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Abstract

The need to reduce the cost of adsorption technology has led scientists to explore the use of many low
cost adsorbents especially those from renewable resoliigascellulose and montmorillonite clay

have been identified as potentially low cost and efficient adsorbent materithe removal of toxic

heavy metals and organic substances from contaminated water. Montmorillonite clay has good
adsorption propertieand the potential for ion exchange. Lignocellulose possesses many hydroxyl,
carbonyl and phenyl groups and therefore, both montmorillonite and lignocellulose are good
candidates for the development of effective and low cost adsorbents in water treatghent a

purification.

The aim of this study was to prepare composite materials based on lignocellulose and montmorillonite
clay andsubsequently evaluate their efficacy as adsorbenthdary metalspeciesand organic
pollutantsin aqueous solution. It was also important to assess thep#dsoproperties of the

modifiedindividual (uncombinedlignocellulose and montmorillonite.

Lignocellulose and sodinmxchanged montmorillonite (NaMMT) clay were each separately modified
with mehyl methacrylate (MMA), methacrylic acid (MAA) and methacryloxypropyl
trimethoxysilane (MPS) and used as adsorbents for the removal of heavy metals and dyes from
aqueous solution. The lignocellulose and NaMMT were modified with MMA, MAA and MPS
through fee radical graft polymerisation and/or condensation reactions. NaMMT was also modified
through Alpillaring to give AIpMMT. The materials were characteriseddayrier transform infrared
spectroscopy (FTIR)thermogravimetric analysisTGA), scanning elecbn microscopy(SEM) and

small angle Xray scattering$AXS) and characterisation results showed that the modification of the
montmorillonite with MAA, MMA and MPS wasuccessful

The modified lignocellulose and montmorillonite materials were evaluatdddadsorption of heavy
metalions (Cd* and PB") from aqueous solution by the batch methBie adsorption isotherms and
kinetics of both C# and PB* onto theNaMMT clay, AlpMMT and lignocellulosematerials are
presentedThe Langmuir isotherm was found to be the best fit for the adsorption of both heavy metals
onto all the adsorbent&lpMMT showed very poor uptake for heavy metals (boti*Gehd PB").
PMMAgMMT, PMAAgMMT, PMAAgLig and PMPSgLig showed improved adsorptidor both

heavy metalsThe mechanism of heavy metal adsorption onto the adsorbents was best represented by
the pseudo secormtder kinetic modelPMPSgLig, NaMMT and AlpMMT showed relatively high
adsorption capacities for methyl orange, while the adsorpgfoneutral red was comparable for

almost all the adsorbents. Neither the Langmuir model nor the Freundlich model was found to



adequately describe the adsorption process of dyes onto all the adsorbents. The pseudodezcond
model was found to be the di€fit to describe the adsorption mechanism of both dyes onto all the
adsorbents. The modification of lignocellulose and montmorillonite with suitable organic groups can
potentially produce highly effective and efficient adsorbents for the removal ohbatly metals and

dyes from contaminated water.

Novel adsorbent composite materials based on lignocellulose and montmorillonite clay (NaMMT)
were also prepared and evaluated for the removal of pollutants (dyes and heavy metals) from aqueous
solution. The ignocellulosemontmorillonite composites were prepared by in situ intercalative
polymerisation, using methyl methacrylate, methacrylic acid and methacryloxypropyl
trimethoxysilane (MPS) as coupling agents. The composite materials were characterised ,by FTIR
TGA, TEM and SAXS. SAXS diffractograms showed intercalated nanocomposites of PMMAgLig
NaMMT and PMAAgLigNaMMT, whereas PMPSgLijlaMMT showed a phasgeparated
composite and the same results were confirmed by TEM.

The lignocellulosamontmorillonite compsites were assessed for their adsorppooperties for
heavy metal ion§Cd?* and PB") and dyes (methyl orange and neutral red) from aqueous solution.
Among thesecomposite materials, only PMAAgLiyaMMT showed a marked increase in the uptake

of both Cd* and PB" relative to lignocellulose and montmorillonitenen used independentlJhe
adsorption data were fitted to the Langmuir and Freundlich isotherms, as well as to the pseudo first
order and pseudo secendder kinetic models. The data were bessadibed by the Langmuir

isotherm and the pseudo secarder kinetic model.

On the adsorption of dyes, only PMPSgiNgMMT showed enhanced adsorption of methyl orange
(MetO) compared with lignocellulose and montmorillonite separately. The enhanced iadsogx
attributed to the synergistic adsorption due to the presence of MPS, lignocellulose and NaMMT.
Competitive adsorption studies were carried out from binary mixtures of MetO &harCRE " in
aqueous solution. The adsorption process of MetO omt@dimposite material was found to follow

the Freundlich adsorption model, while the mechanism of adsorption followed both the pseudo first
order and pseudo secendder models. This particular composite can be used for the simultaneous
adsorption of bothdavy metals and organic dyes from contaminated water. The adsorption of neutral
red to the composite materials was comparable and the pseudo -sedendinetic model best

described the adsorption mechanism.
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Chapter 1

Introduction

1.0 Introduction

Water supprts all forms of life on earth.le availability of clean water to the human population is of
paramount impodnce. The United Nations reports that though access to improved drinking water has

expanded, nearly one billion peoplemntat havesafe drinking water (United Nations MDGs, 2008).

As the world population increases, water consumption also increasesoBsaneers have estimated
that by 2025, more than half of the world population will be facing wWadeed vulnerability or a
water crisis Kulshreshtha, S. N., 1998; Rijsberman, F. R., 2006ere are several manifestations of
the water crisis and thesecinde: ground water overdrafting leading to diminished agricultural
returns, regional conflicts over scarce water resouregisiced acces® safe drinking water due to
pollution of water resources. The shortage of fresh waly impacts negatively onibdiversity
including aquatic life.

Water pollution is a major problem in the global context and eves been suggested to be the
leading cause of death and disease worldwiddl-Water, 2010) There are now regulations
governing the disposal of indusiriaaste water in terms of toxic chemicals content. People around

the globe are also being urged to use water responsibly for present and future generations, and there is
a lot of technological advancement dealing with the recycling of industrial watear atsdfreatment

before it is discharged into the environment.
1.1 Water pollution

Water pollutionhas in some casebeen defined aany humarcaused contamination of water that
reduces its usefulness to humans and other organisms in nature (Uniesl Btaironmental
Protection Agency EPA05F-97-011, 1997). Most of the pollution of water supplies comes from
anthropogenic sourcewsvhich include contaminants such dmerbicides, pesticides, fertilizers,
hazardous industrial chemicals, detergents, paimmdgieavy metals, organic solvents and textile dyes

that find their way into water supplies.



The recenbil spills in theGulf of Mexico (USA)and Yel l ow River (China)
fl ood6 i gerveHhs exgnaples/of humeaused watepollution (Tran, M., 2010 Watts, J.,
2010; Bryant, B., 2011). Apart frorauch disasters, industrial waterborne waste presaninajor
potential hazard to natural water systertredustrial waste water can contain either organic or
inorganictoxic matter,which is released into natural waterways, and consequentlyitBnday into
water supplies. Organic mattenay cause deoxygenation by promoting microbial growth and
inorganic wastenay cause eutrophicatioof water bodie®r be directly toxic to the varisuforms of

life in rivers and otheaquatic systems.

