almost
exclusively with the atomic nuclei of the material. The main processes by which neutron
interacts with matter are: elastic scattering, inelastic scattering, nuclear reaction and
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capture. The products of neutron interactions often cause ionization and thus produce
typical radiation chemical changes. The main products of neutron interactions being
protons and heavy positive ions, the chemical effects of neutron interactions are similar to
those of charged particles.

1.2.3 Distribution of active species in the system – track structure
The electrons from Compton scattering of 60Co -rays have an average energy of
440keV. These electrons, also termed as -rays, bring about further ionization and
excitation. Such events along the main track or the -ray branch track are called isolated
spurs. In water, the isolated spurs contain on an average  6 active species and ~ 100eV
energy is involved. When -ray electron energy is < 5keV, its penetration becomes very
less and the spurs so formed in close vicinity overlap and take cylindrical shape, known
as short tracks. As the electron energy becomes less than 500eV, even denser regions of
ionization, which look like large spurs, called as blobs, are produced (figure 1.5).

Figure 1.5: Distribution of ions and exited species along the track of fast electron; ( )
represents the ions and (
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) represents the excited species

The typical energy distribution ratio for a 440keV electron in water is spur (64%),
short tracks (25%) and blobs (11%). In contrast to this, for heavy charged particles (high
LET), more energy will be deposited in blobs and short tracks than in isolated spurs.

1.3 Radiation dosimetry
Management of the physical, chemical or biological changes produced by
ionizing radiation necessitates knowledge of the amount of energy absorbed per unit mass
of the absorber, and distribution of the absorbed energy in the absorbing material.
Radiation dosimetry constitutes determination of these quantities.
(i) Absorbed dose: The absorbed dose is the amount of energy absorbed per unit mass of
the irradiated material. The SI unit for the absorbed dose is Joules per kilogram (Jkg-1),
which is known as gray (Gy). The old unit is rad (1 rad = 0.01Gy).
(ii) Absorbed dose rate: The absorbed dose rate is the absorbed dose per unit time.

1.3.1 Radiation-chemical yield
Traditionally, radiation chemical yields have been reported in terms of G values,
which represents the number of molecules of the product formed or changed per 100eV
of energy absorbed [14]. The SI unit of radiation chemical yield is defined as change in
the number of moles of material formed or decomposed by energy absorption of 1Joule.
G-values reported in terms of number of species formed per 100eV can be converted to
SI units using the following relationship (1.9).

G mol J−1 = G as 100ev X 1.036 X 10−7

(1.9)

1.3.2 Gamma Radiation Dosimetry (Fricke Dosimeter)
The radiation-induced oxidation of the ferrous ions to the ferric ions in aqueous
solutions forms the basis of Fricke dosimeter [15].The standard Fricke dosimeter consists
12

of an aerated solution of 1.0 x 10-3 mol dm-3 ferrous ammonium sulphate, 1.0 x 10-3 mol
dm-3 NaCl and 0.4 mol dm-3 sulphuric acid. The yield of Fe3+ ions produced is determined
by absorption spectrophotometry employing Beer's law (A = .c.l) at 30 nm with
(Fe3+) = 220.5  0.3 m2mol-1 and (Fe2+) =0.1m2mol-1 at 25oC. The G(Fe3+) . value
accepted for electron and photon radiation in the range 1 to 30MeV is 3.52 x 104m2J-1at
25oC [16]. The Fricke dosimeter can be used to accurately determine dose only up to
400Gy because of depletion of oxygen present in the system. Fricke dosimeter is
independent of dose rate between 0.2 to 2.0 x 106Gys-1. A modified version of Fricke
dosimeter, also called as super Fricke dosimeter, containing 10-2 mol dm-3 ferrous ions,
oxygenated but without any sodium chloride, is dose rate independent up to absorbed
dose rates of the order of 108Gys-1. The upper limit of absorbed dose that can be
measured using a super Fricke dosimeter is 2.0kGy.

1.4 Radiation chemistry of water
Understanding of radiation chemistry of water is of importance as water is present
in most biological and chemical systems. For water, the sequence of events like
formation and solvation of the primary species, and the time scale of events initiated
either by fast electrons from an accelerator or by 60Co gamma-rays is illustrated in figure
1.6. High energy radiation is deposited in energy in 10-16 seconds in the substrate forming
positively charged ions, electrons and excited species. Energetically unstable positively
charged ions (H2O) undergo ion-molecule reaction in 10-14 seconds producing OH
radicals [17]. The excited water molecules decompose in 10-14 seconds yielding H and


OH radicals. The electron released during ionization can also bring about further

ionization provided it has sufficient kinetic energy. Eventually, its energy will fall below
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the ionization threshold of water and then it dissipates rest of its energy by exciting
vibrational and rotational modes of the solvent molecules. Finally, it would be localized
in a potential energy well long enough to become solvated as a result of molecular
dipoles rotating under the influence of the negative charge, and thus get stabilized [18].
The electrons get thermalised in about 10-13 seconds and subsequently get hydrated or
solvated in less than 10-12 seconds and called hydrated electron (eaq) [19].
H2O

H2O

Time (s)

H2O + e

10-15 – 10-16
(Physical stage)

+ H2O
H3O + OH
H2 + O ;

10-14

H + OH
(Physicochemical stage)

eaq

10-13

Formation of molecular products in spurs and
diffusion of radicals out of spurs

(Chemical stage)

107
eaq ;

H ;

(0.28)

(0.062)



OH ;

(0.28)

H2 ;

H2O2 ;

(0.047)

H3O

(0.073) (0.28)

G(as  mol J-1) between
pH 3-11 in dilute solution

Figure 1.6: Sequence of events in water Radiolysis and formation of primary species
from 10-16 to 10-7second.
These species viz. hydrated electrons, hydrogen atoms and hydroxyl radicals,
formed in the spurs, can react with one another to reform water or molecular products, H2
and H2O2, while the remaining escape into the bulk solution. This spur expansion is
complete in about 10-7s. The reactions occurring during spur expansion are listed in
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Table1.1. After about 10-7 second, the species are distributed homogeneously in the bulk
are known as primary species. Main species produced are hydrated electrons (eaq), OH,
H and molecular products H2 and H2O2. These species can subsequently react with
solutes present in the system. In water, 10-7 seconds is the lifetime of the radicals reacting
at a diffusion-controlled rate with a solute whose concentration is 10-3mol dm-3. Under
these conditions the G-values of eaq, H and OH radicals at 10-7 second are shown in the
figure 1.7.
Table 1.1 Spur Reactions in Water
k x 10-10 (dm3mol-1s-1)

Reactions
eaq

+ eaq

eaq

+

eaq

+ H3O+

eaq

+

H

+




OH +





H2

+

2OH

OH–

OH

0.55
3.0

H

+

H2O

2.3

H

H2

+

OH–

2.5

H

H2

1.3

H2O2

0.53

H2O

3.2

2H2O

14.3

OH

OH + H

H3O+ + OH–

1.4.1 Primary yields
Primary yields are the yields of the species remaining when all spur reactions are
complete, that is, ~10-7 seconds after the ionization event. At this time the radiolytic
change in water is represented by:
eaq, H, OH, HO2, H2O2, H2, H3O+

H2O
Gamma or EB

and the material balance equations are:
G(-H2O) = 2 G (H2) + G(H) + G(eaq ) - G(HO2)
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= 2 G (H2O2) + G(OH) + 2G(HO2)

(1.10)

or if HO∙2 is neglected, which is justified for low LET radiation
G (-H2O) = 2 G (H2) + G (H) + G (eaq )
= 2 G (H2O2) + G (OH)

(1.11)

Primary yields were measured particularly for low LET radiations using scavengers in
dilute solutions. In very dilute solutions the radical and molecular yields are constant, but
in the presence of a reactive solute at concentrations more than 10-2mol dm-3, the yields
of H2 and H2O2 decrease and radical yields increase due to spur scavenging by the solute
molecules [20].
1.4.2 Important reducing radicals in aqueous solutions
The hydrated electron, eaq, and the hydrogen atom (H) are the primary radicals
falling in this category. The redox-potential value  = -2.9 V vs NHE for eaq suggests
that it is a powerful reducing agent (Table 1.2). Its reactions with solutes are best
understood in terms of availability of a suitable vacant orbital in the solute molecule (S)
for the electron to get localized. A typical reaction is represented as in equation (1.12)
where the n represents the positive charge on the solute.
n
e−
aq + S

S n−1

(1.12)

The rate constant values for typical hydrated electron reactions support the above
requirement. For water, the rate constant, k is only 16dm3mol-1s-1 as a low-lying vacant
orbital is absent in water. It also explains the sufficiently long half-life of eaq in water.
With solutes having low lying * orbital, the k value approaches the diffusion controlled
limit. In neutral and acidic pH, the H is an important reducing species with its redox
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potential value,  = -2.3 V vs NHE (Table 1.3). It can be thought of as a weak acid with
pKa of 9.6. While it readily reduces substrates with more positive redox potential, the
corresponding rates are slower than for eaq reactions. With substrate having center of
unsaturation, it is known to add readily to form H-adduct.
Table 1.2 Properties of eaq
Radius of charge distribution

0.25-0.30 nm
4.9 x 10-5 cm2 s-1

Diffusion coefficient

eaq, max = 715 nm,

Spectral characteristics

 = 1.85 x 104 dm3 mol-1 cm-1
Redox potential (Vs NHE)

 (eaq + H+

 ½ H2 + H2O) - 2.9 V
6.6 x 10-4 seconds.

Half life: pH ≥ 7.0

From a solute devoid of  electrons, it abstracts hydrogen atom giving rise to a
solute transient radical. Optical absorption of H lies around 200 nm with very low
extinction coefficient, which is normally not accessible with the available experimental
facilities. Thus, measurements of H reaction parameters are made by competition
kinetics method or from the transient formation kinetics.
Table 1.3 Properties of H atom
8.0 x 10-5 cm2 s-1

Diffusion constant

H, max = 200 nm

Spectral characteristics
Reduction potentials (vs. NHE)

 (eaq + H3O+  H + H2O) - 2.3 V

pKa:

9.6
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1.4.3 Important oxidizing radicals in aqueous solutions
Hydroxyl radical (OH) is a strong oxidizing radical ( = 2.8 V vs NHE) and
like H, it absorbs in the far UV, therefore, its kinetic parameters are olso estimated by
competition kinetics or transient formation kinetics. In strongly basic solution (pH >
11.9), it is deprotonated to give O∙-. The properties of OH radical are listed in Table 1.4.
Table 1.4 Properties of OH radical
2.2 x 10-5 cm2 s-1

Diffusion constant


Spectral characteristics

OH, max = 235 nm,  = 530 dm3 mol-1 cm-1

Reduction potentials (vs. NHE)  (e– +



OH + H+  H2O)

(e– + OH 

OH– )

(OH  O∙–

pKa:

+ H+)

+ 2.8V, acid
+ 1.8 V, alkali
11.9

1.5. Radiation effects on Polymers
It has been approximately 50 years since researchers first began exposing polymeric
materials to ionizing radiation, and reporting the occurrence of cross linking [21], surface
modification (grafting and curing) [22, 23] and other useful effects. Today, a substantial
commercial industry is in place based on processing of polymers with radiation like
radiation cross-linked wire and cables, smart surfaces for tissue engineering, separation
of toxic metal ions, treatment of textile effluents, fuel cells etc.
Irradiation of polymers causes modification of properties which is currently the
basis of major industries in heat shrinkable film and tubing, crosslinked polymers and
graft copolymers [24]. Irradiation of polymers with high energy radiation leads to the
formation of very reactive intermediates in the forms of excited states, ions and free
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radicals. These intermediates are almost instantaneously guided in several reaction
pathways which result in the arrangement or formation of new bonds structures. The
ultimate effects of these reactions are the formation of oxidized products, grafts
copolymer, crosslinking and scissioning of main or side chains which is also called
degradation. Schematic of various processes has been shown in the figure 1.7. Generally,
scission and crosslinking coexist, although the prevalence of each relies on many factors,
such as the initial molecular structure, polymer morphology and the experimental
irradiation conditions of treatment before, during and after irradiation and close control of
these factors make the modification of polymers possible by radiation processing [25]
The degree or dominance of these transformations depends on the nature of the polymer
and the conditions [26].

1.5.1 Crosslinking and degrading polymers
Polymers are generally divided into two groups: crosslinking type (which
predominantly crosslink) and degrading type (which predominantly undergo chain
scission). In general, polymer chain with at least one hydrogen atom (as in the structure
I) with each carbon atom undergo crosslinks and if a tetra-substituted carbon atom is
present in the repeat unit (as in the structure II), the polymer degrades predominantly.
R


[-CH2-CH-]n

R
Structure I (crosslinking)

[-CH2-C-]n

R
Structure II (degrading)

Thus, polyethylene, polystyrene, are crosslinking type of polymers, and
polymethyl methacrylate, polytetrafluoroethylene are degrading type of polymers. In
general, crosslinking reactions in polymers are favored by the presence of unsaturated
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groups particularly vinyl groups, absence of oxygen, high chain mobility and molecular
entanglements. Chain scission on the other hand is favored by restrictions to chain
rotation i.e. glassy state, high levels of crystallinity and presence of oxygen. Usually
radiation stability of the polymer increases in the presence of aromatic ring in its
structure. Crosslinking reaction transforms a linear polymer into a single threedimensional molecule with significantly different properties. The crosslinked structure
has ultra high molecular mass, is practically insoluble in any solvent and has improved
mechanical properties. Degradation on the other hand results in a reduction of molecular
mass as chains are fractured and results in a general degradation of the physical
properties of the polymer.
Crosslinking reactions have been intensively studied for a long time, and
continue to this date for the improvement of the thermal resistance, mechanical,
physicochemical properties of polymers. The desired change of physical and mechanical
features is induced and can be tuned by the choice of individual irradiation parameters.
There are number of applications of cross-linking, mainly with radiation technology, like
wire and cable insulation, heat shrinkable products, polymeric positive temperature
coefficient products, gaskets and seals, hydrogels, vulcanization etc. Other cross linking
applications like hydrogel will be further elaborated in respective chapter. The opposite
of crosslinking chain, scission is the basis of other radiation treatment aimed at enhancing
processing characteristics of polymers. For example, radiation degradation of
Polytetrafluoroethylene (PTFE) found large applications for thickener of various oils,
lubricants, material for coatings and inks [27].

20

γ or E-beam Irradiation
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Figure 1.7: Schematic diagram for radiation effect on polymers
There were number of problems with the high MW PTFE in grease and other
lubricants. Grease containing degraded PTFE was claimed by US patent in 1966. It was
claimed that PTFE retained its low coefficient of frictions even with loss of tensile
strength and was easier to disperse in a lubricant than high MW PTFE. It was also
observed that degraded PTFE gives smoother grease and reduce the amount of PTFE
required [28].

1.5.2 Surface modification
(a) Basics of Radiation Induced grafting
Graft copolymers are branched copolymers in which the branches are of a different type
from the base polymer to add the desired functionality for various directed applications.
In graft copolymerization, the role of the trunk polymer is to provide an appropriate
practical shape and dimension and to maintain physical and chemical stability, whereas,
the grafted polymer branch adds various functionalities.
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There are various methods for the graft polymerization like conventional method,
radiation induced method, plasma induced method, enzymatic method [3] etc. But using
high energy radiation is hot topic now days in which radiation chemist produces radicals
by breaking C-H bonds on a trunk polymer by irradiating it with ionization radiation
(gamma rays or electron beams). Then a polymer branch with desired functional
capabilities is grafted onto the trunk polymer as shown in figure 1.8.

Figure 1.8: Radiation induced Graft Copolymerization
Therefore, one can easily and effectively incorporate the desired properties onto a
polymer backbone using graft polymerization by selecting suitable monomer without
destroying or affecting the basic properties of the of the trunk polymer, e.g. crystanillity,
melting point or mechanical properties [29-31].

(b) Classification of graft polymerization
Radiation grafting technique can be classified into two categories in terms of
irradiation opportunity [5].
(i) Simultaneous or mutual irradiation grafting: Simultaneous irradiation is the
simplest irradiation technique for preparation of graft copolymers. In this method a
polymer backbone is irradiated in the presence of a monomer available in different forms:
vapor, liquid or in bulk solution. Irradiation can be carried out in air, inert atmosphere
(e.g. N2) or preferably under vacuum leading to the formation of active free radicals on
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both polymer backbone and monomer units (figure. 1.9a). In this method, the trunk
polymer in contact of a monomer is irradiated simultaneously. The best condition for the
method is preferred for base polymer having higher G-value as compared to the monomer
to be grafted.

Figure 1.9a: Schematic diagram for Mutual Irradiation Grafting

(ii) Pre-irradiation grafting: In this method, the trunk polymer is first irradiated to
generate reactive radical sites and then brought into contact with the monomer (figure
1.9b). The best condition for the method is preferred for base polymer having lower Gvalue as compared to the monomer to be grafted.

Fig 1.9b: Schematic diagram for Post Irradiation Grafting
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(c) Parameters affecting Graft Polymerization
There are number of parameters, which strongly affect radiation-induced graft
copolymerization process and subsequently the grafting yield in the copolymer
membranes. Variation of parameters as mentioned in figure 1.10 causes considerable
changes in the amount of degree of grafting in the resulting membranes and therefore,
control of the compositions and the properties of the membranes can be achieved. A
combination of parameters has to be adapted to achieve successful grafting reactions and
obtain desired membrane structure economically. This includes parameters directly
related to irradiation source and others related to the grafting mixture and its components.

Figure 1.10: Schematic representation of parameters affecting the degree of grafting
prepared by radiation-induced graft copolymerization.
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Figure 1.10 shows a schematic representation of parameters affecting the degree of
grafting in membranes prepared by radiation-induced graft copolymerization [32]. The
effect of each one of these parameters on the degree of grafting of the membrane is
discussed in the corresponding chapters.

(d) Advantages of radiation grafting: Radiation grafting is superior to other
conventional grafting techniques because of the following reasons:
(i) Selective absorption, low penetration and requirement of additive like photo initiators
or photo sensitizers make the photo initiation process a handicap one. However, radiation
induced grafting methods are limitless, owing to the unselective absorption of radiation
energy in matter, and can in principle, be used to prepare any desired combination of
polymers. Unlike conventional grafting methods, radiation grafting reaction can either be
conducted homogeneously throughout thick layers of polymers or limited to the surface
zone of desired thickness only, depending upon the type of radiation, the total energy
absorbed, the depth of penetration and radiation sensitivity of trunk polymer and
monomer.
(ii) Some polymers such as solid fiber are difficult to be grafted by chemical initiators,
because they can hardly induce reactive centers homogeneously in the solid fiber. As far
as radiation grafting is concerned, it is easier, especially for gamma radiation and highenergy electrons, which have high penetration power, to induce radicals homogeneously
onto any arbitrary shapes of polymers, such as a hollow fiber, woven/non-woven fabric
and films.
(iii) Radiation grafting does not require any additives such as initiators or sensitizers,
unlike photo grafting or thermal grafting methods. Therefore, in radiation grafting
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method, high purity copolymer is obtained, which have vast applications as
biocompatible and bio-functional materials where impurity of any type is not acceptable.

1.6 Hydrogel
At present there is no precise and limiting definition of the term hydrogel but it is
commonly defined as three dimensional networks of cross-linked hydrophilic polymer
chains that imbibe substantial amounts of water (>20%) without losing its physical
integrity. Hydrogels are highly absorbent (>99.9% water) based on natural or
synthetic polymers. It is a solid material in dried state, but when water is added; the
hydrogel swells until it reaches the swelling equilibrium as shown in figure 1.11.
Hydrogels also possess a degree of flexibility very similar to natural living tissue, due to
their high water content, more than any other type of synthetic biomaterial. Due to this
resemblance to living tissues, hydrogel have a number of biomedical applications, such as
wound care products, dental and ophthalmic materials, drug delivery systems, elements
of implants, constituents of hybrid-type organs, as well as stimuli-sensitive systems
superabsorbents etc. with a number of products being commercially available [33].
Among the above mentioned applications of hydrogel, most notably, research has been
advanced in the commercialization of burns and wound dressing hydrogels. In India,
wound dressing material has been commercialized with the brand name ‗HI-ZEL‘by
Varshney and group [34]. These hydrogel maintain a moist environment, barrier to
bacterial contamination, excess to oxygen, transparent in nature, which allows monitoring
the healing progress of wound without removing the dressing. Most importantly faster
wound healing was reported than dry gauze dressing [35].
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Swelling

Swollen State

Dry State

Figure 1.11: Schematic representation of gel structure before and after swelling

Another fascinating class of hydrogel which is subject of extensive investigation is
responsive to small transition in solvent composition, pH, temperature, and intensity of
light as well as magnetic and electric fields called Stimuli Responsive Hydrogel. For
example, the change in pH causes volume transition in polyacrylic acid hydrogel as
shown in figure 1.12. Depending on the pH of the medium as the polyacrylic acid goes
from non-ionized state (relaxed configuration) to ionized state (stretched configuration),
the polyacrylic matrix may swell or de-swell. The applications of such hydrogels in
devices as actuators, artificial muscles, controlled drug delivery; controlled molecular
separators have been suggested [36]. Carenza and group have reported control release of
insulin in response to glucose blood levels in their vivo studies on diabetic rats.

