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Abstract
Silver and copper modified Laponite® RD were synthesised either by ion exchange or
isomorphous substitution into Laponite® RD

sheet. Six different concentrations of silver-

exchanged Laponite® RD (AGLAP1-6) or copper exchanged Laponite® RD (CULAP1-6)
were produced in this work via ion exchange and three different concentrations of silver
incorporated Laponite® RD (AL1-3) and a concentration of copper incorporated Laponite®
RD (CL1) were synthesized via isomorphous substitution.
The silver or copper modified Laponite® RD were characterised with X-ray diffraction
(XRD), Fourier transformed infrared spectroscopy (FTIR), energy dispersive X-ray
spectroscopy (EDX), thermogravimetric analysis (TGA), magic angle spinning nuclear
magnetic resonance (MAS NMR), scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). The XRD showed changes in the phase purity of pure and
modified Laponite® RD. The amount of silver or copper exchanged or incorporated into
Laponite® RD interlayer or sheet were determined by EDX. The TEM image analysis
indicated that the Ag+ and Cu2+ ions were in the nanometer range with a modal size of 13±1
and 15±1nm for silver and copper-exchanged Laponite® RD, 10 and 18nm for silver and
copper incorporated Laponite® RD respectively.
The antibacterial activity was investigated by exposing Escherichia coli K12W-T,
Staphylococcus aureus NCIM B6571 and Pseudomonas aeruginosa NCIMB8295 in tryptone
soya broth to the different silver-Laponite® RD and copper-Laponite® RD nanocomposites
for a period of 72 hours. All concentrations of silver-Laponite® RD and copper-Laponite®
RD reduced the growth of all the bacterial spcies. There was no growth of P. aeruginosa
after 6 hours, E. coli after 8 hours and S. aureus after 24 hours with silver-exchanged
Laponite® RD containing 2.35 wt. % Ag (AGLAP6); P. aeruginosa after 8 hours, E. coli
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after 24 hours and S. aureus after 24 hours with silver-exchnaged Laponite® RD containing
1.76 wt. % Ag (AGLAP4). Similarly total inhibition was obtained in the medium
supplemented with silver incorporated Laponite® RD containing 1.10 wt. % Ag (AL3) for P.
aeruginosa at 6 hours, both E. coli and S. aureus at 8 hours; with silver incorporated
Laponite® RD 0.58 wt. % Ag (AL2) for P. aeruginosa at 8 hours, both E. coli and S. aureus
at 24 hours.
To access the persistency and slow release of the antibacterial agents the release profile was
compared

with

AgNO3

and

CuSO4.

While

all

the

silver-Laponite®

RD

and copper-Laponite® RD showed slow and consistent release over the whole investigation
period, AgNO3 and CuSO4 were abrupt, signifying that Laponite® RD is an efficient slow
release material.
In addition, silver ions eluted more quickly from the silver incorporated Laponite® RD than
the silver-exchanged Laponite® RD. Unmodified Laponite® RD showed no antibacterial
property to any of the bacteria tested, but was responsible for the consistent and controlled
slow release of the metal nanoparticles into the tryptone soya broth, a phenomenon
potentially utilizable in bandages where release for long duration is crucial.
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Chapter 1

Introduction and Literature review

xxv

This chapter reviews Laponite and the bacteria used in this study, a review on the literature
on Laponite and its antibacterial activities. The hypothesis on which this work is based along
with the aims and objectives have also been included.
1.1

Introduction

Clays have traditionally been used for production of ceramics. They show great adaptability
in terms of manipulation of their reactions and subsequent diverse utility in different fields
(Carretero and Lagaly, 2007). Smectites belong to the hydrous clay mineral group. These
expand in the presence of water and other solvents. Smectites are divided into two parts: diand tri-octahehrals. Dioctahadrals are made up of aluminium smectites and the iron-rich
ferruginous smectites and nontronites (Ding and Frost, 2002 and Dekov et al., 2007), while
hectorite, saponite, stevensite, sauconite, swinefordite and Laponite® belong to the
trioctahedrals (Fig. 1.1).

1.2

Structure and property of Laponite®

Laponite® is a cationic model of a synthetic smectites mineral, a negatively charged colloid
(Rosta et al., 1991) bearing a resemblance to natural hectorite (Aceman et al., 1997).
Aqueous dispersions of Laponite® in low ionic concentration undergo ageing or structural
evolution with time (Kumar et al., 2008). A study of the physical properties and aqueous
dispersion characteristics of Laponite® XLG (gel-forming grade with no additives) showed
thin plate-like crystals with a mean diameter of 20nm. The dissolution of Laponite® occurred
at pH < 9 in a solution containing Mg (10-3 mol dm-3).
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The cation exchange capacity obtained in base (pH 8–10) range indicated no significant pH–
dependent surface charge of Laponite® particles in aqueous electrolyte (NaCl) solution,
suggesting that Laponite® XLG may be a model material for studies on the behaviors of
natural smectites clay minerals, though this requires careful attention to dispersion
preparation methods and control of the pH (Thompson et al., 1992).
Laponite® being synthetic possesses a known and consistent composition. It is composed of
magnesium and silicon in a layer-lattice similar to those of the natural, trioctahedral smectites
clay minerals such as hectorite and saponite. The terms „clay‟ and „clay mineral‟ are often
used interchangeably, but, technically, „clay‟ refers to the parent material, while „clay
minerals‟ refers to the content of the material. The Joint Nomenclature Committee (JNC)
defined clay(s) as “naturally occurring material composed primarily of fine grained minerals,
which is generally plastic at appropriate water contents and which harden when dried or
fired”, but also defined “clay minerals” separately as a class of hydrated phyllosilicates
making up the fine-grained fraction of clays, thereby stressing further that these
phyllosilicates minerals impart plasticity to clay and harden upon drying or firing
(Guggenheim and Martin, 1995 and Bergaya et al., 2006).
Clay minerals are made of layered silicates mostly based on 2-dimentional structures. They
have oxides or hydroxides of silicon present, as Si(O, OH)4, and oxides or hydroxides of
metal ions, M(O, OH)6 as their basic building blocks. The metal ions may be Al3+, Mg2+ or
Fe3+. The Si(O, OH)4 is located tetrahedrally while the M(O, OH)6 groups occupy the
octahedral sheet giving the structure a layer thickness of ~0.7nm in clays such as kaolinites or
serpentinites with 1:1 mineral type clays. However, Laponite® belongs to the 2:1 type clays
(Table 1.1) of 0.92nm thick, and two silicates-tetrahedral sheets.
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Table 1.1: Classification of 2.1 clay minerals (adapted from Schoonheydt, 1991 and Vaccari, 1998).

Layer charge per unit cell (the sum of all
individual charge in a unit cell make up the
layer charge)
0.0

0.5 - 1.2

Group

Subgroup

Name

Pyrophyllite

Dioctahedral

Pyrophyllite

Talc

Trioctahedral

Talc

Smectite

Dioctahedral

Montmorillinite
Beidelite

Trioctahedral

Saponite
Hectorite
Laponite

1.2 - 1.8

~2.0

Vermiculite

Mica

Dioctahedral

Vermiculite

Trioctahedral

Vermiculite

Dioctahedral

Muscovite
Paragonite

Trioctahedral

Biotite
Phlogopite

~4.0

Variable

Brittle mica

Chlorite

Dioctahedral

Margarite

Trioctahedral

Clintonite

Dioctahedral

Donbassite

Trioctahedral

Clinochlore

___________________________________________________________________________
The crystal lattice consists of two-dimensional layers where a central octahedral sheet of
magnesium is fused to two external silica tetrahedrals by the apex bonding the oxygen ions of
the octahedral sheet to the tetrahedral sheets (Clausen et al., 2011). An octahedral layer of
Mg or Li(O, OH) is sandwiched between the tetrahedral sheets (Fig.1.2). Each unit cell of
Laponite® consists of six octahedral Mg2+ ions located in the interlayer of four tetrahedral Si

4

atoms. The charge difference in the structure is balanced by twenty atoms of oxygen and four
atoms of hydroxyl groups respectively (Huang and Yang, 2008). Thus, Laponite® has three
sites per unit cell occupied by Mg and Li. These are potential sites for isomorphous
substitutions of other organic, inorganic or metal cations, each or any of which may alter the
properties of the Laponite® structure. This may be in the pore size, thermal conductivity, or
perhaps alteration in the rheological properties of the clay itself and subsequently affect the
suitability of the clay mineral as a useful candidate for antimicrobial applications.
___________________________________________________________________________
Mg

Na

Fig. 1. 2: Structure of Laponite® (adapted from Pavlidou and Papaspyrides, 2008).

___________________________________________________________________________
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Furthermore, during isomorphous substitution, incoming cations with lower valence electrons
than those outgoing cations renders the lattice negatively charged. Charge neutrality only
returns to the structure by the exchangeable cations (Vaccari, 1998), specifically,
trioctahedral clays, such as Laponite® which possess the general formula:
(Si 8-x Mx)T (Mg 6-y M´ y)o (OH)x O20 M´´n+

x+y/n

mH2O

(1)

Where T and O are the tetra- and octahedral sheets, M and M´ have one unit of charge less
than the substituted cation and M´´ is the exchangeable cation with n number of valence.
While x and y refers to the degree of isomorphous substitution in the tetrahedral and
octahedral sheets respectively. Other trioctahedral smectites, layered silicates chemical
formula most commonly used in nanocomposite materials are as shown in Table 1. 2.
__________________________________________________________________________________________
Table 1. 2: Chemical Structure of 2.1 Smectites (Adapted from Alexandre and Dubois, 2000).

2.1 Phyllosilicates

General formula

Montmorillonite
Hectorite
Saponite
Laponite

Mx(Al4−xMgx)Si8O20(OH)4
Mx(Mg6−xLix)Si8O20(OH)4
MxMg6(Si8−xAlx)O20(OH)4
Mx(Mg6−xLix)Si8O20(OH)4 (not always full replacement of

cations therefore, develop net negative charge e.g. -0.7)
M-monovalent cation, x – degree of isomorphous substitution (between 0.5 and 1.3).

___________________________________________________________________________
However, although isomorphous substitution predominates in the octahedral layer (Vaccari,
1998), it may also occur in the tetrahedral sheet. For most smectites (such as
montmorillonite), being dioctahedral, the isomorphous substitution occurs in the octahedral
sheet, where the Al3+ is partially replaced by Mg2+ in the montmorillonite structure, whereas
Li+ displace Mg2+ in hectorite. However, the situation is different for the dioctahedral
beidellite and the trioctahedral saponite where in both cases the isomorphous substitutions
6

occur solely on the tetrahedral sheets. Here the net negative charge structure emerges due to
the substitution of Al3+ for Si4+ ions (Vaccari, 1998). Nontronites also belong to the smectites
group, but contain Fe3+ instead of Al3+ in the octahedral sheets (Vaccari, 1998). For more on
nontronites the reader should refer to Murnane and Clague, 1983; Alt, 1988; Wang and
Huang, 1989; Mackenzie et al., 1993; Zen et al., 1996; Heidbrink et al., 1996; Yan and
Stucki, 2000; Frost and Kloprogge, 2000; Ding and Frost, 2002; Jaisi et al., 2005; Johnson
et al., 2005; Gupta et al., 2006; Tang and Valix, 2006; O'Reilly et al., 2006; Dekov et al.,
2007; Furukawa and O'Reilly, 2007; Jaisi et al., 2007 and Jaisi et al., 2008.
Chemical analysis has revealed that Laponite® RD (rapid dispersion grade; other grades and
their applications are shown in Table 1.3) is composed of SiO2, MgO, Na2O and LiO2 in the
respective mean chemical composition; 65.82%, 30.15%, 3.20% and 0.83% (Levitz et al.,
2000; Cummins, 2007).
___________________________________________________________________________
Table 1.3: Laponite® RD grades and applications (http://www.scprod.com).
Gel forming
grades

Temporary sol
forming grades

Permanent sol
forming grades

Applications

RD, B

RDS

S482

For rheology control in surface
coatings, household products and
general and industrial applications

SL25
XLG

XLS

High purity, low heavy metal,
controlled microbiological content for
rheology control in personal care/
cosmetic applications

D,DF

DS

Rapid dispersion in sorbitol solution
for rheology control in toothpaste
applications.

S, JS

S482
SL25

High sol stability grades for
electrically conductive, antistatic and
barrier films.

___________________________________________________________________________
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There are several different grades of Laponite® available for different commercial
applications (Table 1.3 with Laponite® RD the most frequently studied grade, being used in
many household and industrial products. Laponite® XLG is a high-purity grade of Laponite®
RD devoid of heavy metal impurities such as lead and arsenic (Cummins, 2007). Single
Laponite® RD crystals are disc-shape, almost uniform in dimension, with a density of 2.53gm
cm-3 and measure approximately 25nm in diameter and 0.92nm thick (Fig. 1.3), being smaller
than hectorite at 2µm diameter.
___________________________________________________________________________

Fig. 1. 3: Single Laponite® RD crystal, disc 25nm x 0.92nm thick (Adapted from http://www.scprod.com).

___________________________________________________________________________
Each Laponite® RD crystal is composed of octahedrally coordinated magnesium oxides
sandwiched between two layers of tetrahedral silicon oxide. This renders the crystal face
negatively charged while the edges are positively charged. The whole structure has a net
negative charge (the sum of all individual charge in a unit cell make up the net layer charge
for that unit cell thus, Laponite; Na+0.7 [(Si8 Mg5.5 Li0.3) O20 (OH)4 ]-0.7 = 0.7(+1) + [8(+4) +
5.5(+2) + 0.3(+1) + 20(-2) + 4(-1) + (-0.7) = +44 – 44.7 = -0.7 charge/unit cell=\), stabilised
by electrostatic interaction between the negatively charged faces and positively charged
edges of the disc-shaped colloidal particles. The charge is balanced by a cation such as
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sodium. This gives rise to the formation of double layers when dispersed in water (Cummins,
2007).
Both Laponite® RD and hectorite possess similar structures but differ in layer diameter,
which is ~0.03µm (as determined by Cool and Vansant, 1996, but 25nm reported in
http://www.scprod.com. 0.03µm = 30nm) in Laponite® RD, whereas hectorite and most
natural smectites measure 2µm. However, due to the nature of the Laponite® RD layer;
tactoids (random stacking of particles) do occur in edge-to-face and edge-to-edge fashion,
giving rise to a high surface area, 350m2g-1 and a micropore volume of 0.243cm3g-1 (Cool
and Vansant, 1996).
Laponite® RD adsorbs water molecules and swells, forming distinct sheets or platelets having
dimensions of 25nm x 0.92nm. On dispersion in water it forms a colourless, transparent
liquid and the particles become stable when electrostatic repulsive forces are greater than the
van der Waals attractive forces (Labanda and Llorens, 2008). Laponite® RD does not actually
dissolve in water: rather the insoluble crystals hydrate visibly causing the layer stack to swell
as the inter-lamellae cations adsorb water molecules (Huang and Yang, 2008) causing
formation of a uniform dispersion. The crystal edges are positively charged while the disk
surface is negatively charged and this charge difference results in edge-surface electrostatic
attraction which ultimately culminates in the unique thixotropy (Huang and Yang, 2008).
Laponite® RD has a negative face charge, but a pH-dependent rim charge that may be
positive or negative (Mongondry et al., 2005).
Laponite® XLG exhibited a complex non-linear behaviour (Pozzo and Walker, 2004) and on
vigorous shaking forms a “shake-gel”, a shear-induced non-Newtonian fluid motion on
mixing with a polymer, e.g. polyethylene oxide (Zebrowski et al., 2003). The whole process
of shake-gel (i.e. a semi-solid, able to support its own weight due to its self-sufficient
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elasticity) formation is reversible. However, it easily relaxes back to a fluid state with a
relaxation time highly dependent on the concentration of the polyethylene oxide (Zebrowski
et al., 2003). Polyethylene oxide become a common denominator in this reaction because of
characteristics such as being a good host electrolyte with a versatile chain structure, and for
its ionic transport properties as well as being solvent for metal salts (Stefanescu et al., 2008).
Furthermore, polyethylene oxide is comparable with Laponite® RD, as well as the natural
montmorillonite, in that the trio exhibit hydrophilicity. This property of polyethylene oxide
during nanocomposition with

Laponite® RD enhances its interpenetration of the clay

platelets and subsequent adsorption to the clay surface. However, the amount of the adsorbed
polyethylene oxide is balanced by the layer charge on the clay surface (Stefanescu et al.,
2008 and Bujdak et al., 2000). This occurs on both the Laponite® RD gel phase and in the
aqueous form and ultimately results in a clear transparent suspension, whereas under similar
conditions montmorillonite becomes opaque. In the presence of polyethylene oxide the
hygroscopic property of Laponite® RD is increased causing it to adsorb large amount of water
on exposure to air (Stefanescu et al., 2008). Laponite® RD forms three-dimensional gel-like
structures on dispersion in aqueous media. This property enhances its usefulness as a
thickening, plasticizing, or emulsifying agent in finished industrial products such as paints,
plasters, and cosmetics, toothpaste and fillers (Willenbacher, 1996). Two mechanisms have
been proposed for the elation of Laponite® RD dispersions. The first is the electrostatic
repulsion between interacting double-layers with the formation of an equilibrium structure,
proposed by Norrish in 1954, and was in agreement with the findings of Callaghan and
Ottewill (1974).
The second mechanism is the compression of the double layers on the platelet faces and the
electrostatic attraction between oppositely charged faces and edges, coupled with the
attractive van der Waals forces between particles, resulting in edge-to-face and also edge-to10

edge organisation, thus forming a linked, three-dimensional network commonly referred to as
a “house-of-cards”, shown in Fig. 1.4 (Cummins, 2007 and Willenbacher, 1996). While the
first mechanism takes place in low ionic concentration, the second occurs at high ionic
strength (Olphen, 1977).
___________________________________________________________________________

Fig. 1.4: House of card structure (http://www.scprod.com)

___________________________________________________________________________
Sze Nga Sum et al. (2004) synthesised pillared with clay-based Fe nanocomposites. The
iron- Laponite® RD nanocomposite complex (Fe-Lap-RD) completely mineralised the model
pollutant, azo-dye Acid Black 1. It was shown that Fe-Lap-RD had a catalytic activity and
showed promise as a heterogeneous catalyst for the photo-Fenton mineralisation of organic
compounds. Laponite® RD modified with hydrophobic groups allowed intercalation of bulky
hydrophobic molecules. The introduction of the hydrophobic groups accelerated the
intercalating process of heavier hydrophobic species into the Laponite® RD structure (Park et
al., 2004). Eu3+ or Er3+ doped Laponite® RD xerogels and films prepared from colloidal
dispersion displayed the potential for optical applications. Tronto et al. (2009) observed that
the addition of rare earth ions to the Laponite® RD did not alter its thermal stability or phase
transition.
Leon-Morales et al. (2004) discovered that Laponite® RD was completely retained under low
ionic concentration of 7x10-2 M NaCl while P. aeruginosa SG81 was generally less
11

influenced by ionic strength indicated by its low mobility in 1M NaCl. However, under
separate, more suitable, conditions (7x10-2 M NaCl for Laponite® RD retention and biofilm
stability), Laponite® RD suspension remobilised part of the attached biomass and elicited
alteration in the Laponite® RD elution in the presence of biofilm under low ionic conditions.
This suggests that reduced ionic strength has an influence on the mobilisation of both
biological and inorganic colloids. Colloid-biofilm interaction may have implications for
colloid-bound contaminant transport and the remobilisation of pathogens, since most of these
events occur in subsurface environments (Leon-Morales et al., 2004).
Much of the research and development in clay mineral science has been in physics and the
chemical sciences, and concentrated on mechanical, physical and optical properties.
Applications have been used in the automotive industry, electrical and electronics industry,
development of batteries, agrochemical flowables, ceramic glazes, enamel frits, paper and
polymer films, as well as personal and household products; toothpaste, cosmetics, gelled skin
cleaner, nail lacquer, shampoo, oven cleaner, degreaser, gelled bleach cleaner, air freshener,
dishwashing detergent, including exchange membrane cells (Yuan et al., 2008). The field is
now gradually widening into Biology and Medicine where the focus is on its utilization into
cosmetics, creams and ointments, and as antimicrobial nanocomposites agent.

1.3

Production process of Laponite® RD

Specifically, Laponite® RD is manufactured by former Laporte Industries Ltd, now
Rockwood Additive Ltd, Cheshire, UK. It is synthesised by combining sodium, magnesium
and lithium salts with sodium silicate at specific reaction conditions (such as temperature and
pH) resulting in an amorphous precipitate which undergoes complete crystallization at high
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temperature. The product derived from the production process is first filtered, then washed,
and finally dried and milled to fine white powder (Fig. 1.5).
___________________________________________________________________________
a

b

c

d

Fig.1.5: Synthesis of Laponite® RD before (a) and after autoclave (b) filtering and drying (c) milling to white
powder (d)
__________________________________________________________________________________________

Cationic clays are mostly obtained from natural materials which may be contaminated with
quartz, calcite, feldspars and other impurities. The mined mixture is centrifuged and the
suspension contains clay particles of < 2µm while the precipitate harbours the impurities.
Some amorphous oxide of iron and aluminium may remain bound or adsorbed to the clay
particles. These are later removed via chemical treatment with dithionate, a difficult process
(Stul, 1982, Vaccari, 1998).
1.4

Modification in Laponite® RD

Several methods are used in the synthesis of mineral clays and some of the methods act to
modify or improve their properties. Clay minerals allow for tailoring to suit special purposes
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in specific applications. The two primary modification methods are ion exchange (Fig. 1.6A)
using metal or inorganic cations or cationic complexes (Bergaya and Lagaly, 2001) after
synthesis, and isomorphous substitution which is performed in situ (Fig. 1.6B). Other
techniques may incorporate or modify these methods with specific post synthetic processes
including pillaring by poly- or hydroxo-metal cations of cationic clays, delamination and
regeneration in smectites, reaction with acids such as acid-treated bentonite (FernandezPerez et al., 1999; Fernandez-Perez et al., 2000), silane coupling, intraparticle and
interparticle polymerisation, dehydroxylation and calcinations (Liu and Zhang, 2007), and
lyophilisation, ultrasound and plasma (de Paiva et al., 2008; Bergaya and Lagaly, 2001).
___________________________________________________________________________
Ag+, Cu2+
_

A

Na+

Tetrahedral layer
Tetrahedral
layer(e.g.
(Si)
Si)

Interlayer Na+ being
exchanged by Ag+ or
Cu2+

Octahedral layer (Mg)

Tetrahedral
Tetrahedral layer (Si)

B

_
Na+
Tetrahedral layer (Si)
Octahedral layer (Mg, Li)

Mg2+, Li+
Ag+, Cu2+

Octahedral Mg2+
being replaced by
Ag+ or Cu2+

Tetrahedral layer (Si)

Fig. 1.6: Modification of Laponite® RD; interlayer metal ion exchange (A) and octahedral metal isomorphous
substitution (B)

___________________________________________________________________________
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Clays or clay minerals can also be fine-tuned with biological molecules (such as proteins,
enzymes, amino acids and peptides) that are utilizable in other applications (de Paiva et al.,
2008). Example include clay-protein complexes used in filtration process, purification of
high-value protein (de Piava et al., 2008) cleansing of pesticide contaminated groundwater,
(Yu et al., 2000) and immobilization of enzymes in packed or fluidised bed reactors used in
food and biotechnology (Sanjay and Sugunan, 2005).

1.4.1 Pillaring Process
A key method to improve the property of clay material is the pillaring process. This involves
the synthesis of materials having 3-D network structures like those of zeolites (Vaccari,
1999). The main goal of the pillaring process is to produce new and inexpensive materials
with unique properties, complementary to those of zeolites, in terms of pore size, pore shape,
acidity and redox properties (Vaccari, 1999). With optimum control of the pillaring process
materials (solids) with improved properties can be obtained which may exhibit some or all
the following characteristics: (i) high surface area up to 600 m2g-1, (ii) broad spectrum of
properties (structural, chemical or catalyst), (iii) controlled internal structures, with reactive
sites and/or species chosen to match specific applications or provide host structures for
chemical or physical processes. Various agents are used in the pillaring process such as
organic compounds, metal tri-schelates (e.g. M(2,2‟-bipyridine)3n+ or M(o-phenanthroline)3n+
where M, transition metal ion and n, number of electrons (Bekkum, 2001)) organo-metallic
complexes, metal cluster cations, metal oxide sols and polyoxocations. The latter are the most
widely used pillaring agents and include polyoxocations of Al, Ni, Zr, Fe, Cr, Mg, Si, Bi, Be,
B, Nb, Ta, Mo, Ti, and more recently, Cu and Ga (Vaccari, 1999). However, clays with
multi-element pillars have also been prepared (Carrado et al., 1986; Occelli, 1986 and Burch,
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1987). Only the chemical structure, composition and charge of Al-polyoxocations with the
Keggin ion:
[Al13O4 (OH) 24 (H2O) 12]7+

(2)

have been well characterised (Vaccari, 1999). In the reaction with clay, the polyoxocation
attaches to the surface of the clay via ion exchange (Plee et al., 1985), thereby catalytically
impacting the clay surface with active Bronsted and Lewis acid sites (Occelli et al., 1985),
usually under high temperature and dehydration conditions, then bonds to silicate surface.
Pillared layered clays (PILCs; also called cross-linked clays) are nanocomposite materials
with open and rigid structures, obtained by linking robust, 3-dimentional species to a layered
host. The properties of PILCs are determined by the pillaring agent, clay type, particle size,
pillaring procedure, and thermal treatment used in the manufacturing process. These offer a
very powerful and flexible means of designing specific tailored catalysts (Vaccari, 1999).
Pillared clays, are smectites saturated with metal-polyhydroxy cations within their interlayer
space. For the nature of their structure, i.e. having large distances between their layered
structures, they are suitable for and exhibit potential use as molecular sieves. They may also
be used as adsorbents for molecules, cracking catalysts, or demonstrate properties of slow
releasing agents, when not stuffed with pillars i.e. having large distances between their pillars
(Aceman et al., 1997).
Occelli et al. (1986) treated natural hectorite with Al, ZrAl and Zr polyoxycations that
produced pillared hectorite which, after heating in air at 400 oC, attained a thermal stability of
600–700oC. Meanwhile, spectroscopic studies of sorbed pyridine showed that pillared
hectorite, like pillared bentonite, possess both Lewis and Bronsted acid sites distributed as in
the parent (acid-washed) hectorite. But, pillared hectorite was not as active compared to
pillared bentonite, especially in cracking the 260–426oC boiling range gas oil. However, the
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hectorite exhibited greater gasoline selectivity and minimized light gas (C2 – C4) generation.
Cracking activity depends on the surface area generated by pillaring.
Pillaring of Laponite® RD has almost always been associated with catalysis, especially in oil
cracking. For instance, Bergaya et al. (1991) prepared pillared layer Laponite® RD using
mixed Al–Fe pillars, and upon analysis with X-ray diffraction (XRD), nuclear magnetic
resonance (NMR) and hydrogen temperature programmed reduction (H2TPR) the Fe cation
replaced some aluminium in the octahedral layer of Laponite® RD in the presence of the
aluminium pillars. Further, the thus-formed mixed Al–Fe pillars showed catalytic properties
with shape selective characteristics that were different from other Fe catalysts.
Schoonheydt (1991) gave an overview of the properties of smectites, including pillared
forms, and some MAS-NMR data as well as redox properties of smectite surface. On EXAFS
(extended X-ray absorption fine structure) studies of pillared clay catalysts, Corker et al.,
(1991) found the oxidized sites of the pillaring agent (Cr(VI) sites/Cr(III) nitrate) with
smectites clays to be in the order Laponite® RD > bentonite > beidellite. Stacey (1988)
explored the synthesis of alumina-pillared montmorillonite and Laponite® RD to determine
their adsorptive properties. The results were characterized by XRD and adsorption of
nitrogen, water, n-butane, methanol and neo-pentane with implications to the microstructures.
Matsuda et al. (1988) compared the physical and catalytic properties of montmorillonite,
saponite and Laponite® RD pillared by alumina. According to XRD and N2 adsorption
studies, montmorillonite possessed well-ordered face-to-face lamellar structure, while
Laponite® RD and Saponite aggregates possessed well-ordered face-to-edge or edge-to-edge
manner. Saponite had strong Bronsted acidity compared with other pillared clays, perhaps
because of the S-O-Al linkage present in the tetrahedral layer.
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Occelli, et al. (1988), pillared Laponite® RD with organic cations, tetrapropyl and
benzyltriethyl ammonium (BTEA) ions. On analysis with XRD and TEM the platelets of
Laponite® RD were found to expand by 5.5Å and a surface area of 300 -350 m2g-1 and was
stable to 200oC. Cool and Vansant (1996) investigated Zr-pillared Laponite® RD and
hectorite and found that the clays exhibited differences in crystallinity, surface area and
micropore volume in both the pure and pillared form, based mainly on particle size.
However, Zr- Laponite® RD displayed greater adsorption capacities for N2 and O2 but low
N2/O2 selectivity at 0oC. Zr-pillared Laponite® RD showed increased surface area and
micropore volume. Interestingly, the micro- and supermicroporosity of the Zr- Laponite® RD
pillared hybrid made it useful as gas adsorbent.

1.4.2 Acid treatment
Acid treatment of mineral clay is normally carried out by one of two methods: (a) simple
washing with mineral acid whereby the interlamellar cations is exchanged with protons
(Laszlo, 1986) or (b), by heating in mineral acid. Acid treatment usually results in clays with
loss of exchangeable cations to protons. Acid-activated clays are unstable and easily revert to
their stable exchangeable cationic state by abstracting ions from the lattice (Ovcharenlco,
1982). Acid treatment conditions vary with one acid to another and are highly dependent
upon the clays chemical composition, level of hydration and nature of the exchangeable
cations possessed by the clay material (Vaccari, 1998). Acid-treated clays have been utilised
as support for inorganic salt catalyst such as ZnCl2, FeNO3 and CuNO3.
Acid treatment is not a new science. It has been in use for 50 years as in the catalytic cracking
of oil in the Houdry process (Vaccari, 1998). However, improvement and development led to
its replacement with zeolite in 1964 because of better activity and selectivity (Cornelis and
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Laszlo, 1985). Acid-treated montmorillonites have been used to catalyse industrial processes
including isomerisation, liquid refining and Friedel-Craft alkylation (Vaccari, 1998). In using
these clay modification processes, the ultimate objective has been to fine-tune the
characteristics of clay to achieve desirable properties.

1.4.3 Silane coupling
This is a process whereby a silane agent is used to modify the surfaces of silica and layered
silicates (Prado et al., 2005; Walcarius et al., 2004; He et al., 2005 and Celis et al., 2000).
For example, in the modification with organosilane, a covalent bond is established between
the silicate layers, hydroxyl group and the silane molecules in a graft, such that a fictionalised
inorganic layered material is formed with either restricted reaction to the external surface
(which results in unchanged basal space) or an interlayer surface, whereby expansion at the
interlayer exists (de Mello et al., 2009). Literature has shown that such functionalised or
hybrid materials synthesised become useful or suitable in adsorption of organic and inorganic
pollutants (Okutomo et al., 1999; Churchman et al., 2006; Sayilkan et al., 2004; Fonseca and
Airoldi, 2000; Mercier and Pinnavaia, 1998). In addition they may exhibit specific chemical
activities with functional groups - amino, thiol, vinyl and long carbon chains, which
consequently impact their usage in adsorption, catalyst support (Kuzniarsska-Biernacka et al.,
2005), sensor and biosensors, electrode manufacturing (Tonle et al., 2004), polymer or
layered silicate nanocomposite (Herrera et al., 2006), drug and enzyme support (Park and
Kwon, 2004).
Chemical modification of natural mineral clays, particularly the smectites at their interlayer
surfaces, has been well studied. For example, silane modified bentonite is used in the
treatment of hard water and also the removal of heavy metals from soils as it exhibits a high
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cationic exchange capacity. In addition, according to de Mello et al. (2009) bentonite is found
in nature as natural deposits (although with impurities) which makes it cheap, and it is
characterised by having a high specific surface area in relation to its particle size (Bergaya et
al., 2006; Abolino et al., 2003; Brigatti et al., 2004). In another study, bentonite was treated
with acid and immobilised with ligands (containing thiol (-SH) groups) by covalent grafting
with surface and interlayer silanol groups. The hydrophilic nature of the clay was found to
change hydrophobically. Interestingly, the thiol-functionalised bentonite exhibited binding
capacity of silver ions up to 10 times more compared to the non-grafted species. Thus, the
adsorptive capacity of bentonite improved by surface modification with organo-functional
silane coupling agents, showing that the resultant hybrid organo-inorganic material may
become a vital tool in separation and pre-concentration of heavy metal ions (de Mello et al.,
2009).

1.5

Application of Laponite® RD

Clay minerals have found numerous applications and the variety of uses has continued to
diversify due to the versatility and ease of adaptation of the minerals to different applications
including adsorption, catalysis, drug support and antimicrobial agents. In addition, they have
been utilized to control water, soil and air pollution (Bergaya and Lagaly, 2001) including
rheological control, gel formation, paint thinning and thickening, and electrodes (de Paiva et
al., 2008).

