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ABSTRACT

The presence of dyes in effluent poses various environmental as well as health hazards for
many organisms. Although various remediation strategies have been implemented to reduce
their effect, dyes still manage to infiltrate into the environment and hence new strategies are
required to address some of the problems. This study investigated the innovation of two
cationic water-soluble polymers viz., Proline-Epichlorohydrin-Ethylenediamine Polymer
(PEP) and Thiazolidine-Epichlorohydrin-Ethylenediamine Polymer (TEP) that were used to
remediate selected synthetic dyes from synthetic effluent by adsorption and dye reduction. Both
polymers were synthesized using monomers of a secondary amine, epichlorohydrin and
ethylenediamine and were subsequently characterized and modified and their remediation

potential studied.

In the first study, PEP was synthesized and characterized by 'H-NMR Spectroscopy, FT-IR
Spectroscopy, dynamic light scattering, and thermogravimetric analysis (TGA). Thereafter
PEP was modified with bentonite clay, by simple mixing of the reactants, to form a Proline-
Epichlorohydrin-Ethylenediamine  Polymer-bentonite composite (PRO-BEN); it was
characterized by FT-IR Spectroscopy, scanning electron microscopy (SEM)/ energy dispersive
X-ray spectroscopy (EDX), dynamic light scattering (DLS), transmission electron microscopy
(TEM) and X-ray photoelectron spectroscopy (XPS). Adsorption studies were then undertaken
with a synthetic effluent containing three textile dyes, viz., Reactive Blue 222 (RB 222),
Reactive Red 195 (RR 195) and Reactive Yellow (RY 145). Various conditions were
investigated including pH of the solution, temperature, sodium chloride concentration, initial
dye concentration and the dosage of adsorbent used. The experimental data for all dyes
followed a Langmuir isotherm. The adsorption process was found to be pseudo-second order.
According to the thermodynamic parameters, the adsorption of the dyes was classified as
physisorption and the reaction was spontaneous and exothermic. The data were also compared
using studies with alumina as an adsorbent. Results showed that PRO-BEN exhibited better
absorptivity and desorption than alumina making its use a better recyclable remediation

strategy for the removal of organic dyes in wastewater treatment plants.

In the second study, TEP was synthesized and then characterized by FT-IR Spectroscopy, ‘H-
NMR Spectroscopy, TGA and DLS. Thereafter, TEP was used to prepare TEP capped gold
nanoparticles (TEP-AuNPs). Herein, two methods were investigated: the Turkevich method

and an adaptation of the Turkevich method using bagasse extract. The TEP-AuNPs was
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characterized by FT-IR Spectroscopy, SEM, EDX, DLS and TEM. Thereafter the reduction of
each of Allura Red, Congo Red and Methylene Blue was investigated with the TEP-AuUNPs for
its catalytic activity toward dye reduction. This study showed that the batch of AUNPs prepared
by the Turkevich method had higher rates of dye reduction compared with AuNPs prepared
using bagasse extract. Also the quantity of TEP used as capping agent greatly influenced the
size, shape and surface charge of the nanoparticles as well as their catalytic performance: the

Vroman effect explained this behavior of the TEP-AUNPs.

It was finally concluded that whilst PRO-BEN, in the first study, showed excellent dye
remediation properties, the second study on TEP-AuNPs showed good catalytic activity for the
reduction of selected dyes, however, it was more effective at lower polymer concentration.
Finally, both materials displayed good potential for the clean-up of selected synthetic dyes from

synthetic effluents.
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Chapter One: Introduction

1.1. General Introduction

Dyes have long been used in many industries such as paper and pulp, textile, plastic, leather,
cosmetics and food industries. These coloured compounds are not only aesthetically
displeasing when discharged into the environment but also inhibit sunlight penetration into
water and affects the aquatic ecosystem since they are toxic to some microorganisms
(Koprivanac and Kusic 2012: 3) and may cause direct destruction or inhibition of their
enzymatic pathways, as well as pose other hazards and environmental problems. Dyes are
usually stable and difficult to biodegrade because of their complex aromatic molecular
structures. Most dyes are carcinogenic, cause nausea, asthma, skin rashes, and seizures (Dale

2008). For this reason, the removal of dyes from water is under continual improvement.

Recently, the use of polymers to remove dyes from water has gained favour because of their
easy synthesis and low cost of manufacturing. Several studies reported the adsorption of dyes
using polymers (Koprivanac and Kusic 2009: 3) (Szyguta et al. 2009: 2981) (Hu and Hsieh
2016: 858) as the method of choice, however other remediation methods include flocculation
(Guibal and Roussy 2007: 35), aggregation (Wei et al. 2015: 354) and biological treatments
(Ogugbue et al. 2012: 1145) (Zhang et al. (2014: 5860)

Also recently, studies involving the removal of dyes from water by metallic nanoparticles has
been investigated whilst the reduction of common dyes (Azad et al. 2011: 3953) (Wunder et
al. 2010: 8817) has been reported.

1.2. Purpose of the Study

The purpose of this study was to synthesize two novel water-soluble amine-epoxy polymers
and to use each of them in the removal of selected organic dyes from synthetic textile dye
effluent in the following two ways;

(1) adsorb dyes on a polymer-clay composite

(i) reduce dyes by means of polymer-capped nanoparticles



1.3. Objectives of the Research

The objectives of the adsorption study were to:

1.3.1. Synthesize a novel polymer by using proline, epichlorohydrin and ethylenediamine and
characterize this polymer by analytical techniques.

1.3.2. Prepare the polymer-bentonite composite using the Proline-Epichlorohydrin-
Ethylenediamine Polymer and bentonite clay and characterize it using several analytical
techniques.

1.3.3. Study the removal of three reactive dyes from a synthetic textile effluent by adsorption.

The objectives of the reduction study were to:

1.3.4. Synthesize a novel polymer by using thiazolidine, epichlorohydrin and ethylenediamine
and characterise this polymer by spectroscopic techniques.

1.3.5. Synthesize a polymer-gold nanoparticle composite using bagasse extract as a reductant
to gold and characterize this material by spectroscopic techniques.

1.3.6. Study the reduction of three dyes by dye reduction.

1.4. Structure of the Thesis

This thesis is divided into four chapters.

Chapter One summarizes the intention of the study, the reasons for removing dues from
effluent, the importance of polymers to remediate wastewater, brief discussion of important
reports on adsorption and reduction of dyes. This chapter also sheds light on the purpose of the

study and the objectives.

Chapter Two provides a detailed literature survey encompassing the various types of polymers
and their use in environmental applications. Polymers that are chemically synthesized as well
as polymers that are derived naturally will be briefly discussed. The previous technologies
used in water treatment for dyestuff will be outlined. Special emphasis will be placed on the
general theory of dye adsorption: background information, laws and equations of adsorption
isotherms and kinetic laws will be thoroughly discussed. Also the involvement of water soluble
polymers will be highlighted. A literature search on dye adsorption will be highlighted.

The basic theory of nanoparticles will be also be discussed. Special emphasis will also be
placed on gold nanoparticles (AuNPs): their properties and methods of synthesis will be

discussed. Previous mechanisms involving the use of AuNPs will be outlined.
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Chapter Three presents, in the case of adsorption study, the general introduction, the
experimental including synthesis and characterization of Proline-Epichlorohydrin-
Ethylenediamine Polymer (PEP) and Proline-Epichlorohydrin-Ethylenediamine Polymer-
bentonite composite (PRO-BEN) and the adsorption of the dyes. Thereafter the results from
the adsorption studies will be discussed. Also, a comparison of results obtained from studies

based on alumina and PRO-BEN will be discussed.

Chapter Four discusses, in the case of the reduction study, the general introduction, the
experimental including synthesis and characterization of Thiazolidine-Epichlorohydrin-
Ethylenediamine Polymer (TEP) and TEP-capped gold nanoparticles (AuNPs) using bagasse
and sodium citrate, separately, as a reductant. The results from the decolourization process of
dye-laden water will be discussed.
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Chapter Two: Literature Survey

2.1. General Introduction

Polymers are substances containing a large number of structural units joined by the same type
of linkage. They have large molecular masses and can be non-ionic, negatively or positively
charged. Their existence can be traced back to the beginning of life where they have been
present in humans, animals and plants as molecules such as DNA, RNA and proteins (Young

and Lovell 2011: 3). However, polymers were only acknowledged in the 19" century.

The use of polymers in wastewater treatment began in the 1960°s where the main methods used
were coagulation and flocculation (John et al. 2012: 576). These methods were a major
breakthrough in wastewater treatment and stimulated more studies which led to the
development of better cationic, anionic and neutral polymers. During this time, the polymers
that popular (epi-DMA)
polydiallyldimethylammonium chloride (poly-DADMAC) (Fig. 2.1) (John et al. 2012: 577):

these were ionic polymers.

were  most were  dimethylamine  polymer and
Later developments included the preparation of water-soluble
polymers for the treatment of wastewater where adsorption became the preferred methodology.
However, the cost for the treatment of wastewater was high due to large volumes of effluent
being produced and discharged from industries. This drawback fostered intensive studies for
the synthesis of new polymers with the aim of increasing polymers yields at low cost and
thereby maximizing profits. Today, synthetic as well as natural polymers are used for various

wastewater treatment processes but the desire to create a better polymer is ongoing.

(a) (b)
- _
H—C H H HQ H
— \N+ \C—\C—\C—C/—— IJ\rI
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" A\ N,
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Figure 2.1. The back-bone structure of a (a) dimethylamine polymer and

polydiallyldimethylammonium chloride polymer

(b)



2.2. The History of Polymers

The term “polymer” was first introduced by Jons Jakob Berzelius in 1833. He investigated two
compounds viz. ethene and butene both of which have empirical formula of CH2, and he viewed
their composition as equal. He wrote: “To describe this equality of composition coupled with
a difference of properties I suggest that such substances be called polymeric” (Morris 2005: 7
—13). In 1861, Thomas Graham noticed that organic substances such as cellulose and starch,
when mixed in certain solutions, displayed anomalous properties. He found that they could
neither pass through filter paper nor be purified into their crystalline form and called them
colloids. He thought that colloids were made up of a large number of molecules bonded by
“association” (Elliott 2005: 5 — 11). These forces kept atoms in the molecules together but
were strong enough to prevent the colloids from displaying crystalloid properties. Later, the
micelle theory arose: it was assumed that large molecules were aggregates of smaller molecules
held together by weak intermolecular forces. In 1858, Carl von Négeli proposed that a micelle
was an aggregate of thousands of molecules orientated in a crystalline array. He argued that in
a micellar complex, small molecules were bonded by strong “primary valences” and the entire
aggregate was bonded by significant weaker “secondary valences”.

In 1866, Pierre-Eugéne-Marcellin Berthelot described the word “polymer” correctly after his
observation that on heating styrene up to 200 ‘C for a few hours, a polymer was formed
Fontanille (2002). This was the production of the first synthetic polymer. Thereafter there was
a vigorous study on polymers which led to many products having different physical and
chemical properties. In 1870, John Wesley Hyatt found that when cellulose nitrate was reacted
with camphor, in the presence of heat and pressure, a substance was produced which could be
hardened permanently. In 1887, Count Hilaire de Chardonnet discovered that by spinning
cellulose nitrate, artificial textile fibres could be made, however this product was flammable
due to the presence of nitrogen from the nitrate. Further studies by French scientists resulted
in solving this problem by treating the fibres with acid sulfide however the first synthetic fibre
was industrialized only in 1890. In 1909, Leo Baekeland synthesized the first plastic by
synthesizing a new polymer from phenol and formaldehyde and thereafter mixing in fillers.

2.3. Classification and Types of Polymers

A polymer is a substance consisting of molecules of either the same type or more than one
type which are bonded to one another by covalent bonding (Young and Lovell 2011: 3). Many
monomer units bonded together to form long high molecular weight chains are known as

polymers. That single molecule that is used to form the polymer is known as a monomer whilst
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the process in its formation is known as polymerization. These monomeric units covalently
bond to each other to form dimers, trimers etc. until eventually a polymer (Cheremisinoff
1989: 758).

Polymers are classified as linear, branched, cyclic and networked (Fig. 2.2) (Young and Lovell
2011: 3). Linear polymers are straight chains with two distinct ends. Cyclic polymers have no
distinct chain ends. Branched polymers have chains that protrude from junction points on the
main chain. Network polymers or cross-linked polymers are made up of polymeric chains

joined at junction points as a three dimensional structure.

(@) (b)

Q/Mﬂg
% ,0%0%%0

(b) (d)

Figure 2.2. Schematic illustration of (a) linear, (b) branched, (c) cyclic and (d) network

polymers

There are many types of polymers such as elastomers, fibres, rubber, cellulose and starch and
plastics such as thermoplastics and thermosets (Guerra and Eduardo 2013: 20). Thermoplastics
are polymers that can be re-molded after re-heating. They therefore are limited by the number
of times heating can be carried out and are recyclable to certain extent. The thermoset polymer
usually require liquid reactants which are heated to form a solid cross-linked polymeric
network. When thermoset polymers are heated, the covalent bonds between monomers break

and hence the polymer may break down. These polymers cannot be recycled. Elastomers and
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rubber are much more flexible and can be used as modifiers in thermosetting plastics, tyres and
adhesives (Guerra and Eduardo 2013: 25). Fibres are used for their strength and rigidity whilst
paints and coatings are used for their ability to form films. A flow diagram on polymer
classification is presented in Fig. 2.3.

Polymer
Classes
I
\ 4 \ 4 A\ 4 \ 4
pebipet Origin Structure polecular
zation Force
A y A y
gddion Natural Linear Elastomers
Polymers
\ 4 y A \ 4
Condensation Semi- .
Polymers Synthetic Blagcied AEE
A 4 A \ 4
Cross-linked/ Thermo-
Synthetic Networked :
plastics
Polymers
\ 4
Thermosets

Figure 2.3. Hierarchical classes of polymers

2.4. Homopolymers and Copolymers

Homopolymers contain monomers of the same kind (Fig. 2.4) whereas a copolymer contains
more than one type of monomer. Copolymers are divided into sub-groups i.e. statistical,
random and alternating.  Statistical copolymers have their repeating units arranged in

Markovian statistical laws (Young and Lovell 2011: 6). Random copolymers is another form
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of a statistical copolymer which have their repeating units arranged randomly in the polymeric

chain. Alternating copolymers contain monomers which are arranged in an alternate fashion.

(@)

(b)

(©)

(d)

(€)

Figure 2.4. Schematic representation of (a) homopolymer, and copolymer (b) alternating,
(c) block, (d) random and (e) graft copolymer

2.5. lonic Polymers

lonic polymers contain both an ionic and a covalent bond (Wilson and Prosser 2012: 1). They
are divided into anionic, cationic and ampholytic groups which carry negative, positive and
both negative and positive charge moieties, respectively, with various counter ions.

lonic polymers tend to be more water-soluble than other groups and of these, the cationic
polymers are widely used in remediation studies. The common cationic moieties includes
ammonium, phosphonium and sulfonium ions.



2.6. Types of Polymerizations
There are two types of reaction viz., step-growth and chain-growth polymerization,
(Matyjaszewski 1996: 3) also referred to as condensation and addition polymerization,
respectively. In step-growth polymerization, monomers react with each other and loses a small
molecule such as water and carbon dioxide. In this reaction, the monomer is used up much
faster in the early stages of the reaction and more vigorous conditions are needed to form large
molecular weight polymers. Also there is no need for species to initiate or terminate the
reaction. Chain-growth polymerization requires an unsaturated monomer which reacts at this
site and adds on one at a time. The mechanism for this type of polymerization occurs in the
following four stages:

. The chain initiation stage: a chemical species is required to start the

polymerization process.

. The chain propagation step: the monomer reacts with the active site of the

polymer chain.

. Chain transfer: this step ends the polymer chain and the reaction site is

transferred to a new polymer chain.

Chain termination step: this occurs by polymer chain combination or disproportionation
leading to the end of the polymerization process.

Free-radical and ionic polymerizations follow the same four steps as mentioned above.

2.7. Water-Soluble Polymers
Water-soluble polymers are more widely used because of the following properties (Williams
2008: 140):

. Increases the viscosity of a solution as it is diluted

. Creates gels and causes particle aggregation in solutions

. Allows for the controlled release and attachment of active species

o Stabilizes colloidal dispersions by adsorption thereby preventing aggregation

These properties make them valuable for industries such as water purification, sugar refining,
pulp and paper manufacturing, and pharmaceutical industries.
The NIIR Project Consultancy Services Board of Consultants & Engineers (NPCS India)

reported that there are three main types of synthetic water soluble polymers that are used in
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industries. These are polyvinyl pyrrolidone, polyvinyl acetate and polyethylene oxide (Fig.
2.5). These are thermoplastics, available in a wide range of molecular weights and commonly

applied as thickeners and stabilizers.

(a) (b) (c)
o
/ \)k
H—_

N T

Figure 2.5. Structure of (a) polyvinyl pyrrolidone, (b) polyvinyl acetate and (c) polyethylene

oxide

During the past 30 years, polymers containing quaternary ammonium groups have gained wide
popularity in water treatment due to their high cationicity and effectiveness at all pH values
(Cho et al. 2002: 131 — 137). These polymers are used also as flocculants but only a few are
commercially popular These include polydimethylaminoethyl (meth)acrylate methyl chloride
(polyDMAEM-MCQ) and polydiallyldimethylammonium chloride (polyDADMAC)
(Salamone 1998: 491).

2.8. Applications of Polymers in Wastewater Remediation
Flocculation and coagulation are important techniques for water treatment hence studies for

new cationic polymers are being continuously undertake.

2.9. The Use of Flocculation for Wastewater Remediation

Flocculation is used in many industrial processes such as water purification and wastewater
treatment. This process is usually induced by positively charged synthetic polymers. The
versatility of cationic polymers for the remediation of wastewater was reported by Fontanille
(2002) whereby two polymers, viz., poly(allylamine hydrochloride) and poly(acrylic acid)
were alternately fabricated on a polysulfone membrane. Recently a new water-soluble polymer
containing a carboxyl-amide moiety was used for turbid suspensions containing bentonite
(Asanov and Matniyazova 2012: 200 — 204). (Chesters et al. 2009: 144 — 151) reported on a
cationic polymers using membrane technology but this was not viable because of “membrane

fouling”. The use of a quaternary ammonium copolymer for calcium carbonate flocculation in
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water treatment for the paper industry was also reported (Cho et al. 2002: 131 — 137). Sahu and
Chaudhari (2013: 241 — 257) reported on the use of a natural cationic polymer for the calcium
carbonate flocculation in water treatment for the paper industry. Recently, Fast and Gude
(2015: 153 — 160) conducted a study with chitosan to remove algae from effluent whereas
Vandamme et al. (2010: 525 — 530) found a cationic starch which contained a quaternary
ammonium group which was more effective because of its wide pH range. The removal of
microalgae by guar gum containing a quaternary ammonium group was also reported by
Banerjee et al. (2013: 675 — 681). A cationic-modified amylopectin and glycogen using N-(3-
chloro-2-hydroxypropyl) trimethylammonium chloride were used as flocculation agent in a
coal and water suspension. It was reported that the cationic-modified glycogen was the best
flocculant (Pal et al. 2008: 590 — 596). The removal of dissolved organic nitrogen from effluent
by polyDADMAC by coagulation, was reported by Lee and Westerhoff (2006: 3769). The
treatment of laundry waste water by polyDADMAC was reported by Kim et al. (2014: 167 —
174).

2.9.1. The Use of Adsorption for Wastewater Remediation

Adsorption is a popular technique: It is inexpensive, the targeted contaminant can be removed
by choosing the correct adsorbate and it is recyclable. Cationic polymers are often used to coat
or intercalate other primary adsorbents for the removal of a chosen type of contaminant in the
matrix. The adsorption of humic acid in wastewater was carried out using a cationic
monodisperse polymer which was coated with iron oxide particles Kim and Walker (2001: 123
—131). Amuda et al. (2007: 174 — 181) incorporated chitosan onto coconut shell remains as a
biosorbent for the removal of heavy metals (Amuda et al. 2007: 174 — 181). Cho et al. (2011:
298 — 305) reported that by coating a cationic polymer on activated carbon, nitrate and
chromium (V1) could be adsorbed. It was reported by Goel et al. (2015: 444 — 451) that
cellulose was cationically modified, by radiation grafting, for the removal of anionic dyes from
wastewater. The use of epi-DMA cationic polymer and clay materials to remove disperse dyes
(Yue et al. 2007: 279 — 290), acid dyes (Li et al. 2010: 489 — 497), non-ionic and anionic dyes
(Lietal. 2010: 1601 — 1611) and reactive dyes (Li et al. 2009: 1170 — 1178) from wastewater

showed great potential for water remediation.

2.10. The Dyeing Industry and Pollution
The textile industry is one of the major contributors to water pollution based on an estimation

that effluent from textile industry amounts to 20 % of the world’s water pollution. It was
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reported that approximately 0.7 — 0.8 million tons of synthetic dyes are produced annually and
about 10,000 dyes were consumed by textile companies (Ahmed et al. 2015: 317 — 324). It
was also estimated that 10 % — 15 % of dyes are lost during the dying process and is discharged
into the environment (Ahmed et al. 2015: 317 — 324).

2.11. Types of Dyes

In earlier times, natural dyes were extracted from plant sources such as roots, leaves, bark,
wood and fungi and lichens (Adrosko 2012: 13 — 14). The extraction was time consuming,
yields were low therefore they were expensive. Later, synthetic dyes originated because of the
high demand by industries for its application in different types of materials such as plastics,
clothes and food products. There are different types of dyes which includes azoic, direct

reactive, disperse and basic dyes.