The properties, which decide the applications of a hydrogels, are: equilibrium
degree of swelling, swelling kinetics, permeability, biocompatibility, mechanical and
optical properties and change in extent of swelling with external environment like pH,
ionic strength, temperature.
The introduction of ionic monomers results in gels which normally swell more than the
non-ionic gels [37-39]. Incorporation of monomers like acrylic acid and methacrylic acid
produces anionic polyelectrolyte gels, whose ionization is a function of pH, thermo
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responsive gels poly-N-isopropylacrylamide (PNIPAM) are the functions of temperature
which undergo phase transition in pure water, from a swollen state at low temperature to
a collapsed state at high temperature [40] by breaking hydrogen bonding at higher
temperature whereas incorporation of the sulfonate, tertiary and quaternary amines group
produces polyelectrolyte gels relatively insensitive to pH [41]. Poly(2-hydroxyethyl
methacrylate) (PHEMA) based gels have been the subject of interest for scientists and
technologists because of their versatile properties, such as biocompatibility, good
mechanical strength, high gel fraction, and ease of synthesis. However, low swelling of
non-ionic polymer matrix like PHEMA at higher crosslinking extent restricts their
applications where high swelling is desired. This problem can be overcome by either
functionalization of the base matrix or by co-polymerization with ionic monomers. The
introduction of ionic monomers results in gels which normally swell more than the nonionic gels [37-39].
In the present study, poly[2-(methacryloyloxy)ethyl]trimethylammonium chloride
(MAETC), a strong cationic polyectrolyte, was incorporated in Poly(2-hydroxyethyl
methacrylate) (PHEMA) based gels by radiation induced polymerization to improve the
swelling extent and also to add ionic strength

responsive properties. Electrostatic

interactions between the ionized groups, as well as the presence of small electrolyte ions
in the nearby solution, convey to polyelectrolyte system a host of properties distinct from
those displayed by neutral polymer systems. Industrial applications and academic
interests lead to more studies on the polyelectrolyte behavior in solutions, gels, adsorbed
layers, and grafted brushes.
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Figure: 1.12: Effect of pH on pH stimuli Hydrogel

1.7 Quaternary cationic polyelectrolytes
Cationic polyelectrolytes are polymers with basic groups, either a weak amine or a
quaternary ammonium groups, situated along the main chain of the polymer. Therefore
they retain many of the properties of polymer from which they are derived, but these
properties are considerably modified by the presence of the basic groups. Examples of
weak cationic polyelectrolytes are polyvinylamine, polyethyleneamine, and poly (4vinyl-pyridine),

where

bezyltrimethylammonium

examples
chloride

of

strong

and

polyelectrolytes

are

polyvinyl-

polyvinylmethylpyridinium

bromide.

Quaternary ammonium cations, also known as quats and corresponding polymer
containing quaternary ammonium cations as polyquats, are positively charged polyatomic
ions of the structure NR4+, R being an alkyl group or an aryl group [42]. Unlike
the ammonium ion (NH4+) and the primary, secondary, or tertiary ammonium cations, the
quaternary ammonium cations are permanently charged, independent of the pH of their
solution.
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1.7.1 Quaternary ammonium compounds as an anti-microbial compounds
Antimicrobial agent or germicides are the chemicals which inhibit or kill
microorganisms‘ e.g bacteria, fungi or viruses. Halogens (iodine, chlorine), alcohols,
peroxygen compounds (H2O2, peracetic acid), phenolic compounds, aldehydes and ionic
surfactants are the well-known examples of antimicrobial agent. Among the various
classes of surfactants, the cationic, and more particularly the quaternary ammonium
compounds are the most effective germicides. Quaternary ammonium compounds
(QACs) are amphoteric surfactants that are widely used for the control of bacterial
growth in clinical and industrial environments [43]. Quaternary ammonium compounds
have a broad spectrum of antimicrobial activity against both Gram-positive and Gramnegative bacteria. As compared with small molecule antimicrobial agents, polymeric
antimicrobials have advantages, such as that they are nonvolatile, chemically stable, have
long-term antimicrobial activity, and are hard to permeate through the skin [11]. These
compounds kill or inhibit the growth of both gram-positive and gram-negative bacteria,
and are effective over wide pH range. On the other hand, the anionic surfactants are
frequently effective against gram-positive bacteria but very rarely effective against gramnegative bacteria. Their action tends to be much slower than that of the cationic
surfactants and more susceptible to the changes in the pH of the system [44].

1.7.2 Mechanism of the germicidal action
Although large amount of work has been carried out to study the biochemical
mechanism by which cationic surfactants exert their germicidal action, no complete
theory has yet been developed. It appears probable that the surfactant can attack the cell
through many different routes, and the particular mechanism, which is effective in a
single case, depends on the organism and the concentration of the surfactant. Simple
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adsorption may not be sufficient disturbing to kill unless it seriously upsets the osmotic
balance between the organism and the medium. This class of chemical reduces the
surface tension at the interfaces, and is attracted to the negatively charged surfaces,
including microorganism. Some of the mechanism suggested include: (i) denaturation of
the cell proteins. (ii) Combination of the cationic compound with the cell lipids. (iii)
Interference with the enzyme balance within the organism and affecting the metabolic
reactions of the cell (iv) Interference with the osmotic balance in such a manner as to
release vital solute materials outward through the cell wall, finally causing death [45, 46].
Most of these compounds bearing quaternary ammonium groups appear to act by
interacting with and disrupting negatively charged bacterial cell membrane followed by
release of K+ ions and other cytoplasmic constituents, resulting in immediate death of the
bacterial cell. In contrast to the soluble polycations, insoluble quaternary ammonium
macromolecules act on the surface of the microbial cell and display their antimicrobial
activity only on contact without permeation [47]. An alternative mechanism of action was
proposed by Kugler et al. for cationic surfaces which appear to induce an ion exchange
between the positive charges and cations within the membrane. Upon approaching a
cationic surface, the structurally essential divalent cations of the membrane are relieved
of their role in charge neutralization of the membrane components and are thus free to
diffuse out of the membrane. The loss of these structural cations results in a loss of
membrane integrity [48].

1.8 Scope of the thesis
As discussed in the earlier part of this chapter, water-soluble polyelectrolytes
have been suggested as important polymeric materials having immense potential in
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different field of life. New method of synthesis of polyelectrolytes, their gels and grafted
copolymers using radiation polymerization method have been developed.
High energy gamma radiation has been used to initiate the synthesis HEMA-coMAETC hydrogels of good swelling extent and mechanical strength which has number of
advantages over conventional methods viz. high purity products, easy process control,
room temperature synthesis and possibility of sterilization during synthesis. The
properties, which decide the applications of a hydrogels, are: equilibrium degree of
swelling,

swelling

kinetics,

permeability

and

hence

incorporation

of

strong

polyelectrolyte PMAETC has been studied extensively. Equilibrium swelling study gives
the idea about the equilibrium degree of swelling (EDS) of the hydrogel, which is the one
important factor that decides the application of the gel matrices. On the other hand,
dynamic swelling kinetics provides information regarding solvent sorption rate (diffusion
constant), the rate of approach to the EDS and transport mechanism (type of diffusion)
controlling the solvent sorption. Therefore, equilibrium swelling and dynamic swelling
studies of any gel are of vital importance for developing technological applications. The
equilibrium and dynamic swelling study of polyampholytic gels were carried out in
different experimental conditions.
PMAETC and PAETC have a strong anion exchanger (quaternary ammonium)
group and also exhibit anti-microbial activity. Therefore, PMAETC and PAETC were
grafted onto cotton cellulose matrix, which is the most abundant biopolymer in the nature
but very prone to attack by the microorganisms like bacteria, fungi, by mutual radiation
grafting method in order to incorporate bactericidal. The grafted samples were then tested
for antibacterial property group of gram positive and gram negative bacteria. In the last,
one of the monomer VBT containing quaternary ammonium groups, a strong anion
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exchanger which is grafted onto cotton, has been investigated for the treatment of textile
effluents containing acid dyes.
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Chapter: 2 Experimental methodology and techniques for characterization of
Polymers
Keywords: Gamma radiation, Radiolysis, Characterization techniques, Hydrogel,
Antibacterial

2.1 Introduction
In the present work, Cobalt-60 gamma radiation source was used for steady-state
radiolysis studies, synthesis of linear polymers, grafted co-polymers and hydrogels. The
different characterizations techniques like UV-visible spectrophotometry, Fourier
Transform infrared spectroscopy (FTIR), Scanning Electron Microscopy (SEM),
Elemental Analysis (EA), Thermogravimetry (TG), equilibrium and dynamic swelling
analysis were utilized to characterize the radiation synthesized polymer, grafted polymers
and cross-linked polymer gels. The techniques and instruments used are briefly described
in this chapter with emphasis on 60Co gamma radiation source.

2.2 Gamma radiation source
Gamma irradiation of the samples was carried at room temperature using
Gamma Chamber 5000, supplied by the Board of Radiation & Isotope Technology
(BRIT), Mumbai, INDIA. Figure 2.1 shows the schematic of gamma chamber used for
studies. Gamma chambers mainly consist of a set of stationary Cobalt-60 (written

60

Co)

sources placed in a cylindrical cage surrounded by a lead shield provided around the
source to keep external radiation field well within the permissible limits. The sample for
irradiation is placed in an irradiation chamber located in the vertical drawer inside the
lead flask. The drawer can be moved up and down with the help of a system of motorized
drive which enables precise positioning of the irradiation chamber at the center of the
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radiation field.

60

Co radioisotope is produced by irradiating natural cobalt (59Co) in the

form of pellets, small slugs or thin disks in nuclear reactor by

59

Co(n,)60Co reaction to

give a uniformly active material which emits two  rays of energies 1.33 and 1.17 MeV
after - emission as shown below in the decay scheme 2.1.

1. Stirrer Motor
2. Central Drawer
3. Sample holder
4. External Cabinet
5. Removable Cover
6. Lead Flask
7. Source Cage
8. Mechanical Driving system
9. Wire rope
10. Platform
11. Concrete Pit

1

2

4
3
5

6
7
8
9

10
11

Figure 2.1: Schematic of Gamma chamber 5000
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Scheme 2.1: Production and decay scheme for 60Co
2.2.1 Dosimetry of gamma chambers
Before using gamma chambers for irradiation experiments, dosimetry of gamma
was carried out to determine the radiation dose inside the gamma chamber by Fricke
dosimetry [49]. The reaction involved in the Fricke dosimeter is the radiation-induced
oxidation of ferrous ion to ferric ion at low pH and in the presence of oxygen in
accordance with the series of reactions (2.1) – (2.7) [50-53].


H2O

H , OH , eaq , H2 , H2O2 , HO2, H3O

(2.1)

eaq + H  H

(2.2)

H + O2  HO2

(2.3)

Fe2 +



OH

 Fe3 + OH

Fe2 + HO2  HO2
HO2 + H

(2.4)

+ Fe3

(2.5)

 H2O2

(2.6)

Fe2 + H2O2  Fe3 + OH

+



OH

(2.7)

The chemical yield of ferric ion (chemical yield G value is defined as number of species
produced or destroyed per 100 eV energy absorbed) is related to the primary radical and
molecular yields by equation (2.8)
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G (Fe3) = 2G(H2O2) + 3[G(eaq) + G(H) + G(HO2)] + G (OH)

(2.8)

Since each molecule of hydrogen peroxide oxidizes two ferrous ions by reactions
(2.7) and then (2.4), while the each reducing radicals (eaq and H ) oxidize three ferrous
ions as given by sequential reactions involving HO2, H2O2 and OH in equations 2.4, 2.5
and 2.7 respectively. Substituting the G values of various species in equation 2.8, the G
(Fe3) has been reported to be 1.61 molJ-1 [54, 55]. Absorbed doses (Dd) can be
determined in Gray using relation

Dd = 2.77

∆D
I

(2.9)

Where, D is change in the absorption (at 304 nm) of solution and I is the path length in
meters.
For carrying out dosimetry of the gamma chambers nine vials containing about
(10 ml) of Fricke solution were fixed to a rectangular thermocol sheet and placed it at the
center of irradiation chamber vertically. Three vials equidistant from each other were
placed at upper and lower ends and three along the horizontal central axis as shown in
figure 2.2. Three sets of dosimeters for different duration of time were irradiated and their
absorption was measured immediately after irradiation. Dose variation along the
horizontal axis was ~8% and along the vertical axis ~10%. Lead attenuators of suitable
thickness were used for reducing the dose rates.
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Figure 2.2: Schematic diagram of sample cell of gamma chamber showing position of
vials for gamma chamber dosimetry
2.3 Swelling and de-swelling measurements
The amount of water absorbed by a hydrogel i.e. swelling at equilibrium is a
function of (i) hydrophilicity of the polymer (ii) the extent of crosslinking of the network
structure (iii) the number of ionized groups on the polymer (iv) the swelling medium. The
swelling degree is central to any application of the hydrogel, therefore it is important to
examine changes in its swelling degree due to composition of gels as well as due to
swelling medium. These studies provide an idea about the water imbibing capacity of the
gel matrix in various kinds of swelling environments, which decides its applicability for
various applications.
For swelling/de-swelling studies, crosslinked cylindrical gel samples were cut into
thin disc form. The samples were repeatedly swollen (in distilled water) and dried several
times, at room temperature, to leach out the sol-fraction and then used for further studies.
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These measurements were made by a simple gravimetric method [56] using a Sartorius
single pan weighing balance (accuracy 0.00001 g). The percentage equilibrium degree
of swelling (EDS %) of gels were determined gravimetrically using equation (2.10)

EDS % =

W eq −W i
Wi

X 100

(2.10)

Where, Weq and Wi are the weights of gel in swollen at equilibrium and dry states,
respectively.
The swelling ratio (SR) of the gels swelled to equilibrium were determined using
equation (2.11)

SR =

Ws

(2.11)

Wi

Where, Wi and Ws are weight of dry gel and weight of swollen gel at time t respectively.

2.4 Analysis of data for kinetics of swelling
2.4.1 Types of diffusion
The dynamic swelling properties of a polymer include the solvent sorption rate,
the rate of approach to equilibrium and the transport mechanism controlling the solvent
sorption. Alfrey et. al. [57] proposed that the diverse responses of polymers to the
presence of a penetrant may be categorized into three classes based on the relative rates
of diffusion and relaxation of the polymer chains:
1. Fickian Diffusion: When the rate of diffusion is significantly slower than the rate of
relaxation of the polymer chains, the transport is characterized as Fickian or Case I
diffusion.
2. Case II transport: Case II diffusion arises when the rate of diffusion is greater than
the rate of the relaxation of the polymer chains. The main feature of this second limiting
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model is the establishment of a sharp boundary between the glassy core and the swollen
shell that advances at a constant velocity.
3. Anomalous transport or Non-Fickian: Anomalous diffusion occurs when the rates
of diffusion and polymer relaxation are comparable and is connected with the transition
region between the two limiting cases of Case I and Case II.
The mechanism of transport of solvents into polymers can be determined by a
variety of experimental techniques, the simplest and most common one is the sorption
technique. In a sorption experiment, the polymer is exposed to a penetrant and the gain
or loss in mass of the polymer, Mt, is monitored as a function of time, t. The quantity Mt
is normalized to the mass of the polymer at its equilibrium hydration level M and
analyzed according to power law equation 2.12 [58].
Mt
M∞

= k tn

(2.12)

Where, Mt is the mass of solvent absorbed at time ―t‖, M∞ is the mass of the solvent
absorbed at equilibrium; k is a kinetic constant, characteristics of the polymeric system, n
is an empirical number called as transport exponent, which is indicative of the
mechanism of solvent transport in the polymer gel.
A value of n=0.5 for planar systems indicates Fickian diffusion, while non-fickian or
anomalous behaviour is characterized by an n lying between 0.5 and 1.0, with a limit of
n=1.0 identifying Case II transport. Peppas [59] reported an extension of the analysis to
other geometries. Hopfenberg [60] have reported that a polymer may exhibit all of the
three types of diffusion by traversing a wide range of temperature, penetrant activity and
penetrant type.
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2.4.2 Determination of the diffusion coefficient
The sorption experiment involves exposing a specimen of polymer with aspect ratio
(length/thickness) greater than 10 to the penetrant and the gain (absorption) or loss
(desorption) in mass of the specimen is monitored as a function of time. The results for a
sorption experiment are presented as a plot of Mt/M versus t1/2/L, where Mt is the
amount of the penetrant sorbed at time t, M is the amount of the penetrant sorbed at
equilibrium and L is the thickness of sample. The features of the Fickian sorption have
been summarized by Fujita [61]. The pertinent features for Fickian type transport are:
(a) Both absorption and desorption curves should be linear, with respect to t1/2 in the
initial portion, generally up to 60% of equilibrium.
(b) Beyond the linear region, curves are concave towards the time axis.
(c) The curve for films of different thickness superimpose with each other.
The failure of any of these criteria classifies the sorption process as either
anomalous or case II.
The rate of approach to equilibrium can be characterized by a diffusion coefficient
value ―D‖ which can be calculated from the equation 2.13 [62].

Mt
M∞

=4

1

Dt
πl 2

2

(2.13)

From this ―D‖ value obtained experimentally, a sorption curve can be simulated
using equation 2.14 [63], which can be compared with experimentally determined
diffusion plot.
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Mt
M∞

=1−

8
∞
n=0{ (2n+1)2 π 2 }

e

Dt
{− 2n+1 2 π 2 2 }
L0

(2.14)

The mathematical calculations and non-linear curve fitting were carried out using
Mathcad and Origin 6.1 software program.
In order to investigate the swelling rate of different copolymer gels in water
medium, the mean swelling time (MST) was estimated according to following equation
(2.15) [64].

MST =

n

k

1+n

−1

n

(2.15)

Where, n and k having same meaning as in power law equation (2.12)

Further, the rate of swelling at different temperatures was evaluated in terms of the
penetration velocity (V) of solvent, determined by weight-gain method as described
elsewhere [65]. The penetration velocity was calculated from the slope of the initial
portion of water uptake curve by following equation (2.16)

V=

1
r∗A

∗(

dW
dt

)

(2.16)

Where, dW/dt is the slope of the weight gain vs time curve, r is the density of the solvent,
A is the area of one face of the disc.

Arrhenius equation was used to estimate the activation energy of diffusion for
gels. Arrhenius equation in modified form (equation 2.17) was applied to the
experimental data to estimate the activation energy for the diffusion of water through
hydrogel matrices as reported earlier [66].
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D = D0 exp −

ED
RT

(2.17)

Where, ED is the apparent activation energy for the diffusion process.

2.5 Characterization Techniques
2.5.1 UV-Visible Spectroscopy
UV/Vis spectroscopy is used in the quantitative determination of solutions of transition
metal ions and highly conjugated organic compounds. The method is most often used in a
quantitative way to determine concentrations of an absorbing species in solution, using
the Beer-Lambert law (equation 2.18):

A = log10

I0
I

= ε∗c∗L

(2.18)

Where:
Io = intensity of incident light
I = intensity of transmitted light
 = molar extinction coefficient
c = concentration of the absorbing species (mol/L)
L = path length of the light-absorbing sample (cm)

A spectrophotometer model Evaluation 300 by Thermo Electron with single xenon lamp
source, wavelength range 190nm to 1100nm, wavelength accuracy + 0.3nm and silicon
photodiode detector was used to carry dye adsorption study.
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2.5.2 Fourier-Transform Infra-red spectroscopy (FTIR)
Infrared spectroscopy (IR) is an important analytical technique by which liquids,
solutions, pastes, powders, films, fibres, gases and surfaces can all be examined with a
proper choice of sampling technique. IR is used both to gather information about the
structure of a compound and as an analytical tool to assess the purity of a compound.
The wave numbers (ν cm-1) is the frequency of vibration as given by the equation
2.19 depends upon the nature of the functional groups in a molecules and therefore,
synthesized and modified compounds can be characterized by this technique. In our study
as we have added number of molecules to the surface of the base polymer by the surface
modification grafting process

and also studied the copolymerization of different

monomers. Therefore, FTIR technique can be useful in characterization of the radiation
induced synthesized materials. Some of important functional groups used to characterize
the samples are listed in Table 1.1 with their corresponding wave numbers.

ν (cm−1 ) =

1

f(m 1 +m 2 )

2πc

(m 1 m 2 )

2.19)

Where, ν (cm-1) is the frequency of the vibration which has been derived from Hook‘s
law for diatomic molecule and m1 and m2 are the mass of atoms 1 and 2, respectively, in
g, c is the velocity of light (cms-1).
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Table 2.1 IR Absorptions for Representative Functional Groups used in the study
Functional Groups

Alkanes

Aromatic

Carboxylic

Esters

Amines

Molecular Motion

Wavenumber (cm-1)

C-H stretch

2950-2800

CH2 bend

~1465

CH3 bend

~1375

CH2 bend (4 or more)

~720

C-H stretch

3020-3000

C=C stretch

~1600 & ~1475

C-H bend (mono)

770-730 & 715-685

C-H bend (ortho)

770-735

C-H bend (meta)

~880 & ~780 & ~690

C-H bend (para)

850-800

O-H stretch

3400-2400

C=O stretch

1730-1700

C-O stretch

1320-1210

O-H bend

1440-1400

C=O stretch

1750-1735

C-C(O)-C stretch (acetates)

1260-1230

C-C(O)-C stretch (all others)

1210-1160

N-H stretch (1 per N-H bond)

3500-3300

N-H bend

1640-1500

C-N Stretch (alkyl)

1200-1025

C-N Stretch (aryl)

1360-1250

N-H bend (oop)

~800

Therefore grafted and hydrogels samples were characterized using Fourier
transformed infrared (FTIR) spectroscopy to confirm the grafting of AETC, MAETC,
VBT on to cotton fibrils and copolymerization of MAETC-HEMA hydrogel

and

measurements were performed using FTIR spectrophotometer (JASCO, model FT/IR610). Samples were ground at liquid nitrogen temperature and mixed with KBr to prepare
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discs by compression molding press. FTIR spectra were recorded in the range from 400
to 4000 cm-1 with a resolution of 4cm-1 and averaged over 100 scans.