20

1.5a

Colloidal gel and glass: Laponite dispersed in aqueous medium form numerous

phases such as colloidal gel, glass, viscous fluid or phase separated flocs (Zebrowski et al.,
2003; Ruzicka et al., 2011). Ruzicka et al. (2011) in his experiment demonstrated the
topology of the phase diagram of Laponite in water and its slow ageing behaviour and found
Laponite to be well in agreement with the behaviour predicted for platelets that interact with
directional and anisotropic forces – ie patchy interactions.
Laponite possess anisotropy face-rim charge interaction, the combination of the disk shape
and anisotropy of the face-rim charge interaction, produces a disordered phase (gel and glass)
and an ordered (nematic) phase, on varying colloidal volume, at fixed ionic strength (Ruzicka
et al., 2011). However, at low concentrations (approximately 1wt.%) the system ages (or
solidifies) very slowly up to a final non-ergodic state (Kegel and Lekkerkerker, 2011). The
description of Laponite colloidal gel, its phases and relationship with glass was provided by
Tanaka et al. (2004) as shown in Fig. 1.7, Laponite possess two types of isotropic disordered
non-ergodic states in colloidal suspension which are gels and glasses. While the nonergodicity or otherwise, elasticity of gel stems from the existence of a percolated network,
that of glasses emanates from caging effects (Tanaka et al 2004). Despite this simple
definition and/ or differentiation however, it is difficult to distinguish between the two phases
experimentally (Tanaka et al., 2004). Laponite suspension have been used to demonstrate
phase diagram for charge colloidal systems, and confirm that a transition from glass to gel
state can be induced by changing the interparticle interactions from predominantly repulsive
to attractive interactions (Tanaka et al., 2004). These interactions are due to the competition
that exist between electrostatic Coulom repulsion and van der Waals attraction. When
repulsion becomes dominant glass (Wiger glass) are formed but when attraction
predominates gel formation occurs, leaving out a midway region where both repulsive and
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attractive interaction merge to form what is best described as an attractive glass (Tanaka et al
., 2004).
___________________________________________________________________________

a

b

c

Fig: 1.7 Schematic representation of Laponite colloidal suspension. (a) repulsive “Wiger”
colloidal glass, (b) attractive glass, (c) gel. Each thick line represents a Laponite disk, while a
white ellipsoid represents the range of electrostatic repulsions. In (a), long-range electrostatic
repulsions dominates, in (b), repulsive interactions still dominate in the slow dynamics of the
system though, affected by the spatial distribution or structural factor. In (c), attractive
interactions play a dominant role; a percolated network forms, which gives the system its
elasticity (Tanaka et al., 2004).
___________________________________________________________________________

However, the behaviour of Laponite colloidal suspension is different if mixed with a
polymer. For example, the mixture of Laponite colloid with a long-chained, linear polymer
such as polyethylene oxide with vigorous shaking resulted in an elastic gel. The gel was rigid
enough to support its own weight and did not fall out from the jar (on which the gel was
formed) when inverted (Zebrowski et al., 2003). Recently, a so-called “equilibrium gel”, a
predicted new state of soft matter was confirmed by Ruzicka et al. (2011). The new state
opens interesting perspective for developing new material like creams or gels that may be
both soft and extremely stable over long time (Ruzicka et al., 2011).
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1.5b

Ion exchange: Research has shown that ion exchange with cations such as

alkylammonium ions could modify the hydration and swelling properties of Laponite. In a
typical ion exchange of Laponite with Alkylammonium cation – resulted in the increase in
free energy or adsorption strength, and a single layer of alkylammonium ions adsorbed
between the Laponite sheets due to the van der Waals forces and the variation in the
hydration state of Laponite (Vansant and Peeters, 1978).
Laponite intercalated Itraconazole via ion exchange reaction subsequently facilitated the slow
release of Itracanozole. However, ion exchange reaction are often limited by Laponite
hydrophilic surface that greatly inhibits the access to hydrophobic molecules into its reactive
sites, mostly at the interlayer space. The situation is worse when the guest molecules are
highly hydrophobic and bulky – this will further reduce the possibility to access the reactive
site. In this case the conventional ion exchange becomes insufficient in the intercalation of
guest molecule as was in the case of Laponite intercalated Itracanezole (Jung et al., 2008).
However, prio modification of the surface with organic group renders Laponite accessible to
hydrophobic groups and made its intercalation on the surface possible. This confirm that
surface modification of Laponite with hydrophobic group could greatly enhance the
intercalation rate of hydrophobic molecules via ion exchange without any effect to the crystal
structure or uptake capacity (Park et al., 2004).
Jung et al. (2008) showed that the intercalation of Itracanezole in to Laponite via ion
exchange agent did not only enhance the solubilty of Itracanezole but also assisted in the
release rate from Laponite-itracanezole hybrid. The work also showed that Laponite
(produced via ion exchange) could be used as a solubility controller and can substantially
affect the release rate depending on the size of the ion exchange agent (Jung et al., 2008).
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1.5c

Isomorphous substitution: Isomorphous substitution has been used in the pillaring

of Laponite by the Keggin cation (Bergaya et al., 1993). The isomorphous substitution in
Laponite resulted in the negative surface charge – some magnesium ions are substituted by
lithium ions forming a unit cell of -0.7e charge. These charges are uniformly distributed over
the Laponite surface depending on the pH of the solution (Bergaya et al., 1993).
By definition Isomorphous substitution is the replacement of one atom by another of similar
size in a crystal lattice during growth without changing the crystal structure (Clay Minerals,
1991). Isomorphous substitutions occur in both the tetrahedral and octahedral layer. For
example in the tetrahedral layer Si4+ is substituted with Al3+ and in the octahedral layer Al3+
was substituted with Zn2+. This leads to charge imbalance in Laponite which account for the
permanent charge on Laponite particles. The imbalance is responsible for the ability of
Laponite to attract ions to its surface (Clay Minerals, 1991). The main source of charge in
Laponite is isomorphous substitution and pH-dependent charges. These sorts of charge
developed during isomorphous substitution are permanent and does not depend on pH (Clay
Minerals, 1991).

1.5.1 Catalysis
Laponite RD is an attractive material for the preparation of supported catalysts. For example,
Fe modified Laponite RD catalyst have been used for the photo-Fenton degradation of
Orange II and Acid Black I azo-dyes (Sum et al., 2005). Apart from its degradative function
in the photo-Fenton degradation, Fe modified Laponite RD catalyst have been utilised in
disinfection of water. Fe modified Laponite have often been used for the treatment of
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commercial waste water beacause of the slowness of biological reactions during biological
treatment (Buonocore et al., 2010).
The generation of reactive oxygen species (ROS) have been shown to contribute to AgNPs
mediated cytotoxicity in bacteria (Su et al., 2009; Kim et al., 2007; Choi and Hu, 2008). The
toxicity of ROS is due to its reaction with the components of DNA molecules, damaging both
the purine and pyrimidine bases and also the deoxyribose backbone (Buonocore et al., 2010).
ROS induced DNA damage involves single or double stranded breaks, purine, pyrimidine or
deoxyribose modifications, and DNA cross-links. DNA damage can also result to arrest or
induction of transcription, induction of signal pathways, replication errors and genomic
instability, all of which are associated with bacterial mutagenesis (Buonocore et al., 2010;
Marnett, 2000).
In a comparative study with zeolite catalysts Occelli et al. (1984) used delaminated Laponite®
RD, zeolite-promoted fluid catalytic cracking (FCC) and amorphous aluminosilicate
catalysts. The amount of C5 – C12 gasoline obtained with Laponite® was close to that
obtained using a zeolite catalyst but far less than that obtained from the amorphous
aluminosilicate catalyst. Further in the study the Laponite® yielded higher light-cycle gas oil
and lower yields of slurry oil than the zeolite counterpart.
Occelli et al. (1987) produced delaminated clay cracking catalyst by reacting sodium
Laponite® RD and aluminium chlorohydrate solution and examined its thermal stability and
pore size distribution together with other catalytically relevant properties. They concluded
that the previously-proposed „house-of-cards‟ structure, in which edge-face layer aggregation
competes constructively with face-face aggregation, is compatible with the observed
physicochemical properties. Thermal analysis and N2 adsorption measurements indicated that
the delaminated structure is retained up to 600oC, and that heating above this temperature

25

resulted in nearly total collapse at 730oC. The N2 and n-pentane adsorption isotherms (type
II) are according to BET equation as expected for a macroporous structure. Further, N2
adsorption data, and Hg intrusion-derived pore sizes of the delaminated clay composed
mainly of macroporosity, possessed a qualitatively close resemblance to amorphous
aluminosilicate catalysts containing 22 wt.% Al2O3. However, this result contrasts with
regular microporosity typical of alumina pillared clays which have a well-ordered face-face
lamellar structure. Analysis with temperature-dependent IR studies of chemisorbed pyridine
on delaminated Laponite® RD indicated that surface acidity is entirely of the Lewis type.
Tsoufis et al., (2008) loaded different transition metals; Cr, Mn, Fe, Co, Ni, Cu and Zn on to
smectites; Laponite® RD and montmorillonite as catalyst for the synthesis of carbon
nanotubes. Fe, Co, Ni, and Mn -exchanged Laponite® RD were shown to be effective
catalysts in the synthesis of carbon nanostructures, while Cu-exchanged Laponite® RD
decomposition with acetylene formed carbon spheres. The Ni- exchanged Laponite® RD
species gave better crystalline carbon deposits and yielded twice the corresponding carbon
amount when compared with the Ni-montmorillonite.

1.5.2 Adsorption
Clays are natural environment-friendly materials that belong to a class of low-cost alternative
adsorbents for removal of dyes from contaminated water or wastewater, being placed below
alumina, (Adak et al., 2005; Adak et al., 2006; Huang et al., 2007) silica gel, (McKay et al.,
1999) zeolite (Wang and Ariyanto, 2007; Al-Degs et al., 2001; DiGiano and Natter, 1977;
Pelekani and Snoyink, 2000; Walker and Weatherley, 1999) because they occur naturally,
and may be obtained from waste, or as by-products of industrial processes which make them
cheap and readily available alternatives (Gupta and Suhas, 2009).
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Cationic surfactant (dodecyltrimethyl ammonium bromide and ethane dibromide)-adsorbed
Laponite® RD was used for the adsorption of 2-naphthol and copper ions (Esumi et al., 1999)
and showed the simultaneous removal of non-ionic and ionic substances. Previously, David et
al., (1994) used surfactants to remove toxic material from the soil. This was possible because
clay minerals possess ion exchange capacities hence possible to remove toxic non-ionic
organic substances and metal ions from soil by surfactants-adsorbed clays (Esumi et al.,
1999).
1.5.3 Drug delivery system
1.5.3.1 Laponite® RD - drug interaction
The pharmaceutical industry has witnessed the resurgence of 2-dimensional structured
minerals in drug delivery systems. These include smectites, palygorskite, kaolinite and talc
(Lee and Fu, 2003; Choy et al., 2004a and Park et al., 2004) having adaptive features such as
large specific surface area, increased adsorption capacity, improved rheological property,
chemical inertness, with little or no toxicity (Lee and Fu, 2003), Laponite have become well
suited to pharmaceutical formulations (Jung et al ., 2008b).
However, among the 2-dimentional structured minerals, smectites have showed exceptional
potential in their drug delivery capacity, e.g. intercalation of the cytotoxic anticolorectal
cancer drug, 5-fluorouracil in montmorillonite (Lin et al., 2002). The intercalation of large
molecules into their interlayer space, followed by release via ion exchange (Park et al., 2004)
enhanced their efficiency in drug delivery. The interlayer space is large and thus bound
neutral drug molecules by ion-dipole interaction but in contrast hybridizes cation or biofunctional groups through ion exchange (Jung et al., 2008b). For instance, the poorlydissolving water-soluble drug, Itraconazole was hybridized into Laponite® RD to examine its
drug release pattern. The drug release rate was low in the aqueous medium and overall
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showed low bioactivity (Jung et al., 2008b; Jung et al., 2008c). Although, studies in drug
release are limited and clay-drug nanohybrid mechanisms not clearly understood (Jung et al.,
2008b). However, the observed slow release rate demonstrated potentiality. In an earlier
study Jung et al., (2008a) showed that the Laponite® RD -Intraconzole hybrid indicated no
significant change in chemical structure of Itraconzole or in the Laponite® RD. The hybrid
demonstrated enhanced solubility and controlled release of itraconzole, up to 75%, which was
largely dependent on the cation present in the media (Jung et al., 2008b; Jung et al., 2008c).
Different systems have been designed to incorporate biological materials into inorganic
agents (Choy et al., 2004; Choy et al., 2000; Choy et al., 1999). The advantage with these
delivery systems is that they provide a controlled, as well as efficient, delivery of therapeutic
agents to target tissues or organs (Jung et al., 2008a). Furthermore, following the
intercalation of these molecules into the interlayer spaces and consequent stabilisation via
electrostatic forces, these molecules are thus protected chemically and biologically from the
host‟s body defences. In addition, the water solubility of the drug is greatly enhanced, being
distributed in its ionic form, a point crucial to controlled release of drug such as Intraconazole
with a low solubility (Jung et al., 2008a).
Park et al. (2008) successfully intercalated the Alzheimer‟s disease drug, donepezil into
smectites clays (Laponite® XLG, saponite and montmorillonite). The donepezil molecules
were stabilised within the interlayer spaces of the clays through mono or double layer
stacking, while the molecular structure and adsorption quantities depended upon the nature of
the cation exchange capacity of the clay. However, the set-up showed improved release rate
in the presence of the bulky cationic polymer Eudragit® E-100 because of its effective
replacement by intercalated donepezil molecules.
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1.5.3.2 Mechanism of interaction
Clay minerals are widely used in pharmaceuticals either as excipients or active agents.
Observation and study of clay-drug interactions have shown that specific clay properties such
as high retention capacities, swelling and colloid formation, are useful in modulating drug
release or delivery (Aguzzi et al., 2007). Interestingly, clays are not the only excipient or
inert ingredients in clay-drug formulations. Clay provides targets for a biopharmaceutical
product by decreasing or increasing dissolution rate, or targeting drug release (Chien and Lin,
2002). Furthermore, they may be of pharmacological nature (preventing or reducing side
effects), technological (by masking taste) or chemical when they increase stability of a drug
(Aguzzi et al., 2007).
Various approaches have been proposed to achieve controlled drug release in pharmaceutical
formulations. However, the method that has gained the attention of researchers is the ion
exchange process (Vikas et al., 2001) whereby the substrate (i.e. the ion exchanger) is mixed
with the ionic drug in solution. In systems such as biological fluids, counterions displace the
drug from the substrate or exchanger and eventually release it into the host‟s body. The
exchanger then degrades and is subsequently eliminated from the host. Fig. 1.7 shows the in
vivo mechanism of clay-drug interaction
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Fig.1. 8: Idealised in vivo mechanism of clay-drug interaction (Aguzzi et al., 2007).

__________________________________________________________________________
Montmorillonite and saponite are the most widely studied inorganic cationic exchanger clays
of the smectites, perhaps for their relatively higher cation exchange capacity when compared
to other pharmaceutical silicates such as talc, kaolin or fibrous clays (Aguzzi et al., 2007).
Several mechanisms are involved in the interaction of clay and drug in monohybrid
formulations. The mode of action or mechanism of release is largely dependent upon the clay
mineral involved (Browne et al.,1980), functional groups of the molecules (Lagaly, 2001),
and physical and chemical properties of participating species (Tolls, 2001). Table 1.4.
Summarise the interaction of some clay minerals and organic molecules.
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Table 1. 4: Interaction between clay minerals and organic compounds (Aguzzi et al., 2007)

Mechanism

Mineral examples

Organic functional groups involved

Hydrophilic interactions
(van der Waals)
Hydrogen bonding

Any clay with neutral sites
(e.g., kaolinite, smectites)
Any clay with oxygen
surfaces (e.g., kaolinite)
Aluminosilicate edge sites,
Fe and Al oxides, allophane,
imogolite
Aluminosilicate edge sites,
Fe and Al oxides, allophane,
imogolite
Smectite, vermiculite, illite

Uncharged, non-polar (e.g., aromatic, alkyl
C)
Amines, carbonyl, carboxyl, phenylhydroxyl,
heterocycle N
Amines, heterocycle N, carbonyl,
carboxylate,

Aluminosilicate edge sites,
Fe and Al oxides, allophane,
imogolite

Carboxylate for anion exchange, amines, ring
NH, heterocyclic N for cation exchange

Smectite, vermiculite, illite

Carboxylate, amines, carbonyl, alcoholic OH

Protonation

Ligand exchange

Cation exchange
(permanent charge sites)
pH-dependent charge
sites (anion exchange
usually, cation
exchange rarely)
Cation bridging

Carboxylate, Phenolate

Amines, ring NH, heterocyclic N

As reported in Aguzzi et al. (2007), previous studies have already elucidated the function of
key parameters, such as drug concentration, pH, temperature, dielectric constant, electrolyte
concentration and valence in clay-drug adsorption as well as desorption processes, for
example in smectites (McGinity and Hill, 1975; Aguzzi et al., 2003; Figueroa et al., 2004),
kaolin (Armstrong and Clarke, 1973; Figueroa et al., 2004), halloysite (Viseras et al., 2004;
Viseras et al., 2005) and fibrous clays (McGinity and Hill, 1975; Al-Gohary et al., 1987; AlGohary et al.,1988). These interactions coupled with the unique swelling properties of clay
minerals have made them vital and efficient in delayed- or extended-release systems and
target- or site-specific releasing systems (Aguzzi et al., 2007). Recently researchers have
focused more on drug release patterns and improved drug stability. Table 1.5 illustrates
recent strategies involving increasing drug stability while simultaneously enhancing drug
delivery patterns in clay delivery systems.
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Table 1.5: Drug delivery systems based on clay minerals (Aguzzi et al., 2007).

Issue
Release
Pattern

Target
parameter
Dissolution
rates

Delivery system

Mechanism

Excipients

Original clay

Extended Release
Systems

Clay mineraldrug interaction

Natural clay minerals
with high cation capacity
values.
Synthetic clay minerals.

Smectites, Fibrous clay
minerals.

LDH, hydrotalcites.
Modified clay minerals
and Acid/thermal
activated
Pillared layered
structures.

“Swelling clays”
Clay swelling
Improved Drug
Solubility Systems

Site-specific
systems

Bentonite or kaolinite.

Montmorillonite and
others smectites

Smectites

Montmorillonite

Adsorption

Montmorillonite and
LDH(oral release)
Enteric coated

Site of release

Smectite and halloysite
(Local release)
Bioadhesion

Drug
Stability
and
Targeting

Hydrophilic
ambient
(sensible
molecules) and
Distribution
Profiles

Microparticles.

Encapsulation

Halloysite

Nanoparticles

Surface
precipitation,
inclusion, others

Porous-hollow
nanoparticles

Clay-polymer
interaction

1.5.4

Porous silica from clay
minerals, halloysite

Montmorillonite
Clay-polymer
nanocomposites

Antimicrobial Activity

Antimicrobial application of synthetic Laponite® RD is an emerging area in scientific
research. The search continues for more applicable, repeatable, convenient and safe methods
to incorporate silver or copper nanoparticles in Laponite® RD structure. Work has suggested
that there are two possibilities of modifying the Laponite® RD structure: replacement of the
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replaceable sodium ion or the substitution of Li ions within the framework structure
(Grandjean and Laszlo, 1991). In either of these reactions the major concerns are the
rheological properties that may be altered. Greaves et al., (1995) showed that the sodium ions
were completely exchanged with potassium ions, and the result was a highly conductive
Laponite® RD particle but without the gelling characteristics. McWhinnie et al. (1992)
obtained a similar result when phenyltin was intercalated onto Laponite® RD. However, of all
the monovalent ions exchanged with commercial Laponite® RD only the sol-gel species with
higher sodium content exhibited gel formation with water (Greaves et al., 1995).
Silver nanoparticles prepared by photo reduction of AgNO3 in layered Laponite® RD were
found to be stable but possessed potent antimicrobial property only for a few months (Huang
and Yang, 2008). In another preparation of silver nanoparticles in a Laponite® RD sol, Liu et
al. (2009) used sodium borohydrate (NaBH4) as the reducing agent. The results suggested
that stability and high concentration of the Ag nanoparticle is a crucial requirement in
antibacterial agents.

1.6

Use of silver and its compounds

The growing concerns of antimicrobial resistance to antibiotics and spread of infectious
diseases caused by pathogenic bacteria have lead scientists to search for novel antibacterial
agents to combact disease.
Due to growing microbial resistance against antibiotics and organic antimicrobial agents such
as triclosan, hexachlorophene and quaternary ammonium compounds (McDonnell and
Russell, 1999), many inorganic metals have been described as antibacterial agents, such as
copper, zinc, titanium (Retchkiman-Schabes et al., 2006) gold, magnesium (Gu et al., 2003)
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and silver (Table 1.6). Among these silver, especially in a nanoparticle form, has proved to be
more effective against a wide spectrum of microorganisms including bacteria, fungi and
viruses (Rai et al., 2008 and Gong et al., 2007).
___________________________________________________________________________
Table 1.6: Properties of silver (Adapted from Silver, 2003 and Everett, 2011)

Characteristics

Description

Atomic number

47

Atomic weight

107.868 g mol-1

Electronic configuration

[Kr] 4d105s1

Covalent radius

1.34 Å

Valency

+1 or +2

Atomic radius

1.75 Å

Ionic radius

1Å

Covalent radius

1.34 Å

Atomic volume

10.3 cm3 mol-1

Crystal structure

Cubic: face centred

Melting point

961.3 oC

Boiling point

2212 oC

Density at 20 oC

10.5 g cm-3

___________________________________________________________________________
1.6.1 Silver applications
1.6.1.1 Medical application
The use of silver dates back to 1938 and has proved effective against a broad spectrum of
microbial activities (Atiyeh el al., 2007, Clement and Jarrett, 1994). In the 19th century, it
was the treatment of choice for tetanus. Before the discovery of antibiotics in the 20th
century, silver had already found use for common cold and gonorrhoea disease management.
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1.6.1.2 Textile application
Silver in the textile industry was utilised for its potent odour removal and antimicrobial action
on fibres and fabrics (Anonymous, 2006). The product „SmartSilver‟ was developed as part
of a new „nanotechnology‟, and it has an impressive performance in that while it maintains
anti-odour

characteristics,

fabric

construction,

durability

and

elasticity

remain

uncompromised (Anonymous, 2006).

1.6.2 Silver compounds
1.6.2.1 Colloidal silver
This is one of the various silver products available and was the most common delivery
system prior to 1960. Colloidal silver solution is composed of pure silver charged particles of
between 3 and 5 mg/L, held together tightly in a suspension by an electric current (Atiyeh et
al., 2007). Colloidal silver is less stable than silver salt but unique in that it remained in
solution when applied topically to a wound (Atiyeh et al., 2007). Colloidal silver has been
proven to be relatively safe for humans, plants and all multi-celled living matter according to
Dallas et al. (2011).
1.6.2.2 Silver salt
Silver salts were preceded by delivery products based upon silver-complexed proteins which
were stable in solution. However, because of their low antibacterial properties, especially
when compared with pure ionic silver, they were rapidly phased-out by silver salts in the
1960s (Atiyeh et al., 2007). Silver salt gains its additional stability from the positively
charged silver ion being complexed with negatively charged ions as observed in AgCl,
AgNO3 or AgSO4 (Atiyeh et al.,2007).
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Various concentrations of AgNO3 have been tested and a 0.5% solution was found to be the
lowest concentration that remained active against bacteria, both in vitro on solid agar or broth
medium and in vivo on burns, and 0.5 % AgNO3 is regarded as the standard and most popular
silver salt solution used for topical burn wound treatment (Klasen, 2000). For maximum
effectiveness of AgNO3 in wound dressing, the wound is first cleared from fat ointment and
dead tissue. To enhance debridement, the patient involved was bathed in Locke‟s solution for
2 to 6 hours, up to three times a week (Klasen, 2000).
Silver nitrate has been found to be active against a wide range of bacteria including
Staphylococcus aureus, haemolytic streptococci, Pseudomonas aeruginosa and Escherichia
coli. However, research shows that Aerobacter species and other human skin flora remain
insensitive to AgNO3 (Klasen, 2000; Moyer et al., 1965). Klasen (2000) reported no
insensitivity or resistance following AgNO3 administration. However, a major complication
was a drop in serum sodium and chlorine which was attributed to ion exchange between, Ag+
ions and Cl-, HCO3-, CO3 2- and protein anions leading to the formation of a slight soluble or
insoluble salt solutions, an indication that the bacteria was unaffected (Klasen 2000). In
addition, AgNO3 treatment led to a black deposit on objects that came in contact with it on
exposure to light, but these were easily washed off with hot soapy water or Westcodyne
(Klasen, 2000). Contrary to earlier assumptions, Bader (1966) reported significant levels of
silver in kidneys, spleen, liver and muscles when post-mortem examination was made on two
patients. Bacterial resistance to AgNO3 has also been described by Atiyeh et al., (2007).

1.6.2.3 Silver sulphadiazine
Silver sulphadiazine has been widely studied for its antimicrobial efficacy on microorganisms
and has been used intensively for burns and wound treatment during the 1970s (Atiyeh et al.,
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2007) and it was termed the „ultimate‟ antibacterial agent for topical treatment of burns and
wounds. Yet silver sulphadiazine does not offer enough protection to prevent or decelerate
the growth of gram-negative bacteria, especially in patients with burns covering more than
50% of the body surface (Klasen, 2000). Subsequently it became common practice to
supplement silver sulphadiazine with cerium nitrate for co-operative effectiveness (Fox and
Modak, 1974). By composition, silver sulphadiazine is a combined formulation of silver
nitrate and sodium sulphadiazine as a result of substituting the metal atom for hydrogen in the
sulphadiazine molecule (Klasen, 2000). Interestingly, the effectiveness of silver
sulphadiazine appeared to depend upon the slow but continuous release of silver ions into the
surrounding wound area and its intense reaction with wound body fluids such as serum and
sodium chloride-containing fluids (Fox and Modak, 1974).
The field gradually gaining acceptance with innovation and rapid development is that of
nanotechnology. This emerging science holds great potential for researchers (and
pharmaceutical companies) looking at antimicrobial resistance because of the unique
chemical and physical properties, and high surface area to volume ratio (Morones et al.,
2005; Kim et al., 2007).
Nanomaterials are an emerging area in nano-science and nano-technology. This field has
attracted huge interest in recent years and may provide solutions to technological and
environmental difficulties such as solar energy conversion, catalysis, in medicine and water
treatment. (Sharma et al., 2008). Smith et al., (2006); Kearns et al., (2007) cited in Sharma et
al., (2008) reported silver, copper and gold use in synthesis of stable dispersions of
nanoparticles utilised in photography, catalysis, photonics, optoelectronics, biological
labelling and surface-enhanced Raman scattering (SERS) analysis. Nanocrystalline silver,
more recently referred to as silver nanoparticles, differ considerably in their biological,
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physical and chemical properties from the micro- and macro-scaled materials (Li et al.,
2008a).
In wound care, the use of nanocrystalline products, e.g. Anticoat TM, have reduced the
problem of rapid inactivation and frequent application experienced when using silver nitrate
or silver sulphadiazine (Atiyeh et al., 2007). On examination of nanocrystalline silver in
wound care Dunn and Jones (2004) affirmed the active ingredient as Ag0 which is less
rapidly deactivated by organic matter or chloride than the ionic form, Ag+, stating further as
the silver released in to the wound is consumed by the protein target cells in the wound fluid
more silver is released from the dressing. Consequently, a sustained and steady supply of
silver to the wound is maintained that ultimately affect wound healing. It has also been
shown that silver nanoparticles release silver ions that enhance bactericidal activity (Klasen,
2000; Huh and Kwon, 2011).
1.6.2.4 Nanocrystalline silver
Nanocrystalline silver provides a steady and sustained silver releasing system. This has been
termed by Atiyeh et al., (2007) as the latest and “greatest innovation” in wound care products
and perhaps the most sought after of the silver forms (Dallas et al., 2011). It was termed
greatest because the silver itself is incorporated within the dressing matrix as opposed to
direct topical application found in other silver delivery products. However, this delivery
system is not without challenges, including choosing the carrier dressing and the eventual
delivery of silver to the wound by the dressing matrix (Atiyeh et al., 2007). Examples of this
type of silver delivery system products include Acticoat, Actisorbsilver, Aquacell, Silverlon,
SilvaSorb and Arglaes (Atiyeh et al., 2007).
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1.6.3 Mechanism of toxicity of silver to microorganisms
Although, the exact mechanism of action of silver on microorganisms is still unclear, possible
mechanism of action has been suggested based on morphological as well as structural
changes in bacterial cells (Rai et al., 2009). Klasen, 2000 reported silver interaction with the
thiol group in respiratory enzymes of bacterial cells. Silver acted by inhibiting the uptake of
phosphate and releasing phosphate, mannitol, succinate, proline and glutamine from E. coli
cells (Rosenkranz, and Carr 1972; Bragg and Rainnie, 1974 and Yamanaka et al., 2005).
Silver ions interact with DNA turning it into a condensed form (bacteria in condensed form
are inactve) and thus loss of it replication ability (Feng et al., 2000).
___________________________________________________________________________

Fig.1.9: Various mechanisms of antimicrobial activity exerted by silver (Li et al., 2008b)

___________________________________________________________________________

Silver nanoparticle interacts with microbial cells through a variety of mechanisms (Fig. 1.8).
Silver nanoparticles have been reported to act directly with the microbial cells by interrupting
transmembrane electron transfer, disrupting and penetrating the cell envelope, oxidizing cell
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components or producing secondary products such as reactive oxygen species or dissolved
silver ions resulting in damage to the cell (Li et al., 2009a, Li et al., 2009b). Upon entry of
silver nanoparticles into the bacterial cell it forms a low molecular weight region in the centre
of the cell to which the cell accumulate, in effect, protecting the DNA from the silver ion
released. The silver nanoparticles preferentially attack the respiratory chain, cell division
which ultimately results in cell death (Rai et al., 2009a). The silver nanoparticles release
silver ions in the bacterial cells which enhance it bactericidal activity (Feng et al., 2000; Song
et al 2005; Morones et al., 2005; Sondi and Salopek-Sondi, 2007). Silver nanoparticles affect
many different functions of microbial cells, making it non selective and so exhibit
antimicrobial property against a broad spectrum of microorganisms including bacteria, fungi
and yeasts (Feng et al., 2000; Silver et al., 2003).

1.7

The uses of copper

Copper was first discovered as a sanitizer by the ancient Greeks in the 4th century BC. It was
used to purify drinking water and was prescribed for pulmonary disease (Borkow and
Gabbay, 2005). Hindus store water in copper vessels for its anti-fouling and bacteriostatic
properties. Phoenician sailors nailed copper strips to their ships‟ hulls to prevent fouling in
order to maintain cleaner vessels for faster and easier manoeuvring (Borkow and Gabbay,
2005). Copper in the 18th century emerged as an effective combatant in the western world for
use in clinics, and was used for the treatment of mental disorders and lung ailments.
The use of copper as an antimicrobial agent came into the limelight as a result of pervasive
antimicrobial resistance especially in the medical sector. The search for an alternative method
to reduce the bioburden in healthcare institutions and their facilities aroused curiosity in
discovering unconventional ways of disease prevention. Copper has been identified to exhibit
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antibacterial and antifungal properties (see Table 1.7). It has been utilised in water
purification, paint, building materials and in the textile industry (Mehtar et al., 2007).
__________________________________________________________________________________________
Table 1.7: Properties of copper (Adapted from Everett, 2011)

Characteristics

Description

Atomic number

29

Atomic weight

63.546 g mol-1

Electronic configuration

[Ar] 4s-1 3d10

Covalent radius

1.17 Å

Valency

+2 or +1

Atomic radius

1.57 Å

Ionic radius

1Å

Covalent radius

1.17 Å

Atomic volume

7.1 cm3 mol-1

Crystal structure

Cubic: face centred

Melting point

1084.62 oC

Boiling point

2562 oC

Density

8.96 g cm-3

___________________________________________________________________________
Noyce et al., (2006) and Faundez et al., (2004) reported copper activity against methicillin
resistant Staphylococcus aureus (MRSA) and Escherichia coli O157, Campylobacter jejuni
and species of Salmonella. Singh et al., (2006) reported the biocidal effect of copper on the
multidrug-resistant and extremely drug resistant species of Mycobacterium tuberculosis in a
hospital in South Africa. Inhibition of enteropathogen (Salmonella enteric, and
Campylobacter jejuni) by metallic copper surfaces was investigated by Faundez et al.,
(2004).
Copper has been used in conjunction with other metals as well as its salts. American
navigators placed copper and silver coins in wooden water casks to provide safe drinking
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water for their long journey (Borkow and Gabbay, 2005). NASA, for their Apollo flights,
used an ionized copper-silver water sterilizing system. Copper sulphate has a proven
usefulness in treatment of sores and skin disease, especially in Africa and Asia (Borkow and
Gabbay, 2005). Zhao et al., (1998) investigated surfaces coated with different inorganic
materials such as copper, zinc, cobalt and cobalt containing alloys of nickel, zinc and
chromium, and found a significant inhibition of growth in the pathogenic bacteria examined.
However, the challenge in the use of copper is decolourisation, which it presents on exposure
to air or oxygen (Mehtar et al., 2007).

1.7.1 Application of copper and its compounds
1.7.1.1 Copper as a fungicide
Copper has become increasingly significant in agriculture. The first recorded use of copper as
compound for agricultural purposes was in 1761 for the control of seed-borne fungi (Borkow
and Gabbay, 2005). As copper sulphate, it soon became a popular and widespread measure in
the control of fungi-infected seeds. The greatest achievement of copper as antifungal agent
was reported in 1880 by the French scientist Millardet, who made a mixture of copper
sulphate, lime and water and sprayed it on grapes and vines. The infested plants became free
from downy mildew. This formulation, forever known as “Bordeaux” mixture, became the
fungicide of choice in the United States. Another formulation was “Burgundy” mixture, again
of French origin, and was made up of copper sulphate and sodium carbonate. This mixture
soon became the established treatment for various fungal diseases of plants. Thus, copper
became renowned and gained worldwide popularity as an effective fungicide (Borkow and
Gabbay, 2005).
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1.7.1.2 Copper as an algaecide
Copper inhibits the growth of algae and it has been used to prevent algal growth in portable
water reservoirs, control of green slime and algal scums in farm ponds, rice fields, irrigation,
drainage canals, rivers, lakes and swimming pools. However, the major drawback in copper
sulphate is its toxicity to aquatic life. Sulphate ions in aqueous medium readily combine with
hydrogen to form sulphuric acid which is corrosive (Borkow and Gabbay, 2005). In view of
this challenge and the quest for a safe and habitable environment, copper chelate were
formed. Chelated copper is non-reactive and does not interact with other chemical substances
in water (Borkow and Gabbay, 2005). However, copper sulphate is still very popular for algal
control probably because of its ease of application and low cost (Plum, 1991).