2.11.1.Direct Dyes

These dyes can be either anionic or cationic. They are mostly used to colour cotton, linen and
rayon. These are not very bright and gradually lose colour after fibres are washed. Also, they
are cheaper, do not need to be applied in alkaline condition and are much simpler to apply.
Many of these dyes contain aromatic rings with sulfonate groups which makes them soluble in
water. The chromophores include azo groups, oxazine and phthalocyanine (Erkurt 2010: 157
—167), (Thakor et al. 2011: 4029 — 4036), (Aspland 1997: 410) (Fig. 2.6).
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Figure 2.6. The structure of direct dyes (a) Direct Yellow 27, (b) Direct Blue 98 and (c) Direct
Red

2.11.2. Azoic Dyes
These dyes contain many aromatic rings and are characterized by the double bond between two

consecutive nitrogen atoms (Fig. 2.7). These dyes exist in three colours; red, brown and

yellow. They are made mainly from aromatic amines (Panda 2013: 63). They exhibit intense
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colour in apparel dyeing, are more stable in a range of pH values and do not degrade upon
oxidation. They do not pose a serious threat to humans unless consumed at 250 mg/kg — 2,000

mg/kg body weight, however, their presence significantly affects water bodies.

2.11.3. Reactive Dyes

Reactive dyes such as RB 222, RR 195 and RY 145 are used to dye cotton. They contain azo
moieties thereby promoting their colour fastness and vivid colour. In addition, they range in
various shades and can be easily applied. They are easily removed from textiles by bleaching
agents, however the azo moieties can hinder this process. They form covalent bonds with the
textiles via the carbon atoms in the dye to the heteroatoms present in the textile surface
(Choudhury 2006: 514).
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Figure 2.7. Molecular structures of (a) RB 222, (b) RR 195 and (¢) RY 145

2.12. Removal of dyes from Water
The increased awareness of the adverse effects of dyes present in water bodies prompted

scientists to find new ways to remove them from water bodies. This includes biological,
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chemical and physical methods, electrocoagulation, photocatalytic degradation, adsorption and
the use of nanocomposites (Karthik et al. 2014: 301-307).

2.13. Adsorption Isotherms
Adsorption is the most favoured technique for water remediation. In 1918 Langmuir
characterized adsorption as an isotherm known as the Langmuir adsorption (Langmuir 1918:

1361 — 1403) which resulted in the characterization of many other isotherms.

Adsorption

O O Desorption
Adsorbate O O O T O

Q Q Q QY QO O

Figure 2.8. A schematic of the adsorption process

Adsorption involves a phase transfer of substance onto a substrate from a liquid or gas phase
(Fig. 2.8). The adsorbate can interact with the adsorbent physically or chemically, known as
physisorption, or chemisorption, respectively. In physisorption, the interaction is by Van de
Waals forces, dipole-dipole interactions, dispersion forces and induction forces. These forces
are generally weak forces and the enthalpy of adsorption is smaller than 50 kJ/mol.
Chemisorption involves chemical reactions on the surface of the adsorbent. The enthalpy of
adsorption is greater than 50 kJ/mol. Factors that affect adsorption include the nature, the
surface area and the degree of activation of the adsorbent. Adsorption conditions such as
temperature, pH and salt concentration of adsorption medium, pressure and quantity of
adsorbent must be optimized for best adsorption.

An adsorption isotherm is a graph describing the amount of adsorbate adsorbed onto the surface
of an adsorbent at a pressure and constant temperature. A basic equation expressing the process

of adsorption is:

Aadsorbate + Badsorbent < ABadsorption
(2.1)
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where the forward process is adsorption and the reverse process is desorption. The isotherms
that are commonly used are the Langmuir isotherm (Saraydin et al. 1998: 227 — 236), the
Freundlich isotherm (Freundlich and Hatfield 1926), Temkin isotherm (Temkin and Pyzhev
1940: 327 — 356) and the Frumkin isotherm (Frumkin 1919: 792 — 802).

Type | Langmuir isotherm determines the monolayer coverage of the adsorbate to the adsorbent
(Saraydin et al. 1998: 227 — 236). This isotherm is based on three assumptions (Atkins and de
Paula 2014: 2):

= No further adsorption takes place beyond monolayer coverage

= All adsorption sites on the adsorbent are equal

= There are no interactions between adsorbed molecules in neighbouring sites

Over the years this isotherm has been modified to yield four types of Langmuir isotherms in
accordance to the Giles classification system (Giles et al. 1960: 3973 — 3993). This system
divides the isotherm into four classes, depending on the initial slope, the shape of the curves
and the changes in the slope. This adsorption process is described as:

A + adsorbent active site < Aggsorption
(2.2)
The derivation is attained by taking the assumptions into account, if 8 = fractional surface

coverage sites, then (1 — 6 ) is the sites on adsorbent available for adsorption. Thus:

Rate of adsorption = kad [A](1 — 6)
(2.3)
Rate of desorption = k; 0
(2.4)
where [A] is the concentration of the adsorbent,
k.4 1s the rate constant dependent on temperature and independent on 6 nor [A],

k, is the desorption rate constant.

At equilibrium, the rate of adsorption equals the rate of desorption and the equation is solved

in terms of &:

_ kad [A]
1+ kgylA]
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(2.5)
Type | linear equation is commonly used:

C, ce+ 1
de Im Kiqm

(2.6)
C./ mg/L is the concentration of dye at equilibrium,
qm | mg/g is the quantity of dye adsorbed at complete monolayer coverage,
q. ! mgl/g is the quantity of dye adsorbed at equilibrium,

K;/ L/mg represents the Langmuirian constant.

A linear plot of % as a function of C, yields the gradient of qim and a y-intercept of 1/K, q,,.

From this, the total adsorption at monolayer coverage can be obtained. To indicate the

favourability of adsorption of the Langmuir isotherm, the separation factor is calculated:

1
RL = REYID)
(2.7
RL is the unitless separation factor. For favourable adsorption, it must lie 0 < RL<1
b is the Langmuir constant
Co is the initial concentration of analyte

RL must lie between zero and one to be regarded as favorable adsorption.

The Freundlich isotherm describes the heterogeneity of an adsorbent. This isotherm is only
applicable in media with low concentrations of [A], the concentration of the dyes (Freundlich
and Hatfield (1926):

In(q,) = InKp + e ()

(2.8)

K denotes the adsorption capacity,

% represents the adsorption intensity.
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A linear plot of In (ge) as a function of In (Ce) yields the gradient of % and a y-intercept of

In (Kr) and from the linear plot, the extent of heterogeneity can be attained. Should 1 < n <

10, the sorption process is favourable (Dada et al. 2012: 38 — 45).

The Temkin isotherm involves the adsorbent-adsorbate interactions. It indicates that the heat
of adsorption decreases linearly as the dyes adsorbed onto the adsorbent surface (equation 2.8)
(Temkin and Pyzhev 1940: 327 — 356):

RT RT
qe = b_T InAr + b_T InC,

(2.9)
Arl L/g is the Temkin isotherm equilibrium binding constant,
b is the Temkin isotherm constant,
R =8.314 J/mol.K is the universal gas constant,

T =298 K is the standard temperature,

(‘Z—T) / J/mol is the heat of adsorption constant.
T

A linear plot of g, as a function of InC, yields the gradient of IZ—T and a y-intercept of InAr.
T

From the plot, A, value indicates whether the process is physisorption or chemisorption (Dada
et al. 2012: 38 — 45).

The Frumkin isotherm (Frumkin 1919: 792 — 802) is used to describe the interaction between
adsorbed dye molecules onto a homogenous surface of an adsorbent. After taking the log on

either sides of equation 2.8,

(%~ 0.)e2a0. = «e
(2.10)
log (% - Qe) Cie =logK + 2aQ,
(2.11)
A linear plot of log (% — Qe) .Cieas a function of Q, from equation 2.10 gives the values of a
and K from the slope and intercept respectively. If a it is a positive value, it indicates an
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attraction between the dye molecules in the monolayer. A negative value indicated a repulsive

interaction.

2.14. Adsorption Kinetics

Adsorption kinetics is a common tool used to determine the order and kinetic fitting of
adsorption data in terms of the adsorption diffusion and adsorption reaction models. Both give
valuable information on the Kinetic processes. The adsorption diffusion model gives
information about diffusion of the adsorbate across the film coating the adsorbent particulates
(film diffusion), the diffusion of adsorbate molecules within the liquid entrapped within the
pores and the pore walls of the adsorbent (intra-particle diffusion) and the adsorption and
desorption of adsorbate molecules and the adsorption sites on the adsorbent (mass action). The
adsorption reaction models derived from the calculations of chemical kinetics focuses on
adsorption diffusion model (Qiu et al. 2009: 716 — 724).

The adsorption kinetic mechanisms commonly used are the Langergren’s pseudo-first order
(Lagergren 1898: 1 — 39), Ho’s and McKay’s pseudo-second order (McKay 1982: 759 — 772)
and the Elovich equation on intraparticle diffusion (Weber and Morris 1962: 231 — 266) from

the adsorption diffusion model is also commonly used.

Langergren’s pseudo-first order rate equation describes the liquid-solid phase of adsorption
based on the adsorption capacity:

K t
log(qe — qc) = 10g(qr) ~ 55

2.303
(2.12)

A plot of log(g. — q;) as a function of t/ min yields a linear graph which k;; can be obtained

from the gradient and q, from the y-intercept (Lagergren 1898: 1 — 39).

The pseudo-second order rate equation rate is based on the capacity of adsorption from

concentration of the analyte and is given as (McKay 1982: 759 — 772):

t 1 t

= + —
4 Ku2qe  qe

(2.13)
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The intra-particle diffusion mole is usually tested because adsorbate uptake changes
proportionately with t>° and not contact time itself. For an adsorption process where the intra-
particle diffusion is the rate-limiting step, a linear plot of g, as a function of t°° is obtained:
qe = Kippt®> + C
(2.14)

where K;pp, is the intraparticle diffusion rate constant and g,/ mg/g is the adsorption capacities
at time t/ min. From the plot, the K;p, and the intraparticle diffusion constant C can be obtained
from the gradient and y-intercept, respectively. According to the model, if the linear curve
passes Vvia the origin, this implies that the intraparticle diffusion is the only rate-determining
step. Should it not pass the origin, this implies that the rate-limiting step may involve both film
and intraparticle diffusion.
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2.15. Water Application of Adsorption

The removal of inorganic and organic pollutants from wastewater has been extensively studied
using biological, physicochemical and adsorption processes. Activated carbon is commonly
used for the removal of hazardous pollutants from aqueous solutions, because it has a large
surface area and a high adsorption capacity. However, it is non-selective and requires expensive
regeneration processes (Cheng et al. 2008: 538 — 546). As an alternative, materials which are
available in abundance in nature, recyclable, cheaper and presenting interesting adsorption
properties are clay materials (Ozcan and Ozcan 2004: 39 — 46).

For the past 100 years, adsorption processes have been applied to drinking water for the
removal of metals, anionic species and organic pollutants such as phenols, chlorinated

hydrocarbons, pesticides and pharmaceutical species (Worch 2012: 1 — 3).

Many adsorbents including activated carbon, activated sludge, polymeric adsorbent, oxidic
adsorbents, zeolite and montmorillonite are used for adsorption. Also natural adsorbents,
agricultural adsorbents and agricultural wastes and industrial adsorbents are being used because
they are inexpensive and readily available. Some examples are presented in Table 2.1.

Table 2.1. Examples of natural, agricultural and industrial adsorbents (Worch 2012: 1 — 3)

Natural adsorbents Agricultural adsorbents Industrial adsorbents
Wood Corncob waste Bagasse
Coal Shells Red mud
Peat Straw Palm oil ash
Clays Fruit peels Shale oil ash

2.15.1. Activated Alumina

Activated alumina has been used as an absorbent from the 20" century. Due to its high strength,
ease of regeneration and large surface area, it is used as a remediation agent in the removal of
arsenic and fluoride. It is also used as a remediation tool in industrial and municipal effluents.
Activated alumina is advantageous since it can be secured in a bed or it can remove pollutants
as filterable grains. It is also a cheaper alternative. This efficiency of adsorption for this
material can be pH dependent (Lehr 2004: 1288).

Saha et al. (2008: 26 — 32) coated the surface of alumina with trimesic acid to remove Fe (l11)

and Fe (I1) from water. Kluczka et al. (2007: 105 — 113) reported the use of activated alumina
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for the removal of boron. Even today, these adsorbents are still used and modified to optimize
adsorption efficiency. It was reported by Dou et al. (2015: 2755 — 2762) that the removal of
arsenic from water by alumina could be used for the possible application into rivers. Succinic
acid was also removed using alumina adsorbent (inci et al. 2011: 4449 — 4453).

2.15.2. Clay Materials as an Adsorbent

Clay and modified clays are widely used as adsorbents for the removal of ions and organic
pollutants from aqueous solutions, due to their low cost, large specific surface areas,
mechanical and chemical stabilities, layered structures and high cation-exchange capacities
(Wang et al. 2012: 519 — 528). Sodium bentonite (SBT) is a 2:1 clay mineral predominantly
composed of montmorillonite clay. The surface of bentonite is hydrophilic because inorganic
cations, such as Na* and Ca?" are strongly hydrated in the presence of water. As a result, the
adsorption efficiency of natural bentonite for organic molecules is very low. However, the
adsorption properties of bentonite can be improved by modifying the clay surface with an
organic molecules (Saha et al. 2008: 26 — 32) (Gitipour et al. 1997: 191 — 198). This is favoured
by van der Waals interactions between the organic cations and the reduced solvent shielding of
ions in the inter-lamellar environment (Shen 2001: 989 — 995) where the nature of the
exchanged mineral surfaces readily changes from hydrophilic to hydrophobic. The bentonite
adsorption efficiency depends on a phenomenon called cationic exchange capacity (CEC)
which allows for the ionic exchange of pollutant species with their natural cations present in
the clay structure. The uptake of pollutant species itself involves many mechanisms such as
direct bonding to clay surface, complexation and ion exchange. Although most clays have a
negative surface charge, they are still able to adsorb metal ions due to their high porosity size
and surface area resulting inorganic pollutants being poorly adsorbed. To increase adsorption,
surface modifications are usually made by the addition of salts, acids, bases, surfactants,
chelating agents, polymers and other organic and inorganic substances. The four main clay
material groups are illite, kaolinite, vermiculite and smectite group (Fig. 2.9). Sodium bentonite
(SBT) belongs to the smectite group and carries a negative surface charge. It has three-layer
of minerals consisting of two tetrahedral layers sandwiched around a central octahedral layer
(Fig. 2.10). The oxide anions at the apices of the tetrahedral subunits face inward where they
surround cations such as aluminium, iron, and magnesium which forms the octahedral subunits
of the octahedral layer. The bonding that occurs within these layers link them and results in a

sheet like structure. The overall negative charge is due to the sum of all the oxide anions (0%)
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which is greater than the total positive charge contributed by the sum of all the cations such as
Si**, A, Fe?*, Fe3t, Mg?'.

SBT sheets are approximately 1 nm thick and a few microns in diameter. It has the ability to
swell in water, however due to its high absorption capacity it can be dehydrated numerous

times without losing its swelling properties. This property makes it a good adsorbent.

Clay Materials

v v
Amorphous Crystalline
I
\ 4 v v
Allophane Group Two Layer type Two Layer type
(1:1) (2:1)
A 4 A
Kaolinite Smectite
\ 4
Vermiculite
A 4
Ilite

Figure 2.9. Classification of clay materials

A significant number of studies report the use of clays as adsorbents for dyes. A study by
Rahman et al. (2015: 375-382) compared sepiolite, kaolin and synthetic talc for the removal of
Reactive Yellow 138:1, an anionic reactive dye. It was discovered that synthetic talc proved to
be a better adsorbent followed by kaolin and sepiolite. Another study confirmed the increase
in monolayer coverage capacities with temperature (Tekbas et al. (2009: 205-211). Sternik et
al. (2011: 607-615) found that sodium bentonite adsorbed Basic Red 1 dye better than sodium
clinoptilolite due to the larger surface area of the particles compared with sodium clinoptilolite.
The comparison of the adsorption dye capacities of the clays are tabulated below (Table 2.2).

25



Table 2.2. Comparison of the adsorption capacities of various clays

Type of clay Dye adsorbed Reported Citation
adsorption
capacity/ mg.g*
Ilite Methyl Violet 2B 180.7 Kooh et al. (2016: 783)

Vermiculite Astrazon Red 51.00 Stawinski et al. (2017: 107-115)

Smectite Indanthrene Blue 13.92 Chaari et al. (2009: 1623-1628)

RS
Kaolinite Reactive Yellow 3.73 Rahman et al. (2015: 375-382)
138:1

2.15.3. Literature Survey of Bentonite

Numerous investigations of bentonite and modified bentonite have been undertaken and are
also continuing because of the excellent physio-chemical properties of bentonite to remove
organic and inorganic pollutants from the environment. The removal of malachite green, a
cationic dye , from an aqueous solutions was reported (Tahir and Rauf 2006: 1842 — 1848).
They observed that adsorption decreased when the temperature of the dye solution was
increased. Other analytes that were adsorbed by bentonite included Methylene Blue (Hong et
al. 2009: 630 — 633) (Leodopoulos et al. 2015: 74 — 107) (Bulut and Karaer 2015: 1635 —
1644). It was found that the adsorption process was also endothermic and at higher
temperatures, adsorption process became more effective. Bentonite was also used to remove a
pharmaceutical ingredient, amoxicillin, from water (Putra et al. 2009: 2419 — 2430). It was
found that although bentonite adsorbed less amoxicillin, it could still be used as alternative
especially since activated carbon is expensive.

A thermodynamic study was conducted for the adsorption of nickel (II) from an aqueous
solutions (Tahir and Rauf 2003: 2003 — 2009). They reported that it followed the Langmuir,
Freundlich and Dubinin—Radushkevich isotherms and adsorption was endothermic: the
adsorption process is normally exothermic and therefore this study proved otherwise. Tahir
and Naseem (2007: 312 — 321) reported the uptake of chromium (I11) from a tannery effluent:
adsorption followed the Langmuir isotherm and the reaction was endothermic and spontaneous.
It was reported that zinc adsorbs onto bentonite at pH 8.00 concluding that physisorption, a
spontaneous and endothermic adsorption occurred (Bellir et al. 2013: 5035 —5048). It was also

reported that the removal of silver using a fixed-bed bentonite column, was more effective than
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static adsorption (Cantuaria et al. 2015: 91 — 104). Salman et al. (2007: 51 — 56) found that
the exposure of hydrochloric acid onto the bentonite surface hindered the adsorption of humic
acid because it decreased the aluminium oxide and ferrous oxide content in the bentonite.
Amari et al. (2010: 457 — 461) observed that toluene was adsorbed better on H>SOs-activated
bentonite than on raw bentonite. Magnoli et al. (2014: 2063 — 2070) observed that tryptophan
adsorbed better onto sodium bentonite than aflatoxin. Tahir and Rauf (2004: 285 — 292) found
that common cations such as zinc, manganese, lead, cadmium, nickel, cobalt and chromium

hindered the adsorption of iron.

For adsorbates that do not adsorb easily on bentonite, surface modifications are usually carried
out. The use of surfactants, polymers and organic compounds to produce organo-composites
were studied. Herein the surface of the bentonite clay was altered so as to be more affinitive
to the selected target analyte. Alginate bentonite composite was used to remove phenol from
aqueous solutions. Better adsorption occurred than a powdered F400 carbon and bentonite
composite (Hank et al. 2014: 2256 — 2263). A study in 2008 reported a polyacrylamide
intercalated bentonite to remove humic acid in aqueous solutions (Anirudhan et al. 2008: 147
—156). This composite was also used to remove lead, radium, actinium and thallium (Simsek
et al. 2003: 315 — 321). Another study reported the use of polypyrrole as an intercalating agent
to bentonite for the removal of zinc and cadmium from aqueous solutions. The adsorption
followed a Langmuir plot as the metals were highly affinitive to the surface of the modified
bentonite (Ben Bouabdallah and Djelali 2015: 321 — 330). Natural polymers such as chitosan
were also used to intercalate into bentonite for the removal of methylene blue (Bulut and Karaer
2015: 61 — 67). Chitosan modified adsorbents were also used in the removal of amido black
10B which adsorbed at lower pH values (Liu et al. 2015: 1129 — 1135). Other modifying agents
used to customize and enhance the adsorption of selected analytes by bentonite are presented
in Table 2.3.
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Table 2.3. Modifying agents used in bentonite for adsorption

o Analytes . o
Modifying agent removed Medium Citation
Polyurethane Moisture - Pinto et al. (2007: 885
—892)
humic acid-immobilized- Copper. Zinc AQUEOLS Anirudhan and
amine-modified PPET, ' que Suchithra (2010: 146 —
. Cobalt solution
polyacrylamide 156)

Reactive Red
120 Aqueous Tabak et al. (2010:

solution 1199 - 1207)

cetylpyridinium

N-2-hydroxypropyl
trimethyl ammonium Cadmium
chloride chitosan

Agueous Huang et al. (2011:
solution 297 — 304)

Hexadecyltrimethyl- Aqueous Wang et al. (2012: 519

Thorium

ammonium bromide solution —528)
Carbon nanotube . Aqueous Yang et al. (2014: 46
Cesium .
solution -52)
A-vinvlovridine Toluene Aqueous Mansri and Ramdani
yipy solution (2015: 1765 — 1776)

Other possible methods for removal of dyes include the use of nanocomposites, in particular,
those containing nanoparticles. This is favoured due to their ability to reduce the organic dye

into a new product which might show less toxicity than the initial dye used.
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Figure 2.10. The (2:1) layer of bentonite with its constituents, Siebers (2009: 1)
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2.16. General Introduction to Gold Nanoparticles

Recently the use of gold nanoparticles (AuNPs) has captured the attention of researchers
because they can be easily synthesized and their size and shape (Table 2.4) can be controlled
by using proper reagents and conditions. In general, nanoparticles can either be monodispersed,
nanoparticles of the same average size, or polydispersed, nanoparticles of various sizes. The
nanoparticles are useful in chemical, biological and physical systems because of its small size
of less than 100 nm. Properties such as increased catalytic activity, better heat and electrical
conductivity, improved photoemissions and surface modifications are reported (Thakor 2011:
4029 —4036). Many shapes of AuUNPs are reported such as nanorods, nanowires, nanospheres,
nanostars, nanocubes, nanoboxes and nanoprisms (Zhang et al. 2015: 1 — 12) (Langille et al.
2012: 14542 — 14554). AuNPs of sizes less than 100 nm usually exist in aqueous medium
whilst those of less than 3 nm exhibit outstanding catalytic activity (Abdelhalim et al. 2012: 1
-5).

