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Abstract

Naturally occurring nanostructured layered materials are receiving increased attention from
researchers in academia and industries owing to their unique characteristic features including
naturally controlled nano-scale particle size, higher surface area, cheap, availability,
biocompatibility etc. Surface modification of the nanomaterials with various natural and
synthetic materials largely extends their applicability in various fields such as packaging,
coating, water purification, antimicrobial agents, cancer nanotherapy etc. However, the potential
of nanostructured kaolinite having layered aluminosilicate structure for diversified applications
has largely been unexplored in Bangladesh ahhough it is widely available in the country. In this
doctoral research, we have thoroughly investigated the effect of the modification of kaolinite in
terms of various physio-chemical properties. Here, we have prepared four different types of
composites using different proportions of kaolinite with starch, choline chloride,
poly(methyimethacrylate), and inorganic salt solutions separately. Firstly, we have successfiilly
fabricated nanocomposite films through incorporating kaolinite into potato starch. Secondly,
self-standing porous composite beads were prepared by modification of kaolinite with choline
chloride. Thirdly, choline chloride-modified kaolinite was incorporated as fillers for preparing
nanocomposite films using poly(methylmethacrylate) (PMMA) as a matrix. Finally, metal oxides
[c.f. zinc oxide (ZnO), ferric oxide {Fe203)] were anchored onto kaolinite surface via heat
treatment. In order to confirm the successfiil modification of kaolinite, we employed several
analytical techniques such as attenuated total reflectance infra-red analysis (ATR-IR), x-ray
diffraction (XRD), scanning electron microscopy (SEM), and energy-dispersive Xx-ray
spectroscopy (EDX). Various useful mechanical properties of the films were investigated widi a
universal testing machine (UTM), whereas, thermogravimetric analysis (TGA) was performed to
investigate the improvement in thermal stability.

We carefully observed that the incorporation of both virgin and modified kaolinite into natural
and synthetic polymer dramatically improved thermal and mechanical properties of the films.
These films are expected to find widespread applications in packaging industries. Modification
of kaolinite with choline chloride led to the development of a novel self-standing porous
composite bead, which displayed unique fiUration ability for anionic azo dyes (Remazol Red) at
alkaline pH. The dye filtration performance was continuously monitored using a UV-Vis
spectrophotometer. We strongly believe that this advanced material might contribute
significantly in treating effluents from textile indusfries. Lastly, metal oxide-loaded kaolinite
showed significantly improved antibacterial action against selective bacteria (Salmonella
pullorum Escherichia coli. Pseudomonas aeruginosa) and cytotoxic effect against cancer cells
(HeLa and BHK-21). Due to this promising performance, metal oxide-loaded kaolinite might
find potential biomedical applications. In conclusion, we firmly state that this study would open
new doors for the development of kaolinite-based technology for the advancement of materials
science.
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Chapter One

1.1. Introduction

Composite materials can be defined as materials that consist of two or more chemically and
physically different phases separated by a distinct interface."™ The two materials work together
to give the composite unique properties. The individual components remain separate and distinct
within the finished structure, differentiating composites from mixtures and solid solutions. When
they are combined they create a material which is specialized to do a certain job, for instance to
become stronger, lighter or resistant to electricity.* The reason for their use is because they
improve the properties of their base materials and are applicable in many situations.® Composites
also provide design flexibility because many of them can be moulded into complex shapes. By
choosing an appropriate combination of matrix and reinforcement material, a new material can
he made that exactly meets the requirements of a particular application.”* Recently, researchers
have been introducing actively different materials especially layered and Nano materials into
composites.”

Nano composites are defined as a promising class of hybrid materials that is mixtures of organic
polymers with inorganic solids (clays to oxides) at the nanometric scale.®’ " Clay-polymer
nanocomposites offer tremendous improvement in a wide range of physical and engineering
properties for polymers with low filler loading.””  This class of materia! uses smectite-type
clays, such as hectorite, montmorillonite, and synthetic mica, as fillers to enhance the properties
of polymers. Smectite-tjpe clays have a layered structure. Each layer is constructed from
tetrahedrally coordinated Si atoms fused into an edge-shared octahedral plane of either AI(OH)j
or Mg(OH)2."*  According to the nature ofthe bonding between these atoms, the layers should
exhibit excellent mechanical properties parallel to the layer direction. The layers have a high
aspect ratio and each one is approximately 1 nm thick, while the diameter may vary from 30 nm
to several microns or larger.

Cldv Plilvitwr Hundreds or thousands of

J these layers are stacked
together with weak van der

Waals forces to form a clay

r<0) newAlity particle.

composite

/rwiihods

Kikelial Other..
Contm| Ag«mt Appludtiiins

r.oHi W_isU-walcr Figure 1.1: Synthesis
TjckiRmfi TVl approach  with  different
application of polymer-clay

Itgtri% composite.'®’
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The essential nanoclay raw material is white clay, a doubled layered structure. White clay
consists of 1 nm thick aluminosillcate layers surface- substituted with metal cations and stacked
in 10 jim-sized multilayer stacks. Naturally occurring white clay is hydrophilic. In
microcomposites, the polymer and clay remain immiscible (phase separation), resulting in
agglomeration of the clay in the matrix and poor macroscopic properties of the material.
Interaction between the layered silicates and polymer chains may produce two types of nanoscale
composites. The intercalated nanocomposites result from the penetration of polymer into the
interlayer region of the clay, resulting in an ordered multilayer structure with alternating
polymer/inorganic layers at a repeated distance of a few nanometers.”* The exfoliated
nanocomposites involve extensive polymer penetration, with the clay layers delaminated and
randomly dispersed in the polymer matrix. It has been shown that for glycerol content above 10
% (w/w), the system leads to the formation of an intercalated structure with a clay interlayer
spacing of 12 A, corresponding mainly to glycerol intercalation.Consequently, these resuks
have highlighted the great influence of plasticizers on the clay intercalation/ exfoliation process
and hence on the properties o fthe resulting materials.

\ i ' ol * Ti-trulw .If.il

Figure 1.2: Structure of clay materials

To overcome the limitations induced by glycerol plasticizers, some authors have replaced these
plasticizers with urea/forniamide.”” White clay dispersion into this glycerol plasticized starch
matrices by a solvent or melt process leads to the formation of intercalated structures. The
presence of nanoclay in polymer formulations increases the tortuosity of the diffusive path for a
penetrating molecule, and changes the molecular mobility, which enhances the thermal and
mechanical properties, confers stability to oxidation, and decreases the solvent absorption,
amongst other advantages. It also allows the incorporation of multiple features such as color,
aroma, or the ability to act as reservoirs for the controlled release of drugs or fungicides. The
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incorporation of white clay in proportions below 20% also offers benefits such as low density,
transparency, good flow, better surface properties and recyclability. **

Clays are classified into several types such as bentonite chlorite, hectorite, kaolinite,
montmorillonite and pyrophyllite, based on their morphology and chemical composition.”
Among them Kaolinite is an important clay mineral, part o fthe group of industrial minerals with
the chemical composition Al2Si20s(0 H)4™ It is a layered silicate mineral, with
one tetrahedral sheet of silica (Sio4) linked through oxygen atomsto one octahedral sheet
ofalumina octahedra. Kaolinite has physical and chemical properties (favorable properties such
as natural whiteness, fine particle size, non-abrasiveness, and chemical stability) which make it
useful in a great number of applications.A*”  One of the most important applications o f kaolinite
is coating and filling paper. Moreover, kaolinite filler improves the mechanical and electrical
properties of polymer composites which is improve the performance of kaolinite-polymer
composites.M” Bijoypur clay, a type of locally available kaolinite clay, is used for the
fabrication of biocomposite. The major phases present in Bijoypur clay are kaolinite, halloyshe
and quartz. Bijoypur clay has high content of Sio2 (70.08 %), it also has significant
amount of Al203 (27.24%) and relatively low amount ofFeiOs (1.03%) and TiOj (1.65%).""""*

In this this research, we have attempted to fabricated different types of industrially valuable
composites using kaolinite nanoclay.

1.2. Aim of this research
The major objectives ofthis study are:

» Preparation and properties investigation of potato-starch based nanocomposite films

» Fabrication of kaolinite/choline chloride self-standing porous composite bed for filtration
ofaqueous dye solution

e Studies on mechanical properties of PMMA/choline chloride modified kaolinite
nanocomposite films

» Fabrication ofkaolinite/metal oxides nanocomposites and their biological applications
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Chapter: Two

Preparation and Properties Investigation of Potato-starch

Based Nanocomposite Films
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Chapter Two

Abstract: Environmental friendly advanced materials are promising candidates for engineering
of nanoscience and technology. Here, starch-kaolinite self-assembled nanocomposite films were
prepared using potato starch and indigenous layered materials, kaolin. The film consists of
kaolinite and the matrix which was prepared by disruption and plasticization of starch granules
with water and glycerine. Nanocompwsite self-assembled films with 0, 5, 10, 15, 20 % w/w of
kaolinite were obtained by casting and evaporating the mixture from homogeneous aqueous
suspension at 95®C. The thickness ofthe film about 200 “un was controlled by predesigned glass
frame. The resulting films were conditioned before testing and the effect o f accelerated ageing in
moist atmosphere was investigated. The films were characterized using attenuated total reflection
infra-red (ATR-IR) for interaction of moieties via function groups. X-ray diffraction (XRD) for
crystallinity change, universal testing machine (UTM) for tensile strength Young’s modulus and
elongation at break investigation. Thermal stability ofthe films using thermogravimetric analysis
(TGA) and effect of temperature on contraction behaviors using thermal mechanical analysis
(TMA) were carried. Distribution of kaolin into the matrix and morphology ofthe self-assembled
films were observed from SEM images. Developed nanocomposite materials from indigenous

sources would play vial role in the field of foods and packaging industries in Bangladesh.
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1. lotroduction

There is a growing interest in developing bio-based products and innovative processing
technologies which offer sustainability and mitigation o f the dependence on fossil fuel. Because
for centuries, scientific community has been searching for effective substitutes for the natural
coatings of foods, in order to keep them fresh and isolated from physical, chemical and/or
microbiological contaminants. For many years, the packaging industry has used materials
produced from various petroleum-derived monomers to elaborate various types of plastic, which
have very good functional properties but also produce serious pollution problems'. The growing
interest in the environmental impact of discarded plastics, a new series of materials of biological
origin (plant, animal and microbial) have been developed, whose main advantages are that they
are fully degradable and even edible in some cases. Among biopolymers, starch is one of the
most promising renewable bioresources due to its versatility, competitiveness in price, and
applicability to various industries.**” Through destructurization by the introduction of mechanical
and heat energy or by incorporation of a plasticizing agent (e.g., water, amide, and/or polyols),
starch can be processed into thermoplastic materials. Currently, biodegradable plastics are
primarily used in food packaging films, shopping bags, and flushable sanitary product backing
material.® The use of starch-based materials is greatly hindered by its intractable nature,
brittleness, water-sensitivity, and poor mechanical strength.”" It has been found that using
reinforcing materials in a starch matrix is an effective method to obtain high-performance starch-

based biocomposites.™

Nanocomposites are hybrid nanostructured materials. A widely studied type of nano-composite
is a class of hybrid materials composed of organic polymer matrices and nanoclay fillers. The
essential nanoclay raw material is white clay, a doubled layered structure. White clay consists of
1 nm thick aluminosilicate layers surface- substituted with metal cations and stacked in 10 *m-
sized multilayer stacks. Naturally occurring white clay is hydrophilic. In microcomposites, the
polymer and clay remain immiscible (phase separation), resulting in agglomeration of the ciay
in the matrix and poor macroscopic properties of the material. Interaction between the layered
silicates and polymer chains may produce two types of nanoscale composites. The intercalated
nanocomposites result from the penetration of polymer into the interlayer region of the clay,

resulting in an ordered mubhilayer structure with alternating polymer/inorganic layers at a
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repeated distance of a few nanometers'*. The exfoliated nanocomposites involve extensive
polymer penetration, with the clay layers delaminated and randomly dispersed in the polymer
matrix. Tt has been shown that for glycerol content above 10 % (w/w), the system leads to the
formation of an intercalated structure with a clay interlayer spacing of 12 A, corresponding
mainly to glycerol intercalation'*. Consequently, these results have highlighted the great
influence of plasticizers on the clay intercalation/ exfoliation process and hence on the
properties of the resulting materials. To overcome the limitations induced by glycerol
plasticizers, some authors have replaced these plasticizers with urea/formamide'r. White clay
dispersion into this glycerol plasticized starch matrices by a solvent or melt process leads to the
formation of intercalated structures. The presence ofnanoclay in polymer foimulations increases
the tortuosity of the diffusive path for a penetrating molecule, and changes the molecular
mobility, which enhances the thermal and mechanical properties, confers stability to oxidation,
and decreases the solvent absorption, amongst other advantages. It also allows the incorporation
of multiple features such as color, aroma, or the ability to act as reservoirs for the controlled
release of drugs or fungicides. The incorporation of white clay in proportions below 20% also
offers benefits such as low density, transparency, good flow, better surface properties and

recyclability'?

Biodegradable polymers such as starch have attracted considerable attention in the packaging
industry. Starch is a promising raw material because of its annual availability from many plants,
its rather excessive production with regard to current needs and its low cost. It is known to be
completely degradable in soil and water and can promote the biodegradability of a non-
biodegradable plastic when blended. Starch is commonly pretreated with a plasticizer to make it

thermoplastic thus enabling melt-processing.

The present work sets out to prepare and characterize starch-clay nanocomposites with clays
that can act as hosts at a range of volume fractions and to compare the results with similar clays
that do not host starch”. However, thermoplastic starch (TPS) alone often cannot meet all the
requirements of a packaging material and an environmentally acceptable filler is called for to
improve the properties of TPS in such applications. Clay is a potential filler; itself a naturally
abundant mineral that is toxin-free and can be used as one o f the components for food, medical,

cosmetic and healthcare recipients. TPS reinforced by clay has recently been investigated. To
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the authors' knowledge, there are just four publications describing this new class of materials,
i.e. TPS-clay nanocomposites’® Starch is hydrophilic and forms nanocomposites with natural
clays and conventional composites with kaolinite. It has been shown that the tensile strength of
TPS was increased from 2.5 to 3.9 MPa with the presence of 5 wt% white clay, while the
elongation at break was increased from 0.01 to 0.26%. Also the relative water vapour diffiision
coefficient of TPS was decreased to 65% and the temperature at which the composite lost 50%
mass was increased from 305 to 336.8°C. Interesting preliminary results were also obtained for
starch nanocrystals reinforced starch plasticized by glycerine. It was shown that the reinforcing
effect of starch nanocrystals can be attributed to strong fillers/filler and filler/matrix interactions
due to the establishment of hydrogen bonding, the presence of starch nanocrysta! also led to

slow down the recr>'stallization ofthe matrix during aging the humid atmosphere'®.

2. Experimental

2.1. Materials
White clay was collected from Bijoypur and is known as kaolinite, having layered structured. It
was used after acid (dilute HCI) treatment to remove foreign inorganic minerals. Potato was
purchased from local market and was processed to extract starch from it (extraction technique
has been discussed in later section). Glycerol (99.5%) was purchased from Sigma-Aldrich and
was used as received. Prescribed design of glass frame was prepared from glass-ware shop and

was used after wrapping with Teflon ribbon.

2.2. Methods
2.2.1. Extraction of starch from potato
Extraction of potato was performed according to the following procedure.
1. Grate about 100 g potatoes. The potatoes do not need to be peeled, but it should be
clean.
2. Put the potato into the blending machine and add about 1DOmL distilled water. Grind

the potato carefully.

3. Pour the liquid offthrough the tea strainer into the beaker, leaving the potato behind in
the mortar. Add 100 mL water, grind and strain twice more.

4, Leave the mixture to settle in the beaker for 10 minutes.
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5. Decant water from the beaker, leaving behind the white starch which should have
settled in the bottom. Add about 100 mL distilled water to the starch and stir gently leave
to settle again and then filtered through a cloth, leaving the starch behind (Figure 2.1).

Figure 2.1: Extraction of starch from potato (a) potato chopped was blended, (b) settling, (c)
washing, (d) screening and (e) dried starch powder.