1.2 Health risks of heavy metals andorganic pollutants

Heavy metals such as cadmium {Qdand lead (PB) are some of the most toxic inorganic
contaminants found in the environment (Chourgh B. A. et al, 1987; Jin, T. et al, 2004). The two
heavy metals are released into the aquatiesystfrom a number of industrisach as metal plating,
smelting, mining, cadmiumickel and lead batteries, phosphate fertilizers, paint industries, leather
tannirg, pigments, textiles and alloy industries as well as from sewage (Kadirvelu, K. et al, 2003;
Kobya, M. et al, 2005; Halttunen,,12007). Food is the most important source of cadmium among
the nonsmoking populabn (Nawrot, T. S. et al, 2010)

Exposureto Cd* has been associated with renal damage (Jarup, L. et al, 800@seoporosis
(Kazantzis, G., 2004). Cadmium exposure has also been littkgutostate and renal cancer
(Kazantzis, G., 2004; Nawrot, T. et al, 2010). Bott'Guahd PB" have beems®ciatedwith adverse
renal and negative bone effects (Alfvén, T. et al, 2002). The permissible limit?6firCdrinking

an

water set by the World Health Organisation 2010

Lead (PB") accumulation in the body has been reportedistub processesuch ashaemoglobin
synthesis, renal function and reported to causeeurological and behavioural disturbances in
children (Halttunen, T. 2007). It was reported that even low blodd ®mcentrations have been
associated with cognitive impment in children as measured by intelligence quotient (IQ) tests
(Committee on Environmental Health: Paediatrics, 2005). Increased béhedPbentrations are
associated with attentional dysfunction, aggression and delinquency. Children followedf&oay in
with blood lead (PB) measurements up to adolescence showed that the effect$ expbsure are
long lasting if not permanent (Committee on Environmental Health: Paediatrics, 20855 &ften
found in drinking water at concentrations over guidelines sethbyWorld Health Organisation
(WHO), 2010 of 10 eg/ L. Lead cont ami thecoriosion of o f

dr i



leadcontaining plumbingpipes Cadmium and lead areth found in considerable concentrations as a

result of point contamination, e.g. from industry.

Among the organic contaminants, chlorinated organic solvents have been used in irglidtraesin

metal cleaning and degreasing, -@iganing, leather taming, pharmaceuticals, dyes and paints,
adhesives, aerosols, lubricants, Heansfer fluids, plasticizers, cleaning solvents and the manufacture
of various chemicals(Yangg H. C. et al,2007). Some chlorinated organic compounds also form
during chloriration. Contaminants such as chlorinated organic solvents are known human

carcinogens, with a potential for wide reaching impact on public health.

Other pollutants such as organic dyes are also quite common in industry especially the textiles sector
(Zharg, G. et al, 2011 Apart from the textiles sector, industries such as food, plastic, rubber, paper,
cosmetics, etc. use significant amounts of dyes in their products (Attia, A. A. et al, 2008). Industrial
waste water contaminated with dyes is often disyth into natural water ways. Most dyes are
claimed to be inert and ndoxic at the concentration of discharge into the environment (Annadurai,

G. et al, 2002). However, some food dyes like tartrazine were found to have an adverse effect on the
behaviourof young mice (Tanaka, T. et al, 2008), and also inflamed the stomach lining of rats when
tartrazine was given in the diet for a prolonged period of time. Mehedi, N. et al, 2009 studied the
reproductive behaviour of mice fed on tartrazine diet. The imyagstis concluded that excessive
tartrazine consumption can result in adverse effects on the male reproductive system (Tanaka, T. et al,
2008).

Methyl orange is an azdye commonly used in the textile, food, leather, pulp and paper industries.
However, it is reported to show some toxicity to plants (Parshetti, G. K. et al, 2010). Therefore,
concerns exist regarding the ecological impact of treassl of azalyes like methyl orange into the
environment (Sabnis, R. W. et al, 2010). Neutral red was reported to bind to DNA (Wang, Y. T. et al,
1999; Ni, Y. N. et al, 2007) and such interaction may result in mutations in DNA during replication
(Huang, C.Z. et al, 2001; Heli, H. et al, 2004). Dyes also impart colour to water making it
aesthetically less pleasant. The presence of dyes in surface water also blocks solar radiation from
reaching aquatic organisms, thus negatively affecting the balance dfcagpasystems. In addition,

the release of dyes into water streams may result in the formation of toxic carcinogenic degradation
products (Namasivayam, C. et al, 2006). The removal of organic contaminants, especially dyes from

industrialeffluent is thertore important



1.3 Removal of heavy metals from water

A number of techniques are available for the removal of inorganic pollutants (heavy metals) from
industrial waste water. The removal of heavy metals from (drinking) water can be achieved through
precipitation, flocculation, solvent extraction, ion exchange, reverse osmosis, etc. (Arief, V. C. et al,
2008).

Reverse osmosis, although very effective, is a-pashibitive process as the membranes get easily
spoiled requiring frguent replacement (Faming, H.C., 1997). Chemical precipitatianethods are

not very suitable when pollutants are present in trace amounts and also a large amount of sludge is
produced. lon exchange is expensive. Solvent extraction or electrolytic processes asedlsd
timesbut are considered to be caftective only for concentrated solutions (Nomanbhay, S. M. et al,
2005).

The process of adsorption has now become one of the preferred methtusréonoval of toxic
contaminants from water as it has been found to be effective, economical, versati&datinely
simple (Garg, V. K. et al, 2004). Adsorption has the additional advantages of applicability at very low
concentrations, suitability for uginbatch and continuous processes, ease of operation, little sludge
generation, possibility of regeneration and reafsedsorbentand low capital cost (Garg, V. K. et al,
2004). The adsorption process has acquired global importanceedoicing the problen of
contamination of water and airh& process has become a significant addition to Green Chemistry

endeavours.

Activated carbon (granular or powdered) is the traditionally used adsorbent, and has been applied with
good success for the removal of bo#avy metals and organic pollutants from contaminated water. It
has attractive properties such lasge surface area, microporosity, and high adsorption capacity
(Gurses, A. et al, 2004). However, its use is limited due to highilcdstms ofboth capital and
regeneration. The regeneration of activated carbon for reuse (though highly desirable) is said to result
in rapid loss of its adsorption capacity (Garg, V. K. et al, 2004). These and other factors have lent
impetus to the continuing searéor bette, low cost adsorbing materialgith the potential for easy

regeneration.

1.4 Removal of organic contaminants from water

The problems highlighted above indeed call for appropriate measures to be taken in order to reduce or

eliminate the occuence or presence of biological, organic and inorganic pollutants dsasting



water supplies. A number of strategies are in place to remove these biological and toxic chemical
pollutants from both industrial waste water and drinking water. The stratqggysd depends on the

type of contaminant present, whether biological, organic or inorganic.

For some organic solvents, technologies such as selapour extraction, air sparging, steam
flooding, cosolvent/alcohol flooding, surfactaaddition, in situ oxidation, electrical heating,
electrokinetics, irwell stripping, etc., can be employed for zone remediation (Keane, M. A., 2003).
Incineration is quite widely used for treating or destroying hazardous waste. Novel technologies
include organics destruoti via advanced oxidation processes (Lampron, K. J. et al; 2@dda, H.

C. et al, 200y, biological processes, membrane technology, novel adsorbents and chemical oxidation
(Keane, M. A. et al, 2003). Biological oxidation is applicable to biodegradalgenics but
conversion is very slow in case of chlorinated organics (Lampron, K. J. et al, 266dag, L. J.,

2005H. Catalytic treatment under naxidising conditions is a promising process whereby hazardous
chlorinated organics are converted to reuspldelucts with minimal toxic emissions (Schreier, C. G.

et al, 1995Keane, M. A., 2008 Otheroptions applicable include reverse osmosis, ion exchange, co
precipitation and adsorptioon activated carbon (Gopal, Kt al, 2004). Reverse osmosis is akle t
remove most of the organic pollutants but not in sufficient quantities. Modern dyes are highly stable,
thus making conventional physicochemical and biological treatment methods ineffective for their
removal. Conventional methods for the removal of dyesnfwater include coagulation and
flocculation, electrefloatation, precipitation, ion exchange, membrane filtration, electrochemical

destruction, irradiation, biological (Khehra, M. S. et al, 2005) and ozonation (Garg, V. K. et al, 2004).

Nonetheless, gor performance and/or excessive costs have made these approaches less than
satisfactory for the remediation of some of the organic contaminants at many contaminated sites.
Chlorinated organics are inherently difficult to combust and the release of ldaithated gases is

highly undesirable. Biological processes (though potentially effective) require well controlled growth

conditions for thanicroorganisms anohay not always be practical (Schreier, C. G. et al, 1995).