29



Table 2.4. Previous studies showing of various shapes of AuNPs

Shape of gold

nanoparticles

Application

Citation

Triangles Vapour sensing Ankamwar et al. (2005: 19 — 26)
Spheres Antioxidant capacity Vilela et al. (2012: 341 — 349)
Rods Sensing applications Vigderman et al. (2012: 4811 —
4841)
Cubes 4-Nitroaniline Reduction Chiu et al. (2012: 23757 —
23763)
Octahedra 4-Nitroaniline Reduction Chiu et al. (2012: 23757 —
23763)
Stars Biomedical application Chirico et al. (2015: 80)

2.16.1. The Surface Plasmon Resonance Phenomenon

All metal nanoparticles have surface plasmon resonance which is a consequence of the

oscillation of mobile electrons at the surface of the metal film. When the wave vector of the

incident light matches the wavelength of the surface plasmons, the electrons will “resonate”,

hence the term surface plasmon resonance. The ‘coupling’ of the incident light to the surface

plasmons results in a loss of energy and therefore a reduction in the intensity of the reflected

light will arise (Fig. 2.11) The AuNPs usually exhibit an absorption peak in the UV profile

between 500 nm to 600 nm. Two characteristic trends are witnessed in the UV profile of

AuNPs: the red coloured solutions containing AuNPs exhibit narrow, tall peaks which leans

towards a blue shift whilst the blue/purple AuNPs exhibit broad, stomped peaks which leans

towards a red shift.
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Figure 2.11. Illustration of surface plasmon resonance of a gold nanoparticle

30




2.16.2. Some Properties of Gold Nanoparticles

AUNPs have high surface energies which promote their coagulation and aggregation in order
to reach stability. When gold nanoparticles aggregate, a red shift (blue/purple appearance) is
observed by their UV profile. Furthermore the red/crimson colour of the solution mixture
indicates that the size of AuNPs are smaller compared to blue/purple coloured solutions. In
order to prevent excessive aggregation of nanoparticles, a stabilizing, capping, agent is usually
added.

2.16.3. Synthesis of Gold Nanoparticles

There are many methods for the syntheses of AuUNPs which produce different shapes (Fig. 2.12)
which are used for different applications as summarized in Table 2.4. The well-known methods
are the Turkevich, Brust and Perrault methods, whilst green synthesis and sonolysis are also
reported. Other methods include photo-reduction, electrochemistry, sonochemistry and
galvanic replacement (Li 2015: 1756 — 1789). There are two skeletal approaches to the
synthesis of AuNPs: the “top-down” approach and the “bottom-up” approach (Fig. 2.13).
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Figure 2.12. Gold (a) nanospheres, (b) nanorods, (c) nanotriangles, (d) nanocubes, (e)
nanopolyhedra and (f) nanostars (Khlebtsov and Dykman 2011: 1647 — 1671)

The “top-down” approach (Fig. 14) describes the synthesis plan such that bulk gold is broken

down into nanoscale particles. This method is achieved by specialized techniques such as
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electron-beam lithography, focused ion beam lithography and on-wire lithography. In the
“bottom-up” approach, the dissolved gold salt in the medium is grown into AuNPs.

Turkevich et al. (1951: 55 — 75) discovered a simple method for producing monodisperse
AUNPs by the addition of sodium citrate to a boiling gold solution (Fig. 2.13). They reported
that the nanoparticles formed instantly, first forming nanorods (purple coloured solution) then
gold nanospheres (crimson coloured solution). The citrate played two key roles: one was to

reduce the gold (I11) solution to AuNPs and second, to cap the AuNPs to prevent aggregation.
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Figure 2.13. A schematic diagram for the synthesis of gold nanoparticle by the Turkevich

method
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Figure 2.14. lllustration of the top-down approach and the bottom-up approach

The Brust-Schiffrin method was discovered in the 1990°s (Hussain et al. 2003: 4831 — 4835)
(Brust et al. 1995: 1655 — 1656). Here, the synthesis of AuNPs was with a thiolated molecules
in a non-immiscible organic liquid such as toluene. The reagents consisted of a solution of
tetraoctylammonium bromide (TOAB) in toluene and sodium borohydride (Brust et al. 1995:
795 — 797) where the latter was the reducing agent and TOAB was the capping agent. The
TOAB, due to its surfactant properties, assisted in transporting the dissolved gold and the
sodium citrate into toluene. The AuNPs were capped with the hydrophobic thiolated compound
which allowed for its isolation and dispersion in other organic solvents (Schmid and Corain
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2003: 3081 — 3098). This method is widely used to synthesize monolayer protected clusters
due to its ease of synthesis. The general reaction for the synthesis of AuUNPs by the Brust-
Schiffrin method is presented in Fig. 2.15 (Brust et al. 1995: 1655 — 1656)

S
S Au

HAuCl4 >
tetraoctylammonium bromide s

S
S
s \/\/
Figure 2.15. A schematic diagram for the synthesis of gold nanoparticle by the Brust-Schiffrin

method

Another more favoured method for the synthesis of gold nanoparticles, classified as a green
method, is by using plant extracts which contain organic compounds which can reduce the gold
solution. The advantages of using green methodology is that the use of toxic chemicals and
solvents are eliminated, unreacted chemicals can be easily disposed, there is low energy
consumption for the reaction and the materials are renewable. In most cases there is no need
for a stabilizing agent since plant extracts have an abundance of natural compounds which
might prevent aggregation of nanoparticles. Some possible reducing agents include
carotenoids, isoprenes, reducing sugars, flavonoids and polyphenols. Also biological
organisms such as algae and bacteria can reduce gold (111) solutions to AuNPs. Some examples

of “green” synthetic methods for the formation of colloidal gold is summarized in Table 2.5.
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Table 2.5. Green synthetic methods for the formation of gold nanoparticles

Plant Extract

Application

Citation

Grape seeds, skin and stalk

Experimental design

Krishnaswamy et al.
(2014: 210 — 220)

Argemone mexicana L. Leaf

Varun et al. (2015: 42 —

44)
Stevia rebaudian aleaf Stability Sadeghi et al. (2015:
101 - 106)
Honey - Philip (2009: 650 —
653)
Cinnamomum zeylanicum leaf - Smitha et al. (2009:
735 —739)
Abroma augusta Linn bark Catalytic reduction Das et al. (2014: 867 —
873)
Lantana camara Linn Catalytic activity Dash et al. (2014: 343
—350)
Gelatin Biological effects on Suarasan et al. (2015:
Osteoblast cells 1222 —131)
Moringa oleifera petals Anti-cancer and catalytic Anand et al. (2015:
activity 1105-1111)
Casein hydrolytic peptides Anti-cancer assessment Ghodake et al. (2016:
(DU145 cell line) 185 — 189)
Zizyphus mauritiana Antibacterial activity Sadeghi (2015: 265 —
273)

Blue green alga

Antibacterial efficacy

Uma Suganya et al.
(2015: 351 — 356)

Streptomyces clavuligerus

Inducing mitotic arrest
(G2/M phase)

Ganesh et al. (2015:
18738 — 18750)

Green tea

Anti-tumor activities and

hepatoprotection

Mukherjee et al. (2015:
1283 —1297)
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Stabilizing agents play an important role in determining the shape and size of AuNPs.
Stabilizers such as dendrimers (Giorgetti et al. 2009: 3731 — 3753), surfactants (Giorgetti et al.
(2009: 3731 — 3753), ligands (Nath et al. 2010: 333 — 352), ionic liquids (Dong et al. 2014:
465 — 471) and polymers are used. These capping agents provide stability of the AuNPs by
preventing Ostwald ripening by creating steric and electrostatic hindrance. Usually, molecules
that are present in the AuNPs medium will bind to the surface of the AuNPs by electrostatic
attraction or by covalent bonding. When this occurs, a double layer of charge occurs within
the region of AuNPs surface thus hindering the aggregation of the AuNPs and thereby
preventing particle size growth. Usually an organic compound is added into the reaction
medium as illustrated by the Turkevich method where citrate acts as a capping agent by weakly

associating itself to the surface of AUNPs

Polymers, especially water soluble polymers, can also be used to stabilize AuNPs. Here the
long polymer chain and suitable functional groups present in the polymer provide adequate
steric and/or electrostatic hindrance between individual AuNPs. They usually form core-shell
nanostructures with AuNPs: the polymer is the shell and AuNPs is the core (Fig. 2.16).

Polymeric shell

-

:' AuNP . AuNP core

Figure 2.16. Depiction of the core-shell structured AuNPs

Many studies have been undertaken with different types of polymers in synthesizing AuNPs.
Yang et al. (2012: 939 — 946) reported on a conjugated water-soluble polyfluorene compound
which capped the AuNPs and imparted a fluorescent colour whilst Chili and Revaprasadu
(2008: 3896 — 3899) used polyvinylpyrrolidone as the capping agent. Other water-soluble
polymers include 3-n-propyl-4-picolinium silsesquioxane chloride (Silva et al. 2014: 70 — 77),
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polythiophene (Guan et al. 2008: 319 — 324) (Panda and Chattopadhyay 2007: 962 — 967), poly
(4-vinyl phenol) (Maji et al. 2014: 51745 — 51753) and chitosan (Tsai et al. 2013: 86 — 91).

Organo-sulphur compounds such as the thiols, disulphides and thioethers were also used as
capping agents. Thiols were found to be better stabilizers better than disulfides and thioethers
however polymeric thioethers are better than thioethers. Andrews et al. (2010: 59) reported
that by carefully selecting the capping agent, the shelf life of AUNPs can be improved whilst
either retaining or improving its applicability in various applications. Sulphur based capping
agents include polymeric thiolated monoethyl ethers (Shimmin et al. 2004: 5613 —5620)
dihydrolipoic acid (Roux et al. 2005: 2526 — 2536), cysteine (Aryal et al. (2006: 160 — 163),
5-amino-2-mercapto-1,3,4-thiadiazole (Kannan and John 2011: 7029 — 7037), polythiophenes
(Kannan and John 2011: 7029 — 7037) and phenothiazine (Gupta et al. 2014: 793 — 798).

2.17. Analytical techniques for characterizing gold nanoparticles

The main technique that is used to confirm the presence of AuNPs is UV/Visible spectroscopy.
The spectrum exhibits a characteristic absorbance in the range 500 nm — 600 nm due to the
surface plasmon resonance. Dynamic light scattering studies are carried out to determine the
surface charge, stability and the average size of the AuNPs. Usually they bear a negatively-
charged surface, unless the AuNPs are capped with positively-charged compounds.
Transmission electron microscopy gives the morphology of the AuNPs which is the shape and
size distribution of AuNPs. Energy-dispersive X-ray Spectroscopy gives the elemental
composition of the capped-AuNPs. X-ray Photoelectron Spectroscopy provides the type of
bonds between elements present in the AuUNPs and their binding energies. FT-IR Spectroscopy
can be done with attenuated total reflectance to determine the functional groups of organic

compounds present.
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Chapter Three: The Synthesis and Characterisation of Proline-
Epichlorohydrin-Ethylenediamine Polymer and its Bentonite Composite

and its Adsorption Studies for the Remediation of Textile Dyes

3.1.  General Introduction

Today, we all use synthetic dyes for many applications such as colouring food, leather, textiles,
paper, drugs, cosmetics, for printing inks, varnishes, paints, oils and soaps (Singh 2002: 88)
(Mittal et al. 2007: 243 — 248). Consequently, these dyes make their way into dams, lakes and
the sea as industrial and domestic effluent. Some of the dyes can be a health risk for both
humans and aquatic life because of their toxicity and carcinogenicity (Mittal et al. 2007: 243 —
248). Anionic reactive textile dyes, such as Reactive Red (RR), Reactive Yellow (RY) and
Reactive Blue (RB) are bi-functional dyes which are in demand due to their bright colours and
excellent colour fastness (Doble and Kumar 2005: 54). However, approximately 10 % of the
dyes are lost during the colouring process whilst about 2 % are discharged as effluent. As a
result, the estimated concentration of dyes in wastewater is around 10 mg/L to 200 mg/L (Dada

et al. 2012: 38 — 45) and is visible in wastewater.

There are many ways of removing organic compounds, including dyes, from effluent. This
include oxidation (Keen et al. 2012: 6222 — 6227), using sludge (Gulnaz et al. 2004: 183 —
188), through coagulation (Szyguta et al. 2009: 2979 — 2986), ion-exchange membranes and
adsorption (Huang et al. 2011: 102 — 109) (Li et al. 2010: 1601 — 1611) (Shen et al. (2009: 99
—107.) (Yue et al. 2007: 279 — 290). Adsorption is the preferred method since the cost of
adsorbents is low, it is easily available, can be re-used and gives better results than alternate
methods (Kulshrestha et al. 2004: 4097 — 4105). In the remediation of dyes from wastewater,
adsorbents such as silica (Huang et al. 2011: 102 — 109), cellulose (Annadurai et al. 2002: 263
— 274), activated carbon (Choy et al. 1999: 57 — 71) and hen feathers (Mittal et al. 2007: 243
— 248)were used. Some of the adsorbents were expensive, not easily available and required
tedious preparation before the adsorption process. Sodium bentonite (SBN) is one of the
adsorbents of choice because it is cheap, easily available and has good adsorption capacity.
When SBN is in contact with water, a hydrophilic surface is produced because of the hydrated
Na* and Ca?" ions. Hence SBN becomes ineffective for the adsorption of anionic organic
pollutants such as anionic reactive textile dyes and therefore surface modifications become

necessary.
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In this study a new polymer, containing a quaternary ammonium ion, was synthesized,
characterised and subsequently reacted with SBN to produce a new composite. The composite
was fully characterised and adsorption studies for the removal of three anionic reactive textile

dyes (Fig. 3.1) from a synthetic industrial effluent were investigated.

3.2.  Experimental

3.2.1. Materials

Bentonite, L-proline, epichlorohydrin, ethylenediamine, sodium hydroxide, hydrochloric acid
and sulphuric acid were purchased from Sigma-Aldrich. Alumina (58 A pore size) was used
without prior treatment. The dyes, viz., RB 222, RR 195 and RY 145 (Fig. 3.1) were purchased
from Colchem Chemicals and Dyes (SA). Double deionized water (18.00 MQ) was used to
make all aqueous solutions. Glassware was thoroughly washed with doubled deionized water.
For pH studies, the dye solution was adjusted with either 1.000 M HCI or 0.1000 M NaOH.
Whatman filter paper no. 1 was used for all filtrations. All measurements were done in

triplicate and the standard deviations were calculated.
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Figure 3.1. Chemical structures of (a) Reactive Blue 222, (b) Reactive Red 195 and (c)
Reactive Yellow 145

3.2.2. Instrumentation

A Varian 800 FT-IR spectrophotometer Scimitar Series with attenuated total reflectance (ATR)
was used. All samples were analysed from 4000 cm™ to 400 cm™ with a resolution of 2 cm™.
A Mettler-Toledo TGA 2 (SF) with aluminium pans was used and heating conducted at a scan

rate of 10 °C/min from 25 °C to 650 “C under nitrogen flow of 50 ml/min. A Malvern Zetasizer

54



Nano-ZS (Malvern Instruments Ltd, UK), a quartz U-tube cuvette and the Zetasizer software
7.04 were used: the angle measurement was set at 172.2 °C with a laser wavelength of 633.0

nm. A disposable folded capillary cell (Fig. 3.2) was used for zeta potential measurements.

(b) (©)

9G

Figure 3.2. (a) The disposable folded capillary cell for zeta potential measurements and (b) the
disposable polystyrene cell for particle size measurements and (c) glass cuvette used for static

light scattering studies

A Bruker (400 MHz) spectrophotometer was used for tH-NMR Spectroscopy. A ZEISS EVO
HD 15 Environmental Scanning Electron Microscope with an acceleration voltage of 20.00 kV
was used study to the topography (structure and orientation) and the element mapping of the
composite. TEM images were captured using the JEOL 1010 TEM using a Mega view llI
camera and iTEM software. A UV-1700 PharmaSpec Spectrophotometer, with glass cuvette
of path length of 1 cm was used to measure absorbance. Spectra were scanned at 0.5000 nm/s
from 200 nm to 800 nm.

3.2.3. Synthesis of Proline-Epichlorohydrin-Ethylenediamine Polymer (PEP)

An accurate mass of 22.50 g (0.2400 mols) of epichlorohydrin was added to 40.24 g of double
distilled water containing 3.55 g (0.03000 mols) of L-proline. Thereafter 15.51 g (0.2600 mols)
of ethylenediamine was added dropwise, with stirring, into the mixture, the temperature was
increased to 70 C and the mixture was allowed to react for one hour. Thereafter an additional
7.510 g (0.08100 mols) of epichlorohydrin was added and the mixture was allowed to react for
a further 24 hours. Concentrated sulphuric acid (0.10 mL) was added to stop the reaction and

the polymer was purified by repeated washings with acetone (Panzer and Rabinowitz 1971: 4).
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3.2.4. Synthesis of Proline-Epichlorohydrin-Ethylenediamine Polymer-Bentonite
Composite (PRO-BEN)

A 3 % PEP solution (Yue et al. 2007: 268 — 275) was prepared by dissolving 3.000 g of PEP
in 100 mL of distilled water. Although Yue et al. (2007) reported a 4 % solution to be the
optimum polymer concentration, we found that a 3 % PEP solution displayed the same
efficiency in adsorption. Bentonite was activated by heating it in an oven at 100 °C for 24
hours. An accurate mass of 12.00 g of this activated bentonite was transferred in a 500 mL
beaker, 100 mL of double deionized water was added and the slurry was allowed to stir on a
hotplate for 30 minutes at 70 "C. Thereafter all the 3 % PEP solution was added and the mixture
was stirred for 24 hours. The slurry was vacuum filtered and the residue was collected and
placed in an oven at 100 °C for 24 hours. The composite was ground using a mortar and pestle,
the filtrate was discarded (Shen et al. 2009: 99 — 107) whilst the solid composite was used as

an adsorbent.

3.2.5. Preparation of Textile Dye Standards for Adsorption Studies

A 100.0 mg/L stock solution of mixed dye was prepared by weighing 0.05000 g of each dye
i.e.,, RB 222, RY 145 and RR 195 into a 500 mL volumetric flask. The mixture was dissolved
in double deionized water and the solution was made accurately to 500 mL. Thereafter aliquots
of 10 mL, 20 mL, 30 mL, 40 mL and 50 mL were quantitatively transferred into five separate
100 mL volumetric flasks and each of the solution was made up to 100 mL with double
deionized water (Fig. 3.3). The absorbance of each solution was obtained by UV-Vis
Spectroscopy and a calibration graph was constructed to determine molar absorptivity

constants/ mol.L.cm™. The LOD and LOQ values for the dyes were also calculated.
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10 mg/L (DF = 10)

20 mg/L (DF =5.0)

30 mg/L (DF =3.3)

A

100 mg/L 0.05 g in 500 mL

40 mg/L (DF = 2.5)

50 mg/L (DF = 2.0)

Figure 3.3. A summary showing the concentration of mixed textile dyes

3.2.6. Determination of the Factors Affecting Adsorption
In this study, the 40.00 mg/L mixed dye solution was adjusted to pH 5.21 and the mass of PRO-

BEN selected was 0.1500 g unless stated otherwise.

3.2.6.1. The Effect of Quantity PRO-BEN on Dye Adsorption

Into four Erlenmeyer flasks was added 0.05000 g, 0.1000 g, 0.1500 g and 0.2000 g of PRO-
BEN, separately. Thereafter an accurate aliquot of 100 mL of the 40.00 mg/L mixed dye
solution was added into each flask and simultaneously the stopwatch and mechanical shaker
was started. This was conducted at ambient temperature at 120 rpm for three hours. After
every 10 minutes, an aliquot of 5 mL of a sample was removed, centrifuged for 10 minutes and
filtered. The filtrate was collected and the absorbance was determined by UV-Vis

Spectroscopy.