1.7.1.3 Copper as a molluscide
Appropriate measures in snail control may bring an end to some human diseases like
bilharzia. Bilharziasis is caused by the trematode parasite, Schistosoma mansoni using snails
and humans as hosts. The International Copper Research Association screened 23 copper
compounds including cupric chloride-bis-n-dodecylamine, copper nitrate and copper sulphate
for their molluscidal activity in low and high alkalinity, with and without high levels of
suspended solids (Borkow and Gabbay 2005). The molluscidal activity was found to be in the
order:

cupric

chloride-bis-n-dodecylamine,

>

copper

nitrate

>

copper

sulphate

(www.copperinfo.co.uk).
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1.7.1.4 Copper as a virucide
The antiviral activity of copper was first observed by Yamamoto in 1964. He noticed the
inactivation of some bacteriophages after copper was applied. Jordan and Nassar, (1971)
showed that copper was effective against the virus of the bronchus. Research continued until
1974, when Totsuka and Ohtaki, (1974) reported copper sulphates effect on poliovirus RNA
in proportion to its concentration and that most amino acids, with the exception of cysteine,
form a protective covering against metal ions such as copper, iron and aluminium (Borkow
and Gabbay, 2005). Cupric and ferric ions

inactivated different enveloped- or non-

enveloped, single- or double-stranded DNA or RNA viruses; phi X174, T7, phi 6, junin and
HSV, as investigated by Sagripanti, (1992) and Sagripanti et al.,(1993).
The study by Sagripanti et al (1993) showed that metals were more effective than
glutaraldehyde in the viral inactivation process. Further, on addition of peroxide, the
inhibitory effect of Cu2+ was greatly enhanced and the viruses were less resistant to copperperoxide than iron-peroxide, based upon their metal concentrations. Cupric and ferric ions
were shown to inactivate the human immunodeficiency virus Type 1 (HIV-1) when it was
free in solution, in vitro, and after 3 hours of cell infection in vivo (Sagripanti and Lightfoote
1996). The investigation further revealed the achievement of 50% inactivation of cell-free
Type 1 Human Immunodeficiency Virus (HIV-1) with Cu2+ (concentration 0.16-1.6 mM) or
Fe3+ (concentration 1.8-18 mM), being higher than the equivalent amount required to
inactivate the same HIV-1 by glutaraldehyde (0.1mM), sodium hypochlorate (0.3mM) and
sodium hydroxide (11.5mM), but significantly lower than those for ethanol requiring 360mM
for HIV-1 total inactivation. (Sagripanti and Lightfoote, 1996).
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1.7.2 Mechanism of toxicity of copper to microorganisms
Copper, like other metals, is toxic to microorganisms especially at high concentrations. This
is possible either through displacement of essential metals from their natural binding sites or
through ligand interactions (Fig. 1.9). Another way toxicity may occur is from changes in
structural conformation of nucleic acid proteins, interference with oxidative phosphorylation
and, rarely, osmotic balance.

Fig.1.10: Mechanisms of toxicity of copper to microorganisms (Borkow and Gabbay, 2005).

___________________________________________________________________________
Generally, non-essential metals tend to readily bind to thiol-containing groups and oxygen
sites. Copper is a vital element in biological systems because of its redox properties on
account of its inherent toxicity. For instance, as illustrated in Fig. 1.8 the redox-cycling interconversion of Cu2+ to Cu1+, and vice versa, may give rise to the catalytic production of highly
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reactive hydroxyl radicals. This resultant hydroxyl radical damages biomolecules including
lipids, protein and DNA (Borkow and Gabbay, 2005).

1.7.2.1 Copper mediated cell membrane damage
The initial site of action of copper on microorganisms is in the cell membrane. Cervantes and
Gutierrez-Corona (1994) exposed fungi and yeast to varying concentrations of copper and
noticed a rapid decline in membrane integrity. The initial evidence is a leakage of mobile
cellular solutes, such as potassium ions and eventually cell death (Ohsumi et al., 1988).
Prolonged metal-induced disruption of membrane integrity promotes loss of cell viability. In
many cases, an alteration in the physical properties of biological membranes usually results in
marked changes in activities of various essential membrane-dependent functions such as
transport protein activity, phagocytosis and ion permeability (Hazel and Williams, (1990);
Avery et al., 1995). Generally, the physical properties of a membrane are largely dependent
on the lipid composition, which in turn relies upon the degree of unsaturated fatty acid. The
fatty acid composition of microbial membranes is highly variable and easily influenced by
environmental as well as their inherent factors. Low temperatures increase the unsaturated
fatty acid content in microorganisms (Hazel and Williams, 1990, Murata, 1989). As has been
suggested, in the relationship between plasma membrane, fatty acid composition and copper
toxicity, there was a significant increase in copper-induced plasma membrane permeability
and whole-cell toxicity of Saccharomyces cerevisiae when it was enriched with
polyunsaturated fatty acids (Avery et al., 1996).
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1.7.2.2 Copper interaction with nucleic acid
Copper has a specific affinity for DNA, it can bind and disorient helical structures by crosslinking within and between strands (Borkow and Gabbay, 2005). In ddition, Cu2+ reversibly
denatures DNA in low ionic strength solution by competing with hydrogen bonding present
within the DNA molecule (Hostynek et al., 2003). Sagripanti, (1991) showed a DNA double
helix containing two kinds of binding site for copper in a kinetic study. One site with high
affinity for copper was present on every four nucleotides. The other was an intercalating site
for copper present in every base pair. In a copper-DNA binding study, Sagripanti, (1991)
revealed that copper exhibited an extremely high specificity to DNA in the presence of other
metallic ions. The propensity of different divalent cations to displace Cu2+ binding was in the
order: Ni = Cd = Mg >>> Zn = Hg > Ca > Pb >>> Mn, adding that Cr6+ aided Cu2+ binding to
DNA.
DNA soaked in cupric chloride showed guanine specific binding of Cu2+ in a double stranded
DNA (Geierstanger et al., 1991). The covalent bonding occurred at the N-7 position, and this
occurrence of preferential Cu2+ binding to guanine bases in DNA may throw more light in the
already suggested report of specifically Cu2+-induced oxidative DNA damage occurring at
the guanine residue (Sagripant and Kraemer, 1989; Yamamoto and Kawanishi, 1989).
Further, Morris and Hay, (2001) as cited in Borkow and Gabbay, (2005) suggested copper
stabilizes the helix structure through formation of a charge transfer complex by acting as an
electron acceptor, in which case it intercalates between two adjacent guanine – cytosine (GC) base pair in an electron donor fashion. Thus, copper has been confirmed to preferentially
bind to G-C pairs (Morris and Hay, 2001).
The cleavage of DNA depends upon physical properties such as temperature, incubation time
and contraction. The breakage of DNA strands is proportional to temperature, incubation
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time, Cu2+ and H2O2 concentration (Sagripant and Kraemer 1989). However, metal chelators,
catalase, and high levels of free radical scavengers inhibit the breaking of the DNA strand,
suggesting that Cu2+, Cu1+, H2O2 and OH radicals are involved in the reaction (Borkow and
Gabbay, 2005). This fact, coupled with the earlier mentioned specificity of copper–DNA
binding at the G-C site, inferred that nucleic acid degradation mediated by copper involves
site-specific Fention reactions (Wittberger et al., 2000; Dowjat et al., 1996; Moraes et al.,
1989).
The after-effect of the specific binding of copper to nucleic acid is a repeated, cyclic, redox
reaction which in turn generates various OH-radicals close to the binding site thereby causing
multiple damages to the nucleic acids (Stohs and Bagchi, 1995). Imlay and Linn (1988), with
an E. coli culture treated with H2O2 showed that DNA damage is the main cause of cell death
and usually through iron-mediated Fenton reactions (Imlay and Linn, 1988; Imlay et al.,
1988). However, under certain conditions, such as those of low availability of iron, copper
ions were found to take part in the genotoxicity of H2O2 in E. coli (Almeida et al., 2000).
However, the condition just described is only possible at high concentrations of H2O2
(20mM), which means that copper ions only become available in the intracellular
environment in the absence of iron and in stringent oxidative stress (Almeida et al., 2000).
Fundamentally, all the copper mediated toxic mechanisms explained in this review are true
for bacteria as well as fungi and algae (Borkow and Gabbay, 2005).
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1.7.3 Microbial resistance to silver and copper
Many microorganisms show resistance to metals whether in water, soil or on industrial waste.
Most bacteria have developed metal resistance systems probably shortly after their
prokaryotic ancestry because their ancestral form lacked metal resistance systems (Borkow
and Gabbay, 2005). Some microorganisms show high metal resistance while others indicate
low or no resistance at all. Ug and Ceylan, (2003) reported some clinical isolates of different
Staphylococcus species (S. xylosus, methicillin resistant S. aureus, S. capitis, S. lentus, S.
epidermidis, S. sciuri and S. chromogenes)

showed reduced susceptibility to lead and

potassium but became highly sensitive to silver and copper. The resistance of a
microorganism to metal is dependent on (a) the amount and type of mechanisms for metal
uptake by the microorganism, (b) the role played by each metal in normal metabolism in the
cell and (c) the presence of genes or plasmids, chromosomes or transposons that may control
metal resistance (Rosen, 2002; Andersen, 2003; Nies, 2003; Silver, 2003; Nascimento and
Chartone-Souza, 2003; Nies, 1999).
Natural resistance posed by microorganism may be mutation in cellular components that
avoid interaction with metals or alteration in cell membrane composition (Borkow and
Gabbay, 2005). Microorganisms have evolved other mechanisms to tolerate or eliminate
metals (Fig. 1.10). These include:


Exclusion of metal by permeability barriers such as the cell wall, cell membrane or
envelope to protect the internal delicate cellular components (Ug and Ceylan, 2003;
Scott and Palmer, 1990; Hoyle and Beveridge 1984; Hoyle and Beveridge 1983).



Active transport of the metal away from the microorganism by a membrane efflux
pump (Frank et al., 2003 and Rensing and Grass, 2003).
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Intra- and extra- cellular sequestration by cell envelope or protein binding.



Enzymatic detoxification of metal to a less toxic form.



Alteration in the sensitivity of cellular targets to the metal by way of mutation
(Borkow and Gabbay, 2005).

In most cases, the genes responsible for these processes may either be encoded in the
chromosomes or by the plasmids.
___________________________________________________________________________

Fig.1.11: Mechanisms of microbial resistance to heavy metals (Borkow and Gabbay, 2005)

___________________________________________________________________________

Furthermore, resistance may be developed as a consequence of random chromosomal
mutations that may projects changes in the gene product, making the new generation more
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resistant (Roberts et al., 1998). The mutated chromosome may be acquired by the progeny
during cell division or from others surrounding cells of same or related species through
transformation or transduction (McDonnell and Russell, 1999). However, most bacteria
acquire resistance by evolving new genes that code for novel proteins. Hou et al, (2001)
showed that a small metal binding protein, cysteine rich, metallothionein showed resistance
to metals such as silver, copper, mercury, cadmium and zinc in an experimental mouse.
It was also indicated that, the mode of action of metallothionein resistance by bacteria was by
the sequestering process but not conversion or exclusion. Bacterial silver resistance was
discovered in Salmonella strain containing plasmid pMG101 (Gupta et al., 1998). Belonging
to the group of incompatibility plasmids (IncH12), pMG101 exhibits various antibiotics
resistance. Clone and sequenced analysis of specific region of pMG101 that shows increased
resistance to silver have been well characterised; SilP, ORF105, SilAB, ORF96, SilC, SilSR,
and SilE. Six of these genes were found similarly expressed in two strains of E. coli; E. coli
K12 and E. coli O157:H7. The SilE gene encodes a periplasmic silver binding protein, SilE
and showed up to 47% identity to PcoE of the E. coli usually associated with copper
resistance (Silver, 2003).

There is a marked difference in the cell transport and efflux system of bacteria during their
resistance in processes involving essential and non-essential micronutrients. Examples of
essential micronutrients are copper, cobalt, zinc and nickel while examples of non-essential
nutrients are silver and cadmium. In the latter, most bacteria alter their transport systems only
to expel toxic ions, whereas the former adjust their uptake and efflux systems to maintain
sufficient intracellular levels of the metals (Borkow and Gabbay, 2005).
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Copper is cheaper than silver, easily mixed with polymers and relatively stable in terms of
both chemical and physical properties (Ren et al., 2009). The silver ion is probably the most
powerful antimicrobial agent and shows strong toxicity to broad spectrum of microorganisms
but remarkably low toxicity to human cells, plant cells and, in fact, to all multicellular living
matter.

1.8

Antimicrobial nanoparticles

Nanocomposites or nanomaterials are emerging as a new class of composites with at least
one dimension of the dispersed particles in the nanometer range. Three classes of
nanomaterial/nanocomposite can be differentiated based upon the number of dimensions:
i)

Isodimentional nanoparticles have all three dimensions in the nanometer range
e.g.

spherical silica nanoparticles (Mark, 1996; Reynaud et al., 2001) and

semiconductor nanoclusters (Herron and Thorn, 1998).
ii)

Nanotubes or whiskers when two dimensions are on the nano scale and the third
dimension on a larger scale which usually results in an elongated structure, as in
the case of carbon nanotubes and cellulose whiskers. Nanotubes and whiskers
have been extensively studied as reinforcement nanofillers due to the exceptional
properties which they impact on material (Favier et al., 1997 and Chazeau et al.,
1999).

iii)

Layered crystals or clays (Pavlidou and Papaspyrides, 2008) which are
characterised by only one dimension in the nanometer range. This presents the
fillers in the form of sheets from one to a few nanometers wide to a height of
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hundreds to thousands of nanometers (Alexandre and Dubois, 2000; Pavlidou and
Papaspyrides, 2008).
The general idea in nanocomposite synthesis is to create a large interface between nanosized
building blocks and a matrix, which may be based upon a polymer. However, the
homogeneous distribution of the nanosized particle may be problematic such that it becomes
difficult to create an interface. Whichever way, homogeneous dispersion of nanoparticles for
preparation purposes is vital as per acceptable properties (Hari and Pukanszky, 2011). This is
because the properties of nanocomposite materials are usually below expectations and hence
over estimated. This may be partly due to partial homogeneity, insufficient orientation or
entirely too poor adhesion. Examples are found in additives in flame-retardant packages,
conductive fillers, and gas permeation and membrane technology, biomedicine and
electronics (Hari and Pukanszky, 2011).
Unlike many conventional antimicrobial agents, such as antibiotics, currently being used in
medicine, antimicrobial nanoparticles may not pose direct or acute adverse effects, although
potential toxicity upon long-term exposure is questionable. Nevertheless, antimicrobial
nanoparticles can attack multiple biological pathways present in many microbes (Fig. 1.11)
and the microbes would need to develop many simultaneous mutations in order for
antimicrobial resistance to occur (Huh and Kwon, 2011). The mechanisms of action of
antimicrobial nanoparticles have been noted to be; the photocatalytic production of reactive
oxygen species that damage cellular and viral components, perturbation of bacterial cell wall/
membrane, interruption of energy transduction and inhibition of enzyme activity/ DNA
synthesis (Li et al., 2008b).
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___________________________________________________________________________

Fig. 1.12: Various antimicrobial mechanisms of nanomaterials (adapted from Huh and Kwon, 2011).
__________________________________________________________________________________________

Antimicrobial nanoparticles possess a protracted shelf-life, and can withstand high
temperature sterilization (Weir et al., 2008 and Huh and Kwon, 2011). The use of
nanocomposites in the delivery of silver or copper would therefore offer the combined
advantage of uniform distribution, sustained and controlled release into the target tissues,
including improved stability, which will assist in patient care by minimising side effects.

1.9

Microorganisms of this study

The microorganisms used in this study were Staphylococcus aureus, Escherichia coli and
Pseudomonas aeruginosa.
1.9.1 Staphylococcus aureus: Gram positive bacteria. S. aureus is the most common
species of staphylococcus species causing infection in human (Modric, 2011). S. aureus has
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been implicated in skin, soft tissue, foreign-body and bloodstream infections, pneumonia,
septic arthritis, endocarditis, osteomyelitis including sepsis. Since the isolation of the first
methicillin-resistant S. aureus strain in 1961 (Mediavilla et al., 2012; IWG-SCC, 2009)
numerous distinct lineages of MRSA continues to emerge; community-associated MRSA
(CA-MRSA) (Mediavilla et al., 2012; Chambers and Deleo 2009), healthcare-associated
MRSA (HA-MRSA) (Chambers and Deleo, 2009) displaying increased antimicrobial
resistance, hence widening the invasive disease spectrum (Chua et al., 2011; Tenover, and
Goering 2009).
HA-MRSA isolate is characterised by a mobile genetic element, the staphylococcal
chromosome cassette mec (SCCmec), belonging to type I, II, or III, which confer resistance to
many classes of non-β-lactam antibiotics (Yu et al., 2012). While, CA-MRSA is associated
with smaller SCCmec elements including SCCmec type IV or V and are susceptible to many
non- β-lactam antibiotics (Boyle-Vavra and Daum, 2007 and David and Daum, 2010). S.
aureus elicit disease in various ways e.g. by possessing surface protein which promote
colonization of host tissues; invasins that promote bacterial spread in tissues (leukocidin,
kinases and hyaluronidase); surface factors that inhibit phagocytic engulfment (capsule and
protein A); biochemical properties that enhance their survival in phagocytes (carotenoid and
catalase production); immunological disguises (protein A and coagulase); membranedamaging toxins that lyse eukaryotic cell membranes (hemolysins, leukotoxin and
leukocidins); exotoxins that damage host tissues or otherwise provoke symptoms of disease
(exfoliatin toxin and toxin shock syndrome) (Todar, 2012).
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1.9.2 Escherichia coli: Gram negative rod, forms part of the normal intestinal microflora in
humans and worm blooded animals. Some strains possess specific virulent factors which
cause diseases such as food poisoning, urinary tract infection and bacteraemia (HPA, 2012).
E. coli causes the most common bacterial infection called urinary tract infection (UTI) in
clinical medicine (Olson et al., 2009) also, UTI is the most common hospital –acquired
infection (Hoban et al., 2012). E. coli remains the single most common pathogen isolated in
hospital acquired UTI (Hoban et al., 2012; Jacobsen et al., 2008; Nicolle et al., 1996). E. coli
has shown increased worldwide antimicrobial resistance to once potent agents such as
trimethoprim/sulfamethoxazole, amoxicillin, and ciprofloxacin among outpatient UTI
(Karlowsky et al., 2006; Mazzulli, 2002). This has necessitated the reassessment of
antimicrobial susceptibility to maintain antimicrobial efficacy. Pathogenic strains of E. coli
elicit disease by expression of virulent determinants such as adhesins, invasins, toxins and
ability to withstand host defences (Todar, 2012).

1.9.3 Pseudomonas aeruginosa: is a Gram negative, non-spore forming rod. P. aeruginosa
is wide spread in nature, inhabiting soil, water, plant and animals including humans. P.
aeruginosa is an important opportunistic, nosocomial pathogen that causes infection in
hospitalised subjects, and has been known to be specially prevalent in hospital-acquired
pneumonia in immunecompromised patients, urinary tract infection and bacteraemia
(D‟Arezzo et al., 2012).
P. aeruginosa exhibit a multidrug resistant and pandrug-resistant phenotype, necessitating its
reputation as a „superbug‟ due to its clinical significance and prevalence in the intensive care
unit (Xiao et al., 2011).
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Recent update based on clinical data, pharmacokinetic/pharmacodynamic properties and
minimum inhibitory concentration have shown increased resistance of P. aeruginosa to
antimicrobial agents (Xiao et al., 2012, Wayne, 2011; Wayne, 2012), leading to formulation
of a new breakpoint by the clinical and laboratory standards institute (Wayne, 2012 and Xiao
et al., 2012).
However, all the bacteria strains used in this study were laboratory strains without any known
pathogenicity. As model microorganisms they were used to demonstrate the antibacterial
properties of metal modified Laponite RD.

1.10

Conclusion

This review presents recent research findings in Laponite®. In using the modified processes
of pillaring, acid treatment, silane coupling and grafting, the aim is to fine-tune clay
characteristics to achieve improvements in such purposes as catalyst making, adsorbents for
toxic or hazardous substances and as firm support for pharmaceutical formulations. Research
is still underway to elucidate the antimicrobial potential of silver as well as copper in
Laponite® RD support for antimicrobial applications. Laponite® RD has not been used as an
antimicrobial agent, not because of its effectiveness or inefficiency but because of late and
slow-paced research work and therefore limited exploration of the potential that lies in this
synthetic clay mineral.
Despite the acclaimed activity of silver and its overwhelming reception as the most active
antimicrobial metal known, copper has been more institutionalised with a high level of
publicity and usage, ranging from hospital to household surface coatings. The antimicrobial
copper interest group comprising designers, healthcare professionals, facilities mangers,
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product manufacturers and material suppliers (whose membership is well established in
Japan, elsewhere in Europe and abroad), aim to provide up-to-date information on copper
subjects (www.copperinfo.co.uk). However, copper or any other metal antimicrobial agent is
neither a substitute for clinical routine maintenance nor a panacea for household hygiene
negligence. It is a supplement and its application should be in conjunction with other
maintenance measures.
1.11

Hypothesis

Conventional silver-based antibacterial agents easily leach out their silver content producing
material with short active lifetime. This quick leaching effect, coupled with antibacterial
resistance, toxicity of antibacterial materials and the broadening use of Laponite® RD in
novel application, prompted renewed interest in the use of Laponite® RD

as a support

material for silver and copper as effective antibacterial agent.
Silver or silver-based antibacterial agents have been in use since ancient times. Silver has
been exploited in preservation of water by space workers. This and other uses of silver or
silver based-composites have long been abandoned. However, the emergence of bacterial
resistance to antibiotics and antibacterial agents informed the resurgence of silver based
antibacterial composites. Silver or silver ions are relatively less toxic in human (Russell and
Hugo, 1994), but act as biocides to microorganisms, especially at low concentrations (Inoue
et al., 2002) due to their broad spectrum of antimicrobial activity (Feng et al., 2000; Silver et
al., 2003; Sondi and Salopek-Sondi, 2004 and Kwakye-Awuah et al., 2008). Silver ions
inhibit bacterial cell wall synthesis (Feng et al., 2000), inactivate respiratory enzymes
through generation of reactive oxygen species (Matsumura et al., 2003), interact with
ribosomes ensuing inhibition of the enzymes and proteins essential for ATP production
(Yamanaka et al., 2005), and bind to microbial DNA leading to replication failure (Thomas et
al., 2007). Although, copper is an essential nutrient in many microorganisms, including
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bacteria, and enzyme-associated copper is a requirement for aerobic metabolism, excess
amounts of free copper, or its alloys, often lead to cell toxicity. This toxicity is induced when
copper undergoes redox reactions alternating between Cu+1 and Cu2+ in the Fenton and
Haber-Weiss reaction, leading to the generation of hydroxyl radicals and reactive oxygen
intermediates (Quaranta et al., 2011). These hydroxyl radicals readily attack and damage
cellular biomolecules (Santo et al., 2010), and the highly reactive oxygen intermediates cause
lipid peroxidation and oxidation of protein leading to nucleic acid damage (Halliwell et al.,
1990). Copper also causes protein inactivation via disruption of Fe-S clusters in proteins such
as cytoplasmic hydratases (Macomber and Imlay, 2009).
Laponite® RD has been in use for various applications in textile, agriculture, drilling mud,
household and cosmetics. Laponite® RD has a CEC of 62 meq/100 g at pH 7 (Bergaya and
Vayer 1997; Thompson and Butteworth 1992) with high tenability and adaptability.
Laponite® RD possesses layered structures which accommodate inorganic antibacterial
cations within their interlayer space, edges or sheets through ion-exchange or isomorphous
substitution process. The unique rheological properties, such as easy swelling and dispersion
in aqueous systems, formation of translucent gels and films, enhanced its suitability as
reservoir or support material for metal inorganic nanoparticles.

1.12

Aims and objectives

The key aims of this study are:


To synthesize Laponite® RD and establish its purity.



To synthesize silver-exchanged Laponite® RD and copper-exchanged Laponite® RD
using conventional ion exchange technologies.
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To synthesize silver incorporated Laponite® RD and copper incorporated Laponite®
RD with silver or copper held at the Laponite® RD sheet via novel isomorphous
substitution techniques.



To establish the purity of the silver-Laponite® RD and copper-Laponite® RD using
variety of analytical tools: X-ray diffraction (XRD), Fourier transformed infrared
spectroscopy (FTIR), energy dispersive X-ray spectroscopy (EDX),
thermogravimetric analysis (TGA), magic angle spinning nuclear magnetic
resonance (MAS NMR), scanning electron microscopy (SEM) and transmission
electron microscopy (TEM).



To assess the antibacterial efficacy of the synthesized silver-Laponite® RD and
copper-Laponite® RD by comparing with other antibacterial agents.



To assess the silver or copper release profile of silver-Laponite® RD or copperLaponite® RD in aqueous systems in comparison with other antibacterial agents.

To achieve these aims, silver-exchanged Laponite® RD (AGLAP1-6) and copper-exchanged
Laponite® RD (CULAP1-6) were synthesised via ion exchange. Silver incorporated
Laponite® RD (AL1-3) and copper incorporated Laponite® RD (CL1) were synthesised via
isomorphous substitution of silver or copper into the Laponite® RD sheets.

1.13

Analytical techniques used in this study

Laponite® RD being versatile and extremely sensitive to method of preparation, its varying
properties and those of its metal-modified forms were monitored using various analytical
tools for the qualitative as well as their quantitative identification. XRD was used to confirm
the crystalinity and phase purity of the metal-Laponite® RD, FTIR to identify association
between new and existing bonds in the Laponite® RD structure. EDX was used to quantify
the silver and copper in Laponite® RD matrix while the morphology was determined by SEM
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and TEM. TGA displayed the thermal properties of the pure as well as the metal-modified
Laponite® RD. Particle analyser was used to determine the particle size of Laponite® RD and
its modified forms.
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Chapter 2

Experimental Design and Methodology
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This chapter is divided into two parts: The general methods involved in the synthesis,
modification and characterisation techniques of Laponite® RD

will be described in Part I.

Experimental protocols for investigation of antimicrobial activity of the metal modified
Laponite® RD produced in this work will be discussed in Part II.

PART I

Synthesis and characterization of metal modified Laponite® RD

The schematics plan of experimental work for Laponite® RD synthesis, modification with
silver and antimicrobial activity is shown in Figure 2.1.

2.1 Synthesis of Laponite® RD

Laponite® RD, the standard grade of Laponite (Li et al., 2009a) used in this study was
synthesised according to the protocol delivered by the product company, Rockwood
Additives Ltd, Cheshire, UK (Patent # GB1213122 and GB1432770). The precise method
used was that used for the commercial manufacture of Laponite® RD and is commercially
confidential. However, the general schematics of Laponite® RD synthesis is shown in Figure
2.1

63

__________________________________________________________________________

Step 1

LiCO3 + MgSO4 + Water

Step 2

Na2CO3 + Water

Step 3

Na silicate solution

Laponite® RD
Fig. 2.1: General schematic of Laponite® RD synthesis. Laponite® RD is synthesised by combining
sodium, magnesium and lithium salts with sodium silicate at specific reaction conditions with the
formation of an amorphous precipitate which undergo complete crystallization at high temperature.

__________________________________________________________________________
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LAPONITE® RD

MODIFICATION
Ag+

Ion Exchange
(AgNO3)

Analysis: XRD, FTIR, EDX, SEM,
TGA, MAS NMR, TEM

ANTIMICROBIAL ACTIVITY

S. aureus

E. coli

P. aeruginosa

Inhibition Zone, and Viable
Bacteria Count

Silver ions Release
(ICP-AES)

Isomorphous Substitution
(AgNO3)

Analysis: XRD, FTIR, EDX, SEM,
TGA, MAS NMR, TEM

ANTIMICROBIAL ACTIVITY

S. aureus

E. coli

P. aeruginosa

Inhibition Zone, and Viable
Bacteria Count

Silver ions Release
(ICP-AES)

Fig. 2.2: Schematics plan of experimental work: Laponite® RD was synthesised and modified via two methods:
Ion exchange and isomorphous substitution using AgNO3. The samples were characterised with XRD, FTIR,
EDX, SEM, TGA, MAS NMR and TEM. The antibacterial activity was investigated by exposing E. coli, S.
aureus and P. aeruginosa to silver-Laponite® RD in TSB. The efficacy of the silver-Laponite® RD was assessed
by obtaining the inhibition zone and viable count. The released silver ion from the silver-Laponite® RD
nanocomposite was determined by ICP AES.
____________________________________________________________________________________________________________________________________________________________________________________

2.2 Modification of Laponite® RD with metal
Two approaches were utilised in the modification process with silver or copper (schematics
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plan of experimental work for Laponite® RD

synthesis, modification with copper and

antimicrobial activity is shown in Figure 2.2).
_____________________________________________________________________________________________________________________________________________________

LAPONITE® RD

MODIFICATION
Cu2+

Ion Exchange
(CuSO4)

Analysis: XRD, FTIR, EDX, SEM,
TGA, MAS NMR, TEM

ANTIMICROBIAL ACTIVITY

S. aureus

E. coli

P. aeruginosa

Inhibition Zone, and Viable
Bacteria Count

Copper ions Release
(ICP-AES)

Isomorphous Substitution
(CuSO4)

Analysis: XRD, FTIR, EDX, SEM,
TGA, MAS NMR, TEM

ANTIMICROBIAL ACTIVITY

S. aureus

E. coli

P. aeruginosa

Inhibition Zone, and Viable
Bacteria Count

Copper ions Release
(ICP-AES)

Fig. 2.3: Schematics plan of experimental work: Laponite® RD was synthesised and modified via two methods:
Ion exchange and isomorphous substitution using CuSO4. The samples were characterised with XRD, FTIR,
EDX, SEM, TGA, MAS NMR and TEM. The antibacterial activity was investigated by exposing E. coli, S.
aureus and P. aeruginosa to copper-Laponite® RD in TSB. The efficacy of the copper-Laponite® RD was
assessed by obtaining the inhibition zone and viable count. The released copper ion from the copper-Laponite®
RD nanocomposite was determined by ICP AES.
____________________________________________________________________________________________________________________________________________________________________________________
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The first approach was by ion exchange, which involved the displacement of the interlayer
sodium ion (Na+) by silver or copper ions. The second approach was by isomorphous
substitution involving the incorporation of silver or copper within Laponite® RD layers.

2.2.1 The displacement of interlayer sodium by ion exchange
Vansant and Pesters (1978) exchanged alkyl ammonium cations on the Laponite® RD to
establish exchange isotherms using a dialysis technique. The exchange between Na+ and Ag+
cations on the Laponite® RD was performed in this research using ion exchange technique in
order to establish the displacement of the interlayer sodium.

2.2.1.1 Ion exchange with AgNO3
The ion exchange was performed using a method described by Utracki et al., (2007) and
Lezhnina et al., (2011) with some modifications. A 0.8g of AgNO3 (Sigma-Aldrich, UK) was
dissolved in 79.2 ml deionised water using a magnetic stirrer. 6.4g of Laponite® RD was
gently added to the solution and allowed to disperse (AGLAP1, for AGLAP2, AGLAP3,
AGLAP4, AGLAP5 and AGLAP6 see Table 2.1), in a solution to solid ratio of 12.5 : 1. The
mixture was then stirred for 3 hrs for total exchange. This was performed in the dark due to
the photosensitivity of AgNO3. The colour changed from clear colourless, white, cloudy
white, yellow, to golden yellow. After the 3 hrs of exchange, the mixture was then filtered
and washed eight times with 25ml, methanol (Sigma-Aldrich, UK) for total removal of the
excess exchange solution. The filtered cake was transferred into a Petri dish in a fume
cupboard for 1 hour to allow the methanol to evaporate. The sample was then transferred to
oven (40oC) to dry overnight. It was then milled into powder, sieved with a 100 micron mesh
and stored in brown sealed capped containers. The amount of Ag exchanged or Na displaced
was determined by energy dispersive X-ray (EDX) spectroscopy.
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_____________________________________________________________________
Table 2.1: Preparation of silver modified Laponite® RD by ion exchange

Sample

AgNO3 (g)

H2O (ml)

Laponite® RD (g)

AGLAP1

0.8

79.2

6.4

AGLAP2

1.6

78.4

6.4

AGLAP3

2.4

77.6

6.4

AGLAP4

3.2

76.8

6.4

AGLAP5

4.0

76.0

6.4

AGLAP6

4.8

75.2

6.4

_____________________________________________________________________

2.2.1.2 Ion exchange with CuSO4
The ion exchange was performed using a method described by Utracki et al., 2007 with some
modifications. 0.8g of CuSO4 . 5H2O (Sigma-Aldrich, UK) was dissolved in 79.2ml deionised
water using a magnetic stirrer. 6.4g of Laponite® RD was gently added to the solution and
allowed to dissolve (CULAP1, for CULAP2, CULAP3, CULAP4, CULAP5 and CULAP6
see Table 2.2), in a solution to solid ratio of 12.5 : 1. The mixture was then placed in plastic
bottles on a rotation drum to facilitate ion exchange. The slurry was washed eight times with
25ml aliquots of methanol (Sigma-Aldrich, UK) for total removal of the excess exchange
solution. The filtered cake was transferred into a Petri dish in fumed cupboard for 1 hour to
allow the methanol to evaporate. The sample was then transferred to oven for overnight
drying at 40oC and made into powder and stored in sealed capped containers.
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Table 2.2: Preparation of copper modified Laponite® RD by ion exchange

Sample

CuSO4 (g)

H2O (ml)

Laponite® RD (g)

CULAP1

0.8

79.2

6.4

CULAP2

1.6

78.4

6.4

CULAP3

2.4

77.6

6.4

CULAP4

3.2

76.8

6.4

CULAP5

4.0

76.0

6.4

CULAP6

4.8

75.2

6.4

___________________________________________________________________________

2.2.2 Incorporation of metal in Laponite® RD layer by isomorphous substitution
The isomorphous substitutions of Laponite® RD with silver and copper were performed to
establish their incorporation at the Laponite® RD sheet.

2.2.2.1 Isomorphous substitution using AgNO3
The isomorphous substitution with silver follows the synthesis of Laponite® RD, exception
for the addition of AgNO3 prior to crystallization. The synthesis was not successful when
AgNO3 was added to Li2CO3 at the first instance. 0.42g of Li2CO3 was dispersed in 56.6ml
deionised water and 12.87g of MgSO4 for AL1 (11.91g MgSO4 for AL2 and 10.35g MgSO4
for AL3) was added and allowed to dissolve for 1 hour. The mixture was heated to 60oC.
10.35g of Na2CO3 was dissolved in 41.4g of deionised water and added drop-by-drop to the
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Li2CO3/MgSO4 mixture. Sodium silicate (70.5g) was then added drop wise maintaining the
temperature at 60oC. The temperature was increased to 98oC for 2 hours. The resultant slurry
was transferred to autoclave vessel for complete crystallization at 202oC for 6 hours. The 0.5g
AgNO3 was added prior to crystallisation to the reaction vessel for AL1 (2g AgNO3 for AL2
and 4.1g AgNO3 for AL3) and proceeded in the dark for 6 hours. The reaction vessel and its
content were allowed to cool to ambient temperature. The slurry was washed with deionised
water, filtered, dried and milled.