The removal of dissolved contamirta by adsorption onto solid adsorbents is reported to be a more
promising technique over others for wastewater treatment on considering initial cost, process design,
operation, sludge generation, recyclability of process, etc., (Keane, M. A,, @adg V. K. et al,

2004).



1.5Nanotechnology in water treatment

Nanotechnology has found widespread use in areas such as drug resatgth|chemistry andhe
environment, information and communication, heavy industry, consumer goods (textiles and
cosmetics) and energiNanotechnologgbased methods for water treatment and purificationaare

area that isiow being widely explored.

Nanotechnology in water treatment includests techniquesas the use of carbon nanotubes as
nanofilter membranes (onlvater molecules can pass along their interior while viruses, bacteria, toxic
metal ions and other organic molecules are excluded) (Srivastava, A. et al, 2004; Raval, H. D. et al,
2009). Cyclodextrin nanoporous polymer is reported to be effective inetheval of a range of
organic contaminants (Crini, G., 2005; Salipira, K. L. et al, 2007). Nanocabalyetl technobjies

such as nanoscale zeralent iron Zhang, H, 2006Tanboonchuy, V. et al, 2010), nanoscale titanium
dioxide photocatalyst (FujishimaA. et al, 2006; Ahn, W. H. et al, 2007), titanium dioxide
nanoparticle adsorbent (Baumgardner, A. C., 2005), nanostructured iron oxide adddnilstmtski,

K. et al, 2008) as well as magnetic nanoparticles such as magnetoferritin (Dickson, D. PalE. et
1997) are also being developed for use in water purification. Most of these techniques are still being
developed and for them to be viable in the developing wintky have to be relatively simple and

inexpensive to install, operate, and maintain.

Zeolites are used as ion exchange media or adsorbents in cartridges or columns for the removal of
metal contaminants including arsenic, lead, copper, zinc, cadmium, nickel and silver. Ceramic filters,
though not nanofilters are widely used for water puaifiin throughout the world. The filters are

made of clays mixed with sawdust or wheat flour to increase porosity, and havesaailergores
effective for removing bacteria from wateClésen, T. F. et al, 20D4Suchceramic filters can be

viewed as commites based on clay and lignocellulose. Nanocomposites are being widely
investigated in many industries because of their enhanced propeldigge to the properties of their

constituents when evaluated independently

1.5.1 Nanocomposites

Nanocomposites are a class of composites that are pdittedlepolymers for which at least one
dimension of the dispersed particles is in the nanomnsetde Some of hesearematerials created by
introducing nanoparticles into a macroscopic matefidnoparticles have the advantage of an
increased surface area to volume ratio. When brought into a bulky material, nanoparticles can strongly
influence the thermal and mechanical properties of the matdalbcomposites based on nanoclay

(montmorillonitd and synthetic polymers have been widely investigated and are reported in the



literature, especially for the development of structural materials where tremendous property
improvements have been achievéitord, B. et al, 201 Such properties include meatical
strength, resistance to chemical attack, as well as resistance to thermal degradation (Zhao, Y. et al,
2006).

In water treatment, polymailay nanocompositesave beerused in the preparation of nanofiltration
membranes (Jeong, B. H. et al, 200amd for adsorption (Khaydarov, R. A. et al, 2010).
Nanocomposites based on cyclodextrines and carbon nanotubes have been prepared anoh assessed
the adsorption of chlorinated organics from water (Salipira, K. L. et al, 2007). They were found to
perform béter thanthe conventional materiakctivated carbonPoly (pyrrole}carbon nanotube
nanocomposite was assessed for its adsorption properties in the removal of negatively charged anions,
like perchlorate from water (Lin, Y. et al, 2006). Montarges, &l,et995 also reported synthesizing

a nanocomposite of poly (ethylene oxig@ly (propylene oxidepls-pillared montmorillonite for

possible application in the removal of chlorinated organics from water by adsorption.

The use of synthetic polymers agafbon nanotubes in the preparation of nanocomposites promises to
yield highly effective materials for water treatment and purification. However, the high cost involved
especially in the synthesis of carbon nanotubes and also the production of petrolaamenso

makes it less viable. In addition, the petroleum monomers are not easily biodegradable and therefore
will present another environmental challenge. In view of this, it is desirable to explore the use of
locally available, renewable and biodegradahkerials in the development of nanocomposites for
water treatment and purificatiomhis research project seeks to use such materials as lignocellulose

from wood and montmorillonite clay for the preparation of low cost nanocomposite adsorbents.

Biomass ljgnocellulose) and clays (montmorillonite) are now receiving much attention in the search
for low cost, efficient and effective water treatment and purification materials since they are readily
and wickly available. Lignocellulosas a biopolymer posse&ssmany functional groups which can

serve as adsorption sites for the removal of both heavy metals and organic pollutants from water.
Clays, especially smectites have been widely investigated as adsorbents for inorganic and organic
pollutants from aqueowsolution. Of the smectite family of clays, montmorillonite has received much
attention owing to its high surface area, high cation exchange capacity, swelling properties in water
and its potential for iomxchange Ahmaruzzaman, M., 2008)Simple modification of both
lignocellulose (Ngah, W. S. W. et al, 2008) and montmorillorileaftacharyyaK. G. et al, 2007)

can yield materials with enhanced adsorption properties. Nevertheless, one drawback with the use of
montmorillonite directly is the chi@nge of handling powders of such a small particle size (nano

scale).



Though nanocomposites based on lignocellulose and montmorillonite have been reported before
(Zhao, Y. et al, 2006), there is no report in the literature on their use as adsorbergtern w
purification. Previous works have shown the presence of a synergistic effect in composite materials.
An investigation by Ake, C. L. et al, 2001, where a composite material of activated carbon and
montmorillonite was assessed for its uptake of"Htbm aqueous solution, showed enhanced
adsorption of PB by the composite compared with the two individual materials. In another study, it
was shown that modification of montmorillonite clay with a surfactant followed by aluminium
pillaring gave a materiahtit could adsorb both organic and inorganic contaminants from an aqueous
mixture of the two (Jiang, J. Q. et al, 2003). Normally, a combination of two or more of the above
highlighted techniques is used to completely remove organic and inorganic pollér@mis
contaminated water. Therefore, a method or technique where both organic and inorganic pollutants
are removed simultaneouskould behighly desirable.

1.6 Problem statement

In this study, nanocomposites based on lignocellulose and montmorilitaytévhich are relatively
cheap materialspre prepared with the hope of achieving materials with enhanced adsorption
properties(through some synergistic adsorbent properties of the individual matéoais$e in the
simultaneousremoval of both organt dyes and heavy metals from aqueous solution. Such
nanocompositecan also help circumvent problems associated with the handling of -seale

montmorillonite clay particlethrough immobilizatioron the microrsized lignocellulose.

1.7 Aims and objectives

The overall aim of this studwasto preparemodified lignocellulose modified montmorilloniteand
lignocellulose/montmorillonite  nanocomposite materigterform material characterisationand
evaluate their efficacys adsorbents for the removal of heavy metals$*(@add PB") and organic

pollutants (methyl orange and neutral red) from aqueous solution.

In meeting the above goal, the following specifijeativesare to be realised
A To investigatethe modification of both lignocellulose and montmorillonite clay through
grafting with polymers goly (methacrylic aciyl poly (methyl methacrylaje and poly
(methacryloxypropyl trimethoxysilafe

A To increase the surface area of montmorillonite thraaigminiumpillaring, and hopefully

improve the adsorption capacity of the clay.



A To couplethe aluminiumpillared montmorillonite with lignocellulose using each of the three

polymers highlighted above to form lignocellulesentmorillonite nanocomposites.