2.5.3 Elemental Analysis (EA)
Elemental analysis is the technique which gives elemental and sometimes
isotopic composition of the compounds by analyzing the corresponding flash combusted
compounds like carbon dioxide, water and nitric oxide. It examines the weight percent of
each element in the compound to determine the compound‘s composition. The most
common form of elemental analysis is CHN analysis. Compounds which are modified
with the MAETC, AETC, and VBT containing the quaternary ammonium group which
has nitrogen elements. Percentage of nitrogen elements was analyzed by using model
Thermo Finnigan Flash EA112 elemental analyzer. Further the composition of the
Nitrogen was correlated with percentage of grafting.

2.5.4 Thermogravimetric Analysis (TGA)
Thermogravimetric analysis (TGA) is one of the members of the family of thermal
analysis techniques in which the amount and rate (velocity) of change in the mass of a
sample as a function of temperature [67] or time in a controlled atmosphere is measured
to characterize a wide variety of materials. TGA is the technique which can insight the
thermal stability and also gives the upper use temperature of a material, particularly
surface modified samples in the study. Beyond this temperature the material will begin to
degrade. Three ways a material can lose mass during heating are through chemical
reactions, the release of adsorbed species, and decomposition. All of these indicate that
the material is no longer thermally stable. In the present study of radiation induced
grafting, it is very important to investigate the thermal stability and upper temperature
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limit of use of the end products. Therefore, TGA technique have been used to check the
thermal stability of the grafted samples using Mettler 3000 instrument in air atmosphere
at a heating rate of 10oC min-1 and temperature range of room temperature to 600oC.
Instrument has temperature range from room temperature to 1100 °C with cooling rate 60
°C in 8.8 min with balance resolution 1µg.

2.5.5 Scanning Electron Microscope (SEM)
Scanning electron microscope (SEM), which is a type of electron microscope,
images a sample by scanning it with a high-energy focused beam of electrons in a raster
scan pattern (line-by-line scanning is what creates a raster or rectangular area pattern).
The electrons interact with the atoms that make up the sample producing signals that
contain information about the sample's morphology (texture), chemical composition,
crystalline structure and orientation of materials making up the sample. Secondary
electrons are generally detected which gives the morphology and topography on samples.
The surface morphology of grafted samples and copolymer hydrogels were characterized
by using TS5130 model, TESCAN with resolution 3.5nm and max magnification is one
Lac times. It had a Tungsten Filament with microscope VEGA MV2300T/40 (TS
5130MM). The Maximum acc. Voltage that can be used is 30KV. The stage is 3-axis (x,y
and rotation) motor controlled and two axis(tilt a& z axis) manual.

2.6 Chemicals reagents and Microorganism
[2-(Methacryloyloxy)ethyl]trimethylammonium chloride (MAETC), Molecular
weight. 207.7 in form of 75% (w/v) aqueous solution, [2-(Acryloyloxy)ethyl] trimethylammonium chloride (AETC), 80% (w/v) aqueous solution in water from Aldrich
chemicals and Vinylbenzyltrimethylammonium chloride (VBT) (Molecular weight
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=211.74) from Fluka was used. 2-Hydroxyethyl methacrylate (HEMA), Molecular weight
130.14 from Aldrich chemicals (purity~97%), was further purified by vacuum distillation
at 78oC and 5mmHg pressure. Only the middle 70% of the distillate was collected and
used. All other chemicals used were of AnalaR (Purity 99%) grade. Dyes Acid Blue 25
(AB25, dye content approx. 45%, Molecular Weight 416.39), Acid Blue 74 (AB74, dye
content approx. 85%, Molecular Weight 466.36) and acid yellow 99 (AY99, dye content
approx. 40%, Molecular Weight 496.35) from Aldrich were used as received. KSCN
(AnalaR grade, purity >99%) and methanol (AnalaR grade, purity >99%) from S.D. Fine
Chem Limited, India, were used as received without further purification. Double distilled
water (conductivity 1.9μScm-1) was used for preparing all solutions and for swelling
studies. The cotton fabric procured from a local supplier in cloth form was washed and
dried for 5 cycles finally followed by rinsing with double distilled water. The washed
cotton samples were dried in vacuum at 50oC and stored in desiccator for further use. All
other chemicals were of AnalaR grade. Double distilled (DD) water and Methanol (Purity
>99%) were used for preparation of all solutions. The grafted samples were soxhlet
extracted for 8 hours using water as an extractant to remove any homopolymer.
Escherichia coli JM109, Pseudomonas fluorescens (lab isolate), Staphylococcus
aureus ATCC 6538P, Bacillus cereus MTCC 470 cultures were maintained at 4oC.
Before the start of the experiment, the cultures were grown on nutrient agar for 2 days at
37oC. The isolates were sub-cultured twice before inoculation. The long-term storage of
cultures was done in 20% glycerol (v/v) at 20oC. All the bacterial counts were done on
plate count agar, (Himedia, Mumbai, India) incubated at 37oC for 24 h during the course
of this work.
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2.7 Anti-bacterial studies
The two purposes of antimicrobial test method were to determine the
susceptibility of the textile materials to mildew and rot and to evaluate the antimicrobial
efficacy of fungicides on textile materials. The performance of antimicrobial
susceptibility testing is important to confirm susceptibility to chosen empirical
antimicrobial agents, or to detect resistance in individual bacterial isolates. In general,
there are two methods of testing antibacterial efficacy i.e. qualitative and quantitative
methods which are explained in details below were used to perform the antibacterial
characteristics of the samples.

2.7.1 Qualitative test (Agar Diffusion assay)
Agar diffusion refers to the movement of molecules to be tested for their
susceptibility against test microorganism, through the matrix that is formed by the gelling
of agar. When the seaweed extract known as agar is allowed to harden, it results a porous
matrix which is permeable. Molecule such as antibiotics, QUATS are able to diffuse
through the agar. In this method, molecule to be tested is applied to a well cut into the
agar on which the bacterium in question is swabbed uniformly across a culture plate.
Thus, the molecule will tend to move from well region of high concentration to the
surrounding regions of lower molecule concentration through the porous structure of
agar. If the compound is effective against bacteria at a certain concentration, no colonies
will grow where the concentration in the agar is greater than or equal to the effective
concentration. This is called zone of inhibition (D) as shown in figure 2.3. The diameter
of the inhibition zone is a function of the amount of compound in the well and
susceptibility of the microorganism. The larger the clear area around the agar well, the
more effective the compound.
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D
Well

Figure 2.3: Agar well cup method for qualitative determination of efficacy and
efficiency of an antibacterial compound

Method must be rigorously standardized since zone size is also dependent on
inoculum size, medium composition, temperature of incubation, excess moisture and
thickness of the agar.
2.7.2 Quantitative Test (Serial dilution method)
Because of very small size of microorganism like bacteria, counting the number
of bacteria in a sample can be difficult. Although direct counts are possible with a
microscope but it requires a lot of time and expertise. An easier method is to spread
bacteria over a wide area (i.e. nutrient agar plate) and count the number of colonies that
grow. If the bacteria are spread out enough, each bacterial cell in the original sample
should produce a single colony. Dilution of suspension with higher bacterial counts can
be useful for getting more manageable results [68]. Therefore, proper dilution of the
suspension to be plated has to be made in such a way that colonies developed after
incubation comes in the range of 30-300. Greater than 300 colonies on the agar plate and
less than 30 lead to a high degree of error. A high count can be confounded by error in
counting too many small colonies, or difficulty in counting overlapping colonies and less
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than 30 CFU are not statistically reliable. Serial dilution is a common technique used in
many immunologic procedures where serial dilutions are made by making the same
dilution step over and over, using the previous dilution as the input to the next dilution in
each step as shown in figure 2.4. Serial dilution is adopted technique over single step
dilution because of very high volume of diluents and very low volume (in µl) of
suspension to be diluted is required for single step dilution which leads to very high
consumption of diluents and experimental error in measurement of microlitre of
suspension. Once the culture has been diluted it can be spread on agar plates. Agar plates
allow for individual bacterial cells to be separated spatially with low probability of
having two cells very close to each other. When each of these spatially separated cells
multiplies, spatially separated colonies are formed. These are called clonal colonies as
each visible colony arises from a single progenitor cell. The number of colonies observed
is thus a direct measure of the number of bacteria spread on the surface of the plate. The
purpose of serial dilution is to determine the number of bacteria per unit volume in the
original culture, determination of the culture density in cells per ml.

Determination of antibacterial activities gives rise to three possible results as:
1) A significant increase of the initial bacteria population
2) An inhibition of the bacteria growth comparing the antimicrobial product with the
control sample for which there is a multiplication of test bacteria population inoculated at
the beginning of the time contact.
3) A quantitative reduction of the number of test bacteria inoculated at the beginning of
the time contact. The second and the third cases indicate an antibacterial activity from the
modified cotton fibrils and the terms used to differentiate the two performances are
biostatic and biocide.
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Figure 2.4: Serial dilution plate counting method for quantitative testing of antibacterial
compound
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Chapter 3
Radiation

induced

synthesis

of

2-Hydroxyethylmethacrylate-co-[2-

(Methacryloyloxy)ethyl] trimethylammonium chloride hydrogels: Dynamic and
equilibrium swelling kinetics
Keywords:

Gamma

radiation,

Copolymer,

2-Hydroxyethylmethacrylate,

[2-(Methacryloyloxy)ethyl]trimethylammonium chloride, Hydrogel, Swelling
3.1 Introduction
Hydrogels are three-dimensional networked structures of polymer chains, which
swell, in the aqueous environment without dissolving or losing their structural integrity
[69]. The network is often formed by covalently crosslinked polymers, but ionic bonds,
crystalline regions, entanglements and Van der Waals forces can also lead to water
swellable network materials [70, 71]. Water imbibing properties of hydrogels enable
them to be employed for several pharmaceutical applications, sensors, separation
membranes and adsorbents [72-76]. The multitude of hydrogels synthesized in recent
years has made available a number of choices for polymeric formulations. The most
appropriate approach for development of a hydrogel with desired properties is to correlate
the macromolecular structure of the polymer with the desired swelling, mechanical and
other required characteristics. The applications of a hydrogel are mainly governed by
factors like, equilibrium swelling degree, dynamics of swelling and stimuli responsive
property.
Stimulus responsive hydrogels have received considerable attention due to their ability to
exhibit reversible volumetric changes in response to external stimuli like pH,
temperature, electric field. In order to incorporate the specific characteristics stimuli
responsiveness or controlling the swelling behavior required for specific applications, a
variety of copolymers such as poly(acrylic acid) [77], polymethacrylic acid [78]. Poly
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NIPAM poly(N-isopropylacrylamide) [79] and similar copolymers have been
synthesized. The judicious choice of the components of binary hydrogels can lead to
hydrogels that exhibit a combination of unique physiochemical properties, thus
permitting their wide-range of applications and often exceptional possibilities for
practical applications. For radiation-synthesized gels, properties of gel may be
programmed by the choice of the main polymer that forms the framework, the comonomer, co-monomers content, and the radiation dose.
Poly(2-hydroxyethyl methacrylate) (PHEMA) based gels have been subject of
interest for scientists and technologists because of its versatile properties like
biocompatibility, good mechanical strength, high gel fraction, and ease of synthesis [80].
Modification of the swelling behavior of PHEMA by co-polymerizing HEMA with other
co-monomers has been studied to achieve optimum levels of swelling for various
applications [81-83]. Ratner et al have investigated the copolymerization of polyHEMA
and poly methyl methacrylate that make the gel thinner for easy diffusion of oxygen and
increase its water of hydration otherwise pure polyHEMA is too thick to diffuse
sufficient oxygen [84]. In little contrasting application Jorge et. al. studied the copolymer
of HEMA (2-hydroxy-methyl-methacrylate) and MMA (methyl-methacrylate) and
explored potential use to relieve injured articular cartilage. In the studies, they
incorporated the MMA to increase the mechanical strength and decrease the water
contents [85]. HEMA does not produce a high swelling hydrogel unless it is combined
with a polar monomer. Introduction of ionic segments in neutral hydrogels is an easy
method to regulate the swelling extent [86]. However, the addition of another polar
monomer with a different solubility nature can produce undesirable structural
heterogeneity in the final product. Therefore, the formulation should contain very little of

54

the comonomer; moreover, high concentration of a more water soluble monomer can
offset the expected mechanical properties of HEMA. Various research groups have tried
to incorporate hydrophilic co-monomer to increase the hydrophilicity of polyHEMA.
Hossain et al studied the copolymerization of polyHEMA and polyacrylic acid to make
the super porous hydrogel with various compositions of 2-PHEMA and acrylic acid [87].
Belma and group have also increased the hydrophilicity of polyHEAM by adding
polyethylene glycol in the gel matrix [88]. Goel et al had earlier incorporated the
Vinybenzyltrimethyl ammonium chloride (VBT) monomer, with high charge density
quaternary ammonium group, in polyHEMA matrix to increase the hydrophilicity and
ionic strength responsive characteristics [89]. As VBT containing the benzene moiety, it
is proposed that MAETC not bearing the benzene moiety might enhance the more
hydrophilicity in poly HEMA with very low concentration than the VBT. Therefore, in
this chapter we studied the incorporation of MAETC as comonomer bearing quaternary
ammonium group. Swelling kinetics and equilibrium swelling extent depend on the type
and proportion of ionic monomer in the co-polymer hydrogel [90, 91]. Therefore in the
chapter equilibrium and kinetics parameters have been investigated in details.
The conventional thermo-chemical technique, gamma irradiation or electron beam
irradiation has been utilized to synthesize binary or ternary co-polymer hydrogels to
combine the desired properties of all the parent components in the form of
interpenetrating polymer network (IPN), grafted matrices or random copolymers gels
[92-95]. Radiation induced synthesis of hydrogels has several advantages over
conventional methods viz. high purity products, easy process control, room temperature
synthesis and possibility of sterilization during synthesis [96-98]. Therefore, gamma
radiation induced synthesis method has been investigated. Radiation induced copolymer
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hydrogel has also been characterized by SEM and FTIR spectroscopy. In the end chapter
will

include

the

investigation

about

the

effect

of

introducing

[2-

(Methacryloyloxy)ethyl]trimethylammonium chloride (MAETC), a cationic monomer,
on swelling extent and swelling kinetics of radiation co-polymerized PHEMA gel.
Perturbation on swelling due to temperature change and ionic interaction with various
ionic moieties present in swelling medium has also been studied.

3.2. Synthesis and characterization of copolymers of PolyHEMA & PolyMAETC
2-Hydroxyethyl methacrylate (HEMA), molecular weight 130.14, from Aldrich
(purity >97%), was further purified by vacuum distillation at 78◦C and 700 Pa pressure.
Only the middle 70% of the distillate was collected. Cuprous chloride was added to the
distillation flask to inhibit polymerization during distillation. Rests of the chemicals used
in the study have been listed in chapter 2.

3.2.1 Radiation induced synthesis of hydrogels
HEMA, MAETC solution and water were mixed in various ratios for synthesizing
gels of different compositions. The solutions were thoroughly stirred and filled in clean
glass tubes (inner diameter=2 cm and length=7-8 cm), deoxygenated at <10-3 torr vacuum
at liquid nitrogen temperature, freeze-thawed and sealed. Polymerization was carried out
by irradiating the sealed samples at room temperature with gamma rays from a
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Co -

source at a dose rate of 5 kGyh1 as determined by Fricke dosimetry. After irradiation the
glass vials were carefully broken to obtain copolymer gels in cylindrical form. The
samples were rubbery and transparent at room temperature. These samples were cut into
0.6-1.8 mm thick disks with a sharp edged blade and left in double distilled water to swell
to equilibrium and dried. Swelling drying was continued for several cycles and finally the
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samples were dried in an oven at 35oC under vacuum to constant weight. The dried
samples were stored in a desiccator for further use.

3.2.2 Radiation induced Mechanism of preparation of the copolymer hydrogel
Radiation synthesis of copolymer of MAETC and HEMA can be illustrated by
considering the radical reaction mechanism. Copolymer hydrogel has been synthesized
by taking corresponding aqueous solution of monomers MAETC and HEMA in a fixed
ratio.

γ- Ray

Co-monomer
solution

Co-polymer
solution

Cross linked
Co-polymer

Scheme 3.1: Radiation induced synthesis of Copolymer Hydrogel

In the first step as shown in scheme 3.1, radiolysis of aqueous solution have
produced number of radicals species like OH, H, e-aq which have polymerized the
copolymer by radical reaction mechanism. Further, Hydroxyl radicals have been shown
to be the main species responsible for reactivity transfer from water to the polymer
chains. They abstract hydrogen atoms from macromolecules (copolymer), thus polymer
radicals are formed. These macro-radicals are localized on carbon atoms and recombine
with nearby macro- radical‘s gives the 3D network called copolymer hydrogel.
Depending upon the concentration of polymer and dose rate may also give the microgel
which is out of scope of the present studies.
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3.3 Characterization of radiation induced synthesized hydrogel
3.3.1 FTIR Studies
Samples were thoroughly ground at liquid nitrogen temperature and mixed with
KBr. The mixture was compressed to prepare disc for FTIR analysis. FTIR spectra were
recorded in the range from 400 to 4000 cm-1 with a resolution of 4 cm-1 and averaged
over 100 scans. Figure 3.1 shows the FTIR spectra of PHEMA, HEMA-co-MAETC
polymer (HM31) and MAETC. The chemical structures of MAETC and HEMA are same
except the terminal groups i.e. OH group in HEMA and –N(CH3)3Cl group in MAETC.
So the IR spectra of all the three polymers gels are almost similar except the extra peak
for CN stretching at 1240 cm-1 appeared in MAETC and HEMA-co-MAETC gel. The
appearance of sharp peak at 1735 cm-1 gives the signature of C=O stretching vibrations of
methacrylate group in HEMA-co-MAETC copolymer gel.

(a)

%T

(b)

(c)

3600

3000

2400

cm

1800

1200

600

-1

Figure 3.1: FTIR spectra (a) PHEMA (b) HEMA-co-MAETC (HM31) (c) MAETC
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3.3.2 Scanning Electron Microscopy (SEM)
HEMA-co-MAETC copolymer gels with different content of MAETC were
investigated using SEM to understand the inner morphology of the gels. The hydrogel
samples for SEM were prepared by initially lyophilizing the gel samples swelled to
equilibrium in liquid nitrogen.
The lyophilized hydrogel samples were then fractured carefully and mounted on the base
plate by carbon tape and coated with gold using vapor deposition technique. The gel
surfaces were scanned at 1000X magnification to investigate their pore structure. The
morphology of gels is shown in figure 3.2. Although, the freeze-drying of hydrogel may
lead to some structural artifacts of the specimens, the dramatic differences in the
morphology observed between hydrogels are presumably of intrinsic nature since the
fixation procedures were identical among all hydrogels. The results showed that the
HM35 gel showed poor porous architecture and the pore size of the gel increased
gradually with MAETC content. SEM micrograph of gel with highest ionic monomer
content (HM31) showed lump structure with highly porous architecture. The increased
porosity of the gels was also confirmed by the degree of swelling of the gels (Table 3.1).
The pore boundaries of copolymer gels were more distinct with the increase in the
MAETC content in the gel.
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Figure 3.2: SEM micrographs of MAETC-co-HEMA gels
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3.4. Swelling of gels and swelling extent measurements
The progress of the swelling process was followed gravimetrically by monitoring
the increase in the mass of samples at different time intervals. In a typical swelling
experiment, a pre-weighed circular piece of gel was immersed into a definite volume of
swelling media, taken out at different time intervals, blotted free the surface water using
laboratory tissue paper, weighed and returned to the swelling medium. The percentage
equilibrium degree of swelling (EDS %) and swelling ratio (SR) of the gels were
determined using equations 2.10 and 2.11 (refer to chapter 2) respectively.

3.4.1 Equilibrium swelling
(a) Effect of gel composition on swelling in water and NaCl solution
Introduction of small amount of ionic monomer into the non-ionic matrices have
been found to affect equilibrium swelling and swelling mechanism of parent gel matrix
[72, 99, 100]. The effect on the extent of swelling of the PHEMA matrix, due to the
incorporation of MAETC was investigated by varying the concentration of the ionizable
monomer MAETC in the feed solution. Table 3.1 shows the change in swelling extent of
the gel with MAETC concentration. It can be seen that EDS increased almost linearly
with the amount of MAETC in the matrix.
When dry hydrogel is kept in water, water diffuses into the hydrogel, it swells and
eventually reaches equilibrium swelling when no further swelling takes place. The total
osmotic swelling pressure for polyelectrolyte gel is expressed by equation (3.1) [101].

tot = mix + elast + ion + elect
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(3.1)

Where, mix = osmotic swelling pressures due to mixing of polymer chains with solvent,
elas = osmotic swelling pressures due to elastic response to changes in the
configuration of the polymer network,
ions = osmotic swelling pressures due to mixing of ions from solution and from
the polymer network,
elec = osmotic swelling pressures due to changes in the electrostatic interactions
of ionized groups upon swelling.
At equilibrium, there are mainly four pressure components that balance each other
and determine the extent of swelling of a hydrogel [101]. However for a non-ionic gel
like PHEMA in equilibrium with the solvent, the ions and elect components of pressure
do not contribute and therefore, the total osmotic swelling pressure is given by equation
(3.2).
tot = mix + elas

(3.2)

The parameters mix and elas are related to crosslink density and the FloryHuggins parameter (). Thus, the key parameters that determine the swelling of non-ionic
gel in a solvent are the crosslink density and Flory-Huggins parameter () [102]. If the
gels contain ionizable groups, the additional ion related terms ions and elec have to be
included in equation (3.2) [101, 102].
Unlike ionizable polymers, such as poly (acrylic acid), MAETC polymers are
strong polyelectrolytic salt. The positively charged, fixed ions generated on the polymer
chains due to ionization repel each other, and this repulsion tends to stretch polymer
chains to an extended state from a closed coiled state, which causes opening of the
polymer chains and overall swelling of the hydrogels.
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Table 3.1 Composition and EDS of HEMA-co-MAETC gels synthesized at a dose rate of
5.0 kGyh-1 for total dose of 3.75 kGy in water and NaCl solution
Sample

[HEMA]

[MAETC]

(mole

(mole

fraction)

fraction)

HM31

0.85

0.15

HM32

0.89

HM33

EDS (%)
Water

0.01 N

0.05N

0.1 N

0.5 N

NaCl

NaCl

NaCl

NaCl

7394

2729.7

1191.1

766.1

325.7

0.11

3997

1665.3

742.3

500.1

207.9

0.91

0.09

2817

1436.3

581.3

393.4

165.6

HM34

0.93

0.07

2063

1316.7

471.9

326.4

139.8

HM35

0.97

0.03

268

198.9

115.4

98.6

71.9

Thus, the extent of swelling increases with an increase in the number of ionizable
groups in the network. Also, the water binding sites, such as tetra-alkylammonium ions,
are known to have a net structure causing effect [103]. Their high electric fields not only
polarize, immobilize and electrostrict the nearest neighbor molecules, but they also
induce additional order beyond the first layer of water molecules. The higher attractive
field that can be felt to several layers in the case of N(CH3)3 probably causes many
more layers of water associated to the first layer, which is in immediate vicinity of the
polymer than in comparison to the OH group in PHEMA and hence, more water uptake is
seen in gels containing MAETC. Similar significant increase in equilibrium degree of
two different parent matrixes on introduction of similar segments having tetra-alkyl
ammonium groups have been reported recently in our studies [104, 105].