2.2.2.2 Isomorphous substitution using CuSO4
The isomorphous substitution with copper was slightly different to that of silver substitution
and was performed as follows; 0.42g of Li2CO3 was dispersed in 56.60g deionised water and
11.38g of MgSO4 was added and allowed to dissolve for 1 hour. 0.24g of CuSO4 . 5H2O was
added to the mixture and was heated to 60oC. 10.35g Na2CO3 was dissolved in 41.40ml of
deionised water and added drop-by-drop to the LiCO3/MgSO4 mixture. Sodium silicate
(70.50g) was then added drop wise maintaining the temperature at 60oC. The temperature
was then increased to 98oC for 2 hours. The resultant slurry was transferred to an autoclave
vessel for complete crystallization at 202oC. The reaction vessel and its content were allowed
to cool to ambient temperature. The slurry was washed with deionised water and filtered,
dried and milled.

2.3

Characterization of metal modified Laponite® RD

Laponite® RD and silver exchanged Laponite® RD as well as the copper exchanged
Laponite® RD

were characterised using spectroscopic and microscopic methods.
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Spectroscopy techniques used include X-ray Diffraction (XRD), Fourier Transformed
Infrared (FTIR) and Energy Dispersive X-ray (EDX). Microscopy methods used were
Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM).
Thermogravimetric Analysis (TGA) was used for the thermal characterisation.

2.3.1 X-ray diffraction (XRD)

(a) Introduction
X-ray diffraction is a rapid analytical technique that reveals the crystallographic structure,
chemical composition as well as physical properties of natural or synthetic materials. X-ray
powder diffraction is the most common technique used for the characterisation of crystalline
structures and the determination of mineralogy of fine particles such as Laponite® RD. It
identifies the phase of crystalline material and provides information on its unit cell
dimensions.

(b) Principle of XRD
Based on Bragg‟s law: nλ = 2d sin θ
Where:
n – is an integer for “order” of reflection
λ – wavelength of the incident X-rays
d – inter-planar spacing of the crystal
θ – angle of incidence

(c) Experimental method
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Samples of Laponite® RD with or without metal were finely grounded and homogenised
before analysis. X-ray diffraction patterns of the samples were obtained with a Philips model
PW1710 X-ray diffractometer equipped with graphite monochromated CuKα radiation with
X-ray tube settings at 40kV and 40mA. The scanning speed was 1 degree 2-theta per minute
in 5o to 50o range. Data processing was carried out using Philips APD software with a
search/match facility and an ICDD (International Centre for Diffraction Data) database on a
DEC Microvax 31000 minicomputer interfaced to the diffractometer. The computer
correlated the obtained sample pattern with ICDD 9-31 (the PDF powder diffraction file
number published by the International Centre for Diffraction Data, formerly the Joint
Committee for Powder Diffraction Standards (JCPDS)) reference standard. The X-ray
powder diffraction patterns of Laponite® RD, silver-Laponite® RD and copper-Laponite®
RD were collected on a conventional source using a flat auto plate. Portions of the samples
were placed on the flat auto plate and pressed to fill the entire perimeter using a glass plate.
After obtaining a smooth and level surface of the powder, the plates were stacked on an
automatic sample chamber one at a time.

2.3.2 Fourier transformed infrared spectroscopy (FTIR)

(a) Introduction
FTIR is an analytical technique based on vibration of atoms in a molecule and provides the
most informative single technique for assessing the mineriological and crystal-chemistry of
clay minerals. Laponite® RD with or without metal were analysed with a Mattson Genesis II
FTIR spectrometer (Mattson Instruments, UK) equipped with a ZnSe crystal plate fitted with
a mercury cadmium telluride A (MCTA) detector and a KBr beam splitter.
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(b) Principle of FTIR
Clay minerals to be tested adsorb infrared (IR) radiation from the photospectrometer. The
extent of adsorption is determined by the atomic mass, length, strength and force constant of
interatomic bonds in the structure of the minerals. The symmetry of the unit cell and the local
site symmetry of each atom within the unit cell also have contributory influences on the
absorption. The detector monitors the wave number range and transmits the signal to a PC.
The PC translates the signal into an absorption spectrum.
(c) Experimental method
Laponite® RD (with or without metal) samples were made into powder and a little quantity
just enough to cover the disc hole is placed on the disc. The disc is pressed unto the solid
holder and the scan of the sample is operated on the PC which further generates the IR
spectrum. The range of wave number used in this study was 400 – 4000cm-1.

2.3.3 EDX
(a) Introduction
Energy dispersive X-ray (EDX) spectroscopy was employed in the scanning electron
microscope (SEM) for the elemental identification of the Laponite® RD samples, using Zeiss
EVO 50 scanning electron microscope fitted with an Oxford EDX, Zeiss, UK.
(a) Principle of EDX
The EDX equipment was fitted in conjunction with a scanning electron microscope. The
incident electron beam induces X-ray fluorescence in the sample which is energy-analyzed
using a cooled semiconductor detector. The EDX measures the energy of X-rays generated
by the atoms of the Laponite® RD samples during interactions with the electron beam. The
X-ray spectra formed are characteristic of the atoms that formed them, allowing the chemical
composition of the sample to be determined. EDX cannot detect Li or OH due to their low
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atomic number and low percentage, total percentage composition being less than 5wt% (Song
et al., 2009 and Pichonat et al., 2010). However, the Li and OH contents were quantified with
ICP-AES and TGA respectively. During the analysis the “normalised” function was engaged
to measure the concentration of the elements as a proportion totalled to 100%. In addition, the
element map was also recorded.

2.3.4 Particle size analyser
(a) Introduction
The particle size distribution per unit volume Laponite® RD without silver or copper and
silver or copper modified Laponite® RD were analysed with a Laser Granulometer Hydro
2000MU (Malvern Instrument Ltd, UK), courtesy Coventry University.

(a) Principle of laser granulometer
The particle size analyser is based on the principle that particles scatter and diffract light at
certain angles based on their size, shape, and optical properties.

(a) Experimental method
The Laponite® RD without silver or copper and the silver or copper modified Laponite® RD
were analysed using 0.1 mg of each sample. Each sample is dispersed in deionised water and
loaded into the sample handling chamber which uses mechanical action for stirring to avoid
flocculation. The particle measurements and distribution were read from a computer
connected to the instrument.

2.3.5 Scanning electron microscopy (SEM)
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(a) Introduction
Scanning electron microscopy reveals information about the external morphology, chemical
composition and crystalline structure making up the sample. The Zeiss EVO 50 scanning
electron microscope was fitted with an Oxford EDX, Zeiss, UK.

(a) Principle of SEM
A scanning electron microscope uses a focused beam of high energy electrons to generate a
variety of signals at the surface of solid specimens (Fig. 2.3).
___________________________________________________________________________

Fig. 2.4: Diagram of scanning electron microscope (Martinez, 2011)
__________________________________________________________________________________________
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The accelerated electrons dissipate their energy as a variety of signals produced by electronsample interactions when the incident electrons are decelerated in the solid sample. These
signals including the secondary electrons produce SEM images.

(a) Experimental Method
The samples were made into a fine powder and were sprinkled on prepared aluminium stubs
with carbon adhesive coating. Some of the samples, where necessary were gold-coated with
an Emscope SC500 sputter coater to reduce static charging. The electron micrographs were
obtained at various magnifications.
2.3.6 Transmission electron microscopy (TEM)
(a) Introduction
The TEM technique makes it possible to determination the morphology, size and structure of
mineral clays. The TEM (Fig. 2.4) analysis was done with Joel 1200EX transmission electron
microscope (courtesy EM unit, University of Birmingham) with operating voltage of 80KeV,
fitted with a LaB 6 filament using 300 mesh Formvar coated nickel grid, to examine the
morphology and size of the silver and copper modified Laponite® RD samples.

(c) Experimental method
Sample preparation is critical for the examination of Laponite® RD, silver-Laponite® RD and
copper-Laponite® RD

samples by transmission electron microscopy. In this study, the

samples were prepared according to the protocol described by Ruparelia et al (2008) with
some modifications. 0.1mg of Laponite® RD, silver or copper modified Laponite® RD was
dispersed in 10ml of methanol and sonicated for 15 minutes. A drop was placed onto a nickel
grid and allowed to dry before mounting on the TEM for observation. The nanoparticle size
was determined by measuring the nanoparticle size from the TEM micrograph using Image
76

Pro Plus software, version

4.5.0.19 for Windows 98/NT/2000. The nanoparticle size

distribution was plotted and the graph obtained from Microsoft Excel version 2010.

___________________________________________________________________________

Fig. 2.5: Diagram of transmission electron microscope (Cormia, 2011)

___________________________________________________________________________

2.3.7 Si29 magic angle spinning nuclear magnetic resonance (Si29 MAS NMR)
spectroscopy
(a)

Introduction

Nuclear magnetic resonance (NMR) spectroscopy is an analytical technique that supplies
information on the structure and dynamic aspects of clay minerals as well as other solids. The
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Varian Unity Inova spectrometer (courtesy Durham University) was used operating at
59.56MHz for 29Si. The samples were referenced to neat, external tetramethylsilane.
(b)

Principle

The principle of NMR spectroscopy has to do with the interaction of the nuclear magnetic
moment ( µn = (h/2п) Yn I) with an external magnetic field, Bo that induces the splitting of
the 2I + 1 energy level of the nuclear spin I (Sanz, 2006). When a clay sample is irradiated
with a radio frequency, absorption of the resonant energy between adjacent energy levels
occurs. The precise frequencies at which the spin-active clay resonates is picked up and
displayed by the nuclear magnetic resonance spectrometer.

2.3.8 Inductively coupled plasma atomic emission spectroscopy (ICP-AES)

(a)

Introduction

The elemental composition of Laponite® RD, silver-Laponite® RD and copper-Laponite® RD
were accessed by ICP-AES with SPECTRO CIROSCCD.

(b)

Principle

ICP AES uses inductively coupled argon plasma to produce excited atoms and ions that emit
electromagnetic radiation of varying wavelengths. Each element possesses a corresponding
wavelength which is detected by the charged couple device. The schematic of ICP-AES is
shown in Fig. 2.5. The intensity of the emitted radiation is proportional to the concentration
of the element in the sample. The radiation detected is then transformed directly into a
percentage or measured concentration.
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___________________________________________________________________________

Fig.2.6: Schematics of ICP AES (Concordia analytical instrument laboratory, 2012)

___________________________________________________________________________

(c)

Experimental method

A 2g of the samples were digested in 4ml of 65% HNO3 and 1ml of 96% H2SO4 on MLSMEGA Microwave and subsequently analysed

on ICP-AES. Triplicates readings were

obtained and the average was recorded.

2.3.9 Thermogravimetric analysis (TGA)
(a)

Introduction

Thermogravimetric analysis (TGA) measures the weight in a material as a function of
temperature (or time) under controlled atmospheric conditions. The thermal stability and
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composition of Laponite® RD without silver or copper and silver or copper modified
Laponite® RD were performed with a Perkin Elmer TGA7 thermogravimetric analyser.

(b)

Experimental method

5 – 10mg each of Laponite® RD (without silver or copper) and silver- or copper-Laponite®
RD were heated from room temperature to 900 oC under nitrogen gas flow (20ml/min) at a
rate of 5 oC/min. Sample mass changes due to the applied controlled increasing temperature
were automatically recorded using an electrobalance. The data were transformed into weight
versus temperature graph by a computer monitor from which the deformation temperature
and corresponding weight loss were obtained.

2.3.10 Rheology of Laponite® RD
The rheology of the Laponite® RD, silver and copper modified Laponite® RD was assessed
using the pebble and jar test (method supplied by Rockwood Additives Ltd, UK). 1g of
Laponite® RD, silver or copper modified Laponite® RD powder were measured into a jar
containing a pebble and 9 ml of deionised water was added. The jar and its content were
mixed until fully dispersed. The mixture was left on the work bench and was observed for
gellation for the duration of the study. The procedure was repeated for the silver as well as
the copper modified Laponite® RD.
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PART II

Antimicrobial Analysis

2.4 Media preparation

2.4.1 Preparation of tryptone soya broth (TSB)
TSB was obtained from Lab M, UK. The manufacturer‟s protocol was followed in the
preparation procedure. A 6g of TSB were dissolved in 200 ml of de-ionised water in 500 ml
conical flasks (0.6g TSB in 20 ml de-ionised water, in a 50 ml conical flask for the starter
culture). The conical flasks were capped with foams and covered with aluminium foils. The
flasks and its contents were then autoclaved at 121 oC for 15 minutes and cooled to ambient
temperature.

2.4.2 Preparation of tryptone soya agar (TSA)
TSA was obtained from Lab M, UK and was prepared according the manufacturer protocol.
14.8 g TSA was added to 400 ml de-ionised water in 500 ml medical flasks in order to obtain
37 g l-1 of TSA. The flasks and its contents were loosely capped and autoclaved at 121oC for
15 minutes and cooled to 50 oC. The molten agar was poured onto sterile Petri dishes and
allowed to solidify at room ambient temperature.
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2.4.3 Preparation of Ringer’s solution
The Ringer (one-quarter strength) was supplied by Lab M, UK. The Ringer‟s solution was
prepared by dissolving 1 tablet in 500 ml of de-ionised water in a 1 litre flask. The flask was
then placed on a magnetic stirrer to dissolve the tablet. 4.5 ml portions were pipetted into test
tubes labelled 10-1 to 10-8 (Fig. 2.6). The test tubes were capped, test tube and contents were
autoclaved for 15 minutes at 121oC. The test tubes were allowed to attain room temperature
before use.

2.5

Antibacterial activity of silver modified Laponite® RD

2.5.1 Introduction
The antibacterial activity of silver modified Laponite® RD (silver-Laponite® RD) was
investigated by exposing three different bacterial strains: Escherichia coli K12W-T (Gram
negative), StaphylococcuS. aureus NCIMB6571 (Gram positive) and Pseudomonas
aeruginosa NCIMB8295 (Gram negative) to silver-Laponite® RD via ion exchange and
isomorphous substitution methods. All three strains were obtained from the University of
Wolverhampton culture collection centre. The stock cultures were freeze-dried and kept at 20 oC. Prior to the investigation, cultures were resuscitated and grown on TSA overnight at
37 oC. During the investigation all three bacterial strains were separately exposed to silver
exchanged Laponite® RD (ion exchange method) and silver incorporated Laponite® RD
(isomorphous substitution method) in TSB for a period of 72 hours.
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2.5.2 Disk diffusion test
Bacterial sensitivity to antibacterial agents is usually tested using a disk diffusion test,
employing antibiotic impregnated disks (Ruparelia et al., 2008). A modified test according to
those described by Ruparelia et al., (2008) and Yuan and Cranston (2008) were used in this
study. A 5 mg ml-1 silver modified Laponite® RD was sonicated, then transferred to 8 mm
diameter filter paper. To ensure uniform thickness, the filter paper of 8mm diameter was
dried in an oven regulated at 40oC for 1 hour. Then small disks of 8mm diameter containing
approximately 140 ±20 µg silver nanoparticles were punched out and stored in a desiccator at
ambient temperature. The bacterial suspension of 105 - 106 CFU ml-1 was diluted to give a
semi-confluent growth of 103 -104 CFU ml-1 and applied on nutrient agar plate surface and
spread with a spreader. The disks were aseptically placed on the agar. The plates including
the disks were incubated for 24 hours at 37 oC. The average diameter of the inhibition zone
surrounding the disk was measured with a ruler with 1 mm scale, three replicates were
performed for each concentration of silver-Laponite® RD for the different bacterial strains
and the mean and standard error were recorded. The copper-Laponite® RD disk diffusion test
was performed in a similar manner.

2.5.3 Influence of concentration of silver-Laponite® RD and AgNO3 with time on
bacterial growth
The inhibitory effect of the silver-Laponite® RD as function of concentration and time was
investigated by the experimental method described by Bellantone et al., (2002). A single
colony from each bacteria was used to inoculate a 20 ml starter culture, which was grown
aerobically overnight at 37 oC in a rotary shaker at 150 rpm (Fig. 2.6). 0.1 ml of each culture
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One loopful of culture

Streaked plate / 37oC / 24 hrs
TSB agar slant

Single colony
inoculum

Starter culture (20 ml) / 37oC / 24 hrs
0.1 ml

TSB

Antibacterial agent /200 ml / 37oC /
24 hrs / 150 rpm

0.5 ml

0.5 ml

Serial dilutions
4.5 ml
Ringer‟s
10 -1

4.5 ml Ringer‟s
solution
10 -8

20 l
10-8
10

10-1

-7

10-2

10-6

10-3
10

-5

10

-4

Plating on Petri dish using Miles
and Mistra technique.
37oC / 24 hrs incubation
and CFU /ml calculated.

Fig. 2.7: Schematic representation of antibacterial protocol. Determination of viable cell count, CFU ml -1. Fresh
slant is inoculated with bacterial stock culture. After overnight incubation, a loopful is transferred to make a
streak plate. A single colony inoculum was aseptically transferred to a TSB medium and grown for 24 hrs at 37
o
C. With sterile pipette 0.1 ml was aseptically transferred into flasks containing TSB and the antibacterial
agents. Serial dilution was performed and plating on TSA to estimate the colony forming units (CFU ml-1).
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(approx. 1x 109 CFU ml-1) were then inoculated into 200 ml sterile TSB in 500ml conical
flasks to give a final concentration of 1.55 x 105 ± 6.33 x 104 CFU ml

-1

(total viable count

obtained on the agar plate) for E. coli, 1.56 x 105 ± 1.45 x 104 CFU ml-1 for S. aureus and
1.65 x105 ± 1.18 x 104 CFU ml-1 for P. aeruginosa at time 0. Flasks containing Laponite®
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RD (without silver) or silver-Laponite® RD were prepared according to the protocol shown in
Tables 2.3 and 2.4. Flasks 1 to 3 contained E. coli, S. aureus and P. aeruginosa in TSB and
were used as negative controls; flasks 4 - 6 containing silver modified Laponite® RD and
TSB, devoid of inoculum, were used as positive controls. Laponite® RD (without silver) was
prepared as follows; 2 gl-1 (0.4g per 200 ml) was added to flasks 7, 8 and 9 containing 200ml
TSB. The concentration of silver-Laponite® RD used was 2 gl-1 (0.4g per 200ml). Flasks 10
to 18 contained the different concentrations of silver-Laponite® RD while flasks 19 – 21
contained 2 gl-1 AgNO3 each. 0.5 ml from each sample was serially diluted in ten-fold steps
to 10-8 and 20 µl of liquid culture

___________________________________________________________________________
Table 2.3: Summary of experimental procedure used in the antibacterial testing of silver modified Laponite® RD
via ion exchange and AgNO3.

*

Flask No

TSB; ml

Bacteria; ml

*

AGLAP6; g

Lap; g

AGLAP1; g

AGLAP4; g

AGLAP6; g

AgNO3; g

1

200

0.1

-

-

-

-

-

-

2

200

0.1

-

-

-

-

-

-

3

200

0.1

-

-

-

-

-

-

4

200

-

0.4

-

-

-

-

-

5

200

-

0.4

-

-

-

-

-

6

200

-

0.4

-

-

-

-

-

7

200

0.1

-

0.4

-

-

-

-

8

200

0.1

-

0.4

-

-

-

-

9

200

0.1

-

0.4

-

-

-

-

10

200

0.1

-

-

0.4

-

-

-

11

200

0.1

-

-

0.4

-

-

-

12

200

0.1

-

-

0.4

-

-

-

13

200

0.1

-

-

-

0.4

-

-

14

200

0.1

-

-

-

0.4

-

-

15

200

0.1

-

-

-

0.4

-

-

16

200

0.1

-

-

-

-

0.4

-

17

200

0.1

-

-

-

-

0.4

-

18

200

0.1

-

-

-

-

0.4

-

19

200

0.1

-

-

-

-

-

0.4

20

200

0.1

-

-

-

-

-

0.4

21

200

0.1

-

-

-

-

-

0.4

AGLAP was AGLAP6 without bacteria used as positive control
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were aseptically transferred on to three TSA plates from each dilution and incubated
overnight at 37 oC for 24 hours. The colony counts (which was the visible bacteria growth
judged by the naked eye) were obtained from the averages of the three plates for each dilution
(Xu et al., 2006 and Gottschaldt et al., 2006). The experiment was repeated three times and
results expressed as CFU ml-1.

___________________________________________________________________________
Table 2.4: Summary of experimental procedure used in the antibacterial testing of silver modified Laponite® RD
via isomorphous substitution and AgNO3.

Flask No

TSB; ml

Bacteria; ml

*

AL3; g

Lap; g

AL1; g

AL2; g

AL3; g

AgNO3; g

1

200

0.1

-

-

-

-

-

-

2

200

0.1

-

-

-

-

-

-

3

200

0.1

-

-

-

-

-

-

4

200

-

0.4

-

-

-

-

-

5

200

-

0.4

-

-

-

-

-

6

200

-

0.4

-

-

-

-

-

7

200

0.1

-

0.4

-

-

-

-

8

200

0.1

-

0.4

-

-

-

-

9

200

0.1

-

0.4

-

-

-

-

10

200

0.1

-

-

0.4

-

-

-

11

200

0.1

-

-

0.4

-

-

-

12

200

0.1

-

-

0.4

-

-

-

13

200

0.1

-

-

-

0.4

-

-

14

200

0.1

-

-

-

0.4

-

-

15

200

0.1

-

-

-

0.4

-

-

16

200

0.1

-

-

-

-

0.4

-

17

200

0.1

-

-

-

-

0.4

-

18

200

0.1

-

-

-

-

0.4

-

19

200

0.1

-

-

-

-

-

0.4

20

200

0.1

-

-

-

-

-

0.4

21

200

0.1

-

-

-

-

-

0.4

*

AL was AL3 without bacteria used as positive control
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At each time interval triplicate pH measurements were performed and the mean value was
calculated. The graph of CFU ml-1 was plotted against time using Microsoft Excel
(Microsoft corporation, 2010). The protocol was repeated for the AGLAP4 and AGLAP6 in
200ml TSB. The release of Ag+ ions from the silver-Laponite® RD into TSB was studied by
withdrawing 5 ml of each culture with a sterile pipppete at 2 hours intervals for 8 hours and
then at 24, 48 and 72 hours.
2.6

Antibacterial activity of copper modified Laponite® RD

2.6.1 Introduction
The antibacterial activity of copper modified Laponite® RD (copper-Laponite® RD) was
investigated by exposing three different bacterial strains: E. coli K12W-T (Gram negative), S.
aureus NCIMB6571 (Gram positive) and P. aeruginosa NCIMB8295 (Gram negative) to
copper modified Laponite® RD via ion exchange and isomorphous substitution. All three
bacteria were obtained from the University of Wolverhampton culture collection centre. The
stock cultures were freeze-dried and kept at -20 oC. Prior to the investigation, cultures were
resuscitated and grown on TSA overnight at 37 oC. During the investigation all three bacterial
strains were exposed to copper-exchanged Laponite® RD and copper incorporated Laponite®
RD in TSB for a period of 72 hours.

2.6.2 Influence of concentration of copper-Laponite® RD and CuSO4 with time on
bacterial growth
The inhibitory effect of the copper-Laponite® RD as a function of concentration and time was
investigated by the experimental method as shown in Tables 2.5 and 2.6. A single colony
from each bacteria was used to inoculate a 100 ml starter culture, which was grown
aerobically overnight at 37 oC in a rotary shaker at 150 rpm (Fig. 2.6). 0.1 ml of each culture
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(approx. 1x 109 CFU ml-1) were then inoculated into 200 ml sterile TSB in 500ml conical
flasks to give a final concentration of 1.73 x 105 ± 6.0 x 104 for E. coli, 1.70 x 105 ± 1.2 x 104
CFU ml-1 (standard error calculated from the three plates for each dilution performed) for S.
aureus and 1.60 x 105 ± 1.33 x 104 CFU ml-1 for P. aeruginosa at time 0. Flasks containing
Laponite® RD (without copper) or copper-Laponite® RD were prepared according to the
protocol (Table 2.5 and 2.6), flasks 1 to 3 containing E. coli, S. aureus and P. aeruginosa in
TSB were used as negative controls.
___________________________________________________________________________
Table 2.5: Summary of experimental procedure used in the antibacterial testing of copper modified Laponite®
RD via ion exchange and CuSO4.

*

Flask No

TSB; ml

Bacteria; ml

*

CULAP6; g

Lap; g

CULAP1; g

CULAP4; g

CULAP6; g

CuSO4; g

1

200

0.1

-

-

-

-

-

-

2

200

0.1

-

-

-

-

-

-

3

200

0.1

-

-

-

-

-

-

4

200

-

0.4

-

-

-

-

-

5

200

-

0.4

-

-

-

-

-

6

200

-

0.4

-

-

-

-

-

7

200

0.1

-

0.4

-

-

-

-

8

200

0.1

-

0.4

-

-

-

-

9

200

0.1

-

0.4

-

-

-

-

10

200

0.1

-

-

0.4

-

-

-

11

200

0.1

-

-

0.4

-

-

-

12

200

0.1

-

-

0.4

-

-

-

13

200

0.1

-

-

-

0.4

-

-

14

200

0.1

-

-

-

0.4

-

-

15

200

0.1

-

-

-

0.4

-

-

16

200

0.1

-

-

-

-

0.4

-

17

200

0.1

-

-

-

-

0.4

-

18

200

0.1

-

-

-

-

0.4

-

19

200

0.1

-

-

-

-

-

0.4

20

200

0.1

-

-

-

-

-

0.4

21

200

0.1

-

-

-

-

-

0.4

CULAP was CULAP6 without bacteria used as positive control
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A second set of controls (positive) was prepared as follows: 2 g l-1 (0.4g per 200 ml) of
Laponite® RD (without copper) was added to flasks 4, 5 and 6 without any bacteria. The
concentration of copper exchanged Laponite® RD and CuSO4 used was 2 g l-1 each in flasks 7
– 18 and 19 – 21 respectively. 0.5 ml from each sample flask was serially diluted in ten-fold
steps to 10-8 and 20 µl of each dilution was transferred aseptically and spread on TSA plates
in triplicate, and incubated overnight at 37 oC using the Miles and Mistra technique (Hedges,
2002; Weenk, et al., 2003) see Fig. 2.6. The investigation was performed under the same
experimental conditions although temperature, pH, water activity and available nutrient were
not determined experimentally. The colony counts were obtained from the mean of the three
plates for each dilution.
___________________________________________________________________________
Table 2.6: Summary of experimental procedure used in the antibacterial testing of copper modified Laponite®
RD via isomorphous substitution and CuSO4.

Flask No

TSB; ml

Bacteria; ml

*

CL; g

Lap; g

CL1; g

CuSO4; g

1

200

0.1

-

-

-

-

2

200

0.1

-

-

-

-

3

200

0.1

-

-

-

-

4

200

-

0.4

-

-

-

5

200

-

0.4

-

-

-

6

200

-

0.4

-

-

-

7

200

0.1

-

0.4

-

-

8

200

0.1

-

0.4

-

-

9

200

0.1

-

0.4

-

-

10

200

0.1

-

-

0.4

-

11

200

0.1

-

-

0.4

-

12

200

0.1

-

-

0.4

-

13

200

0.1

-

-

-

0.4

14

200

0.1

-

-

-

0.4

15

200

0.1

-

-

-

0.4

*

CL was CL1 without bacteria used as positive control
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The whole experiment was performed three times and the results expressed as Log colony
forming unit per millilitre (Log CFU ml-1). From each sample flask, 5 ml was withdrawn at
two hourly intervals for 8 hours and then at 24, 48 and 72 hours for further analysis with ICPAES.

2.7

Inductively coupled plasma atomic emission spectroscopy (ICP-AES) analysis

The concentration of silver ions and copper ions released from silver-Laponite® RD and
copper-Laponite® RD into TSB at each time interval was determined by ICP-AES. To
determine the concentration of silver ions released from the Laponite® RD matrix into the
TSB solution, 5 ml portions of the samples were used for Inductively Coupled Plasma
Atomic Emission Spectroscopy (ICP-AES) with SPECTRO CIROSCCD. The determination of
silver ions or copper ions released from the metal-Laponite® RD sheet into solution gives a
better understanding of how much silver or copper was available in the media containing the
bacteria, as well as the amount retained in the metal-Laponite® RD matrix.

The release of Ag+ ions from the silver modified Laponite® RD and Cu2+ from the copper
modified Laponite® RD into nutrient agar was studied by suspending equal amounts in agar.
The suspensions were maintained under the same conditions as for the bacterial test, with a
rotary shaker set at 150 rpm. The samples were centrifuged with a Sigma Laboratory
Centrifuge 6K15, spin at 5600g, 15,000 rpm for 15 minutes. The concentration of Ag+ or
Cu2+ in the supernatant was determined by ICP-AES, initially at starting time zero (0) and
after every two hours at 2, 4, 6, 8, 24, 48 and 72 hours.
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2.8

Statistical analysis

Antibacterial activity assays were performed in triplicates on different days. Data were
expressed as the mean and standard error of the mean. The differences observed between
samples were considered to be significant at P < 0.05 and extremely significant at P < 0.001
(Motulsky, 1999). Statistical procedures were performed with Graphpad Prism 5 using twoway ANOVA with Bonferroni test, some of the results are presented in Appendix 1 and 2.
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Chapter 3

Result and Discussion

Synthesis and characterisation of silver modified Laponite® RD
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In this chapter the results based on the synthesis of Laponite RD, ion exchange with silver
and the characterisation of silver modified Laponite® RD before and after the ion exchange
are presented. The production of silver incorporated Laponite® RD via isomorphous
substitution and their characterisation are also included.

3.1

Synthesis, ion exchange and characterisation of silver modified ® Laponite RD

3.1.1 Synthesis of Laponite ® RD
Laponite® RD was synthesised according to the protocol already described in Section 2.1
with 2.16 SiO2/MgO input ratio.

3.1.2 Characterisation of Laponite ® RD
The XRD pattern in Fig. 3.1 shows the crystalinity and phase purity of the synthesised
Laponite® RD and is clearly similar to the commercial product. The peaks obtained is typical
of Laponite® RD in the 0 – 50 o2Theta range.

___________________________________________________________________________

Background noise
LAP2

LAP1

Fig. 3.1: XRD pattern of commercial product, LAP1 and synthesised sample, LAP2.
_________________________________________________________________________________________
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1661

661

1003

Fig. 3.2: FTIR of commercial product, LAP1 (black) and synthesised sample, LAP2 (red).

___________________________________________________________________________
The FTIR (Fig. 3.2) also show close matching peaks on the synthesised Laponite® RD and
the commercial Laponite® RD which further confirm their similarities as also seen on the
SEM micrographs (Fig. 3.3)
___________________________________________________________________________

a

b

Fig. 3.3: SEM micrographs of commercial product, LAP1 (a) and synthesised sample, LAP2 (b).
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3.2.

Synthesis of silver-exchanged Laponite® RD (AGLAP1-6) by ion exchange

Ion exchange was carried out on as-synthesised Laponite® RD as described in Section
2.2.1.1. Upon completion of the ion exchange samples were characterised with FTIR, XRD,
EDX, SEM, 29Si MAS NMR, TGA and TEM
3.2.1 Characterisation
The evidence of the displacement with silver on the Laponite® RD surface through ion___________________________________________________________________________

Fig. 3.4: FTIR spectra of Laponite® RD without silver, LAP2 (synthesised sample) and silver-exchanged
Laponite® RD (AGLAP1-6).
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exchange was provided by FTIR, which gives the qualitative or how well the Na+ of the
Laponite® RD is exchanged by the Ag+ at the interlayer (Negrete-Harrera et al., 2007). At the
same scan time, the transmittance remains relatively unchanged for both the pure Laponite®
RD and the silver exchanged species (Fig. 3.4). However, the band corresponding to Si-O-Si
stretching vibration at 1003cm-1 was shifted towards higher wave numbers at 1009 and
1019cm-1 in the silver-exchanged Laponite® RD species. Similarly, the band at 1661cm-1
corresponding to OH stretching vibration in the silicate layers was shifted towards the higher
wavenumber, 1672cm-1 (Wang et al., 2010). The presence of the residual Mg-OH groups at
3650cm-1 after the ion exchange, as expected, indicate that their location were not accessible
(Herrera et al., 2005).
The XRD pattern (Fig.3.5) was performed to examine the crystalline structure of silver____________________________________________________________________________________________________

g

f
e

d
c
b
a

Fig. 3.5: XRD pattern of Laponite® RD, LAP2 (a) and silver-exchanged Laponite® RD; AGLAP1 - 6 (b - g)

___________________________________________________________________________
96

exchanged Laponite® RD. The X-ray diffraction peaks at 2θo of 44.5o was not distinct. The
peak around 38o appeared in all the spectra of the silver-exchanged Laponite® RD analysed,
with increasing intensity from AGLAP1 – 6, corresponding to crystal facet (111) attributed to
silver nanoparticles (Ruparelia et al., 2008). The AGLAP5 and AGLAP6 particularly, were
1broader with high intensity corresponding to the crystallographic planes of face-centred
cubic silver crystals in agreement with earlier observation by Huang and Yang, (2008). As
silver was added the clay became delaminated. The broadening of the peaks is indicative of
the Ag crystal size. Thus the broad peak width suggests that Ag possessed a small particle
size. Changes in the basal spacing obtained directly from the XRD data showed, 1.28 nm for
pure Laponite® RD, 1.48nm for AGLAP1 and 1.49, 1.52, 1.59, 1.63, 1.67nm in the AGLAP2
- 6 respectively, indicated the exchange of silver within the interlayer of Laponite® RD
which is in agreement with Carrado, (2000). These characteristics show that Ag+ ions had
been adsorbed into the Laponite® RD layers but in insufficient quantity to disrupt the
formation of gel with deionised water in the AGLAP1- 4. However, further interaction with
silver at higher concentrations resulted in the reorganisation of the Laponite® RD structure.
Hence, gelation was absent in the AGLAP5 and AGLAP6 silver-exchanged Laponite® RD
samples on testing with the pebble and jar test (Section 2.3.10). The surface morphology of
Laponite® RD with and without silver is shown in the SEM micrographs Fig 3.6.
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a

b

c

d

e

f

g

Fig. 3.6: SEM micrographs of Laponite ® RD without silver, LAP2 (a) and silver-exchanged Laponite® RD;
AGLAP1 (b), AGLAP2 (c), AGLAP3 (d), AGLAP4 (e), AGLAP5 (f) and AGLAP6 (g). The SEM was used to
its limits according to the technician. See other characterisation techniques e.g. TEM in Fig. 3.12 and 3.13.
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Spot analysis of the silver-exchanged Laponite® RD was performed at eight different
positions selected randomly on the surface of the clay (Table. 3.1). EDX cannot detect Li or
its compounds in the silver-exchanged Laponite® RD particle due to the low atomic number
of these elements and also, total percentage composition being less than 5wt% (Song et al.,
2009 and Pichonat et al., 2010). Therefore, Li and OH were quantified using ICP-AES
(Section 2.3.8) and TGA (Section 2.3.9). An excited lithium atom emit electromagnetic
radiation of approximately 427nm wavelength which is detected by the charged couple
device and subsequently tramsformed directly into percentage weight (wt %). These wt % of
Li were then recorded against the respective samples. The dehydroxilation which occurred at
≥700oC was automatically detected on the electrobalance and was then transformed into
weight versus temperature graph by a computer from which the OH weight was obtained.
___________________________________________________________________________

Size (µm)
Fig. 3.7: Particle size distribution of Laponite® RD and silver-exchanged Laponite® RD.