A To evaluae the adsorption properties of the montmorillonite amphdicellulose separately
(beforeafter modification and as nanocomposited)y carrying out batch adsorption
experiments using heavy metals {Cand PB") and dyes (methyl orange andutral red) as
model pollutants.

A To deternine the adsorption capacity of each adsorbent material by apgimgcommonly
used adsorption isothesand kinetic models.

A To carryout of competitive adsorption studies of heavy metals mixed together \ithyim

orange or neutral red on selected adsorbents.

A To @ssess the recyclability of selected adsorbents by carrying out adsafgsiorption

experiments.

1.8 Delineation and delimitations of the study

According to Sun, Y. et al, 2002, the purpose dfidicellulose préreatment is taemove lignin and
hemicellulosereduce cellulose crystallinitgnd increase the porosity of materialbe investigators
observe that the removal of lignin and hemicellulose is necessary for ethanol production from
lignocellulosic material. The removal of lignin and hemicellulose might reduce the number of
adsorption sites, and consequently reduce the adsorption capacity olttentesaterial. Therefore,

in this study, lignocelluloseefers toplane tree leaf biomass that has been ground, soxhlet extracted
using an ethanol:water solvent mixture and dried appropriately to a free flowing pofvpizrticle

si ze of.Tho 8okl6t extrantion with an ethanol:water solvent mixture was viewedgastle
pretreatment method that would remove water soluble organic compounds, increase the porosity of

lignocellulose but leave the lignin, hemicellulose and cellulose undisturbed.

Aluminiumepillaring of sodiumexchanged montmorillonittNaMMT) clay was carried out in order

to increase the surface area of the clay, and hopefully the adsorption célsighar, D. M. et al,
2006) The aluminiurgpillared montmorillonite (AlpMMT) clay was intended for use in the
preparation of lignocellulosmontmorillonite nanocomposites. However, due to the poor uptake of

heavy metals onto thelpMMT, the nanocomposites were prepared using NaMMT instead.



1.90utline of thesis

This thesis has three main sections and consists of a total of eight chapters. The first saetilan is

up of Chapters 1 and 2 which deal with the introduction and literature review. Chapter 1 contains a
general introduction to the thesis. The aims arjdabives of this study are also presented including
the outline of the thesis. Chapter 2 is the literature review on the chemistry of lignocellulose and
montmorillonite clay, previous workn their use as adsorbents and the different modifications carried
out on the twomaterials The nanocompositesf the two materials antheir preparatiorare also

presented.

The second section consists of Chapters 3, 4 and 5 which present the experimental work carried out to
achieve the objectives of this thesis. Thisction focuses on the preparation of the adsorbent
materials. Chapter 3 presents the details of the chemical reagents used in this staliyaghe pre
treatment of lignocellulose and montmorillonite clay. A g@h description of the synthesand
characterisation techniques are also preseriibd. characterisation techniques are presented at the
end of the Chapter 3The detailed procedure followed in the aluminipitiaring of the
montmorilloniteclay is presented in Chapter 4 includihg tvariation of different parameters during

the pillaring process. The second part of the chapter presents the results from the characterisation of
the different aluminiunpillared montmorillonite clay samples prepared. Chapter 5 covers the
procedures used for theafting of the three different organic polymers onto lignocellulose and onto
montmorillonite clay. The grafting of the separate materials (lignocellulose and montmorillonite) was
followed by the preparation of lignocellulesgontmorillonite nanocomposite§he grafted materials

and the nanocomposites were characterised using different techniques. Also included are the results

obtained from the characterisation of the polygefted materials and the nanocomposites.

The third sectiorof the thesigonsistsof Chapters 6 and 7 which cover the evaluation of the prepared
adsorbents for their adsorption of heavy metals and dyes from aqueous solution. The procedures for
the adsorption of heavy riads are reported in Chapter 6 whilata (isotherms and kineticspm the
adsorption experiments and the discussion are presented at the end of the chapter. Chapter 7 presents
the adsorption of methyl orange and neutral red onto the different adsorbent materials. This also
includes the results and discussion of the guisnr isotherms and kinetics. The adsorption results are

discussed in relation to the modification performed on each material.

Chapter 8 gives a general conclusion of the research and recommendationsdavork.
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Chapter 2

Literature Review

2.0 Introduction

The supply of clean water to the human population is of high importance. Many water treatment
methods are currently available for the removal of biological (pathogens), organic and inorganic
pollutants. Waste water is normally treated by: chemical pratigmit (USEPA, 2000), evaporation,
reverse osmosis, electrodialysis, phytoextraction and ultrafiltration (Li, Y. H. et al, 2003; Sprynskyy,
M. et al, 2006;Mobasherpour, I. et al, 20L1These technologies are generally practical and

applicable only toconentrated wastewatersbut are ineffective when appliedo lowly

concentratedvastewaters such as those with heavy metal ion concentrations less than 100 ppm
(Muhammad, N. et al, 1998; Pavasant, P. et al, 2006).

Waste waters contaminated with organic palhis like chlorophenols and dyes can be treated
through advanced oxidation technology, electrochemical methods, microbiological decomposition,
ozonation, coagulation and membrane filtration (Lata, H. et al, 2008; Lin, J. X. et al, 2008; Zhang, G.
et al, D11). Removal of pollutants by adsorbents is a method which has been reported to be simple
(in terms of operation), cosfffective and efficient for the removal of both organic and inorganic
pollutants from contaminated waters (Nigam, P. et al, 1996; BohjrT. et al, 2001; Annadurai, G.

et al, 2002).

2.1 Adsorption technology in water treatment

Adsorption has gained importance in water purificatihmongst all the water treatment methods
proposed, using adsorbents is one of the most popular. With a proper design of the adsorption process,
high-quality treated effluentgan be produced (Crini, G., 2005). It is recognized as an effective,

efficient andeconomic method for water decontamination applications and for separation.

Adsorption is an equilibrium separation process which is an established technology in waste water
treatment. Adsorption is defined as the transfer or preferential accumulattemtain components
(solute) of a fluid phase to the surface of a solid adsorbent. Figure 2.1 shows the accumulation of a

solute onto the surface of a solid adsorbent during the process of adsorption.
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Figure 2.1 Schematic showing the process of adsorption of solute onto a solid adsorbent.

The accumulation of the adsorbate on the solid surface is due to a number of interactions with the
chemical groups on the surface of the adsorbent. Such interactions vary from one adsorbent to another
and will also depend on the pH of the mediuhg salt concentration and the presence of ligands in

the medium. Some of the reported interactions include:-exahange, complexation,
coordination/chelation, electrostatic interactions, +Ede interactions, hydrogen bonding,
hydrophobic interactions, physicabdsorption and precipitation (Crini, G., 2005). The
decontamination of polluted waters through adsorption can be achieved through one or a combination

of two or more of these interactions.

The biggest barrier to the application of this process by indissthe high cost of adsorbent materials
currently available for commercial use. The cost of adsorption technology can be reduced if the
adsorbent is available at a low cost. As a result, numerousdsetialternative adsorbents have been

proposed and tise include agricultural lignocellulosic waste, zeolites, flyash and clay minerals.

2.2 Types of adsorbents used in water treatment

There are generally three broad classes of adsorbents and these include organic, biological and
mineral adsorbents. Organic adsorbents inchalgmeric materials such as polysaccharides. Of great
interest in this category are the cyclodextrin polymergpsan and starch. Cyclodextrins possess a
nanoporous structure. The mineral adsorbents are those adsorbents derived from mineral deposits like
activated carbon (from coal), zeolites and clagini, G., 2005 listed some of the types of adsorbents
used inwater treatment and these inclddectivated carbon, zeolites, polymeric materials, clays and
lignocellulosic adsorbent®abrowski, A., 2001 classified activated carbon (together with molecular
carbon sieves, mesocarbon microbeads, fullerenes, carbaosacaonomaterials, etc.) under carbon
adsorbentsThere are also other types such as polynagroclay hanocomposite (Montarges, E. et al,
1998), carbon nanotubes (Li, Y. H. et al, 2003), poly (pyrfrcégbon nanotube nanocomposite (Lin,
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Y. et al, 2006), cglodextrinrcarbon and nanotube nanocomposite (Salipira, K. L. et al, 2007)

adsorbents.