(b) Swelling behavior at different pHs
It has been reported that incorporation of a highly ionizable group, such as tetraalkylammonium chloride or sulphonates results in polyelectrolyte gels relatively
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insensitive to pH, whereas, introduction of monomers such as acrylic acid produces
anionic polyelectrolyte gels whose ionization is a function of pH [41].
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Figure 3.3: Swelling of gels at pH 10 (a) HM31 (b) HM32 (c) HM33 (d) HM 34 (e)
HM35. Inset: Swelling of gel HM 31 at different pH (a)water (b) pH 10 (c) pH 8 (d) pH 3
The effect of pH on the swelling of HEMA-co-MAETC hydrogel was
investigated in the pH range 3-10. The pH of the swelling medium was adjusted using
HClO4 and NaOH as the ions furnished by standard buffers were seen to themselves
interfere with the swelling of gels. The results of these studies are shown in figure 3.3. As
shown in figure 3.3 and its inset, EDS at low pH was less than that in water however at
pH>7 the gels swelled almost to the same extent as in water. This observation is contrary
to

earlier

observation

reported

[105]

for

a

co-polymer

gel

containing

vinylbenzyltrimethylammmonium chloride (VBT), a monomer similar to MAETC. For
HEMA-co-VBT gels it has been reported that the EDS of the matrix did not vary with
pH, when pH was maintained using HClO4 and NaOH but EDS was influenced when pH
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was maintained using buffers due to the ions furnished by the buffers in the aqueous
medium.

(c) Swelling of gels in dye solutions
MAETC gels due to their anion exchange capability, can act as an effective anion
exchange vehicles. However, pure MAETC gels, because of their very high water uptake
capacity, have poor strength and dimensional stability. The copolymer matrices of
MAETC with HEMA results in gel with good swelling, as well as better strength, which
are easy to handle and can uptake anionic dyes. The copolymer gels were investigated for
swelling in aqueous solution of monovalent anionic dyes, namely AB25, AY99 and a
divalent dye AB74. Extent of swelling of gel HM31 in different dye solutions of 250ppm
concentration is shown in figure 3.4. After reaching equilibrium swelling, the otherwise
transparent gels showed intense color of the dyes absorbed. The dye molecule that
diffuses with water into the gel gets bound to oppositely charged MAETC sites through
ionic interaction. These dyes were only held through ionic interaction was confirmed by
the fact that pure PHEMA matrix didn‘t show any affinity for any of the dyes. As the dye
binds to the gel the degree of ionization of the gel decreases and so does the EDS. This
observation was similar to observation reported earlier for HEMA-VBT gel [105] where
presence of dye molecule showed significant decreases in EDS. Another noticeable
feature was that though the dye AB74 had two binding sites instead of one in AB25 and
AY99, the decrease in EDS was least in presence of AB74 though it was expected to be
maximum as per the stoichiometry.
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Figure 3.4: Swelling of HM31 gel in dye solutions at dye concentration of 250ppm (a)
Water (b) AB74 (c) AY99 (d) AB25. Inset: Swelling of gels in dye (AB 74) solution of
concentration 250 ppm (a) HM31 (b) HM32 (c) HM33 (d) HM34 (e) HM35

It may be due to the water binding sites available on the dye molecules itself; the
expected decrease in EDS because of charge neutralization was probably compensated by
water binding sites available on the dye molecule. The EDS in AB25 solution was lower
than that in AY99 solution indicating more effective binding of AB25 in comparison with
AY99, similar to HEMA-VBT system [105]. This indicates some role of the chemical
structure of dye molecule in binding of the dye to the gel.

3.4.2 Swelling kinetic measurements
The dynamic swelling properties of a polymer include the solvent sorption rate,
the rate of approach to equilibrium and the transport mechanism controlling the solvent
sorption. Alfrey et al [57] have proposed that the transport mechanism, which indicates
the relative importance of diffusion and relaxation, can be identified through the
empirical equation 2.12 (refer to chapter 2). Equation 2.12 is applied to the initial stages
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of swelling and the plots of ln(Mt/M∞) vs ln (t) yield straight line up to Mt/M  0.6. The
n and k values are obtained from the slope and intercept of the plot respectively.
The rate of approach to equilibrium can be characterized by a diffusion coefficient
value ―D‖ which can be calculated from the equation 2.13 (refer to chapter 2).This
criterion was also used to confirm the transport mechanism of gels.
In order to investigate the swelling rate of different copolymer gels in water
medium, the mean swelling time (MST) was determined as given by the equation 2.15
(refer to chapter 2). Rate of swelling at different temperatures was evaluated in terms of
the penetration velocity (V) of solvent which is determined by weight-gain method by
calculating from the slope of the initial portion of water uptake curve by equation 2.16
(refer to chapter 2).

(a) Dynamic swelling
Swelling kinetics i.e. time dependent swelling behavior of HEMA-co-MAETC
gels containing different amounts of MAETC at 28oC is shown in figure 3.5. It can be
seen that the swelling ratio and rate of swelling of gel increased with the increase in the
MAETC content in the gel matrix. In order to have more realistic insight into the effect of
ionic monomers, the experimental swelling data was analyzed using power law equation
2.12 (refer to chapter 2).
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Figure 3.5: Swelling kinetics of HEMA-co-MAETC gels in double distilled water at
28oC (a) HM31 (b) HM32 (c) HM33 (d) HM34 (e) HM35 Inset: Swelling kinetics at
lower time
The dynamic swelling parameters of gels in aqueous medium are presented in
Table 3.2. The n value for pure PHEMA gel was found to be 0.5, which is in good
agreement with the results reported in earlier work for PHEMA gel prepared by different
methods under different conditions [106, 107]. The swelling was found to be independent
of sample thickness further indicating that the diffusion was Fickian. However,
introduction of MAETC had an effect on the transport mechanism. For gel HM35,
n=0.53 containing 0.03 mole fraction of MAETC indicating that introduction of MAETC
in poly (HEMA) matrix even at low concentration causes shifting of swelling from
Fickian to anomalous. The anomalous diffusion is characterized by rate of diffusion (kd)
 rate of relaxation (kr), whereas, for Fickian diffusion kd<<kr. Thus the presence of
MAETC either increases kd to match with kr or kr decreases to become comparable to kd.
The first possibility is more likely as kd may increase because of two reasons i) MAETC
segments present in the matrix on ionization will repel each other to open up the matrix
and cause faster diffusion of water into the matrix ii) the kd will also be enhanced due to
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the increase in concentration gradient of counter ions inside and outside of the gels as
reported for several other ionic gels [108, 109]. These two factors contribute to increase
in kd, is supported by the experimentally observed fact that n values further increased with
increase in MAETC content for other gels.
Table 3.2 Dynamic swelling parameters of different HEMA-co-MAETC gels in distilled
water at different temperatures
28oC

S.No.
n

37oC
MST

N

50oC
MST

(min)

N

(min)

60oC
MST

n

(min)

MST
(min)

HM31

0.95

285.8

0.98

172.9

0.98

122.5

0.97

114.9

HM32

0.91

293.6

0.93

181.9

0.93

127.5

0.93

106.8

HM33

0.82

344.0

0.89

185.8

0.89

144.1

0.90

111.1

HM34

0.80

413.9

0.77

223.1

0.80

190.1

0.85

114.5

HM35

0.53

641.0

0.57

378.4

0.56

347.2

0.61

159.1

To further support this observation the mean swelling time (MST) and D values
were estimated and are listed in Table 3.2 and Table 3.3 respectively. MST values
decreased and D values increased monotonously with the amount of MAETC in the gel
once again confirming that the presence of MAETC in the HEMA matrix facilitates the
diffusion process. It has been reported that the transport mechanism is related to the
extent of swelling of gels and it tends to shift from Fickian to non-Fickian after a certain
threshold value of swelling ratio for a hydrogel [65,109].
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(b) Effect of temperature
Hydrogels sometimes undergo a volume change in the response to a change in
surrounding conditions such as temperature called thermo-sensitive hydrogels.
Parameters like diffusion coefficient (D), mean swelling time (MST), swelling rate are
and activation energy found to be function of temperatures which are important
parameters to be characterized for particular applications like drug delivery, separation of
biomolecules, dyes from effluents.

Table 3.3 Diffusion coefficients of water into different HEMA-co-MAETC gels at
different temperatures and activation energy of diffusion
D (cm2s-1) x 108

S. No.

ED

o

28 C

o

37 C

o

50 C

o

60 C

(kJ/mole)

HM31

14.9

20.3

29.6

42.7

26.84

HM32

13.2

19.8

24.5

43.2

28.49

HM33

11.1

18.0

20.4

34.8

29.62

HM34

8.7

10.9

19.3

34.6

30.28

HM35

5.1

8.3

10.3

20.9

33.57

Therefore, the dynamic swelling parameters n, MST, diffusion coefficient and
activation energy (Ea) for gels are calculated at different temperatures are given in Table
3.2 and Table 3.3. Figure 3.6 shows swelling of these gels at different temperatures. From
the data in the Table 3.2, 3.3 and figure 3.6, it is clear that the extent of swelling did not
change significantly with temperature, however the n values increased marginally but to
the extent that the diffusion remained anomalous. Also from the slope of the profiles and
from MST values it is can be inferred that swelling rate increases with temperature.
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Figure 3.6: Swelling kinetics of gel HM31 in double distilled water at different
temperatures (a) 60oC (b) 50oC (c) 37oC (d) 28oC. Inset: Swelling kinetics of gel HM35 at
(a) 60oC (b) 50oC (c) 37oC (d) 28oC
The gel were more conducive to swelling with increase in amount of MEATC in
the gel and with the temperature, was confirmed by increase in penetration velocity as
shown in figure 3.7. The D values obtained using equation 2.13 (refer to chapter 2) at
different temperatures is tabulated in Table 3.3. It was found that the diffusion coefficient
increased with the increase in temperature of swelling medium.
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Figure 3.7: Penetration velocity as a function of gel composition (a) 60 oC (b) 50oC (c)
37oC (d) 28oC. Inset: Penetration velocity as a function of temperature of swelling
medium for different gels (a) HM31 (b) HM32 (c) HM33 (d) HM34 (e) HM35
Arrhenius equation 2.17 (refer to chapter 2) was used to estimate the activation
energy of diffusion for gels by plotting ln (D) against 1/T plot for different HEMA-coMAETC gels. Figure 3.8 represents the plot of and the ED values estimated for different
gels are given in Table 3.3. It is clear that ED value decreased with the increase in the
MAETC content in the HEMA gel matrix indicating incorporation of ionic monomer into
a non-ionic gel matrix facilitates its rate of swelling in aqueous medium.
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Figure 3.8: ln (D) against 1/T plots for activation energy of diffusion (ED) determination
for different HEMA-co-MAETC gels (a) HM31 (b) HM32(c) HM33 (d) HM34 (e) HM35
(c) Effect of electrolytes
The total osmotic swelling pressure of a polyelectrolyte gel given by equation
(3.1) is zero at equilibrium swelling. The Donnan equilibrium theory evaluates one of the
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osmotic pressure term ion of the hydrogel system by following equation (3.3) [110, 111]

πion = RT

i(

g

Ci − Cis )

(3.3)

Where, Ci is the mobile ion concentration of species i, g and s represent the
gel and solution respectively.
Equation 3.3 indicates that the greater the difference between the ionic
concentration inside the gel and in the external solution, larger the swelling. The mobile
ion concentration inside the gel is typically much higher than the external solution, so
ions is quite high. As a result, water flows into the gel to dilute the ion concentration,
causing the gel to swell. As contribution due to ions is significant in extent of swelling of
polyelectrolyte gels, the volume of such gels can change sharply with change in the pH or
ionic strength of the swelling medium. Therefore, the swelling behavior of HEMA gels in
presence of various electrolytes was investigated.
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Figure 3.9: Swelling kinetics of HEMA-co-MAETC gel (HM31) in aqueous
solution with different NaCl concentration (a) 0.0 N (b) 0.01 N (c) 0.05 N (d) 0.1 N (e)
0.5 N. Inset: Swelling in different salt solutions of concentration 0.05 M (a) NaCl (b)
CaCl2 (c) AlCl3
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Figure 3.9 shows swelling behavior of HM31 gel in NaCl solution of different
concentrations at 28oC. The swelling extent of gel decreased with the increase in the
NaCl concentration. In absence of NaCl, ion is much higher due the large difference in
the ion concentration inside the gel and external solution. When NaCl is added to the
swelling medium, the ionic concentration in the medium Cis increases, which decreases
the ionic concentration gradient (Cig – Cis) and eventually decreases the ions pressure
term, resulting in lower swelling ratio. Also, the salt ions in the swelling medium cause
the screening of the repulsive electrostatic interactions between ionized groups on the
polymer chains and reduces the elect pressure term, resulting in coiling of the polymer
chains reflected as a decrease in the equilibrium swelling of the gel (Table 3.1).
Table 3.4 lists the n, MST and D values calculated from experimental data on
swelling in NaCl solution. The decrease in n value suggests that the transport mechanism
tends to shift from anomalous to Fickian with increase in NaCl concentration. This may
be attributed to the fact that presence of NaCl screens the repulsive forces between the
ionic groups on MAETC, which causes comparatively less swelling of the gel and allows
gel to behaves like non-ionic gel {like pure poly(HEMA), n=0.5}.
Table 3.4 Dynamic swelling parameters of HEMA-co-MAETC gels in NaCl solution at
28oC
S.No.

0.01 N NaCl

0.05 N NaCl

0.1 N NaCl

0.5 N NaCl

n

MST#

D*

n

MST#

D*

n

MST#

D*

n

MST#

D*

HM31

0.87

178.6

13.7

0.72

215.7

12.7

0.70

153.3

13.7

0.49

195.8

12.2

HM32

0.82

186.4

17.2

0.75

178.9

15.2

0.66

198.1

15.6

0.54

198.9

14.5

HM33

0.80

187.2

12.1

0.68

234.9

11.7

0.63

206.3

14.9

0.47

169.5

14.5

HM34

0.62

304.5

10.7

0.61

296.6

11.5

0.53

250.2

11.0

0.49

245.4

15.0

HM35

0.53

478.5

3.7

0.51

322.4

13.3

0.49

225.5

12.3

0.44

249.2

10.0

MST#= Mean swelling time in minutes
D*= Diffusion values (cm2s-1) x 108
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As expected the MST values decreased with MAETC content however D values did not
show any defined pattern for gels with higher MAETC content (HM33-HM31) probably
due to random neutralization of MAETC segments in copolymer matrices during
swelling which causes tortuosity in the swelling channels. The swelling of gels was
followed in mono, di and trivalent ions (inset figure 3.9). For same concentration of ions
the swelling extent as well as swelling kinetics followed the pattern Al3+< Ca2+< Na+ on
the expected lines as each Al3+ furnishes three Cl ions in the medium which can
neutralize more sites in the gel in comparison to less number of counter Cl ions
furnished by Ca2+ or Na+ in the swelling medium. Also more Cl ions furnished by AlCl3
would reduce the concentration gradient (equation 3.3) to a greater extent in comparison
to CaCl2 or NaCl.

(d) Swelling in presence of co-solutes
Hydrogels with equilibrium water content (EWC) of around 70% have special
significance because of their potential use in biomedical applications such as extended
wear contact lenses, wound dressings, sanitary napkins, and super absorbent baby
napkins. Therefore, from application point of view, equilibrium swelling and swelling
kinetics of hydrogels in presence of biologically important fluids, have to critically
assessed. Effect of some of the biologically important additives (glucose, urea) and other
additives like Triton-X and 7-Deoxycholic acid (DOCA) on the swelling kinetics and
swelling mechanism of HEMA-co-MAETC gels was investigated. The swelling behavior
of HM31 gel in presence of various solutes is shown in figure 3.10. The swelling
behavior of hydrogels like PHEMA, HEMA-co-AA [103], HEMA-co-SSS [104],
HEMA-co-NVP [65], polyampholytic SSS-co-VBT gels [112] and HEMA-co-VBT [103,
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89] are known to be affected by presence of solutes of biological interest viz. NaCl, urea
and glucose. Comparing the swelling kinetics profile it is clear that extent of swelling of
these gels was not much influenced by presence of most of the solutes tried, the swelling
extent followed the trend Water~Urea~Glucose~Triton-X>DOCA i.e. only the ionic
surfactant DOCA decreased the extent of swelling of the gels.
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Figure 3.10: Swelling kinetics of HEMA-co-MAETC gel (HM31) in presence of solutes
(a) Water (b) 0.1% Urea (c) 0.1% Glucose (d) 0.1 % Triton-X (e) 0.1% DOCA. Inset:
Swelling of HM35 gel in (a) Water (b) 0.1 % Urea (c) 0.1% Glucose (d) 0.1% Triton-X
(e) 0.1% DOCA
The lowest EDS in the presence of DOCA can be explained on the basis of
interaction of carboxylic groups of DOCA and the quaternary ammonium group of
MAETC, causing neutralization and hence, shrinking of the gel to significant extent. The
urea is known to further swell matrices like PHEMA and other gels, explained on the
molecular level by proposing the existence of a secondary non-covalent structure based
upon hydrophobic interactions between the backbone chains [113, 114]. No such
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appreciable increase in EDS for gels containing MAETC was observed indicating
presence of MAETC segments in the matrix weakens the hydrophobic interactions
among the chains so that no residual hydrophobic interactions are left in the matrix which
could be later overcome in presence of urea to further swell the matrix. The hydrophobic
interactions are too weak and are surpassed during swelling to equilibrium is confirmed
by the fact that though the presence of urea did not affect the EDS but it decreased the
MST (Table 3.2 & 3.5) for gels to significant extent.

Table 3.5 Dynamic swelling parameters of different HEMA-co-MAETC gels in solution
of various solutes at 28oC
S.No.