___________________________________________________________________________
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In the displacement with the AGLAP1 a total of 20% Na+ was replaced with Ag+ ions at pH
6.7 while, 71% and 93% of Na+ were replaced in the AGLAP4 (pH 6.5) and AGLAP6 (pH
6.3) respectively. The particle size distribution of both the pure Laponite RD and the silverexchanged Laponite RD according to the Laser Granulometer Hydro 2000MU were similar
with a modal distribution of 5µm (Fig. 3.7). The evidence of silver exchange was further
supported by the EDX spectra (Fig. 3.8) and the microimages of the elements; Na, Si, Mg and
Ag as shown in Fig. 3.9. These indicated the presence of Ag and its distribution across the
surface of the Laponite® RD.
___________________________________________________________________________
Table 3.1: EDX elemental analysis of Laponite® RD without silver and silver-exchanged Laponite® RD.

Concentration of silver-exchanged Laponite® RD (wt. %)
Elements

LAP2

AGLAP1

AGLAP2

AGLAP3

AGLAP4

AGLAP5

AGLAP6

Na

1.59±0.06

1.27±0.14

0.74±0.14

0.66±0.10

0.45±0.11

0.16±0.04

0.11±0.03

Mg

13.97±0.12

13.41±0.70

13.98±0.13

13.62±0.10

13.91±0.15

13.83±0.16

13.26±0.23

Si

22.23±0.16

22.92±0.68

22.11±0.08

22.18±0.10

22.50±0.85

22.01±0.08

21.70±0.21

Ag

0.00±0.00

0.70±0.15

1.25±0.21

1.61±0.47

1.76±0.26

1.85±0.10

2.35±0.15

O

59.48±0.22

59.35±0.19

59.51±0.04

59.30±0.20

59.17±1.18

59.64±0.12

59.81±0.81

Li

0.03±0.00

0.02±0.00

0.03±0.00

0.03±0.00

0.03±0.00

0.03±0.00

0.02±0.00

OH

2.66±0.03

2.69±0.08

2.53±0.24

2.53±0.24

2.59±0.18

2.50±0.27

2.50±0.27

__________________________________________________________________________________________
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From Table 3.1 the unit cell formula for each of the samples was calculated thus; the wt. %
was converted to gram to determine the number of moles. The number of moles was then
divided by the lowest factor to get the ratio of the unit cell in each case.

LAP2

Na16.1 (Si58.0 Mg133.6.5 Li) O864.5 (OH)36.4

AGLAP1

Na19.1 Ag2.2 (Si281.4 Mg190.2 Li) O1279.1 (OH)54.5

AGLAP2

Na7.5 Ag2.7 (Si183.1 Mg133.7 Li) O865.0 (OH)34.6

AGLAP3

Na6.7 Ag0.4 (Si183.5 Mg130.3 Li) O862.0 (OH)34.6

AGLAP4

Na4.6 Ag3.8 (Si186.3 Mg133.1 Li) O860.0 (OH)35.4

AGLAP5

Na1.6 Ag4.0 (Si182.2 Mg132.3 Li) O866.9 (OH)34.2

AGLAP6

Na1.7 Ag7.5 (Si266.4 Mg188.1 Li) O1289.0 (OH)50.7

___________________________________________________________________________

Ag

1% Ag-Lap

Laponite

a

b

Ag

4% Ag-Lap.

c

Ag

6% Ag-Lap.

d

Fig. 3.8: EDX spectra of Laponite® RD without silver, LAP2 and silver-exchanged Laponite® RD; AGLAP1
(b), AGLAP4 (c) and AGLAP6 (d)

___________________________________________________________________________
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a

b

c

d

e

f

g
Na Ka1_2

O Ka1

Mg K1_2

Si Ka1

Ag La1

Fig. 3.9: Microimages of elements i1 Laponite® RD without silver, LAP2 (a) and silver-exchanged Laponite®
RD; AGLAP1 (b), AGLAP2 (c), AGLAP3 (d), AGLAP4 (e), AGLAP5 (f) and AGLAP6 (g).

___________________________________________________________________________
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Fig. 3.10 show the thermograms of Laponite® RD (without silver), and Laponite® RD (with
silver) to gain insight into the evolution of the composite structure. The endothermic
character occurred at the temperature range 30 – 200oC with a gradual loss of physisorbed
interlayer water which occurred at 100oC corresponding to a mass loss of 17%, followed by
the subsequent release of water from the hydration sphere of exchangeable sodium cations
(Palkova et al., 2010). The loss of structural water occurred at 252oC with a mass loss of 6%,
the complete dehydroxylation and eventual collapse of Laponite® RD structure was marked at
752 oC with a further mass loss of 7% as was similarly observed by Palkova et al., 2010.
The physisorbed water loss at 100oC for both AGLAP1 and AGLAP2 (Fig. 3.10b,c), 124 oC
for AGLAP3 (Fig3.10c) was accompanied with mass losses of 14% (AGLAP1, AGLAP2)
and 13% (AGLAP3). The structural water loss was not apparent in the AGLAP1, AGLAP2
and AGLAP3 but, visible in AGLAP4, AGLAP5 and AGLAP6 at 285, 280 and 256 oC with
corresponding mass loss of 1% (AGLAP4, AGLAP5) and 1.5% for AGLAP6 (Fig. 3.10e,f,g).
The dehydroxylation temperature of LAP2 occurred at 752oC and those of the silverexchanged Laponite RD at 750, 750, 750, 740, 725 and 718oC for AGLAP1 - 6 respectively.
This indicated that the pure Laponite® RD was thermally more stable than the silverexchanged Laponite® RD and tends to decrease as the silver concentration increased.
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a
b

b
b

c
b

Fig. 3.10: TGA of Laponite® RD without silver, LAP2 (a) and Laponite® RD with silver; AGLAP1 (b),
AGLAP2 (c), AGLAP3 (d), AGLAP4 (e), AGLAP5 (f) and AGLAP6 (g). Thermographs of sample (_____),
sample thermographs first derivatives (-----).
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d
b
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f
b

Fig. 3.10: (continued).

105

g

Fig. 3.10: (continued).

___________________________________________________________________________

The knowledge of the crystal chemistry of Laponite® RD is largely based on 29Si magic angle
spinning nuclear magnetic resonance (29Si MAS NMR). Fig. 3.11 shows that the spectra are
similar; an indication that the silver had a subtle impact on the Laponite® RD sheet. In

29

Si

MAS NMR spectroscopy, peaks are assigned the letters, Qn, Tn, Dn, Mn, based on the number
of oxygen atoms bonded to the Si atom, 4, 3, 2 and 1 respectively (Daniel et al., 2008) where
n is the number of oxygen atoms bonded to a further Si atom. In Fig 3.11 Laponite® RD
(without silver) is dominated by an intense resonance at -94.287ppm and a small peak around
-85.066ppm attributed to Q3 and Q2 respectively. The Q3 peak is the site of the
Si(OMg)(OSi)3 located in the Laponite® RD framework (Palkova et al., 2009) whereas the
small signal, with chemical shift at –85.066ppm, is assigned to Q2 tetrahedral silicon nuclei
connected via oxygen bridges to two other Si centres which may have stem from
Si(OMg)(OSi)2 OH silanol groups existing on the Laponite® RD edges (Palkova et al., 2009).
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-94.410
-94.433
-94.542
-94.526
-94.557
-84.893
-84.820

-94.563

-84.395

-94.287

-84.192
-85.140

-85.097

-85.066

Fig 3.11: 29Si MAS NMR of Laponite® RD without silver and silver-exchanged Laponite® RD.

___________________________________________________________________________

The silver modified species showed increase in the intensity of the Q2 peaks and a
chemical shift from -85.066 to -85.097, -85.140, -84.192, -84.395, -84.820 and -84.893ppm,
in AGLAP1, AGLAP2, AGLAP3, AGLAP4, AGLAP5 and AGLAP6 respectively. This was
likely due to the formation of the Ag-O-Si bond consequent to the loss of Si(OMg)(OSi)3
sites located on the Laponite® RD faces. The shift in the peaks is believed to be due to the
interaction of silver with Laponite® RD at different silver concentrations.

The TEM

technique revealed direct morphology or interior structure of Laponite® RD particle. As
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shown in Fig. 3.12 the Ag nanoparticle was spherical in shape with particle size distribution
of 4 – 20nm (Fig. 3.13) and modal size of 12nm (AGLAP1) and 14nm (AGLAP4 and
AGLAP6). The small silver nanoparticles exchanged with Laponite® RD agglomerated into
larger particles due to high concentration of the solution, comparable to similar observation
by Liu et al., 2007, which suggest that stability of small particles is dependent upon
concentration of the solution as well as quantity of Laponite® RD. However, the
agglomerations of the small nanoparticles were prevented by vigorous stirring. The stirring
reduced the local concentration of the silver nanoparticles to a minimal level.

___________________________________________________________________________
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Fig. 3.12: TEM micrographs of Laponite® RD without silver, LAP2 (a) and Laponite® RD with silver;
AGLAP1, (b), AGLAP4 (c) and AGLAP6 (d)

___________________________________________________________________________
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This is evident in the fairly uniform sized nanoparticles in Fig. 3.12 and Fig. 3.13. In
addition, above certain concentrations of Ag such as AGLAP6 (2.35 – 2.50 wt. %) the
aggregation of Ag tend to occur. Thus AGLAP1, AGLAP4 or AGLAP6 showed variable
sizes and aggregation of different form leading to formation of large Ag nanoparticles.
___________________________________________________________________________
a

b

c

Fig. 3.13: TEM image of silver nanoparticles and particle size distribution obtained by image analysis for
AGLAP1 (a), AGLAP4 (b) and AGLAP6 (c).

___________________________________________________________________________
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3.3

Synthesis, isomorphous substitution and characterisation of silver incorporated

Laponite® RD

3.3.1 Synthesis of Laponite® RD
Laponite® RD was synthesised as described in Section 2.1
3.3.2 Synthesis of silver incorporated Laponite® RD (AL1-3) by isomorphous
substitution
The isomorphous substitution was carried out as described in the synthesis protocol already
described (Section 2.2.2.1). Upon completion of the substitution process, the samples were
re-characterized by XRD, FTIR, EDX, TGA, SEM, 29Si MAS NMR and TEM.

3.3.3 Characterization
___________________________________________________________________________

AL3

AL2

AL1

LAP2

Fig. 3.14: XRD pattern of Laponite® RD and silver modified Laponite® RD

___________________________________________________________________________
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Fig. 3.14 Shows the XRD pattern of Laponite® RD and the silver exchanged form by
isomorphous substitution. The pure Laponite® RD exhibited a broad XRD pattern due to its
low crystallinity and small particle size (Park et al., 2004). The X-ray diffraction peak at 2
theta of 38o was apparent in all the silver incorporated Laponite® RD and can be well
assigned to the (111) crystallographic planes of face-centred cubic silver crystals (Huang and
Yang, 2008). The line broadenings of the peaks were due to the small particle size which was
also confirmed by the SEM and TEM.
___________________________________________________________________________

Fig. 3.15: FTIR spectra of Laponite® RD and silver modified Laponite® RD

___________________________________________________________________________
The FTIR spectra of Laponite® RD (without silver) and Laponite® RD (with silver) in the low
111

energy range 400 – 2000cm-1 are as shown in Fig. 3.15. The broad and intensive band in the
low energy region at 1003 cm-1 is attributed to Si-O stretching vibrations (Pereira et al.,
2007) of the tetrahedral sheet. The narrow bands at 1092, 654, and 466cm−1 are related to the
metal-oxygen of the silicate layers (Wang et al., 2010).

The absorption band at 661 cm-1 is attributed to the Mg-OH bending vibrations of the
octahedral sheet. The characteristic overlap of the Si-O-Mg and Si-O-Si bending bands give
rise to a complex band with two peaks; 468 and 445 cm-1. Thus, disappearance of the
Mg3–OH band and the appearance of three new bands in the spectrum indicate the presence
of silver in Laponite® RD and confirm the incorporation of silver within the sheet. Figure
3.16 shows the EDX spectra of Laponite® RD and the silver exchanged Laponite® RD
obtained by isomorphous substitution.
___________________________________________________________________________

Ag

LAP2
1

AL1

Ag

AL2

Ag

AL3

Fig.3.16: EDX spectra of Laponite® RD and the silver exchanged Laponite® RD by isomorphous substitution.

___________________________________________________________________________
The Ag peaks are distinct (indicated by the arrows) and further confirm the presence of Ag in
the Laponite® RD matrix. The EDX maps for the respective elements exhibit the nature of
dispersed particles in the clay-metal hybrid. The different colours in Fig. 3.17 showed the
dispersion of the different elements. The EDX elemental analysis further confirms the
presences of silver in the Laponite® RD layers. There was a steady increase in the amount of
Ag exchanged accompanied by a corresponding decrease in the Mg content as shown in
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Table 3.2. Fig. 3.18 shows the thermograms of Laponite® RD (without silver) and silverexchanged Laponite® RD. Interpretation of the thermal analysis data obtained for the silver
incorporated Laponite® RD show the loss of the weakly bonded water at 97oC (AL1) and
100oC (AL2, AL3) corresponding to weight losses of 12, 11 and 17% in AL1, AL2 and AL3
respectively (Fig. 3.18b,c,d). There was no apparent chemisorbed water loss but the
temperature range 200-700 oC was accompanied with weight losses of 4% (AL1, AL2) and
10% (AL3). This revealed the stronger interaction between Ag and the water molecules
(Mosser et al., 1997). The dehydroxylation temperature for the pure Laponite® RD and the
silver incorporated Laponite® RD were 752 and 800oC with a designated mass loss of 2%
(LAP2), 1% (AL1) and 0.5% (AL2, AL3). The high temperature range >800oC of silver
incorporated Laponite® RD over pure Laponite® RD indicated changes in the composition of
the octahedral sheet (Mosser et al., 1997).
___________________________________________________________________________

a
a

b
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Na Ka1_2

O Ka1

Mg K1_2

Si Ka1

Ag La1

Fig. 3.17: Shows the EDX elemental map of Laponite® RD with silver; AL1 (a), AL2 (b) and AL3 (c).

___________________________________________________________________________
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Table 3.2: EDX elemental analysis of Laponite® RD without silver and silver incorporated Laponite® RD.

Concentration of silver incorporated
®
Laponite RD (wt. %)
Elements

LAP2

AL1

AL2

AL3

Na

1.59±0.06

1.77±0.17

1.57±0.20

1.58±1.20

Mg

13.97±0.12

11.86±1.89

10.06±2.64

9.47±1.14

Si

22.23±0.16

23.63±1.32

22.7±0.70

22.60±1.41

Ag

0.00±0.00

0.09±0.07

0.58±0.16

1.10±0.20

O

59.48±0.22

60.12±1.64

61.91±1.08

60.85±0.54

Li

0.03±0.00

0.02±0.00

0.03±0.00

0.04±0.00

OH

2.66±0.03

1.53±0.69

2.46±1.12

2.34±1.13

___________________________________________________________________________

From Table 3.2 the unit cell formula for each of the silver incorporated Laponte® RD was
calculated thus; the wt. % was converted to gram to determine the number of moles. The
number of moles was then divided by the lowest factor to get the ratio of the unit cell in each
case.
AL1

Na95.9 (Si1051.5 Mg188.1 Ag Li3.6) O4696.9 (OH)112.4

AL2

Na15.9 (Si181.5 Mg96.2 Ag1.2 Li) O899.9 (OH)33.6

AL3

Na11.9 (Si136.7 Mg67.2 Ag1.8 Li) O655.7 (OH)23.7

114

___________________________________________________________________________

a

b
D
b

c
D
b

Fig. 3.18: TGA of Laponite® RD without silver, LAP2 (a), Laponite® RD with silver; AL1 (b), AL2 (c) and
AL3 (d). Thermographs of sample (_____), sample thermographs first derivatives (-----).
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d
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Fig. 3.18: (continued)

___________________________________________________________________________
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Fig. 3.19 shows the SEM images of pure Laponite® RD and Ag-Laponite® RD hybrid. The
pure Laponite® RD (Fig.3.19a) showed uniform morphology while silver incorporated
Laponite® RD (Fig. 3.19b,c,d) is characterised by lump or seed-like morphology with
aggregates.
___________________________________________________________________________

a
b

b
b

c

d

Fig. 3.19: SEM of Laponite® RD without silver; LAP2 (a) and Laponite® RD incorporated with silver; AL1 (b),
AL2 (c) and AL3 (d).

___________________________________________________________________________

Fig. 3.20 show the TEM micrographs of silver incorporated Laponite® RD. The micrographs
revealed that the Ag particles are in the nanometer range and spherical in shape with particle
size distribution of 4 – 20 nm (Fig. 3.21) and modal size of 10 nm for all the silver
incorporated samples analysed (AL1-3).
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a

50 nm

b

c

50 nm

50 nm

Fig. 3.20: TEM image of silver nanoparticles for AL1 (a), AL2 (b) and AL3 (c).

___________________________________________________________________________

a

Fig. 3.21: Particle size distribution obtained by image analysis for AL1 (a), AL2 (b) and AL3 (c).
__________________________________________________________________________________________
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b

c

Fig. 3.21: ( continued).

___________________________________________________________________________

The knowledge of the crystal chemistry of Laponite® RD is largely based on the results of
magic angle spinning nuclear magnetic resonance (MAS NMR). The

29

Si resonances are

determined by the chemical incorporation of the octahedral layer via the isomorphous
substitution of Mg or Li by Ag in Laponite® RD as shown in Fig. 3.22. The isomorphous
substitution of Ag for Mg or Li at the octahedral layer resulted in chemical shift. The
chemical shift is based on the Loewenstern‟s rule and on the maximum dispersion of charge
(Catlow et al., 1996 and Bekkam et al., 1991).
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-93.365
-93.488

-93.635
-94.287
-84.896

-110.946

-84.390

-110.331

-83.529

-110.208

-85.066

Fig. 3.22: 29Si MAS NMR of Laponite® RD without silver, LAP2 and Laponite® RD incorporated with silver,
AL1, AL2 and AL3.

___________________________________________________________________________

For example, in framework silicates such as zeolite, the chemical shift increases with
increasing amount of neighbouring Al3+ bringing about the deshielding effect (Bekkam et al.,
1991).
Furthermore, the chemical shift of the trioctahedral smectites was more negative (2 - 3ppm)
than those of the dioctahedrals. This is largely a result of the electronegative difference in
cations situated at the octahedral layer. In Laponite® RD, the apical oxygen of the Si
tetrahedral is associated with 3Mg2+ while being bonded to two Si and one vacancy in the
case of dioctahedral smectites. Thus, the atom-for-atom substitutions of an element with
lower electronegativity in the octahedral layer results in deshielding and hence a negative
29

Si chemical shifts (Bekkam et al., 1991). It was observed that as Ag was substituted for
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Mg2+ there was a 29Si chemical shift from -94.287 (as was similarly observed by Bekkam et
al., 1991; Weiss et al., 1987) to -93.635 (AL1) and -93.488 (AL2) and -93.365 (AL3). The
appearance of the additional peaks at -110.208, -110.331 and -110.946ppm assigned to the Q4
sites in AL1, AL2 and AL3 respectively showed the reorganisation of the silica sheet,
Si(OS)4 according to Palkova et al. (2010) and Arantes et al. (2012) and it was due to the
presence of silver replacing magnesium in the octahedral sheet.
___________________________________________________________________________
Table 3.3: Gel formation time of Laponite® RD and silver-Laponite® RD

Ion exchange

Isomorphous substitution

Samples

Gel time

Samples

Gel time

AGLAP1

1-2 minutes

AL1

≥ 96 hours

AGLAP2

1-2 minutes

AL2

≥ 96 hours

AGLAP3

1-5 minutes

AL3

≥ 96 hours

AGLAP4

1-5 minutes

AGLAP5

48-60 hours

AGLAP6

48-60 hours

___________________________________________________________________________

3.4

Discussion

Laponite® RD is synthetic sodium magnesium silicate clay with the chemical composition;
Na+0.7 [(Si8 Mg5.5 Li0.3) O20

(OH)4]-0.7 from which the interlayer Na+ ions are readily

accessible to ion exchange. The Laponite® RD crystal has a uniform dimension whose
thickness is 0.92nm and diameter 25nm (Phuoc et al., 2009) which on combination with high
degree of surface charging yields complete dissolution of clay particles in water forming a
clear transparent solutions (Lezhnina et al ., 2011). The suspension of 1wt. % Laponite® RD
remained free flowing after several weeks of aging though there was mild viscosity, but was
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too low to be detected on viscometer. However, the suspension of 3 – 10wt. % of Laponite®
RD suspension formed gel immediately or after 5- 10 minutes while, the 2wt. % assumes a
longer gel formation profile (Phuoc et al., 2009). The gel could easily be reverted to low
viscosity liquid by simple shaking. The gel structure quickly reformed when the suspension is
allowed to stand. The gelation test was carried out using the physical method of pebble and
jar test (Section 2.3.10). While the AGLAP1-4 gelled immediately, AGLAP5-6 remained free
flowing for several hours and then a highly viscous liquid appeared after two days. The
isomorphous substituted species followed a similar trend, with formation of a viscous
suspension for all the samples after four days. When Laponite RD is dispersed in water the
Na+ ions are released into solution forming a double layer (Zebrowski et al., 2003)

These gelation results were based on visual observation which may be different if measured
with a viscometer. However, the gel property have variety of applications especially in the
medical field, particularly in the wound care for the adsorption of wound/ or burns exudates.

The similarities between the commercial and synthesized sample of Laponite® RD have been
confirmed as shown in Fig. 3.1, 3.2 and 3.3. However, comparative crystallographic data of
Laponite® RD with hectorite have shown that the former has approximately 15,000 unit cells
per nanodisk (Breu et al., 2003) while the latter is much less. Laponite® RD is characterised
by a moderate negative surface charge known as the cation exchange capacity, CEC,
expressed in meq/100g (Alexandre and Dubois, 2000). The charge of the layer is not locally
constant as it varies from one layer to the other. Therefore, the charge is considered as an
average over the whole crystal rather than on individual crystals. A small charge of the
balancing cation is located on the external crystallite surface. Conversely, the majority of the
exchangeable cations are present in the galleries which mostly result in larger interlayer
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spacing when the hydrated cations are involved in ion-exchange (Alexandre and Dubois,
2000). In addition, to the tuneable properties of Laponite® RD over hectorite, Laponite® RD
possesses a high edge-to-face ratio of approximately 5%. The protrusion of the –MgOH and –
SiOH from the rims is much more polar and chemically active than the coordinate saturated –
Si–O–Si– groups present on the face surfaces, as asserted by Lezhnina and colleagues (2011),
the siloxane (–Si–O–Si–) network been formed from the methoxysilane hydrolysiscondensation reaction (Subramani et al., 2007).

Furthermore, as the interlayer packing density or the chain length decrease at high
temperature, the intercalated chains adopt a more disordered, liquid-like structure due to
increase in the gauche (stereochemically, IUPAC define groups which exhibits gauche as
synclinal alignment attached to adjacent atoms (Craig et al., 1997)) /trans conformer ratio
(Alexandre and Dubois, 2000). Therefore, as the chain length increases, the interlayer
structure appears to evolve in a regular manner from a disordered to a more ordered
monolayer then suddenly „jump‟ to a more disordered pseudo-bilayer (Hackett et al., 1998;
Alexandre and Dubois, 2000). However, greater interaction with physisorbed water was
experienced in the silver-exchanged Laponite® RD (Fig. 3.10) than the silver incorporated
Laponite® RD (Fig. 3.18) also deformation temperature was higher in the latter than the
former.
___________________________________________________________________________

Fig. 3.23: A model of layered silicate molecular dynamic simulation proposed by Hackett et al. (1998). (a)
Isolated molecules, lateral monolayer, (b) intermediate chain lengths: in-plane disorder and interdigitation to
form quasi bilayers and (c) longer chain length: increased interlayer order, liquid crystalline-type environment.
Adapted from Hackett et al. (1998) and supported by Alexandre and Dubois, (2000).

___________________________________________________________________________
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Although, the CEC of Laponite® RD or the modified forms were not determined in this study,
research has shown that Laponite® RD CEC thus depends on the pH as well as other
physicochemical factors. For example, Laponite® RD possesses a CEC of 50 - 60 meq/100g
which account for 55 – 65% of the existing Na+ ions. Notwithstanding, from literature the
CEC of Laponite® RD (without silver) was as high as 62 meq/100g at pH 7 and 92 meq/100g
at pH 9 (Mackenzie, 1952; Bergaya and Vayer 1997; Thompson and Butteworth 1992). But
this observation is not consistent as the CEC tend to depend on other factors. As an example,
the case of the adsorption with cetyltrimethylammonium cations showed Laponite® RD CEC
to be of the order 85% of the Na+ and 98% Na+ exchangeable on adsorption of Tb3+ ions (but
with the possibility of adsorption on the rims of the platelets forming Tb(OH)2+) surprisingly,
both occurring at pH = 7 (Lezhnina et al., 2011). Such environmental and physicochemical
factors may explain the variability of the CEC.

The method of production had significant effect on the surface structure as well as the
particle size. The silver-exchanged Laponite® RD (Fig. 3.6) exhibited a plate-like
morphology whereas, the silver incorporated Laponite® RD (Fig. 3.19) appeared lumpy with
aggregates. Upon the production of the silver-exchanged Laponite® RD, they were milled and
sieved with 100 micro mesh, the size and distribution were similar to the pure Laponite® RD
as indicated by the flat bars in Fig 3.7. with a modal size distribution of 5µm. The composite
particle size of silver incorporated Laponite® RD was not determined rather only the silver
particle size was evaluated from TEM image analysis software Pro Plus version 4.5.0.19. The
difference in production methods is also noted from the size distribution, with silverexchanged Laponite® RD the modal size 13±1nm (Fig. 3.13). But data from image analysis
for silver incorporated Laponite® RD modal size distribution was found to be 10nm. The
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difference in the silver size range may be attributed to the aggregation which was prominent
in the ion exchange species but less prominent in the isomorphous substitution species, and
impacted on their thermal properties.
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Chapter 4

Result and Discussion

Synthesis and characterisation of copper modified Laponite® RD
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In this chapter the results based on the synthesis, ion exchange, and the characterisation of
copper modified Laponite® RD before and after ion exchange, are presented. The production
of copper incorporated Laponite® RD via isomorphous substitution and its characterisation is
also included.

4.1

Synthesis, ion exchange and characterisation of copper-exchanged Laponite® RD

4.1.1 Synthesis and characterisation of Laponite® RD
Following the protocol described in Section 2.1 Laponite® RD was synthesised with 2.16
SiO2/MgO input ratio. Upon completion of the synthesis samples were characterised as
shown in Section 3.1.2.

4.1.2 Synthesis of copper-exchanged Laponite® RD (CULAP1-6) by ion exchange
Copper-exchanged Laponite® RD was prepared as described in Section 2.2.1.2. Upon
completion of the ion exchange samples were characterised with FTIR, XRD, EDX, SEM,
29

Si MAS NMR, TGA and TEM.

4.1.3 Characterisation
In order to examine the crystallographic structure of copper-exchanged Laponite® RD, XRD
analysis was performed and the patterns of Laponite® RD, with and without copper, was
acquired as shown in Figure 4.1. The copper seems not to have had a visual impact on the
Laponite® RD layers as was also observed by Phuoc et al. (2009). However, close
examination of the d100 spacing of each copper-exchanged Laponite® RD show marked
differences.

127

___________________________________________________________________________

g

f

e

d
c
b
a

Fig. 4.1: XRD pattern of Laponite® RD without copper, LAP2 (a) and Laponite® RD with copper; CULAP1 – 6
(b -g).

___________________________________________________________________________
Laponite® RD (without copper) basal spacing was determined to be 1.28 nm, while 1.59 nm,
1.45 nm, 1.57 nm, 1.34 nm , 1.57 nm and 1.30 nm spacing were obtained for CULAP1,
CULAP2, CULAP3, CULAP4, CULAP5 and CULAP6 respectively.
Figure 4.2 shows the FTIR spectroscopy of each Laponite® RD. FTIR is a common tool to
characterise metal modified Laponite® RD and provide evidence of displacement of sodium
on the Laponite® RD surface through ion exchange. Laponite® RD (without copper) showed
peaks approximately at 3684 cm-1, corresponding to Mg – OH stretching vibration with a
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shoulder near 3626cm-1, corresponding to Si – OH stretching vibration as reported by Pereira
et al. (2007) and Herrera et al. (2005) but absent in the spectra shown. As expected the
presence of residual Mg – OH groups after the ion exchange indicate that the Mg – OH
locations in the Laponite® RD structure were not accessible via ion exchange (Herrera et al.,
2005),
___________________________________________________________________________

Fig. 4.2: Fourier transformed infrared spectroscopy of Laponite® RD without copper (LAP2) and Laponite®
RD with copper (CULAP1 - 6).

___________________________________________________________________________
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The EDX spectrum detected copper ions in the Laponite® RD interlayer after the ion
exchange (Fig. 4.3). The EDX also quantified the amount of copper ions that were trapped
within the Laponite® RD layer, either at the interlayers or edges, as well as the elemental
composition of Laponite® RD with and without copper (Table 4.1). The evidence of copper
exchange with Laponite® RD was further supported by EDX mapping of the copperLaponite® RD surfaces. The micro-images for the elements; Na, Si, Mg and Cu are as shown
in Fig. 4.4.
___________________________________________________________________________
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Fig. 4.3: EDX spectra of Laponite® RD without copper (a) and Laponite® RD with copper; CULAP1 (b),
CULAP2 (c), CULAP3 (d), CULAP4 (e), CULAP5 (f) and CULAP6 (g).
__________________________________________________________________________________________
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a

b

c

d

e

f

g
O Ka1

Mg K1_2

Si Ka1

Na Ka1_2

Cu La1

Fig. 4.4: Micro-images of elements in Laponite® RD without copper (a) and Laponite® RD with copper;
CULAP1 (b), CULAP2 (c), CULAP3 (d), CULAP4 (e), CULAP5 (f) and CULAP6 (g).

___________________________________________________________________________
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Table 4.1: EDX elemental analysis of Laponite® RD without copper and copper-exchanged Laponite® RD.

Concentration of copper-exchanged Laponite® RD (wt. %)
Elements

LAP

CULAP1

CULAP2

CULAP3

CULAP4

Na

1.59±0.06

0.58±0.00

0.42±0.06

0.23±0.00

0.20±0.09

0.09±0.03

0.10±0.01

Mg

13.97±0.12

14.04±0.15

13.94±0.22

14.01±0.12

13.83±0.18

13.49±0.16

13.83±0.16

Si

22.23±0.16

22.24±0.04

22.10±0.01

22.14±0.10

22.20±1.09

21.90±0.10

22.01±0.08

Cu

0.00±0.00

0.69±0.07

0.94±0.07

1.23±0.04

1.37±0.17

1.82±0.23

1.85±0.10

O

59.48±0.22

59.62±0.04

59.64±0.13

59.72±0.17

59.73±1.65

60.12±0.38

59.64±0.12

Li

0.03±0.00

0.02±0.00

0.03±0.00

0.03±0.00

0.03±0.00

0.02±0.00

0.03±0.00

OH

2.66±0.03

2.69±0.08

2.53±0.24

2.53±0.24

2.59±0.18

2.50±0.27

2.50±0.27

CULAP5

CULAP6

___________________________________________________________________________
From Table 4.1 the unit cell formula for each of the copper-exchnaged Laponite® RD was
calculated thus; the wt. % was first converted to gram to determine the number of moles.
Then, the number of moles was divided by the lowest factor to get the ratio of the unit cell in
each case.

LAP2

Na16.1 (Si58.0 Mg133.6.5 Li) O864.5 (OH)36.4

CULAP1

Na8.9 Cu3.7 (Si273.0 Mg199.2 Li) O1281.9 (OH)54.5

CULAP2

Na4.3 Cu3.4 (Si183.0 Mg133.4 Li) O866.9 (OH)34.6

CULAP3

Na4.6 Cu3.8 (Si186.3 Mg133.1 Li) O868.0 (OH)34.6

CULAP4

Na2.0 Cu5.0 (Si183.8 Mg132.3 Li) O868.2 (OH)35.0

CULAP5

Na1.3 Cu9.9 (Si268.8 Mg191.1 Li) O1295.7 (OH)50.7

CULAP6

Na Cu6.8 (Si183.0 Mg132.3 Li) O866.9 (OH)34.2
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Size (µm)

Fig. 4.5: Particle size distribution of Laponite® RD without copper and Laponite® RD with copper
__________________________________________________________________________________________

The particle size distribution of Laponite® RD with and without copper was similar with a
modal distribution of 5µm (Fig. 4.5). The thermal data analysis of Laponite® RD without
copper and the Laponite® RD exchanged with copper is shown on the thermogram in Figure
4.6. Laponite® RD was as already described in Section 3.2.1. The physisorbed water at 125oC
accompanied with 15% mass loss with no apparent chemisorbed water designated 4% weight
loss. The dehydroxylation temperature was at 800oC with a further mass loss of 2% for the
CULAP1 (Fig. 4.6b). Physisorbed water at 125oC mass loss of 15%, no apparent
chemisorbed water but designated mass loss 4%. Dehydroxylation occurred at 795oC with
further mass loss of 2% for the CULAP2. (Fig. 4.6c). Similar trend was observed for the
CULAP3-6, with 128, 118, 126, 127oC corresponding to 16, 14, 15, 13% mass losses
respectively. Also there was no apparent chemisorbed water but 4% designated mass loss
each. The dehydroxylation was complete at 790, 800, 790, and 795 oC for CULAP3,
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CULAP4, CULAP5 and CULAP6 respectively. This indicate that the copper-exchanged
Laponite® RD material is thermally more stable than the parent clay with dehydroxylation at
752oC. Therefore enhances thermal stability of Laponite® RD result from the interlayer
exchange of copper and ultimately the formation of a copper-Laponite® RD hybrid.
___________________________________________________________________________

a
b

b

Fig. 4.6: Thermographs of Laponite® RD without copper, LAP2 (a) Laponite® RD with copper; CULAP1 (b),
CULAP2 (c), CULAP3 (d), CULAP4 (e), CULAP5 (f) and CULAP6 (g). Thermographs of sample ( _____),

sample thermographs first derivatives (-----).
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c

d

e

Fig. 4.6: (continued)
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f
b

g
b

Fig. 4.6: (continued)
__________________________________________________________________________________________

Figure 4.7. Shows the 29Si MAS NMR of Laponite® RD without copper and the end members
of the Laponite® RD modified with copper. The different species are named according to the
conventional Q, T and M notation where Qn, Tn and Mn designate tetra-, tri- and monofunctional units respectively, while n is the number of bridging O atoms surrounding the
silicon atom. The 29Si NMR spectrum of Laponite® RD without copper is characterised by
two resonances at -94.287 and -85.066 ppm which correspond respectively to Q3 trioxo
coordinated framework silicon and Q2 sites attributed to isolated silanol groups present at the
silicate sheets edges (Herrera et al., 2005).
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-94.433

-94.433

-94.287

-15.374

-84.890

-15.746

-85.080

-166.645

-166.334

-85.066

Fig 4.7: 29Si MAS NMR of Laponite® RD without copper and Laponite® RD with copper.