2.2.2. Film Preparation

A quantity of 3 g of a mixture of starch and glycerol (2:1) was first dispersed in 35 mL of
distilled water (Figure 2.2a). Then the mixture was heated at 95°C for 15 minutes under
mechanical stirring. Gelatinized starch was cast and stored in a non-ventilated oven at 40 °C for

24 h (Figure 2.2b).

Figure 2.2: Film solution of starch with glycerol (a) and gelatinized film of starch with glycerol

(b).
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2.23. Composites Film Preparation
Starch {2 g) was first dispersed In distilled water (35 mL). Besides, kaolinite (0, 5, 10 15 and
20% w/w of starch) were homogeneously dispersed in 1 g of glycerol and agglomeration was
prevented by sonication for 10 minutes. Then the two mixtures were added together and stirred
mechanically while the solution was heated at 95°C for 15 minutes. The mixture was further
stirred and sonicated for 10 min to remove micro-bubbles before casting onto the surface ofglass
frame wrapped with Teflon sheet. The film was dried by atmospheric evaporation at 25°C and

then dried at 40®C in a non-ventilated oven for 24 h.

2.2.4. Characterization Techniques
2.2.4.1. Energy dispersive x-ray defraction spectroscopy (EDS): Pure kaolinite was subjected
to analyze using energy dispersive X-ray spectroscopy (EDS) for elemental analysis
2.2.4.2. Attenuated Total Reflection Infra-red (ATR-IR) Spectral Analysis: ATR-IR spectra
were measured on a FT-IR 8400S spectrophotometer (Shimadzu Corporation, Japan) in the range
0f4000-400 cm™, resolution: 4 cm"; no. of scans: 16times.
2.2.4.3. X-ray difTraction (XRD): The x-ray powder diffraction (XRPD) patterns ofthe samples
were recorded by a x-ray defractometer (Ultima IV, Rigaku Corporation, Japan) at room
temperature. Prior to XRD analysis the samples were ground into fme powders using mortar-
pestle. Nickel (Ni) filtered Cu Ka radiation (X=0.154nm), from a broad focus Cu tube operated at
40 kV and 40 mA, was applied to the samples for measurement. The XRD patterns of the
samples were measured in the continuous scanning mode with scan speed of 3°/min and in the
scan r*ge of 5 to 100°. Bragg’s law was used to compute the basal spacing (dooi) of the
crystalline samples.
2.2.4.4. Universal Testing machine (UTM): Mechanical properties (Tensile strength,
elongation break, Young’s modulus) were Investigated using UTM.
2.2.4.5. Thermal Characterization: The thermograms of samples were recorded by thermo
gravimetric analyzer (TGA-50, Shimadzu, Japan) with alumina cell under nitrogen atmosphere at
the rate of 5°C/minute. In order to understand the thermal behavior, thermograms were recorded

in the temperature range of 30-600°C.
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2.2.4.6. Thermal Mechanical Analysis (TMA) or Dilatometiy: Thermomechanical analysis

was conducted using dilatometry.

2.2A.1. ScaoDing electron microscope (SEM): The morphology ofthe samples were analyzed
by an analytical scanning electron microscof>e {JEOL JSM-6490LA, Tokyo, Japan) operated at

an accelerating voltage 0f20 kV in the back-scattered electron mode.

3. Results and Discussion

At first the starch was extracted irom potato and the yield was obtained about 18% w/w. It is
revealed that the content of starch in potato is relatively higher which was aged for several
months in cold storage. The higher yield of starch and low cost of potato indicate that it can be a
potential source of raw material for pharmaceutical and starch based industries. A white cotton
fAric (cloth) was used for separation of starch by filtration. Therefore, a portion of starch was
trapped into the mass of blended potato. The yield of production of starch may be increased by

using an alternative and efficient sieving technique.

Biopolymers are usually hydrophilic and thus, water is the solvent used most often to dissolve to
obtain film forming solutions, histead of water some other solvents with or without water can be
used to dissolve biopolymers. Usually, heating with solvent is needed to disrupt the native
structure of the biopolymer to obtain a film forming solution. Plasticizer is added to the film
forming solution at a convenient stage of the process to obtain flexible and elastic films which
are often desired. There are various biomaterial film forming processes such as casting, spraying,
extrusion and thermo-molding. The most common process to produce films on a laboratory scale
is casting, which was used to produce films for testing here. In this process, a film forming
solution was cast on a non-adhesive surface of glass frame covered with Teflon ribbon. Water i.e
solvent was evaporated from the solution in order to form the film. As a result of solvent
evaporation, biopolymer was increased and the basic film structure was developed by hydrogen
bonding. Environmental properties, such as temperature and air relative humidity, during the

evaporation stage could be used to control some ofthe film properties.
Page | 14



It is well known that the functional properties of biodegradable films and coatings depend on the
characteristics of the film forming material. The biopolymers used in film formulations are
polysaccharides, proteins and lipids. Lipids have good barrier properties against moisture, but
little mechanical resistance and a waxy taste. Their ability to reduce the transfer of water is
due to their hydrophobic characteristics and highly compact nature”’. Films based on
polysaccharides and proteins have been reported as effective barriers to gas transport (02, CO2),
although they present hi~ water vapor permeability. The main functional properties
(mechanical and barrier properties) of these hydrophilic materials depend on their water content.
This is due to strong water vapor interactions with the polymer matrix, affecting the structure™?.
Nanotechnology focuses on the characterization, manufacture and manipulation o fbiological and
non-biological structures smaller than 100 nm™. The design of the internal structures on a
micro-scale or nano-scale can improve the functional properties, morphology and stability of the
polymer matrices used in edible films and coatings. Currently, the application o f nanotechnology

in this area is limited and is therefore a wide-open field for scientific research.

Addition of crystalline segment into starch biopolymer would dramatically change the film
properties in terms of mechanical and chemical points ofviews. Thus to increase the clay/ matrix
affinity, different quantities (0, 5, 10, 15 and 20 % w/w of starch) of white clay namely
bijoypur clay and glycerol have been incorporated. Some plasticizers such as urea or
urea/formamide/glycerol, has also been produced great results in the production of exfoliate
nanocomposites but these compounds are eco-toxic and cannot be used to elaborate safe
biodegradable “green” materials.

There are five nanocomposite films with varying quantities of kaolinite were prepared to
investigate its mechanical properties. The self-assembled nanocomposite films were designed as
KSNC for kaolinite starch nanocomposite. The different composition of the films was
represented as KoSNC, KsSNC, KioSNC, K1sSNC and Kz20SNC for 0, 5, 10, 15 and 20% w/w of

kaolinite present in the self-assembled nanocomposite films respectively.
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3.1. Enei” dispersive x-ray defraction spectroscopy (EDS)

Pure kaolinite was subjected to energy dispersive X-ray spectroscopy (EDS) for elemental

analysis. The spectrum of the (Figure 2.3A) shows only three peaks of O, Al and Si elements

which is the identity of the Kaolinite.

The percentage of Al, Si and O in terms of mass and

atoms in the kaolinite is presented in Table 2.1. The SEM images of kaolinite with different

magnifications in Figures 23 (B, C) show that the morphology of the particle looks like a grain

office. The size ofthe kaolinite was estimated to be around 250 nm.

Tabie2.1: Elemental analysis of kaolinite

Element (keV)

0 0.525

A\ 1.48d

Si 1.739
Total

aSSR0
60.42
18.47
2111

100.00

Error?-#
0.19
o.l
0.14

Atoms
72.45
13.13
14.42
100.00

K
52.0661
23.2418
24.6921
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Figure 2J: Energy dispersive X-ray spectra, (b, ¢) SEM images of kaolinite at different

magnifications obtained from Bijoypur, Bangladesh.

3.2. Attenuated Total Reflectioa lofra-red (ATR-IR) Spectral Analysis

The functional groups and interaction of starch/clay self-assembled nanocomposites were
analyzed by ATR-IR spectroscopy. The main bands for distinctive functional groups were
identical In pure starch film which makes observation of many modifications in these bands
difficult. However, intensive changes in the modes below 800 cm" were observed, more
specifically at 578 and 528 cm™. These bands are due to skeletal modes, low frequently
vibrations of the ring, 610 The appearance of a new band at 2,850 cm", attributed to CH2
groups and the increase of intensity of the band at 1,463 cm ', arising from OCH and CH2
groups™ Figure 2.4 shows the ATR-IR spectra of (a) KoSNC, (b) KsSNC, (¢) KioSNC, (d)

K 15SNC, (e) K20SNC and (0 kaolinite recorded within the range of 500%4000 cm™'. The ATR-IR
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spectrum of kaolinite showed the characteristic absorption bands of the inorganic moiety. These
were 1,036.8 cm” ip Si-0), 913.1 cm ' (0 AI-OH), 819.5 cm™ (v Al-O), and 523.4 cm™ (o AL-
O-Siy®. The band at 3,600-3700 cm ' relates to free OH stretching. These bands are existing in
spectra of Kaolinite. OH stretching band of KoSNC moved toward the higher frequency from
3294 to 3410 cm™ which were induced from Kaolinite band. All nanocomposites gave sharp
peaks at around 2922 cm*' starch Starch/Kaolinite patterns show a band at 1,647 cm™ relate to
OH bending and the peak at 1,100 - 1,200 cm" indicated that the Si-O-C bond which may be
associated with an H-bonded Si-OH group is produced from the interaction between starch and

silicate phase of clay.

Wavenumber,cm *
Figure 2.4: ATIR spectrum of (a) KoSNC, (b) KsSNC, (c) KjoSNC, (d) KisSNC, (e) K20SNC

films and (f) Kaolinite recorded within the range of 500-4000 cm™.
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3.3. X-ray difTraction (XRD) analysis

XRD pattern of the films KgSNC, KsSNC, KigSNC, KASNC, K20SNC and kaolinite were
depicted in Figure 2.5. Here it is evident that the peaks around at 12® recorded from the
composite films were not shifted which indicates there was no intercalation of starch molecules
in the kaolinite occurred”’. Whereas, the characteristic peaks at around 20® were gradually sharp

as the addition of kaolinite was increased in the composite films.

Figure 2.5: XRD pattern of (a) KqgSNC, (b) KsSNC, (¢) KioSNC, (d) KisSNC, (e) K2o0SNC and

(f) Kaolinite recorded fix)ym powder of the sample after drying at 105°C for 12h.
UTM provided data to discuss on tensile strength, elongation at break and modulus ofresilience.

Henceforth, UTM data has been analyzed careftilly and discuss the film properties to underhand

the effect of kaolinite.
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3.4. Mechanical Properti”®
Mechanical properties of the samples were studied in terms of tensile strength and percentage

elongation at break.

3.4.1. Tensile strength ofthe nanocomposite films

As the film thickness (200 “m) and maximum force (15 N) exerted onto the films were
unchanged, the experiment was run to measure the ability of a film to withstand a longitudinal
stress, expressed as the greatest stress that the film can stand without breaking. The Figure 2.6
shows a relation between tensile strength of the self-assembled nanocomposite film and the
variable content of kaolinite. At zero kaolinite content film, KoSNC, gave tensile strength at 2.5
MPa, whereas, the maximum tensile strength (8.33 MPa) was found from the K20SNC film. The
overall trend of the line is straight with positive slope which indicates that the tensile strength
increases with the increase ofthe amount of kaolinite™*. At 10 % w/w, there was an experimental
error or the film KjoSNC was not perfectly prepared (may be the film was not homogeneous);
therefore the value obtained (4.3 MPa) was slightly lower than that of the average values of the
trend line. The explanation for this effect is ascribed to the formation of a rigid network of
nanofillers, the mutual entanglement between the nanofiller (kaolinite) and the matrix, and the
efficient stress transfer from the matrix to the nanofiller*®. Mathew et al. in 2002, proposes an
increase in the overall crystallinity of the system resulting fix>m the nucleating effect in the

composite can be beneficial for mechanical properties."°
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Figure 2.6: Effect of kaolinite content on the tensile strength of the nanocomposite films

produced from (a) KoSNC, (b) KsSNC, (¢) K,0SNC, (d) KuSNC and (e) K20SNC films.

3.4.2. Elongation of the naDOComposite films at break

Elongation at break, also known as fracture strain, is the ratio between changed length and initial
length after breakage of the nanocomposite film. It expresses the capability of the film to resist
changes of shape without crack formation. The Figure 2.7 represents the effect of kaolinite
content on the enlargement of nanocomposite film before the appem'ance of crack formation. It is
revealed that the film KoSNC without kaolinite showed very little elongation at break, this could
be due to the lack ofweak interaction of the starch molecules. Besides, as the kaolinite content
increased from 5 to 20 % w/w the magnitude of the value decreased linearly™*. It can be
explained that at KsSNC film the interaction of starch molecules and the kaolinite was
remarkably strong due to the ratio of matrix (starch) and kaolinite crystalline segment, where the
surface of the kaolinite was fully covered by the starch biopolymers, and sufficient polymer
between kaolin interfaces makes the film soft and less stiff. The K2oSNC film showed the lowest

elongation, where the availability of soft segment (biopolymer) was decreased and the hard

Page |21



crystalline kaolinite part was increased, as a result the thin starch film between the kaolinite

particles gradually loses the expanding ability.
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Figure 2.7: Effect of kaolinite content on the percentage elongation of the nanocomposite films

produced from (a) KoSNC, (b) KsSNC, (¢) K,o0SNC, (d) K,sSNC and (e) KzoSNC films.

In Figure 2.8, stress (MPa) vs % strain was plotted and the effect of kaolinite on the elastic and
plastic behaviors was depicted. KqSNC shows only modulus of resilience which is represented
with green zone but when the Kaolinite was added with the starch then the film showed dual
characteristic including plastic behavior. It indicates that kaolinite reinforced to incorporate
brittle nature in the film. Interestingly, with the variation of kaolinite content from 5to 20 % w/w
in the film, the change of rheology in terms of elastic and plastic characteristics are explained
more clearly from the Figure 2.9. It is evident that the maximum modulus of resilience was
found for KisSNC film which is about 5 times higher than that of KosNC film. This could be due
to the fact that the distribution of Kaolinite in the self-assembled film was homogeneous and
perfect proportionate. Besides, initially the maximum plastic region was found for the film
produced KsSNC materials which as decreased in case of K1sSNC film and further increased for
K20SNC film. In the K20SNC film nanoparticles agglomerations were detected and the modulus
of resilience resulted worse than that of the others composites. This can be easily explain that 20
% w/w Kaolinite content film suffered from agglomeration and lack of sufficient starch matrix to
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carry outthe flow properties o fthe film.

KENC KIS\NC KaS\C
Figure 2.8: Effect of kaoiinite content on the modulus of resilience, modulus oftoughness ofthe
nanocomposite films produced from (a) KoSNC, (b) KASNC, (c) KmSNC, (d) KisSNC and (e)
K20SNC films.

K-SNC

0.20

Figure 2.9: Comparison of the efTect of kaoiinite content on the elastic and plastic reasons o fthe
nanocomposite films produced from starch andO, 5, 10, 15 & 20% w/w of kaoiinite.