3.2.6.2. The Effect of Initial Dye Concentration on Adsorption

Into eight Erlenmeyer flasks, 0.1500 g of PRO-BEN and alumina, presented in Table 3.1, was
added. Thereafter 100 mL of various concentration of mixed dye standard, presented in Table
3.1, was added into each flask and simultaneously the mechanical shaker and stopwatch was
started. This was conducted at ambient temperature for 3 hours at 120 rpm. After every 10
minutes, 5 mL of sample was removed, centrifuged for 10 minutes and filtered. The filtrate

was collected and the absorbance was determined by UV-Vis Spectroscopy
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Table 3.1. The quantity of PRO-BEN used for various concentrations of dye solutions

Dye Concentration
(mg/L) Type of Adsorbent | Mass of Adsorbent (g)
20.00 PRO-BEN 0.1510
20.00 Alumina 0.1510
30.00 PRO-BEN 0.1505
30.00 Alumina 0.1510
40.00 PRO-BEN 0.1502
40.00 Alumina 0.1522
50.00 PRO-BEN 0.1522
50.00 Alumina 0.1544

3.2.6.3. The Effect of Sodium Chloride Concentration on Adsorption

Into six thoroughly cleaned Erlenmeyer flasks, 0.1500 g of PRO-BEN was added and 100 mL
of the 40.00 mg/L dye solution, containing sodium chloride (Table 3.2) were poured into the
flasks and the stopwatch was started. After every 10 minutes, 5 mL of sample was removed,

centrifuged for 10 minutes and filtered. The filtrate was quantified by UV-Vis Spectroscopy.

Table 3.2. Quantity of sodium chloride used in the 100 mL dye solutions

Concentration of
) Type of
Mass of NaCl used/ g NaCl in dye
_ Adsorbent
mixture (mg.L?)
0.2904 2904 PRO-BEN
0.2904 2904 Alumina
0.5808 5808 PRO-BEN
0.5808 5808 Alumina
1.170 11700 PRO-BEN
1.170 11700 Alumina
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3.2.6.4. The Effect of pH of the Dye Solution on Adsorption

An aliquot of 40.00 mL of a 100 mg/L mixed dye solution was quantitatively transferred
separately into each of eight 100 mL beakers. A pH electrode was inserted into each solution
to record the initial pH reading. The pH was then adjusted with either 0.1000 M HCI or 0.1000
M NaOH solution. The pH of the dye solutions that were studied were 2.00, 5.21, 7.00 and
11.00. Once the desired pH had been reached, the dye solution was quantitatively transferred
into the remaining 100 mL volumetric flask and the solution was made up to 100 mL. These
eight solutions were then transferred into Erlenmeyer flasks containing the respective
adsorbents and simultaneously the mechanical shaker and stopwatch was started. This was
conducted at ambient temperature for 3 hours at 120 rpm. After every 10 minutes, 5 mL of
sample was removed, centrifuged for 10 minutes and filtered. The filtrate was quantified by
UV-Vis Spectroscopy

An additional experiment was set-up to determine the trend in dye adsorption with various pH
values. 100 mL of dye solution (adjusted to pH values of 1.00 — 11.00) were adsorbed onto an
accurate quantity of 0.1500 g of PRO-BEN. The UV-Visible results were recorded to
determine the optimum pH that can be used for the adsorption process.

3.2.6.5. The Effect of Temperature of the Dye Solution on Adsorption

The desired temperature (Table 3.3) was pre-set in the oven shaker and equilibrated. Then 100
mL of a 40.00 mg/L mixed dye solution was transferred, separately, into eight Erlenmeyer
flasks containing PRO-BEN or alumina and simultaneously the mechanical shaker and
stopwatch was started. This was conducted at ambient temperature for 3 hours at 120 rpm.
After every 10 minutes, 5 mL of sample was removed, centrifuged for 10 minutes and filtered.

The filtrate was collected and the absorbance was determined by UV-Vis Spectroscopy.
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Table 3.3. The temperature used for adsorption studies

Temperature of
dye solution/ °C Type of adsorbent | Mass of adsorbent used/ g
25.00 PRO-BEN 0.1502
25.00 Alumina 0.1522
35.00 PRO-BEN 0.1515
35.00 Alumina 0.1528
45.00 PRO-BEN 0.1510
45.00 Alumina 0.1520

3.2.7. The Adsorption of Textile Dyes from an Industrial Effluent

An aliquot of 500 mL of an effluent sample was collected, filtered and the pH was adjusted to
4.01 and thereafter 100 mL of the solution was transferred into each of 2 Erlenmeyer flasks
containing the PRO-BEN and alumina, separately. The mechanical shaker and stopwatch was
started simultaneously. This was conducted at ambient temperature for 3 hours at 120 rpm.
After every 10 minutes, 5 mL of sample was removed, centrifuged for 10 minutes and filtered.

The filtrate was collected and the absorbance was determined by UV-Vis Spectroscopy.

3.2.8. Desorption Studies

A quantity of 1.500 g of PRO-BEN and alumina was added separately to 100 mL of 1000 mg/L
mixed dye solution. The mechanical shaker was started and after six hours, the solution was
filtered and the residue was collected and dried in an oven at 100 °C for 24 hours. Thereafter
the PRO-BEN and alumina sample was crushed with a mortar and pestle to a fine powder and
used for adsorption studies. It must be mentioned that in a preliminary study, sodium hydroxide

was found to desorb the dyes better than other basic solutions.

3.2.8.1. Desorption By Variation Of Sodium Hydroxide Concentration

The quantity of the desorbent (0.1500 g) was weighed into separate Erlenmeyer flasks. Then
100 mL of the respective concentrations of sodium hydroxide solution was transferred into the
flasks, the stopwatch and mechanical shaker was started: the temperatures studied is presented
in Table 3.4. After every 10 minutes, 5 mL of sample was removed, centrifuged for 10 minutes
and filtered. The filtrate was collected and the absorbance was determined by UV-Vis

Spectroscopy triplicate analyses was conducted.
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Table 3.4. The quantity of desorbent used at various sodium hydroxide

Concentration of Type of Mass of desorbent used (g)
sodium hydroxide (M) adsorbent 25°C 35°C 45 °C
0.0001000 PRO-BEN 0.1521 0.1509 0.1512
0.0001000 Alumina 0.1521 0.1521 0.1521
0.0005000 PRO-BEN 0.1513 0.1507 0.1513
0.0005000 Alumina 0.1513 0.1513 0.1513
0.001000 PRO-BEN 0.1500 0.1511 0.1509
0.001000 Alumina 0.1500 0.1500 0.1500
0.005000 PRO-BEN 0.1515 0.1509 0.1505
0.005000 Alumina 0.1515 0.1515 0.1515
0.01000 PRO-BEN 0.1508 0.1509 0.1523
0.01000 Alumina 0.1508 0.1508 0.1508
0.1000 PRO-BEN 0.1508 0.1509 0.1523
0.1000 Alumina 0.1508 0.1508 0.1508
1.000 PRO-BEN 0.1508 0.1509 0.152
1.000 Alumina 0.1508 0.1508 0.1508

3.3. Results and Discussion

The first objective was to synthesise a water-soluble polymer by using L-proline,
epichlorohydrin and ethylenediamine as monomers (Fig. 3.4). When the two monomers viz.
epichlorohydrin and L-proline were added, two layers were observed however after the

addition of ethylenediamine, the solution homogenized and the colour changed from colourless

to yellow. After 24 hours of reaction, a thick brownish viscous liquid was produced.
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Figure 3.4. A reaction scheme for the synthesis of Proline-Epichlorohydrin-Ethylenediamine
Polymer

3.3.1. Characterization of Proline-Epichlorohydrin-Ethylenediamine Polymer

3.3.1.1. Infra-Red Spectroscopy of Proline-Epichlorohydrin-Ethylenediamine Polymer

The following absorption bands (Fig. 3.5) were observed for the polymer: O-H stretch at
around 3339 cm™, C-H stretch at 3013 cm™ and 2930 cm™, C=0 (acid) stretch at 1736 cm, C-
H bend at 1459 cm™ and C-N stretch at 1216 cm™.

62



40

% Transmittance

1459

3339.1 wp—

1216

20 4 -

[—=Praline polymer]

0 1 - 1 r T - T - T - T 7
4000 3500 3000 2500 2000 1500 1000 500

Wavelength/nm

Figure 3.5. FT-IR spectrum of Proline-Epichlorohydrin-Ethylenediamine polymer

3.3.1.2. H-NMR Spectroscopy of Proline-Epichlorohydrin-Ethylenediamine polymer
The 'H-NMR and expanded spectra of PEP are presented in Appendix 1, whilst the chemical

shifts and spin multiplicities are presented in Table 3.5.

Since the polymer PEP was synthesized from three aliphatic monomers, several equivalent and
non-equivalent protons were observed; hence it was difficult to assign the chemical shifts
unambiguously. However when analysing the back-bone of the polymer, the research report
by Li et al. (2010: 1601-1611) was used. The OH and NH protons appeared at 6 4.310 and
4.500, respectively. The COOH proton did not appear in the spectrum due to its exchange with
D20 (Pavia et al. 2014: 784) which was the only solvent in which the polymer was soluble.
There were several CH2 protons which appeared at & 1.930 to & 3.590 depending on the
shielding and de-shielding effect.
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Table 3.5. The chemical shifts for Proline-Epichlorohydrin-Ethylenediamine polymer

Label Chemical shifts (ppm) and
multiplicity

a 1.930 (m)
b 2.080 (m)
c 2.290 (m)
d 2.420 (m)

9, ] 2.730(t)

ihg 3.410 (1)
n 3.050 (1)

i, k 3.590 (m)
h 4.310 (1)
f 4.500 (d)

3.3.1.3. Thermal analysis of Proline-Epichlorohydrin-Ethylenediamine Polymer

The DSC/TGA profiles for PEP are shown in Fig. 3.6. The initial mass of the polymer was
recorded as 3.727 mg and a ramping rate of 10 °C/min was used. The TGA profile showed a
mass loss of 100 % at 258.8 °C which could be the loss of some hydrocarbon portions. The
DSC thermogram shows an endothermic peak at 257.1 °C that corresponds to the

decomposition temperature.
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Figure 3.6. DSC/TGA thermogram of Proline-Epichlorohydrin-Ethylenediamine Polymer
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3.3.1.4. Molecular weight of Proline-Epichlorohydrin-Ethylenediamine Polymer

Static light scattering (SLS) was used to determine the molecular weight of PEP. Each of the
four samples (Table 3.6) was filtered, analysed and the molecular weight was determined based
on the Debye plot calculation where 15 repeated measurements at 25 °C and at 172.2° for each

sample. The required Z—: value was calculated from the gradient of the calibration graph of

refractive index of the polymer solution as a function of concentration (Fig. 3.7). The refractive
indices of the solutions were recorded at 25 °C in triplicate. The counts per second (obtained
from the instrument) for the highest standard did not exceed 400 kcps. The angle used was 90°
to minimize the influence of possible dust particles on the results.

Table 3.6. Data for the Debye plot for Proline-Epichlorohydrin-Ethylenediamine Polymer

Concentration/ g.mL! Refractive Index
0.000 1.33290 + 1.000x10°
0.3020 1.33303 + 1.000x10°
0.4420 1.33306 + 1.000x10°
0.6340 1.33307 + 2.000x10°
0.8060 1.33310 + 1.000x10°
1.020 1.33313 + 1.000x10°
3.036 1.33344 +2.000x10°
5.060 1.33375 + 1.000x10°
7.038 1.33406 + 1.000x10°
10.11 1.33453 + 3.000x10°

The graph of refractive index versus concentration showed good correlation as indicated by a
high regression value of 0.9968. The Z—: value for the PEP was 0.1488 mL.g* + 6.764x10”

mL.gt.
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Figure 3.7. Calibration graph of refractive index versus concentration of Proline-

Epichlorohydrin-Ethylenediamine Polymer solutions

The slope and intercept from Fig. 3.7 were used to determine the Debye plot equations where

k and R, are constants which are calculated from equations 3.1 — 3.3:

kC 1
R_e = _Mw + 2A,C (3.1)
2n?  (dn
k= s (G mo) (32)
_ I4no”
Re - RS (Isngz) (33)

C / g.mL1 is the concentration of the polymer solution,

A,/ mL.mol.g? is the second viral co-efficient describing the strength of interaction between
the polymer molecules and the solvent.

M,, is the absolute molecular weight in Daltons,

k/ mol.cm?.g* is the optical constant,

Ao / nm is the wavelength of the SLS method,

N,/ mol? is the Avogadro’s number,

n, IS the refractive index of distilled water,

ng is the refractive index of toluene standard,

Rs is the Rayleigh ratio of toluene,

1, / keps is the intensity of the analyte,
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I / keps is the intensity of the toluene standard

R,/ cm™ is the Rayleigh ratio between the scattered and incident light intensity.

Table 3.7. The Debye plot for absolute molecular weight of Proline-Epichlorohydrin-
Ethylenediamine Polymer

Concentration/ | lIsample/ cps | Ia/cps x10° | R/ x10° Kc/ Re
g.mL? x10° cm? x10°
0.0003020 0.6690 0.7710 0.9007 5.385
0.0004420 0.8820 1.286 1.502 5.131
0.0006340 1.060 1.788 2.089 4.874
0.0008060 1.249 2.326 2.717 4.763

% =0.1488 mL.g ™ 6.764x107 mL.g™*

Cc

k = 1.606 x10~" mol.cm?.g!

Is = 172200 cps

lo = 3.250 x 10* cps

ns = 1.497 cps

no = 1.33300

Mw = 174.1 kDa + 2.929 kDa

A, =-1.271 x 10° mL.mol.g +5.752 x 10® mL.mol.g™

The absolute molecular weight was calculated as 174.1 kDa (Table 3.7) whilst the second viral
co-efficient was -1.271 x 10° mL.mol.g + 5.752 x 10 mL.mol.g? (Fig. 3.8). The negative
value was attained, implying that the interaction between the polymer and solvent are not very

strong, indicating that it may aggregate.
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Figure 3.8. The Debye plot for Proline-Epichlorohydrin-Ethylenediamine Polymer

A summary of data obtained for the Proline-Epichlorohydrin-Ethylenediamine polymer is

presented in Table 3.8.

Table 3.8. Summary of data obtained for the Proline-Epichlorohydrin-Ethylenediamine

polymer
Characteristics Proline-Epichlorohydrin-
Ethylenediamine Polymer
Appearance Thick yellow
Zeta Potential/ mV +6.940 + 1.135
Decomposition temperature/ °C 258.8 £ 1.500
Density/ g/mL 1.013 + 1.000x10°3
Refractive Index 1.344 +2.000x10°
Conductivity/ mS/cm 0.05430 + 2.301x10°
Solubility Ethylene glycol, Water

3.3.2. The synthesis and characterisation of  Proline-Epichlorohydrin-
Ethylenediamine Polymer-Bentonite composite

The next objective was to synthesize a composite containing PEP and bentonite. Briefly a3 %

PEP solution was mixed with a slurry of bentonite. The mixture was filtered after 24 hours of

reaction and the solid was purified and then used for adsorption studies.
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3.3.2.1. The FT-IR spectra of bentonite and the polymer-bentonite composite

The FT-IR spectra of bentonite and the polymer-bentonite composite is presented in Fig. 3.10.
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Figure 3.10. The FT-IR spectra of (a) PRO-BEN composite and (b) pure bentonite

PRO-BEN and bentonite exhibited absorption peaks at approximately 3382 to 3615 cm™ and
3392 to 3610 cm™ , respectively, corresponding to the O-H stretch of water molecules as
atmospheric moisture. Chaudhary and Datta (2013: 193 — 201) and Navratilova et al. (2007:
59 — 65) reported that the absorption at approximately 1630 cm™ could be due to either the O-
H or C=0 groups. The rest of the vibrations in both spectra corresponded to the characteristic
bentonite responses as described in literature: Si-O stretch at 777.0 cm™, 797.0 cm™ and 1027
cmt; Al-Al-OH deformation at 914.0 cm™and Al-Mg-OH vibration at 844.0 cm™, however,
, there were additional weak vibrational bands at around 1366 cm™ (Fig. 3.10 (a)). The latter
could be due to the C-H bend from PEP thereby indicating it was successful bonded into the
bentonite structure: similar results were also reported in literature (Li et al. 2009: 1170 — 1178)
(Navratilova et al. 2007: 59 — 65).

3.3.2.2. The SEM/EDX profiles of Proline-Epichlorohydrin-Ethylenediamine Polymer
and proline-epichlorohydrin-ethylenediamine polymer bentonite composite
The morphologies of PEP and PRO-BEN were studied using SEM/EDX (Fig. 3.11). PEP
showed a sheet-like uneven surface whilst PRO-BEN appeared as particles in the range of 0.5
pm — 2 um. The EDX spectrum (Fig. 3.11 (c)) showed that PRO-BEN contained 32.70 %

silicon and 36.72 % of oxygen whilst 2.590 % of aluminium and 0.5300 % of magnesium were
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also detected. These four elements are found in the tetrahedral and octahedral layers of
bentonite. The oxide ions are found on the ends of the layers which initially impart a negative

charge to the bentonite.

(@) (b)

Mag= 1.00KX EHT= 500KV Date :17 Nov 2014 ,,t;DUTwmm 1pm Mag= 2000KX EHT = 500KV Date 17 Now 2014 yttI]UTu RBAN
WD=130mm  Signal A=SE1 Chamber=1510-004Pa & TEBWOLB0Y WD=140mm  Signal A=SE1 Chamber = 3.16e-004 Pa " TECNOLOGY

M Een polymer 1 Fitted Spectrum

Figure 3.11. SEM results of (a) Proline-Epichlorohydrin-Ethylenediamine Polymer and (b)
PRO-BEN and (c) EDX spectrum of PRO-BEN

3.3.2.3. Dynamic Light Scattering Studies

This study was conducted to determine the surface charge and particle size of PEP, PRO-BEN
and bentonite. Each measurement was an average of 15 measurements and were conducted at
25 °C with a laser of 532 nm (green). Fig. 3.12 shows the variation in zeta potential of the
three materials: PER showed a positive charge of +6.940 mV. Also there was a change from
a negative zeta potential (-8.960 mV) for bentonite to a positive (+5.310 mV) value for PRO-
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BEN when PEP was mixed with bentonite. This change in zeta potential also indicated

successful bonding of PEP with bentonite.
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Figure 3.12. Zeta Potential profile of (a) bentonite, (b) Proline-Epichlorohydrin-
Ethylenediamine Polymer and (c) PRO-BEN
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3.3.2.4. Transmission Electron Microscopy

The TEM image (Fig. 3.13(a)) showed that bentonite appeared as particles which seemed to be
stacked on top of each other. In the case of PRO-BEN (Fig. 3.13(b)) the bentonite particles
seemed to be clustering because of the presence and interaction with PEP. It is suggested that
PEP could act as a film which promotes better adhesion of bentonite. Hence this modification
could increase of the adsorption of anionic pollutants by increasing the exposed surface area of
the cationic surface.

(@) (b)

Figure 3.13. TEM micrographs of (a) bentonite and (b) PRO-BEN

3.3.2.5. Cationic exchange capacity

The cationic exchange capacity was calculated as follows:

Stage 1: 1.013 g of PRO-BEN was allowed to adsorb 100 mL of 0.01500 mol.L? Methylene
Blue solution for 30 minutes.

Stage 2: After adsorption, the solution was made up to 25 mL and was filtered.

Stage 3: The filtrate was diluted 20 times further and the absorbance was obtained to calculate
the concentration of dye that had adsorbed onto the PRO-BEN.

Stage 4: The CEC was calculated.

A calibration graph (Fig. 3.14) of absorbance of Methylene Blue was plotted as a function of
concentrations (Table 3.9).
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Figure 3.14. Calibration graph of Methylene Blue

Table 3.9. Calibration data for Methylene Blue

Concentration of MB/
105 mol L Mean Absorbance/ AU
0.000 0.000 + 1.000x10*
1.000 0.5710 + 1.528x10*
2.000 1.115 + 4.048x10*
3.000 1.621 + 1.273x10*
4.000 2.063 +2.014x10™
5.000 2.436 +3.769x10™
PRO-BEN 1.114 + 1.258x10*

The amount of Methylene Blue adsorbed was quantified and the cationic exchange capacity
was calculated (Kahr and Madsen 1995: 327 — 336):
From the calibration curve,
y =4930 x + 0.07510
Concentration of MB adsorbed in diluted sample = (1.114 — 0.07510)/ 49034
=2.119x10° mol.L!

(Stage 3)
Concentration MB in undiluted filtrate = Dilution factor X Concentration of MB

=20 X 2.119 x 1075 mol.L*

=4.237x10* mol.L!
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(Stage 2)

Moles MB before filtration = Dilution factor x Concentration of MB
=0.02500 L x 4.237 x 10~* mol.L*
= 1.059x10"° mols

Moles MB removed during adsorption = moles MB (in 0.01500 mol.L™* — in mixture before
filtration)

= 3.746x10* moles — 1.059x10™ moles

= 3.640 x10™* moles

CEC = moles MB removed/100g PRO-BEN
= 3.640 x10™* moles/100g PRO-BEN
= 36.40 mmol/100g + 3.040x102 mmol/100g PRO-BEN

The calibration graph (Fig. 3.14; Table 3.9) was used to obtain the CEC value: a decrease in
the CEC values of bentonite compared to PRO-BEN implied that the PRO-BEN could now
accommodate more polymer on its surface because of the exchange of its surface cations with
the polymer. This gives PRO-BEN an advantage to adsorb a larger quantity of dyes, thus
making the composite a better adsorbent for the anionic textile dyes than pristine bentonite.