Glucose

Urea

Triton-X

DOCA

n

MST#

D*

N

MST#

D*

N

MST#

D*

n

MST#

D*

HM31

0.97

314.0

10.2

1.00

243.6

14.1

0.92

352.6

8.8

0.84

156.4

27.1

HM32

0.90

328.9

10.4

0.92

241.5

12.7

0.87

362.4

8.8

0.76

171.0

23.3

HM33

0.81

336.4

7.5

0.90

251.0

17.4

0.89

372.2

10.8

0.71

213.2

24.8

HM34

0.89

341.9

7.6

0.83

262.5

9.9

0.81

389.0

9.2

0.68

313.8

20.9

HM35

0.56

1020.9

3.0

0.58

581.3

5.6

0.55

815.9

6.5

0.48

609.3

8.3

3.5 Stimuli responsive property of gels
From the discussion in preceding part it could be established that the co-polymer
gels swelled at different rates at different temperatures and swelled to different extent at
different rates in presence of electrolytes. Thus swelling-shrinking of gels was allowed by
initially swelling the gels at different temperatures and then shrinking them in 0.5M NaCl
solution. Figure 3.11 shows swelling–shrinking kinetics of HM31 gel for which the
swelling and shrinking were noticed to be fastest. The swelling of gel in water was slower
as compared to shrinking in NaCl solution. The slow swelling may be due to closed pores
of the gel in shrunken state through which water diffusion into the gel matrix is
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comparatively difficult where as in the swelled state the pores are wide open through
which water can flow out easily. Also, it has to be mentioned that the changes in the
swelling ratio here were not rapid in terms of time; they were abrupt only in the sense
that they could be provoked in the presence of NaCl in the medium.
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Figure 3.11: Effect of temperature on the time of swelling-shrinking cycle of hydrogel
HM31 in NaCl solution
Thus the total time for one swelling-shrinking cycle was sufficiently high (~800
min) but for practical application time of swelling-shrinking cycle should be as short as
possible. In order to decrease the time required for cycle the initial swelling was carried
out at 60oC as shown in figure 3.11. The cycle time was reduced to ~575 min under these
conditions decreasing the cycle by substantial ~30 % of initial time without altering the
swelling extent.
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3.6 Conclusion
High energy gamma radiation can be effectively used to synthesize HEMA-coMAETC hydrogels of good swelling extent. The increase in extent of swelling due to
introduction of MAETC into HEMA matrix is many folds more than due to introduction
of similar anion exchange type of monomer VBT into HEMA matrix. Dynamic swelling
studies confirm that introduction of MAETC increases the rate of diffusion of water into
the medium. The increase in kd leads to its value comparable to kr as a result the diffusion
mechanism for pure poly(HEMA) matrix shifts from Fickian to anomalous for HEMAco-MAETC gels. It was found that higher the extent of swelling of gels more was the
possibility of swelling being anomalous.
The rise in temperature of the swelling medium only increases the rate of
approach to EDS and not the EDS. The HEMA-co-MAETC hydrogel showed ionic
strength responsive property and the swelling deswelling of the gels can be performed in
water-NaCl solution for many cycles without affecting the shape and strength of the gel.
A combination of higher temperature and suitable solute was demonstrated to reduce the
time of swelling-deswelling cycle.
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Chapter 4
Synthesis of antibacterial cotton fabric by radiation induced grafting of
[2-(Methacryloyloxy)ethyl]trimethylammonium chloride (MAETC) onto cotton
Keywords:

Radiation,

Grafting,

[2-(Methacryloyloxy)ethyl]trimethylammonium

chloride, antibacterial
4.1 Introduction
Cotton is ubiquitous, extremely versatile, and most favorable clothing materials
due its good folding endurance, breathability, moisture absorbency, comfort, durability,
easy care, better conductor of heat, easy dye-ability, smooth feeling and bio-degradability
[115]. However, the molecule structure of cotton is full of sugar components, and this
makes it very vulnerable to microbes and fungi as well as bacteria under moist
conditions. Growth of microbes can lead to disease, breaks down fabrics, create stains
and produce odors.Cotton textile surfaces modification and functionalization provide a
way to impart new and diverse properties to cotton while maintaining comfort and
mechanical strength. Currently, functional finishes on textile fabrics are of critical
importance to improve with multifunctional properties like antibacterial activity.
Therefore, in recent years several groups have shown keen interest in developing
antibacterial fibers and fabrics for various applications such as clothing for hospital
workers, hospital beddings, sports clothing, underwear, ladies tights, shoe linings,
armbands, sleeping bags and toys for children [116]. Silver,triclosan and trichlorocarban
are the three compounds which are generally known for their efficacy as an antibacterial
in clothing material.
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The antibacterial property can be introduced into the fiber, either at the
manufacturing step itself by incorporating antibacterial chemicals or by coating the
finished product with antibacterial compounds [117]. However, such products have the
limitation of leaching of physically bound antibacterial compounds leading to induced
toxicity and decreased antibacterial efficacy of the substrate. Immobilization of
antimicrobial agents through covalent bonding can be a solution of this problem. It is
well established that grafting is an ideal and efficient technique for attaching polymer
chains containing desired chemical groups via covalent bonding to existing polymeric
backbones. Continuous efforts have been made to improve physico-chemical properties
of polymers by grafting technique both by conventional chemical grafting technique
[118] and by radiation grafting [119]. Radiation grafting has been shown to be
advantageous over conventional chemical grafting method [3]. Radiation grafting is
advantageous since it is generally applicable to many combination of polymers and
monomers. Furthermore, the reactions process at low temperature and reaction products
any chemical impurities such as fragments of inhibitor. Therefore, number of studies has
been carried out using the techniques.

Radiation grafting on cellulose has been

investigated to impart and improve many desired properties like flame retardancy [120],
high absorbency [121], water impermeability, abrasion resistance and anti-crease
properties [122], rot resistance [123], thermo-responsive character [124], for bio-medical
applications [125,126] and for many other applications. Polycationic antimicrobial
agents, especially quaternary ammonium and phoshphonium salts containing polymers
have been reported to be excellent antimicrobial agents [116, 117, 127-130].

In this chapter, radiation grafting of MAETC, which is polymerized with HEMA
to have hydrogel with high water absorbency, chapter 3, has been investigated for
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grafting on the surface of cotton fibrils in order to impart antibacterial property. Radiation
grafting has been carried out in aqueous medium by mutual radiation grafting method and
effect of various experimental variables on the grafting extent has been investigated.
Further, grafted samples were characterized with various experimental techniques like
FTIR, SEM, Elemental analysis, XRD etc. Finally, grafted cotton fibrils have been
investigated for its anti-bacterial efficacy.

4.2 Synthesis of PMAETC and Grafting by gamma radiation
Linear poly[(2-(Methacryloyloxy)ethyl]trimethylammoniumchloride (PMAETC)
was synthesized by irradiating aerated 20 % aqueous MAETC solution to total dose of
1.67 kGy at a dose rate of 5.0 kGyh-1, using 60Co -radiation from gamma chamber. The
polymer formed was precipitated by pouring the irradiated solution in excess of acetone.
The process of dissolving and precipitating was repeated until the polymer was free of
monomer.
The cotton fabric procured from a local supplier in cloth form was washed and
dried for 5 cycles finally followed by rinsing with double distilled water. The washed
cotton samples were dried in vacuum at 50oC and stored in desiccator for further use.
Mutual radiation grafting method was used to graft MAETC onto cotton cellulose. Preweighed small pieces of dried cotton cloth (size 1 x 2 cm2, weight = 0.1 – 0.15 g) were
completely immersed in MAETC solution of suitable concentration in stoppered glass
bottles for an hour. The samples in glass bottles were then irradiated in gamma chamber
for required doses at desired dose rates. The grafted samples were washed with double
distilled water in a soxhlet extraction assembly for 8 hours in order to remove PMAETC
homopolymer adsorbed on the cotton substrates. The grafted sample was dried in vacuum
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at 50 °C and grafting yield (%) was determined gravimetrically using following equation
(4.1)

Grafting yield % =

W f− W i
Wi

X 100

(4.1)

Where,Wi and Wf are the weight of cotton samples before and after grafting.

The extent of radiation grafting depends upon many experimental variables such as dose,
dose rate and ambient condition during the irradiation process. Therefore, effect of
various experimental parameters onto grafting yield was investigated in order to optimize
the experimental parameter to get desired grafting extent.

4.2.1 Effect of dose and dose rate
The number of grafted chains and their length in mutual radiation grafting process
are dependent on total absorbed dose and the dose rate [131]. While the total absorbed
dose governs the total number of free radicals generated on the trunk polymer, dose rate
determines the rate of initiation of grafting polymerization process. The effect of
radiation dose and dose rate was studied by carrying out the grafting reaction at different
total dose and dose rate in 20% MAETC aqueous solution. The grafting yield increased
with radiation dose and then leveled off at a dose of ~1.25 kGy as shown in figure 4.1.
The increase in grafting with dose was expected as increase in dose would proportionally
increase the number of radical grafting sites on the trunk polymer and no further increase
in grafting extent at later doses may be either due to monomer exhaustion or due to
increased viscosity of the bulk of grafting mixture which restricts the monomer diffusion
to propagating grafted chains. Figure 4.1 and inset figure 4.1 clearly indicate that grafting
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extent is an inverse function of dose rate. The lower grafting yield at higher dose rates
can be attributed to major energy deposition in the bulk of the solution during grafting.
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Figure 4.1: Effect of radiation dose on grafting: [MAETC] = 20% (w/w) in water,
aerated solution. (a) 1.25 kGy.h-1 (b) 2.5 kGy.h-1(c) 5.0kGy.h-1Inset: Dose rate effect on
grafting extent for total dose of (a) 0.43kGy (b) 0.83kGy (c) 1.25kGy (d) 1.67kGy
High dose rates produce higher radical density, which may favor recombination of
radicals generated in close vicinity or faster generation of the homopolymer in bulk and
its subsequent gelation. The homo-polymerization reduces the grafting extents in two
ways (i) due to increased bulk viscosity the diffusion of monomer from bulk to the
reactive site and growing chains at trunk polymer becomes difficult (ii) due to the
consumption of monomer in homopolymer formation, less monomer would be available
for grafting reaction.
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4.2.2 Effect of ambient condition
The adverse effect of oxygen on polymerization behavior of vinyl monomer is
well known and referred to as oxygen inhibition. Molecular oxygen has due to its ground
state ―biadical nature‖ a highly reactive towards radical species which yields
peroxyradicals of low reactivity in respect of initiating capacity. An effective propagating
radicals e.g. an initiator radical or growing polymer chain radical is scavenged by oxygen
resulting in an ineffective propagating radical or chain termination [132]. Schematic
mechanism of the inhibition is shown in scheme 4.1.
To study the effect of O2 on the grafting reaction, the reaction has been studied
under various ambient conditions. As shown in figure 4.2; the ambient conditions during
grafting had a significant effect on grafting extent.

Scheme 4.1: Mechanism of the inhibition of radical polymerization by O2

The extent of grafting was found to decrease under oxygenated and aerated
condition in comparison to N2 saturated conditions indicating that presence of O2; a wellknown efficient radical scavenger hindered the grafting reaction [133]. Comparing the
dose at which the grafting started it is clear that dose requirement followed the trend O2
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purged>Aerated>N2 purged indicating predominantly radical grafting mechanism for this
system.
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Figure 4.2: Effect of ambience on grafting: [MAETC] = 20% (w/w) in water, Dose rate:
5.0 kGyh-1 (a) O2 saturated (b) Air (c) N2 purged
4.2.3 Effect of monomer concentration
The concentration of monomer during mutual grafting is an important parameter;
therefore effect of monomer concentration on grafting extent was investigated keeping
ratio of weight of substrate to volume of grafting solution constant. Figure 4.3 shows the
result of this study. Grafting increased linearly with the concentration of monomer in the
concentration range studied. However the homopolymer formation was equally favored
with increasing monomer concentration. The retrieval of grafted product was increasingly
difficult at higher with concentration of monomer and was not possible at concentration >
50%. Higher grafting yields were expected at higher monomer concentrations, as at any
instant, radicals generated on the backbone are able to interact with more monomer
molecules. However, at higher monomer concentrations, as more monomer radicals are
generated in the bulk, homo-polymerization will be equally favored.
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Figure 4.3: Effect of monomer concentration on grafting. Total dose=0.83kGy, Dose
rate= 5.0 kGyh-1 under aerated condition
4.2.4 Effect of homo-polymerization inhibitors (metal salts)
Mutual radiation grafting has the disadvantage of homo-polymer formation during
grafting reaction, which leads to unproductive use of monomer and necessitates removal
of physically adsorbed homo-polymers on the grafted copolymer. Addition of certain
inorganic salts has been reported to suppress the production of undesirable homopolymer during radiation induced grafting or redox grafting, thus leaving more monomer
available for grafting and hence enhancing the grafting extent and facilitating easy
retrieval of grafted product [134-136]. This has been attributed mainly to conversion of
OH radical (generated due to radiolysis of water in the bulk of the mixture and due to
decomposition of hydroperoxides formed on polymer backbone) to non-reactive OH
anion (equation 4.2 & 4.3) thereby reducing the homo-polymerization formation in the
bulk.
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ROOH~~~ RO + OH

(4.2)

Fe2 + OH  Fe3+ + OH

(4.3)
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Figure 4.4: Effect of metal salts on grafting. Total absorbed dose= 0.83 kGy, Dose
rate=5.0 kGyh-1 (a) FeSO4(NH4)2SO4.6H2O (b) Ce(SO4)2 (c) CuSO4.5H2O
In the present study grafting was carried out in presence of salts such as
FeSO4.(NH4)2SO4.6H2O, CuSO4.5H2O and Ce(SO4)2 in the concentration range of 0-40
mM. Figure 4.4 shows effect of these salts on grafting extent. It can be seen that grafting
level decreases drastically in presence of these salts particularly in presence of cupric and
ceric salts. Homopolymer formation was also found to decrease with the increase in metal
ion concentration. This indicates that for MAETC-cotton aqueous system, the presence of
salts effects both homo-polymerization and grafting reactions.
The decrease in grafting yield along with homopolymer in presence of metal ions
has been reported for other grafting systems also. This has been explained on the basis of
oxidizing (Cu2+) and reducing properties (Fe2+) of metal ions [137, 138]which cause
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chain termination of the growing grafting chain ends as shown in scheme 4.2 below
whereas Ce4+ is known to enhance grafting through formation of complex in aqueous
medium [136].
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Scheme 4.2: Mechanism of the inhibition of homo-polymerization by metal salts

4.2.5 Effect of alcohols on grafting
Radiation induced grafting and free radical polymerization of vinyl monomers
have been shown to depend on type and composition of solvent in the grafting medium
[139, 140]. In order to study the effect of solvent, grafting reaction was carried out in
presence of a series of alcohols. Results of these studies are shown in figure 4.5. It is
clear from the figure that presence of alcohols affects the grafting extent adversely and at
alcohol concentration > 80%, no grafting takes place. It was interesting to note that
higher the hydrophobicity of the alcohol, lower the effect on grafting extent. In fact for
alcohol series studied, decrease in grafting followed the trend Methanol>Ethanol>nPropanol. It has been reported that solvents affect grafting yield in three ways namely (i)
they can act as good wetting (swelling) agents for the polymer backbone [141] and thus
enhance the monomers approach to the active sites, promoting the grafting. (ii) alcohols
can act as an effective chain transfer agent, hence may quench the radical sites generated
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on the substrate polymer and result in decrease of grafting yields or length of grafted
polymer chain [142] and (iii) grafted polymer if, insoluble in the solvent, take compact
globular shape hindering the availability of the reactive site on the growing chain to
interact with the monomer, resulting in the lower grafting yields.
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Figure 4.5: Effect of solvent composition on grafting (a) Methanol (b) Ethanol (c)
n-Propanol , Total absorbed dose=0.83 kGy, Dose rate=5.0 kGyh-1
These competing effects may take place simultaneously along with the presence
of grafting reaction. The wetting ability of alcohol decreases with chain length, thus the
wetting ability will follow the order methanol>ethanol>n-Propanol. The lower extent of
grafting in presence of methanol can be due to ability of methanol to diffuse into the
cotton substrate because of its smaller size as compared to other alcohols and may quench
the reactive sites generated on the substrate decreasing the grafting extents. The decrease
in grafting extent in presence of alcohols may also be due to efficient chain transfer
properties of alcohols. It seems the wetting ability predominates over the chain transfer
ability for this grafting system. Similar results, about the presence of alcohols affecting
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grafting of even non-ionic monomers, have been reported earlier [3]. Moreover, it is
interesting to note that there is almost no grafting in pure solvents (no water), which
indicated that presence of water is an important factor in grafting of hydrophilic
monomers. The absence of water probably reduces the number of grafting sites generated
on cotton backbone due to abstraction reaction of H (generated as a result of radiolysis
of water) with backbone.

4.3 Characterization of Grafted Cotton fibrils
4.3.1 Fourier Transform Infrared Analysis
Fourier transformed infrared spectroscopy (FTIR) measurements were performed
using FTIR spectrophotometer. Samples were ground at liquid nitrogen temperature and
mixed with KBr to prepare discs by compression molding press. FTIR spectra were
recorded in the range from 400 to 4000 cm-1 with a resolution of 4 cm-1 and averaged
over 100 scans. FTIR technique was also used to characterize the grafted cotton samples
and to confirm the incorporation of MAETC onto cotton after radiation induced grafting.
Figure 4.6 shows IR spectra of the radiation polymerized MAETC, grafted cotton and
cotton sample. It can be seen from the spectra that for the MEATC-g-cotton cellulose
sample, additional peaks are obtained at 1450 cm-1, 1482 cm-1 and 1728 cm-1. Peaks at
1428 cm-1 and 1488 cm-1 belong to the C-H bending of methyl groups and scissoring of
methylene groups respectively, whereas, 1728 cm-1 corresponds to C=O of methacryloyl
group. These peaks confirm the introduction of MAETC groups in the cotton cellulose
structure.
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Figure 4.6: FTIR spectra of (a) Cotton (b) MAETC-g-cotton (20 % grafted)
(c) poly (MAETC)
4.3.2 Elemental analysis
Elemental analysis of the grafted samples was carried out to determine nitrogen
content of the grafted samples as MAETC monomer contains one nitrogen atom in
quaternary ammonium group. nitrogen content of the MAETC-g-cotton cellulose matrix
was determined using an Elemental analysis technique as explained in chapter 2. The %
of nitrogen determined by elemental analysis for different grafted samples with varying
grafting yields were correlated with the grafting yield estimated gravimetrically. Nitrogen
content estimated theoretically and experimentally observed for grafted samples has been
tabulated in Table 4.1. It is clear from the table that nitrogen content values determined
theoretically and experimentally are in close agreement for samples grafted to different
extents.
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Table 4.1: Elemental analysis of grafted samples
S.

% Grafting(w/w)

% N (theoretically)

% N (experimental)

No.

(Gravimetrically)

1.

0.0

0.02

0.0

2.

3.8

0.14

0.19

3.

13.0

0.74

0.77

4.

14.6

0.82

0.85

5.

17.8

1.00

1.02

4.3.3 Water uptake study
Cotton is preferred choice for breathable garments, and its capacity to absorb
water provides comfort to user as, it prevents build-up of sweat, when one perspires by
easily absorbing into the garment from the body. Thus, the water absorbing capacity is
among the important properties of cotton. MAETC grafted cotton samples grafted to
different extents were immersed in water until equilibrium weight was reached. The
water uptake (%) of the samples were estimated using the equation 4.4

Water Uptake % =

Ws− Wd
Wd

X 100

(4.4)

Where Wd and Ws are the weight of cotton samples before and after water uptake at
equilibrium.
Water absorption characteristics of the MAETC-g cotton samples are depicted in
figure 4.6. PMAETC prepared by radiation polymerization was highly hygroscopic
therefore MAETC grafted cotton was expected to impart more hydrophilicity to the
grafted product. Figure 4.7 shows the increase in water content of the grafted products.
The equilibrium water content increased linearly with the extent of grafting and increased
more than four times at a grafting extent of ~20%.
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Figure 4.7: Water uptake of cotton grafted to different extents

4.3.4 Thermogravimetric analysis
Thermogravimetry analysis was carried out in order to study the thermal stability of
the samples in air atmosphere at a heating rate of 10 oCmin-1 and temperature range of
room temperature to 600oC.Thermo-gravimetric analysis of PMEATC, cotton and
MEATC-g-cotton samples was carried out to study the change in the thermal stability of
cotton after grafting. The results of this study are presented in figure 4.8. As evident from
the figure thermal stability followed the trend cotton>MAETC-g-cotton>poly(MAETC).
As mentioned earlier poly(MAETC) being hygroscopic readily absorbs water
from the surrounding. Thus, initial weight loss may be attributed to loss of water which
follows the order poly(MAETC)>MAETC-g-cotton>cotton and the loss is much faster in
case of poly(MAETC) (Inset figure 4.8). At higher temperatures cotton displayed better
thermal stability than others as significant weight loss was observed at temperatures
295oC, 250oC and 240oC for cotton, grafted cotton and poly(MAETC) respectively.

94

100

(a)
(b)

80

60
100

40

20

95

% weight loss

% weight loss

(c)

(c)

90

(b)
(a)

85
80
75
20

40

60

80

100

120

140

160

o

Temperature ( C)

0
100

200

300

400

500

o

Temperature ( C)

Figure 4.8: Thermograms of (a) Cotton (b) MAETC-g-cotton (20% grafted)
(c) poly(MAETC)

At much higher temperatures poly(MAETC) and grafted samples showed multistep weight loss probably due to decomposition of quaternary groups, removal of pendant
groups of grafted chains or decomposition of backbone itself. The MAETC-g-cotton
exhibited thermal stabilities of both the components cotton and poly(MAETC). The lower
thermal stability of grafted cotton in comparison to parent cotton may be due to faster
decomposition of loosely entangled grafted chains in comparison to strong compact pure
cotton backbone. Similar results on decrease in thermal stability of cotton backbone on
grafting of other monomers have also been reported recently [143].
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4.3.5 Scanning Electron Microscope
The morphology of the control and MAETC-g-cotton fibrils was investigated by
Scanning Electron Microscopy (SEM). SEM micrographs of cotton fibers were taken
after coating with gold under vacuum and pasted on a conducting surface by carbon
paste.

a

b

Figure 4.9: SEM of (a) Un-grafted cotton fibrils (b) MAETC-grafted cotton

Figure 4.9 (a) & (b) show SEM of the grafted and un-grafted cotton fiber. The results
clearly show that the grafting changes the smooth morphology of the fiber to rough
surface with increase in the diameter of the fiber.

4.3.6 XRD Analysis
XRD pattern of cotton and grafted cotton (grafting extent ~46%) shown in figure
4.10 clearly indicate that the intensity of the crystalline peak of cotton at around 23°
decreased drastically on grafting. The crystallinity decreased by 60% as determined by
area under the peak after appropriate correction for background from the peak area.
Similar results regarding the decrease in crystallinity has been reported on post irradiation
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grafting of N-Isopropylacylamide (NIPA) onto cotton [144]. The decrease in crystallinity
has been explained by proposing a third phase i.e. inter-phase between crystalline and
amorphous phase wherein the radical density is significantly higher than the crystalline
phase after irradiation.
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Figure 4.10: XRD Pattern of (a) Cotton (Net area of peak = 44491 counts) (b) MAETCg-cotton (grafting extent ~46.33%) (Net area of peak = 17531)
These radicals act as center for additional grafting over and above the radicals generated
in amorphous phase. These grafted chains, to some extent, are able to disturb the
orderliness of the crystalline phases thereby decreasing the crystallinity. Similar analogy
can be applied to the present study where the radicals generated in crystalline phase
migrate to third phase by sequential abstraction reaction resulting in enhanced grafting.