3.5. Thermogravimeric Analysis (TGA)

in Figure 2.10 thermogravimetrlc characterization of the films designated as KoSNC, KsSNC,
KioSNC, K15SNC and K20SNC produced from 0, 5, 10, 15 and 20% w/w of kaoiinite (by weight
of starch) self-assembled nanoccmposite respectively are showed. Approximately, 10 mg of
sample was subjected to run the experiment using an aluminum pan over 30 to 600®C where the
temperature was increased at a rate 5°C/min. Each graph shows three tracing curves, one for
thermogravimetry which deals with the weight loss of sample due to moisture removal and

decomposition of nanocomposite film materials are shown at the top. The second curve (at the
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middle) represents differential thermal analysis (DTA) which is corresponding to the heat
absorption and phase transition, crystallization due to endothermic and exothermic oxidative
reactions. The third curve shows the degradation rate of nanocomposite films as shown at the
bottom. In Figure 2.10A, the TG curve (top) shows that the initial weight loss (10%) occurs at
about 120”C due to the removal of free moisture and the onset decomposition occurs at 270.6°C
(about 12% weight loss) where more 2% weight loss were recorded may be due to the loss of
bound or trapped water (moisture). Decomposition of starch with 66% of weight was escaped at
344°C showed a linearly decreased of line leaving 12.5% starch weight. Later the decomposed
residue was further completely bunned and the ash was found 0.6% approximately. Besides, the
energy profile with heat absorption and desorption was described from middle curve and was
found that at 80 and 176 ®C, the initially heat gained by moisture, leads to downward the tracing
line whereas, during combustion the heat produced from the system shows the exothermic
reaction at approximately 300 ®C. Later the line goes downward which indicates the endothermic
reaction for further absorption ofheat for complete combustion. The bottom graph shows that the
highest rate of degradation (17.12 ~g/°C) of starch films was occurred at 290.5®C with a sharp
peak. Weight loss due to removal of free and bound water also leads a small broad peak at
around 74 and 174“C with the rate 5.2 and 3.5 ng/”C respectively. Similar experiments were
performed for a series of nanocomposite films prepared using 5 to 20% w/w kaolinhe for the

comparison ofthe properties stated.

Table 2.2: Thermogravimetric analysis ofdifferent composites

Sample Top Middle Bottom curve
ID TcM.rC "Deoonanpige® % Decom  Reaction Tprat (*C) & R*o. Jom

eposition pattern® prinn (I'?/°C)

KoSNC 270 334 76 Endo, Exo 290 & 17

KjSNC 279 320 65 Endo, Exo 300 & 22

KioSNC 280 336 61 Endo, Exo 312&22

K.jSNC 280 333 56 Endo, Exo 314 &30

KmSNC 284 338 54 Endo, Exo 316&36

*Endo-Enc othermic and Exo-Exothermic
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Table 2.2 shows a summary of thermogravimetric analysis or five samples, KqSNC, KjSNC,
KioSNC, K15SNC and K20SNC in terms of onset temperature, temperature at which
decomposition completed, the amount of composite decomposed in percentage, type of reaction
occurred and the temperature at which the maximum decomposition rate recorded. It is clear
from the onset temperatures envisaged in the Table 1 that after addition of 5% kaolinite the
change oftemperature was significant i.e. 9"C was increased whereas from 5 to 20% increased of
kaolinite lead 5“C more tolerance at 284“C for onset decomposition. This phenomenon indicates
that kaolin plays crucial role to stabilize the composites against temperature. The films without
kaolinite decomposed completely at 334°C but except K5SNC and KisSNC all films showed
little higher temperatures. But it was not remarkably high compared to KqSNC film.
Decomposition amount from KoSNC to K20SNC films within the temperature range from onset
to complete decomposition were gradually decreased from 76 to 54%. Itis noticed from the data
that there is an inverse relationship between decomposition quantity and kaolinite content. As the
content of kaolinite increased in the composite films, the amount of decomposition was
decreased, since the residue was gradually increased. The reactions involved with the whole
temperature profile from 30 to 600°C are endothermic and exothermic due to heat absorption by
moisture and the starch biopolymer and later desorption of heat occur by burning of starch for
char formation. Interestingly, it is found that the rate of decomposition was increased with the
increase of kaolinite content in the films. At 290“C the rate of maximum decomposition (Rro,,)
was 17 |ig/®C for KgSNC film. A slightly higher decomposition rate 22 *g/oC were found for
KsSNC and KioSNC fihns at 300 and 312®C. Besides, KisSNC film gave drastically increased
decomposition rate 30 ng/*C at 314®C which is lower than that obtained from K20SNC, Rmar= 36
ti.g/®C, at Tpeak = 316°C, indicates that the K20SNC film is more thermally unstable that KjsSNC

film.
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Figure 2.10: Thermogravimetric graphs of (a) KoSNC, (b) KsSNC, (c) KioSNC (d) KisSNC, (e)
K20SNC and (f) a comparison chart of films.



There are some research articles already published regarding thermograviraetric analysis
performed on numerous synthetic polymer nanocomposite showed that many polymers filled
with clay, specially montmorilonite exhibited improved thermal stability {i.e., a higher
temperature for the onset of thermal degradation), such as in the case of poly(methyl
methacrylate) (PMMA)”, poly(dimethylsiloxane) (PDMS)™, polyamide (PA™” and
polypropylene (PP) systems™. It is usually well accepted that in the case of polymer-clay
nanocomposites the improved thermal stability of the polymer nanocomposite is mainly due to
the formation ofa char which hinders the out-diffiision ofthe volatile decomposition products, as
a direct result of the decrease in permeability, usually observed in exfoliated nanocomposites"*.
Despite this, the exact degradation mechanism is currently not clear; such behavior is probably
associated with the morphological changes in proportion relative to exfoliated and intercalated
species with the clay loading. At low clay loading (ca. 1 wt.%), exfoliation dominates but the
amount of exfoliated nanoclay is not enough to enhance the thermal stability through residue
formation”’. In addition, in air atmosphere, clay may slow down oxygen diffusion and thus
produce thermo-oxidative reactions. On the other hand, the effect of clay on thermal stability in
nitrogen is system dependent; therefore, there is no scientific evidence that there is an increase in
thermal stability due to a decrease in permeability. When increasing the clay concentration (2 wt
%-4 wt %), much more exfoliated clay is formed, char forms more easily and effectively and,
consequently, promotes the thermal stability ofthe nanocomposites. At even higher clay loading
level (up to 10 wt %), the intercalated structure is the dominant population and, even if char is
formed in high quantity, the different morphology ofthe nanocomposite probably does not allow
the maintaining of a high thermal stability. However, it is known that the chemical nature ofthe
polymers, the type of clays and their modification route play an important role in the degradation
behavior of polymer nanocomposite. TGA measurement could also give indirect information
about the amount of exfoliated nanoclay in the self-asssembled nanocomposite. However, char
formation could not affect thermal stability since it is obtained at the very end of the
decomposition. Two important works review the thermal properties and degradation processes of
nanocomposites based on different polymer matrices."®”* They discuss the basic changes in
thermal behavior of different synthetic polymer matrices (polyolefms, polyamides (PA), styrene

containing polymers, poly(methyl methacrylate) (PMMA), poly{viny) chloride) (PVC),
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polyesters, polyimides (Pl), epoxy resins, polyurethanes (PU), ethylene-*ropylene-diene
terpolymer (EPDM), poly(vinyl alcohol) (PVA), and polylactide (PLA) upon addition of
montmorillonite, with special focus on the influence of montmorillonite on the kinetics of the
degradation process and the formation of condensed/volatile products in oxidative and pyrolytic
conditions. The results of recent research reported in the mentioned reviews ™ indicate that the
introduction of layered silicates into polymer matrix causes an increase in thermal stability. Due
to the characteristic structure of layers in a polymer matrix and their shape and dimensions close
to molecular level, several effects have been observed that can explain the changes in thermal
properties. Experimental results have shown that layers of MMT are impermeable to gases,
meaning that both intercalated and exfoliated structure can create a labyrinth for gas penetrating
the polymer bulk. Thus, the effect of a “labyrinth” limits the oxygen diffusion inside the
nanocomposite during thermal degradation. Similarly, in the samples exposed to a high
temperature, the kaolinite layers restrain the difftision of gasses evolved during degradation,
contributing to keep the neat polymer in contact with a non-oxidizing environment. Moreover,
kaolinite layers are thought to reduce heat conduction. In the presence of kaolin layers, strongly
interacting with polymer matrix, the motions of polymer chains are limited. This effect brings
additional stabilization in the case of polymer/kaolinite nanocomposites. The heat barrier effect
could also provide superheated conditions inside the polymer melt leading to extensive random
scission of a polymer chain and the evolution of numerous chemical species which, trapped
between clay layers, have more opportunity to undergo secondary reactions. As a result, some
degradation pathways could be promoted leading to enhanced charring. It is also suggested that
the effect of more effective char production during thermal decomposition of polymer-clay
nanocomposites may be derived from a chemical interaction between the polymer matrix and the
clay layer surface during thermal degradation. Some authors indicated that catalytic effect of
nanodispersed clay is effective in promoting char-forming reactions. Nanodispersed MMT layers
were also found to interact with polymer chains in a way that forces the arrangement of
macrochains and restricts the thermal motions of polymer domains"*”". Generally, the thermal
stability of polymeric nanocomposites containing MMT s related to the organoclay content and
dispersion. Specifically, the onset decomposition temperature, Tonset, and the temperature of

maximum weight loss rate, Tpeak, are higher in the nanocomposites. For example, Ge et al?*
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found that 5wt % MWNT addition caused a 24°C shift in Thnset as compared to that ofthe neat
PAN. A number of mechanisms have been suggested. Dispersed nanotubes might hinder the flux
of degradation products and thereby delay the onset of degradation. Polymers near the nanotubes
might degrade more slowly, which would shift Tpeak to higher temperatures. Another possible
mechanism attributes the improved thermal stability to the effect of higher thermal conductivity

in the nanotube/polymer composites that facilitates heat dissipation within the composite"*®.

3.6. Thermal Mechanical Analysis (TMA)

Figure 2.11 shows TMA and differential thermal mechanical analysis (DTMA) graphs obtained
from 0 to 20% kaolinite containing starch films. TMA is a highly sensitive technique for the
measurement of expansion and contraction of cross-linked or filled materials, including

nanocomposites™. There are many research groups have already used TMA to measure the
coefficient of thermal expansion (CTE) of nanocomposite materials"*" where montraorilonite
was only incorporated into the composites. In general, the extent of CTE reduction depends on
the particle rigidity and on the dispersion of the clay platelets in the matrix and also on an
efficient stress transfer to clay layers. It is believed that the retardation of chain segmental
movement through incorporation of organically modified clays also leads to decrease in the
CTE**". PA-6 modified with organo-MMT was found to exhibit lower values of CTE than pure
polymer in the direction parallel to the melt flow during injection molding®* while increased
values of CTE were measured in the direction normal to the melt flow. TMA results may
indirectly provide information about the spatial orientation of MMT layers in nanocomposite
materials. TMA can be also used to measure the glass transition, in terms of change in the CTEs,
as the polymer turns from glass to rubber state with a dramatic change in free molecular volume.
Thus, Tg can be determined from the thermal expansion curve. In the Figure 2.11, the top curve
is for DMA and the bottom curve is for DTMA were obtained for KoSNC film. The TMA curve
shows that the first onset of contraction occurs at 37°C, the value of which is 0.38jim and
second onset of contraction occurs at 93.5°C, the value of which is 9.64nm. DTMA curve also
shows two stages of contraction occurs at a rate of 0.068nm/°C at 31.7°C, and at a rate of
0.196)im/°C at 98.5°C. There is also an expansion occurs at 47.3°C with 0.21"im contraction.

Similar data were acquired from the kaolinite self-assembled starch nanocomposite films. The
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Table 2.3 represents the two-phase contractions within the range 30 to 100°C. First onset
contraction of nanocomposite occurs within the temperature range 37-38°C, but the deformation
was significantly varies from 0.38nm to 1.86jim for KqSNC and K20SNC films respectively. It
indicates that the kaolinite assisted to contract the film more strongly within the temperature
range 37-38°C. Interestingly, at higher temperature (93.5°C) contraction was increased
dramatically from 0.38 to 9.64jim for KoSNC.

Temperature increases plastic flow of starch mafrix originated ftx)m loosening entanglement of
polymer chain the reason why the contraction increases. Whereas, in case of KsSNC film,
contraction was changed from 0.56 to 6.34nm which indicates kaolinite plays crucial role as a
crystalline phase to prevent expansion by increasing inteifacial interaction with the soft polymer
matrix. It is evident that the contraction of K5SNC film was the lowest in magnitude compared to
other nanocomposites produced using kaolinite. Interestingly, the contraction was increased
gradually upto 8.19"m for K20SNC film from 6.34|im for KsSNC film. DTMA shows the
contraction rate al two different temperatures. Initially, at around 31“C the contraction rate
decreased to 0.037jim/°C when 5% kaolinite was added, after further addition of kaolinite
contraction rate maintains almost steady (~0.08pm/’C) upto 20% kaolinite content. Likewise, at
the films within the range 94-98°C shows similar pattern, initially decreased irom 0.196 to
0.086"m/’C then increased to O.154"m/°C of contraction rate which indicates that the K20SNC

film was more unstable than other KioSNC and KisSNC films.
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Table 2.3: Summary ofthermal mechanical analysis (TMA) and differential TMA

Sample Onset contraction (Top curve) TMA DTMA (Bottom curve

ID nc uC nC oC
KoSNC 37.0 0.38 93.5 9.64 31.7 0.068 98.5 0.196
KjSNC 38.0 0.56 94.1 6.34 31.7 0.037 98.5 0.190
KioSNC 36.2 1.08 97.0 7.03 31.3 0.088 94.3 0.086
K.jSNC 37.2 1.26 96.0 7.8 31.2 0.083 95.2 0.130
K20SNC 38.2 1.86 95.6 8.19 31.4 0.080 95.7 0.154

3.7. Studies of Surface morphology of films using SEM

A scanning electron microscope (SEM) is a type of electron microscope that produces images of
a sample by scanning it with a focused beam of electrons. The composite films were subjected to
probe its morphological structure using SEM. In Figure 2.12, SEM images are inserted and it is
seen that Figure 2.12A, represent the image of film produced without kaolinite. The arrow
indicates the dark spot ofthe film where a porous structure was found. The pore was distributed
almost homogeneously in the film. The porosity was decreased after addition of kaolinite as
shown in Figure 2.12 (B-D). A least number of pores were observed from KijSNC film indicate
the homogeneous distribution of kaolinite in the film. Besides, the surface of K20SNC film looks

rough due to the agglomeration ofexcess kaolinite is depicted in Figure 2.12E.
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Figure 2.12: SEM images ofthe films produced from (a) KoSNC, (b) K5SNC, (c)
KioSNC (d) KisSNC and (e) K20SNC using kaolinite and starch.
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Conclusion: In this report, we have successfully prepared nano-composite films of kaolinite
dispersed and self-assembled in starch biopolymer. ATR-IR spectrum shows the presence ofthe
functional groups of starch and kaolinite in the nanocomposite films. The self-assembled
nanocomposite film produced fix>m 15% w/w kaolinite and starch exhibited moderate
mechanical strength (stress 6.3 MPa) at break but showed the highest woricable mechanical
strength  (stress 4.3 MPa) within the area of modulus of resilience. Thermal stability of
composites were increased with the addition of kaolin but the optimum stability was found for
KisSNC film with To««, = 280°C, Maximum rate of decomposition Rtok = 30 (*g/°C) and Tpej*
= 314®C. Contraction of all K<j.20)SNC nanocomposhe films at around 95°C were found lower
in magnitude compared to KoSNC film. SEM images proved that the nanofiller kaolinite reduces
the porosity of the film and the minimum number of pore was envisaged in the KASNC film.
Such nanocomposite advanced materials produced form starch biopolymer and indigenous

layered materials would play crucial role in the field of nanoscience and technology.
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Chapter: Three

Fabrication of Kaolinite/Choline Chloride Self-standing
Porous Composite Bed for Filtration of Aqueous Dye

Solution
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Chapter Three

Abstract: Design and Engineering of composites from indigenous functional materials and
synthetic biodegradable matrix are present demand to create a sustainable environment due to
their outstanding applications in the field of advanced materials science and separation
technology. Here, a pH induced self-standing composhe porous bed have been fabricated from
kaolinite and choline chloride and aqueous solutions of textile dyes {c.f remazol red and
methylene blue) have been treated. The composite bed was characterized using attenuated total
rcflcctance infra-red (ATR-IR), x-ray diffraction (XRD), elemental analysis (EA),
Thermogravimetric analysis (TGA) and scanning electron microscopy (SEM). It is revealed that
the eluent collected after treating remazol red solution was absolutely free fixtm dye whereas,
methylene blue was passed through the bed from the very beginning. The effect ofthe thickness
of bed on filtration was merely observed, but at lower pH (9.5) and higher pH {11.5), the bed
shows very slow and almost steady flow rate respectively. Development of such technology from
eco-friendly materials with satisfactory performance would play vital role in separation science

in near fiiture.
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1. Introduction