3.3.2.6. XPS Analysis of PRO-BEN Composite

The XPS spectra showing the surface chemical properties of PRO-BEN and dye-adsorbed
PRO-BEN is presented in Fig. 3.15 (a and b) whilst the high resolution spectra showing O1s,
Clsand Sils is presented in Appendix 2. The electron emission peaks for the elements found
in bentonite were observed as Si2p (£ 100 eV), N1s (400 eV), O1s (540 eV), Al2p (80 eV) and
C1s (270 eV). The N1s (400 eV) could be due to the ammonium ions in the polymer that coats
the bentonite. The spectrum for both are similar however an increase in the intensity of C1s
was noted. The atomic percentage of the composite (Table 3.10) shows an increase in carbon
content for the dye-laden composite as the dye adsorbs onto the PRO-BEN surface. In the high
resolution spectra of both Sils and O1ls, the detected states were found the same for both
materials; SiO> at 533 eV for PRO-BEN and 532 eV for dye-laden composite , Si-(N, H) at
102 eV and 108 eV was the polymer interactions with silicon, O-(C, H) at 531 eV. The high
resolution spectra for C1s differed for both materials. The C-C peak at 284 eV and C-O-C at
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287 eV for PRO-BEN were due to bonds between the polymer atoms and bentonite. The dye-
adsorbed PRO-BEN showed a C=0 peak at 288 eV which also is possibly due to the polymer.
The ratio of carbon to silicon increased from 0.7200 in PRO-BEN to 1.310 in PRO-BEN dyes.
This overall increase was possibly due to the adsorption of the dyes on PRO-BEN.

Table 3.10. Atomic percentages of the detected elements in PRO-BEN and PRO-BEN-dye

Elements | PRO-BEN | PRO-BEN-dye

Ols 60.20 55.40

Cils 12.10 19.20

Si2p 16.80 14.70

N1s 3.600 5.000
Al2p 2.100 2.600
Mg1ls 2.300 1.800

S2p 2.100 1.100
Ca2p 0.3000 0.2000
Cl2p 0.6000 -
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Figure 3.15. The XPS spectra of (a) PRO-BEN and (b) dye-laden PRO-BEN

It is possible that electrostatic repulsions may exist between the anionic dye and pure bentonite
which could be due to the oxyanions in the basal plane in bentonite (Fig. 3.16). The oxyanions
might be able to surround the metal ions within the bentonite structure giving it an overall
negative charge as confirmed by its zeta potential value. The positive ammonium ions within

the polymer could attract the oxyanions on the bentonite whereas the excess polymer imparts
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an overall positive charge to the new bentonite composite. This could enhance adsorption
efficiency by lowering electrostatic repulsion between the anionic dye and the bentonite
composite. There was a decrease in cationic exchange capacity ,calculated by the Methylene
Blue method (Kahr and Madsen 1995: 327 — 336), from £ 70 mmol/100 g + 3.04 mmol/100 to
36.40 mmol/100 g + 3.040x102 mmol/100g, for bentonite and PRO-BEN, respectively.
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Figure 3.16. The structure of bentonite exhibiting the outer oxide layers (Siebers 2009: 4)

A summary of data obtained for bentonite and PRO-BEN is presented in Table 3.11.

Table 3.11. Physical and Chemical properties of bentonite and PRO-BEN

Property Bentonite PRO-BEN
Bulk Density/ g.mL™* 2.398 +2.001x10* 2.400 + 1.054x10*
Particle size/d.nm 513.0 + 24.09 996.9 + 32.27
Zeta Potential/ mV -8.960 = 0.5079 5.310 + 0.3257

Cationic exchange
_ 70.00 £ 3.04 36.40 + 3.040%x1072
capacity/ mmol.100g™*

3.3.3. Adsorption Studies
The adsorption studies were carried out with three dyes, viz., RB 222, RR 145 and RY 195.
Many factors such as the initial concentration of the dye, the pH of the dye medium, the

temperature, the salt concentration and the quantity of PRO-BEN were investigated. The
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adsorbents were also compared with alumina since it is cheaper and most used adsorbent. Since

adsorption can be rationalized as a reaction Ahn et al. (1985: 541-550), the reaction equation

Adsorption /—\\

Dye-SO;” + PROBEN/Alumina S —————= Dye-SO5 PROBEN/Alumina
Desorption (3.4)

can be viewed as:

The Le Chatelier’s principle is applicable to the reaction statement above (Masel 1996: 804)
and was used as a basis for establishing the factors mentioned above. The visible effect of
adsorption (Fig. 3.17) was shown when the solution became discoloured when dye was added
to PRO-BEN.

UHCEERRREEERFIE:

Figure 3.17. Adsorption of dyes onto PRO-BEN

3.3.3.1. The Calibration Graph of the Mixed Dyes

To determine the extinction co-efficient (E) of the dyes which was to be used for further
calculations, a calibration curve was constructed by plotting concentration of dye versus
absorbance (Table 3.12, Fig.3.18, Fig. 3.19). The E values were used to calculate the
concentration of the dyes remaining in solution after adsorption and desorption.

The three dyes were mixed and analysed as a ternary dye solution. The limit of detection

(LOD) and limit of quantification (LOQ) was determined by using two equations (equations

3.5 and 3.6), where S,, . is the standard error of the regression from the calibration graph.
LOD = 3(Sy/x) (3.5)

LOQ = 10(Sy/y) (3.6)
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Table 3.12. Summary of data for the calibration graph of the three textile dyes

Concentra Absorbance/ AU
tion of
dyes/ Reactive Blue 222 Reactive Red 195 | Reactive Yellow 145
mg.L?
0.000 0.000 + 1.000x10* | 0.000 + 1.000x10* 0.000 + 1.000x10*
10.00 0.1770 +5.774x102 | 0.2580 + 1.000x10° | 0.2020 + 2.000x10°®
20.00 0.3530 + 1.562x10* | 0.5130 +1.000x10° | 0.4050 + 2.646x10°°
30.00 0.5320 +5.774x10* | 0.7720 +1.677x10% | 0.6110 + 1.527x10°®
40.00 0.6970 + 1.000x10* | 1.014 +5.774x10* 0.8130 + 1.000%x10°®
50.00 0.8700 +5.773x10* | 1.265 + 3.055x10°® 1.027 + 1.155%x107
R? value 0.9999 0.9999 0.9999
gradient 0.01740 0.02530 0.02050
Sy/x 0.002500 0.002800 0.001900
LOD/ ppm 0.4300 0.3300 0.2800
LOQ/ ppm 1.400 1.100 0.9300

Figure 3.18. The calibration graph for (a) Reactive Blue 222, (b) Reactive Red 195 and (c)

14

—
JF=dRrB222 y=0.0174x +0.0032

1.2 —*—RR 195 y=0.0253x +0.0047
RY 145 y =0.0205x +0.0028
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0.6 4
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0.2 4

0.0 L

Reactive Yellow 145

An increase in absorbance as the dye concentration was increased is in accordance with the
Beer-Lambert law. Using equation 3.4 above, and based on the Le Chatelier’s principle, the
equilibrium shifted to the right implying a greater extent of adsorption. The gradients of the
linear graphs were used as the EC for the dyes. The LOD and LOQ were calculated from data

Concentration/ppm

obtained (Table 3.12), based on triplicate analysis

80




(@) (b)

0.9 T T T T 08 T T T T
08 10ppm | | [ [10ppm] |
: 20ppm 0.7 4 20ppm
074 [——30ppm | 30ppm |-
——40ppm 0.6 4 40ppm
5 064 ——50ppm | 1 - l——50ppm| |
<L 4 a« 054 _
3 05 E
s E 044
-g 0.4 4 -g
2 1 & o034 7
= 034 2
02 | 0.2 4 |
0.1 J 0.1
0.0 T v T v T v T 0.0 T T T T v T
400 500 600 700 300 400 500 600
Wavelength/nm YWavelength/nm
1.0 T T T T T T T T T T T m T
T0ppm 25 ——10ppm Mixed Dyes
20ppm 1 - =——=20ppm Mixed Dyes|
30 —— 30ppm Mixed Dyes|
ppm| ——40ppm Mixed Dyes|]
40ppm 2.0 4 ——50ppm Mixed Dyes|
—50ppm| 1
2 3
B T b 7
1 (2]
£ c
] ]
2 2
3 {1 8 1
]
< E
0.0 v v T v T v 0.0 T T T
500 600 700 800 300 400 500 600 700 800
Wavelength/nm Wavelength/nm

Figure 3.19. The UV Profile for (a) Reactive Blue 222, (b) Reactive Red 195, (c) Reactive
Yellow 145, (d) mixed dyes

3.3.3.2. The Adsorption of Individual Dyes

This study was conducted to determine the minimum time for maximum adsorption for each
dye. Briefly, an aliquot of a 40.00 mg/L solution of each dye solution was used for the study.
It was observed that the absorbance for all dyes was lower for PRO-BEN than alumina
suggesting PRO-BEN was the better adsorbent (Fig. 3.20). Most of the dyes were adsorbed by
PRO-BEN in 10 minutes whereas alumina took 120 minutes.

81



~—
&

0.20

0.18-.
0.16-.
0.14-.
0.12-.
0.10-.
0.08-.
0.06-.

Ahsorbance of RB 222/ AU

0.04 4
0.02 4

(b)

L 1
—— 10 min
(——20 min
(=30 min
——40 min
|=— 50 min
f=——— 60 min
—70 min
j=——280 min
——90 min
(=100 min
——110 min
120 min

Wavelength/nm

PRO-BEN -
Adsorbent

b __
0. 00 e
300 400 500 600 700 8

00

0.08 4

0.06 -

0.04 4

1 —— 20 min

1 50 min

] 80 min

] —— 110 min

1
10 min

—— 30 min
=40 min

—— 60 min
——70 min

=90 min
——"100 min

120 min

Ahsorhance of RR 195/ AU

0.02 4

PRO-BEN
Adsorbent

0.00 - - r -
300 400 500 600 700 300
Wavelength/nm
(c)
0.10 —
——10 min
0.09 — !
PRO-BEN ;g min
o 0.08 Adsorbent —_stmin |
< =40 min
s 0.07 ——50 min |
=+ -
- t(—— 60 min
> 0.06 70 min ]
"6 0.05 —— 80 min |]
g —— 90 min
g 0.04 =100 minf
= ——110 min
=
g 003 120 min]
£
< 0.02
0.01
0.00 42 — . —
300 400 500 600 700 300

Wavelength/nm

Absorbance of RR 195/ AU Absorbance of RB 222/ AU

Absorhance of RY 145/ AU

1.0 T T T ¥ T ¥ T T

1 ——10 min
0.9 1 ALUMINA —— 20 min ||
0.8 ] Adsorbent —— 30 min ||

4 =40 min
0.7 4 (=50 min {

1 (=60 min
0.6 b ——70 min |
0.5 (—— 80 min

1 =90 min
0.4 4 —— 100 minf
0.3 4 ——110 min|

| 120 min
0.2 4 -
0.1 o
0.0 —

300 400 500 600 700 800
Wavelength/inm
1.0 —— —
10 min
0.9 ALUMINA ——20 min |
0.8 Adsorbent 30 min ||
=40 min
50 min |
[~ 60 min
——70 min []
——80 min |]
=90 min
(=100 minH
110 min
120 min]
v T d T M ¥ T v
300 400 500 600 700 800
Wavelength/nm
1.0 T . —

1 =10 min
™ ALUMINA [ 20min
0.8 - Adsorbent — 30min |_

) =40 min
0.7 4 =50 min |1

1 =60 min
0.6 —— 70 min []

] —— 80 min

=90 min
[——100 min|+
=110 min
120 min| |
0.0 4 v T v — T v —
300 400 500 600 700 800

Wavelength/nm

Figure 3.20. Spectra of the adsorption of (a) Reactive Blue 222, (b) Reactive Red 195 and
(c) Reactive Yellow 145 by PRO-BEN and alumina
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Figure 3.21. Spectra of the adsorption of the trends in adsorption of the three dyes onto PRO-

BEN and alumina.

3.3.3.3. Quantity of PRO-BEN Required for Adsorption
This study was conducted to determine the optimum quantity of PRO-BEN that was required

to adsorb 40.00 mg/L ternary dye solution.

It was found (Fig. 3.21 and Fig. 3.22) that higher quantities of PRO-BEN adsorbed more dyes
from the ternary dye solution. In particular, RR 195 and RY 145 were fully adsorbed at greater
than 0.1500 g PRO-BEN whilst RB 222, was marginally lower suggesting adsorption sites
were sufficient. One of the factors affecting adsorption is the number of sites available for
adsorption. As the quantity of adsorbent increases, the sites available for adsorption also
increase. At high quantities of adsorbent, together with smaller particle sizes and higher
porosities, there are greater number of sites for dye molecules to attach onto as compared to
lesser quantities of PRO-BEN. Herein the positive surface of PRO-BEN could electrostatically
attract the negatively charged dye and through these interactions, the dye could be adsorbed by
PRO-BEN. It was found that the optimum quantity of PRO-BEN for adsorption of 40.00 mg/L
of a mixed dye solution was 0.1500 g. This quantity was used throughout the study, unless

stated otherwise.
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Figure 3.22. Adsorption of (a) RB 222, (b) RR 195 and (c) RY 145 and (d) the trend in
percentage dye removal with quantity of adsorbent at 25 °C, 40.00 mg/L agitated at 120 rpm

3.3.3.4. The Effect of Initial Concentration of Dyes on Adsorption

Various concentrations of mixed dye solutions were adsorbed onto 0.1500g PRO-BEN to
determine the effect of initial concentration on adsorption. The adsorption capacity of PRO-
BEN and alumina were carried out at pH 5.21 and ambient temperature with no excess sodium
chloride present.
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Figure 3.23. The trend in adsorption of (a) Reactive Blue 222, (b) Reactive Red 195 and (c)
Reactive Yellow 145 from a ternary solution at various concentrations and (d) the overall trend
in adsorption at 25 °C with 0.1500 g PRO-BEN or alumina and agitated at 120 rpm

It was found that the initial concentration of RB 222 affected the adsorption process (Fig. 3.23).
At high concentrations, a greater amount of dye is adsorbed. The same pattern is seen with
adsorption using alumina, though the adsorption capacity varied greatly between the two. At
high concentrations there is possibly a concentration dip at the boundary layer near the
adsorbent interface thereby creating a concentration gradient. This could cause a mass transfer
of dyes from the bulk solution to the interface of the modified bentonite, thereby overcoming
the mass transfer resistance at the boundary layers. This mass transfer could be enhanced by
convection currents caused by magnetic stirring (Kim and Walker 2001: 123 — 131). The
contact time was also studied to determine when adsorption was complete. It was found that

180 minutes was the optimum time for adsorption.
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3.3.3.5. The Effect of pH of the Mixed Dye Solution on Adsorption

The study was conducted to determine the effect of an acidic or basic dye medium on
adsorption. The optimum pH of the dye solution to be used in the experiments was established.
A range of pH values of the dye solutions were tested at ambient temperature.

It was observed (Fig. 3.24) that pH influenced the adsorption of dyes. It is found that at lower
pH of the ternary dye solution, adsorption increased when PRO-BEN was used. Although a
similar trend was observed for alumina, the quantity of dye adsorbed was less. It is plausible
that the PRO-BEN surface contained a double layer, an outer positive layer (PEP layer)
available for anionic dye adsorption and a layer of anionic dyes approaching the positive layer.
Also at low pH, the behaviour of PRO-BEN towards anionic dyes are similar to colloidal
systems (Kahr and Madsen 1995: 327 — 336). It is possible the lowering of the pH by the
addition of dilute hydrochloric acid to the dye solution could reduce the size of the double
layer (Kahr and Madsen 1995: 327 — 336) thereby enhancing the net attractive forces between
PRO-BEN and the anionic dyes (Kahr and Madsen (995: 327 — 336). Conversely, it was found
that by raising the pH with the addition of dilute sodium hydroxide solution, adsorption reduced
probably due to competition with anionic dyes for PRO-BEN adsorption sites. Hydroxides are
generally more reactive and smaller than alkyl sulfonates and thus could reach and adsorb onto

the surface of the positive-charged PRO-BEN more easily.
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Figure 3.24. Effect of pH on the adsorption of (a) Reactive Blue 222, (b) Reactive Red 195
and (c) Reactive Yellow 145 from a ternary dye solution using PRO-BEN and alumina and (d)

the trend in adsorption at various pH values of the dye medium

3.3.3.6. The Effect of Sodium Chloride Concentration on Adsorption

The effect of salts present in the dye solution was studied since salts can dissociate into its ions
which could either hinder or promote adsorption. Here a 40.00 mg/L mixed dye solution was
used and various concentrations of sodium chloride was added to determine adsorption by
PRO-BEN and alumina.

It was found that the quantity of sodium chloride affected the extent of adsorption (Fig. 3.25).
Alumina adsorbed less dyes than PRO-BEN.
concentration of sodium chloride increased, the quantity of dye adsorbed onto PRO-BEN also

It was also noted for all dyes that as the
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decreased (Fig. 3.25 (d)). A similar trend was reported whereby the presence of foreign ions
suppressed the adsorption of dyes (Li et al. 2009: 1170 — 1178).
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Figure 3.25. Effect of sodium chloride on adsorption for (a) Reactive Blue 222, (b) Reactive
Red 195 and (c) Reactive Yellow 145 at 25 °C, 120 rpm, 40.00 ppm with 0.1500 g PRO-BEN

used

The decrease in adsorption could be due to the competition of the chloride ions and the dye for

the surface of PRO-BEN. Since chloride ions are smaller than RSO3 groups, they could reach
PRO-BEN more efficiently (Eren and Afsin 2008: 682 — 691)
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3.3.3.7. The Effect of Temperature on Adsorption

The effect of temperature plays an intricate role in the adsorption process. It gives an idea of
the type of interactions that exist between the adsorbate and adsorbent. It is known that a
decrease in adsorption with an increase in the medium temperature suggests a physisorption
process, whilst an increase in adsorption as the medium temperature decreases is indicative of
chemisorption process. In most cases in literature, adsorption was an exothermic reaction,
which further implied a physisorption process. With this information, and the assumption that
the activity co-efficients in Henry’s law are equivalent to 1.00, at low concentrations of the
dyes, the entropy (AS®), the enthalpy (AH®) and the Gibbs free energy (AG®) were calculated
(Lewinsky 2007: 79).

Three temperatures viz. 25 °C, 35 °C and 45 °C were selected to establish the relationship

between temperature and adsorption and to determine the best temperature for adsorption.
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It was found that an increase in temperature caused a decrease in adsorption of the dyes (Fig.
3.26). Also alumina adsorbed less dyes than PRO-BEN. The optimum temperature was found
to be 25 °C. It is possible that as the temperature of the dye solution increased, the boundary
layer thickness between PRO-BEN and the solution decreased because the dyes acquired
additional kinetic energy to migrate from PRO-BEN to the solution causing a decrease in
adsorption. These results suggest that the interactions between the dye and PRO-BEN are weak
indicative of physisorption (Jnr and Spiff 2005: 162 — 169).

Thermodynamic studies were conducted to confirm whether the adsorption process was
physisorption or chemisorption. By using equations 3.7- 3.10 (Toor and Jin 2012: 79 — 88), the
enthalpy (4H®), entropy (4S5°), Gibbs free energy (4G°) and rate constant (k.) were

determined:

Ink, = AS°/R - AH°/RT (3.7.)
AG® = AH° —TAS® (3.8)
ke = Qe/Ce (3-9)
Inky, = InA-E;/RT (3.10)

The meaning of each symbol is presented in Appendix 3 (page 155).

The AH° and AS° values were calculated as the slope and intercept of the plot of InKn2 as a
function of T-Y/ K™ from equation 3.7.

k. in equation 3.9 is the concentration of dyes remaining in the solution at equilibrium to the
quantity of dyes adsorbed on the PRO-BEN.

The Arrhenius equation 3.10 was used in conjunction with second order reaction constant (Kn2)
to determine the activation energies at various temperatures. It was found that the adsorption
process was exothermic due to the negative enthalpy value. The enthalpy for RY 145 (-17.72
kJ/mol) was the highest and was lowest for RB 222 (-37.81 kJ/mol). This indicated that RY
145 was held more strongly onto the PRO-BEN than the rest of the dyes (Toor and Jin 2012:
79 —88). As reported in literature, physisorption enthalpies range from 0.000 kJ/mol to 40.00
kJ/mol and chemisorption enthalpies from 200.0 kJ/mol upwards (Tyagi 2009: 79). All
enthalpies for the dyes studied were below 40.00 kJ/mol indicating a physisorption process

wherein as the dyes adsorbed onto the PRO-BEN, their freedom of motion was restrained. This
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resulted in an increase in the entropy (-AS°) Kahr and Madsen (1995: 327-336) for RB 222,
RR 195, and RY 145 respectively. The entropies for each dye were negative decreased in the
following order: RY 145 < RR 195 < RB 222. The calculated Gibbs free energy values (Table
3.13) were negative, which indicated a spontaneous adsorption process possibly due to the dye
molecules having great affinity towards PRO-BEN and similar results were reported (Toor and
Jin 2012: 79 — 88). The graphs (Fig. 3.27), showed good linear regression values which

indicated acceptable correlations and good results.
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Figure 3.27. (a) Van’t Hoff plot and (b) Arrhenius plot for the various temperatures
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Table 3.13. Thermodynamic parameters calculated from the adsorption of the three dyes at the

various temperatures

(En/ ASY | AHY
Temp./ AGY/
Dyes kJ)/ A R? J.mol- | kJ.mol R2
K kJ.mol!
Ko 1K1 1
RB 222 | 298.0 -71.28
308.0 14.49 7.510 0.8890 -112.3 -37.81 -72.40 0.9970
318.0 -73.53
RR 195 | 298.0 -31.40
308.0 26.01 180.9 0.9520 -43.98 -18.30 -31.84 0.9820
318.0 -32.28
RY145 | 298.0 -30.16
308.0 21.66 66.37 0.7030 -41.74 -17.72 -30.57 0.8560
318.0 -30.99

3.3.4. Study of Adsorption Isotherms

3.3.4.1. Adsorption Isotherm Analysis

Adsorption studies were conducted to characterize the adsorption processes and to assess the

efficiency of the adsorbents viz., PRO-BEN and alumina.
The Langmuir (Saraydin et al. 1998: 227 — 236), the Freundlich (Freundlich and Hatfield
1926), Temkin (Temkin and Pyzhev 1940: 327 — 356) and the Frumkin isotherms (Frumkin

1926: 792 — 802) were tested (Table 3.14).
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Table 3.14. Equations used for adsorption isotherms

Equation | Isotherm Linear plot Parameters

& _ & 1 Gradient = qi

3.11 Langmuir e Gm Kalm "
Ce/qe as a function of Ce y-intercept = Kalm

1 . 1

In = InKp +—=In(C, Gradient = =

3.12 Freundlich (@) P (G n
In(qe) as a function of In(Ce) y-intercept = [nKp

RT) RT . RT

= (—|nAr + (—) InC Gradient = —

3.13 Temkin e (br ’ by ¢ br
ge as a function of InCe y-intercept = [nAr

log( Qe ).i = logK + 2aQ, Gradient = 2a

3.14 Frumkin 1-0Q." Ce _ |

log (Qe/1-Qe)Ce as a function of Q, y-intercept = logk

Each isotherm provides specific information about the adsorption process (Table 3.15).