The following section describes the use of biological materials as adsorbents for both organic and

inorganic pollutants from aqueous solution.

2.3 Biological adsorbets in water treatment

Biological adsorbent materials include bacterial or fungi biomass, agricultural waste biomass and
wood biomassThere are manyeports in the literature on the use of bacteria and fungi biomass for
the removal of a wide range of pathnts from contaminated water. Such studies include the work by
Yu, J. et al, 2007 in which they assessed the adsorption’bafit Cd* onto cystinemodified yeast
biomass. They reported adsorption capacities of 192 and 65 mg/g4oarRbCd*, respetively.
Denizli, A. et al, 2005 studied the adsorption of chlorophenols onto dead and dried felegust(s

sajor cajy biomass. The investigators reported adsorption capacities of 89.40 (phenol), d59.5 (
chlorophenol), 189.0pfchlorophenol) and 373.&g/g (2,4,6trichlorophenol). Bell, J. P. et al, 1987
reported the adsorption of pesticides (lindane, diazinon, malathiechlof®biphenyl and
pentachlorophenol) ont®hizopus arrhizagfungi) biomass. Antizatadislao, B. et al, 2004 used
bacteria biomasfor the biosorption of chlorophenols from aqueous solution. Halttunen, T. et al, 2007
used lactic acid bacteria biomass for the adsorption &f fRlm aqueous solution and reported an
adsorption capacity of 176 mg/g. There are many other studies pedfaising microbial biomass for

the removal of both organic and inorganic pollutants from water through adsorption (Tobin, J. M. et
al, 1984; Li, Z. et al, 2006; Tong, M. et al, 2007; Yu, J. et al, 2007). Wilke, A. et al, 2006 reported the
adsorption of hagy metals (Zn, Pb, Ni and Cd) onto thirty strains of algae.

The use of bacteria and fungi biomass for adsorption purposes is attractive and very promising
judging from the relatively high adsorption capacities reported. However, the need for specal medi
and attention in the culturing of these microbes adds to the total cost of the biosorbent, and it means
that the adsorbent may not be readily available. Agricultural waste, wood and tree leaves biomass
(also referred to as lignocellulose) have attrageter attention because of their wide availability,

low cost and the fact that there is no need for special growth media as with bacteria and fungi.
Lignocellulosic biomass can also be easily harvested and used for adsorption purposes with simple
modification. Section 2.4 below looks at the chemistry of lignocellulosic material as well as its

application as an adsorbent for the removal of diverse pollutants from aqueous solution.
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2.4 Lignocellulose

Lignocellulose is one of the most abundant materiathénworld. As mentioned in Section 2.3, its
source rangefrom trees to agricultural residues. It has been traditionally used as firewood, building
material and animal food. Presently, the exploitation of lignocellulose has increased especially in the
pulp and paper industry, chemical industry, as well as the thermal power industry (biofuel). The

following section deals with the chemical composition of lignocellulose in more detail.

2.4.1 Chemical composition of lignocellulose

Lignocellulosic materialrefers to plant biomass that is chemically composed of cellulose,
hemicellulose and lignin (Howard, R. L. et al, 2003). Displayed in Figure 2.2 is the general structure
of lignocellulose. lignocellulose has many hydroxyl and carbonyl groups which are texpéo
interact with polyphenols, dyes or heavy metal ions by hydrogen bonding, hydrophobic interaction or
complexation (FitzPatrick, M. et al, 2010).

Cellulose polymer chains are arranged into highly ordered and tightly packed cellulose fibrils by
hydrogen bonds between adjacent cellulose chains. The fibrils are linked together by hemicellulose
(amorphous polymers of different sugars) as well as other polymers like pgeaierzadeh, M. J. et

al, 2008) The fibrils are covered by lignin which actsthe adhesive or glue keeping the cellulose

fibrils together. The fibrils associate into a cellulose bundle or macrofibril (Figure 2.2).

Cellulose microfibril

Cellulose

Hemicellulose

Figure 2.2: Structure of lignocellulogritter, S.K., 2008)

The chemical components of lignocellulose can be classified into four major categories. These are
cellulose, hemicelluloses, lignin and extractives. Cellulose, lignin and hemicelluloses comprise the

largest percentage by mass while extractives accourjusbra small percentage. Lignocellulosic
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material can be used as an adsorbent with minimal treatment or can be modified accordingly for the
removal of different pollutants. Such pollutants can be organic, inorganic and microbial contaminants.

The followingsection looks at the chemical structure of lignin in more detail.

2.4.1.1 Lignin

Lignin is a random copolymer of pheaytopane units which serves as the matrix or glue of cellulose

and hemicellulose (Howard, R. L. et al, 2003). Figure 2.3 displayshmmical structure of lignin. It

can be seen from the structure that lignin possesses many functional groups which can serve as
adsorption sites for the uptake of both organic and inorganic contaminants from water. Such groups
include phenyl, carbonyl ard/droxyl groups.

Figure 2.3: Structure of ligni(Kirk, T. K. et al, 1987)

The exposed oxygen centres are expected to interact with heavy metals, while the phenolic groups can
interactwith benzenes, chlorophenol and azo dyes. These functional groups make lignin an attractive
adsorbent for water treatment. Lignin constitutes about 30% of the total plant weight. The

following section discusses the structure of cellulose.

2.4.1.2 Cdllose

Cellul ose is a | inear -1agytcogidicdimkagesfandgslusuallpasrangeldinn k e d
microcrystalline structures and is very difficult to dissolve or hydrolyse under ordinary conditions.
Figure 2.4 shows the chemical structureeifulose. The cellulose content in wood varies between 40

T 50% depending on the species.
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Figure 2.4: Chemical structure of celluldbétp://www.doitpoms.ac.uk/tlplib/wood/structure)

The OH groups in a cellulose chain can form intramolecular and intermolecular hydrogen bonding
within the chain and between adjacent chains, respectively. The chains are arranged in a parallel
fashion into bundles, which form microfibrils and these arenbeid in the cell wall structure
(Taherzadeh, M. J. et al, 2008)ain, the presence of the oxygen atoms in the cellulose structure
provides adsorption sites for heavy metals, while the alkyl groups are expected to act as adsorption
sites for organic palitants. The last major component of lignocellulose is hemicellulose and this is

described in the next section.

2.4.1.3 Hemicellulose

Hemicellulose is a branched copolymer of C5 sugars (xylose, arabinose) and C6 sugars (mannose,
galactose, glucuronic acid). Polymer chains of hemicellulose are short and amorphous, making them
partially soluble or swellable in water. Hemicellulose haslamghemical or functional groups as
cellulose. Figure 2.5 displays some of the chemical structures of the monomer units found in
hemicellulose.

22



HO O oH CH,OH

OH O oH
OH O
OH OH
Arabinose Mannose

O_ OH
OH
OH
OH
Xylose Galactose

Figure 2.5: Chemical structures of some of the monomer units of hemicelluédse, C., 2005)

2.4.2 Application of lignocellulosic materials as adsorbents

Lignocellulosic materials have been widely applied as adsorbents for both organic and inorganic
contaminants (Jiang, J. Q. et al, 2003; Izadyar, S. et al, 2007). This is due to their potentially high
adsorption capacities, as well as low c&3ant wastds inexpensive as it has little or no economic

value.

Arief, V. O. et al, 2008 reviewed the characterization of biosorbents, the biosorption parameters, as
well as the studies on the adsorption mechanism. The review was more focused on the adsorption of
heavy metals onto different biomasased adsorbents. The authors highlighted that the most
important groups involved in heavy metal adsorptioMengroveleaves includeOH, NH,, C=C,

C=0, NQ and CO, as determined by FTIR. For other types of biomassAikundo donaxand
Prosopis ruscofiliavood sawdust, the main functional groups wet@id, C-C, - OH and GO. It can

be said that the types of functional groups may vary depending on the type of biomass. Analysis of the

heavy metal loaded biosorbent showédts in the absorption bands of tluactionalgroups.