4.4 Antibacterial assay of the grafted samples
To check whether PMAETC was bactericidal or bacteriostatic in nature, all four
bacterial cultures were inoculated to the level of 103cells/ml in nutrient broth
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individually. PMAETC was added (0.1% w/v) to this and incubated at 37˚ C for 24 h.
Samples were withdrawn at regular intervals and growth was checked by measuring
turbidity at 600 nm. The samples were also spread plated to count the colonies after
incubation. Minimum bactericidal concentration (MBC) was defined as the lowest
concentration at which complete elimination of cells was achieved at 37˚ C in 24
h.(MBC) was found out by addition of different concentrations of polymer to 0.1 M
phosphate buffered saline (PBS) (pH 7.0). The cultures were grown in nutrient broth for
18h and centrifuged at 6000 rpm for 10 min to harvest the cells. The cells were washed
twice with PBS and re-suspended in buffer containing PMAETC.
The qualitative test for antibacterial activity of radiation synthesized PMAETC in
nutrient broth showed it to be bactericidal as there was no significant increase in turbidity
and number of colonies formed on solid media reduced with time. These results indicated
the polymer to be bactericidal in nature rather than inhibitory. The MBC of the polymer
ranged from 0.025 to 0.075% depending on the organism used. The lowest MBC was
found to be for S. aureus, followed by E. coli, B. cereus and P. fluorescens.
The antibacterial activity of samples grafted to different extents was assayed by
colony count method. Cultures were grown; cells were harvested and suspended in
similar way as described above for MBC. Aliquots of samples were withdrawn and
spread plated on plate count agar to estimate the initial counts. The grafted sample as well
as cotton fabric (control) was then added to this suspension and kept on rotary shaker at
37˚ C. Cell blank was also included in the experiment. Samples were withdrawn after
different intervals of time and spread plated.
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4.4.1 Antimicrobial tests
Figure 4.11(a-d) shows reduction in initial load of E. coli, S. aureus, B. cereus and
P. fluorescens with time for samples grafted to different extents. Antibacterial assay
showed variations in activity between pure PMAETC and grafted on cotton. The activity
of grafted samples was less as compared to pure polymer, which may be due to its bound
state on cotton but it was observed that grafted sample showed antibacterial activity
against all these organisms at grafting levels as low as 2%. The antibacterial activity
increased with extent of grafting up to 19% and thereafter there was no significant
increase in activity. Maximum activity was found against S. aureus, as there was
approximately 5-log cycle kill in 24 h (figure 4.11-b). This was expected as PMAETC
had lowest MBC against this organism. In case of B. cereus (figure 4.11-c) and E. coli
(figure 4.11-a), up to 4log cycle was observed with 19% grafting followed by P.
fluorescens (figure4.11-d) where only 3 log cycle kill was observed. Decrease in E. coli.
and S. aureus concentration was also monitored with time for sample grafted to an extent
of ~33% and the results of these studies are shown in figure 4.12(a &b). It is clear from
the figure that reduction in initial count reaches minimum value after 6 hours itself and
thereafter no significant decrease in the number of organism is observed. When these
results were compared with VBT grafted cotton as reported by us earlier [145], it was
found that that decrease in bacterial count is lower than VBT grafted cotton.
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Figure 4.11: Anti-bacterial activity of MAETC-g-cotton against (a) E.coli(b) S. aureus
(c) B. cereus (d) P. fluorescens
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4.5. Conclusion
Mutual radiation grafting technique can be effectively used to graft quaternary
ammonium group containing MAETC onto cotton to desired extent under optimized
experimental conditions. The presence of metal salts and solvents like methanol, ethanol,
n-propanol and iso-propanol has an inhibiting effect on grafting. The MAETC grafted
samples show significant increase in hydrophilicity. Radiation polymerized MAETC and
MAETC grafted cotton show good antibacterial activity against gram-positive bacteria
like Staphylococcus aureus, Bacillus cereus and gram-negative bacteria like Escherichia
coli, Pseudomonas fluorescens. The efficiency and efficacy of grafted cotton to show
antibacterial property is not solely dependent on presence of quaternary ammonium
group in the grafted moiety as MAETC grafted cotton was found to be less efficient and
effective than vinylbenzyltrimethylammonium chloride grafted cotton.
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Chapter 5
Synthesis of antibacterial cotton fabric by radiation induced co-grafting of [2(Acryloyloxyethyl)]trimethylammonium chloride and 2-Hydroxyethyl methacrylate
onto cotton fibrils
Keywords: Radiation, Grafting, [2-(Acryloyloxyethyl)]trimethylammonium chloride
(AETC), 2-Hydroxyethyl methacrylate (2-HEMA), Antibacterial
5.1. Introduction
Advanced medical textiles are a significantly developing area because of their
major expansion in such fields like wound healing and controlled release, bandaging and
pressure garments, implantable devices as well as medical devices, and development of
new intelligent textile products [152]. Nowadays, it is common practice to combine
traditional textile characteristics with multi-functionality to have smart textile products.
Antimicrobial treatment for textile materials is necessary to fulfill the objectives like: i)
to avoid cross infection by pathogenic micro ii) to control the infestation by microbes iii)
to arrest metabolism in microbes in order to reduce the formation odor and iv) to
safeguard the textile products from staining, discoloration and quality deterioration [153].
A general term that is adopted to indicate the textile fibres with activity against microorganisms growth is ―bio-active fibres. The most used additives are based on organic
compounds like halogenated salicylic acid, anilides, organotin compounds, quaternary
ammonium compounds, organo-silicon, quaternary ammonium salts, and quaternary
ammonium sulphonamide derivatives [152]. Researchers have also tried to incorporate
silver nanoparticles for adding the antibacterial activities. But due to non-economical
viability, require leaching for the antibacterial action, more importantly these silver ions
are very mobile and can migrate into the body on contact with an open wound to cause
―inflammatory, oxidative, genotoxic, and cytotoxic consequences. The silver particulates
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primarily accumulate in the liver [154] but have also been shown to be toxic in other
organs including the brain. [155]. But due to the excellent antimicrobial properties of
quaternary ammonium and phosphonium salts, monomer containing the quaternary
ammonium groups have been chosen to impart the antibacterial properties to the cotton
fibrils.
From the investigation of antibacterial properties of polymer containing
quaternary ammonium group, it has been observed that efficacy of the antibacterial
polymer depends upon the extent of incorporation and structure of the alkyl groups
attached to quaternary ammonium group. There are number of reports where
investigators have reported the dependence of length of the free alky chains of the
quaternary ammonium group on the efficacy of the antibacterial properties [105, 157]. In
our studies it has been tried to investigate the effect of the structure of polymerizable
alkyl chain on the antibacterial properties keeping all other three same methyl groups. In
our previous studies, we have reported the incorporation of antibacterial property onto
cotton by radiation grafting of [2-(Methacryloyloxy)ethyl]trimethylammonium chloride
(MAETC) and Vinylbenzyltrimethylammonium chloride (VBT) for adding the
antibacterial property [4,145].
Radiation

induced

grafting

and

co-grafting

of

2-

Acryloyloxyethyltrimethylammonium chloride (AETC), another quaternary ammonium
based monomer with different polymerizable alkyl chain compared to MAETC and VBT,
have been tried to add antibacterial properties. Also low minimum inhibitory
concentrations (MIC) of poly (AETC) against the test microbes have suggested its
incorporation to the cotton fibrils can add more efficacies of the antibacterial properties.
Extent of grafting of pure AETC was found low compared to MAETC on to cotton
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fibrils. Kohle, Tsenedo in their respective groups have earlier incorporated VBTAC, a
highly ionisable group with a large hydration sphere that is incompatible with
hydrophobic polymer, in presence of HEMA on base material such as nylon,
polyethylene respectively [130, 152]. Therefore, Extent of AETC incorporation has been
tried to increase on to cotton fibrils by copolymerization with 2-Hydroxyethyl
methacrylate (HEMA). Radiation grafting has been carried out in aqueous and
combination with other solvents medium by mutual grafting method and effect of various
experimental variables on the grafting extent has been investigated. The grafted and cografted product has been investigated for its anti-bacterial efficacy against bacteria E.
coli, P. fluorescens, S. aureus and B. cereus.

5.2 Radiation induced grafting studies
Grafting was carried out using mutual radiation grafting of AETC and HEMA
onto cotton fabric by irradiating aerated AETC and HEMA in appropriate solution using
-radiation from
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Co radiation source. Washed cotton fibrils (weight=0.2 g) were

completely immersed in known volume of AETC and HEMA solution in various solvents
of fixed concentration in stoppered glass bottles and left for an hour for complete
swelling of base polymer. The bottles were then irradiated in gamma chamber for
required doses. The homo-polymer was removed from the grafted samples using water as
an extractant by soxhlet extraction for 8 hours. The grafted sample was then dried and
grafting yield was determined gravimetrically using equation 4.1 (refer to chapter 4).
The final property of the grafted product will depend upon the extent
incorporation of AETC units along with HEMA (i.e. cumulative grafting yield) on to the
backbone polymer. The extent of radiation grafting is a function of many experimental
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variables such as dose, dose rate, monomer concentration, ambient condition etc.
Therefore, effect of various experimental parameters onto grafting yield has been studied
in detail in order to optimize the experimental parameter to get a desired extent of
grafting.
A general description of the grafting mechanism in the by mutual radiation
grafting can be illustrated using the following initiation, propagation and termination
steps:
General Mechanism of Mutual Irradiation Radiation Grafting

C

γ−ray

Initiation

C. + M

Propagation

CM. + nM

Termination

.
CMn. + Mm

C.

(primary Radicals)
CM .
.
CMn+1

CMm +n

(Grafted chains)
(Grafted growing chains)
(Grafted copolymer)

Where, C cotton fibrils, M is the monomer AETC or/and HEMA. 𝐶 . , 𝐶𝑀𝑛. +1 , CMm+n ,
are the cotton radicals, grafted growing chains and grafted copolymer respectively.

5.2.1 Effect of solvent and solvent mixture on grafting and co-grafting
Initially grafting of AETC was studied in aqueous medium in the concentration
range 1-30% of AETC. The grafting solution above 10% AETC turned to soft transparent
non-flowing mass even at a dose of 3.5kGy and it was difficult to retrieve cotton fiber for
further characterization. It was further confirmed by the measuring the relative viscosity
of aqueous solution 0 to 7.5 %( w/v) of AETC. Figure 5.1 shows the variation of relative
viscosity before and after the irradiation as a function of monomer concentration. From
the figure it is clear that there is increase in the relative viscosity as the concentration of
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AETC increased and beyond 7.5% (w/v) concentration there was gel formation of nonflowing soft mass at the total absorbed dose of 1 kGy. Increase in relative viscosity with
AETC concentration indicated the extent of homo-polymerization was increased due to
more number of AETC radicals generation and hence gave highly viscous solution.
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Figure 5.1 Relative viscosity of AETC solution at different w/v percent for total
absorbed dose of 1 kGy
In grafting polymerization solvents plays very important role mainly in two ways:
1) Solvents can swell the base polymer such that diffusion can occur efficiently to the
bulk of the base polymer and 2) solvents like water produce number of radiolytic
products like OH. H. e-aq on radiolysis. These radiolytic radicals produce radicals on base
polymer by abstracting H atom and hence produce the site for initiation of grafted chains.
Therefore, grafting of AETC was tried to graft in number of solvents like methanol, its
higher homologues and their aqueous solutions and mixture with dimethyl formamide
(DMF). There are number of investigation in which grafting was tried in binary and
ternary mixture of solvents reported earlier for similar grafting systems [130, 153].
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Grafting was not observed in any of the alcohols or their aqueous solutions.
However, low grafting yield was observed in DMF: H2O mixture. Figure 5.2 shows
grafting of AETC in different DMF: H2O mixtures. From figure it is clear that maximum
grafting extent obtained was <10 % in DMF: H2O (80:20). Therefore, co-grafting of
AETC with HEMA was studied, as it has been reported earlier that presence of
combination of monomers in the medium increases the grafting extent significantly [154,
155]. It was found that methanol-water mixture was better mixture for co-grafting than
any other alcohols or their mixture with water. The co-grafting of the monomers
increased significantly in presence of methanol in the grafting solution (Inset figure 5.2).
In view of the above observations, for further studies grafting of AETC was carried out in
10% (v/v) of stock monomer solution in DMF:H2O (80:20) solution whereas co-grafting
of AETC with HEMA was carried out in Methanol:H2O (80:20) solution keeping
AETC:HEMA:: 0.6M:1.1 M with total monomer concentration to be 10% unless,
otherwise mentioned.
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Figure 5.2 Grafting in DMF: H2O mixture containing 10% AETC under aerated
conditions, Dose rate=3.5 kGyh-1 (a) DMF: H2O (80:20) (b) DMF: H2O (90:10) (c) DMF:
H2O (70:30). Inset: Variation in co-grafting of AETC-HEMA with methanol
concentration. [AETC]: [HEMA]:: 0.6M:1.1 M, [Total monomer]=10%
5.2.2 Effect of total absorbed dose and dose rate
The effect of total absorbed dose and dose rate on grafting & co-grafting is shown
in figure 5.3a and figure 5.3b for grafting of AETC and co-grafting of AETC and HEMA
respectively. Both figures clearly show that grafting yield increased with radiation dose
and then leveled off after certain dose. The observed effect can be attributed to the
increase in the number of radicals formed in the grafting system, particularly in the cotton
matrix as shown in the above mechanism of grafting in formation of primary cotton
radicals. Consequently, more radicals take part in the grafting reaction and, as a result,
the degree of grafting increases. Leveling off of the grafting yield at higher doses could
be either due to the consumption of monomer or increase in the viscosity of the solution.
This effect is already explained in more details in chapter 4 for MAETC and cotton fibrils
system. Grafting yields decreased with the increase in the dose rate as shown in figure
5.3a and 5.3b for both grafting and co-grafting polymerization. Similar effect of dose rate
on grafting of other quaternary ammonium salts like [2-(Methacryloyloxy)ethyl]
trimethylammonium chloride (MAETC) and vinylbenzyltrimethylammmonium chloride
(VBT) [4,145], has been observed in earlier studies. The high degree of grafting obtained
at low dose rates can be illustrated due to the formation of efficient radicals, which have
enough time to survive and react with the monomer molecules. This leads to efficient
monomer diffusion due to low viscosity of the grafting solution and, as a result, long
chain grafts are formed. As the dose rate increases, the formed radicals tend to decay by
recombination leading to fast termination of the grafted growing chains [156].
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in

More details about effect of dose rate have already been explained in chapter 4. Since cografting levels of 35-40% could be achieved at dose of ~6 kGy at dose rate of 3.5 kGyh-1,
dose rate of 3.5 kGyh-1 was chosen for further studies.

5.2.3 Effect of monomer concentration
From above studies it was clear that extent of grafting increased with presence of
HEMA in the grafting mixture. Therefore effect of monomer concentration on grafting
was studied keeping the ratio of weight of the substrate to volume of grafting solution
constant for a fixed radiation dose. It was found that for pure AETC in DMF:H2O (80:20)
solution the grafting increased from 5 to ~10% when the monomer concentration was
increased from 5 to 30% and homo-polymer formation was more favored than grafting as
the concentration of the monomer increased as observed and explained in earlier studies
(refer to chapter 4).

For co-grafting studies in Methnaol:H2O (80:20) solution two

experiments were carried out. In the first case the HEMA concentration was fixed (1.1
M) and AETC concentration was varied (0.2-0.9M) and in other case AETC
concentration was held constant (0.6M) and HEMA concentration was varied. Figure 5.4
shows result of these studies. It is clear from the figure that co-grafting was almost
independent of AETC concentration but increased linearly with concentration of HEMA
in the grafting solution.
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5.2.4 Effect of homo-polymerization inhibitors and additives
Mutual radiation grafting suffers from serious drawback of homo-polymerization
during grafting which illustrated in our earlier studies (refer to chapter 4). In the present
study grafting was carried out in presence of Mohr‘s salt {FeSO4.(NH4)2SO4.6H2O}, an
efficient homo-polymerization inhibitor. Grafting of pure AETC could not be studied in
presence of Mohr‘s salt, because in the solvent mixture chosen Mohr‘s salt was not
soluble in presence of AETC. Figure 5.5 (inset) shows effect of presence of the salt on
co-grafting extents. It can be seen that grafting level decreased significantly in the
presence of Mohr‘s salts even at concentrations as low as 5 x 10-3 moldm-3 and homopolymer formation was also found to decrease. This indicates that for cotton-HEMAAETC co-grafting system the presence of salts effect the homo-polymerization and
grafting to same extent. The grafted copolymers obtained in presence of Mohr‘s salt had
yellowish tinge may be due Fe3+ formed due to oxidation of preferentially adsorbed Fe2+
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ions on cotton. The absorption of metal ions, which can act as efficient radical site
quencher may be responsible for inhibiting the grafting reaction.
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Figure 5.5: Effect of H2SO4 on co-grafting of AETC-HEMA in aerated solution [AETC]:
[HEMA]: 0.6M: 1.1M, in Methanol: H2O (80:20), Dose rate= 3.5 kGyh-1, Total absorbed
dose= 7 kGy, Inset: Effect of Mohr‘s salt on co-grafting.
Presences of additives like acid have been reported to enhance grafting in many
systems [157, 158]. Therefore, effect of H2SO4 on grafting (shown in figure 5.5) was also
studied. Presence of acid alone or in combination with Mohr‘s salt in fact inhibited
grafting. This observation was contrary to observation made earlier for other grafting
system where Mohr‘s salt alone enhanced grafting and its combination with H2SO4
further enhanced the grafting [159]. This also indicates that the explanations suggested by
earlier workers [158, 160] do not hold good for all grafting systems and are more of
grafting system specific.
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5.2.5 Effect of ambient conditions on grafting
In order to study the effect of ambient conditions on grafting extent grafting of
AETC and co-monomers was carried out in three ambient conditions namely, in N2
saturated, aerated and O2 saturated solutions. Results of this study, shown in figure 5.6
indicate that the grafting of AETC is suppressed due to presence of O2, a well known
efficient radical scavenger (scheme 4.1, chapter 4) which inhibits radical initiated
reactions [161].
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Figure 5.6: Effect of ambiance on grafting: [AETC] =10% in DMF: H2O (80:20), Dose
rate:
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In case of co-grafting also similar effect of ambiance was observed (figure 5.6
Inset). The grafting yields were significantly lower in oxygenated condition as compared
to de-oxygenated and aerated conditions in the dose range studied, indicating that the
presence of O2 hinders the homo-polymerization and grafting reaction to nearly same
extent. It appears that for hydrophilic backbones like cotton where the dissolved oxygen
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is able to diffuse deep into the backbone, the radicals generated on backbone get
quenched, hence decrease the grafting extents.

5.3 Characterization of grafted cotton
5.3.1 Elemental analysis
The nitrogen content of the grafted cotton fibrils was determined using an
elemental analyzer and the % N in the grafted cotton samples was correlated with the
grafting yield estimated gravimetrically.
The results of elemental analysis are given in Table 5.1. Assuming that for the
samples grafted to the lowest extent (2.5%) the N content determined by elemental
analysis matched with the grafting extent determined gravimetrically, the extent of
grafted AETC incorporated in other grafted/co-grafted matrices was estimated. From the
tabulated values it is clear that in case of pure AETC grafting the grafting extents
determined by two methods were in close agreement whereas for co-grafted samples
fraction of AETC incorporated decreased though the extent of grafting increased. This
clearly indicated that reactivity of HEMA with cotton and with itself was much higher
that with AETC which resulted in higher extent of grafting when HEMA was introduced
in the grafting solution. The introduction of HEMA in grafting solution only increased
the grafting extent due to incorporation of PHEMA chains in the co-grafted matrix was
further confirmed by the antibacterial studies (described later in the text) whereas higher
co-grafted matrix did not show the expected higher antibacterial activity.
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Table 5.1: Comparison of grafting extent determined gravimetrically and by elemental
analysis for grafted and co-grafted samples

_

% G(EA) of
AETC
_

% g-AETC in cografted matrix
_

8.386

2.5

2.5

_

42.479

8.941

7.6

5.6

_

0.171

43.809

9.285

8.1

2.2

27.3

Co-grafted2

0.258

44.340

9.251

14.8

3.3

22.7

Co-grafted3

0.361

45.368

9.699

32.0

4.7

14.6

Co-grafted4

0.630

46.225

9.597

64.0

8.2

12.8

Sample

%N

%C

%H

% G(Gravi)

Control

0.000

42.319

8.947

*

Grafted1

0.191

42.534

Grafted2

0.434

#

Co-grafted1

*

Grafting condition: 10% AETC in DMF:Water (80:20)
Grafting condition: HEMA:AETC::1.1M:0.6M in Methanol:Water (80:20)
% G(Gravi)= % Grafting determined gravimetrically
% G(EA)= % Grafting determined from elemental analysis
#

5.3.2 Water uptake study
Cotton samples grafted with AETC and HEMA was supposed to add more
hydrophilic character, as poly(AETC) is highly hygroscopic in nature because of high
charge density of quaternary ammonium group. Hydrophilicity of the grafted samples
with different grafting yields was tried to characterize by water uptake study and
percentage of water uptake was determined by using equation 4.4 (refer to chapter 4).
Figure 5.7 shows equilibrium water uptake of the grafted and co-grafted samples.
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Figure 5.7: Water uptake of cotton (a) AETC grafted (b) HEMA-co-AETC grafted

The water uptake of AETC-grafted cotton was comparable to VBT or MAETC grafted
cotton whereas that of co-grafted was much lower. This further establishes the role of
HEMA incorporated in the co-grafted matrix. Water uptake by radiation polymerized
poly(HEMA) has been reported to be much lower than that of radiation polymerized
ionic polymers. Incorporation of ionic monomers in fact has been reported to enhance
water uptake of poly(HEMA) by several folds [99]. No significant increase in water
uptake with grafting extent on co-grafting is clear indicator that presence of HEMA in
grafting solution leads to significant increase in HEMA content in co-grafted chains
without much enhancing the incorporation of AETC as described earlier section.