Table 3.15. Information that the isotherms provides about the adsorption process

Isotherm Information on adsorption process
Langmuir Adsorbates cover the adsorbent in a monolayer, where all sites are
equal, no interactions between adsorbates and there are a specific
amount of sites available for adsorption
Freundlich This gives information on the heterogeneity of the adsorbent surface
adsorption sites
Temkin This gives further information on whether the adsorption process was a
physisorption or chemisorption process based on the Temkin isotherm
equilibrium binding constant
Frumkin This gives information on the lateral interactions between the adsorbate

molecules and the homogenous surface of the adsorbent, if the
interactions among the adsorbate (A) equated to zero, then this

isotherm reduces to the Langmuir isotherm
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3.3.4.2. The Langmuir Isotherm
To determine the type of adsorption isotherm, the type 1 Langmuir, isotherm was tested by
using the equation:

C. C, 1

qe dm kL dm

(3.15)

The meaning of each symbol is presented in Appendix 4.

A plot of %as a function of C, produced a straight line from which the gradient and y-intercept

was obtained as qim and , respectively. Using this information, the total adsorption at

_r
kram
monolayer coverage was obtained.

The initial concentration was studied at optimum pH 5.21 and temperature of 25 °C. The
adsorption followed the type 1 Langmuir isotherm plot best from the Giles classification system
(Giles et al. 1960: 3973 — 3993) due to the highest R? value (best linearity). The data (Table
3.16) implied that all sites on the PRO-BEN were equivalent, monolayer coverage of the dyes
onto the PRO-BEN occurred, the PRO-BEN surface was homogenous and there were no
interactions between RB 222, RR 195 and RY145. From the data (Table 3.16 and Fig. 3.28)
the total maximum monolayer coverage on PRO-BEN was calculated as 78.56 mg/g + 0.05532
mg/g for all the dyes. The separation factor (R.) for the dyes were between zero and one

indicating favourable adsorption of the dyes on PRO-BEN (Dada et al. 2012: 38 — 45).

Table 3.16. The Langmuirian data for dyes adsorption

Langmuir (Type 1)
Dyes
gm/ mg/g ko/ L.mg RL R?
RB 222 24.41 +0.9413 | 2.240+0.1012 0.01800 0.9980
RR 195 25.84 £ 0.5523 | 2.390 + 0.1007 0.01600 0.9980
RY 145 28.31£0.9464 | 1.060 + 0.2004 0.03200 0.9930
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Figure 3.28. The Langmuir plot for RB 222, RR 195 and RY 145 at 25 °C at pH =5.21

3.3.4.3. The Freundlich Isotherm
The Freundlich isotherm (equation 3.16) was used to determine the heterogeneity of the

adsorbent surface by using the equation:

In(q,) = Inkp + m

(3.16)
Where Kr is the adsorption capacity and % represents the adsorption intensity.
A linear plot of In (q,) as a function of In (C,) produced the gradient of % and a y-intercept of

In (kg).
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Figure 3.29. The Freundlich plot for RB 222, RR 195 and RY 145 at 25 °C at pH =5.21
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Table 3.17. The Freundlich data for dye adsorption

Freundlich Isotherm
Dyes
n 1/n kr/ mglg R?
RB 222 7.520 +0.2489 | 0.1330+0.03101 | 16.62 + 1.059 0.8620
RR 195 7.820 + 0.1585 0.1280 £ 0.5112 | 17.58 + 1.096 0.8470
RY 145 | 5.870 +0.01370 | 0.1890 + 0.03379 | 16.00 + 1.069 0.8420

% (Table 3.17) was found to be less than 1 for all dyes, which indicated normal adsorption.

From Fig. 3.29, the values were calculated to be between one and ten which indicated that
adsorption was favourable (Dada et al. 2012: 38 — 45).

3.3.4.4. The Temkin Isotherm
The Temkin isotherm model was tested to determine the interactions between the adsorbent

and the adsorbates by using the equation:

—RTlA +RTlC
Qe_anT ane

(3.17)
The meaning of each symbol is presented in Appendix 5.

From Fig. 3.30, the heat of sorption, RT/ by, was calculated to be 2.543 J.mol™ + 0.7235 J.mol"
! for RB 222, 2.371 J.mol™ + 0.7374 J.mol™* for RR 195 and 3.222 J.mol* + 1.025 J.mol? for
RY 145 (Table 3.18).

It was observed that adsorption of the dyes decreases linearly as the surface of PRO-BEN was
covered with the dyes.
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Table 3.18. The Temkin isotherm data for the dye adsorption

Temkin Isotherm
Dyes
At/L.g? br RT/bt/ J.mol R?
RB 222 0.8610 + 0.3508 973.9+227.1 2.543 +£0.7235 0.7910
RR 195 2.213 +0.2173 1044 + 324.7 2.371+0.7374 0.7570
RY 145 1.381 +£0.3524 768.9 +244.4 3.222 +1.025 0.7480

264 = |RB 222
E #+ RR185
24 J 4 RY 145 * 4

22 <

o
& 50 i
E y=2371x + 18.264 v =2643x% + 17.1911
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% L L v L L
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Figure 3.30. The Temkin plot for Reactive Blue 222, Reactive Red 195 and Reactive Yellow
145 at 25 °C at pH 5.21

3.3.4.5. The Frumkin Isotherm
The Frumkin isotherm (Table 3.19) was tested to determine interaction between adjacent

adsorbed dye molecules within the monolayer by using the equation:

log (% — Qe>.Ci =logk + 2aQ,
(3.18)

The meaning of each symbol is presented in Appendix 6.

It was found that, the values for a were all positive (Fig. 3.31) which indicated that an overall

repulsion between the adsorbed dyes occurred.
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Figure 3.31. The Frumkin plot for RB 222, RR 195 and RY 145 at 25 °C at pH =5.21

Table 3.19. The Frumkin isotherm data for the dye adsorption

Frumkin Isotherm
Dyes
k/ L/mg a/ mg/g R?
RB 222 0.06900 + 0.005610 | 0.04300 £ 0.002740 0.9870
RR 195 0.05100 + 0.007990 | 0.04700 + 0.001578 0.9780
RY 145 0.04000 + 0.005790 | 0.05000 + 0.003524 0.9580

3.3.5. Study of Adsorption Kinetics

To determine the order and kinetics, the Langergren’s pseudo-first order (equation 3.19)
(Lagergren 1898: 1 — 39) and the Ho’s and McKay’s pseudo-second order (equation 3.20)
(McKay 1982: 759 — 772) equations were tested. Intraparticle diffusion (equation 3.21) (Weber
and Morris 1962: 231 — 266) was used to determine whether the rate-limiting step in adsorption

was dependent on the intraparticle diffusion of the dyes.

The mathematical linear equations for these models are presented in Table 3.20. The variable
ge/ mg/qg is the quantity of dyes adsorbed at equilibrium,

gt/ mg/g is the amount of dyes adsorbed at a particular time = t/min,

ki1/ minis the Langergren equilibrium rate constant,

kn2 / g/mg.min is the Ho’s rate constant

kiep is the intraparticle diffusion rate constant and C is a constant relating mass transfer

resistance due to the boundary layer of adsorbed dyes.
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Table 3.20. Linear plots of the kinetic models

Equation Model Linear plot Parameters
Kth -
lo — =lo - Gradient = K,
3.19 Langergren 8(de — a:) = log(qe) 5357 _ ] H
log(q. — q;) as a function of t/min y-intercept = log(qe)
Ho and i — 1 + i Gradient = KHZ
3.20 MK 9t Kuz2qe Qe int (=1
-intercept = —
cray t/q. as a function of t/min y P de
201 Morris and q: = Kippt® + C Gradient = K;pp,
' Webber q. as a function of t%5 y-intercept = C
EA . EA
Ink, = (— —) + InA Gradient = (— 54
3.22 Arrhenius 4 RT R
Ink, as a function of 1/T/°C y-intercept = InA

The experimental data were fitted into the pseudo-first order and second order kinetic models.
The Ho’s and McKay’s second order kinetic model (Fig. 3.32 (a-c)) and Table 3.21) best fitted
the adsorption data with highest R? values. However, the pseudo-first order did not rank as
favourable. The dye equilibrium concentration on the PRO-BEN (qe) did not correlate to the
experimental value for the pseudo-first order, further discrediting the suitability of the model.
The ge values were closer to the experimental values, confirming the suitability of this model
and results were in agreement with previous studies but the intraparticle diffusion (Table 3.22)
model was used to determine the diffusion mechanism (Toor and Jin 2012: 79 —88). According
to the model, the intraparticle diffusion plots did not intersect the origin. This indicated that
intraparticle diffusion is not the rate-limiting step alone, and there could be other factors that
could be rate limiting in the adsorption process. The plots (Fig. 3.32 (d-f)) for RB 222, RR
195 and RY 145 were of dual-linearity, which implied that intraparticle diffusion and possibly
external mass transfer (Cheng et al. 2008: 538 — 546), (Yue et al. 2007: 279 — 290) occurred.

A similar trend was observed for the other dyes.
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Figure 3.32. Langergren’s pseudo-second order plots for (a) RB 222, (b) RR 195, (c) RY 145
and the intraparticle diffusion plots for (d) RB 222, (e) RR 195, (f) RY 145
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Table 3.21. Kinetic information calculated from the adsorption of the three dyes

Dyes Kinetic model Initial Concentration/ mg/L
20.00 30.00 40.00 50.00
Langergren’s pseudo-first order reaction

RB 222 ge/ mg/g 2.410 7.430 11.35 10.53
kia/ mint 0.03600 0.0260 0.03200 0.02300

R? 0.9260 0.9810 0.9690 0.9870

RR 195 qe/ mglg 3.110 7.400 10.99 17.73
kia/ mint 0.04100 0.02700 0.02900 0.03000

R? 0.9500 0.9790 0.9790 0.8670

RY 145 qe/ mglg 3.930 6.170 8.490 11.30
kia/ mint 0.03700 0.02500 0.02800 0.02500

R? 0.8870 0.9820 0.9770 0.9800

Ho’s second order reaction

RB 222 ge/ mg/g 13.37 18.99 24.47 24.61
Knz2 / g/mg 0.4070 0.1240 0.1340 0.09400

R? 1.000 0.9990 0.9980 0.9990

RR 195 qe/ mglg 13.40 19.29 25.38 26.11
Knz2 / g/mg 0.4070 0.1350 0.1250 0.07900

R? 1.000 1.000 0.9990 0.9970

RY 145 ge/ mg/g 13.32 18.68 24.94 26.67
Knz2 / g/mg 0.2780 0.1670 0.1650 0.1090

R? 1.000 1.000 1.000 0.9990
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Table 3.22. Intraparticle diffusion calculated from the adsorption of the three dyes

Dye Parameters Result
RB 222 | kipi/ mg.gt.min®° 0.8330 1.161 1.384 1.486
Kip2/ mg.gt.min®® | 0.08000 0.4100 0.5200 0.8470
R? 0.9700 0.9740 0.9930 0.9900
R2? 0.7600 0.9170 0.9170 0.9750
RR 195 | Kipi/ mg.gt.min®° 0.6770 1.161 1.384 1.486
kip2/ mg.g.min®% | 0.09600 0.3590 0.5200 0.8840
Ri? 0.9670 0.9740 0.9930 0.9900
R2? 0.8440 0.9160 0.9170 0.9790
RY 145 | kipy/ mg.g*t.min®° 0.5790 1.094 1.944 1.457
Kip2/ mg.g™t.min0® 0.1590 0.3410 0.4040 0.6560
Ri? 0.9750 0.9950 0.9900 0.9860
R2? 0.8570 0.9310 0.9170 0.9400

3.3.6. Desorption Studies

This study was conducted to determine the recyclability of PRO-BEN. Various concentrations
of NaOH were used at temperatures 25 “C, 35 °C and 45 °C for the removal of the dyes from
the dye-laden adsorbent (Fig. 3.33). It was found that increasing NaOH concentration results
in more efficient removal of the dyes and the optimum NaOH concentration was 0.1000 M for
the desorption process. As the temperature of the solution increased, the desorption process
became more inefficient. The optimum condition for dye removal for PRO-BEN was 25 °C
with removal percentages of 75.46 % + 6.461 % for RY 145, 78.23 % + 5.056 % for RR 195
and 97.08 % + 0.6030 % for RB 222. The optimum conditions for dye removal from alumina
was at 45 °C with percentages of 100.0 % + 0.9031 % for RB 222, 56.25 % + 3.363 % for RR

195 and 66.74 % + 0.6208 % for RY 145.
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Figure 3.33. Desorption trends for (a) Reactive Blue 222, (b) Reactive Red 195 and (c)
Reactive Yellow 145 using PRO-BEN and alumina at various temperatures and NaOH
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3.3.7. Adsorption of Dyes from Industrial Effluent

An effluent sample, from a local company, containing the dyes, were studied under optimum
conditions for adsorption. Best adsorption occurred at 25 °C at pH 5.21 (Fig. 3.34). The
percentage adsorption was higher for RB 222 than RR 195 whilst RY 145 did not adsorb
completely. The effluent sample was initially alkaline with a pH of 10.90 therefore adsorption
was inefficient and hence the effluent was subsequently acidified to the optimum pH.
Percentage dye removal was efficient up to 90.00 % * 0.5293 % for RB 222, 9.000 % + 0.6858
% for RR 195 and 80.00 % + 0.9424 % for RY 145. Usually effluent samples may contain
very high salt concentrations. The high salt content in the effluent could promote competition

with the dyes for adsorption sites.
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Figure 3.34. Adsorption of dyes from effluent at 25 °C, pH 4.01

3.4. Conclusion

A new water soluble polymer (PEP) was synthesized using the monomers L-proline,
epichlorohydrin and ethylenediamine. It was characterized by H-NMR and FT-IR
Spectroscopy whilst the molecular weight was calculated as 174.1 kDa + 2.929 kDa by static
light scattering. A composite was prepared with PEP and bentonite, characterized by several
spectroscopic techniques and evaluated for its removal of 3 anionic dyes textile dyes via
adsorption. The parameters that affect adsorption were established. It was concluded that high
concentration of dyes increased the adsorption efficiency whilst an increase in pH, salt content,
and temperature had a negative effect on adsorption. Furthermore, the adsorption was
characterized by the Langmuir Type I isotherm. It was concluded that favourable adsorption

occurred in a monolayer surface coverage. The order of fit for the isotherms were Langmuir
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Type | > Frumkin > Freundlich > Temkin isotherms. The pseudo-second order kinetic model
proved the best to describe the rate of adsorption for the range of initial concentrations. It was
found that the intraparticle diffusion was not the only rate-limiting step alone. The mechanism
of adsorption followed intraparticle diffusion as well as external mass transfer. This indicated
that PRO-BEN is effective in adsorbing anionic dyes and could be employed in industry for

textile dye effluent remediation.
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Chapter Four: Synthesis and Characterization of Thiazolidine-
Epichlorohydrin-Ethylenediamine Polymer and Thiazolidine-
Epichlorohydrin-Ethylenediamine Polymer Capped Gold Nanoparticles and
the Reduction of Selected Dyes in Water

4.1. General Introduction

Gold nanoparticles are being extensively studied due to their broad range of applications, easy
synthesis and easy manipulation of their size and shape. Due to their characteristic size of less
than 100 nm compared to their bulk counterparts, they are applied in chemical, biological and
physical systems. Properties like increased catalytic activity, increased heat and electrical
conductivity, improved photoemission and surface modification were reported(Abdelhalim et
al. 2012: 1 — 5), (Thakor et al. 2011: 4029 — 4036). Also a wide range of shapes such as
nanorods, nanowires, nanospheres, nanostars, nanocubes, nanoboxes and nanoprisms exist
(Langille et al. 2012: 14542 — 14554), (Zhang et al. 2014: 5860 — 5889). Gold nanoparticles
with sizes less than 100 nm usually exist in aqueous medium and nanoparticles less than 3 nm
exhibit outstanding catalytic activity showed by Abdelhalim et al. (2012: 1 —5). However, their
high surface energy promotes coagulation and aggregation and in order to prevent this, a
stabilizing (capping) agent is usually added. Stabilizers such as dendrimers, surfactants,
ligands, ionic liquids and more preferably polyelectrolytes are used (Solyman et al. 2014: 218
— 225).

Polyelectrolytes having NH- groups allows for increased solubility in aqueous solutions.
These groups, present in polymers, adsorb onto the gold nanoparticles thereby causing steric
repulsion between nanoparticles which leads to effective stabilization (Shem et al. 2014: 107
— 116). Therefore the use of polymers as capping agents has increased (Hussain et al. 2003:
4831 — 4835). The synthesis of gold and silver nanoparticles by an acrylate polymer was
reported by Hoppe et al. (2006: 7027 — 7034) this acts as a reducing agent to produce gold
nanoparticle hydrosols. A study showed that a polymer can act simultaneously as a reducing
and a capping agent (Gangula et al. 2012: 22866 — 22872). The successful synthesis of
nanoparticles, using a thiophene substrate as a stabilizer, for nitro-compound reduction was
reported by Harish et al. (2009: 197 — 202). A study by Wunder et al. (2010: 8814 — 8820)

reported the catalytic reduction of gold nanoparticles embedded in spherical polymer brushes.
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It was observed that the spherical nano-brushes successfully immobilized gold nanoparticles.
Veerakumar et al. (2012: 197 — 205) reported the use of a highly branched imine polymer
which acted as a stabilizing and reducing agent in the formation of nanoparticles, a reducing
agent was not required due to the in-situ polymer modification. Vasimalai et al. (2013: 24 —
31) reported a natural biopolymer, chitosan, which capped the gold nanoparticles for Malathion
sensing. Cappellari et al. (2015: 17 — 24) showed that cysteine polymer capped AuNPs could
be manipulated for its size and shape.

Recently, Hu et al. (2016: 3107 — 3116) incorporated conjugated polymers into gold
nanoparticles. The advantages of this was its simple synthesis, non-toxicity and its
biocompatibility. However, due to the nature of the polymer, solubility in aqueous solutions
is limited especially if the polymer lacks functional groups that can be changed to favour
solubility.

Nanoparticles may also be attached to solid supports to improve solubility. Srivastava et al.
(2013: 1 — 9) showed the formation and attachment of gold nanoparticles onto bacterial
membranes for the catalytic reduction of nitro-compound. It was proved that clay, as a
composite, was also another efficient alternative for nanoparticle stability (Solyman et al. 2014:
218 —225). It was reported that the thiolated-capped AuNPs were synthesized and immobilized
onto sodium bentonite for the polymerization of methyl methacrylate. Although the study
proved successful, synthesis was long and tedious.

The manipulation for size and shape of AuNPs was reported by Parab et al. (2011: 2173 —
2180) when polyethyleneimine was used with a gold precursor, in a reducing agent, to develop
snowflake shaped gold nanoparticles. They found that simple manipulation of the
concentration of the starting materials altered the shape of the nanoparticles. It was reported
by Wagers et al. (2014: 15 — 20) that the pH of the nanoparticle medium affects the size of the
gold nanoparticles, the size decreased in an acidic medium when the concentration of the
capping agent was increased.

The ideal way of synthesizing gold nanoparticles is by reducing gold (I11) salt solution. In most
studies, reducing agents such as sodium citrate (Harish et al. 2009: 197 — 202), sodium
borohydride, pyrrole and oxalic acid are commonly used. In recent studies, ‘greener’ reducing
agents such as certain strains of bacteria, various plant extracts, and glycerol have been used.

These are non-toxic, biodegradable and are easily obtained. Bagasse from sugar cane extract
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is also a ‘greener’ alternative since it is a waste product from the sugar cane industry. It has
been reported by Mishra et al. (2013: 217 — 219) that the hydroxyl and aldehyde groups in the
sugar extract are responsible for the reducing capability.

The aim of this study was to synthesize a novel water-soluble polymer and use it as a capping
agent for the formation of gold nanoparticles in the presence of bagasse extract. Furthermore

this new material was investigated for the reduction of three dyes.

4.2. Experimental

4.2.1. Materials

L-4-Thiazolidinecarboxylic acid, epichlorohydrin, ethylenediamine and acetone were
purchased from Sigma-Aldrich and were utilized without prior purification. Chloroauric acid
(HAUCI4, 99.99 %), trisodium citrate dehydrate (99.00 % — 100.5%), sodium borohydride
(NaBH4>98%), Methylene blue, Congo red and Allura red (Sigma-Aldrich) were all analytical
grade and were utilized without prior purification. Sugarcane bagasse was obtained from the
Sugar Milling Research Institute (SMRI). Double deionized water (18 MQ) was used to make
all aqueous solutions. All solutions were freshly prepared before use. All glassware were
washed with aqua regia before use. All measurements were done in triplicate and the standard

deviations were calculated.