Most of the adsorption studies have focused on untreated plantasasteewedby Ngah, W. S. W.
et al, 2008 A comparison of adsorption efficiencies between chemically modified and unmodified
adsorbents was also reportéuthis studythe use of adsorbents obtained from plant waste and their

methods of modificatiomwere investigated

Section 2.4.2.1 beloweviews the work carried out on the application of lignocellulosic material for

the adsorption of organic pollutants from aqueous solution.
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2.4.2.1Adsorption of heavy metals

This section reviews the published works on the adsorption of heavy metaligmoiellulosic
material. As mentioned in Section 2.4.1, the many functional groups present in the lignocellulose
make it a potentially good adsorbent material for heavy metals from aqueous s@htbomgar, A.

et al, 2010 reviewed the potential usesefieral agricultural wastes as adsorbents for the removal of
heavy metals from water. A wide range of agricultural waste is being developed for possible use for
the removal of a diversity of pollutants from water.

Krishnani, K. K. et al, 2009 used sugaresagasse for the adsorption of metal iong*(@5*, Cu*,

Ni?*, Cd* and Mrf*) from aqueous solution. The sugarcane bagasse was first treated with steam by
immersing in water in an autoclave. Adsorption capacities of 9.33 mg?§ @l 1.82 mg/g (Cd)

were obtained. These values were higher than the capacities obtained for the untreated bagasse. Neem
tree leaves were evaluated for their heavy metal ions adsorption properties from aqueous solution
(Oboh, I. et al, 2009). The leaves were just washig distilled water, dried, ground to powder and

then used for adsorption experiments. A removal efficiency of about 41.45% was recorded.for Pb
King, P. et al, 2007 reported the useSyizygium cumini leaf biomass for the adsorption of%Pb

The leafbiomass was cleaned by washing with deionized water several times, followed by drying and

grinding the leaves to powder. The powdered leaf biomass was then used for adsorption studies.

Shin, E. W. et al, 2005 usetlniperous monospermbiomass modified ¥ sulfonation for the
adsorption of CH from aqueous solution. Sulfonation was found to double the uptake6frGoh
agueous solution compared with the unmodified biomass. An adsorption capacity of about 17 mg/g
was obtained, an improvement of abouefiémes that of the untreated biomass. Nameni, M. et al,

2008 investigated the adsorption of Cr (IV) from aqueous solution by wheat bran.

As a lignocellulosic material, sawdust exhibits affinfity different xenobiotics. Sadust has been

used for the maoval of Cu (Il) from aqueous solutions (Bajpai, S. K. et al, 2007). The sawdust was
grafted with acrylamide and sodium acrylate to produce a cation exchange material. Potassium
persulfate was used as the initiator for the grafting reaction. The catibange material had an
adsorption capacity of 20.0 mg/g for Cu (Meena, A. K. et al, 2008 investigated the adsorption of
heavy metals (Cr IV, Pt Hgf* and Cd") by treatedAcacia Arabicasawdust. The sawdust was
treated with NaOH followed by treatment with$0,. The authors reported an adsorption capacity of
52.38 mg/g for PB.

Baral, S. S. et al,@06 used chemically treated shvst for the adsorption of Cr (VI) from aqueous

solution.The treatment of the sawdust was the same as that reported by Vazquez, G. et al above. The
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authors found that the adsorption of Cr (VI) decreased with increase in adsorbent dose and increased
with increase in initial adsorbate concentration. They repamealdsorption capacity of 9.55 mg/g for

Cr (VI). Ahmad, A. et al, 2009 investigated the adsorption of Pb (ll) and Cu (Il) onto Meranti wood.
The Meranti sawdust was washed with distilled water followed by the immobilization of pigments
and watersoluble sibstances by treating with formaldehyde solution in a 1:4 ratio (sawdu
formaldehyde, w/v). The salust was observed to poorly adsorb both Cu (IlI) and Pb (ll) according to

the Freundlich model (which was the best fit for the adsorption data).

Wheat bra has been investigated for the adsorption of Cr (VI). The powder was used for adsorption
experiments without washing or any physical or chemical treatment. The adsorption capacity was
found to be very low, 0.942 mg/g. Coconut coir pith was assessedsfad$orption properties
towards Cr (IV) after modifying withiexadecyltrimethylammonium bromigamasivayam, C. et al,
2008). The authors reported an adsorption capacity of 76.3 mg Cr (IV) per gram of adsorbent.

Han, R. et al, 2005 assessed thiesportion of PB onto cereal chaff. The cereal chaff was not
subjected to any prgeatment save for drying and then screening with sieves. An adsorption capacity

of 12.5 mg/g was obtained for Pladsorption from aqueous solution.

Orange peels have e investigated as potential adsorbents for the removal of heavy metals from
aqueous solution (Xuan, Z. et al, 2006). The authors treated the orange peels with 0.1 M NaOH at
room temperature, followed by treatment with increasing concentrations of citticThey reported

an increase in the adsorption capacity after this treatment with adsorption capacities of up to 252 mg
of P per gram of biomass being achieved. Baig, T. H. et al, 1999 reported the removal of heavy
metals (PB, Cdf*, Cu¥*, etc.) bySolanum Elaeagfoliunbiomass treated with a solution of NaOH.

The treatment of the biomass with NaOH is reported to have enhanced the uptake of heavy metals.
The authors reported adsorption capacities of 20.6 mg/§) @id 18.9 mg/g (C9).

Kumar, U. etal, 2006 investigated the adsorption of Cd (ll) from aqueous solution onto pretreated rice
husks. The rice husk was pretreated separately with NaOH, HELaand epichlorohydrin for
four hours to give different types of adsorbents. The adsorbed arb@d (II) was found to
decrease after treatment of the rice husk with HCI. Wong, K. K. et al, 2003 investigated the
adsorption of Pb () and Cu (Il) onto rice husk modified with tartaric acid. They recorded an

adsorption capacity of 108 and 29 mg/g fue tdsorption of Pb (II) and Cu (ll), respectively.

Bello, O. S. et al, 2010 assessed the adsorption®id?is onto activated carbon produced from palm
oil fruit fibre. It was reported that the adsorption capacity of the activated carbon’favd@bhigher

compared with the raw biomagsccording to a review by Arief, V. O. et al, 2008, soxhlet extraction
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of Sargassunbiomass followed by soaking in hydrochloric acid solution was found to result in the
loss of active sites for the adsorption oftatéons. Thus, low heavy metal adsorption capacities were
recorded on the resultant materials. The-tpgatment of lignocellulose with acids may not help

improve the uptake of heavy metal ions from solution.

A lot of adsorption studies have also beendited using microbial biomaddany researchers are
currently involved in the investigation of the application of algal and yeast biomass to accamndlate
removetoxic and valuable heavy metals from waste water. The work by Duncan, J. R. et al (WRC
Repot No. 616/1/03) details the use of yedst ¢erevisiaeand algaeJpiruling for the biosorption

of heavy metals from contaminated industrial waste water. The yeast ipmduct of alcohol
fermentation industries. The authors realized a compieteoval of C&', CF" and NP from
electroplating waste water, whilst on average, 82%JZand 83% (C®) was removed from the
waste water when they used chemically modified yeast biomass.

Halttunen, J. et al, 2007 investigated the adsorption GfaPinl Cd" onto specific lactic acid bacteria.
Significant removal of heavy metals was achieved and the removal efficiency was observed to be
metal and bacterial strain specific. Relatively high metal ion removal capacities of 54.7 and 175.7

mg/g dry massdr Cd* and PB', respectively, were achieved.