5.3.3 Thermogravimetric analysis
Thermogravimetry analysis was carried out using under dynamic nitrogen
atmosphere at a heating rate of 10oC/min in the temperature range of room temperature to
5500C. Thermo-gravimetric analysis of pristine cotton, grafted matrices and radiation
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polymerized HEMA & AETC was carried out to study the change in the thermal stability
of cotton after grafting and co-grafting. The results of this study are presented in figure
5.8 and figure 5.8 Inset. From inset, thermograms it is pretty evident that the poly(AETC)
shows weight loss as soon as it is heated and at temperature >225oC drastic multi-step
weight loss follows. Poly(HEMA) on the other hand shows significant weight loss only at
temperature >325oC. The thermal stability of cotton was in between these two polymers.
Poly(AETC) being hygroscopic readily absorbs water from the surrounding therefore the
initial weight loss may be attributed to loss of water whereas weight loss beyond 225oC
may be due to decomposition of quaternary groups, removal of pendant groups. Also
better thermal stability of poly(HEMA) in comparison to poly(AETC) may be attributed
to the nature of polymers formed on irradiation. It was found that AETC sets to nonflowing polymer mass at a dose as low as ~0.5 kGy. The polymer formed was soluble in
excess of water indicating that on radiation the AETC forms linear poly(AETC). HEMA
on irradiation on other hand formed a non flowing mass at dose of ~5 kGy which was not
soluble in any of the solvents indicating it forms crosslinked polymer matrix on
irradiation. Crosslinked polymer matrices have better thermal stability than the linear
polymers. Probably this may be one of the reason which provides better thermal stability
to poly(HEMA) than to poly(AETC). In view of the thermal stability of poly(AETC),
poly(HEMA) and cotton it was expected that the thermal stability of the grafted matrices
will follow the order AETC-g-Cotton<Cotton<HEMA-g-Cotton. In fact, as shown in
figure 5.8 the trend was on expected lines. However it was interesting to see that the cografted cotton showed initial weight loss at temperature even lower than the AETC-gcotton.
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From co-grafting studies discussed above it is clear that when grafting extent of
AETC grafting was tried to increase, in presence of HEMA the net result was that
grafting extent increased, but due to incorporation of HEMA segments in the grafted
chains with no significant increase in AETC segments. This may due to higher reactivity
of HEMA than AETC. Thus it can be fairly assumed that in co-grafted chains there were
huge blocks of HEMA segments separated intermittently by AETC segments. On heating
these AETC segments probably act as weak links at which polymer chain breakage takes
place and which causes higher weight loss percentage in comparison to that of pure
AETC grafted chains. Other interesting observation was that in the temperature range
studied the grafting/co-grafting onto cotton resulted in lower weight loss in comparison to
pure polymers.
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5.3.4 Scanning Electron Microscopy
Scanning Electron Microscopy (SEM) were recorded to investigate the surface
morphology of the control and grafted cotton fibrils. SEM pictures of cotton fibers were
taken after coating with gold under vacuum and pasted on a conducing surface by carbon
paste.

(a)

(b)

(c)

(d)

Figure 5.9: SEM micrographs of cotton fibrils (a) Pristine (b) HEMA-grafted (c) AETC
grafted (d) HEMA-co-AETC grafted
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Figure 5.9 shows SEM micrographs of pristine, grafted and co-grafted cotton fibrils.
Micrographs clearly show that surface morphology of the cotton fibrils visibly changes
from smooth to rough with increase in the diameter of the fiber on grafting.

5.4 Anti-bacterial tests
To confirm whether AETC and its co-polymer were bactericidal or bacteriostatic in
nature, all four bacterial cultures were inoculated to the level of 103cells/ml in nutrient
broth individually. AETC was added (0.1% w/v) to this and incubated at 37˚C for 24 h.
Samples were withdrawn at regular intervals and growth was checked by measuring
turbidity at 600 nm as reported earlier by other workers [162]. The samples were also
spread plated to count the colonies after incubation. The minimum bactericidal
concentration (MBC) was found out by addition of different concentrations of polymer to
0.1M phosphate buffered saline (PBS) (pH 7.0). The cultures were grown in nutrient
broth for 18 h and centrifuged at 6000 rpm for 10 min to harvest the cells. The cells were
washed twice with PBS and re-suspended in buffer containing AETC or co-polymer.
MBC was defined as the lowest concentration at which complete elimination of cells was
achieved at 37˚C in 24h. The antibacterial activity of samples grafted to different extents
was assayed by colony count method. All the bacterial counts were done on plate count
agar, (Himedia, Mumbai, India) incubated at 37°C for 24h during the course of this work.
The overnight grown cells of all four bacteria were harvested by centrifuging at 6000rpm
and washed twice in 0.1M phosphate buffer (pH 7.0) and re-suspended in buffer to give
final concentration of about 107 to 108cells/ml. The grafted as well as control cotton
fabrics were then introduced into this bacterial suspension and stirred in rotary shaker at
room temperature. The aliquot was drawn at regular interval and spread plated on nutrient
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agar in triplicate after appropriate dilution. The bacterial colonies were counted after 24
hours incubation at 35oC.
The qualitative test for antibacterial activity of radiation synthesized PAETC in
nutrient broth showed it to be bactericidal as there was no significant increase in turbidity
and number of colonies formed on solid media reduced with time. These results indicated
the polymer to be bactericidal in nature rather than inhibitory. The MBC of the polymer
(PAETC) ranged from 0.0025 to 0.05% depending on the organism studied. These values
were much lower than for poly[2-(Methacryloyloxy)ethyltrimethylammonium chloride]
reported by us recently [4]. The lowest MBC was found to be for S. aureus & B. cereus,
followed by E. coli, but for P. fluorescens it was effective at higher concentration of
0.2%. The MBC of the co-polymer poly(AETC-co-HEMA) was found to be 0.05% for S.
aureus & B. cereus but no bactericidal activity of the co-polymer was observed against E.
coli & P. fluorescens even at 0.2%.
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Figure 5.10: Anti-bacterial activity of PAETC-g-cotton against (a) S. aureus (b) B.
cereus (c) E. coli (d) P. fluorescens

Figure 5.10(a-d) shows effect on initial load of S. aureus, B. cereus, E. coli and P.
fluorescens for samples grafted to different whereas figure 5.11 (a-d) shows effect on
initial load for co-grafted samples. Antibacterial assay showed variations in anti-bacterial
activity between pure polymer and grafted samples. The anti-bacterial activity followed
the order pure polymers>grafted cotton>co-grafted cotton>co-polymer. The lower
activity of the grafted matrices may be due to bound state of these polymer/co-polymer
chains wherein the flexibility of the grafted chains in restricted which in turn restricts the
diffusion of hydrophobic chain into the bacteria once the bacteria held onto by charged
interactions [163]. The AETC-grafted cotton showed antibacterial activity against all
these organisms at grafting levels as low as 4.7% and increased with grafting extent. The
co-grafted matrices showed noticeable antibacterial activity at much higher grafting
extent of ~11% which didn‘t improve on increase in co-grafting extent.
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Figure 5.11: Anti-bacterial activity of co-grafted cotton against (a) S. aureus (b) B.
cereus, (c) E. coli (d) P. fluorescens
Maximum activity was found against gram positive S. aureus & B. cereus and not
so significant against gram negative E. coli & P. flourescens. This was on expected lines
as poly(AETC) had highest MBC against E. coli & P. flourescens. This observation was
important in the sense that AETC grafted matrices were effective against gram positive
bacteria whereas our earlier studies show that MAETC and VBT were more effective
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against gram negative organisms which are known to have lipopolysacchride layer
present over their cell walls [164].

5.5 Conclusion
The mutual radiation grafting of quaternary ammonium group containing AETC
onto cotton is difficult in aqueous solution. The grafting extent of AETC can be enhanced
only to limited extent in optimized binary solvent mixture of DMF and water. The cografting of AETC with HEMA is favored in methanol-water mixture. The presence of
metal salts and acid had detrimental effect on grafting extent. The change in ambiance of
grafting mixture also did not improve the grafting extent. AETC grafted samples show
significant increase in hydrophilicity. Radiation polymerized AETC and AETC grafted
cotton show good antibacterial activity against gram-positive bacteria like S. aureus and
B. cereus. The samples co-polymerized or co-grafted with HEMA showed lower
antibacterial activity. The efficiency and effectivity of grafted cotton to show
antibacterial property is not solely dependent on presence of quaternary ammonium
group in the grafted moiety as AETC grafted cotton was found to be more effective than
VBT and MAETC against gram positive bacteria but less effective than VBT and
MAETC against gram negative bacteria. AETC grafted product has potential for dress
material of high-risk group like hospital staff and also in developing the hygienic inner
wears.
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Chapter: 6
Functionalization of textile adsorbent from textile cotton cellulose waste via
radiation grafting process for acid dye removal: Equilibrium and kinetic adsorption
studies
Keywords: Functionalization, Textile, Grafting, Equilibrium, Langmuir, Freundlich,
Elution
6.1. Introduction
Many investigators have changed the surface properties of the cotton fabrics for
the target applications in the field of biotechnology, bioengineering, and most recently in
nanotechnology by many physical (corona discharge, plasma, laser, electron beam and
neutron irradiations, Ion beam), and chemical (ozone-gas treatment, surface grafting,
enzymatic modification, sol-gel technique, micro-encapsulation method and treatment
with different reagents) methods. Most recently investigators have targeted applications
like self cleaning textiles, antibacterial cotton, flame retardant, dyeability, stimuli
responsive fabrics are called smart textiles. The development of permanent self-cleaning
cotton textiles with a life cycle of 25–50 washings or more is an objective sought by the
textile industry in the framework of new products classified as intelligent textiles [165,
166]. The cost saving on cleaning using these fabrics, presenting total or partial selfcleaning properties, is one benefit. The other is to prolong the lifetime of the textile due
to the continuous self-cleaning taking place at the fabric surface under daylight
irradiation. Such an innovation comprises TiO2 nano-clusters thin films deposited on the
cotton textile. Scientist also have attempted to impart stimuli responsive to the surface of
textiles cottons, particularly NIPPAM for the thermo-sensitivity which has the well
defined LCST around 32-37oC which is close human body temperature [167].
Paosawatyanyong et. al. have tried to develop a methodology to impart a fire resistant
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properties of cotton by grafting of vinyl phosphate ester as nanometer residue structure
onto cotton surface using plasma-induced graft copolymerization methods [168].
This chapter describes the brief studies related to the conversion of low cost
textile cotton waste to the highly efficient functionalized adsorbent for the treatment of
the textile effluents. Brush like cationic grafted polymer chains offer three dimensional
spaces for adsorption of dye molecules resulting in the high adsorption capacity and fast
adsorption kinetics [4, 169,170]. The cotton cellulose based cationic adsorbent, was
synthesized by radiation induced grafting of Polyvinylbenzyltrimethylammonium
chloride (PVBT), characterized for extent of cationization and finally tested for
adsorption and elution of acid dyes AB25, AY99 and AB74. Adsorption isotherm
models, namely, Langmuir [171], Freundlich [172], Redlich-Peterson [172, 174]
Langmuir-Freundlich [175] isotherms were employed to analyze the equilibrium
adsorption of acid dyes, whereas, adsorption kinetics of the dyes was analyzed using
pseudo-first-order, pseudo-second-order and intra-particle diffusion models [176, 177].
The chemical structures of monomer and acid dyes used in this study are shown in figure
6.1.

Vinylbenzyltrimethyl ammonium chloride
(VBT)

Acid Yellow 99 ((max= 450 nm)
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Acid Blue 25 (max= 602 nm)

Acid Blue 74 (max= 610 nm)

Figure 6.1: Chemical structure of acid dyes & monomer
6.2. Cationization of cotton by radiation induced Grafting
Cationization of cotton cellulose backbone was carried out by mutual- irradiation
grafting of PVBT containing strong ammonium group. Cotton cellulose samples of
known weight were immersed in a known concentration and volume of aqueous solution
of VBT in stoppered glass tubes and left for an hour to get complete swelling of the
backbone. The glass tubes were then put for irradiation in gamma chamber for various
known absorbed radiation doses at known dose rates. After irradiation, the grafted
samples were washed to remove the homopolymer which is physically adsorbed or
trapped in the grafted samples during the grafting process in Soxhlet extraction assembly,
using water as an extractant. The washed grafted samples were dried under vacuum at
50oC and stored in desiccator for further use. The probable mechanism of the grafting is
shown as schematic diagram in scheme 6.1.
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Scheme 1: Schematic diagram of the grafting of VBT having quaternary ammonium
group
6.3. Characterization of PVBT-g-Cellulose samples
6.3.1 Grafting yield determination
Radiation grafting extent of PVBT on cotton cellulose substrate was ascertained
by grafting yield (G.Y.) measurement determined gravimetrically using equation 4.1
(refer chapter 4). Variation in grafting yield with total radiation dose and dose rate is
shown in figure 6.2 which is already published by the Kumar et. al. [145]. From the
figure 6.2, it is clear that change in grafting extent with dose and dose rate is followed the
same pattern as in case of MAETC [4]. Grafting extent increased with total absorbed
dose and decreased with increase in the dose rate. As explained in chapter 4, total
absorbed dose give more number of sites for grafting chains while higher dose rate leads
to increase in homo-polymerization hence lesser grafting extent. In case of VBT, grafting
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extent was not fully saturated even at 4 kGy with 20% VBT solution compared to
MAETC where it got saturated at ~2 kGy with lower extent of grafting. Therefore, there
is scope to have more anion exchangeable groups by increasing the extent of grafting of
VBT and hence efficiency of adsorption can be increased compared to cationized cotton
with MAETC.

Figure 6.2: Effect of dose rate on grafting: [VBT] = 20% (w/w) in water, aerated
solution. (a) 2 kGyh-1 (b) 4 kGyh-1 (c) 8 kGyh-1
6.3.2. FTIR analysis
The grafting of PVBT on to cotton cellulose matrix was further confirmed by Fourier
transformed infrared (FTIR) spectroscopy using FTIR spectrophotometer in attenuated
total reflectance (ATR) mode. The FTIR spectra were recorded in the range 400 to 4000
cm-1 with a resolution of 4 cm-1 and averaged over 100 scans. The FTIR spectra of
pristine and grafted samples are shown in Figure 6.3. The PVBT-g-Cellulose sample
exhibited additional peaks at 1428 cm-1 (C-H bending of methyl groups), 1488 cm-1
(scissoring of methylene groups) and 890 cm-1 (out of plane bending of aromatic ring C-
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H bonds). These additional peaks in grafted sample confirmed grafting of PVBT on the
cotton cellulose substrate.
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Figure 6.3: FTIR spectra of (a) Pristine cotton cellulose (b) PVBT-g-Cellulose
6.3.3. Elemental analysis
As the quaternary ammonium group of VBT contains nitrogen atom, extent of
PVBT incorporation onto backbone can also be determined by nitrogen content
estimation. The results of elemental analysis of the samples grafted to different extent are
presented in Table 6.1. As expected, nitrogen content of the grafted matrix increased with
increase in the G.Y. Moreover, the nitrogen contents of grafted samples, determined by
elemental analysis, were found to be in good agreement with the theoretical values of
nitrogen content calculated from gravimetrically estimated grafting yield data. The results
of elemental analysis of the samples grafted to different extent are presented in Table 6.1.
As expected, nitrogen content of the grafted matrix increased with increase in the G.Y.
Moreover, the nitrogen contents of grafted samples, determined by elemental analysis,
were found to be in good agreement with the theoretical values of nitrogen content
calculated from gravimetrically estimated grafting yield data.
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Table 6.1: Nitrogen content values
Dose (kGy)

G.Y. (%)

N content (%) (1EA)

N content (%) (2G.Y.)

0.25

5.2

0.30

0.33

0.50

9.5

0.61

0.72

0.70

14.8

1.05

0.98

1.04

20.4

1.39

1.46

1.59

1.65

1.25
25.4
EA= Estimation by elemental analysis
2
G.Y= Estimation by grafting yields
1

6.3.4. Scanning electron microscopy (SEM)
The surface morphology of the pristine cotton and PVBT grafted cotton fibrils
was investigated by Scanning Electron Microscopy (SEM) analysis at acceleration
voltages of 20-25kV. SEM micrographs of cotton ﬁbers were taken at 1.95 kx
magnification after gold the gold coated sample were pasted onto a conducing surface by
carbon paste.

Figure 6.4: SEM micro-images presenting surface morphology of (a) pristine cotton
fibrils (b) Cotton fibrils grafted with PVBT (G.Y~25%).
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Figure 6.4 shows the SEM images of pristine cotton fibrils and cotton fibrils
grafted with PVBT, which clearly revealed a marked difference in the surface
morphology of cotton fabrils before and after grafting with PVBT. In fact, the PVBT-gcotton ﬁbrils became rougher and thicker in comparison with the control cotton ﬁbrils
because of the incorporation of grafted PVBT chains into the cotton cellulose backbone.

6.4. Adsorption behavior on the grafted cationized cotton samples of dyes
6.4.1 Effect of grafting yield on adsorption of dyes
PVBT-g-Cellulose samples of varying grafting yields were obtained by irradiating
to different absorbed doses under conditions optimized, discussed elsewhere [145].
Figure 6.5 shows the equiibrium adsorption of three acid dyes as a function of grafting
yield. The adsorption capacity increased with increase in grafting yield. This was very
much expected as increase in grafting would increase the number of cationic group on the
grafted matrix which act as binding sites for acid dye molecules.
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Figure 6.5: The equilibrium dye uptake capacity of the PVBT-g-Cellulose adsorbent as a
function of grafting yield ([Dye] =2000 ppm) (a) AB25 (b) AY99 (C) AB74
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Interestingly, for all three dyes the adsorption capacity did not increase linearliy
with the grafting yield. Lower dye uptake capacity than expected values for samples
grafted to higher grafting extent may be due to two factors (i) Assuming higher grafting
yield corresponds to longer grafted chains, the binding sites on the longer tangled grafted
chains would be less accessible to dye molecules; and if higher grafting yield is assumed
to be due to higher density of grafted chains, which would hinder diffusion of bulkier dye
molecule from surface to core of the grafted matrix. (ii) At higher radiation doses, in
addition to increase in grafting yield the grafted chains may also crosslink, which may
hinder swelling and hence uptake of dye molcules. At lower grafting extent, the grafted
chain length or chain density will be lower which will facilitate the approach of bulkier
dye molecule to adsorption sites on the grafted chains.
6.4.2. Equilibrium adsorption
For equilibrium dye adsorption experiments, a fixed mass (0.2 g) of PVBT-gCellulose adsorbent (grafting yield =25%) was weighed into 50 mL stoppered conical
flasks containing 25 mL of aqueous dye solution of known concentration. The residual
dye concentration in solutions were determined using UV/Vis spectrophotometer using
calibration curves established for each dye, at wavelength corresponding to the maximum
absorbance i.e., max= 602 nm, 450 nm and 610 nm for AB25, AY99 and AB74,
respectively. The amount of dye adsorbed at equilibrium qe (mg/g) was estimated using
equation (6.1)

qe =

(C 0 − C e )
mX 1000
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XV

(6.1)

Where Co and Ce are initial and equilibrium liquid phase concentrations (mg/L) of dye, V
is the volume (mL) of dye solution and m is the mass (g) of the adsorbent.
Linear and non-linear regression analysis using Origin 7.5 was used to determine
the best ﬁt isotherm models using coefficient of determination (r2) as error function. The
average percentage error values were used as the supporting criteria for selection of the
most suitable isotherm model. The average percentage error between the experimental
and the predicted values were calculated using equation (6.2) [175].

ε % =

1
N

N q e ,exp −q e ,cal
i
q
e ,exp

X 100

(6.2)

Where qe,exp is the experimental equilibrium solid phase dye concentration and qe,cal is
the equilibrium solid phase dye concentration estimated from the isotherm models.

Figure 6.6: Adsorption isotherms (a) AB25 (b) AY99 (c) AB74. Inset: Adsorption
isotherms at lower times (a) AB25 (b) AY99 (c) AB74
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Dye adsorption is governed by the mass transfer and the adsorption equilibrium is
established when the amount of solute being adsorbed is equal to the amount being
desorbed. The adsorption isotherms are shown in figure 6.6, which indicates that the
equilibrium adsorption capacity of PVBT-g-Cellulose adsorbent for acid dyes follows the
order AB25>AY99>AB74. Linear regression method (using least-square method) has
been widely applied to the linear form of isotherm equations to investigate degree of
agreement between predicted and experimental equilibrium data.

(a) Langmuir adsorption isotherm
Langmuir's isotherm model postulates that theoretically, the adsorbent has a finite
adsorption capacity and represented by equation (6.34) [171]

qe =

KL Ce
1+ a L C e

(6.3)

Where qe is the solid-phase equilibrium dye concentration (mg/g), Ce is the liquid phase
equilibrium dye concentration (mg/L); KL (L/g) and aL (L/mg) are Langmuir isotherm
constants.
The Langmuir isotherm equation can be rearranged into four different linear
equations (6.4-6.7). These linear expressions of the Langmuir isotherm equation were
used for linear regression analysis of the experimental equilibrium adsorption data.