Efficient removal of azo dyes from industrial effluents has been a long-standing
technological challenge for the scientific community. Numerous researchers and their coworkers
have employed several methods including physical, chemical, and biological approaches
including coagulation,” membrane filtration, ion-exchange/ adsorption® photo-degradation,”
enzymatic degradation” etc. for the effective treatment of these recalcitrant dyes. To date, fixed-
bed column adsorption has been one ofthe most widely used methods for separating hazardous
pollutants from wastewater via filtration.” Fixed-bed adsorption is advantageous over batch
studies since large volume of wastewater can be continuously treated in this method using a
small quantity of adsorbent.* On the contrary, batch equilibrium experiments are applicable only
in laboratory scale for treating small quantity of wastewater.® The data obtained from fixed-bed

adsorption experiments can be used as a benchmark to scale up for industrial applications.'®

Different types of substrates have been used in fixed-bed column for isolation of toxic
pollutants from wastewater such as activated carbon,” natural zeolites,” chitosan-
glutaraldehyde,"EUuca/>'/?/ai sheathiana bark,“*chitin,” chitosan,"*eggshells,** sawdust,'® pine
cone,” carbon-alumina composite'* etc. However, major attention has been given on activated
carbon since the commercial activated carbon has high surface area, porous structure, and good
adsorption capacity." However, the high cost for preparation and the difficulty in regeneration
limits the industrial applications of activated carbon.” Therefore, focus has been shifted towards
cost-effective alternate materials.'® In this regard, naturally occurring clay minerals appear as
attractive candidate for detoxification of industrial hazards. The low cost, availability, high
surface area, lack of toxicity, potential for ion-exchange, a variety of surface and structural
properties, molecular (organic) adsorption-desorption properties and chemical and mechanical
stability make ground for the widespread application of clay minerals in fixed-bed column.'A'A?
Srivastava et al. reported the removal of nitrate from drinking water by bentonite using fixed-bed
column.AMBaskan et al. reported the efficient adsorption of arsenic in fixed-bed column using
natural and modified clinoptilolite.A* The separation of copper in fixed-bed column from aqueous
solution by chitosan-immobilized bentonite was studied by Futalan et al.™ However, to the best
ofour knowledge, there is no report on the application of kaolinite based materials in fixed-bed

column for separation o ftextile dyes from aqueous solution.
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The free-flowing nature of powdered kaolinite restricts itselfto be used in flxed-bed column
for filtration purpose. Therefore, porous and channeled architecture should be made from
kaolinite by appropriate modification with other materials. Here, choline chloride could be used
as a suitable modifier, since it has already drawn attention from researchers for adsorption
purpose. Wartelle et al. reported the adsorption of chromate ion by choline chloride modified
agricultural by-products.™ Karachalios et al. studied theremoval of nitrate from water by
quatemized pine bark using choline chloride based ionic liquid analogue.* The quaternary
structure of choline helps adsorb various ionic pollutants from wastewater. TTierefore,
modification with choline chloride could greatly alter the surface chemistry of kaolinite for

adsorption purpose.

The objective of this study was to successfully fabricate a self-standing porous composite
bed for the filtration of textile dyes from aqueous solution. Here, we report that the negatively
charged functionalities of the fabricated filter bed perfectly restricted the penetration of a model
azo dye (anionic) at alkaline pH. The effect of various process parameters such as initial dye
concentration, and solution pH were thoroughly investigated for proper evaluation of the
filtration performance. We highly expect that the fabricated filter bed will draw commercial
interest for applications in removal of hazardous dyes from the effluents of textile, paint, food,

leather, pharmaceutical, printing, cosmetic, and other industries.

2. Experimental
2.1. Materials

Locally available kaolinite clay and choline chloride, purchased in dissolved form, were
utilized in this study for the fabrication of porous filter bed. Purified sodium hydroxide pellets
and ethanol were supplied by Active Fine Chemicals Limited (Dhaka, Bangladesh). The dye
removal performance of the fabricated bed was investigated with an aqueous solution of
Remazol Red. This model anionic azo dye was collected fhDm a local textile industry in
Bangladesh in an air-tight container.
2.2 Fabrication of self-standing bed structure
0.95 g of kaolinite was suspended in 25 ml distilled water in a beaker and stirred at room
temperature (25 "C) for 4 hours. 2.5 ml of choline chloride with 0.38 g/ml density was gradually

dropped into the kaolinite suspension in order to maintain1:1 ratio (w/w) of kaolinite to choline
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chloride solution. The resulting suspension was stirred in a magnetic stirrer for 4 hours. After 4
hours of stirring, the suspension was finely dispersed in a sonicator for 50 minutes. A syringe
was cleaned properly with detergent, ethanol and distilled water and then dried. A small portion
of cotton was put at the bottom of the syringe tube. The syringe was then filled with 20 ml co-
solvent of 15% NaOH (w/w) and 95% ethanol (v/v) in a volume ratio of 4:1. The kaolinite-
choline chloride liquid suspension was added dropwise through a dropper. The composite bed
was thus formed in the syringe. The cotton in the bottom of the syringe was then removed and
the co iiolvent soiution was also discharged from the bed. The composite bed in syringe was
dried at 100 “C for 8 hours until the bed was completely dry. It is to be noted that care was taken
when preparing the bed so that there was no gap between the sidewall of the syringe and the bed.

23.Characterization

FTIR spectra of samples were recorded on a FTIR 8400S spectrophotometer (Shimadzu
Corporation, Japan) in the wavenumber range of 4000-400 cm™; the resolution was 4 cm*' and
the number of scans were 30. Approximately | mg of samples was ground with 100 mg KBr by
~Nate mortar and then pellets were made from the mixture by applying pressure. The thermal
degradation profiles (thermograms) of the samples were recorded on a thermogravimetric
analyzer (TGA-50, Shimadzu, Japan). The samples were heated from room temperature to 800°C
under nitrogen atmosphere at the flow rate of 10 ml/minute and at the heating rate of
10°C/minute using alumina cell. The weight of the samples varied from 4 to 10 mg. Total hold
time at 800"C was 5 minutes. The elemental composition of the samples was determined by
taking the EDS spectra of the material (EDS with the FESEM model JEOL JSM 7600F). Finally,
the filtration performance ofthe samples was investigated by a UV-VIS spectrophotometer UV-
2100PC (Human Lab Instrument Co., Korea). The morphology of the samples was analyzed by
an analytical scanning electron microscope (JEOL JSM-6490LA, Tokyo, Japan) operated at an
accelerating voltage of 20 kV in the back-scattered electron mode. XRD patterns of the samples
were recorded by an x-ray diffractometer (Ultima IV, Rigaku Corporation, Japan) at room
temperature. Cu Ka radiation (X.= O.154nm), from a broad focus Cu tube operated at 40 kV and
40 mA, was applied to the samples for the measurement. The XRD patterns ofthe samples were
measured in the continuous scanning mode with scan speed of3°/minute and in the scan range of

10to 70°.
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3. Results and Discussiod

Chemically and thermally stable porous materials with interconnected channeled structures draw
tremendous attention for potential applications in separation science due to their improved
filtration efficiency. The dropwise and controlled addition of kaolinite/choline chloride mixture
into a highly alkaline media in air resulted in the formation of composite beads (Scheme 3.1).
The strong alkaline environment accelerated the breakdown of choline chloride and exposed the
positive nitrogen terminal of the choline chloride. Performing the reaction in an aerated
environment would also lead to the decomposition of the hydroxyl group of choline chloride

(Reaction 1), as reported by Ramprasad et al.™*

[MeaNCH,CH,0 H]*Cr +0,+ NaOH —» Me, N’CH,CO," + NaCl + 2HjO (1)

The ensuing electrostatic chemical interaction between the positively charged N terminal of
choline chloride and negatively charged surface of kaoiinite resulted in the formation of the
beads in the syringe. The newly formed composite beads settled to the bottom, where they came
in contact with other beads resulting in self-assembled densely porous bed structures. In this
fabrication process, the inner diameter of the syringe and cotton support at the bottom precisely
controlled the shape ofthe fabricated filter bed. Hereafter, the composite bed will be denoted as
K-C composite bed. Kaoiinite in itself is a free flowing powder and cannot be molded into a self-
standing bed while choline chloride can be synthesized in a strong film (Figure 3.1a and Fignre
3.1b). The photo of the as synthesized self-standing K-C composite bed is reported in Figure

3.1c which showed the self-standing nature ofthe material.
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Scheme 3.1: Fabrication process of kaolinite-choline chloride composite bed.

Figure 3.1: Comparison ofthe physical features ofthe composite components and the composite
bed. a) Free flowing kaolinite (K) in powder form supported in a syringe, b) a film of choline

chloride (C), and c) self-standing composite bed ofkaolinite and choline chloride (K-C bed).

Figure 3.2a shows the FTIR spectra of kaolinite, choline chloride, and the K-C
composite bed. The broad band in the green shaded region in the spectrum for choline chloride
can be assigned for Vas OH.M Interestingly, this peak was absent in the K-C composite bed. This
provided evidence that the OH group of choline chloride ([MeaNCH2CH20H]*Cn had
decomposed, most probably through the reaction route provided in Reaction 1. The band in the

yellow shaded region at around 1478 cm"™ in the FTIR spectrum for choline chloride (Figure
3.2a) could be assigned for p CHs. This particular vibration was still present in the K-C
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composite bed. Hence, this proved the presence of choline chloride in the K-C composite bed
and the lack of peak in the green shaded region was not just because ofthe absence of choline
chloride in the final material. It also indicated that the CHs bond o fthe choline chloride remained
unchanged during the fabrication of the composite bed. We further analyzed the pristine K-C
composite bed through thermogravimetric analysis (Figure 37b). We included the
thermogravimetric curve of kaolinite as a reference in order to pinpoint the contribution of the
constituents towards the mass loss of the K-C composite bed during thermal analysis. From
Figure 3.2b, the weight loss up to 100°C can be attributed to the loss of adsorbed water which
accounted for about 7.8% of the total mass. There was a sharp weight loss (47.7%) from about
less than 200°C till 386°C. This weight loss was mainly due to the decomposition ofthe choline
chloride from the K-C composite bed. The remaining mass was due to the inorganic kaolinite
phase (44.5%). It must be mentioned here that we synthesized the K-C composite bed with 1:1

ratio of kaolinite and choline chloride.

Figure 3.2: a) FTIR spectra of kaolinite, choline chloride and the K-C composite bed. The green
shaded box and the yellow shaded box in the spectra highlight the regions where the difference
In peaks ofthe three materials are observed, b) Thermogravimetric curve for kaolinite and the K-

C composite bed.
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As the amount of choline chloride and kaolinite almost had the same weight ratio,
thermogravimetric analysis provided evidence that the composite bed was synthesized with the
intended ratio of kaolinite and choline chloride. A fiall elemental composition of the K-C
composite bed as determined from the energy dispersive X-ray spectroscopy (EDS) is provided

in Table 3.1.

Table 3.1: Elemental composition of kaolinite-choline chloride composite bed determined

through energy-dispersive X-ray spectroscopy (EDX).

Element Mass (%) Atom (%)
C 78.09 72.20

N 1.63 1.76

o 18.99 23.39

Na 0.3 0.53

Al 0.53 1.10

Si 0.45 0.97

Cl 0.02 0.06

Total 100.00 100.00

Figure 3.3 shows images of kaolinite and choline chloride modified kaolinite respectively. It is
quite clear from the image of kaolinite that there were sharp edges and grains, denoted by
arrows, due to its crystalline structures. When the kaolinite was modified with choline chloride,
it lost sharpness and was covered by the soft, polymeric thin film, and displayed swollen wool

like structures.
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Figure 3.3: Electron microscope (SEM) images of kaolinite (A), modified kaolinite (B),

respectively.

Figure 3.4a shows the SEM micrographs of the pristine K-C composite bed. The porous nature
of the composite bed is evident from the images with average particle size being bigger than
I ONim. On the other hand, kaolinite itself has much smaller particle size with low porosity. The
porous nature of the composite bed makes it an ideal candidate to be utilized as a medium for
dye separation from aqueous solutions. XRD patterns ofthe K-C composite bed and kaolinite is
reported in Figure 3.4b. The diffraction peaks at about 12° and 25° can be indexed to (001) and
(002) crystal planes, respectively. The diffraction patterns of the composite bed closely resemble
that of the kaolinite. However, a close inspection ofthe peaks ofthe two materials would reveal
that there was a slight shift of the diffraction peaks towards the lower angle side for the
composite material, meaning that the d spacing of the composite material is larger than the
constituent kaolinite. This provided us evidence that rather than being a mere physical mixture of
kaolinite and choline chloride, the constituents had a chemical interaction with each other in the
final composite material. This slight shifting towards lower angle supports that choline chloride

could be partially intercalated inside the galleries of kaolinite thereby forming a highly stable
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composite bed shiicture. It has been widely reported in literature that intercalated composites

display improved performance compared to the conventional composites.30
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Figure 3.4: a) SEM micrographs of the K-C composite bed at different magnification. The
porous nature of the bed is evident fix>m the images, b) XRD pattern of kaolinite and the K-C
composite bed. The dashed lines In the patterns indicate the relative positions ofthe peaks for the

(001) and (002) crystal planes in kaolinite and the K-C composite bed.

Due to the porous nature of the K-C composite bed with a negatively charged choline
functionality (Mes I'T'CH 2C0OZ2), we hypothesized that the composite bed might facilitate to
repulsive force for removal ofanionic azo dyes from their aqueous solutions. This would provide
an environmentally friendly solution of treating industrial effluent containing the hazardous azo
dyes before it is discharged into the environment. In order to prove our hypothesis, we treated an
aqueous solution of Remazol Red (RR), an anionic azo dye with the K-C composite bed. We
treated a 50 ml 20 ppm aqueous solution of RR with the composite bed at a pH of 11.7. The
justification of the chosen operating conditions is provided later. A setup similar to the one in
Figure 3.5a was built in order to assess the efficiency ofthe K-C composite bed in removing RR
from its aqueous solution. Figure 3.5b shows the UV/vis spectra of the dye solution before
treatment with the bed and also for every 5 ml solutions after treatment with the bed. As can be
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seen from the spectra, the aqueous solution o f RR shows a peak at around 533 nm (Figure 3.5b).
However, the solutions after treatment with the composite bed did not show any peak at all. This
proves the efficient removal of RR from its aqueous solution. The absorbance of the treated
solutions was equivalent to the background absorbance which signifies that almost all the RR
dye was removed from the solution. The absorbance of all the freated solutions was close to the

absorbance ofwater, furtherjustifying our statement.
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=2 hrinto th« dye rwmoval
<3 I>rinto the dye removal
2. -4 hrirxlo the dye removal

-5.Q hrintothe dye removel

-Q.s hr into the dye removal '
i@ hr into the dye removal
hr into the dye removal

. -11.6 hrinto the dye removal,
o 1.
O-
200 300 400 500 600 700

W avelength (nm)

Figure 3.5: a) Photo of the setup for the aqueous Remazol Red treatment with the K-C
composite bed. The thickness of the bed was 0.55 cm. b) UV/vis spectra o fthe treated solution at
different time intervals. The time intervals represent the attainment of every 5 ml solution from

the freatment with the K-C composite bed.

The highly efficient dye separation capability of the composite bed was exemplified by the
accumulation of the removed RR on the surface ofthe composite bed (Figure 3.6). The efficient
removal of anionic azo dye from the solution means that the dye is almost completely deposited
just by the surface of the composite bed (Figure 3.6a) and the bulk ofthe bed was no further
needed to remove the dye from the solution (Figure 3.6b). Thus, the efficiency of dye removal is

independent ofthe bed thickness.
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Figure 3.6: a) Surface ofthe K-C bed after Remazol Red from aqueous solution, and b) cross-
sectional image of the bed after the dye removal. The images show all the removed dye is

accumulated on the surface ofthe bed, rather than migrating in the bulk ofthe composite bed.

This must be noted here that we further attempted to remove the dye from its solution using
kaolinite only (Figure 3.7). However, kaolinite was not as efficient as the K-C comi>osite bed to
remove dye from the solution and the loosely packed powder nature of kaolinite means that the
dye solution would just flow right through it. Meanwhile, the choline chloride film was too firm

and non porous for any solution to pass through it.