Li, Z. et al, 2006 assessed the biosorption of' ®dto Rhodotorula sp. Y1§east cells previously
subjected to chemical modification. The chemical modification was accomplished by separately
reacting the yast cells with methanol and ethanolamine. The modified biosorbent was then used for
the Cd* adsorption experiments from aqueous solution. An adsorption capacity of 11.38 mg/g of dry
biomass was achieveXie, J. Z. et al, 1996 used bacterigl ¢ol)) biomass chemically pretreated for

the removal of heavy metals from water. The chemicakne@ment involved treating the bacterial
biomass with C§ POCL, HOCNH,, NaCQCH,Cl and NaSGC;. The biosorbents were evaluated
under continuous flow conditions. Relatively high adsorption capacities were recorded for some of the

bacterial cultures.

Tong, M. et al, 2007 i nvest i poly(amid acid)after ingialyaf t i n g
crosslinking the yeast biomass with glutaraldehyde. The yeast crosslinking using the polymeric
glutaraldehyde and the subsequent grafting with poly (amic acid) was achieved as shown in Scheme
2.1.
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Scheme 2.1: Glutaradehyde crosslinking of yeast biomass and subsequent \grtiftpaly

(amic acid).

The grafted yeast biomass was then evaluated for its adsorption properties by using Pb (IlI) and Ni ()
as model pollutants. The adsorption capacities of the modified grafted biomass were ten times those
of the unmodified biomas¥.u, J. et al, 2007 investigated the grafting of poly (methacrylic acid) onto
yeast biomass. They observed a marked improvement in the adsorption capacity of the grafted yeast
biomass for Pb (1), Cd (Il) and Cu (ll) compared with the pristine biomassatithers were also

able to regenerate the heavy metal ion loaded adsorbent using ethylenediamine tetraacetic acid.

Having reviewed the adsorption béavy metalsrom aqueous solution by lignocellulosic materials,
the literature on the adsorption afganic pollutantdy lignocellulosic was also reviewed. The next
section gives a review on the adsorption afanic pollutantsfrom aqueous solution onto

lignocellulose based adsorbents.

2.4.22 Adsorption of organic pollutants

As statedin Section 1.3 the presence of organic dyes in the aquatic systems can cause a lot of
problems including: formation of toxic or carcinogenic degradation products, imbalance of the aquatic
ecosystem, as well as making the water less aesthetically pleasant. Othemtgolutzh as
chlorinated organic compounds are suspected human carcinogens (Hanberg, A., 1996). This section

reviews the literature on the adsorption of organic pollutants onto lignocellulosic material.

A review by Ahmaruzzaman, M., 2008 on the uptakepbénol by lowcost adsorbents like
lignocellulosic materiahotedthat these adsorbents have high removal capabilities for some phenolic
compounds. In a study by Tahir, H. et al, 2008 marine algae biomass collected from the sea was used
for the adsorption of methylene blue. The algae showed a dye removal efficienbpubf9%%.

Tarawou, T. et al, 2007 reported the adsorption of methyl red onto water hya€iokioria
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crassipe} biomass from aqueous solution. The water hyacinth was found to have a Langmuir

adsorption capacity of about 25 mg/g for methyl red.

Lignocelulose in the form of bark has been used for the adsorption of pharguez, Get al, 2006

usedP. pinasterbark for the adsorption of phenol. Treatment with formaldehyde polymerized and
immobilized water soluble phenolzadyar, S. et al, 2007 studi¢he adsorption of textile dyes onto

wood sawdust. The authors used beechwood sawdust for the adsorption of three common textile dyes
(acid green, acid orange and direct orange). Filipkowska, U. et al, 2008 compared the adsorption
efficiencies of chitosgrsawdust and flyash for the adsorption of an organic dye, basic violet 10. The
sawdust used here was treated with sulfuric acid before use. The chitosan was treated with 30% KOH
solution. The sawdust and flyash were then immobilized on chitosan in aofatlol. The
combination of chitosan and sawdust resulted in enhanced dye adsorption. The adsorption capacity
was greater than that of chitosan and flyash (in combination), sawdust or chitosan alone. This
demonstrated some synergy between the sawdusharmthitosan.

Batzias, F. A. et al, 2007 reported the adsorption of dyes onto acid hydrolysed beechwood sawdust.
The mild acid hydrolysis of the sawdust was found to improve the uptake of the dyes from aqueous
solution. They attributed the enhancementdaaaiption to the removal of hemicellulose during acid
hydrolysis which opened up the lignocellulosic structure. Eliz&ldezalez, M. P. et al, 2008
assessed the adsorption of methyl orange and arsenite onto maize cob biomass. The maize cob
biomass was fst chemically treated with phosphoric acid and different quaternary amines. It was
observed that < 50% of dye was removed by the phosphoric acid treated biomass, while the samples
treated with quaternary amines showed about 70% removal efficiency. Tlee feigioval efficiency

of the quaternary amine treated biomtss that of the acitreated biomaswas attributed to its low

basicity, thus allowing for greater electrostatic interactions with the methyl orange anion.

Garg, V. K. et al, 2004nvestigated the removal of malachite green dye from aqueous solution by
adsorption onto formaldehydand sulfuric acidreated saw dust. The adsorption efficiencies were
comparable with activated carbon at low adsorbate concentration. However, at iégntcation,
activated carbon exhibited higher adsorption efficies relative to the chemicaliyodified sawdust.

The adsorption of water soluble organic dyes onto ferrofiuadified sawdust was investigated by
Safarik, I. et al, 2007. The authors preggtha magnetically responsive composite material based on
lignocellulose and magnetic nanoparticles. The spruce saw dust was modified by contact with
magnetic fluid stabilized with perchloric acid. The modified biomass was assessed for the adsorption

of add green 25 and acid red 183.
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Tang, J. et al, 2004 reported on the competitive sorption and desorption of chlorinated organic
solvents (dense neaqueous phase liquids) onto geosorbents (thermally aged natural organic matter).
The authors used biomas<linding corn stalk, soybean stalks, oak leaves, red maple leaves, green
ash leaves and pine bark. They investigated the sorption of trichloroethylene, tetrachloroethylene and
1,2-dichlorobenzene. They found that the thermally treated materials exhibghdr hadsorption
capacities than the untreated lignocellulose.

Aksu, Z. et al, 2001 investigated the adsorption and biosorption of monochlorinated phenols onto
flyash and dried activated sludge. The activated sludge was found to have adsorption capacities
281.1 mg/g foio-chlorophenol and 287.2 mg/g fpichlorophenol. Activated sludge performed better
than flyash which showed adsorption capacities of 98.7 and 118.6 mg/g for the respective adsorbates.

Lignocellulosic material also serve asenewablesource of activated carbon. Many reports appear in

the literature on the derivation or preparation of activated carbon from many types of biomass.
Jaguaribe, E. F. et al, 2005 investigated the use of activated carbon derived from sugarcane bagasse,
babasswand coconut shells in the removal of residual chlorine from water. They reported that only
sugarcane bagasaetivated carbon could remove 100% of the residual chloNe¢haji, S. et al,

2011 assessed the adsorption of amido black 10B dye onto lighosellagricultural waste (palm

flower) activated carbon. The palm flower waste biomass was treated forwd® concentrated

H,SG, in order to carbonize iThe authors reported an adsorption capacity of 3.68 mg/g.

The removal of basic dye by chemigadictivatedPatherniumbiomass was investigated by Lata, H. et

al, 2008. The researchers treated the plant biomass with concentrated sulfuric acid (1:1.5% wi/v) at
120 °C and the carbonized material was soaked in 1% sodium carbong@{Nsolution. The
prepared adsorbent was found to have an adsorption capacity of 18.52 mg/g for the basic dye.

Agricultural waste biomass is widely available and can act as a source of lignocellulose.
Senthilkumaar, S. et al, 2006 reported the adsorpfioraztive red dye from aqueous solution onto
activated carbon prepared from agricultural waste. They found adsorption capacities of 181.9 mg/g
(coconut tree carbon) and 200 mg/g (jute fibre carbon) for the adsorption of the reactive dye onto the
respectie adsorbentsSanthi, T. et al, 2010 investigated the adsorption of methyl red from aqueous
solution onto activated carbon prepared frAnmona squmosaeed biomass. The authors found a

removal efficiency of about 83% for methyl red adsorption onto theséetl carbon.