4.2.2. Instrumentation

Fourier transform infrared spectroscopy (FT-IR) analyses on the Thiazolidine-
Epichlorohydrin-Ethylenediamine Polymer were conducted using Varian 800 FT-IR
spectrophotometer. UV-Visible measurements were made using a UV-1700 PharmaSpec
Spectrophotometer.  !H-NMR spectra were obtained using a Bruker (400 MHz)
spectrophotometer. Zeta potential and particle size were determined using a U-tube quartz
cuvette, polystyrene cuvette and a Differential Light Scattering Malvern Zetasizer Nano ZS
(Malvern Instruments Ltd, UK) Merck 2423 instrument. Static light scattering (SLS) was also
used by the Zetasizer to determine molecular weight. Scanning electron microscopy (SEM)
images were recorded for the gold nanoparticles using ZEISS EVO HD 15 Environmental
Scanning Electron Microscope and TEM analysis was conducted on the AuNPs using JEOL
1010 TEM using a Mega view Il camera and iTEM software.
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4.2.3. Synthesis of Thiazolidine-Epichlorohydrin-Ethylenediamine Polymer
An accurate mass of 22.56 g (0.2400 mols) of epichlorohydrin was added with 40.00 g of
distilled water and 3.500 g (0.03000 mols) of white powder L-Thiazolidine carboxylic acid was
added. Thereafter 15.50 g (0.2600 mols) of ethylenediamine was added drop-wise into the
mixture; the temperature was increased to 70 °C and the mixture was left to react for an hour.
An additional 7.510 g (0.08110 mols) of epichlorohydrin was added into the mixture and the
reactants were left for 24 hours to react while stirring.

4.2.4. Preparation of the Bagasse Extract

Approximately 25.18 g of bagasse fiber was washed with double distilled water, dried, then
transferred into a clean 1000 mL beaker to which 100 mL of double deionized water was added.
The mixture was boiled for 10 minutes until the water changed to yellow. It was vacuum

filtered, the residue was discarded and the filtrate was used immediately.

4.2.5. Preparation of Dye Solution

Stock solutions were prepared for the three dyes and further diluted to the desired
concentration. For each dye used, stock solutions were prepared by dissolving the respective
masses (Table 4.1) into a 100 mL volumetric flask using double deionized water. The solutions
were made up to 100 mL with double deionized water.

All solutions were diluted to give dye concentrations of approximately 1.000 x 10° M. These
solutions were used to synthesize the gold nanoparticles.

Table 4.1. Quantities of different dye stock solution used

Concentration of stock solution/
Dye Used Mass/ g
M
Methylene Blue 9.942 x 10 0.01590
Congo Red 1.019 x 10 0.007100
Allura Red 1.027 x 10* 0.005100

4.2.6. Preparation of Sodium Borohydride Solution
A 0.01000 M and 0.02000 M solutions of sodium borohydride were prepared by dissolving the

exact quantity (Table 4.2) of NaBHg into two separate 50 mL volumetric flasks, containing

114



water. The solutions were then made up to the 50 mL mark using double deionized water. For

every experiment conducted, freshly prepared solutions were utilized.

Table 4.2. Quantities of sodium borohydride used

Dye Mass/ g Molarity/ M
Methylene Blue 0.01940 0.01000
Congo Red 0.03840 0.02000
Allura Red 0.03870 0.02000

4.2.7. Preparation of a Series of Thiazolidine-Epichlorohydrin-Ethylenediamine
Polymer Solutions Of Different Concentrations for AUNP Capping

An accurate mass of 0.5043 g of TEP was dissolved in double deionized water in a 500 mL

volumetric flask to give a nominal 1000 mg.L™* of stock solution. Then 5 mL was

quantitatively transferred into a 50 mL volumetric flask and diluted to 50 mL with double

deionized water to give the 100.0 mg.L™* TEP solution. The solutions were further diluted to

their respective solutions according to Fig 4.1
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1000 mg/L
(0.50 g in 500 mL)

A 4
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(5mL in 50 mL)
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(25 mL in 50 mL) (15 mL in 50 mL) (10 mL in 100 mL)
v v
5 mg/L 1 mg/L
(25 mL in 50 mL) (5 mL in 50 mL)

Figure 4.1. A scheme illustrating serial dilution of Thiazolidine-Epichlorohydrin-

Ethylenediamine Polymer solutions

4.2.8. Formation of Thiazolidine-Epichlorohydrin-Ethylenediamine Polymer-AuNP
Solutions Using Sodium Citrate (Turkevich Method)

Into six separate 100 mL Erlenmeyer flasks (Table 4.3), both 20 mL of about 1 mM gold

chloride solution and 20 mL of the various concentrations of TEP solutions were added. The

solution was boiled while being stirring. After three minutes, 5 mL of 1 % sodium citrate

solution was added to the solutions (Turkevich et al. 1951: 55 — 75). The solution was stirred

and after three minutes, when the solution turned cherry red, it was cooled, stoppered and kept

in a dark cupboard. The nanoparticle solutions were not stored for more than three months.
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Table 4.3. Quantities of reagents used for AUNPs synthesized using the Turkevich method

] Volume of Volume of
AuUNP sample | Concentration | Volume of gold ) ) )
) TEP solution/ | sodium citrate
names of TEP/ mg.L? | solution/mL
mL / mL
0 ppm TEP-Na-
0.000 20 20 5
AUNPs
1 ppm TEP-Na-
1.000 20 20 5
AUNPs
5 ppm TEP-Na-
5.000 20 20 5
AUNPs
10 ppm TEP-
10.00 20 20 5
Na- AuNPs
30 ppm TEP-
30.00 20 20 5
Na-AuNPs
50 ppm TEP-
50.00 20 20 5
Na-AuNPs

4.2.9. Formation of Thiazolidine-Epichlorohydrin-Ethylenediamine Polymer -Capped

AUNP Solutions Using Bagasse Extract

Into each of the six separate 100 mL Erlenmeyer flasks, with glass stoppers, 20 mL of 1 mM

gold chloride solution and 20 mL of the polymer solutions with the corresponding

concentration of TEP were added. The mixture was thoroughly stirred with a magnetic stirrer.

After approximately three minutes, 5 mL bagasse extract was added to the solution (Table 4.4).

The solution was allowed to stir and in intervals of 30 minutes a 3 mL aliquot of sample was

extracted from each flask and analyzed using UV-Vis spectroscopy to track the formation of

the encapsulated gold nanoparticles. Once formation was complete, the nanoparticle solutions

were stored under dark conditions. The nanoparticle solutions were not stored for more than

three months.
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Table 4.4. Quantities of reagents used for AUNPs synthesized with bagasse extract

Volume of
] Volume of Volume of
AuUNP sample Concentration ) ) bagasse
HAuCIssolution | TEP solution
names of TEP/ ppm extract used/
used/ mL used/ mL
mL
0 ppm TEP-AuUNPs 0 20 20 5
1 ppm TEP-AuUNPs 1 20 20 5
5 ppm TEP-AuUNPs 5 20 20 5
10 ppm TEP-AuNPs 10 20 20 5
30 ppm TEP-AuUNPs 30 20 20 5
50 ppm TEP-AuUNPs 50 20 20 5

4.3. Results and Discussion

For the synthesis of TEP, epichlorohydrin, L-Thiazolidinecarboxylic acid and ethylenediamine

were used as monomers. Initially two layers were observed when the monomers were added.

After the addition of ethylenediamine, the two solutions homogenized and the colour changed

from colorless to yellow. After 24 hours, a thick brownish viscous liquid was observed. The

reaction scheme is presented in Fig 4.2.

S
O O
+ l >——CH,Cl + NH,CH,CH,NH,
N
H
OH

L-Thiazolidine carboxylic acid

Epichlorohydrin

1. Heat; 24 hours

2. Conc. H,SO4

Ethylenediamine

Thiazolidine-Epichlorohydrin-Ethylenediamine Polymer

Figure 4.2. Scheme of Thiazolidine-Epichlorohydrin-Ethylenediamine Polymer synthesis
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4.3.1. Characterization of Thiazolidine-Epichlorohydrin-Ethylenediamine Polymer

4.3.1.1. Infra-Red Spectroscopy of Thiazolidine-Epichlorohydrin-Ethylenediamine
Polymer

The FT-IR spectra were recorded for TEP (Fig. 4.3). For TEP, the O-H stretch at 3347.84 cm’

1 C-Ostretch at 1066 cm™, C-H stretch at 2965.2 cm™, C-H bend at 1455.69 cm™, C-N stretch

at 1230.6 cm™ and C-S stretch at 673.0 cm™ were observed.
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Figure 4.3. FT-IR spectra of Thiazolidine-Epichlorohydrin-Ethylenediamine Polymer

4.3.1.2. 'H-NMR Spectroscopy of Thiazolidine-Epichlorohydrin-Ethylenediamine
Polymer
The *H-NMR and expanded spectra of TEP are presented in Appendix 7 whilst the chemical
shift values and spin multiplicity is presented in Table 4.5. Since a polymer was investigated,
several equivalent and non-equivalent protons were observed; hence it was difficult to assign
the chemical shifts unambiguously. In analyzing the back-bone of TEP, the guidance of a
research paper by Li et al. (2014). It was found that all observed chemical shifts could be
associated with the expected polymer. The OH and NH protons appeared at & 4.310 and 4.500,
respectively. The CH (COOH) and CH (OH) protons appeared at 3.050 and 3.900,
respectively. There were several CHz protons which appeared in the range 1.930 to 3.590
depending on the shielding and de-shielding effect. It must be mentioned that our result also
showed absence of the COOH proton as described by Li et al. (2014). It was speculated that
deuterium from the solvent D20 replaced the COOH proton resulting in it being undetected in

the spectrum.
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Table 4.5. The chemical shifts for Thiazolidine-Epichlorohydrin-Ethylenediamine Polymer

Label Chemical shifts (ppm) and
multiplicity

a 2.730 (1)
b 2.910 (1)
c,d 3.090 (d)
e 3.390 (1)
g, h 3.500 (m)
o,p 3.590 (m)
[ 4.080 (s)
n 4.200 (s)
q 4.260 (s)
j, k 4.310 (d)
[, m 4.410 (d)
f 4.500 (dd)

4.3.1.3. Thermal Analysis of the Thiazolidine-Epichlorohydrin-Ethylenediamine
Polymer

The DSC/TGA profiles for TEP are shown in Fig. 4.4. The initial mass of the polymer used
was 12.35 mg: it was subjected to a ramping rate of 10.00 °C/min in an aluminium pan. The
TGA profile showed a mass loss of 8 % at 315.63 °C. This could be due to loss of hydrocarbons
from the polymer structure respectively. The DSC thermogram showed endothermic peaks at
123.33 °C and at 315.63 °C that corresponded to the glass transition temperature and
decomposition temperature of the polymer.
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Figure 4.4. DSC/TGA plots for the Thiazolidine-Epichlorohydrin-Ethylenediamine Polymer

4.3.1.4. Molecular Weight of Thiazolidine-Epichlorohydrin-Ethylenediamine Polymer

Static light scattering (SLS) was used to ascertain the molecular weight of the TEP. Four
various concentrations of the polymer was used for the study and analysis was performed after
15 repeated measurements at 25 °C for each sample. The wavelength used for the laser was
633 nm. Each of the five samples (Table 4.6) was filtered and analyzed and then the molecular
weight was determined. The counts per second for the highest standard did not exceed 400
keps. The analysis was conducted at an angle of 172.2° to minimize the influence of possible

dust particles on the results. The regression curve was illustrated in Fig. 4.5.
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Figure 4.5. Calibration graph of refractive index with changing concentration of Thiazolidine-

Epichlorohydrin-Ethylenediamine Polymer solutions at 25 °C

Table 4.6. Refractive index values for the various concentrations of Thiazolidine-

Epichlorohydrin-Ethylenediamine polymer

Concentration/ g.mL™* Refractive Index
0.000 1.33290 +1 x 10°®
0.3020 1.33303 +3 x 10°
0.4420 1.33306 + 1 x 10°
0.6340 1.33307 +2 x 10°
0.8060 1.33310 +1 x 10°®
1.020 1.33313+ 4 x 10°
3.036 1.33344 +1 x 10°
5.060 1.33375+2 x 10°
7.038 1.33406 + 1 x 10°
10.11 1.33453 +3 x 10°

The graph of change in refractive index with TEP concentration (Fig. 4.5) was found to be in
good correlation with a good regression value of 0.9976 for TEP. The Z—Z value for TEP was

0.1533 mL.g* +6.793 x10°mL.g™.

The molecular weight of the Thiazolidine-Epichlorohydrin-Ethylenediamine Polymer was

calculated from the Debye plot illustrated below (Fig. 4.6).
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Figure 4.6. The Debye plot for Thiazolidine-Epichlorohydrin-Ethylenediamine Polymer

From Fig. 4.6 and Table 4.7, the molecular weight was found to be 69.78 kDa. + 1.176 kDa
The second virial co-efficient was -3.107 x 10 mL.mol.g. A negative second virial co-efficient
implied that the interaction strength is not affinitive and may suggest a degree of branching of

the polymer.

Table 4.7. Debye plot for determining molecular weight of Thiazolidine-Epichlorohydrin-

Ethylenediamine Polymer

Concentration/ g.mL™? | lsample/ CPS Ia/ cps Ro/ x107° cm™? Kc/ Rox107°
0.0003140 6.690 x10° 3.440 x10* 0.4019 1.332
0.0004920 8.820 x10° 5.570 x10° 0.6507 1.289
0.0006220 1.060 x10° 7.350 x10° 0.8587 1.235

2 - 0.1533 mL.g! + 6.793 x10° mL.g.

dc

Is = 172200 cps

k= 1.704 x10" mol.cm?.g*

lo = 3.250 x10* cps

ns = 1.497 cps

no = 1.3329

Mw = 69.78kDa + 1.176 kDa

A; =-3.107 x 10® mL.mol.g% + 2.26 x 10"*° mL.mol.g
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The units used in Table 4.7 are described below:

C/ g.mL is the concentration of the polymer solutions,
A,/ mL.mol.g? is the second viral co-efficient describing the strength of interaction between
the polymer molecules and the solvent it is in,

M,, is the absolute molecular weight in Daltons,

k/ mol.cm?.g* is the optical constant,

Ao / nm is the wavelength of the SLS method,

N,/ mol is the Avogadro’s number,

n, is the refractive index of distilled water,

ng is the refractive index of toluene standard,

Rs is the Rayleigh ratio of toluene,

1, / keps is the intensity of the analyte,

I / keps is the intensity of the toluene standard and

R,/ cm™ is the Rayleigh ratio between the scattered and incident light intensity.

4.3.2. Synthesis and Characterization of Thiazolidine-Epichlorohydrin-
Ethylenediamine Polymer Capped Gold Nanoparticles

4.3.2.1. The FT-IR Spectra Thiazolidine-Epichlorohydrin-Ethylenediamine
Polymer, Thiazolidine-Epichlorohydrin-Ethylenediamine Polymer Capped Gold

Nanoparticles and the Bagasse Extract.

The FT-IR spectra were recorded for TEP, bagasse extract and 50 ppm TEP-AuUNPs (Fig. 4.7).
It was reported in literature that bagasse extract contains about 70 % lignin (Pessoa et al. 1997:
00— 00). The following absorption bands (Fig. 4.7 (a)) were found for the bagasse: O-H stretch
at 3273.14 cm* and C=C aromatic stretch at 1635.37 cm™. Because lignin contains a
significant amount of phenolic hydroxyls these absorptions confirmed the presence of lignin in
the extract (Hu et al. 2016: 856 — 862). Fig. 4.7 (c) showed the OH stretch at 3254 cm™ similar
to the bagasse extract. Also the C-O stretch for alcohols at 1033.46 cm™ corresponded to both
the polymer and the extract. This indicated possible capping of molecules from the extract and
the polymer, or this could imply that the polymer replaced the capping species from the extract.
A band at 598.07 cm™ (Fig. 4.7 (c)) corresponded to the C-S stretch, similar to the polymer,
suggesting that the 50 ppm TEP-AuNPs was capped both with the polymer as well as the

reducing sugars in the extract.
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Figure 4.7. FT-IR spectra of (a) bagasse, (b) Thiazolidine-Epichlorohydrin-Ethylenediamine
Polymer and (c) 50 ppm TEP-AuUNPs

4.3.22. The SEM/EDX Profiles of Thiazolidine-Epichlorohydrin-Ethylenediamine
Polymer and Thiazolidine-Epichlorohydrin-Ethylenediamine Polymer Capped Gold
Nanoparticles

The morphologies of the bagasse-reduced AuNP surfaces were studied using SEM/EDX (Fig.
4.8). For 30 ppm bagasse reduced AuNPs (Fig. 4.8 (a)): there were a significant presence of
nanotriangles and nanospheres. The EDX analysis (Fig. 4.8 (b)) showed the presence of gold
and sulphur stemming from the polymer capping. Fig. 4.8 (c) showed the elemental mapping
of gold and sulphur in significant amounts within the sample. This indicated the polymer

capped the AuNPs.
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Figure 4.8. (a) SEM micrograph (b) EDX spectrum and (c) element maps of 50 ppm TEP-
AUNPs

4.3.2.3. Dynamic Light Scattering Studies
Fig. 4.9 and Table 4.8 and Appendix 8 — 9 indicated that there was an increase in the size and
a change of shape of the AuNPs as the concentration of the TEP increased. Also the surface

charge of the nanoparticles became more positive charge due to the increased amount of TEP.
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As the polymer coated the surface of the AuNPs through gold-sulphur bonds, the ammonium
ions present in the polymer brought about a positive charge to the AuNPs. It is known that zeta
potential values greater than +25 mV or less than -25 mV are relatively stable, and AuNPs are
less likely to aggregate (Greenwood et al. 1999: 479 — 488). It was observed that AUNPs and
AuUNPs capped with 1 ppm TEP were relatively stable (Table 4.8). As TEP increased, the
capped-AuNPs became more destabilized; as a result, as they approach each other, they formed

larger particles of different shapes. These results were confirmed by TEM analysis.
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Figure 4.9. DLS spectra for (a) particle size and (b) zeta potential for 0 ppm TEP-AuNPs
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Table 4.8. DLS results of TEP-AuNPs synthesized from bagasse

AuNPs with TEP /ppm Particle size/nm Zeta Potential
0.000 54.20 £ 2.302 -27.90 + 3.758
1.000 68.20 £ 5.763 -25.70 + 2.960
5.000 72.45 + 8.314 -22.10 + 2.390
3.000 91.50 + 5.032 -18.00 + 4.205
50.00 195.7 + 2.795 -11.70 £ 3.021

4.3.2.4. Transmission Electron Microscopy Analysis

The TEM image (Fig. 4.10 (a)) illustrated 0.000 ppm TEP-AuNPs (bagasse extract) which
appeared as polydisperse nanospheres. Subsequent figures showed that the particle sizes
increased and larger quantities of nanotriangles formed until clusters at 50.00 ppm TEP-AuNPs
(Fig. 4.11 (c)) occurred. These observations also indicated that TEP successfully capped the
AuUNPs. The growth in nanoparticles as the polymer concentration increase was due to the
polymer itself. It was postulated that a positively-charged capping agent destabilized the
AUNPs and they were more likely to aggregate by lowering of the electrostatic repulsions
between them. As the particles grew, they settled at the bottom of the vessel as seen in Fig.
4.12 (a) for the 50 ppm TEP-AuUNPs. The particle size distributions correlated to the sizes of

the gold nanoparticles which was obtained by light dynamic scattering studies.
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4.3.3. TEP-AuUNP Surface
The reddish colour of the AuNPs (Fig. 4.12 (a)) was attributed to the localized surface plasmon

resonance. A single peak was due to spherical and triangular nature of the nanoparticles. Fig.
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4.13 illustrates the reduction reaction of HAuCl4 reduced with bagasse or sodium citrate in the
presence of the TEP yielding AuNPs of various sizes (Table 4.8).

(@)

(b)

Figure 4.12. (a) The gold nanoparticle solutions formed using bagasse extract with varying
concentrations of Thiazolidine-Epichlorohydrin-Ethylenediamine Polymer and (b) the aqueous
extraction of sugarcane bagasse

To explain this reaction we believe that the polymeric chains dissolve in water and disentangle.
The sulphur groups in the polymer easily attract and bond covalently to the gold nanoparticles
due to their soft characteristics according to Pearson’s acid base concept. The rest of the
protruding polymeric chains prevent Ostwald ripening by creating steric hindrance and
repulsive forces between AuUNPs clusters. There exists two mechanisms that explain the
ripening of AuNPs. First, ripening can be caused by the clustering of NPs of same size, or by
the motion of individual gold atoms to larger AuNP clusters (Shimmin et al. 2004: 5613 —

5620). These mechanisms may also co-exist. Fig. 4.13 below shows the formation of AuNPs.
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Figure 4.13. Graphic representation of the formation of the AuNP using Thiazolidine-

Epichlorohydrin-Ethylenediamine Polymer

The polymer may not efficiently cover all spaces around the AuNPs. Because polymers cause
sufficient hindrance between AuNP clusters, it does not prohibit the migration of individual
gold atoms towards the clusters. The gold atoms can penetrate through the polymeric chains
and deposit onto AuNP thereby enlarging them (Shimmin et al. 2004: 5613 — 5620). The
growth in size can also be attributed to the ammonium ions on the polymer which may
destabilize the AUNPs by lowering the electrostatic repulsion between them. This results in the

enlargement of AuNPs and the surface charge tended to a more positive value.