Figure 3.7: a) Setup of dye treatment with bare kaolinite powder supported on a syringe, b)
solution of Remazol Red in a cuvette before treatment with kaolinite, and c) solution of Remazol

Red in a cuvette after treatment with kaolinite.
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To find out the optimum condition for efficient dye separation from its aqueous solution, the
effect of dye concentration and pH on the time required for the dye solution to pass through the
bed was studied. The thickness of the bed was chosen to be 0.5 cm. Figure 3.8a shows the
influence o fRR concentration on time required for collecting every 5 ml of treated solution. The
pH of all the solutions were kept constant at 11.7. As can be seen from the figure, the time
required for the dye removal increased as a function ofincreasing concentration. We suspect that
at higher concentration, the accumulated dye on the surface of the composite bed would be
blanketing the pores, making the passage of the solution progressively harder, hence requiring
longer time. Figure 3.8b shows the influence of pH on the time required for collecting every 5
ml of the treated solution with the composite bed. The concentration of the RR solution was 20
ppm. The least time required among the two pH reported was at 11.7. At pH 9.1, the time
required for collecting the solution Increased significantly after a total collection of 15 ml
solution and increased slowly thereafter. However, at pH 11.7, the time required for collecting
every 5 ml solution was significantly lower than pH 9.1 and the time remained more or less the
same throughout the dye removal operation. We did not perform the study beyond pH 11.7
because the highly alkaline solutions at a pH higher than 11.7 would pose an environmental

threat in itselfwhich would go against the overall goal ofour research.
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Figure 3.8: a) Effect of concentration of RR to the time required for filtrate collection after the

treatment with the K-C composite bed, b) effect of pH on the time required for filtrate collection

Page 152



after treatment of the RR solution with the K-C composite bed. The thickness of the bed was

chosen to be 0.55 cm.

Moreover, the bed was ineffective at pH 7 or lower as the physical integrity of the bed was
severely compromised (Figure 3.9). We suspect that the physical cohesion of the bed at lower
pH is the underlying reason behind the observed trend in time required for collecting the
solutions. The bed was synthesized in an alkaline condhion. Hence, at lower pH, the bed might
have a tendency to disintegrate, most probably through a hydrolysis reaction. This translates into
having less porous structure at pH 9.1 and physical breakdown of beads at pH 7 to a film. Hence,
pH values higher than 9.7 is best suited for efficient application of this composite. However, one
does not need to go beyond pH 11.7 because at this pH, the dye removal was 100% and the

speed of solution passing through the bed was also reasonably fast.

. Degrattedbed-

Figure 3.9: Degraded K-C composhe bed upon treatment of Remazol Red solution at pH 7.
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Conclusion: A self-standing and porous composite bed of kaolinite and choline chloride was
synthesized with 1:1 w/w ratio ofthe constituents. Choline chloride and kaolinite had a chemical
interaction with each other as determined through XRD and FTTR. The bed was highly efficient
in removing RR dye from its aqueous solution. A 20 ppm aqueous solution at pH 11.7 was
treated with the composite ljed and the efficiency of dye removal was measured. It was found
that the bed removed the dye from its solution with 100% efficiency. Due to the readiness ofthe
dye removal at 20 ppm concentration by the composite bed, all the dye was removed by the
surface of the bed and the bulk of the bed was not required to participate in the process. Hence,
we found that the dye removal for this particular concentration was independent of bed
thickness. Thus, we believe a competent bed for dye removal such as this would go a long way in

answering the long lasting issues of water pollution due to textile industrial waste effluents.
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Chapter: Four

Studies on Mechanical Properties of PMMA/Choline

Chloride Modified Kaolinite Nanocomposite Films

Page 157



Chapter Four

Abstract: Composites materials produced from indigenous nano-scale particles and synthetic
polymers have created demand in the field of nanoscience and technology. Layered silicates are
a potential candidate for reinforcing the properties of composites. Here, we report the fabrication
ofnanocomposites using poly (methylmethacrylate, PMMA) as matrix and bijoypur clay known
as kaolinite (200-250 nm) as filler via solution casting. Kaolinite was first modified using
choline chloride to prepare core-shell particle through precipitation technique and was used for
self-assembled nano-composite film preparation. A series of nano-composites films using 0,1, 3.
5 and 10% w/w modified kaolinite was prepared. The neat PMMA and nanocomposites films
were characterized by attenuated total reflection infra-red (ATR-IR), X-ray diffraction (XRD).
The mechanical properties, thermal stability and morphology of the films were investigated
using universal testing machine (UTM), thermal gravimetric analysis (TGA) and scanning
electron microscope (SEM). The nanocomposite films exhibited better mechanical properties and
thermal stability than neat PMMA film. Development of such nano-composites materials fiom
naturally occurring nano-scale particles would play crucial role in the field of materials science

for packaging applications and separation technology.
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1. Introduction

Nanoscale indigenous layered material and polymer composites are of great interest to the
researchers due to the environmental considerations™”. Nanostructured layered silicates
incorporate higher mechanical, thermal stability, and barrier properties in the composite
materials at relatively low filler contents compared to those of conventional composites The
available naturally occurring nanostructures are montmorilonite, clay, silica and calcium
carbonate. Kaolinite is composed of white, soft, and highly refractory clay particles  Hydrated
kaolinite maintains aluminosilicate with a 1:1 layered structure consisting of an octahedral
aluminum hydroxide sheet and a tetrahedral silica sheet  Due to the inherent rigid characteristic
of a layered structure, kaolinite is not susceptible to interactions with functional polymers.
Chemically modified kaolinite incorporates interfecial properties which can promote the
compatibility and dispersion of the particles into a polymer matrix. Treatment of particles with
epoxy functional silane coupling agent has been extensively used to examine the properties of
calcined kaolinite (CKao), TiOj in polyethylene terephthalate (PET) composites

Polymer/clay nanocomposites is an interesting and very promising research area due to cost
effectiveness, their high specific surface area, and their ease of avaiiability from natural
resources Recently work has been focused on developing polymer/clay nanocomposites
using various polymers, such as polypropylene (PP), polyamide, polyimide, nylon, polystyrene
(PS), ethylene vinyl acetate copolymer, polyethylene terephthalate, polyurethane, low density
polyethylene (LDPE), high density polyethylene (HDPE), epoxy, PS/HDPE, PP/HDPE, and
PP/LDPE A number of clay types have been used, including kaolinite, lllite, Bentonite,
Chlorite, and Montmorillonite On the other hand, considering the outstanding mechanical
properties, thermal capability and electric performance, poly(methylmethacrylate) (PMMA) has
been widely used as the matrix. Many potential applications of PMMA have evoked intense
interest in PMMA based composites. As a result, many composites of PMMA-clay have been
prepared by suspension polymerization, emulsion polymerization, and bulk polymerization,

etc.A" But PMMA-choline chloride modified kaolinite composites are rare.

In the last few years, researchers have begun to fabricate PMMA based composites. In 2015,

Kumar, etal. reported nanocomposites consisting of poly(methyl methacrylate) (PMMA)/clay
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with di_erent compatibilizers (PP-g-MA, PE-g-MA and PS-g-MA), with 5 wt % nanoclay.
Poly(methyl methacrylate) (PMMA) and montmorillonite (MMT), modified with 15-35 wt %
octadecylamine and 0.5-5 wt % aminopropyltriethoxysilane, and di_erent compatibilizers, such
as polypropylene-grafted maleic anhydride (PP-g-MA), polyethylene-grafted maleic anhydride
(PE-g-MA), and polystyrene-block-poly(ethyleneran-butylene)*block-polystyrene-graft-maleic
anhydride (PS-g-MA) were used. In 2014, Nabirqudri, etal  developed composites films using
poly(methyl methacrylate) and cocoamphodipropionate modified montmorillonite. In 2006,
Hani, et al.™ reported nanocomposites of dehydrogenated tallow quaternary ammonium modified
montmorillonite clay and poly(metylmetharylate), and also described the a_ect of nanoclay on
mechanical properties. Besides, in 2012, Modak, et al™ reported a well-dispersed
poly(methylmethacrylate) (PMMA)-bentonite clay composite by emulsion polymerization using
methyl methacrylate (MMA) monomer and 3% sodium carbonate treated bentonite clay.
Hydrophilic kaolinite surface is thermodynamically incompatible with most hydrophobic and
thermoplastic polymers of commercial importance, such as poly(methylmethacrylate) (PMMA),
polypropylene”*, and polyethylene  For favorable thermodynamic interactions at the molecular
level of a specific polymer with kaolinite, organic modification of the kaolinite is required.
Therefore, for the first time, we have used choline chloride as the modifying agent to prepare a
new composite material. Choline chloride contains amino (-NH2) and hydroxyl (-OH)
functional groups, which can serve as coordination and reaction sites, and as a result it is used as
an adsorbent. Negatively charged kaolinite is electrostatically interacted with by protonated
amine groups (-NH3) of choline chloride to form a choline chloride modified kaolinite. In this
article, we have fabricated PMMA/choline chloride modified, kaolinite nanocomposite, self-
assembled films by solution casting. This film would show improved mechanical properties and
thermal stability, and can be used for advanced applications in the field of frontier science and

technology.
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2. Experimental

2.1. Materials

Kaolinite was collected from Bijoypur (Netrokona, Bangladesh). It was white crystalline powder.
Poly(methylmethacrylate), (PMMA) (Mw 1,20,000) was procured from Sigma-Aldrich
(Stockholm, Sweden). Choline chloride solution (40% w/w) was procured from Puyer (Nantong)
BioPharma Co., LTD., Nantong, China. NaOH was supplied by Active Fine Chemicals Limited,
Dhaka, Bangladesh. Ethanol and chloroform (CHsCI) were purchased from Merck KGaA, 64271

Darmstadt, Germany.

2.2. Methods

2.2.1. ModificatioD of Kaolinite by Cboline Chloride
In the present study, choline chloride modified kaolinite was prepared by adsorption onto the

negatively charged kaolinite with protonated choline chloride. 0.95 gm pure kaolinite was
suspended in 25 mLdistilled water in a beaker and it was stirred at room temperature. Then 2.5
mLcholine chloride was gradually dropped into the kaolinite suspension where the ratio (w/w) of
kaolinite and choline chloride solution was maintained at 1:1. The resulting suspension was
stirred with a hot plate with magnetic stirrer for 4 h. After 4 h, the resulting suspension was
agitated by a sonicator for 50 min. Then the suspension was sprayed drop wise through a dropper
at a constant rate into the 20 mL co-solvent of aqueous sodium hydroxide (15%) and ethanol
(95%) (4:1) to maintain a pH of about 10. Then the composite was separated by filtration. The
formed composites bead was washed with deionized water until the solution became neutral. The
composites bead was dried in the oven at 60°C for 10 h. This way the modification of kaolinite

by choline chloride was done.

2.2.2. Fabrication of Poly(metfaylmetfaacrylate)/Choline Chloride Modified Kaolinite
PMMA/CCMK Nanocomposite Films

Five films with different weight ratios ofcholine chloride modified kaolinite (CCMK) and poly
(methylmethacrylate) (PMMA) were prepared as shown in Table 4.1.
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Table 4.1: Compositional variation of nanocomposite films produced from
poly(methylmethacryiate) (PMMA) and choline chloride modified kaolinite (CCMK).

Composite identity PMMA % CCMK @a (?!'/«(*) PMMA:CCMK
CKtiPNC 100 0 100:0
CK,PNC 99 1 99:01
CK,PNC 97 3 97:03
CKsPNC 95 5 95:05
CKioPNC 90 10 90:10

At first, 3 mL solution of PMMA in chloroform (CH3CI) was taken in each five different small
glass vials. Then after leaving one vial (without addition of CCMK), 10, 30, 50 and 100 mg of
CCMK were charged into the vials containing PMMA solution and stirred for 5 min. The
resulting suspensions were sonicated with the help of a microprocess controlled bench-top
ultrasound cleaner (sonicator) for 5 min and the sonicated mixtures were allowed to stir for 5 min
again to make a homogenous suspension. The clear suspensions were then cast onto five glass
frames (length and width ofthe glass plates were 7.62 cm and 2.54 cm respectively) and then the
suspensions were turned into films via atmospheric drying for 48 h as shown in Figures 4.1 and
Figure 4.2. The dried films were then pulled out fixim the glass fi”~ e and cut into desired pieces
for different purposes of use. Each of the sample films were subjected to analysis, and twice

fabricated from the three batches ofeach composition.
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Figure 4.1: Schematic illustration for the fabrication of composite film fk>m choline chloride

modified kaolinite (CCMK) arid PMMA.
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Figure 4.2: Camera images of nanocomposite films before (A) and after drying (B).

2.2.3. Characterization

ATR-IR spectra of samples were recorded on a FT-iR Shimadzu IR Prestige 21 (Shimadzu,
Corporation, Kyoto, Japan) in the wave number range 0 f4000-400 cm"; resolution; 4 cm"'; scan
number 30. The samples were examined by an x-ray di_ractometer (Uhima IV, Rigaku
Corporation, Tokyo, Japan) at room temperature. At first, the samples were ground into fine
powders using a mortar pestle. Cu Ka radiation (X= 0.154 nm), from a broad focused Cu
tube operated at 40 KV and 40 mA, was applied to the samples for measurement. The XRD
patterns of the samples were measured in the continuous scanning mode with a scan speed
5°/min and in the scan range of 10 to 60°. Bragg’s law was used to compute the basal spacing of
the crystalline samples. The thermogravimetric analyses of the samples were recorded on a
thermogravimetric analyzer TGA-50H (Shimadzu, Kyoto, Japan). The samples were heated from
room temperature to 700°C under a nitrogen atmosphere at the flow rate of 19 mL/min and at the
heating rate o f 10°C/min using an alumina ceil. The weight o fthe samples was taken to be 10 mg
for the experiment. Total hold time at 700°C was 5 min. The mechanical properties, tensile
strength (TS), and elongation at brejdc (Eb) of the nanocomposhe films were examined with a
universal strength tester machine (Titan, model 1410-Titan5, Shanghai, China). The film length
and width used were 50 mm and 20 mm, respectively. Dry fihns with an average thickness of
around 150 nm were obtained by measuring with a Phynix digital micrometer. All the test
samples were conditioned at 20"C and 50% relative humidity. All the tests were carried out
under the same conditions. The following equations were used to measure the tensile properties.
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Tensile slreiiRIh, TS (MPa) = thicknlil"xVVidth Elung.Uion .il bnvik, Eb (%) =

The morphology ofthe samples was analyzed by an analytical scanning electron microscope
(JEOL JSM-6490LA, Tokyo, Japan) operated at an accelerating voltage of 20 kV. In order to get
ftirther insight into the morphology, microstructures ofthe samples were examined atthe 5 nm
scale with 500 magnifications without coating, and using an only partial vacuum.

3. Results and Discussion

3.1. ATR-IR Spectral Analysis

A comparison of the ATR-IR spectrum of nanocomposites produced using I, 3, 5, and 10%
(w/w) modified choline chloride kaolinite, self-assembled in PMMA and neat PMMA is shown
in Figure 4.3. The band around 3690 cm™ assigned for kaolinite was absent in the
nanocomposite film fabricated using 1% w/w CCMK (curve D in Figure 4.3), but the peak
gradually appeared as the kaolinite content increased, as shown in the curves A-C in Figure 4.3.
The absorption band at 1730.15 cm™ is the characteristic peak at PMMA polymer which denotes
the >C=0 group present in the PMMA polymer (curve E in Figure 4J). The band at 943.19 cm™
is the -C-H bending vibration together with the bands at 1028.06 cm™ and 852.54 cm" in the
acrylate group in PMMA  The band at 1452.40 cm ' can be attributed to the bending vibration
of the C-H bonds of the -CH s group. The two bands at 2931.80 cm" and 2872.01 cm™ were
assigned to the c-H bond stretching vibrations of the -CH s and -C H2' groups, respectively.