Langmuir-1:
Langmuir-2:
Langmuir-3:

Ce
qe
1
qe

=
=

qe =

1
KL
aL
KL
KL
aL
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+
+
−

aL
KL

Ce

1

1

KL

Ce

1

qe

aL

Ce

(6.4)
(6.5)
(6.6)

qe

Langmuir-4:

Ce

= K L − aL qe

(6.7)

The theoretical monolayer saturation capacity qmax (mg/g) can be evaluated from
the Langmuir equilibrium constants KL (L/g) and aL (L/mg) using equation (6.8)

qmax =

KL

(6.8)

aL

An another important parameter obtained from Langmuir isotherm is
dimensionless separation factor RL defined as equation (6.9) [177, 178]
1

RL =

(6.9)

(1+a L C 0 )

Where, Co is the initial dye concentration (mg/L) and aL is the Langmuir constant
(L/mg). The value of RL can be used to predict the adsorption behavior of dyes. 0<R L<1
indicates favorable adsorption, RL>1 indicates unfavorable adsorption, RL=1 indicates
linear adsorption and RL=0 indicates irreversible adsorption [177, 178].
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Figure 6.7: Langmuir-1 adsorption isotherm plots at 25oC. (a) AB25 (b) AY99 (c) AB74
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Langmuir isotherm parameters,i.e., aL, KL, qmax were estimated using Langmuir-1
equation (6.4) from the slope and intercept of the linear plot between Ce/qe and Ce (figure
6.7). Other parameters were estimated by plotting suitable parameters of linear equation
(6.4-6.7), and the obtained values for different parameters are shown in Table 6.2. For all
three dyes, a spread in values of isotherm parameters and coefficient of determination (r2)
was obtained, indicating linear regression analysis is not a perfect method for analyzing
equilibrium adsorption data. However, among four linearized forms of Langmuir
equations, Langmuir-1 gave highest r2 values (>0.99) for all three dyes.

Table 6.2 Langmuir adsorption parameters obtained using different linearized Langmuir
equations
Dyes

AB25

AY99

AB74

qexp (mg/g)

525.0

457.0

123.8

Isotherm

KL(L/g)

aL (L/mg)

qmax (mg/g)

r2

Langmuir 1

14.8

0.027

540.0

0.9962

Langmuir 2

13.5

0.022

613.5

0.9694

Langmuir 3

16.2

0.029

552.6

0.8350

Langmuir 4

14.8

0.024

601.4

0.8350

Langmuir 1

10.4

0.022

473.6

0.9966

Langmuir 2

13.1

0.027

487.8

0.7986

Langmuir 3

21.7

0.058

347.2

0.6063

Langmuir 4

15.0

0.035

427.0

0.6063

Langmuir 1

40.6

0.333

121.9

0.9994

Langmuir 2

17.9

0.114

156.7

0.8703

Langmuir 3

28.4

0.232

122.5

0.7784

Langmuir 4

23.6

0.180

130.6

0.7784

Also, theoretical monolayer saturation capacity values (qmax) obtained from
Langmuir-1 equation, were close to that of the experimental adsorption capacity (qexp) of
adsorbent. Thus it can be said for the studied adsorbent-adsorbate adsorption is best
explained by Langmuir-1, linear form of Langmuir equation. Langmuir parameter aL,
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also known as binding constant, is related to energy of adsorption and indicates the
affinity or the binding strength of adsorbent for the dye; higher the value of aL stronger is
the adsorption of dye on the adsorbent.
Moreover, from the Langmuir equation, the value of aL is the reciprocal of the dye
concentration at which half of the sites of adsorbent are saturated (i.e., at qe= qmax/2), so
the higher value of aL indicates a steep beginning of the isotherm (i.e., qe vs Ce), which
reflects the high affinity of the adsorbent for the dyes. The aL value for three dyes
followed the order AB74>AB25≈AY99. The higher value of aL for AB74 implies
stronger bonding of AB74 with the cationized adsorbent, which may be attributed to
divalent nature of AB74. Figure 6.8 shows separation factor (RL) values, as a function of
initial dye concentration.
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Figure 6.8: RL as a function of dye concentration (a) AB25 (b) AY99 (c) AB74
The RL values for all three dyes decreased drastically with the increase in Co. It
can be seen that for monovalent dyes, i.e., AB25 and AY99, the R L values were in the
range 0.42<RL<0.02 and 0.47<RL<0.03, respectively; whereas, for divalent dye, i.e.,
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AB74, the RL values are very low in the range 0.05<R L<0.002. RL values for adsorption
of all dyes were between 0 and 1 indicated a favorable adsorption of dyes onto adsorbent.
Lower RL values for AB74 (a divalent dye) indicated strong and probably irreversible
types of adsorption.
(b) Freundlich isotherm
Freundlich isotherm is an empirical equation employed to describe heterogeneous
systems [9], expressed as equation (6.10)
1

q e = K F Ce

n

(6.10)

The linear form of Freundlich isotherm is expressed by equation (6.11)
ln qe = ln(KF ) +

1
n

ln(Ce )

(6.11)

Where KF is the Freundlich constant (L/mg), and 1/n is the heterogeneity factor. Unlike
Langmuir model, Freundlich isotherm advocates reversible adsorption and is not
restricted to the formation of the monolayer. An exponent (n) value between 1 and 10
represents favorable adsorption [179]; higher the n value, stronger the adsorption
intensity, while higher value of KF indicates a higher capacity of adsorption [175].
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Figure 6.9: Linear Freundlich adsorption plots at e25oC. (a) AB25 (b) AY99 (c) AB74
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Figure 6.9 shows profiles obtained using linear form of Freundlich equation
(6.11). The plots clearly exhibit deviation from linearity.
However, when the concentration range was divided into three regions, region 1,
region 2 & region 3, a good linear fit ( r2>0.98) for all three regions was observed for
AY99; whereas, for AB25 and AB74 good fit was observed only in lower concentration
range. Values of Freundlich parameters are tabulated in Table 6.3. Multi-linearity
observed is normally attributed to irregular energy distributions due to different surface
groups with different levels of activation energies for the range of sorption reactions
[180].

Table 6.3 Freundlich adsorption isotherm parameters in different concentration ranges
(region 1, 2 & 3 shown in figure 6.9)
Dyes

AB25

AY99

AB74

Region

KF (L/g)

r2

n

1
2
3

13.8
108.1
446.3

1.1
3.7
36.6

0.9936
0.9609
0.6523

1
2
3

34.3
62.8

0.5
3.0
10.4

0.9747
0.9834
0.9735

0.6
3.8
89.9

0.9874
0.9998
0.4039

244.8

1

12.4

2

50.9

3

114.1

From the linear regression analysis, it is clear that for whole concentration range,
the equilibrium adsorption data was better explained by Langmuir isotherm. In addition,
the shape of the isotherms qe vs. Ce (figure 6.6), indicate that there is a limiting or
saturation value of the solid-phase dye concentration (qe), which satisfies the assumption
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of Langmuir isotherm. However, studies also indicated that linear regression method
using linearized Freundlich and Langmuir equations is not a perfect method to analyze
the experimental data [181], therefore, the non-linear fitting method using non-linear
isotherm equations of four isotherm models were also used here to analyze the adsorption
data.
(c) Non-linear analysis
The R-P model, given by equation (6.12), combines elements of both, the
Langmuir and Freundlich equation and is widely used as a compromise between
Langmuir and Freundlich systems [180].

qe =

KF Ce
β

1+a R c e

(6.12)

Where, KR, aR and β are the R-P parameters. The exponent β lies between 0 and 1. For
β=1, R-P isotherm i.e. equation (6.12) takes Langmuir form i.e., equation (6.3).
Langmuir-Freundlich (L-F) model given by equation (6.13) suggests that
equilibrium data follows Freundlich isotherm at low sorbate concentration and follows
Langmuir pattern at higher sorbate concentration.

qe =

K LF c m
e
β

1+a LF c e

(6.13)

Where, KLF, aLF and m are the Langmuir-Freundlich isotherm parameters. Values for m
(heterogeneity factor)>>1 indicates heterogeneous adsorbent, while value of m closer to 1
indicates an adsorbent with relatively homogeneous binding sites, at m=1, the L-F
equation reduces to the Langmuir equation. A non-linear regression analysis of the
equilibrium adsorption data was carried out using Langmuir, Freundlich, Redlich–
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Peterson and Langmuir-Freundlich isotherm models. The simulated isotherms using four
models and experimental profiles for adsorption of AB25, AY99 and AB74 are shown in
figure 6.10a-6.10c. The values of different parameters for different isotherm models
estimated by nonlinear regression analysis are presented in Table 6.4. From results shown
in Table 6.4, it is clear that Langmuir model is better than Freundlich model to represent
the equilibrium adsorption data of all three dyes.
Based on r2 and ε(%) values, the quality of non-linear fitting using Langmuir
model follows the order AB25>AB74>AY99. The validity of Langmuir model was also
supported by good agreement between the experimental equilibrium uptake capacity
(qe,exp) and calculated theoretical monolayer saturation capacity (qmax) values for the three
dyes. Among all four models, Langmuir-Freundlich model represented the experimental
adsorption data the best, which is manifested in highest values of r 2 and lowest values of ε (%).
Furthermore, for AB25 and AB74, the non-linear analysis on Redlich-Peterson and

Langmuir-Freundlich yielded β and m values near to 1.0, i.e., converging to Langmuir
model suggesting homogeneous adsorption with monolayer dye adsorption. From figure
6.10a-6.10c and Table 6.4, it can be concluded that the quality of non-linear fitting of
adsorption isotherm models to adsorption data of all three dyes followed the order
Langmuir-Freundlich>Redlich-Peterson>Langmuir> Freundlich.
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Table 6.4 Langmuir, Freundlich, R-P and Langmuir-Frendlich adsorption isotherm
parameters for dyes from non-linear regression method
Langmuir
Dye

qe,exp (mg/g)

KL (L/g)

aL (L/mg)

qmax

r2

ε(%)

(mg/g)
AB25

525

18.7

0.034

543.7

0.9943

3.8

AY99

457

11.3

0.024

455.6

0.9606

14.6

AB74

123.8

32.0

0.257

124.6

0.9754

12.2

Freundlich
Dye

KF

n

r2

ε(%)

(mg/g)/(mg/L)1/n
AB25

131.0

4.6

0.8278

23.0

AY99

63.9

3.2

0.9578

27.3

AB74

50.6

6.9

0.7359

38.5

Redlich-Peterson
Dye

Β

KR (L/g)

aR
(L/mg)

r2

ε(%)

β

AB25

1.01

17.9

0.03

0.9947

3.5

AY99

0.81

25.1

0.18

0.9867

14.3

AB74

1.03

27.7

0.17

0.9834

9.6

m

r2

ε(%)

Langmuir-Freundlich
Dye

KLF

aLF

(mg1-m.Lm.g-1)

(L/mg)m

AB25

14.8

0.02

1.0

0.9953

3.1

AY99

33.7

0.05

0.6

0.9865

13.5

AB74

19.1

0.15

1.3

0.9920

5.4
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6.4.3. Adsorption kinetics
A vital evaluation element for an adsorption operation unit is the adsorption
kinetics i.e., rate of adsorption reaction, which depends on the adsorbate-adsorbent
interaction and system conditions. The uptake rate determines the time required for
completion of adsorption process and can be enumerated from kinetics analysis using
different kinetic models. For adsorption kinetic studies 0.1 g of adsorbent (Grafting yield
=25%) was immersed in 100 mL of 500 ppm aqueous dye solutions and dye
concentration in solution was measured spectrophotometrically at different time periods
at 25oC. Pseudo-first-order [182], pseudo-second-order kinetic models [183] and intraparticle diffusion model [187] were used to characterize the rate of adsorption of dyes.
Figure 6.11 shows a relative change in the dye concentration of the liquid phase as a
function of the adsorption time. Rapid uptake of dyes during initial stage (first 10 min) of
adsorption indicates high affinity of adsorbent for anionic dye molecules
.

Figure 6.11: Adsorption kinetics of dyes (a) AB25 (b) AY99 (c) AB74

Rapid uptake is followed by slower adsorption and finally saturation at different
times, depending on the dye. The adsorption of bivalent AB74 was much faster and the
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equilibrium reached within 60 minutes; whereas, AB25 and AY99 took much longer time
(> 300 min) to reach the equilibrium adsorption.
(a) Pseudo-first order kinetic model
The differential form of pseudo-first order equation is given as:
dq t
dt

= k1 (qe − qt )

(6.14)

Equation (6.14) on integrating under boundary conditions qt=0 at t=0 to qt=qt at t=t,
transforms into the pseudo first order linear expression, also known as Lagergren
equation [182-184], expressed as equation (6.15)

ln (qe − qt ) = ln(qe ) − k1 . t

(6.15)

where qe (mg/g) and qt (mg/g) are the solid phase dye concentration at equilibrium and at
time ‗t‘, respectively, and k1 (min-1) is the pseudo-first order rate constant. The slope and
intercept of the linear plot of ln(qe-qt) Vs t were used to estimate the pseudo-first order
rate constant k1(min-1) and equilibrium solid phase dye concentration qe,cal (mg/g),
respectively.
(b) Pseudo-second order kinetic model
The differential expression of the pseudo-second order model is given by equation
6.16 [185]
dq t
dt

= k 2 (qe − qt )2

(6.16)

Integrating equation (6.16) and rearranging gives linear expression of the pseudo-second
order model given as equation (6.17), which is mostly used for solid-liquid adsorption
systems [185].
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t
qt

=

1
k 2 q 2e

+

t
qe

(6.17)

Where, k2 is the pseudo-second-order adsorption rate constant (g/mg.min); and other
parameters are same as in pseudo-first order model. If adsorption follows pseudo-second
order kinetics, plot of t/qt Vs t of equation (6.17) should give a linear relationship and
adsorption amount qe,cal and k2 can be calculated from slope and intercept of this plot.
The initial adsorption rate (h) and half-adsorption time (t1/2) can be estimated
from equation (6.18) and (6.19) respectively [186].

h = k 2 q2e
t1

2

=

1
k2 qe

(6.18)
(6.19)

It has been reported that the pseudo-first order equation is applicable to the initial
stage of the adsorption process [187], whereas, pseudo-second order model is considered
to explain adsorption behavior over the entire adsorption process [168]. Figure 6.12 and
figure 6.13 show pseudo-first order and pseudo-second order kinetics plots, respectively.
The kinetic parameters estimated from these plots (Table 6.5) show that the r2 values are
higher (>0.98) for pseudo-second order kinetic model. Therefore, it can be said that the
adsorption kinetics of dyes follow pseudo-second order kinetics. It was found that r2
values for AB25 is lower than that for AY99 and AB74. Moreover, for AB25, there is a
large difference in the experimental capacity (qe, exp) value and predicted value (qe,cal).
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Figure 6.12: Pseudo-first order kinetic plots (a) AB25 (b) AY99 (c) AB74
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Figure 6.13: Pseudo-second order kinetic plots (a) AB25 (b) AY99 (c) AB74

Based on these observations, it can be inferred that pseudo-second order kinetic
model shows better fitting for AY99 and AB74 in comparison to AB25. The values of
adsorption rates, i.e., k1, k2 and h follows order AB25<AY99<AB74, whereas, the value
of t1/2 follows opposite trend, i.e., AB25>AY99>AB74 (Table 6.5).
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Table 6.5: Pseudo-first order and pseudo-second order kinetic parameters
Dye

qe,exp

First order kinetic model

(mg/g)

qe,cal

k1

(mg/g)

(min-1)

r2

AB25

455

367.2

4.2x10-3

0.9439

AY99

416

268.7

6.7x10-3

0.9254

AB74

270

178.9

5.6x10-2

0.9723

qe,exp
Dye

(mg/g)

Second order kinetic model
qe,cal

k2

h

(mg/g)

(g/mg.min)

(mg/g.min)

t1/2 (min)

r2

AB25

455

342.5

7.5x10-5

8.8

38.9

0.9852

AY99

416

401.6

9.5x10-5

15.4

26.0

0.9953

AB74

270

273.9

9.7x10-4

27.3

3.7

0.9998

(c) Intra-particle diffusion model
As pseudo-first order and pseudo-second order model are used to determine type
and extent of adsorption but cannot identify the diffusion mechanism, the intra-particle
diffusion model (equation 6. 20) was used to study diffusion mechanism and to determine
intra-particle diffusion rate constant (ki) (mg.g-1 min-0.5) (from slope of linear plot of qt vs
t1/2) [168, 177, 188].

qt = k i t

1

2

(6.20)

The intra-particle diffusion model (equation 6.20) was employed to find the
probable adsorption mechanism of dyes onto adsorbent. It has been reported that if the
linear plot of qt vs t1/2 passes through the origin then intra-particle diffusion is the only
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rate determining step [175], otherwise other mechanisms along with the intra-particle
diffusion are also involved, which is also manifested as the multi-linearity of the qt vs t1/2
plot [189].
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Figure 6.14: The intra-particle diffusion plots (a) AB25 (b) AY99 (c) AB74

Figure 6.14 shows intra-particle diffusion plot. The multi-linearities in three
different stages, i.e., an instantaneously extremely fast uptake, a transition stage and an
almost ﬂat plateau portion was observed. The slope of the lines in each stages is termed
as the rate parameter ki,n (n=stage number) and indicates the rate of the adsorption
process. Rate parameters of the different stages for the adsorption of dyes are listed in
Table 6.6. The adsorption rate for different stages was found to follow the order the ﬁrst
stage (ki,1) > the second stage (ki,2) > the third stage (ki,3). The first-fast stage represents
the mass transfer of dyes through boundary layers of liquid and an instantaneous
utilization of the most readily available sites on the external surface of the adsorbent.
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Table 6.6: The intra-particle diffusion rate parameters in three different regions of plots
shown in figure 6.14
Dyes

Region (1)
Ki,1

Region (2)
r

2

(mg/g.min0.5)

Ki,2

Region (3)
r

2

(mg/g.min0.5)

Ki,3

r2

(mg/g.min0.5)

AB25

21.9

0.9934

12.7

0.9966

0.9

0.8593

AY99

44.1

0.9876

11.3

0.9872

0.9

0.8529

AB74

51.0

0.9919

12.5

0.9834

0.1

0.2017

In second stage the dye molecule enters the porous structures of the adsorbent and
eventually gets adsorbed on the active sites at internal surface of the adsorbent. The
transportation of dye molecule from external surface to bulk of the adsorbent sees
increasing diffusion resistance, which is reflected as slower second stage adsorption.
Finally third, the slowest stage represents the equilibrium region where the concentrations
of the dye in the solution as well as the concentration of the adsorption sites on the
adsorbent are limited [190, 191].

6.5 Thermodynamics aspects of the dye adsorption
Free energy (∆Go), an indication of spontaneity of the adsorption process, was
estimated using relations (6.21) and (6.22) [186]

∆G0 = −RT ln K d
Kd =

CA

(6.21)
(6.22)

Ce

Where, Kd is the distribution coefficient for the adsorption, CA the amount of dye (mg)
adsorbed on the adsorbent per liter of the solution at equilibrium and Ce is the equilibrium
concentration (mg/L) of the dye in the solution. T is the solution temperature (K) and R is
the gas constant (8.314 J/mol.K). The ∆Go values for adsorption of AB25, AY99 and
AB74 at 300 K, were estimated to be -9.7 kJ/mol, -8.8 kJ/mol and -7.4 kJ/mol,
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respectively. The negative value of ∆Go confirms the feasibility of the adsorption process
and also indicates spontaneous adsorption of dyes onto adsorbent.

6.6 Desorption studies
The regeneration of the adsorbent by desorption of adsorbed dyes in a suitable
eluent is prerequisite for the success of the adsorption process. Desorption experiments
were carried out by immersing the adsorbent loaded with acid dyes, in 40 mL of desorption solution containing 1N KSCN in varying Water: Methanol mixture, for 3 hours
at

room

temperature.

The

desorbed

dye

concentration

was

estimated

spectrophotometerically after suitable dilution. The quantity of desorbed dye was
quantified in terms of elution percentage (EP) given by relation (6.23).

EP % =

Wd
Wa

X 100

(6.23)

Where, Wd,Wa are the weights of desorbed dye and weight of adsorbed dye
It was observed that dyes adsorbed onto PVBT-g-Cellulose did not desorb even in
1N NaCl aqueous solution. This indicated that adsorption of anionic dyes on to adsorbent
was not solely due to ionic interaction but might be due to cumulative effect of many
attractive forces viz. ionic interactions, hydrophobic interactions, van der waals forces,
hydrogen bonding, etc. [186]. Similar results have been reported earlier for desorption of
anionic reactive dyes from commercial anion-exchange membranes, where 1N KSCN
solution in 60 % methanol solution in water was reported to be the optimum desorbent
for breaking these non-specific interactions [1, 192]. The reported eluent mix was used
for elution of dyes from adsorbent. The elution percentage for AB25, AY99 and AB74
was found to be ~95%, ~70% and ~20%, respectively.
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6.7 Conclusion
Mutual radiation induced grafting methods have been used to cationize the cotton
wastes in a single step-environment benign-aqueous solvent. Extent of cationization is
found the function of radiation absorbed dose and monomer concentration. 25% extent of
grafting yield has been achieved at 25% (w/v) of VBT at the total absorbed dose of
2.7kGy at the dose rate of 4kGyh-1. Cationized cotton wastes further have been utilized
for treatment of textile dye effluents for removal of acid dyes. Various important
parameters like equilibrium adsorption, kinetic study, thermodynamics aspects have been
studied. Radiation grafted PVBT-g-Cellulose showed separation factor (RL) values in the
range 0<RL<1, indicating favorable adsorption of dyes on the adsorbent while negative
∆Go value showed spontaneity of the adsorption. The fitting of non-linear adsorption
isotherm models to adsorption data followed the order Freundlich<Langmuir<RedlichPeterson<Langmuir-Freundlich. The kinetic adsorption data was in close agreement with
pseudo-second order kinetic model. The elution percentage of ~95%, ~70% and ~20%
for AB25, AY99 and AB74, respectively, could be achieved using optimized eluent
composition.
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