4.3.4. The Vroman-Like Effect

Experimental evidence confirmed the overall increase in the zeta potential and an increase in
the overall particle sizes of the AuUNPs as the concentration of the TEP increased. Similar results
were reported by Gangula et al. (2012: 22866 — 22872). The TEM analysis also showed that
as the concentration of the capping polymer increased, more nanotriangles of larger sizes had
formed. This suggests that the VVroman-like effect might have occurred as the TEP replaced
any reducing sugars from the bagasse extract that might cap the gold surface. This could occur
since the thioether moieties on the polymer have more affinity than the moieties on the reducing

sugars towards the gold surface.

The Vroman effect was confirmed by FT-IR, EDX and TEM imaging studies. As the TEP
replaced the reducing sugars on the AuNP surface, the cationic ammonium ions within the
polymer could destabilize the AuNPs by shifting the surface charge towards more positive

values. This lowered the electrostatic repulsion between AuNPs, causing them to approach
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each other. As a result, the particle size of the AuNPs increased as more nanotriangles of larger
sizes were formed as the TEP capping concentration increased. This possible mechanism could
have a direct impact on the catalytic behavior of both the bagasse-reduced and Turkevich
synthesized AuNPs. Fig. 4.14 illustrated the Vroman effect whereby the polymer replaced the
reducing sugars that initially capped the AuNPs.

N

Q o O

/O/L
N l./ Thiazolidine Polymer
HooC
~

O Reducing sugars in bagasse extract

Gold Nanoparticles

Figure 4.14. The illustration of the VVroman effect

4.3.5. Kinetics for AUNP Formation

The rate of formation of AuNPs was established by spectroscopically monitoring the increase
in surface plasmon resonance absorbance peak at = 540 nm. The bagasse-synthesized gold
nanoparticles took longer to synthesize compared to the Turkevich method, as anticipated. It
was visually observed that when bagasse was added to the HAuUCI4 solutions, after an hour of
reaction, the formation of AuNPs was seen due to the emergence of a faint pinkish color. Fig.
4.15 illustrates the UV profile for the AuNP formation for 5 ppm TEP-AuNPs: all other UV-
Vis spectra are found in Fig. 4.15.
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Figure 4.15. UV-Vis spectra of (a) formation of 5 ppm TEP-AuUNPSs, the inset exhibits a closer
depiction of the Au/AuNP peaks and (b) the AuNP solutions with pre-selected concentrations
of Thiazolidine-Epichlorohydrin-Ethylenediamine Polymer.

Although the polymer showed no peak, the bagasse and gold showed a peak at 275 nm and 309
nm, respectively. The prominent peak of bagasse was due to the collective role that the
phenolic hydroxyl containing compounds e.g. reducing sugars and lignin, would have played
in the reduction of the gold salts (Mishra et al. 2013: 217 — 219). The prominent -OH and C-O
absorbances was the main functionalities (Fig. 4.7) could be involved in the reduction process.
During the formation of the nanoparticles, the bagasse exhibited an absorption at = 300 nm
which immediately decreased significantly as the nanoparticles were formed. A progressive
absorption peak corresponding to the formation of AuNPs occurred at ~ 540 nm. These trends
indicated slow reduction of gold (complete formation in 240 minutes). Fig. 4.15 (b) shows the
UV profile of AuNPs according to concentration of the TEP. Here, two trends were observed:
firstly, the AuNPs containing a higher concentration of TEP had a lower absorbance value
compared to the AuNPs with no or lower concentrations of TEP capping and secondly the
position of the absorbance peaks at maximum wavelength for the various concentrations of
TEP in the matrix. Due to the presence of more polymer in the AUNP matrix, the AuNPs sizes
increased thereby causing a slight red-shift. Fig. 4.16 shows the UV-Vis spectra of the gradual
formation of the AuNPs.
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Figure 4.16. The UV-Vis spectra of AuNPs formation using (a) 0 ppm, (b) 1 ppm, (c) 5 ppm,
(d) 10 ppm, (e) 30 ppm and (e) 50 ppm TEP.
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Chemical kinetics was applied to the experimental data. Since the absorbance values were
proportional to the concentrations of the AuUNPs formed in the solutions in accordance with
Beer-Lambert’s law, the absorbance values were directly applied to the kinetic equations.
Based on our assumption the TEP capped the AuNPs and replaced some of the reducing sugars
that initially capped the AuNPs, the equation below applies:

Ky
HAuUCls + Reducing sugars + TEP — = AuNPs + Reducing sugars (4.2
Using the general rate law equation:
Rate = kr, [AuNPs]|" (4.2)

The rate was determined by using the equations:

_ d(HAuCl4) _ d(TEP) _ d(AuNPs) _

Rate = " " p” kr (4.3)
__ d(AuNPs) _
Rate == = k¢ (4.4)
Equation 4.3 is rearranged:
d[AuNPs] = k, dt (4.5)
The integrated form is:
[AuNPs] t
J [AuuNP]Zt d[AunPs] = [ krdt (4.6)
[AuNPs]; + [AuNPs]o =k, t 4.7

A plot of [AuNPs], as a function of t /min yielded linear plots.

For pseudo-first order reaction, an increase in AuNPs concentration monitored by its adsorption

(equation 4.1) reflects the rate to be:
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d[AuNPs]
dt

= k[AuNPs] (4.8)

Rearranging the equation yields:

d[AuNPs]
[AuNPs]

= kdt (4.9)

The integrated form is:

[AuNPs]t d[AuNPs] _ rt
f[AuNPs]O [AuNPs] fo kdt (4.10)
In[AuNPs]; =kt + C (4.12)

The evaluation of C (the integration constant) is done by using the boundary conditions where
t = 0 min, [AuNPs] = [AuNPs],

In[AuNPs]y = k(0) + C (4.12)
Therefore:
C = In[AuNPs], (4.13)

Therefore the integrated form of the pseudo-first order reaction rate is:

In[AuNPs] = kt + In[AuNPs], (4.14)

A plot of In[AuNPs] as a function of t /min yielded linear plots (Fig. 4.18).

For the second order reaction rate, the differential rate equation was:

AuNPs
dt

Rate = d = k[AuNPs]? (4.15)

Rearranging equation 4.15 yields:
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d[AunPs]
[AuNPs]?

= kdt (4.16)

Since there is a change in concentration of the AuNP over time, equation 4.16 is integrated

fromt =0mintot =t min;

f[AuNPs]t [AunPs]
[AuNPs]0 = [AuNPs]z2

k, [ dt (4.17)

The linear function plotted was:

1 1
[AuNPs]; —kt + [AuNPs], (4.18)
A plot of L__ as a function of t/min yielded linear plots.

[AuNPs];
The formation of AuNPs (reduced with bagasse extract) followed a pseudo-first order reaction
whilst the AuNPs formed in the presence of the TEP follows a zero order reaction. The
chemical kinetics were not calculated for AuNPs synthesized by the Turkevich method due to
its rapid formation. Although thioether-Au bonds are much weaker than similar counterparts
(Hermes et al. 2011: 13473 —13481), in our study the AuNPs were successfully stabilized for
lower TEP-capping as seen in the zeta potential results. By using equations (Table 4.9), the

rates were calculated (Table 4.10).
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Table 4.9. Kinetic equations used

Equatio | Order Linear Equation f(t) Half-life (£°5)
n
4.19 0 [A] = [A], + kt [A] Vst [Alo/ 2K
4.20 1 In[AuNPs] = kt + In[AuNPs], In[AuNPs] vs t In2/k
4.21 2 1 _ 1 e 1
[4]  [Alo [A] (k[A]O)

It was observed that as the concentration of TEP increased, the rate of formation of AuNPs
decreased (Table 4.10, Fig. 4.17). At 50 ppm of TEP capping, the rate of formation of AuNPs
was the slowest, as confirmed by Fig. 4.17 (f). This could be due to the polymer consequently
hindering the contact between gold ions and the reducing agent as it uncoils in the aqueous

medium. This effect was more prominent when larger concentrations of polymer were used.

Table 4.10. Kinetic information of formation of TEP-AuNP

Concentration of )

TEP/ppM Rate order Rate of reaction R? value
0.000 1 0.003800 min 0.9961
1.000 0 0.001200 min* 0.9915
5.000 0 0.001000 min* 0.9657
10.00 0 0.0008100 min 0.9789
30.00 0 0.0007930 mint 0.9704
50.00 0 0.00007300 min* 0.9308
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Figure 4.17. The kinetic functions of AuNPs formation using various concentrations of TEP
(a) 0 ppm, (b) 1 ppm, (c) 5 ppm, (d) 10 ppm, (e) 30 ppm and (e) 50 ppm
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4.3.6. Catalytic Action

The thiazolidine capped AuNPs, was applied to study dye reduction. Three common, dyes were
used. These were Methylene Blue (MB), a cationic dye, and Allura Red (AR) and Congo Red
(CR), both anionic azo dyes. By UV studies a gradual decrease of the active peak absorption
at 664 nm, 512 nm, and 500 nm for MB, AR and CR respectively of the dye were observed.
Addition of NaBH4 to each dye did not cause decolourization even after 24 hours of reaction.
However when AuNPs was added to the dye-BH4~ mixture, decolourization was gradually
observed. This was observed for all three dyes and suggested that AuNPs alone were
responsible for the decolourization. Fig. 4.18 illustrates an example of the degree of
decolourization for all the dyes for O ppm TEP used whilst the other spectra that illustrates
decolourization and its respective Kkinetic linear functions for AuNPs synthesized with bagasse
extract and sodium citrate presented in Appendix 10 — 15.
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Figure 4.18. UV-Vis spectra exhibiting reduction of (a) Methylene Blue, (b) Allura Red and
(c) Congo Red with 0 ppm TEP-AuUNPs
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Here again, a similar trend was seen for all other dye solutions when the AuNP solutions were
varied. As the particle size increased, the reduction rates decreased (Table 4.11). This trend is
in agreement with literature (Shimmin et al. 2004: 5613 — 5620). It was also found that it
generally took longer for AuNPs with high concentrations of polymer to exhibit catalytic action
than AuNPs with lower concentrations. For MB and CR, no induction periods were seen,
however, for AR, a slight induction period was seen for approximately the first five minutes
for some catalytic reactions. Similar induction times were reported by Wunder et al. (2010:
8814 — 8820). These induction periods, marked as a dotted line in the kinetic graphs in
Appendix 12, indicated that the dyes adsorbed onto the AuNPs before reduction. This is the
reason that for a certain period of time, the absorbance of the dyes remained the same until
reduction occurred. The mechanisms of reduction itself were based on previous literature
(Sahoo et al. 2014: 215 — 222). The generic mechanisms for Methylene Blue and the azo dyes
as explained by Azad et al. (2011: 3951 — 3959), Veerakumar et al. (2012: 197 — 205) and
Sahoo et al. (2014: 215 — 222) which involved the formation of gold hydride when NaBH4 was
introduced into the catalytic system (Fig. 4.19).

[‘AuNP:' + NaBH4 /N

-

-
-’ S
- - Y

{ AUNP
e
Figure 4.19. Metal hydride formation to aid catalytic activity of AUNPs

It is possible that the hydrides reduced the dye and the by-products then desorbed from the
surface of the AuNPs. This mechanism is also possible for CR (Fig. 4.21) and MB (Fig. 4.22).

Figure 4.20. The physical decolourization of the dyes (Methylene blue, Allura red and Congo
red)
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The possible reaction mechanisms of the degradation of the dyes are shown in Fig. 4.21 — 4.23).
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Figure 4.21. The possible mechanism of dye reduction of Congo Red
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Figure 4.22. The possible mechanism of dye reduction of Methylene Blue
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Figure 4.23. The possible mechanism of dye reduction of Allura Red

For Allura Red (Fig. 4.23) with a significant induction time, a period of time was needed for
the Allura Red to adsorb onto the surface of the AuNPs. A small degree of reduction took place
during this time. Thereafter, the reduction became prominent.

For MB, as the dye attracted the catalytic surface and got reduced, it was believed that leuco-
Methylene Blue formed (Fig. 4.22). For the azo dyes, the mechanism demonstrating the
cleavage of the azo (N=N) bond was reported by Sahoo et al. (2014: 215 — 222).
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Table 4.11. Kinetics of reduction of dyes using TEP-AuNPs

[TEP Multi-purpose Dye
] Methylene Blue
/ppm AUNPs synthesized by sodium citrate AuNPs synthesized by bagasse

Rate Rate of reaction R2 Rate Rate of reaction R?

order value | order value
0 1 2.908 x 101 +1.426 x 10 | 0.9776 1 2.424x 101 + 2,088 x 103 | 0.9564
1 1 1.579 x 101 +9.708 x 10 | 0.9803 1 2.460 x 102+ 1.526 x 10° | 0.9782
5 1 |1.040x10"1+7.269x10%|0.9693 | 1 |[1.880x102+7.190x 10| 0.9018
10 1 8.260 x 102+ 4.935x 102 | 0.9723 1 1.180 x 102 +1.678 x 10 | 0.9714
30 1 7.490 x 102+ 1.367 x 10 | 0.9682 1 8.600 x 10°+1.038 x 102 | 0.9716
50 1 4.080 x 102+ 3.070 x 102 | 0.9771 1 1.700 x 10 +8.791 x 10™* | 0.9887

Congo Red
0 0 2.580 x 102+ 2.023 x 10 | 0.9588 0 7.600 x 102 + 6.887 x 10 | 0.9239
1 0 1.310 x 102+ 1.965 x 10 | 0.8636 0 7.200 X 102 +6.777 x 10* | 0.9108
5 0 1.230 x 102 + 1.946 x 10° | 0.9241 0 5.800 x 102 +5.929 x 10 | 0.9254
10 0 9.900 x 103 +1.189 x 10 | 0.8738 0 5.700 x 102 + 6.024 x 10 | 0.9078
30 0 |9.300x10°+1.978x10%{0.7864| 0 |5.400x10%+5.673x10* | 0.9370
50 0 8.700 x 10+ 1.005 x 102 | 0.9264 0 4,100 x 102+ 3.571 x 10 | 0.9293
Allura Red

0 1 7.300 x 102 +1.569 x 10 | 0.9962 0 1.920 x 102+ 7.322 x 10 | 0.9941
1 1 6.850 x 102 + 3.067 x 10° | 0.9652 0 1.420x 102+ 2.941 x 10 | 0.9961
5 1 4510 x 102+ 4.185 x 10 | 0.9982 0 1.370x 102 + 1.316 x 10 | 0.9235
10 1 [3950x102+5975x10°% 09966 | 0 |1.250x 102+ 1.069x 10 | 0.9382
30 1 3.160 x 102 +7.190 x 10 | 0.9923 0 1.180 x 102+ 8.802 x 10™* | 0.9276
50 1 1.120 x 102 + 2.890 x 10 | 0.9941 0 1.070 x 102+ 1.615 x 10 | 0.8142
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4.4. Conclusion

A new water-soluble polymer was synthesized using the monomers L-Thiazolidinecarboxylic
acid, epichlorohydrin and ethylenediamine. It was characterized by FT-IR and ‘H-NMR
spectroscopy whilst the molecular weight was calculated as 69.78 kDa + 1.176 kDa by Static
Light Scattering. Several solutions of gold nanoparticles were prepared using TEP as a capping
agent by the Turkevich method and by synthesis using bagasse extract to reduce three common
dye pollutants. There was a clear difference among the shape and size of the AUNPs containing
different TEP concentrations. The particle sizes of the AuNPs in the bagasse system ranged
from 69.65 nm to 195.7 nm and the surface charge increased to more positive values as more
TEP capping agent was used. Experimental evidence (TEM imaging and SEM/EDX) suggested
the occurrence of the Vroman effect where TEP replaced the sugars capped on the AuNPs
surface, thereby causing an increase in the surface charge. It was found that more TEP present
during AuNPs formation lowered the rate of formation of AuNPs. It was concluded that higher
concentrations of TEP led to aggregation of AuNPs. This had a direct consequence in the
degradation of the dyes as the rate of degradation was inversely proportional to the quantity of
polymer present.
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APPENDICES

Appendix 1. H:-NMR Spectrum of PEP
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Appendix 2. High resolution spectra of (a) C1s PRO-BEN, (b) C1s PRO-BEN dye, (c) O1s
PRO-BEN, (d) O1s PRO-BEN, (e) Sils PRO-BEN and (f) Sils PRO-BEN dye
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Appendix 3. Thermodynamic Equations

InK, = AS°/R - AH°/RT
AG°® = AH° —TAS®

Ke = qe/Ce

anHZ = lnA—Ea/RT

q./mg.L! is the amount of dye adsorbed at equilibrium/ mg,

K, is the equilibrium constant,
AG° is the Gibb’s free energy,
AS° is the entropy of the system,
AH* is the enthalpy of the system,

R is the universal gas constant 8.314J.mol . K,

T/ °C is the temperature of the reaction,

C, is the concentration of the dyes at equilibrium,

Eo/ K.mol™J is the activation energy,

Khz is the pseudo-second order rate constant, and

(3.7)
(3.8)
(3.9)
(3.10)

A is the pre-exponential factor elaboration on the number of collisions between molecules to

undergo adsorption.
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Appendix 4. The Langmuir Isotherm

c, C, 1

de 9m Kulm

C./ mg/L is the concentration of dye at equilibrium,
qm /Mmgl/g is the quantity of dye adsorbed at complete monolayer coverage,
q. /mg/g is the quantity of dye adsorbed at equilibrium and

K,/ L/mg represents the Langmuirian constant
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Appendix 5. The Temkin Isotherm

= M nay + e
Qe_anT ane

At/ L/g is the Temkin isotherm equilibrium binding constant,
bris the Temkin isotherm constant,

R=8.314 J/mol.K is the universal gas constant,

T =298 K is the standard temperature and

(RT /by ) 1 JImol is the heat of adsorption constant
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Appendix 6. The Frumkin isotherm

1
Log (%— Qe)'C_ =logK + 2aQ,
e

a is the interaction parameter where if it is a positive value, it indicates an attraction between
the dye molecules in the monolayer,
Q. is the quantity of dyes adsorbed at equilibrium,

C, is the concentration of dyes adsorbed at equilibrium
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Appendix 7. H:-NMR Spectrum of TEP
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Appendix 8. DLS spectra for particle size of (b) 1 ppm TEP, (¢) 5 ppm TEP, (d) 30 ppm TEP,
(e) 50 ppm TEP capped AuNPs
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Appendix 9. DLS spectra for zeta potential of (b) 1 ppm TEP, (c) 5 ppm TEP, (d) 30 ppm TEP,
(e) 50 ppm TEP capped AuNPs
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Appendix 10. Methylene blue reduction using bagasse reduced AuNPs, spectra and Kkinetic
plots of reductant (a) 1 ppm TEP-capped bagasse reduced AuNPs, (b) 5 ppm TEP-capped
bagasse reduced AuNPs, (c) 10 ppm TEP-capped bagasse reduced AuNPs, (d) 30 ppm TEP-
capped bagasse reduced AuNPs and (e) 50 ppm TEP-capped bagasse reduced AuNPs
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Appendix 11. Methylene blue reduction using sodium citrate reduced AuNPs, spectra and
kinetic graphs of reductant (a) 1 ppm TEP-capped citrate reduced AuNPs, (b) 5 ppm TEP-
capped citrate reduced AuNPs, (c) 10 ppm TEP-capped citrate reduced AuNPs, (d) 30 ppm
TEP-capped citrate reduced AuNPs and (e) 50 ppm TEP-capped citrate reduced AuNPs
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Appendix 12. Allura Red reduction using bagasse reduced AuNPs, spectra and kinetic graphs
of (a) Oppm TEP-capped bagasse reduced AuNPs, (b) 1 ppm TEP-capped bagasse reduced
AUNPs, (c) 5 ppm TEP-capped bagasse reduced AuNPs, (d) 10 ppm TEP-capped bagasse
reduced AuNPs, (e) 30 ppm TEP-capped bagasse reduced AuNPs and (f) 50 ppm TEP-capped
bagasse reduced AuNPs
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Appendix 13. Allura red reduction using sodium citrate reduced AuNPs spectra and Kinetic
graphs of reductant (a) 1 ppm TEP-capped citrate reduced AuNPs, (b) 5 ppm TEP-capped
citrate reduced AuNPs, (c) 10 ppm TEP-capped citrate reduced AuNPs, (d) 30 ppm TEP-
capped citrate reduced AuNPs and (e) 50 ppm TEP-capped citrate reduced AuNPs
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Appendix 14. Congo red reduction using bagasse reduced AuNPs spectra and kinetic graphs
of (a) 0 ppm TEP-capped bagasse reduced AuNPs, (b) 1 ppm TEP-capped bagasse reduced
AUNPs, (c) 5 ppm TEP-capped bagasse reduced AuNPs, (d) 10 ppm TEP-capped bagasse
reduced AuNPs, (e) 30 ppm TEP-capped bagasse reduced AuNPs and (f) 50 ppm TEP-capped
bagasse reduced AuNPs
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Appendix 15. Allura red reduction using sodium citrate reduced AuNPs spectra and Kkinetic
graphs of reductant (a) 1 ppm TEP-capped citrate reduced AuNPs, (b) 5 ppm TEP-capped
citrate reduced AuNPs, (c) 10 ppm TEP-capped citrate reduced AuNPs, (d) 30 ppm TEP-
capped citrate reduced AuNPs and (e) 50 ppm TEP-capped citrate reduced AuNPs
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