Furthermore, there was another weak absorption band at 3446.79 cm™ which was attributed to
the -OH group stretching of physiosorbed moisture  The absorption bands at 1107.14 cm'*,
1161.15 cm™, and 1247.87 cm™ were attributed to the C-0O-C stretching vibration. The two
bands at 1381.03 cm’ and 763.81 cm ' were attributed to the methyl group vibrations. The
characteristic absorption band at 1730.15 cm" represents stretching vibration of c=0 of pure
PMMA. In all composite films, the stretching vibration of carbonyl group (C=0) group
appearing at the frequency of 1730.15 cm™ for pure PMMA moves to lower positions at 1720
cm '. Furthermore, the absorption peak at 3446.79 cm™ assigned for OH stretching in PMMA
was also shifted to 3393 cm '. In addition, the absorption band at 1166 cm™ for the C-0-C
stretching vibration of PMMA was shifted to 1150-1161 cm" in nanocomposites films. That

result proves that there was an interaction between CCMK and PMMA molecular chains »
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Figure 4.3: A Attenuated total reflection infra-red (ATR-IR) spectra of films produced from
nanocomposite of poly(methylmethacrylate) (PMMA) and choline chloride modified kaolinite

(CCMK). (A) CKioPNC (B) CKjPNC, (C) CK3PNC, (D) CK,PNC and neat PMMA.

3.2. XRD Analysis

In the Figure 4.4A the broad peak at the position (20) with d-spacing was found for the
crystalline

segment of PMMA in neat film which was almost unchanged in the nanocomposite films of
CKIOPNC. Furthermore, the sharp peaks in the nanocomposite films indicate the presence of

kaolinite, and these peaks were in the similar positions of pure kaolinite. The non-variable and
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non-shifting of peak position clearly indicates that the nanocomposites consisted of un-

intercalated nor adhered kaolinite, due to the electrostatic interaction.

strain, %

Figure 4.4. XRD patterns of CKoPNC, CKjoPNC. (A) Stress versus strain (%) curve. (B) The
effect of modified kaolinite on the tensile strength (N/mm”) of nanocomposite films. (C) The

effect of CCMK on the elongation at break (%) ofthe PMMA/CCMK nanocomposite films (D).

3.3. Studies of Mechaaical Properties of Nanocomposite Films
Films fabricated from neat PMMA and choline chloride modified kaolinite composites were

subjected to various kinds of stress in order to study the mechanical properties for determining

the performance ofthe structural materials With the view ofthese objectives, strain-stress
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relationships of the fabricated films has been investigated, first with the Figure 4.4B, later with
the tensile strength and elongation at break of films plotted as a function of the choline chloride
modified kaolinite contents and CK5PNC, as shown in Figure 4.4.(C,D) for deep discussion.
3.3.1. Stress-Strain Relationship

Figure 3.4B shows the engineering stress-strain relationship curve (tensile) for self-assembled
nanocomposite films with different quantities of CCMK. The tensile property of a material is
shown by its stress-strain curve. Strain at yield was found to increase linearly with applied
stress. It reaches maximum and then falls down. The curves have two regions—one is elastic
region and another is plastic region. From the Figure 4.4B, it was found that composites deform
elastically and then plastic deformation starts. The vertical lines parallel to the y-axis fix>m the
strain at yield point separate elastic and plastic zones of corresponding engineering stress versus
strain curve; the area in the left zone is called elastic zone, where the reversible deformation
occurs, and the right zone is where the permanent deformation occurs up to the break or failure.
The film produced fi-om neat PMMA (0%) shows the minimum elasticity and maximal plastic
behavior; it indicates that the reversible deformation occurs within a very short range of 0.25%
strain at yield. As the addition of modified kaolinite increased from 0 to 10% w/w, the strain at
yield was first increased Irom 0.25 to 0.60% for CKsPNC films, and then decreased to 0.20% for
CKioPNC. It means that the matrix PMMA was sufficient to cover the CCMK particles and to
form a kaolinite cored, PMMA-thick, shell-based homogeneously dispersed film produced from
CKsPNC. But in case of CKioPNC film, the PMMA matrix was not sufficient to cover in that
manner, as was the case forthe CK|PNC to CKsPNC films formed. Therefore, the particles were
Aglomerated, and the soft insufficient polymeric phase became hard and brittle. As a result,

CKjPNC film shows higher tensile strength (stress) than that of CKioPNC film.

3.3.2. Tensile Strength Measurement

The tensile strength of the fabricated films was measured and plotted against the modified
kaolinite

content, as shown in the Figure 4.4C. It is observed that the tensile strength of the
nanocomposite was increased with the increase of choline chloride modified kaolinite content,

up to 5% w/w, and then it was slowed down. The tensile strength of the neat PMMA film
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CMKNC was 22 N/mm . However, for CMK5NC film, the tensile strength was 31 N/mm~* and
for CMKioNC film, the tensile strength was 33 N/mmA”. It is clear that the rate of increment of
tensile strength up to 5% was higher than the rate within the range of 5 to 10% modified

kaolinite.

Elongation at Break

The influence of choline chloride modified kaolinite in nanocomposites films on the elongation
at

break is shown in Figure 4.4D. It is evident that elongation at break rapidly declined with the
increase of CCMK down to 5% by weight but very slowly decreased after 5% CCMK content in
nanocomposites films. The elongation ofbreak of neat PMMA film (CKoPNC) was about 4.6%.
However, at 5% CCMK containing film (CKsPNC), the elongation at break of the film was
decreased drastically to 2.9%. Figure 4.5 shows the schematic illustration, starting from the left
with neat PMMA film, denoted as CKoPNC, possess polymeric crystalline phase only. In the
absence of ccMK (fillers), polymer film becomes very soft. With the addition of CCMK, the
crystalline phase was increased in the n*ocomposite film. Therefore, due to the choline chloride
shell of cCMK, the PMMA matrix attached strongly with the interface and controlled the
thickness of the layer {steyn or boundary layer) around the CCMK, as evident on the right of
Figure 4.5. Since sufficient PMM A matrix remained in the CKiPNC film, the elastic and plastic
behavior did not change remarkably when compared to neat PMMA (CKoPNC) film. The film
CKsPNC contained 5% CCMK; the whole PMMA matrix was used to cover the interface

equally, and self-assembled stable CCMK incorporated better mechanical properties.

tdn.

Ith rca'imi’ eiurtji.'oarea ot iaieiUc«
Di'crcdsiniicrvst”™llinc phdM'
Figure 4.5: Schematic illustrations of neat PMMA film and the composite films to show the

impact on interface and crystallinity of modified kaolinite.
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3.4. Thermo Gravimetric Analysis (TGA)

The TGA thermogram of neat PMMA showed the weight loss proflJe at various temperatures,

as shown in Figure 4.6. The first weight loss step was seen in the temperature range of22-100
°C, corresponding to the weight loss of moisture (around 6%). Under nitrogen flow, a non-
oxidative thermal degradation occurs in pure PMMA, which was observed in the temperature
range of 280-430°C, indicating the de-propagation to the end of PMMA chain, first order
termination of the PMMA chain, vaporization, and elimination of volatile products™". The
degradation of PMMA is accelerated above 280°C owing to the formation of crossiinked and
cyclic structures. However, the PMMA degradation appears to proceed by side-group
depolymerization and random-chain scission depolymerization along with the diffusion of gas-
phase nitrogen It degrades to tertiary alkyl free radical or secondary alkyl fi*e radical, and the
methyl methacrylate monomer or tertiary free radical. A char formation occurs after 400°C, and
was decomposed at about 450°C leaving residue of about 1.6% w/w at the final temperature
700°C.

100.
T, »i
80d
AN . 60/\
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Temperature, "C

Figure 4.6: Thermograms ofneat PMMA film and nanocomposite films.
The thermal degradation of nanocomposites films fabricated using 1, 3, 5, and w/CCMK,
denoted as CKiPNC, CKsPNC, CKsPNC and CKigPNC films, showed almost similar patterns of

weight loss, with higher thermal stabilities, as shown in Table 4.2. There was a progressive
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increase of the thermal stability of nanocomposites with the increase of CCMK amount in the
nanocomposite films. The neat PMMA film was least thermally stable and CKioPNC was the
most thermally stable. As the CCMK content increased, the nanocomposites film exhibited a
significant delay in weight loss at temperatures greater than 300°C. The temperature at 50%
weight loss increased from 370°C to 385°C, with an increase in CCMK content from 0 to 10%.
Interestingly, after decomposition, the nanocomposites films yielded charred residue
proportional to their CCMK content. The yield of polymeric charred residue along with bone
dried kaolinite at 700°C increased from 1.6% to 3.2%, 4.3%, 5.5% and 7.8% w/w with an
increase in CCMK content from 0% to 1%, 3%, 5% and 10% w/w respectively.

Table 4.2: Thermogravimetric profile of pure PMMA and composite films recorded from

thermographs
Composili's Dccom posilion Char Furmalion IX'Com posilion Residue”-) 4nVu’'>
SUrlsal °C jl “c Ends jl °C al 700 'mC
CKoPNC 280 450 562 1.6
CKjPNC 288 460 565 3.2
CK-,PNC 300 470 570 4.3
CKS5PNC 312 482 585 5.5
CKjoPNC 315 487 590 7.8

3.5. ScaDDing Electron Microscope (SEM) Morphological Studies of Nanocomposites Films
SEM micrographs have been used to Investigate the morphologies o f kaolinite, virgin PMMA
film and the films fabricated from self-assembled modified kaolinite into PMMA matrix.
Fabrication of PMMA/CCMK nanocomposites brought significant variation in the morphologies.
The nanocomposites revealed uniform and smooth appearances with small irregularities and
smaller or larger bumps with varying degrees of roughness. Figure 4.7A-E shows SEM images
of the pure PMMA films and the nanocomposite films produced from 1, 3, 5, and 10% w/w
modified kaolinite and PMMA matrk. It is obvious that the pure PMMA film surface is very
smooth. The composite film CKIPNC showed that few particles are scattered within the film but
CK3PNC film appeared to be along with some bulk structure; that could be due to the entropic
effect and the change of dielectric constant of the medium. The variation of the dispersion
medium (PMMA) and dispersed phase (CCMK) creates a new environment within the composite
in terms of energy distribution within the particles which dominate the self-assembly
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phenomena. Furthermore, increased modified kaoiinite in CKjPNC films leads to their
homogeneous dispersion within the matrix, because an adequate interaction occurs between solid
CCMK and PMMA phases, due to the uniform mixing of the system. An agglomeration of
modified kaoiinite particles in CKjoPNC film which was suffering from lack of matrix came out

ofthe film surface with sharp edges.

IM*M> I MW tom S|«l IAMSEI I »v »»

Figure 4.7: SEM images of virgin PMMA film (A) and the composites CKiPNC (B), CK3PNC
(C), CK5PNC (D), and CK,0PNC (E) films.
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Conclusion: In the present study, self-assembled choline chloride modified kaolinite (CCMK)
and polymethyl methacrylate (PMMA) nanocomposite films were fabricated by a simple casting
method. Nanocomposites showed higher thermal stability, tensile strength and reduced
elongation percentages at breaking points compared to those of neat PMMA film. Among the
films, CKsPNC showed the best mechanical properties. The film of CKsPNC showed an
optimum tensile strength of 31 N/mm” and about 0.60% strain at yield, which indicates, the film
exhibited maximum elasticity with remarkable load bearing capacity. Although CKmPNC film
showed the highest tensile strength (33 N/mm?), the film also exhibited the lowest strain
(0.20%). The percentage of elongation at break of nanocomposite films decreased with the
increase of CCM K. Furthermore, thermal stability of CKsPNC film was found almost similar to
that of CKioPNC film. Scanning electron microscopy images of CKsPNC film showed a
homogeneously distributed kaolinite smooth surface. The nanocomposite films created from
modified indigenously layered material and lipophilic synthetic polymer could play important
role in the field of packaging industry, and would be economical if applied in nanoscience and

nanotechnology
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Chapter Five
Abstract: Indigenous layered nanostructured materials are ultimate choice due to their viability,
environment adaptability, thermal stability and surface characteristic in the fields of biological
and pharmaceuticals sciences. Nano-engineering of layered materials incorporates their enhanced
inherent properties. Here, we have fabricated composite nanostructure of metal oxides (ZnO and
FesOa) anchored kaolinite surface by a simple method. ATR-IR, EDX, XRD and SEM were used
to characterize kaolinite and the nanocomposites In terms of functional groups, elements,
crystallinity and morphological change. Hybrid nanocomposites of kaolinite-metal oxides were
prepared after calcination at 680°C of adsorbed salts onto kaolinite surface from respective
saturated aqueous salts solutions. Nanocomposites were subjected to apply against selective
bacteria {Salmonellapullorum Escherichia coli, Pseudomonas aeruginosa) and cancer cells (c.f.
Hela and BHK-21). It is revealed that the fabricated nanocomposites showed better antimicrobial
activity than virgin kaolinite whereas only kaolinte-Fe20j nanocomposites showed the highest
toxic effect against both cells. The synergistic effect of nanocomposites would offer the
modulation of enhanced electronic and physical properties from a simple technology to improve

inherent antimicrobial activity and cell toxicity of kaolinite for targeted assay.
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1. Introduction

Nano-sized metal oxide such as ZnO, Tio2, and CuO nanoparticles™” have received great
attention as a candidate for biomedical implants®, medical devices® and biological applications
such as cytotoxicity, antimicrobial activity and photocatalysis due to a strong resistance to
chemical and photocorrosion, high efficiency, lack oftoxicity, and low cost. In particular, FezOa
nanoparticles, with a band gap of ~2.2 eV, have received increasing attention for bacterial
inhibition in recent years, due to its visible light absorption properties (~564 nm), unique
magnetic properties and biocompatibility.By evaluating against ten pathogenic bacteria,
Behera et al. have found that iron oxide nanoparticles have moderate antibacterial activity
against both Gram positive and Gram negative pathogenic bacteria.® However, the antibacterial
mechanism of Fe203 nanopMicles is not clear, and still greater efforts should be made to
improve the antibacterial activity. In previous studies, the antibacterial activity was sfrongly
dependent on the particle size. Nanometer-scale metal oxides like ZnO, MgO and CuO exhibited
higher antibacterial activity than micrometer scale particles due to the increased surface defects,
higher surface area or the ability to penetrate bacterial cells, and the antibacterial activity
increased sharply when the particle size of metal oxide was less than 50 nm.'®"* However, the
small nanoparticles are easy to aggregate into bigger clusters resulting from their high surface
energy, which restricts the antibacterial activity. To address this problem, suitable matrix should
be used to disperse and stabilize nanoparticles. The use of silicon nmiowires,” nanoplatelets,

and graphene oxide” could promote activity, nanoparticles have been proved to enhance
antibacterial performance. Generally, monodispersed nanostructures exhibited distinctive
functions.”*"* However, there are few works about the nanoparticles dispersion state in the
composites which has great influence on antibacterial activity. To control the dispersion state of
antibacterial nanoparticles in matrix is useful for enhancing the antibacterial activity of Fe203
nanoparticles. Clay minerals such as kaolinite, montmorillonite and halloysite have attracted
specific research attentions as promising supporting materials for assembling functional
nanoparticles in catalytic and antibacterial, owing to their abundant source, special shape and
excellent surface properties.'”» Kaolinite (Kin, Al2Si20s(0 H)4) is a 1:1 type layer silicate
mineral composed of an octahedral (Al-OH) sheet stacked on top of a tetrahedral (Si-O) sheet.

Kin has showed excellent adsorbability, good stability and biocompatibility in our previous
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studies.'r The abundant hydroxyl groups of Kin could provide active sites for anchoring
antibacterial metal oxide. The negative charge and hydrophilicity of Kin may enhance the direct
contact and interaction between Kin and bacterial ceils through electrostatic interactions. These

properties enable Kin to become a promising matrix in the synthesis of antibacterial composites.