__________________________________________________________________________

The appearance in the

29

Si NMR spectra of the signals at -15.746 ppm (CULAP1), -15.334

ppm (CULAP6) assigned to M1 (Herrera et al., 2005) and other signals at -166.334ppm
(CULAP1), -166.645ppm (CULAP6) gave clear evidence of the presence of chemically
modified Laponite® RD with copper at the interlayer surface.

The SEM micrographs shown in Fig. 4.8 confirmed the phase purity of the crystal
morphology, and also show that the particles were closely similar in surface morphology,
suggesting that the exchange with copper ions at the interlayer space seems to have a subtle
effect on the surface structure.
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a

b

c

d

e

f

g

Fig. 4.8: SEM micrograph of Laponite® RD without copper, LAP2 (a) and Laponite® RD with copper; CULAP1
(b), CULAP2 (c), CULAP3 (d), CULAP4 (e), CULAP5 (f) and CULAP6 (g).

___________________________________________________________________________
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Figure 4.9 shows the TEM micrographs of Laponite® RD without and Laponite® RD with
copper and confirm that the metal particles were in the nanometer range, 4 to 20nm (Fig.
4.10), and that they were approximately spherical in shape as was also observed by Ruparelia
et al., 2008.
___________________________________________________________________________

50 nm

50 nm

a

b

50 nm

c

Fig. 4.9: TEM micrograph of copper modified Laponite® RD; CULAP1 (a), CULAP2 (b), CULAP3 (c).

___________________________________________________________________________
a

b

Fig. 4.10: Particle size distribution obtained by TEM image analysis for CULAP1 (a) and CULAP2 (b).

___________________________________________________________________________
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c

Fig. 4.10: (continued).

___________________________________________________________________________

4.2

Synthesis, isomorphous substitution and characterisation of copper incorporated

Laponite® RD

4.2.1 Synthesis of copper incorporated Laponite® RD (CL1) by isomorphous
substitution
Isomorphous substitution was carried out as described in the synthesis protocol (Section
2.2.2.2). Upon completion of the substitution process, the samples were re-characterized by
XRD, FTIR, EDX, SEM, 29Si MAS NMR, TGA and TEM.

4.2.2 Characterisation
Figure 4.11 shows the XRD pattern of Laponite® RD without copper and Laponite® RD
incorporated with copper (CL1) by isomorphous substitution. The d-spacing of Laponite® RD
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b

a

Fig 4.11: XRD pattern of Laponite® RD without copper (a) and Laponite® RD with copper, CL1 (b).

___________________________________________________________________________

without copper was 1.28 nm and became 1.47nm in the CL1, confirming incorporation of
copper at the Laponite® RD sheet. The FTIR spectra corresponding to LAP2 and CL1 are
presented in Fig. 4.12. The Si-O-Si stretching vibrations are affected by Cu exchange; the
band at 1003cm-1 (LAP2) shifted towards higher wave numbers at 1018cm-1 (Mosser et al.,
1997). The appearance and shift of the band to higher wave number at 3658 cm-1 corresponds
to Cu-Mg-OH or Cu-Mg-Li-OH vibrations and revealed the presence of Cu atoms in the
octahedral layer (Mosser et al., 1997).
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Fig. 4.12: Fourier transformed infrared spectroscopy of Laponite® RD without copper (LAP2) and Laponite®
RD with copper (CL1).

___________________________________________________________________________
Table 4.2: EDX elemental analysis of Laponite® RD without copper and copper incorporated Laponite® RD.

Concentration of copper incorporated Laponite®
RD (wt. %)
Elements

Lap

CL1

Na

1.59±0.06

1.65±0.15

Mg

13.97±0.12

12.40±1.04

Si

22.23±0.16

23.56±0.86

Li

0.03±0.00

0.04±0.00

Cu

0.00±0.00

0.53±0.33

O

59.48±0.22

60.76±0.36

OH

2.66±0.03

2.50±0.27

___________________________________________________________________________
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Spot analysis of the copper incorporated Laponite® RD was performed at different surface
positions selected randomly (Table 4.2). The analysis was further supported by EDX spectra
of the Laponite® RD and the copper incorporated Laponite® RD surface (Fig. 4.13). The
EDX microimages for the elements; Na, Si, Mg and Cu are as shown in Figure 4.14.
From Table 4.2 the unit cell formula for copper incorporated Laponite® RD was calculated
thus; the wt. % was first converted to gram to determine the number of moles. Then, the
number of moles was divided by the lowest factor to get the ratio of the unit cell.
CL1

Na12.4 Cu1.4 (Si144.6 Mg87.9 Li) O654.7 (OH)25.3

___________________________________________________________________________

a

Cu

b

Cu

Fig.4.13: EDX spectra of Laponite® RD without copper (a) and Laponite® RD with copper; CL1 (b).

___________________________________________________________________________
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O Ka1

Na Ka1_2

Mg K1_2

Si Ka1

Cu Ka1

Fig. 4.14: EDX micro-images of Laponite® RD without copper (a) and Laponite® RD with copper; CL1 (b).

___________________________________________________________________________

The thermogram of the copper incorporated Laponite® RD is shown in Fig. 4.15. The
physisorbed and chemisorbed water occurred at 125 and 530oC accompanied with
corresponding mass losses of 17 and 6%.Ag The dehydration of the
Ag interlayer cation have
Ag
shifted towards higher temperature (530oC), revealed the stronger interaction between Cu and
the water molecules (Mosser et al., 1997). The dehydroxylation temperature of the copper
LAP2
incorporated
Laponite® RD AL1
shifted towards a higher AL2
temperature at 800oC andAL3
1% mass loss
1

with respect to pure Laponite® RD. This modification in the high temperature range revealed
changes in the composition of the octahedral sheet (Mosser et al., 1997).
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Fig. 4.15: TGA of Laponite® RD with copper, CL1. Thermographs of sample (_____), sample thermographs first
derivatives (-----).

___________________________________________________________________________

-93.194

-94.287

-110.852

Q4 (Si(OSi)4) site due to the reorganisation of the silica sheet as a
result of Cu incorporation (Palkova
et al., 2009)

-84.272

-85.066

Fig. 4.16: 29Si MAS NMR of Laponite® RD without copper and copper incorporated Laponite® RD.
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Figure 4.16 shows the

29

Si MAS NMR of Laponite® RD without copper and copper

incorporated Laponite® RD. The appearance of the peak at -110.852ppm and the observed
shift in the resonance peak of LAP2 (-94.287ppm) to CL1 (-93.194ppm) was attributed to
changes in the composition of the octahedral sheet (Sanz and Serratosa, 1984; Serratosa and
Bradely, 1958) consequent on the OH bond axes being perpendicular to the layers and hence
point to the hexagonal cavities, in effect, the nature of octahedral cation influenced the shift
in the resonance peak of

29

Si MAS NMR (Chatterjee., et al., 2004). Furthermore, copper

being more electronegative than magnesium also resulted to a less negative shift from -94.
287ppm of the parent Laponite® RD to -93.194ppm in the copper incorporated Laponite® RD.
Figure 4.17 show the surface morphology of the copper incorporated Laponite® RD as
revealed by SEM micrograph.

___________________________________________________________________________

Fig. 4.17: SEM micrographs of copper incorporated Laponite® RD.

___________________________________________________________________________
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Figure 4.18 shows the TEM micrograph of copper incorporated Laponite® RD which
confirms that the metal particles are in the nanometre range and approximately spherical in
shape by visual observation. Subsequent image analyses revealed that the copper
nanoparticles size ranged from 8 to 20nm (Fig. 4.19) and were relatively larger than the silver
nanoparticles (when compared with Fig. 3.20).
___________________________________________________________________________

50 nm

Fig.4.18: TEM micrographs of copper incorporated Laponite® RD.

___________________________________________________________________________

Fig. 4.19: Particle size distribution obtained by TEM image analysis for copper incorporated Laponite® RD.

___________________________________________________________________________
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Table 4.3: Gel formation time of Laponite ® RD and copper-Laponite® RD

Ion exchange
Samples

Isomorphous substitution
Gel time

CULAP1

72-96 hours

CULAP2

72-96 hours

CULAP3

72-96 hours

CULAP4

≥ 96 hours

CULAP5

≥ 96 hours

CULAP6

no gel

Samples
CL1

Gel time
no gel

__________________________________________________________________________

4.3

Discussion

After the synthesis of Laponite® RD and confirmation of its purity using XRD (Fig. 3.1 and
4.1), cationic exchange was performed for the replacement of the interlayer sodium by the
divalent copper ions. On dispersion of Laponite® RD powder in water, the sodium ions were
released from the interlayer, resulting in an increase in the interlayer separation between
Laponite® RD disks. The Laponite® RD disk faces also becomes negatively charged while
the edges depending on the acid-base behaviour of the Si-OH and Mg-OH amphoteric
hydroxyl groups possess a positive charge which is approximately 10% of the surface charge
(Phuoc and Chen, 2011; Cummins, 2007). The negatively charged site on the basal surface of
the Laponite® RD crystals are the predominant adsorption site for metal ions. When cationic
metals are exchanged in water containing dispersed Laponite® RD crystals, the metal ions can
be absorbed on to the basal plane surface of the Laponite® RD platelets by exchanging with
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the dissolved sodium ions either by intercalation of the metal ion into the interlayer
separation of the Laponite® RD platelets or by adsorption of the metal ions on the negatively
charge sites of the surface of the basal plane (Phuoc and Chen, 2011). The former occurs
either by heating in which case the interlamellar separation between the Laponite® RD layer
is increased or without heating whereby the sodium ions is replaced both in an ion exchange
reaction. The latter, which is also an ion exchange reaction, occurs when the concentration of
metal ion is high or concentration of Laponite® RD is less. Laponite® RD consequently
becomes less effective in limiting the metallic nonoparticle size thus, leading to the formation
of larger, unstable particles on Laponite® RD faces. In the case of the sodium replacement,
the particle size is confined within a limited range; 2-5nm, due to restriction exacted by the
interlamellar space that reduces particle growth (Phuoc and Chen, 2011). However, the
particle growth restriction is limited at higher concentrations of the metal ions. This was
clearly evident in the particle growth progression as shown in Fig. 4.10a-c with variations in
the size distribution. During the ion exchange reaction negative charges on the Laponite® RD
faces are partially balanced, giving rise to a weak electrostatic repulsive forces between the
dispersed Laponite® RD disks when this occurs, the nanoparticles aggregates by the
formation of electrostatic bonds between the positively charged rims and the negatively
charged faces. The aggregates then grow until a space-filling structure or otherwise called gel
is formed (Phuoc et al., 2009; Mongondry, et al., 2004; Baird and Walz, 2006) due to both
van der Waals and electrostatic bonds between the positively charged rims and the negively
chargesd surfaces (Phuoc et al., 2009).
The evidence of such cationic exchange can be seen from the EDX spectra and micro-images
(Fig. 4.3 and 4.4), thermograph (Fig. 4.6),

29

Si MAS NMR (Fig. 4.7), SEM (4.8), TEM

(Fig.4.9) and Table 4.1. The XRD pattern of copper-exchanged Laponite® RD (Fig. 4.1) and
copper incorporated Laponite® RD (Fig. 4.11) were not different from the pure Laponite® RD
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except in the basal spacing. Also, the FTIR remained unchanged as in the pure Laponite® RD
for the copper-exchanged Laponite® RD (Fig. 4.2) except in the copper incorporated
Laponite® RD where the octahedral presence of copper was indicated by the stretching
vibration of the Cu-Mg-Li-OH band at higher wave number, 3658cm-1. The degree of
exchange and quantification was obtained by EDX. EDX only measures clay materials to a
depth of 10µm therefore, eight different spots on the Laponite® RD surface and the modified
species were selected randomly and analysed to ensure reliability and reproducibility. There
was a corresponding decrease in the magnesium as the copper levels increased (Table 4.2)
while, the replacement was denoted by the increase in copper with a corresponding decrease
in the sodium ions (Table 4.1). EDX is a semi- quantitative technique which only detect
element in excess of 5wt% (Song et al., 2009 and Pichonat et al., 2010). Hence, Li and OH
were quantified by ICP-AES (Section 2.3.8) and TGA (Section 2.3.9) respectively due to
their low atomic weight percentage in Laponite® RD. The surface structures as revealed by
the SEM have suggested that the copper-exchanged Laponite® RD (Fig. 4.8) were
characteristically different from the copper incorporated Laponite® RD. The former possess
undulating surface structure while the latter appeared lumpy (Fig. 4.17).

The use of copper, as a compound, or additives as antibacterial agents has been an attractive
idea for a long time, the reasons being to broaden the antimicrobial spectrum, minimise
physical and chemical incompatibilities, and curtail toxicity via reduction of biocide dose and
to produce biochemical synergy (Sondossi et al., 1990; Rossmoore and Sondossi 1988). The
successful synthesis of copper-Laponite RD via ion-exchange and isomorphous substitution
offer attractive features as potential candidate in antibacterial material. Therefore, in future
the efficacy of the antibacterial activity will be assessed.
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Chapter 5

Result and Discussion

Antimicrobial activity of silver modified Laponite® RD
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The antimicrobial activity of silver modified Laponite® RD was assessed by disk diffusion
test and viable plate counts. These results, as well as the concentration dependence of silver
modified Laponite® RD produced by both ion exchange and isomorphous substitution, are
presented in this chapter.
5.1

Antibacterial activity of silver-exchanged Laponite® RD (AGLAP1, 4 and 6)

5.1.1 Inhibition zone
Antibacterial activities of Ag-exchanged Laponite® RD with different exchange levels were
determined by the disk diffusion method already described in Section 2.5.2. The zones of
inhibition of bacterial growth which was measured as the distance between the edge of
antibacterial disk and the end of clearance zone visible when the plate were viewed against a
black background for E. coli K12W-T, S. aureus NCIM B6571 and P. aeruginosa
NCIMB8295 are shown in Fig 5.1.
___________________________________________________________________________

Fig. 5.1: Inhibition zones of the samples as a function of the concentration of silver-exchanged Laponite® RD
against E. coli, S. aureus and P. aeruginosa grown on TSA at 37 oC, (n=3). Error bars represent standard error.

___________________________________________________________________________
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No antibacterial action was observed for the pure Laponite® RD. The highest inhibition
zones of 3.2mm, 2.6mm, 1.8mm were observed for P. aeruginosa with AGLAP6, AGLAP4
and AGLAP1 respectively, followed by S. aureus with 1.1mm, 0.8mm, 0.3mm with
AGLAP6, AGLAP4 and AGLAP1 respectively. The lowest inhibition zones were obtained
for E. coli; 0.8mm, 0.5mm for AGLAP6, AGLAP4 respectively, but no zone of inhibition
was observed for AGLAP1 (Fig. 5.1). The Ag+ ions in agar as a fraction of the distance from
the disk were not determined in this investigation.

5.1.2 Influence of concentration of silver-exchanged Laponite® RD (AGLAP1, 4 and 6)
on bacteria
Antibacterial tests were performed against Gram-negative E. coli K12W-T and P. aeruginosa
NCIMB8295 and Gram-positive S. aureus NCIM B6571 using TSB as the growth medium
(Section 2.5.3). Fig. 5.2 shows the results obtained when the viable plate count method was
used for the antibacterial efficacy determination using 2g l-1 each of the antibacterial agent.
Laponite® RD (without silver) did not show any growth inhibition on all the bacteria
examined (Fig. 5.2a, b, c). All concentrations of silver-exchanged Laponite® RD used
showed at least some inhibitory effect on all the bacteria species when compared to media
containing only the bacteria (without silver-Laponite® RD). The lag phase of E. coli in the
medium supplemented with AGLAP1 was extended by 4 hours when compared to the
control and after 72 hours there was 2.8 log cells reduction. Total inhibitory effect of AgNO3,
AGLAP6 and AGLAP4 were obtained at 2, 8 and 24 hours respectively (Fig. 5.2a). There
was a prolonged lag phase of about 22 hours in S. aureus medium supplemented with
AGLAP1 and 3.5 log cells reduction after 72 hours. Bactericidal action was achieved after 24
hours in the media supplemented with AGLAP4 and AGLAP6, while AgNO3 was 2 hours
(Fig. 5.2b).
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(a)

24

48

72

24

48

72

24

48

72

(b)

(c)

Fig 5.2: Determination of antibacterial activity of silver-exchanged Laponite® RD and AgNO3 by viable plate
count against E. coli (a), S. aureus (b) and P. aeruginosa (c) cells were treated with 2g l-1 each of AGLAP1,
AGLAP4 and AGLAP6 at 37oC in TSB. The pH remained fairly constant within the range of 6.7 – 7.6.
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With a 7.7 log cell reduction using AGLAP1, bactericidal action of AGLAP4 at 8 hours,
AGLAP6 at 6 hours and AgNO3 at 2 hours, P. aeruginosa showed the highest susceptibility
to the silver-Laponite® RD throughout the duration of the experimental period (Fig. 5.2c).

5.1.3 ICP-AES analysis of silver ions eluted from silver-exchanged Laponite® RD
(AGLAP1, 4 and 6)
The quantity of silver ions eluted from the silver-exchanged Laponite® RD nanocomposite in
TSB containing E. coli K12W-T, S. aureus NCIM B6571 or P. aeruginosa NCIMB8295 was
monitored and recorded (Fig.5.3). There was a steady release of silver ions with time when
bacteria was present in TSB. In the presence of E. coli, S. aureus or P. aeruginosa the release
rate of silver ions increased with time. In the presence of E. coli there was a burst silver ions
release of 0.2, 1.4 and 2.2ppm from AGLAP1, AGLAP4 and AGLAP6 respectively at time
zero, then a steady increase in the release to 2 hours and was fairly constant until the 8th hour
and a further increase in the release after 24, 48 till 72 hours resulting in a total silver ions
release of 4.3, 10.9 and 12.1ppm silver ions from AGLAP1, AGLAP4 and AGLAP6 (Fig.
5.3(i)). At time zero 804.2ppm was released from AgNO3, and increased to 889.9ppm after
72 hours (Fig. 5.3(ii)). Comparable releases were observed for S. aureus (Fig. 5.3 (iii), (iv)),
and P. aeruginosa (Fig. 5.3 (v), (vi)).
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Fig. 5.3: Silver ions released from silver-exchanged Laponite® RD and AgNO3 into TSB with E. coli (i), (ii); S.
aureus (iii), (iv) and P. aeruginosa (v), (vi) with time at concentrations of 2g l-1 each of AGLAP1, AGLAP4
and AGLAP6 at 37oC. See attached Fig. doc.

___________________________________________________________________________
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Figure 5.4 was the release profile obtained when only silver-exchanged Laponite® RD was
placed in TSB (without bacteria). The profiles show a progressive and consistent release
similar to those with bacteria. Over the 72 hour period 3.5, 10.9, 12.7 and 874.5ppm of silver
ions were released respectively from AGLAP1, AGLAP4, AGLAP6 and AgNO3
respectively (Fig. 5.4(i) and (ii)). There was statistically no significant difference between
the release profiles of silver ions in medium containing bacteria and medium without bacteria
(P > 0.05 Appendix 1A).
___________________________________________________________________________
(i)

24

48

72

24

48

72

(ii)

Fig. 5.4: Silver ions released from silver-exchanged Laponite® RD and AgNO3 into TSB at 37 oC without
bacteria with time at concentrations of 2g l-1 each of AGLAP1, AGLAP4 and AGLAP6, (i) and AgNO3 (ii).

___________________________________________________________________________
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5.2

Antibacterial activity of silver incorporated Laponite® RD (AL1-3) by

isomorphous substitution
5.2.1 Inhibition zone
The sensitivity was performed as already described in Section 2.5.2. The results obtained are
as shown in (Fig. 5.5). No antibacterial action was observed for the pure Laponite® RD. The
width of the inhibition zone (distance between edge of disk and end of clearance zone) of the
antibacterial silver modified Laponite® RD as a function of the loading level measured in the
case of three different bacterial strains, E. coli K12W-T, S. aureus NCIM B6571 and P.
aeruginosa NCIMB8295 are shown in Fig 5.5. The largest inhibition zone were observed
with P. aeruginosa, 1.8mm, 1.4mm, and 0.5mm for AL3, AL2 and AL1 respectively; for S.
aureus, 1.5mm, 1.1mm, 0.4mm, and for E. coli; 1.3mm, 1.0mm and 0.4mm were obtained for
AL3, AL2 and AL1 respectively (Fig.5.5).
___________________________________________________________________________

Fig. 5.5: Inhibition zones of the samples as a function of the silver incorporated Laponite® RD level against E.
coli, S. aureus and P. aeruginosa grown on TSA at 37 oC. (n=3). Error bars represent standard error.

___________________________________________________________________________
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5.2.2

Influence of concentration of silver incorporated Laponite® RD by isomorphous

substitution.
As described in Section 2.6 the inhibitory effect of silver incorporated Laponite® RD was
___________________________________________________________________________
(a)
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(b)

72
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Fig. 5.6: Antibacterial activity of silver incorporated Laponite® RD and AgNO3 by viable plate count at 37oC
for E. coli (a), S. aureus (b) and P. aeruginosa (c). The bacteria were treated with 2g l-1 each of AL1, AL2 and
AL3 in TSB. pH = 6.7-7.6.
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investigated. Fig. 5.6 represents the antibacterial efficacy of 2g l-1 of silver incorporated
Laponite® RD and AgNO3 on the selected bacteria determined by the viable plate count
method. The viability of E. coli was reduced by 3.9 and 5 log cells with AL2 and AL3
respectively, while no cell reduction effect was observed for AL1 after 6 hours, with a
starting 5.2 log cells (Fig. 6.5a). After 24 hours there was 0.7 log cells reduction of E. coli
with AL1, while a total cell reduction of 9.1 log was obtained for both AL2 and AL3 after 24
hours. After 72 hours 0.9 log cell reduction of E. coli was obtained for AL1. Total inhibition
was obtained after 2, 8 and 24 hours in E. coli medium supplemented with AgNO3, AL2 and
AL3 respectively. Comparable antibacterial effect was obtained for S. aureus (Fig. 5.6b) and
P. aeruginosa (Fig. 5.6c).

160

5.2.3 ICP-AES analysis of silver ions eluted from silver incorporated Laponite® RD

Fig. 5.7: Silver ion released from silver incorporated Laponite® RD and AgNO3 into TSB with E. coli (i), (ii);
S. aureus (iii), (iv) and P. aeruginosa (v), (vi) with time. The bacteria were treated with 2g l-1 each of AL1,
AL2, AL3 and AgNO3 at 37oC between the pH ranges 6.2 – 7.1. See attached Fig. doc.

___________________________________________________________________________
The amount of silver ions eluted from silver incorporated Laponite® RD in TSB containing E.
coli, S. aureus or P. aeruginosa are shown in Figure 5.7. There was a steady release of silver

161

ions with time in the presence of the bacteria. At the starting time no silver ions were released
and after 2 hours 2.3, 3.5 and 4.2ppm were released from AL1, AL2 and AL3 respectively.
These gradually increased to 9.3, 11.0, and 13.0ppm after 72 hours in the medium inoculated
with E. coli (Fig. 5.7(i)). In a separate E. coli medium containing AgNO3, there was an initial
801.5ppm burst silver ions release at time zero, at the end of 72 hours 799.7ppm were present
in the bacterial medium (Fig. 5.7(ii)). Comparable silver ion releases were obtained for S.
aureus (Fig. 5.7(iii) and (iv)) and P. aeruginosa (Fig. 5.7(v)). Figure 5.8 represent the release
profile obtained when silver incorporated Laponite® RD place in TSB was performed without
bacteria.
___________________________________________________________________________

(i)
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72

24
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(ii)

Fig. 5.8: Silver ions released from silver incorporated exchanged Laponite® RD and AgNO3 into TSB at 37 oC
without bacteria with time at concentrations of 2g l-1 each of AL1, AL2 and AL3, (i) and AgNO3 (ii).
__________________________________________________________________________________________
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The profiles show a progressive and consistent release similar to those with bacteria, which
indicate that the presence of bacteria in the medium did not elicit an increase in the amount of
silver ions released. Previous studies by Matsumura et al., (2003) suggested that silver ions
would only be released in aqueous media containing bacterial cells while Kwakye-Awuah et
al. (2008) found that the amount of silver released in medium containing bacteria was
significantly lower (P = 0.003) than those without the bacteria. However, the present study
revealed that there was no significant difference (P > 0.05) between the silver ions released in
medium with or without the bacterial cells (Appendix 1B).
___________________________________________________________________________
Table 5.1: The release of silver ions in bacterial medium after 72 hours at 37 oC.

Ag+ released in bacteria medium ±SE (ppm)
Samples

E. coli

S. aureus

P. aeruginosa

Ion exchange
AGLAP1
AGLAP4
AGLAP6

3.42±1.45
10.89±1.56
12.06±0.31

4.25±0.98
10.93±1.51
12.84±1.20

4.78±1.04
11.29±0.17
12.52±0.90

Isomorphous substitution
AL1
AL2
AL3

9.27±1.34
10.95±1.78
12.68±1.43

7.87±0.34
10.85±1.09
13.14±1.56

8.87±2.01
12.54±1.51
13.99±1.03

AgNO3

799.65±24.64

796.09±35.22

788.15±33.41

___________________________________________________________________________

This suggests that the silver size in which the greater percentage of 65 - 89% was in the range
10 - 20nm may have been too large to diffuse into the cell, as only smaller particles mainly
in the range 1 – 10nm could enter the cell, based on indirect microscopic evidence (Morones
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et al., 2005 and Kloepfer et al., 2005). This assertion was also supported by Choi and Hu,
(2008) who found that the nanoparticle size range 8 – 14nm were impenetrable to E. coli
cells. In the ion exchanged species approximately 17, 28 and 26% of silver ions were
released from AGLAP1, AGLAP4 and AGLAP6 respectively (Table 3.1 and 5.1). While 77
and 55% of the silver ions were released from the isomorphous substituted species; AL2 and
AL3 respectively (Table 3.2 and 5.1), whereas the silver ion release from AgNO3 was 80%
after 72 hours (Table 5.1 and Appendix 2C).

5.3

Discussion

5.3.1 The antibacterial activity of silver modified Laponite® RD

Bacteria resistance to antibacterial agents has been a challenge for a long time (Atiyeh et al.,
2007; Rai et al., 2008). The key attribute of antibacterial agents is to be present in a sufficient
quantity to ensure an efficacious release level over a period of time, and a support material
that would promote a consistent release. The use of silver modified Laponite® RD by both
methods has demonstrated these properties.

The silver being bound to the interlayer space in the silver exchanged Laponite

®

RD

facilitated an immediate (AGLAP6 releasing upto 2ppm at time zero), as well as slow, release
lasting for the 72 hours duration of the investigation (Fig. 5.3 and 5.4). Although, there was
no Ag+ ions release from silver incorporated Laponite ® RD i.e. AL3 at time zero (Fig. 5.7
and 5.8). The isomorphous substituted silver-Laponite® RD demonstrated similar releasing
trend, surprisingly the release were quite more up to 94% (AL2) and 57% (AL3) compared to
the ion exchange species which were 24% (AGLAP1), 31% (AGLAP4) and 26% (AGLAP6).
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The Laponite® RD (without silver) showed no antibacterial properties. Therefore, the silver
ions released from the silver modified Laponite® RD were responsible for the antibacterial
action against all three bacteria examined.

The starting bacterial concentration of 105 – 106 CFU ml-1 was used for the disk diffusion test
to show the sensitivity of the bacteria. The batch studies revealed differences in sensitivity to
silver exhibited by bacterial strains. The size of the zone of inhibition was a measure of the
susceptibility of bacteria to silver-Laponite® RD. The strains susceptible to silver-Laponite®
RD exhibit larger inhibition zone whereas resistant strains exhibit smaller or no inhibition
zone. The silver-exchanged Laponite® RD disks were surrounded with larger inhibition zones
(Fig. 5.1) compared to the silver incorporated Laponite® RD (Fig. 5.5). Perhaps due to
diffusion barrier posed by the media since Ag+ ions can only be release via an ion exchanged
process, fundametally with the chloride ions component of the TSB (Ruparelia et al., 2008).
In addition, the Ag+ ions from the Laponite octahedral sheet would be more difficult to
diffuse rather than from the interlayer surface as in the case of the silver-exchange Laponite®
RD. This restricted the diffusion of the agent into the agar around the area of application
preventing a greater zone of clearance around the disk. Thus reduced the diffusion rate of the
silver ions from the Laponite® RD matrix. Hence, the gel nature and subsequent entrapment
of silver ions within the matrix limited the diffusion rate therefore; less number of the
bacterial population was killed resulting in low inhibition zones.

However, all the strains were totally inhibited after 24 hours by the viable plate count with
silver-exchanged Laponite® RD. P. aeruginosa (Fig. 5.2c) was relatively the most susceptible
of the bacterial strains examined followed by S. aureus (Fig. 5.2b) and then E. coli (Fig.
5.2a). Also, the silver incorporated Laponite® RD followed a similar trend as shown in Fig.

165

5.6. Since the zones of inhibition of the bacteria were measured on agar plates using a meter
ruler with a 1mm resolution, the possibility of measurement errors exists. However, the
method illustrates the potential bactericidal effect of silver to different bacterial strains.

5.3.2 The silver ions released from silver modified Laponite® RD
Work by Kwakye-Awuah et al. (2008) did not take into account the components of TSB
taking part in the bactericidal action. TSB contains NaCl which participates in significant ion
exchange in the bacterial media, enhancing the release of the silver via an ion exchange
process (Ruparelia et al., 2008). The equation of the reaction that occurred in the culture
media is as shown:

cAg-Laponite® RD (s) + TBS(aq) + Na+ + Bacteria

xAg+(aq) + (c-x)Ag (x)Na-Laponite®

RD (s) + TSB(ag) + Bacteria

(3)

where c is the initial concentration of silver ions in the Ag-Laponite® RD
x is the concentration of silver ion released from the Ag-Laponite® RD
s is the solid state of Ag-Laponite® RD and Na-Laponite® RD
aq is aqueous state of TSB and Ag+ during the reaction

The result showed that NaCl participated in the efficacy of the bactericidal action of AgLaponite® RD. The fact that the release of silver ions was immediate in the media is an
indication of the possibility of occlusion of silver ions on the silver-Laponite® RD produced
by ion exchange despite sufficient washing with methanol (Section 2.2.1.1). According to
Kwakye-Awuah et al. (2008) this type of silver ions release are instantaneous since they do
not diffuse from the framework. Although, the isomorphous substituted silver incorporated
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Laponite® RD demonstrated similar release characteristics, the release was not immediate (at
least there was no occlusion of the silver ions as there were no Ag+ ions releaed into the
medium at sampling time zero) quite slow and may be for longer duration. Octahedrally
bound silver is more difficult and slower to release than those bound to the surface, interlayer
or edges. The Laponite® RD without silver showed no antibacterial properties. Therefore, the
silver ions released from the Laponite® RD layers of the silver modified Laponite® RD were
responsible for the antibacterial action against all three bacteria.

The TEM images (Fig. 3.14 and 3.18) confirmed the silver species were in the nanoparticle
range. Silver nanoparticles interact with microbial cells through a variety of mechanisms. The
silver nanoparticles have been reported to act directly with the microbial cells by causing cell
pitting (Choi and Hu, 2008), interrupting transmembrane electron transfer, disrupting and
penetrating the cell envelope, oxidizing cell components or producing secondary products
such as reactive oxygen species or dissolved silver ions resulting in damage to the cell (Li et
al., 2008a). The high surface area of silver nanoparticles increases the potential that silver
ions are released from them (Mudunkotuwa and Grassian, 2011; Bian et al., 2011). But it is
not yet clear to which degree the toxicity of silver nanoparticle emanates from released silver
ions and how much toxicity is attributed to the silver nanoparticle itself (Beer et al., 2012).
Kim et al., (2009) suggest that the toxicity of AgNPs is principally due to oxidative stress
(because in his experiment using human hepatoma cells to demonstrate the role oxidative
stress plays in the cytotoxicity of AgNPs, he found that metal-responsive metallothionein 1b
mRNA expression was not induced in AgNP-treated cells, while it was induced in Ag+ ionstreated cells. So he concluded that AgNP-treated cells have limited exposure to Ag+ ions,
despite the potential release of Ag+ ions from AgNPs in cell culture, and that the AgNPs
agglomerated in the cytoplasm and nuclei of treated cells and induced intracellular oxidative
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stress) and independent of the toxicity of Ag+ ions. While, Kawata et al., (2009) and Navarro
et al., (2008) inferred that the measured Ag+ ions content of the AgNPs suspension could not
fully explain the observed toxicity of the AgNPs suspension and that both Ag+ ions and
AgNPs contributed to the toxicity. Although, some degree of conflicts exists in these reports,
the evidence presented suggests that silver ions at least account for some part of the toxicity
of silver nanoparticles (Beer et al., 2012).

However, the processes that may be possibly involved in the antibacterial action of silverLaponite® RD; bacterial cells that come into contact with the silver modified Laponite® RD
take up the silver ions. These ions inhibit several of the cells functions and thus cause cell
damage (Matsumura et al., 2003). Also, the silver ions interact with thiol-containing amino
acids and bind to functional groups of protein causing denaturation (Liau et al., 1997). In
addition, silver ions have been demonstrated to inhibit respiratory enzymes and produce
reactive oxygen species which attack the microbial cell. These by-products (such as super
oxide anions, hydrogen peroxide, hydroxyl radicals and singlet oxygen) of dissolved oxygen
occur in aerobic environments (Inoue et al., 2002 and Galeano et al., 2003).

However, silver ions have been shown to inhibit the growth of pathogenic oral bacteria such
as Porphyromonas gingivalis, Prevotella intermedia and Streptococcus mutans under
anaerobic conditions (Kawahara et al., 2000). These suggest that silver modified Laponite®
RD may be useful in controlling many types of pathogenic microorganisms in both aerobic
and anaerobic environments. This experiment was performed in day light, so there was
possibly reduction of some of the silver ions to the metallic form that may have occurred
during the addition of silver-Laponite® RD to the bacteria culture. The metallic silver was
likely to become a mass of minute electrodes, making the silver modified Laponite® RD
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conductive and causing it to release the silver ions (Schierholz et al., 2000). The observed
bactericidal effect is dependent upon the concentration of silver ions as well as the initial
bacterial concentration (Pal et al., 2007). Although, the clinical application of silverLaponite® RD has not been established, it can potentially be exploited in medicine for
treatment of burns, dental materials, coating stainless steel materials, textile fabrics,
sunscreen lotions and water treatment (Rai et al ., 2009).

________________________________________________________________
Notice:
Silver in electrochemical series (for complete table see http://www.chemguide.co.uk/
physical/redoxeqia/ecs.html)
equilibrium
+

Ag

(aq)

-

+ e

Ag(s)

Eo = +0.80 volts

________________________________________________________________
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Chapter 6

Result and Discussion

Antibacterial activity of copper modified Laponite® RD
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In this chapter the antibacterial activity of copper-modified Laponite® RD was assessed
preliminarily by sensitivity test and directly by viable plate counts. These results as well as
the copper released from the copper-Laponite® RD composites were examined in both the ion
exchange and the isomorphous substituted samples.

6.1

Antibacterial activity of copper-exchanged Laponite® RD by ion exchange

6.1.1 Inhibition zone
Antibacterial activities of copper-exchanged Laponite® RD (CULAP) with different
exchange levels were determined by the disk diffusion method already described in Section
2.5.2. The width of the inhibition zones (distance between edge of disk and end of inhibition
zone) of the antibacterial copper-exchanged Laponite® RD as a function of the exchange
level measured in the cases of three different bacteria strains, E. coli K12W-T, S. aureus
NCIM B6571 and P. aeruginosa NCIMB8295 are shown in Fig 6.1.
___________________________________________________________________________

Fig. 6.1: Inhibition zones of the samples as a function of the concentration of copper-exchanged Laponite® RD
against E. coli, S. aureus and P. aeruginosa grown on TSA at 37 oC. (n=3). Error bars represent standard error.

___________________________________________________________________________
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No antibacterial action was observed for the pure Laponite® RD. The highest inhibition zones
of 1.7mm, 1.4mm, 0.9mm were observed for P. aeruginosa with CULAP6, CULAP4 and
CULAP1 respectively, followed by S. aureus with 0.6 mm, 0.8mm, 0.1mm with CULAP6,
CULAP4 and CULAP1 respectively. While lowest inhibition zone were obtained for E. coli
0.8mm, 0.6 mm and 0.6mm for CULAP6, CULAP4 and CULAP1 respectively (Fig. 5.1).

6.1.2 Influence of concentration of copper-exchanged Laponite® RD on bacteria
Antibacterial tests were performed against Gram-negative E. coli K12W-T and

P.

aeruginosa NCIMB8295 and Gram-positive S. aureus NCIM B6571 using TSB as the
growth medium (Section 2.4.1). The results obtained for the viable plate count show the
presence of copper-exchanged Laponite® RD at concentrations of 2gl-1 each of CULAP1,
CULAP4 and CULAP6 resulting in minimal inhibition on the growth of the bacteria
throughout the 72 hours dur` ation (Fig. 6.2).
Laponite® RD (without copper) did not show any growth inhibition on all the bacteria
examined (Fig. 6.2). With the initial 5.23 log CFU ml-1, the growth of E. coli was reduced by
0.19, 0.72 and 1.15 log CFU ml-1 at the concentration of 2g l-1 each of CULAP1, CULAP4
and CULAP6 respectively after 72 hours (Fig. 6.2a). At the same period 1.00, 1.42 and 1.76
log CFU ml-1 reduction was obtained for S. aureus by CULAP1, CULAP4 and CULAP6
respectively (Fig. 6.2b). The viability of P. aeruginosa was most affected with 1.00 log CFU
ml-1 (CULAP1), I.60 log CFU ml-1 (CULAP4) and 3.10 log CFU ml-1 (CULAP6) reduction
in growth (Fig. 6.2c). All bacteria tested were inhibited after 2 hours contact time with 2g l-1
of CuSO4 (Fig. 6.2a,b,c).

172

___________________________________________________________________________
(a)

24

48

72

(b)

24

48

72

24

48

72

(c)

Fig 6.2: Determination of antibacterial activity of copper-exchanged Laponite® RD and CuSO4 by viable plate
count against E. coli (a), S. aureus (b) and P. aeruginosa (c). The bacteria were treated with 2g l-1 each of
CULAP1, CULAP4 and CULAP6 at 37oC in TSB.

___________________________________________________________________________
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6.1.3 ICP-AES analysis of copper ions eluted from copper-exchanged Laponite® RD

Fig. 6.3: Copper ion released from copper-exchanged Laponite® RD and CuSO4 into TSB with E. coli (i), (ii);
S. aureus (iii), (iv) and P. aeruginosa (v), (vi) with time at concentrations of 2g l-1 each of CULAP1, CULAP4
and CULAP6 at 37oC. See attached Fig. doc.

___________________________________________________________________________
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Typically, intercalated species in the interlayer space of smectites is released by ion-exchange
reaction with other cations. The Cu2+ ion was released from Cu-exchanged Laponite® RD by
ion exchange with other cations present in the TSB such as Na+. The Cu2+ ions were
continuously released over the 72 hrs period and a burst release was observed for the initial
2hrs. The initial burst release may be attributed to some Cu2+ ions existing at or near the
surface of the Laponite® RD.
___________________________________________________________________________
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Fig. 6.4: Copper ions released from copper-exchanged Laponite® RD and CuSO4 into TSB without bacteria with
time at concentrations of 2g l-1 each of CULAP1, CULAP4 and CULAP6, (i) and CuSO4 (ii) at 37oC.

___________________________________________________________________________
The Cu2+ ion release profile of CuSO4 was spontaneous and abrupt with 300.37ppm of Cu2+
ions released at time zero and 348.55ppm after 72 hours in medium inoculated with E. coli
(Table 6.1). Equivalent Cu2+ ions release levels were obtained for S. aureus and P.
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aeruginosa (Table 6.1). The equilibrium percentage release of Cu2+ ions were not up to
100%. This was expected as typical of an ion-exchange reaction, which is an equilibrium
process whereby the interlayer cations cannot be completely exchanged (Meng et al., 2009).
There was no significant difference (P > 0.05) between the Cu2+ ions release profile from all
concentrations of copper-exchanged Laponite® RD in the media with or without E. coli
(Appendix 1C), S. aureus and P. aeruginosa; except for S. aureus in media supplemented
with CULAP1 after 6 – 72 hours; CULAP4 after 6 – 8 hours, CULAP6 after 2- 8 hours
(Appendix 1C); and excerpt for P. aeruginosa in media supplemented with CULAP1 after 4
– 72 hours; CULAP4 after 4 – 72 hours, CULAP6 after 0 - 8hours and again after 72 hours
(Appendix 1C).

6.2

Antibacterial activity of copper incorporated Laponite® RD by isomorphous

substitution

6.2.1 Influence of concentration of copper incorporated Laponite® RD on bacteria
The disk diffusion test was performed as already described in Section 2.5.2. There was no
inhibition zone observed for either the pure Laponite® RD nor the copper incorporated
Laponite® RD in all the three bacterial strains examined therefore, the results were not
included. The antibacterial efficacy of copper incorporated Laponite® RD by the viable plate
count is shown in Fig. 6.5. There was a 0.39 log cell reduction of E. coli, 0.36 log cell
reduction of S. aureus and 0.99 log cells reduction for P. aeruginosa obtained with 2g l-1 CL1
after 72 hours within the pH 6.7 – 7.2.
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Fig. 6.5: Determination of antibacterial activity of copper incorporated Laponite® RD and CuSO4 by viable plate
count against E. coli (a), S. aureus (b) and P. aeruginosa (c). The bacteria were treated with 2g l-1 of CL1at
37oC in TSB.

__________________________________________________________________________
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6.2.1 ICP-AES analysis of copper ions eluted from copper incorporated Laponite® RD
(CL1)
The amount of copper ions eluted from copper incorporated Laponite® RD in TSB containing
E. coli, S. aureus or P. aeruginosa are shown in Figure 6.6. There was a steady release of
copper ions with time in the presence of the bacteria.

Fig. 6.6: Copper ion released from copper incorporated Laponite® RD and CuSO4 into TSB with E. coli (i), (ii);
S. aureus (iii), (iv) and P. aeruginosa (v), (vi) with time at concentrations of 2g l-1 of CL1 at 37oC. See attached
Fig. doc.

___________________________________________________________________________
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No copper was released at time zero and after 2 hours 2.2ppm was released from CL1 which
gradually increased to 6.9ppm after 8 hours, and a further release of 7.7ppm and 8.9ppm after
24 and 72 hours respectively in medium containing E. coli (Fig. 6.6(i)). In a different E. coli
medium supplemented with CuSO4 there was an initial 317.9ppm release of copper at starting
time zero, which increased to 398.1ppm after 8 hours and 321.4ppm after 72 hours (Fig.
6.6(ii)). Comparable copper release was obtained for S. aureus (Fig. 6.6(iii), (iv)), and P.
aeruginosa (Fig. 6.6(v), (vi)).

___________________________________________________________________________
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48
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(ii)

24

Fig. 6.7: Copper ions released from copper incorporated Laponite® RD and CuSO4 into TSB without bacteria
with time at concentrations of CL1 (i) and CuSO 4 (ii) at 37oC.

___________________________________________________________________________
Figure 6.7 represents the release profile obtained when copper incorporated Laponite® RD
place in TSB was performed without bacteria. The profiles show a progressive and consistent
release similar to those with bacteria (Fig. 6.6), which indicate that the presence of bacteria in
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the medium did not elicit an increase in the amount of copper released, as there was no
significant difference between the two profiles for all the bacteria (P > 0.05, Appendix 1D).

___________________________________________________________________________
Table 6.1: The release of copper ions in bacterial medium after 72 hours at 37oC.

Cu2+ released in bacteria medium ±SE
(ppm)
Samples

E. coli

S. aureus

P. aeruginosa

Ion exchange
CULAP1
CULAP4
CULAP6

18.96±0.18
75.22±0.73
95.66±0.84

19.27±0.38
68.34±1.65
89.50±1.18

17.93±0.93
66.27±1.31
88.05±0.80

9.94±1.10

9.87±0.34

Isomorphous substitution
CL1
8.77±0.87

CuSO4

348.55±39.77

359.32±57.34

347.33±48.74

___________________________________________________________________________

6.3

Discussion

6.3.1 The antibacterial activity of copper modified Laponite® RD
In this investigation a minimal antibacterial action was observed in the copper incorporated
Laponite® RD (Fig. 6.5) whereas a greater antibacterial activity was apparent in the copperexchnaged Laponite® RD (Fig. 6.2). This was understandable, as the concentration of copper
is the most important factor in bactericidal effect (Deever et al., 1993). Ibrahim et al., (2008)
found that the presence of 50ppm of Cu2+ ions influenced the growth of E. coli O157:H7 and
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thirty eight strains of Salmonella spp. reducing the population from 1.5 x 107 cfu ml-1 to 1.4 x
107 after 6 hours and from 2.7 x 107 to 2.0 x 107 cfu ml-1 after 12 hours with 1.0 x 103
bacterial population. The concentration of 50ppm Cu2+ was not lethal enough to inhibit the
growth of E. coli and Salmonella spp. But, obtained significant bactericidal action with 100
and 200ppm within 6 hours of contact time, all at 37oC (Ibrahim et al., 2008). In the present
study, the 6ppm (Fig. 6.6(i)) and 17ppm (Fig. 6.3(i)) copper concentrations were below the
lethal dose, only resulting in reduction in E. coli population from 1.35 x 108 cfu ml-1 to 3.33
x 105 cfu ml-1 (equivalent to (≈) 0.6 log cell reduction Fig. 6.5a) and 7.67 x 107 cfu ml-1
(≈0.3 log cell reduction Fig. 6.2a) after 6 hours contact time with 1.7 x 105 cfu ml-1 initial
bacterial population.
However, the copper concentrations, 62ppm (CULAP4) and 75ppm (CULAP6) resulted in E.
coli K12W-T (Fig. 6.3(i)) population decrease from 1.35 x 108 cfu ml-1 to 1.10 x 108 cfu ml-1
(≈0.4 log cell reduction, Fig. 6.2a) and 7.0 x 106 cfu ml-1 (≈1.29 log cell reduction, Fig. 6.2a)
respectively in 6 hours contact time, with a starting population of 1.7 x 105 cfu ml-1 at 37oC.
Similarly, the 1.7 x 108 cfu ml-1 S. aureus population dercreased to 2.8 x 106 cfu ml-1 (≈1.78
log cell reduction Fig. 6.2b) and 7.6 x 105 cfu ml-1 (≈2.35 log cell reduction Fig. 6.2b) with
51ppm (CULAP4) and 65ppm (CULAP6)

respectively (Fig. 6.3(ii)) with a starting

population of 1.7 x 105 cfu ml-1. Also, the P. aeruginosa population, 1.7 x 108 cfu ml-1 was
reduced to 7.8 x 106 cfu ml-1 (≈1.4 log cell reduction Fig. 6.2c) and 6.8 x 105 cfu ml-1 (≈2.4
log cells reduction, Fig. 6.2c) respectively with 47ppm (CULAP4), and 64ppm (CULAP6),
Fig. 6.3(v).

The starting bacterial population and strain may have played a role in the different inhibitory
effects obtained. However, the result of this investigation showed that even the maximum
95ppm copper released was sub lethal after 72 hours (Table 6.1). But those of the literatures
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cited suggest that ≥100ppm threshold Cu2+ concentration may exhibit significant inhibitory or
bactericidal effect (Ibrahim et al., 2008; Nies, 1999). Due to variation in the E. coli strain
employed, size of the nanoparticles and initial bacterial concentration, direct comparison
between the studies is not feasible. Although, bactericidal activity was obtained in bacterial
medium supplemented with CuSO4 (Fig. 6.3(ii), (iv), (vi) and Fig. 6.6(ii), (iv), (vi)) but the
release was abrupt hence, unsuitable for use in slow and sustained releasing systems. Overall
these results show that copper modified Laponite® RD by ion exchange and isomorphous
substitution exhibited antibacterial efficacy, an indication that it may be suitable for slow and
sustained release systems. Copper modified Laponite® RD possesses attractive features and
may be potentially applied in medical field for incorporation into medical devices.

6.3.2 The copper ions released from copper modified Laponite® RD
He et al., (2005) found three different possibilities of Cu2+ ion location in Cu2+ - adsorbed
montmorillonite: Cu2+ ions replaced the original metal ions in the interlayer, Cu2+ ions moved
into the hexagonal cavities of Si-O sheet, or a small quantity penetrated and was found at the
octahedral vacancies. These assertions have been supported by the earlier experiments of
Heller-Kallai and Mosser (1995). The heating of copper-montmorillonite caused the
migration of Cu2+ ions into the hexagonal sites and during dehydroxylation the Cu2+ ions
penetrated into the octahedral vacancies. These octahedral located Cu2+ ions may be more
difficult to release than the interlayer Cu2+ ions. This acertion would need more research to
confirm if octahedrally located Cu2+ ions are more difficult to release than interlayerly located
Cu2+ ions.

Copper is an essential nutrient in many microorganisms, including bacteria, and enzymeassociated copper is a requirement for aerobic metabolism. But excess amounts of free copper
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or its alloy often lead to cell toxicity; the 75ppm (CULAP4) and 95ppm (CULAP6) copper
concentrations (Fig. 6.3(i)) showed toxicity by significantly reducing the cells population.
This toxicity is induced when copper undergoes redox reactions alternating between Cu+1 and
Cu2+ in the Fenton and Haber-Weiss reaction, leading to the generation of hydroxyl radicals
and reactive oxygen intermediates (Quaranta et al., 2011). These hydroxyl radicals readily
attack and damage cellular biomolecules (Santo et al., 2011), and the highly reactive oxygen
intermediates cause lipid peroxidation and oxidation of protein leading to nucleic acid
damage (Halliwell et al., 1990).

Copper also causes protein inactivation via disruption of Fe-S clusters in proteins such as
cytoplasmic hydratases (Macomber and Imlay, 2009; Salhany et al., 1978; Christie and
Costa, 1984; Sondossi et al., 1990, Nies, 1999). It has been well documented that heavy
metals bind to thiols and other groups or protein molecules and in addition may replace
naturally occurring metals in enzyme prosthetic groups (Sterritt and Lester, 1980). Damage to
DNA has been reported although this has not been well proven (Tkeshelashvili et al., 1991).
However, recent findings have shown that copper does have a significant toxicity effect on
the DNA of bacteria by inappropriately binding to the purine and pyrimidine base pair
leading to loss of function (Huh and Kwon, 2011).

Despite these studies and interesting results on the antimicrobial efficacy of copper and
related copper compounds the mechanism by which these organisms are killed is still obscure
(Quaranta et al., 2011). Some microorganisms, such as E. coli, have exhibited a variety of
ways to prevent or resist copper toxicity, by developing extracellular supplementation with
protective substances against the oxidative stress in the form of catalase, superoxide
dismutase or by hydroxyl radical quencher (Santo et al., 2008). Since the copper persisted in
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its antibacterial properties in the present study, against all the bacteria tested during the 72
hours duration, resistance to the copper modified Laponite® RD is unlikely.
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Chapter 7

Overall Discussion and Conclusion
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7.1

Overall discussion

7.1.1 Laponite® RD modification with silver and copper
Silver and copper are traditionally renowned antibacterial materials, having been known and
used for centuries (Yoon et al., 2007). These metals have been incorporated into silicate
materials for healthcare, food and the textile industry, and consumer products (Yoon et al.,
2007).

An equivalent amount (at least approximately, unlike Michels et al. (2009) who compared
2.5% silver containing material with 99.9% copper alloy) of silver and copper were
exchanged or incorporated with Laponite® RD using two methods to compare the
antibacterial efficacy of both metals. The results suggested that while the silver was active
the corresponding copper equivalent was relatively inactive, ie, silver exhibited greater
antibacterial properties at lower concentrations than copper under the same conditions
specified in this study. Image analysis showed that the silver nanoparticles (Fig. 3.13 and
3.21) were relatively smaller than the copper nanoparticles (Fig. 4.10 and 4.19), which further
may have impacted on their antibacterial activity since, antibacterial activity was largely
dependent on nanoparticles size as have also been found by Ruparelia et al. (2008); the
smaller the nanoparticles the greater the antibacterial activity (Ruparelia et al., 2008).

7.1.2 Bactericidal effect of silver modified Laponite® RD and copper modified
Laponite® RD
The comparison of inhibition zones showed that silver-exchanged Laponite® RD was more
effective than the copper-exchanged Laponite® RD as demonstrated by the results in Fig 5.1
and 6.1. Similarly, silver incorporated Laponite® RD was more effective than copper
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incorporated Laponite® RD (Fig. 5.5 and Section 6.2.1). The viable plate count method also
illustrated the inhibitory effect of silver-Laponite® RD (Fig. 5.2 and 5.6) over copperLaponite® RD (Fig. 6.2 and 6.5).

The fact that the synthesised particles were in nano sizes is significant for medical
applications, as this feature offers an increased contact surface for the bacteria contact, and
therefore enhanced suitability and application for medical devices as surface coating agents
(Kim et al., 2007). Silver in nanoparticle form is of particular interest since it is more
effective against bacteria than fungi and would be prescribed more for antibacterial rather
than anti-fungal devices (Kim et al., 2007). Gram-positive bacteria were more susceptible to
silver nanoparticles than gram-negative, due to differences in their cellular structures,
principally the peptidoglycan (a polymer made up of amino acids and sugars that constitute
the cell wall of bacteria) layer (Kim et al., 2007). However, the Sondi and Salopek-Sondi,
2004 result exhibited no strain specificity and was also supported by Panacek et al. (2006). In
the present study, the strain specificity could not be established since the bacteria used
exhibited differences in growth or increase in cell number with time in culture supplemented
with silver-exchanged Laponite® RD when comapared with culture supplemented with
copper-exchanged Laponite® RD (P < 0.05, Appendix 2A). Also, there was a significant
difference in the increase in cell numbers between the culture supplemented with silver
incoporated Laponite® RD and copper incorporated Laponite® RD (P < 0.05, Appendix 2B)
which again eliminated ground for comparison.

Ruparelia et al. (2008) speculated that the nutrient media may have assisted the bactericidal
action of Cu2+ by reacting with its constituent, and suggested that the greater significant
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release of Cu2+ ions over Ag+ ions were probably due to presence of a copper oxide layer on
the nanoparticulate copper, coupled with its reaction with chloride ions in the nutrient media.
The attachment of silver ions, or nanoparticles has been reported by Lok et al. (2006),
supported by Ruparelia et al. (2008), to cause cell wall rupture and accumulation of envelope
protein precursors, resulting in dissipation of proton motive forces, destabilisation of the
outer membrane, and rupture of the plasma membrane causing depletion of cellular ATP.
Ruparelia et al. (2008) suggested a similar mode of bactericidal action of silver and copper
nanoparticles and emphasise that molecules such as carbonyl groups on bacterial cell surfaces
e.g. B. subtilis, possess an affinity for copper and are hence attracted to them. The copper
ions subsequently released bind with DNA molecules leading to disorder of the helical
structures via cross-linking within and between the nucleic acid strands. Once copper ions
have gained entrance into the bacterial cell disruption of biochemical processes becomes
apparent (Kim et al., 2000) even though the exact mechanism of action of the copper ions, or
those of its nanoparticles, remain unknown (Stoh and Bagchi 1995, and Ruparelia et al.,
2008), a similar mechanism of action was speculated for copper nanoparticles as for silver
nanoparticles (Ruparelia et al., 2008).

7.1.3 Evaluation of efficacy of silver or copper ion-containing materials
The literature is replete with different ideas for the use of antimicrobial metal agents, with
silver known to be most effective. Reports suggests that copper, within 2 hours was effective
against bacteria (Michels et al., 2009), but lower silver concentrations presented total
antimicrobial efficacies in minutes (Kwaye-awuah et al., 2008). Michels et al. (2009) tested
silver antimicrobial activity using a Japanese standard which were unrepresentative: the
Japanese standard employs a 24 hour test at 37oC and 90% relative humidity; a plastic film is
pressed over the samples to retain humidity which does not depict the atmospheric condition
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found in the typical healthcare environment. Michels et al. (2009) accessed the antibacterial
efficacy of silver- and copper-containing alloys; Ag-A containing 2.5% Ag (only the silver
content of this proprietary was provided) and Ag-B containing 2.5% Ag, 8% Ni, 18% Cr,
74% Fe, five different copper alloys designated; C11000 with 99.9 weight % of Cu, C51000
(95% Cu, 5% Sn), C70600 (90% Cu, 10% Ni), C26000 (70% Cu, 30% Zn) and C75200 (65%
Cu, 17% Zn, 18% Ni) .

The silver ion-containing materials exhibited >5 log reduction in MRSA viability after 24
hours under high humidity and high temperature conditions of >90% relative humidity (RH)
and at 35oC and 20 oC, but only a <0.3 log reduction at ~22% RH and 20 oC and no
antibacterial efficacy was observed at ~22% RH and 35oC under the JIS Z 2801 test
conditions (Japanese standards association, 2000). The copper alloys however, demonstrated
>5 log MRSA reductions under all the test conditions. This sort of comparison is nonclassical (because it‟s a comparison of unequvalent quantities of silver and copper ions) as it
would have been more of scientific interest if a 99.9% silver ion-containing alloy was
involved (Michal et al., 2009) and also the evaluation was restricted to only an indoor
environment.

Michels et al. (2009) attributed the silver antimicrobial performance to

presence of excess moisture.

However, in the present investigation, closely similar quantities of silver-exchanged
Laponite® RD (0.70, 1.25, 1.61, 1.76, 1.85, 2.35 wt.%) was compared with copper-exchanged
Laponite® RD (0.69, 0.94, 1.23, 1.37, 1.82, 1.85 wt.%) and silver incorporated Laponite® RD
(0.09, 0.58, 1.10 wt.%) compared with copper incorporated Laponite® RD (0.53 wt.%). These
investigations were performed under conditions of ambient temperature, atmospheric relative
humidity and near neutral pH. Under these conditions silver was discovered to be more active
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antibacterially in comparison to copper. These findings, and those of others, have attested to
the fact that silver even if present only in low quantity is capable of exhibiting bactericidal
action against a broad spectrum of microorganisms (Silver, 2003; Inoue, et al., 2002 and
Kwakye-Awuah, et al., 2008). The major discovery by Michels et al., (2009) was that in a
real life situation, typically an indoor environment (such as those found in controlled
environment like hospital), copper presented the most desirable antimicrobial property and
possesses the advantage of high activity at ambient temperature and relative humidity. TGA
was performed to determine the stability of the silver- and copper-Laponite® RD over a wide
range of temperatures and the associated water loss. Under the condition that this
investigation was based, there was neither decomposition nor water loss of the silver- or
copper-Laponite® RD at the ambient temperature range (approximately between 20 – 25oC)
which indicated that silver- or copper-Laponite® RD were stable at this temperature typical of
indoor environment, and that with the same amount of water availability silver containing
Laponite® RD was more antibacterially active than copper containing Laponite® RD.

Silver nanoparticles, due to their antimicrobial properties, are the most widely used in
commercial products (Beer et al., 2012). In a report of materials specifically referenced in
nanotechnology consumer products between 2005 and 2011 (Beer et al., 2012), the most
common material mentioned in the product descriptions was silver: a total of 55.4%,
followed by carbon 16.1%, titanium/titanium dioxide 10.4%, silica 7.6%, zinc/zinc oxide
5.5% and gold 5.0% (Rejeski, et al., 2012).

Ruparelia et al. (2008) compared the bactericidal effect of silver and copper nanoparticles of
sizes 3 and 9 nm respectively based on the diameter of inhibition zones and the determination
of minimum inhibitory concentration (MIC) and minimum bactericidal concestration (MBC)
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in nutrient agar. Bacterial sensitivity to nanoparticles was found to vary depending on the
microbial species. Silver nanoparticles displayed greater effectiveness for E. coli and S.
aureus than the copper nanoparticles. While the MIC of silver nanoparticles for different E.
coli strains; MTCC 443, MTCC 739, MTCC 1302 was 40, 180 and 120µg ml-1, those for
copper nanoparticles were 140, 220 and 200µg ml-1 respectively. The different strains of S.
aureus; NCIM 2079, NCIM 5021, NCIM 5022, were 120 µg ml-1 and for copper
nanoparticles were 140µg ml-1. The MBC followed a similar trend. This further strenghten
the finding of this piece of work that silver wether in the free or in composite form are more
active antibacterially than copper in similar forms.

But in the case of Bacillus subtilis the reverse was the case, expressing an MIC of 20µg ml-1
and MBC of 40µg ml-1 for copper nanoparticles and 40µg ml-1 and 60µg ml-1 MIC and MBC
respectively for silver nanoparticles. This observed difference was due to the affinity of
copper towards amines and carboxyl groups present on the cell of B. subtilis (Ruparelia et al.,
2008; Moon and Peacock, 2011; Beveridge and Murray, 1980) and suggest that the
bactericidal action of silver nanoparticles and those of copper nanoparticles may be strain
specific. Therefore, the combination of silver and copper antibacterial nanocomposite may
give rise to a more complete bactericidal effect against mixed bacterial population.

The possible source of discrepancy in the measurements (EDX and ICP-AES) is that, while
the EDX data obtained for silver-exchanged Laponite RD (AGLAP1, AGLAP4 and
AGLAP6) showed agreement with the values obtained form ICP-AES, the silver incorporated
Laponite RD showed discrepancy. Greater amount of Ag was released than expected as seen
from the EDX data Table 3.1- this may have been due to bulk Ag located on the surface of
Laponite RD which may have remain bound after washing. It may also have been due to
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nonhomogeneous nature of the samples since the triplicate experiments were performed on
different days. In addition, EDX is a semi-quantitative method which can only measure
samples to a depth of 10µm, wheras the lower detection limit for the ICP AES was 1 ppb.
These reasons may also suffice for the discrepancy in the release of Cu2+ ions i.e. in Table 6.1
when compared to Table 4.1.

However, the differences in data that arise as a result of using these two separate analytical
techniques that gave different measurement on similar Ag/Cu modified Laponite RD will
form a good foundation to differentiate and identify differences between these techniques for
Laponite RD analysis and may form bases for future work. Only limited publications have
substituted Ag with Laponite RD and even fewer with Cu substitution. Therefore, further
studies into the differences in the use of these analytical techniques will help to elucidate this
area of research.

Although, the release of Cu2+ ions (obtained from ICP AES, Table 6.1) were higher than
those obtained from EDX measurement in Table 4.1 however, the result of antimicrobial
activity of Cu2+ ions showed agreement with findings of other authors in the literature cited.
For instance, the 75ppm and 95ppm Cu2+ ions released significantly reduced the bacterial
population without total inhibition as was also suggested by Ibrahim et al., 2008; Nies, 1999.

7.2

Toxicity of silver or copper.

Copper in pure or combined forms (brass or bronze) on surfaces are safe and long lasting. A
voluntary risk assessment was conducted by the Italian Government's Istituto Superior di
Sanita, Italy, while serving as the review country on behalf of the European Commission and
EU Member States. The main conclusion of the assessment was that "the use of copper
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products is, in general, safe for Europe's environment and the health of its citizens".
Moreover, copper is one of the essential micronutrient needed by humans. It has been
confirmed that an average adult needs 1 mg of copper every day to maintain good health to
prevent a copper deficiency called osteoporosis and other chronic conditions involving bone,
connective tissue, heart and blood vessels disorder (http://www.copperinfo.com/health/deficiencies.html).

The toxicity of silver has not been reported, and the only known side effect is argyra, a
permanent discolouration of the skin (exhibiting a blue or grayish pigmentation) eyes and
mucous membranes as a result of exposure to high levels of silver (Lide, 2001). Although
these have been shown for the toxicity of silver, they are far higher than the levels or
concentration used in this study which suggest that the product from this work can be used
effectively without side effect such as toxicity, and in my opinion may be considered fit for
safe use.

There has been a disagreement concerning the efficacy of metal antibacterial agents in the
literature, some citing Ag and others Cu as the most potent metal agent. Factors and
underlying conditions of reactivity, as well as dissolution potentials in the various media are
critical factors for consideration before any meaningful judgement can be made as to whether
these metals are used as elements or in a combined form, as macro or nanocomposite, with
polymer or plastics, as metallic or ionic forms. These subtle questions need to be answered
before accurate judgement on antimicrobial efficacy of these metals antibacterial agents can
be ascertained.
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7.3

Mode of action of antibacterial silver-Laponite® RD and copper-Laponite® RD

Although, antibacterial agents have been use to combat pathogens and antibiotic resistant
bacteria, the literature is still unclear on their mechanism of action (Kwaye-awuah et al.,
2008). The report of the literature concerning copper being used in single or free form on
contact surfaces such as door handles, beds, screens and up to 99% application coating
(Salgado et al, 2010; Santo, et al., 2011) showed efficacy when applied alone as a metal in
coating but the behaviour might be totally different if used in the combined or incorporated
forms.

This investigation was quite different in that copper was incorporated with Laponite® RD and
was then focussed on the slow release as well as the effective released amount that ultimately
resulted in bactericidal activity. This makes comparison of our investigation with those of the
literatures cited difficult. Those studies were primarily concerned with the use of metal
antibacterial agents to combat microorganisms without attention to quantity and controlled
availability. Furthermore, to overcome the potential challenge of the spread of antimicrobial
resistance to metallic silver or copper, similar to what was observed immediately after the
introduction of antibiotics (Santo et al., 2010). Therefore, this investigation examined
controlled release capability, and monitored the release of silver/copper over a 72 hour
period. Details on mechanism of action have been presented in Section 7.1.2.

7.4

Bacterial resistance to silver and copper.

The literature highlights instances of bacterial resistance genes. Chen et al., (2009) reviewed
the molecular mechanism of bacterial resistance, although the resistance to silver-Laponite®
RD or copper-Laponite® RD were not determined in the present study. However, since the
metal-Laponite® RD persisted in their antibacterial activity throughout the duration of the
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study, resistance from the strains used were unlikely - more research will be needed to
clearify this ascertion.

7.5

Overall conclusion

The syntheses of silver modified Laponite® RD and copper modified Laponite® RD have
been confirmed. The silver- or copper-exchanged Laponite® RD produced by ion-exchange
and the silver or copper incorporated Laponite® RD produced via isomorphous substitution
were all characteristically different by the various analytical techniques; XRD, FTIR, EDX,
TGA, 29Si MAS MNR, SEM and TEM before use in the antibacterial investigation.
All the concentrations of the silver and copper modified Laponite® RD including AgNO3 and
CuSO4 used, significantly reduced the growth of all the bacteria strains examined. While the
release profiles of AgNO3 and CuSO4 were instantaneous. However, the silver and copper
modified Laponite® RD nanocomposite exhibited a slow and consistent release of silver and
copper ions in the TSB medium over the whole investigation period and released ≥ 1.9% and
≥ 17.7% of the total Ag+ and Cu2+ ions content respectively, under the conditions specified in
this study. This suggests perhaps that there was probably a slow and sustained release of the
metal ions from the Laponite® RD sheet that consequently exerted effective antibacterial
activity on all three bacteria strains used in this study. It is suggested that the adsorption of
bacteria onto the silver- or copper-Laponite® RD from the TSB, followed by immobilisation
on the Laponite® RD surface, resulted in a bactericidal or bacteriostatic effect (further work
will be needed to clearify this ascertion). Furthermore, there was also the ionization of silver
or copper nanoparticles producing the free ions in solution, causing a direct antibacterial
effect. Hence, the attachment, penetration and impairment of cellular metabolic activities
ultimately led to the cell death. Thus, silver or copper modified Laponite® RD demonstrated
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features of slow release and can be potentially exploited in medicine for burns treatment and
wound dressing.