One of the possibilities regarding how to increase its activity is the introduction of metal oxide
nanoparticles into the clay mineral structure™™. Preparation, characterization and biological
activity of kaolinite/metal oxide nanocomposite has been set as the present work™. Significantly
ZnO nanoparticles® and nanohoney combs shows promising results, therefore we decided to
provide the detailed study of an effect of kaolinite/Ti02 composite preparation conditions on
physicochemical and biological activities. The produced saponin inspired ZnO nanohoney
(S1ZnO NHs) combs as potential antifiingal and antibacterial agents have been studied on
Sclerotium rolfsii {S. rolfsii), Pythium debarynum (P. debarynum) and Escherichia coli (E. coif).
Staphylococcus aureus {S. aureus), respectively. SIZnO NHs exhibited the highest antibacterial
(~50%) and antifungal (~40%) activity against Gram-negative bacteria (E. coli) and fungus (P.

debarynum), respectively at concentration o f0.1 mol."®

Katerina et al’ have reported a composite of kaolinite-Tio2 ~d its activity against
Staphylococcus aureus, Escherichia coli, Enierococcus faecalis. Pseudomonas aeruginosa.
They found that non-calcinated composite showed higher activity than calcinated composite. The
highest antibacterial activit> was obtained for the KATI14 sample. The determined MIC values
of 3.3 mg/L for S. aureus and E. coli, and 10 mg/L for E.faecalis and P. aeruginosa confirmed
best potential ofthe KATI14 in term of growth inhibition ofall bacterial strains used. The other
KATI samples caused grovrth inhibition (10 mg/L) of S. aureus and E. coli only. The MIC
values for E. faecalis and P. aeruginosa was not determined, which can be caused by the MIC
value being higher than 10 mg/L, and thus above the highest concentration of the composite

applied in the growth media.

Very recently, in 2017 Lefei et al.”* have reported on preparation, characterization, antimicrobial
and cytotoxicity studies of copper/zinc loaded montmorillonite. In the modified montmorillonite,
hydrated Cu ions and Zn ions were exchanged in the interlayer space of montmorillonite and the

particles were irregular shapes. The results showed that Cu/Zn- montmorillonite enhanced
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antibacterial and antiflingal activity compared with Zn- montmorillonite and Cu-
montmorillonite possibly due to the synergistic effect between Cu and Zn. Among the Cu/Zn-
montmorillonite with difTerent Cu/Zn raitos, Cu/Zn- montmorillonite with a Cu/Zn ratio of 0.98
or 0.51 showed higher antimicrobial activity against gram-negative bacteria (Escherichia coif),
gram-positive bacteria (Stapf*lococcus aureus), fiingi {Candida albicans). Moreover, the
antimicrobial activity of Cu/Zn- montmorillonite was correlated with its specific surface area.

Cytotoxicity studies on IPEC-J2 cell showed a slight cytotoxicity of Cu/Zn- montmorillonite.

In this study, a facile technique only a concentrated aqueous salt solutions for respective Fe203
and ZnO nanoparticles were blended with two dimensional (2D) kaolinite nanosheets collected
from Bijoypur. The deposited polyhydroxycations of (Fe(lll) or Zn(H)) onto the surfece of
kaolinite with a negative charge -2.1 to -29.1 mV via electrostatic attraction were calcinated at
680°C to fabricate hybride nanostructure. Antibacterial properties of nanocomposites against

selective micro-organisms and cells have been evaluated.

2. Experimental

2.1. Materials

Kaolinite known as china clay was collected from Bijoypur. It was used after purification
(washing with dilute HCI aqueous solution) and drying at 105 “C under atmospheric pressure.
Zinc sulphate heptahydrate (ZnS04. THiO) and Ferrous sulphate heptahydrate (PeSo04. 7H20)
were purchased from Aldrich-Sigma, India and were used without further purification. Dimethyl
sulfoxide (DMSO) was purchased from Aldrich-Sigma, India. Laboratory prepared
demineralized water was used in all purposes o fwork throughout the experiments.

2.2. Methods

Powdered Zinc sulphate heptahydrate (ZnSo4 7HZ20)/Ferrous sulphate heptahydrate (FeSo04.
7H20) was used as Zno /Fe203 precursor for the preparation of the composites. The initial
kaolinite was mixed with respective salt of zinc sulphate/ferrous sulphate in water solution and
stirred for 30 minutes. Distilled water was then added to the mixture in 1.1 volume ratio to sah
sulphate solution. Afterwards, the temperature ofthe dispersion was raised to 100°C and kept for
60 minutes. The dispersion was left to cool down to the laboratory temperature and filtrated
using the Buchner funnel. The solid content separated from the dispersion was rinsed with

distilled water severaltimes. The solid content was dried at 105®C and calcined at eSO*C. Thus
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the metaioxides nanoparticles anchored with kaolinite matrix were obtained. The illustration of
the whole synthetic route has been depicted schematically in the Figure 5.1. This procedure was
followed for synthesis of both kaolinite-metaloxides (Zno /Fe203) nanocomposites. Later these

samples were used for further characterization and assessment.

FiKration

Figure 5.1: Schematic presentation of the synthetic route of metal oxide nanoparticles embedded
kaolinite nanocomposites.

2.3 Characterization

The elemental composition of raw clay and modified kaolinite with ZnSo04 before and after
calcination were checked by EDS spectra (EDAX) analysis. ATR-IR spectra were measured on a
FT-IR 8400S spectrophotometer (Shimadzu Corporation, Japan) in the range of 4000-400 cm”",
resolution: 4 cm"; no. of scans: 16 times. The x-ray powder diffraction (XRPD) patterns of the
samples were recorded by an x-ray defractometer (Ultima 1V, Rigaku Corporation, Japan) at
room temperature. Prior to XRD analysis the samples were ground into fine powders using
mortar-pestle. Nickel (Ni) filtered Cu Ka radiation (*=0.154nm), from a broad focus Cu tube
operated at 40kV and 40 mA, was applied to the samples for measurement. The XRD patterns of
the samples were measured in the continuous scanning mode with scan speed of 3°/min and in
the scan range of 5 to 100°. Bragg’s law was used to compute the basal spacing (doo]) of the
crystalline samples. The morphology of the samples were analyzed by an analyticalJ scanning
electron microscope {JEOL JSM-6490LA, Tokyo, Japan) operated at an accelerating voltage of

20 kV in the back-scattered electron mode.
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2.4 Antimicrobial activity

In this research work, we followed ager diffusion method by Kirby-Bauer. Several attempts were
made for scrutinizing antimicrobial activity of the particle focusing different microorganisms
such as Escherihia coli, Salmonella pullorum, and Pseudomonas aeruginosa. Following the
conventional way to check activity, first suspension of kaolinite-ZnO nanocomposites with
demineralized water and DMSO with demineralized water was added to the organism. The
samples were prepared by taking 5 (five) mg of synthesized composites in 5 ml DMSO, with 2.5
ml demineralized water and subjected to sonication for 10 minutes. Then the samples were used
for antimicrobial analysis. It is worthy to mention that prior to the use every time the vials were
vortex to keep the suspension homogeneous. 25 jil of prepared solution was added to the each
well and kept those petridishes containing microorganism in the incubator where temperature
maintain 37°C for 24 hours. The synthesized metaloxides nanocomposites were added onto the
culture medium containing microorganism as powder and allowed to expose in sunlight for 5

hours with continuous aeration.

2.5 Cytotoxic effect:

This experiment was carried out at cytotoxicity lab in Centre for Advanced Research in Science.
In brief, HeLa a human cervical carcinoma cell line and BHK-21 a baby hamster Kidney
fibroblast cell line were maintained in DMEM (Dulbecco’s Modified Eagles’ Medium)
containing 1% penicillin- streptomycin (1:1) and 0.2% gentamycin and 10% fetal bovine Serum
(FBS). Hela cells (5 x 10250 ml) and BHK-21 cells (3.7 x 107250 ~I) were seeded onto 48-
well plate and incubated at 37°C + 5% CO2. After 24 hours 50 fil of sample was added each
well. Cytotoxicity was examined under an inverted light microscope after 24 hour of incubation.

Duplicated wells were used for each sample.
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3. Results and Discussion
3.1 Preparation of kaolinite-metal oxides hybrid nanocomposites

Kaolinite- metal oxides nanocomposites were synthesized via a simple blending method in an
aqueous solution. After heating the solution becomes concentrated and the interaction between
negatively charged surface of kaolinite and the polyhydroxycation of the salts was increased,
results an electrostatically adhered composites. Later upon heat at 680°C, the cationic part
oxidized and the kaolinite dehydrated to a new crystallinity of layered structure known as
metakaolinite. The electrostatically distributed cation onto the surface of kaolinite produced
nanodot after thermal treatment at 680®C. The fabricated composites produced fix)m nano-
interaction of kaolinite and cation were characterized using EDS, ATR-IR spectroscopy, and

XRD. The morphology ofthe composites was also investigated using SEM.

3.2 Ener” Dispersive X-Ray spectrophotometer (EDS)

The elemental composition of raw clay and modified kaolinite with ZnS04 and FeSo04 before and
after calcination were checked by EDS spectral (EDAX) analysis. In the Figure 5.2, the spectra
A, C, E and B, D, F represent the elemental peaks for neat kaolinite and modified kaolinite with
ZnSo04 and FeS04 before and after calcinations at 680°C. It is evident that the neat kaolinite gave
the highest intensity of 0, Al, and Si peaks, compared to the peaks recorded after calcination.
The following Table 5.1, shows the percentage compositions of the raw material and products in
the different forms. The weight percentage of O, Al and Si in neat kaolinite is around the
theoretical value, c.f 60.4, 18.5 and 21. The Al and Si values are slightly increased {23.7, 25)
and O value is decreased (51.2) since kaolinite was subjected to dehydrate at 680°C which results

two molecules ofwater ejection.

Al2Si205(0H)4~  Al2Si207 + 2 H20.

The spectra in the Figure 5.2C and Figure 5.2D shows after modification of ZnS04 salt before
and after calcination as both of the Zn and sulftir are observed in Figure 5.2C and after

calcination the sulfur was combusted as SOx(2-3) after calcinations at 680°C, as a results the
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weight percentage of Zn in the finished product was increased from 2.5 to 6.9. Similarly, the

weight percentage of Fe was also increased from 4 to 7.3 after heating at 680°C the saturated

kaolinite surface with FeSo04.
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Figure 5.2: shows the EDS spectral (EDAX) analysis of pure kaolinite and modified kaolinite
with ZnS04 and FeSo4 salts before {A, C, E) and after (B, D, F) calcination at 680°C

respectively.
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Table 5.1: Elemental analysis of neat kaolinite and the modified kaolinite prepared at different

conditions

Figure Name ) Al Si Zn Fe S
A Kaolinite, 105°C 60.42 18.47 2111 - — —
B Kaolinite. 680°C 51.16 23.68 25.16
C Kaolinite-2nS04.105®C 64.96 1573 1579 249 — 1.03
D Kaolinite-ZnO, 680°C 58.62 1753 16.97 6.88 -
E Kaolinite-FeS04.105°C 63.78 11.70 1119 - 4.06 1.14
F Kaolinite-Fe203.680°C 57.10 17.74 1787 - 729 —

3.3 Characterization of Danocomposites by spectral means

The neat kaolinite and modified kaolinite before and after calcination were subjected to analyze
by different spectral analysis. The functional groups and interaction of clay/cation self-assembled
nanocomposites were analyzed by ATR-IR spectroscopy. The Figure 5.3 shows ATR-IR spectra
of neat kailonite and the hybrid composites. The spectra in the Figure 5.3 (A,B)? (C,D) and
(E,F) represents the raw kaolinite, kaolinite with zinc sulphate and kaolinite with Ferous
sulphate modified composites before and after calcinations at 680®C respectively. The
characteristic absorption bands of the inorganic moiety at 1,036.8 cm ' (p Si-0), 913.1 cm" {v
Al-OH), 819.5 cm™ (v Al-0), and 523.4 cm** {v AL-O-Si)* of kaolinite were found in all
spectra of A, C, and E obtained before calcination. The band at 3,600-3700 cm™ relates to free
OH stretching. The sharp peaks present in the neat kaolinite were destroyed due to the loss of
some water molecules at higher temperature. Before calcination, the peaks pattern remains same
for the kaolinite even after modification except a little shift towards lower field. Whereas, in the
Figure 53 (B, D, F) the spectra produced after calcinations, shows different peaks from one
another which could be due to the present of nanoparticles formed after interaction of

polyhydroxy cation.
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Figure 5.3: ATR-IR spectral analysis of pure kaolinite and modified kaolinite with ZnS04 and
FeS04 salts before (A, C, E) and after (B, D, F) calcination at 680 °C respectively.

3.4 XRD analysis

Fig. 4 shows the XRD pattern of the studied kaolinite and composites. The following
mineralogical phases were identified: kaolinite (K., quartz (Q), and anatase (A). XRD is used to
characterize kaolinite and to determine it in hydrated or dehydrated form. The plot shown in
Figure 5.4A shows the basal spacing reflections indicating a sharp peak at 12.2° (20) which

translate to a (001) basal interlayer spacing of 7.18 A which is characteristic for pure paolinite.*’

To clarify whether the silicate layers of kaolinite were intercalated by cations, powdered XRD
analysis was performed on pure kaolinite and kaolinite-cations (Zn"/Fe*") complex and the
resulting diffraction patterns presented in Figure 5.4 (A, C, E). The diffraction patterns are
characterized by a strong narrow peak at 20 = 12.2°, corresponding to a d-spacing [d(ooi)] value
of 7.1 A. This suggests that cations did not penetrate kaolinite and that adsorption occur only on

the external surfaces of mineral A
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Besides, the calcined pure kaolinite and the modified kaolinite gave similar pattern of XRD
which reflect the loss of crystallinity of kaolinite structure with remaining quartz entities. The

amorphous moieties gave a slight curvature with 18-28® (26).
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Figure 5.4: XRD pattern of pure kaolinite and modified kaolinite with ZnS04 and FeS04 salts
before (A, C, E) and afler (B, D, F) calcination at 680 °C respectively.
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3.5 Observation of Morphological by SEM

Morphologies of kaolinite and modified kaoiinites before and after calcination were observed
using scanning electron microscopy. The Figure 5.5(A,B)* (C,D) and (E, F) represent the
images of neat kaolinite, kaolinite modified with FeSo4 and kaolinite modified with ZnSo4 after
treating with corresponding saturated aqueous salt solutions and calcinated at 680"C respectively.
It is revealed that a granular sharp parlicie (Figure 5.5A) was observed from neat kaolinite and a
noncrystalHne amorphous powdery mass (Figure 5.5B) was found after calcinations.
Interestingly, when kaolinite was blended with saturated solution of FeS04. the particles were
observed clearly (Figure 5.5C), this could be due to the environment created by the distribution
of Fe* on the surfece of kaolinite. After calcination, the image does not appear with any
significant change, although the smaller particles stacked together (Figure 5.5D). A little change
was found when ZnS04 was used to treat kaolinite. Before calcination, the cationically modified
kaolinite shows a bulky aggregate mass but after calcinations, a homogeneously distributed very
fine powdery smooth surface was found. Insert of all images, represent 16 folds magnified

appearance, help us to understand more closely.
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Figure 5.5: Shows scanning electron microscope images of pure kaolinite and modified

kaolinite with ZnSOi and FeSo04 salts before and after calcination at 680°C.
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3.6 Antibacterial activity

The antibacterial activities of pure kaolinite and modified kaolinite with different conditions
were subjected to disperse (200lig/mL) against E. coli, P. aeruginosa, S. pullorum cells and
incubated for 24 hours at 37°C. As shown in Fig.5.6, in order to compare the eflficiency of the
samples, a moderate concentration (200jig/mL) was arbitrarily selected to work. The Figure 5.6
shows three bar chart (A, B and C) with different bacterial growth with respect to their control

experiments.

It is revealed that kaolinite with Zn* (KZios) prevents E. coli growth more efficiently that other
samples used. Only about 5x10" cells were survived after 48 h incubation at 37°C. It is
remarkably mentionable that all the cationically modified kaolinite even before and after
calcination the samples kill more bacterial cell than pure kaolinite. From this phenomenon one
can easily understand that the synergistic cationic effect of kaolinite in presence of

destroys E. coli cell wall easily due to rapid production of reactive oxygen species (ROS) in the

interface which is elaborately discussed later.

In Figure 5.6B, it is evident that except the calcinated kaolinite-FeiOs nanocomposites, all the
other composites show about twice efficiency (survive 2.2-2.4 x 100  aeruginosa cells) that

pure kaolinite (survive 4.8 x 10" /*. aeruginosa cells) after 48 h incubation at 37 °C.

Similarly, in Figure 5.6C, it is observed that the kaolinite with Zn” (KZios) prevents the
maximum growth of (survive 2.5x 10" cells) S. pullorum. Interestingly, ZrC" modified kaolinite
nanocomposites showed higher efficiency than Fe"™ modified kaolinite nanocomposites. In order

to explore the reasons behind the discrepancies ofthe efficiency we need more study.

The Table 5.2 shows the survival percentage of different microorganisms against the pure

kaolinite and the modified kaolinite with cations (Zn*\/Fe*) and the calcinated nanocomposites.
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1.4
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Figure 5.6: Bar chart for the anti-microbial activity of pure kaolinite and modified kaolinite
with ZnS04 and FeS04 salts before and after calcination at 680 “C against E. coli, P. aeruginosa,

S. puUorum cells.
Page 192



Table 5.2: survival percentage of different microorganisms against the pure kaolinite and the

modified kaolinite.

Nanocomposites Control % Survival
Escherichia coli Pseudomonas Salmonella
(A) aeruginosa puilorum (C)
(B)
K 44 51 32
KF105 33 24 42
KFG80 100 29 41 37
K2105 23 21 23
KZ680 30 21 25

3.7 Proposed mechanism for ROS generation

Oxidative stress is a highly recognized mechanism of various nanoparticles. A systematic study
was performed to evaluate the toxicity/biocompatibility of pure kaolinite and its modified form
for toxicity studies. It is widely known that kaolinite Is highly biocompatible. Liu et al
concluded that based on XTT (sodium 2,3,-bis[2-methoxy-4-nitro-5-sulfophenyl]5-
[phenylamino-carbonyl]-2H tetrazolium inner salt) results, graphene-based materials mediate a
little superoxide anion production and a trace amount of ROS may be produced; this plays a
minor role in the antibacterial activity of graphene based materials. To investigate ROS
production as one ofthe key factors for cell death, here we did not meeisure ROS quantitatively.
The levels of ROS in pure kaolinite and modified kaolinite nanocomposites cells were around
2.5-3.0 folds higher, respectively, compared to the level of ROS in control cells throughout the
experiment (Figure 5.6 (A, B and C). These results indicate that cell death is mediated by ROS
production, which might alter the cellular redox status. Liu et al™ further demonstrated that most
E. coli cells were individually wrapped with thin layers of GO nanosheets. In contrast, E. coli
cells were usually embedded in large rGO aggregates. The different behavior of GO and rGO
suggests the aggregation/dispersion of graphene-based materials may play an important role in
their antibacterial activities. Akhavan and Ghaderi®™ suggest that that the direct-contact
interaction of the bacteria with the very sharp edge of the nanowalls resulted in more damage to
the cell membrane of the Gram-positive Staphylococcus aureus bacteria lacking the outer

membrane compared to the Gram-negative E. coli ones owning the outer membrane.
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Intracellular oxidative stress couid be hastened by nanoparticles by disturbing the equilibrium
between the oxidant and antioxidant processes.*”™ ROS typically include the superoxide radical
(0n~), hydrogen peroxide (H202), and hydroxyl radical (OH), which cause damage to cellular
components, including DNA and proteins.™” ROS generation is also an important factor in the
apoptosis process, and the excess generation of ROS induces mitochondrial membrane

permeability and damages the respiratory chain to trigger the apoptotic process.\ ™

From the antibacterial activity resuks, we concluded that the antibacterial activity of kaolinite
and modified kaolinite with metals oxide nanoparticles not only depends on density of fiinctional
groups, size, conductivhy, and the amount of cells deposited on modified kaolinite materials but
also membrane oxidative stress caused by direct contact with sharp nanosheets, and the

generation of ROS and DNA fragmentation consequently leads to cell death as shown in Figure

5.7 A, B.

A) Reactive Reactive Cellwall B) Reactive Reactive Cellwall
Oxygen Oxygen . rupture a.nd Oxygen Oxygen rupture and
species propagation penetration species propagation penetration
generation generatl

o Kaolinite-ZnO

Kaolinite .

. Nanocomposite
particle

Interface Interface

Bacterial protein

Increased rate of ROS generation

Figure 5.7: Schematic representation of the ROS generation, propagation and cell wall

penetration of bacteria during interaction o f pure kaolinite (A) and modified kaolinite (B).
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3.8 Cytotoxic effect against HeLa cells

Kaolinite and modified kaolinite with salts of iron and zinc at 105 and 680“C were subjected to
apply against cancer cells ¢c.f Hela and BHK-21. In order to investigate the effect of
concentration on the survival of the targeted cells, we have empirically selected three different
amounts ofsamples, e.g. 125, 250 and 500 mg. Table 5.3 Shows the percentage survival ofHela
cell. It is very important to mention that neat kaolinite shows highest activity among the samples
in case ofall variable sample amounts. When 125 mg of pure kaolinite was added then only 10-
20 % Hela cell was survived. This survival percentage was remained same until the kaolinite
quantity reached upto 250 mg. When more kaolinite was added (c.f 500 mg) then less than 5%
of cell survival was found. This activity was as same as (less than 5% and 10-20% survival of
cell) the activity obtained from calcinated (at 680°C) kaolinite at the amount of 250 mg and 500
mg respectively. It is revealed that the percentage cell survival (80-90) was remarkably high
when 125 mg of calcinated (at 680°C) kaolinhe was applied which indicates that the kaolinite
morphology has been changed at 680°C. As a result, this leads for formation of smaller particle
size becoming more negatively charged entities. Among the modified kaolinite only the particles
obtained from ferrous sulphate modified and calcinated at 680°C showed excellent cytotoxicity
effect against hela cell. When 125 mg was used then 40% ceil was survived but less than 5% cell
was found after using 250 mg of the particles. It is notable that Fe203 particle onto kaolinite
surface boost up the activity due to their electronic and physical properties change. Poor
cytotoxic performance was observed from modified kaolinite prepared from zinc salts at 105 and

680°C for all ranges ofthe particles quantity used for the experiments.

Table 5J: Effect ofconcentration of kaolinite and modified kaolinite on percentage Hela Cell
survival

Name Amountofsample
125 mg 250 mg 500 mg

% Hela Cell survival

Kaolinite/105"C 10-20 10-20 <5
Kaolinite 680“C 80-90 10-20 <5
Kaolinite +Fe~"105°C 80-90 80-85 70-80
Kaolinite+Fe203/680°C >40 <5 <5
Kaolinite +Zn‘~2'105®C >90 >95 >90
KaolinitfrtzZn0/680°C >90 80-90 >90
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Figure 5.8 and Figure 5.9 show the images originated under an inverted light microscope when
the HelLa cell was treated with solvent (+) and 500 mg of the particles with two different
magnifications respectively. When the cell was washed with solvent, the growth of cell

survival was nearly 100% which was considered as controlled experiment. As the cell treated
with 500 mg pure kaolinite, the survival was almost zero which is reflected from the clear
images recorded from microscope. Interestingly, calcinated particles produced from modified

kaolinite with iron salt showed excellent performeuice even for 250 mg results a clear picture.

\V-.7- rite /680°C

Figure 5.8: Images recorded from an inverted light microscope after 24 hours of incubation for
cytotoxicity test of cancer cell HeLa in presence of pure kaolinite, and modified kaolinite with

ZnS04 and PeS04 salts before and after calcination at 680°C.
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Figure 5.9: magnified images produced from the images originated from an inverted light
microscope after 24 hours of incubation for cytotoxicity test of cancer cells HeLa in presence of
pure kaolinite, and modified kaolinite with ZnS04 and FeSOa salts before and after calcination at

680°C.

3.9 Cytotoxic eflect against BHK-21 cells

Similarly, Cytotoxic effects of kaolinite and modified kaolinite with two different salts of iron
and zinc before and after calcination at 680 °C were investigated with varying the doses of
particles. The Table 5.4 shows that at low dose (125 mg) of unmodified (pure kaolinite) and
modified kaolinite were not sufficient to inhibit the survival of BHK-21 cell. Only about 20-30%
cell was destroyed, when pure kaolinite and zinc salt modified kaolinite was used. As the
quantity of particles increased, the percentage survival of cell was decreased significantly,

especially for pure kaolinite and iron salt modified kaolinite after calcination. When 250 mg of
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particles was applied only 70-80% of cell was destroyed but about 90% cell was destroyed for
500 mg which indicates the critical concentration of particles to prevent the growth of BHK-21
cell. It is evident that the particles produced from modified kaolinite with iron salt at 680“C

calcination showed the highest toxicity against BHK-21 when 500 mg was used.

Table 5.4: Effect of concentration of kaolinite and modified kaolinite on percentage o fBHK-21

Cell survival.
Name Amountofsample

125 mg 250 mg 500 mg

% BHK-21 Cell survival

Kaolinite/105°C 60-70 20 10-20
Kaolinite 680°C >90 60-70 10-20
Kaolinite+ Fe"~'l05“C >90 70-80 70
Kaolinite+Fe203/68tf'C >90 20-30 10
Kaolinite+Zn'"'105"'C 70-80 >95 70
Kaolinite+Zn0/680°C 70-80 >95 70

Figure 5.10 and Figure 5.11 show the images originated under an inverted light microscope
when the BHK-2! cell was treated with solvent (+) and 500 mg of the particles with two
different magnifications respectively. When the cell was washed with solvent, the growth of cell
and survival was nearly 100% which was considered as controlled experiment. As the cell
treated with 500 mg pure kaolinite, the survival was 10-20% which is reflected from the nearly
rough images recorded from microscope. Interestingly, calcinated particles produced from
modified kaolinite with iron salt showed excellent performance for 500 mg results an almost

destroyed and rough picture.
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Figure 5.10: Images recorded from an inverted light microscope after 24 hours of incubation for
cytotoxicity test of cancer cell BHK-21 in presence of pure kaolinite, and modified kaolinite with

ZnS04 and FeSo04 sahs before and after calcination at 680“C.
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Figure 5.11: Magnified images produced from the images originated from an inverted light
microscope after 24 hours of incubation for cytotoxicity test of cancer ceil BHK-21 in presence
of pure Icaolinite, and modified kaolinite with ZnS04 and FeS04 salts before and after calcination

at 680°C.
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Conclusion: A very simple blending method with saturated salt solution and kaolinite has been
developed to prepare cationically (Zn'* and Fe”) modified kaolinite composites (CMKC).
Calcination of CMKC at 680°C produced metal oxides (ZnO and FejOj) doped kaolinite
nanocomposites. Energy Dispersive X-Ray spectrophotometer (EDS) reveals the presence of
metal oxides on the surface of kaolinite moieties. XRD pattern reflects there was little
intercalation between cations and the kaolinite sheets. All fabricated particles showed better
antimicrobial activity against Escherichia coli (gram negative bacteria) than virgin kaolinite. The
activity 2-2.5 folds higher of synthesized particles against Pseudomonas aeruginosa offers in the
real life application. Kaolinite would be a promising candidate to destroy the HeLa and BHK-21
cells, which would be more effective after treating iron salt. This simple technology would play a

vital role to bring a breakthrough in nano medication in the field of nanoscience and technology.
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Conclusion

This research strongly demonstrates technological features of nanostructured layered kaolinite
for fabricating valuable industrial composite materials using very simple and cost-effective

techniques.

1 At first, we have successfully prepared nano-composite films of kaolinite dispersed and
self-assembled into starch biopolymer. ATR-IR spectrum shows the presence of the
functional groups of starch and kaolinite in the nanocomposite films. The self-assembled
nanocomposite film produced from 15% w/w kaolinite and starch exhibited moderate
mechanical strength (stress 6.3 MPa) at break but showed the highest workable
mechanical strength (stress 4.3 MPa) within the area of modulus of resilience. Thermal
stability of composites were increased with the addition of kaolinite but the optimum
stability was found for K15SNC film with Tome/, = 280®C, maximum rate of decomposition
Rmn= 30 (jig/“C) and Tpea*= 314°C. Contraction ofall K<.20)SNC nanocomposite films at
around 95°C were found lower in magnitude compared to KoSNC film. SEM images
proved that the nanofiller kaolin reduces the porosity of the film and the minimum
number of pore was envisaged in the KiisSNC film. Such nanocomposite advanced
materials produced form starch biopolymer and indigenous layered materials would play
crucial role in the field ofnanoscience and technology.

2. Secondly, a self-standing and porous composite bed o fkaolinite and choline chloride was
synthesized with 1:1 w/w ratio of the constituents. Choline chloride and kaolinite had a
chemical interaction with each other as determined through XRD and FTIR. The bed
was highly efficient in removing RR dye from its aqueous solution. A 20 ppm aqueous
solution at pH 11.7 was treated with the composite bed and the efficiency of dye removal
was measured. It was found that the bed removed the dye from its solution with 100%
efficiency. Due to the readiness of the dye removal at 20 ppm concentration by the

composite bed, all the dye was removed by the surface of the bed and the bulk ofthe bed
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was not required to participate in the process. Hence, we found that the dye removal for
this particular concentration was independent of bed thickness. Thus, we believe a
competent bed for dye removal such as this would go a long way in answering the long
lasting issues ofwater pollution due to textile industrial waste effluents.

Later, self-assembled choline chloride modified kaolinite (CCMK) and polymethyl
methacrylate (PMMA) nanocomposite films were fabricated by a simple casting method.
Nanocomposites showed higher thermal stability, tensile strength and reduced elongation
percentages at breaking points compared to those of neat PMMA film. Among the films,
CKsPNC showed the best mechanical properties. The film of CKsPNC showed an
optimum tensile strength of 31 N/mm” and about 0.60% strain at yield, which indicates,
the film exhibited maximum elasticity with remarkable load bearing capacity. Although
CKIOPNC film showed the highest tensile strength (33 N/mm?*), the film also exhibited
the lowest strain (0.20%). The percentage of elongation at break of nanocomposite films
decreased with the increase of CCMK. Furthermore, thermal stability of CKsSPNC film
was found almost similar to that of CKioPNC film. Scanning electron microscopy images
of CK5PNC film showed a homogeneously distributed kaolinite smooth surface. The
nanocomposite films created from modified indigenously layered material and lipophilic
synthetic polymer could play important role in the field of packaging industry, and would

be economical if applied in nanoscience and nanotechnology.

Finally, a very simple blending method with saturated salt solution and kaolinite has been
developed to prepare cationically (Zn** and Fe**) modified kaolinite composites
(CMKQ). Calcination of CMKC at 680°C produced metal oxides (ZnO and Fe203) doped
kaolinite nanocomposites.  Energy Dispersive X-Ray spectrophotometer (EDS) reveals
the presence of metal oxides on the surface of kaolinite moieties. XRD pattern reflects
there was little intercalation between cations and the kaolinite sheets. All fabricated
particles showed better antimicrobial activity against Escherichia coli (gram negative
bacteria) than virgin kaolinite. The activity 2-2.5 folds higher of synthesized particles
against Pseudomonas aeruginosa offers in the real life application. Kaolinite would be a

promising candidate to destroy the HelLa and BHK-21 cells, which would be more
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effective after treating iron salt. This simple technology would play a vital role to bring a

breakthrough in nano medication in the field of nanoscience and technology.

After thorough research with indigenous nanostructured layered kaolinite (Bijoypur clay), we
come to conclude that these materials offer several technological advantages over other available
synthetic nanoparticles and therefore should receive more attention from material scientist
throughout the globe for designing environment fiiendly composite materials for ensuring

sustainable and green environment.
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national and international journals to date. Her current work mainly focuses on nanocomposite
synthesis and their biological and environmental application. She has also done a vast amount
research on the synthesis of some industrially important petrochemicals by the alkylation
process and has developed various mathematical models.

Professor Saha has successfully defended her PhD thesis on Composites of Indigenous
Nanostructured Layered Materials under the supervision of Professor Dr. Md. Ashaduzzaman.
She has presented the output of this research in two international conferences. Besides, she
has published on article from this research in Journal of Composites Science as a first author.

Professor Dipti Saha now looks forward to excelling further in relevant research fields.
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