7.6

Relevance of this study and potential application

Healthcare-associated infections (HCIs) continue to cause significant morbidity and mortality
globally. With more than 1.4 million patients afflicted with HCI worldwide at any time (Pittet
et al., 2008; Pittet and Donaldson 2005); over 4 million people affected, resulting in
approximately 37000 death in the Europe Union each year (Health Protection Agency (HPA),
2012a and HPA, 2012b); and over one-quarter of a million cases of HCIs occurring in
England resulting in approximately 5000 deaths, costing the National Health Service (NHS) a
billion pound per annum (Casey et al., 2010). It is estimated that 15 – 30% of all such
infections could be prevented by better infection prevention and control practices (HPA,
2012a; HPA, 2012b; Casey et al., 2010; Pittet et al., 2008; Pittet and Donaldson 2005).
According to a recent report published by HPA, the prevalence of antimicrobial use was
34.7% in England last year (HPA, 2012a). These reports suggest that the use of antimicrobial
agent is crucial in healthcare environments. The findings of this investigation clearly
demonstrate that silver and copper modified Laponite® RD offer the potential to significantly
reduce the number of microorganisms / bio burden in healthcare institutions. However, the
use of these antimicrobial surface agents should be seen as a supplement to, not a substitute
for, standard infection control practices. The fact that Laponite® RD can form a gel shows
that silver/copper antimicrobials make for a good combination for example, in wound care for
control of wound exudates. Metal nanoparticles offer unique opportunities in both hospital
and transport to prevent the spread of infections, particularly since with the increase in air
travel and greater desire for mobility in people, airborne, vector-borne, and zoonotic spread
of infectious agents have become a major public health concern (Ren et al., 2009).
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7.7

Limitations of this study and future work

This investigation showed silver-Laponite® RD and copper-Laponite® RD challenged with E.
coli, S. aureus and P. aeruginosa under similar conditions. The result may be different for
different microorganisms under dissimilar conditions. The determination of the metal content
of the Laponite® RD using EDX and ICP AES could not be reconciled as there was disparity
in the measurement and the source could not be traced. However, this investigation can be a
model for future investigation for other microorganisms. This study has provided the basis for
investigating further the antibacterial efficacy of silver or copper modified Laponite® RD.

The correlation of incorporated metal particles on Laponite® RD with duration of activity
would be better characteriased with TEM image analysis to gain greater understanding and
insight into their similarities or differences. Activity of leachate will determine activity of
cations versus nanoparticles therefore; strigent synthesis procedure is necessary to avoid
excess or loosely bound Ag+ ions in the isomorphously produced silver- Laponite® RD by
sufficient washing with NaCl solution before the antibacterial activity testing. Also,
necessary is the reworking to get same amount of AgNO3 and silver incorporated Laponite®
RD to accurately compare and distinquish them in their antibacterial efficacy.

The

characterisation of the silver- or copper-Laponite® RD after the antibacterial testing will help
to determine the amount of silver or copper remaining in the Laponite® RD matrix after the
antibacterial testing and it is important to use only one analytical technique for the
characterisation such as ICP AES throughtout the characterisation period both before and
after the antibacterial experiments. Studies on the antibacterial mechanism should be
explored to find out if antimicrobial activity with Laponite® RD is novel or similar to what
the literature have already suggested.
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It is suggested that the understanding of the metal-Laponite® RD antibacterial agent will
provide solution to combat antibacterial resistance. The location of the silver or copper ions
in the bacterial cell can be identified with TEM. Given the growing attention being paid to
natural antibacterial agents, which may be more readily accepted by consumers (Ibrahim et
al., 2008), it would be beneficial to explore the possibility of combining metal antibacterial
agents synergistically to obtain a better and more cost efficient reduction of pathogenic
bacteria.
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Appendices
Appendix
1

1

Descriptive statistics of silver and copper ions eluted from silver and copper modified Laponite® RD

Table A: Silver ions eluted from silver-exchanged Laponite® RD in medium containing bacteria and bacteria
free medium
(i)

Bacterial medium supplemented with AGLAP1

Bacteria free AGLAP1 vs E. coli AGLAP1
Time (h)
Difference
t
0
-0.06
0.1772
2
0.259
0.765
4
0.7023
2.074
6
0.3913
1.156
8
0.2427
0.7168
24
0.6187
1.827
48
0.685
2.023
72
1.397
4.127
Bacteria free AGLAP1 vs S. aureus AGLAP1
Time (h)
Difference
t
0
-0.086
0.254
2
-0.2117
0.6252
4
-0.3703
1.094
6
-0.2837
0.838
8
0.2003
0.5917
24
0.2167
0.64
48
-0.1413
0.4174
72
0.3563
1.052
Bacteria free AGLAP1 vs P. aeruginosa AGLAP1
Time (h)
Difference
t
0
-0.086
0.254
2
-0.2117
0.6252
4
-0.3703
1.094
6
-0.4837
1.429
8
0.2003
0.5917
24
0.2167
0.64
48
-0.1413
0.4174
72
0.3563
1.052

P value
P > 0.05
P > 0.05
P > 0.05
P > 0.05
P > 0.05
P > 0.05
P > 0.05
P < 0.01

Summary
ns
ns
ns
ns
ns
ns
ns
**

P value
P > 0.05
P > 0.05
P > 0.05
P > 0.05
P > 0.05
P > 0.05
P > 0.05
P > 0.05

Summary
ns
ns
ns
ns
ns
ns
ns
ns

P value
P > 0.05
P > 0.05
P > 0.05
P > 0.05
P > 0.05
P > 0.05
P > 0.05
P > 0.05

Summary
ns
ns
ns
ns
ns
ns
ns
ns
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(ii)

Bacterial medium supplemented with AGLAP4

Bacteria free AGLAP4 vs E. coli AGLAP4
Time (h)

Difference

t

P value

Summary

0

-0.414

0.4109

P > 0.05

ns

2

0.897

0.8903

P > 0.05

ns

4

1.592

1.58

P > 0.05

ns

6

0.926

0.9191

P > 0.05

ns

8

0.13

0.129

P > 0.05

ns

24

1.293

1.283

P > 0.05

ns

48

0.343

0.3404

P > 0.05

ns

72

-0.091

0.09032

P > 0.05

ns

Difference

t

P value

Summary

0

-0.787

0.7811

P > 0.05

ns

2

-1.64

1.627

P > 0.05

ns

4

0.238

0.2362

P > 0.05

ns

6

-0.42

0.4169

P > 0.05

ns

8

-0.11

0.1092

P > 0.05

ns

24

0.115

0.1141

P > 0.05

ns

48

-0.123

0.1221

P > 0.05

ns

72

-0.558

0.5538

P > 0.05

ns

Difference

t

P value

Summary

0

-0.787

0.7811

P > 0.05

ns

2

-1.64

1.627

P > 0.05

ns

4

-0.762

0.7563

P > 0.05

ns

6

-0.42

0.4169

P > 0.05

ns

8

-0.11

0.1092

P > 0.05

ns

24

0.115

0.1141

P > 0.05

ns

48

-0.123

0.1221

P > 0.05

ns

72

-0.558

0.5538

P > 0.05

ns

Bacteria free AGLAP4 vs S. aureus AGLAP4
Time (h)

Bacteria free AGLAP4 vs P. aeruginosa AGLAP4
Time (h)
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(iii)

Bacterial medium supplemented with AGLAP6

Bacteria free AGLAP6 vs E. coli AGLAP6
Time (h)
Difference
t
0
-0.28
0.3774
2
0.636
0.8573
4
1.235
1.665
6
0.204
0.275
8
0.067
0.09031
24
0.361
0.4866
48
-0.214
0.2885
72
-0.675
0.9099
Bacteria free AGLAP6 vs S. aureus AGLAP6
Time (h)
Difference
t
0
-0.741
0.9988
2
-0.552
0.7441
4
-0.253
0.341
6
-1.042
1.405
8
-0.336
0.4529
24
0.451
0.6079
48
0.483
0.6511
72
-0.164
0.2211
Bacteria free AGLAP6 vs P. aeruginosa AGLAP6
Time (h)
Difference
t
0
-0.741
0.9988
2
-1.452
1.958
4
-0.253
0.341
6
-1.042
1.405
8
-0.336
0.4529
24
0.451
0.6079
48
0.483
0.6511
72
-0.164
0.2211

P value
P > 0.05
P > 0.05
P > 0.05
P > 0.05
P > 0.05
P > 0.05
P > 0.05
P > 0.05

Summary
ns
ns
ns
ns
ns
ns
ns
ns

P value
P > 0.05
P > 0.05
P > 0.05
P > 0.05
P > 0.05
P > 0.05
P > 0.05
P > 0.05

Summary
ns
ns
ns
ns
ns
ns
ns
ns

P value
P > 0.05
P > 0.05
P > 0.05
P > 0.05
P > 0.05
P > 0.05
P > 0.05
P > 0.05

Summary
ns
ns
ns
ns
ns
ns
ns
ns
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Table B: Silver ions eluted from silver incorporated Laponite ® RD in medium containing bacteria and bacteria
free medium

(i)

Bacterial medium supplemented with AL1

Bacteria Free AL1 vs E. coli AL1
Time (h)

Difference

t

P value

Summary

0

0

0

P > 0.05

ns

2

-0.9

0.7301

P > 0.05

ns

4

-1

0.8112

P > 0.05

ns

6

-0.7

0.5679

P > 0.05

ns

8

-1.2

0.9735

P > 0.05

ns

24

-2

1.622

P > 0.05

ns

48

-1.9

1.541

P > 0.05

ns

72

-2.6

2.109

P > 0.05

ns

Bacteria Free AL1 vs S. aureus AL1
Time (h)

Difference

t

P value

Summary

0

0

0

P > 0.05

ns

2

-0.9

0.7301

P > 0.05

ns

4

-1

0.8112

P > 0.05

ns

6

-1

0.8112

P > 0.05

ns

8

-1.698

1.377

P > 0.05

ns

24

-2

1.622

P > 0.05

ns

48

-2.909

2.36

P > 0.05

ns

72

-4

3.245

P > 0.05

ns

Difference

t

P value

Summary

0

0

0

P > 0.05

ns

2

-1.319

1.07

P > 0.05

ns

4

-1.7

1.379

P > 0.05

ns

6

-1

0.8112

P > 0.05

ns

8

-1

0.8112

P > 0.05

ns

24

-2

1.622

P > 0.05

ns

48

-1.909

1.549

P > 0.05

ns

72

-3

2.434

P > 0.05

ns

Bacteria Free AL1 vs P. aeruginosa AL1
Time (h)
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(ii)

Bacterial medium supplemented with AL2

Bacteria Free AL2 vs E. coli AL2
Time (h)

Difference

t

P value

Summary

0

0

0

P > 0.05

ns

2

0.282

0.1937

P > 0.05

ns

4

-0.318

0.2184

P > 0.05

ns

6

-0.207

0.1422

P > 0.05

ns

8

-1.176

0.8078

P > 0.05

ns

24

-0.525

0.3606

P > 0.05

ns

48

-1.249

0.858

P > 0.05

ns

72

-2.104

1.445

P > 0.05

ns

Difference

t

P value

Summary

0

0

0

P > 0.05

ns

2

-0.567

0.3895

P > 0.05

ns

4

-0.919

0.6313

P > 0.05

ns

6

-0.959

0.6588

P > 0.05

ns

8

-1.07

0.735

P > 0.05

ns

24

-0.824

0.566

P > 0.05

ns

48

-1.711

1.175

P > 0.05

ns

72

-2.103

1.445

P > 0.05

ns

Difference

t

P value

Summary

0

0

0

P > 0.05

ns

2

-1.9

1.305

P > 0.05

ns

4

-1.1

0.7556

P > 0.05

ns

6

-0.1

0.06869

P > 0.05

ns

8

-1.1

0.7556

P > 0.05

ns

24

-0.5

0.3435

P > 0.05

ns

48

-1

0.6869

P > 0.05

ns

72

-0.514

0.3531

P > 0.05

ns

Bacteria Free AL2 vs S. aureus AL2
Time (h)

Bacteria Free AL2 vs P. aeruginosa AL2
Time (h)
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(iii)

Bacterial medium supplemented with AL3

Bacteria Free AL3 vs E. coli AL3
Time (h)

Difference

t

P value

Summary

0

0

0

P > 0.05

ns

2

0.398

0.3314

P > 0.05

ns

4

0.639

0.5321

P > 0.05

ns

6

-0.407

0.3389

P > 0.05

ns

8

-0.527

0.4388

P > 0.05

ns

24

-0.044

0.03664

P > 0.05

ns

48

-1.817

1.513

P > 0.05

ns

72

-2.913

2.425

P > 0.05

ns

Difference

t

P value

Summary

0

0

0

P > 0.05

ns

2

-0.923

0.7685

P > 0.05

ns

4

-0.632

0.5262

P > 0.05

ns

6

-0.498

0.4147

P > 0.05

ns

8

0.049

0.0408

P > 0.05

ns

24

-0.177

0.1474

P > 0.05

ns

48

-1.532

1.276

P > 0.05

ns

72

-2.454

2.043

P > 0.05

ns

Difference

t

P value

Summary

0

0

0

P > 0.05

ns

2

-2

1.665

P > 0.05

ns

4

0

0

P > 0.05

ns

6

0

0

P > 0.05

ns

8

0

0

P > 0.05

ns

24

0.053

0.04413

P > 0.05

ns

48

-0.5

0.4163

P > 0.05

ns

72

-1.6

1.332

P > 0.05

ns

Bacteria Free AL3 vs S. aureus AL3
Time (h)

Bacteria Free AL3 vs P. aeruginosa AL3
Time (h)
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Table C: Copper ions eluted from copper-exchanged Laponite® RD in medium containing bacteria and bacteria
free medium
(i)

Bacterial medium supplemented with CULAP1

Bacteria free CULAP1 vs E. coli CULAP1
Time (h)
Difference
t
0
0
0
2
0
0
4
0
0
6
0
0
8
0
0
24
0
0
48
0
0
72
0
0
Bacteria free CULAP1 vs S. aureus CULAP1
Time (h)
Difference
t
0
-0.0877
0.1656
2
-0.582
1.099
4
-1.615
3.049
6
-3.283
6.198
8
-2.796
5.279
24
-13.46
25.41
48
-13.13
24.78
72
-10.03
18.94
Bacteria free CULAP1 vs P. aeruginosa CULAP1
Time (h)
Difference
t
0
0.698
1.318
2
-1.261
2.381
4
-1.937
3.657
6
-3.54
6.684
8
-2.475
4.673
24
-13.97
26.37
48
-12.34
23.29
72
-10.29
19.43

P value
P > 0.05
P > 0.05
P > 0.05
P > 0.05
P > 0.05
P > 0.05
P > 0.05
P > 0.05

Summary
ns
ns
ns
ns
ns
ns
ns
ns

P value
P > 0.05
P > 0.05
P > 0.05
P < 0.0001
P < 0.0001
P < 0.0001
P < 0.0001
P < 0.0001

Summary
ns
ns
ns
****
****
****
****
****

P value
P > 0.05
P > 0.05
P < 0.05
P < 0.0001
P < 0.001
P < 0.0001
P < 0.0001
P < 0.0001

Summary
ns
ns
*
****
***
****
****
****
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(i)

Bacterial medium supplemented with CULAP4

Bacteria free CULAP4 vs E. coli CULAP4
Time (h)
Difference
0
0
2
0
4
0
6
0
8
0
24
0
48
0
72
0
Bacteria free CULAP4 vs S. aureus CULAP4
Time (h)
Difference
0
1.395
2
-4.408
4
-7.14
6
-11.12
8
-8.341
24
-7.923
48
-5.356
72
-7.117
Bacteria free CULAP4 vs P. aeruginosa CULAP4
Time (h)
Difference
0
1.547
2
-4.609
4
-5.231
6
-14.71
8
-17.66
24
-13.72
48
-8.44
72
-8.75

t
0
0
0
0
0
0
0
0

P value
P > 0.05
P > 0.05
P > 0.05
P > 0.05
P > 0.05
P > 0.05
P > 0.05
P > 0.05

Summary
ns
ns
ns
ns
ns
ns
ns
ns

t
0.5507
1.74
2.819
4.39
3.293
3.128
2.114
2.809

P value
P > 0.05
P > 0.05
P > 0.05
P < 0.01
P < 0.05
P > 0.05
P > 0.05
P > 0.05

Summary
ns
ns
ns
**
*
ns
ns
ns

t
0.6106
1.82
2.065
5.808
6.97
5.415
3.332
3.454

P value
P > 0.05
P > 0.05
P > 0.05
P < 0.0001
P < 0.0001
P < 0.0001
P < 0.05
P < 0.05

Summary
ns
ns
ns
****
****
****
*
*
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(i)

Bacterial medium supplemented with CULAP6

Bacteria free CULAP6 vs E. coli CULAP6
Time (h)
Difference
0
0
2
0
4
0
6
0
8
0
24
0
48
0
72
0
Bacteria free CULAP6 vs S. aureus CULAP6
Time (h)
Difference
0
-6.47
2
-13.73
4
-8.053
6
-9.827
8
-8.778
24
-1.177
48
2.009
72
-6.44
Bacteria free CULAP6 vs P. aeruginosa CULAP6
Time (h)
Difference
0
-8.417
2
-16.32
4
-10.8
6
-11.24
8
-12.11
24
-3.319
48
-1.417
72
-8.157

t
0
0
0
0
0
0
0
0

P value
P > 0.05
P > 0.05
P > 0.05
P > 0.05
P > 0.05
P > 0.05
P > 0.05
P > 0.05

Summary
ns
ns
ns
ns
ns
ns
ns
ns

t
3.058
6.489
3.806
4.645
4.149
0.5565
0.9494
3.044

P value
P > 0.05
P < 0.0001
P < 0.01
P < 0.001
P < 0.01
P > 0.05
P > 0.05
P > 0.05

Summary
ns
****
**
***
**
ns
ns
ns

t
3.978
7.711
5.103
5.311
5.722
1.569
0.6699
3.855

P value
P < 0.01
P < 0.0001
P < 0.0001
P < 0.0001
P < 0.0001
P > 0.05
P > 0.05
P < 0.01

Summary
**
****
****
****
****
ns
ns
**
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Table D: Copper ions eluted from copper incorporated Laponite® RD in medium containing bacteria and
bacteria free medium

Bacteria Free CL1 vs E. coli CL1
Time (h)
Difference
0
0
2
-0.367
4
-0.969
6
0.812
8
0.5
24
1
48
0.4
72
0.836
Bacteria Free CL1 vs S. aureus CL1
Time (h)
Difference
0
0
2
-0.7
4
-1.314
6
-0.144
8
-0.553
24
-0.016
48
0.399
72
0.78
Bacteria Free CL1 vs P. aeruginosa CL1
Time (h)
Difference
0
0
2
0.679
4
0.515
6
1.207
8
1.235
24
1.848
48
1.154
72
1.461

t
0
0.5922
1.564
1.31
0.8069
1.614
0.6455
1.349

P value
P > 0.05
P > 0.05
P > 0.05
P > 0.05
P > 0.05
P > 0.05
P > 0.05
P > 0.05

Summary
ns
ns
ns
ns
ns
ns
ns
ns

t
0
1.13
2.12
0.2324
0.8924
0.02582
0.6439
1.259

P value
P > 0.05
P > 0.05
P > 0.05
P > 0.05
P > 0.05
P > 0.05
P > 0.05
P > 0.05

Summary
ns
ns
ns
ns
ns
ns
ns
ns

t
0
1.096
0.8311
1.948
1.993
2.982
1.862
2.358

P value
P > 0.05
P > 0.05
P > 0.05
P > 0.05
P > 0.05
P > 0.05
P > 0.05
P > 0.05

Summary
ns
ns
ns
ns
ns
ns
ns
ns
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Table E: Silver ions eluted from AgNO3 in medium containing bacteria and bacteria free medium

Bacteria Free AgNO3 vs E. coli AgNO3
Time (h)

Difference

t

P value

Summary

0

0

0

P > 0.05

ns

2

0

0

P > 0.05

ns

4

0

0

P > 0.05

ns

6

0

0

P > 0.05

ns

8

0

0

P > 0.05

ns

24

-10.35

0.7571

P > 0.05

ns

48

-5.4

0.395

P > 0.05

ns

72

31.5

2.304

P > 0.05

ns

Difference

t

P value

Summary

0

0

0

P > 0.05

ns

2

0

0

P > 0.05

ns

4

0

0

P > 0.05

ns

6

0

0

P > 0.05

ns

8

0

0

P > 0.05

ns

24

79.65

5.826

P < 0.0001

****

48

84.6

6.188

P < 0.0001

****

72

31.5

2.304

P > 0.05

ns

Bacteria Free AgNO3 vs S. aureusAgNO3
Time (h)

Bacteria Free AgNO3 vs P. aeruginosa AgNO3
Time (h)

Difference

t

P value

Summary

0

0

0

P > 0.05

ns

2

0

0

P > 0.05

ns

4

0

0

P > 0.05

ns

6

0

0

P > 0.05

ns

8

0

0

P > 0.05

ns

24

52.65

3.851

P < 0.01

**

48

30.6

2.238

P > 0.05

ns

72

31.5

2.304

P > 0.05

ns
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Table F: Copper ions eluted from CuSO4 in medium containing bacteria and bacteria free medium

Bacteria Free CuSO4 vs CuSO4 E. coli
Time (h)

Difference

t

P value

Summary

0

-50.86

6.906

P < 0.0001

****

2

-57.01

7.74

P < 0.0001

****

4

-68.89

9.354

P < 0.0001

****

6

-69.08

9.38

P < 0.0001

****

8

-53.66

7.286

P < 0.0001

****

24

-2.608

0.3541

P > 0.05

ns

48

-10.33

1.403

P > 0.05

ns

72

-10.24

1.391

P > 0.05

ns

Difference

t

P value

Summary

0

-61.57

8.36

P < 0.0001

****

2

25.54

3.468

P < 0.05

*

4

-65.05

8.833

P < 0.0001

****

6

-70.94

9.632

P < 0.0001

****

8

-49.93

6.779

P < 0.0001

****

24

-2.308

0.3134

P > 0.05

ns

48

0.9258

0.1257

P > 0.05

ns

72

-9.508

1.291

P > 0.05

ns

Bacteria Free CuSO4 vs CuSO4 S. aureus
Time (h)

Bacteria Free CuSO4 vs CuSO4 P. aeruginosa
Time (h)

Difference

t

P value

Summary

0

-60.49

8.214

P < 0.0001

****

2

-71.48

9.705

P < 0.0001

****

4

-77.71

10.55

P < 0.0001

****

6

-76.54

10.39

P < 0.0001

****

8

-64.84

8.805

P < 0.0001

****

24

-34.2

4.644

P < 0.001

***

48

-17.26

2.344

P > 0.05

ns

72

-18.97

2.576

P > 0.05

ns
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Appendix

2

Descriptive statistics of silver and copper modified Laponite® RD antibacterial activity after 72 hours.

2

Table A: Silver-exchanged Laponite® RD antibacterial activity after 72 hours. Comparison of growth of bacteria
in silver incorporated Laponite RD (control) and copper incorporated Laponite RD (control)

AGLAP E. coli vs CULAP E. coli
Time (h)

Difference

t

P value

Summary

0

-0.0098

0.06237

P > 0.05

ns

2

1.052

6.696

P < 0.0001

****

4

0.7842

4.991

P < 0.001

***

6

0.4265

2.715

P > 0.05

ns

8

-0.3831

2.439

P > 0.05

ns

24

-0.7175

4.567

P < 0.001

***

48

-0.6049

3.85

P < 0.05

*

72

-0.7366

4.689

P < 0.001

***

Difference

t

P value

Summary

0

0.1605+

1.021

P > 0.05

ns

2

0.5246

3.339

P > 0.05

ns

4

1.015

6.458

P < 0.0001

****

6

0.8868

5.645

P < 0.0001

****

8

0.09507

0.6051

P > 0.05

ns

24

-0.00263

0.01676

P > 0.05

ns

48

0.04512

0.2872

P > 0.05

ns

72

-0.2257

1.436

P > 0.05

ns

AGLAP S. aureus vs CULAP S. aureus
Time (h)

AGLAP P. aeruginosa vs CULAP P. aeruginosa
Time (h)

Difference

t

P value

Summary

0

0.01095

0.06968

P > 0.05

ns

2

0.04807

0.306

P > 0.05

ns

4

0.1559

0.9921

P > 0.05

ns

6

0.5645

3.593

P < 0.05

*

8

0.2955

1.881

P > 0.05

ns

24

-0.1874

1.193

P > 0.05

ns

48

-0.5628

3.582

P < 0.05

*

72

-0.2826

1.799

P > 0.05

ns
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Table B: Silver incorporated and copper incorporated Laponite ® RD antibacterial activity after 72 hours.
Comparison of growth of bacteria in silver incorporated Laponite RD, AL (control) and copper incorporated
Laponite RD, CL (control).

AL E. coli vs CL E. coli
Time (h)

Difference

t

P value

Summary

0

0.004138

0.04467

P > 0.05

ns

2

-0.3241

3.499

P > 0.05

ns

4

0.9929

10.72

P < 0.0001

****

6

0.7322

7.905

P < 0.0001

****

8

0.02117

0.2286

P > 0.05

ns

24

-0.373

4.027

P < 0.01

**

48

-0.4605

4.972

P < 0.001

***

72

-0.5861

6.328

P < 0.0001

****

Difference

t

P value

Summary

0

-0.00096

0.01034

P > 0.05

ns

2

0.2657

2.869

P > 0.05

ns

4

0.9576

10.34

P < 0.0001

****

6

0.7472

8.067

P < 0.0001

****

8

0.04199

0.4534

P > 0.05

ns

24

-0.4602

4.968

P < 0.001

***

48

-0.501

5.409

P < 0.0001

****

72

-0.6474

6.99

P < 0.0001

****

AL S. aureus vs CL S. aureus
Time (h)

AL P. aeruginosa vs CL P. aeruginosa
Time (h)

Difference

t

P value

Summary

0

-0.00391

0.04224

P > 0.05

ns

2

0.2657

2.869

P > 0.05

ns

4

1.01

10.9

P < 0.0001

****

6

0.835

9.015

P < 0.0001

****

8

0.7883

8.51

P < 0.0001

****

24

-0.1355

1.463

P > 0.05

ns

48

-0.3461

3.736

P < 0.05

*

72

-0.2985

3.223

P > 0.05

ns
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Table C: EDX elemental analysis of AgNO3

Elements
Ag

Concentration of
AgNO3 (wt %)
49.84±1.38

N

37.95±2.03

O

12.21±0.77

Table D: EDX elemental analysis of CuSO4

Elements
Cu

Concentration of
CuSO4 (wt %)
65.06±2.44

S

17.15±0.62

O

17.79±1.85
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Appendix

3

Determination of unit cell (emperical) formula from EDX table 3.1

From Table 3.1 the chemical formula then becomes; The wt. % was converted to gram to calculate the
number of moles. Number of moles was then divided by the lowest factor to get the ratio of the unit
cell in each case.

LAP2
Na

1.59/22.99 = 0.0692 / 0.0043 = 16.08

Mg

13.97/24.31 = 0.5747 / 0.0043 =133.64

Si

22.23/28.09 = 0.2494/0.0043 = 58.03

O

59.48/16.0 = 3.7175/0.0043 = 864.53

Li

0.03/6.94 = 0.0043/0.0043 = 1.00

OH

2.66/17.01 = 0.1564/0.0043 = 36.37

Na16.1 (Si58.0 Mg133.6.5 Li) O864.5 (OH)36.4

AGLAP1
Na

1.27/22.99 = 0.0552/0.0029 = 19.05

Mg

13.41/24.31 = 0.5588/0.0029 = 190.22

Si

22.92/28.09 = 0.8186/0.0029 = 281.36

Ag

0.70/107.87 = 0.0065/0.0029 = 2.24

O

59.35/16.00 = 3.7094/0.0029 = 1279.09

Li

0.02/6.94 = 0.0029/0.0029 = 1.00

OH

2.69/17.01 = 0.1582/0.0029 = 54.53
Na19.1 Ag2.2 (Si281.4 Mg190.2 Li) O1279.1 (OH)54.5

AGLAP2
Na

0.74/22.99 = 0.0322/0.0043 = 7.49

Mg

13.98/24.31 = 0.5751/0.0043 = 133.74
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Si

22.11/28.09 = 0.7871/0.0043 = 183.05

Ag

1.25/107.87 = 0.0116/0.0043 = 2.70

O

59.51/16.00 = 3.7194/0.0043 = 864.98

Li

0.03/6.94 = 0.0043/0.0043 = 1.00

OH

2.53/17.01 = 0.1487 = 34.58

Na7.5 (Si183.1 Mg133.7 Li) O865.0 (OH)34.6
AGLAP3
Na

0.66/22.99 = 0.0287/0.00430 = 6.67

Mg

13.62/24.31 = 0.5603/0.00430 = 130.30

Si

22.18/28.09 = 0.7896/0.00430 = 183.63

Ag

1.61/107.87 = 0.0149/0.00430 = 0.35

O

59.30 = 16.00 = 3.7063/0.00430 = 861.93

Li

0.03/6.94 = 0.0043/0.00430 = 1.00

OH

2.53/17.01 = 0.1487/0.00430 = 34.58

Na6.7 Ag0.4 (Si183.5 Mg130.3 Li) O862.0 (OH)34.6
AGLAP4
Na

0.45/22.99 = 0.0196/0.0043 = 4.55

Mg

13.91/24.31 = 0.5722/0.0043 = 133.07

Si

22.50/28.09 = 0.0801/0.0043 = 186.28

Ag

1.76/107.87 = 0.0163/0.0043 = 3.79

O

59.17/16.00 = 3.6981/0.0043 = 860.03

Li

0.03/6.94 = 0.0043/0.0043 = 1.00

OH

2.59/17 = 0.1523/0.0043 = 35.41

Na4.6 Ag3.8 (Si186.3 Mg133.1 Li) O860.0 (OH)35.4
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AGLAP5
Na

0.16/22.99 = 0.0070/0.0043 = 1.62

Mg

13.83/24.31 = 0.5689/0.0043 = 132.30

Si

22.01/28.09 = 0.7836/0.0043 = 182.22

Ag

1.85/107.87 = 0.0172/0.0043 = 3.99

O

59.64/16.00 = 3.7275/0.0043 = 866.86

Li

0.03/6.94 = 0.0043/0.0043 = 1.00

OH

2.50/17.01 = 0.1470/0.0043 = 34.18

Na1.6 Ag4.0 (Si182.2 Mg132.3 Li) O866.9 (OH)34.2

AGLAP6
Na

0.11/22.99 = 4.7847/0.0029 = 1.65

Mg

13.26/24.31 = 0.5455/0.0029 = 188.09

Si

21.70/28.09 = 0.7725/0.0029 = 266.39

Ag

2.35/107.87 = 0.0218/0.0029 = 7.51

O

59.81/16.00 = 3.7381/0.0029 = 1289.01

Li

0.02/6.94 = 0.0029/0.0029 = 1.00

OH

2.50/17.01 = 0.1470/0.0029 = 50.68

Na1.7 Ag7.5 (Si266.4 Mg188.1 Li) O1289.0 (OH)50.7

247

List of publications, posters and conferences attended

Publication /Poster Presentation
-

Ituah, F. I., Radecka, I and Williams, C. D (2011) Synthesis of silver exchanged
Laponite and its antibacterial efficacy, Promoting the science of nanoporous materials.
British zeolite association XXXIV annual conference proceedings, p35.

-

Ituah, F. I., Radecka, I and Williams, C. D (2010) Antimicrobial effect of silver-zeolite
on Escherichia coli, Promoting the science of nanoporous materials. British zeolite
association XXXIII annual conference proceedings, p26.

-

Ituah, F. I., Radecka, I and Williams, C. D (2010) Synthesis of silver-Laponite for
potential application in wound dressing. Presented at the UK‟s Medilink Northwest and
the Materials Knowledge Transfer Network, „Dressed to Heal‟ on Wound Healing,
Regenerative Medicine and Medical Textiles.

-

F. I., Radecka F. I., Radecka, I and Williams, C. D (2009) Synthesis of silver exchange
Laponite®. Promoting Promoting the science of nanoporous materials. British zeolite
association XXXII annual conference proceedings, p83

Pending Publications
-

Patent in preparation.

-

Ituah, F. I., Radecka, I. and Williams, C. D (2012) Antibacterial effect of silver
exchanged Laponite on Staphylococcus aureus.

-

Li, F., Ituah, F. and Williams, C. D (2012) Synergistic effect of H2O2/O3 inactivation to
the disinfection of Cryptosporidium parvum.

Oral Presentation
-

Laponite® RD Properties and Uses. RIHS, University of Wolverhamptom Presentation
to research peers April, 2011

-

Antimicrobial efficacy of silver-Laponite® RD nanocomposite, Research Centre in
Applied Sciences 2010 (RCAS) held at School of Applied Sciences, University of
Wolverhampton

-

The synthesis, modification and antimicrobial activity of Laponite® RD Rockwood
Company Ltd, Cheshire (2010), held at School of Applied Sciences, University of
Wolverhampton
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-

The synthesis of Laponite® RD and modification Research Centre in Applied Sciences
2009 (RCAS) held at School of Applied Sciences, University of Wolverhampton

-

Laponite® RD synthesis and modification Research Centre in Applied Sciences 2009
(RCAS) held at School of Applied Sciences, University of Wolverhampton

-

The use of Laponite® RD and its production Staff presentation programme (2009) held
at Science Park, Wolverhampton

48
72

Disk diameter

Conference Attended
-

XXXIV annual conference of the British Zeolite Association (BZA) held at the
University of Edinburgh, UK.

-

Dress to heal - wound healing, regenerative medicine and medical textiles conference
held at chancellors hotel and conference centre, Manchester, UK

-

XXXIII annual conference of the British Zeolite Association (BZA) held at the
University of Southampton, UK.

-

XXXII annual conference of the British Zeolite Association (BZA) held at the
University of Cumbria, Ambleside, UK.
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