Gong, R. et al, 2008 modified rice straw biomass with citric acid and used the modified biomass for
methylene blue adsorption from aqueous solution. The modification of the rice straw biomass resulted

in enhanced adsorption of methylene blue relative & uhmodified biomass. In another report,
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Gong, R. et al, 2009 used wheat straw biomass modified with tartaric acid for the adsorption of
methylene blue and crystal violet dyes. The modified wheat straw showed relatively high adsorption

capacities for botdyes.

Cereal chaff (another agricultural waste) was evaluated for its methylene blue adsorption properties
(Han, R. et al, 2006). The cereal chaff showed an adsorption capacity of 20.6 mg/g for methylene
blue. Hameed, B. H. et al, 2008 studied the adsormif malachite green dye onto char derived from

rice straw. Relatively high adsorption capacities were recorded compared with otheostow
adsorbents.

Bulut, Y. et al, 2006 used untreated ground wheat shells for the adsorption of methylene blbe dye. T
wheat shells were just washed with distilled water until no colour was observed. The authors reported
adsorption capacities ranging from 16.56 to 21.50 mgrgs, |. et al, 2005 used unmodified pine
bark biomass for the adsorption of pentachloroph&ooh aqueous solutiorRineapple leaf powder

was also used for the removal of dyes such as methylene blue (Weng, C. H. et al, 2009).

Mango tree leaf biomass was assessed as an adsorbent for a grey dye (Grey BL) from aqueous
solution. The leaf biomass wasshed with distilled water, dried, ground to powder and then used for
adsorption experiments. Adsorption capacities of about 25 mg/g were obtained (Murugan, T. et al,
2010). Untreated banana stalk waste was used for the adsorption of methylene bl freomus

solution (Hameed, B. H. et al, 2008). The banana stalk biomass was washed with water to remove all
dirt and other water soluble compounds. The dry biomass was then powdered and used for adsorption
experiments and an adsorption capacity of 243.9@ fuy the methylene blue was obtained. Haris,

M. R. H. M. et al, 2010 used modified banana trunk fibres for the adsorption of methyl red from
aqueous solution. Thimvestigatorsreported adsorption capacities of about 555 mg/g for the 5%
NaOHtreated banaa trunk fibre while acetylation, stearic acid and peroxide treatment of the banana

fibres gave lower adsorption capacities.

Annadurai, G. et al, 2002 used orange and banana peels for the adsorption of methyl orange from
aqueous solution. The orange and banana peel biomass was washed with distilled water, dried,
crushed to powder and used for adsorption experiments. The aupored adsorption capacities of

21.0 mg/g and 20.5 mg/g for methyl orange adsorption onto banana and orange peels biomass,
respectively.Soya bean waste and bottom ash have been studied for their adsorption properties
towards methyl orange. Mittal, A. at, 2007 obtained adsorption capacities of 3.618 mg/g and 16.664
mg/g for methyl orange adsorption onto bottom ash and soya bean waste bigrapsstively

ElizaldeGonzélez, M. P. et al, 2008 investigated the adsorption of methyl orange onto chemically
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modified maize cob waste. The maize cob wastdévedbiomass was modified by quartenization and

phosphorylation, with adsorption efficiencies of 68% and < 50% for the respective modifications.

It has been observed from the reviewed literature thabdigifulose materials can be used as-tmst
adsorbents for both inorganic (heavy metals) and organic pollutants (dyes, chlorophenols, etc.) from
aqueous solution in water treatmeihere is quite a vast pool of different types of biomass from
which the ignocellulosic material can be derived. The unmodified lignocellulosic materials show a
relatively good uptake of both inorganic and organic pollutants from aqueous solution. Chemical
modification of some lignocellulosic material was also observed to ealthe adsorption of some
organic pollutants and heavy metals.

In this study, the lignocellulosic material (biopolymer) is to be modified with different monomers, as
well as montmorillonite (nanoclay). The modification with nanoclay is expected to nesult
lighocellulosemontmorillonite hanocomposites in which the nanoclay is uniformly dispersed in the
lignocellulose matrix and is also coupled or grafted to the lignocellulose covalently through a
polymer. It is hoped that the resultant materials wouldvsbohanced adsorption for both heavy
metals and organic pollutants. As such, the following section will describe the methods of grafting of

lignocellulose by different organic groups (especially polymers).

2.4.3 Chemical modification of lignocellulosic raterial (biomass)

The direct application of untreated plant waste as adsorbent can be accompanied by several problems
such as low adsorption capacity, high chemical oxygen demand (COD) and biological chemical
demand (BOD) as well dscrease inotal orgafic carbon (TOC) due to the release of soluble organic
compounds contained in the plant material (Gaballah, L. et al., 1997). The increase of COD, BOD and
TOC can cause depletion of oxygen content in water and can threaten aquatic life. Therefore, plant
wade needs to be modified or treated before being applied for the decontamination of heavy metals

The grafting of organic groups onto lignocellulose has been widely investigated in the literature. As
shown from the lignocellulose structure, the lignin and cellulose structures (Figures 2.1, 2.2 and 2.3),
the lignocellulose matrix possesses a lot ofrbyyl groups and it is these hydroxyl groups which act

as reaction centres (active sites) in most of the grafting reactions (Hill, C. A. S. et al, T2@0@nft
copolymerization method was used to attach new functional groups to the lignocellulasialnsat

as to increase its adsorption capacities for both heavy metals and dyes from aqueous solution. The
graft polymerization may also improve the mechanical properties of the lignocellulose (Ye, J. H. et al,
2010).
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The grafting of organic groups oriignocellulose follows two mechanisms, i.e. condensation of free
radical Gangopadhyay, R. et al, 200@action depending on the reaction conditions and the type of
organic group to be grafted. This section reviews the different types of modificatiorongihic

groups performed on lignocellulose for the purposes of enhancing its adsorption properties.

Wu, S. et al, 2009 reported grafting of methyl acrylate (MA) onto pullulan (PU) biomass. The
polymerization initiator employed was cerium ammoninitnate. Upon completion of the reaction,
PU-g-MA was precipitated with ethanol. The investigators observed a decrease in water absorption of
the grafted fibres with increase in the amount of polymer grafted. The grafting entailed the generation
of a PU maroradical which then attacks the MA monomer, followed by polymer chain growth on the
PU as follows:

CHZ0OH CH,OH
OH
+H"+ ce” (1
o\ . (1)
ce*  complex (PU- macroradical)
H
PU- + CHy=CH—COOCH; ——> PU—(:Z—CH'Z
COOCH;
Edbp— ool
— —>PU C—CHz-rll—'CHz—C IDF>u —> PU C|:—CH2—CH2—C|3 nlild
COOCH3 COOCH3 COOCH3 COOCH3

Scheme 2.2: Pullulan macroradical generation and subsequent grafting with poly (methgivylate)
S. et al, 2009)

Cellulose has also been modified for a number of applications. Ouajai, S., 2005 investigated the
introduction of hydrophobic groups onto cellulose and the further modification to hydrophilic
character after grafting. A solvefitee grafting system initiate by free radicals from
azobisisobutyronitrile for grafting cellulose at low grafting levels was studied. The author modified
natural cellulosic fibres in order to improve and increase consistency of their performance in
biodegradable materials. Fibres waretreated by solvent extraction and NaOH treatment in order to

remove wax and lignin before grafting with acrylonitrile.
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Cellulose was also modified with acrylonitrile through a fraéical graft polymerization reaction
(Bianchi, E. et al, 1998). Theellulose was first modified with acryloyl chloride to produce celliose
acrylate which was further reacted with acrylonitrile in the presencazobisisobutyronitrile
(initiator). The initiator decomposes to produce free radicals which then initiajgothmerization
reaction by reacting with the double bonds on cellulose acrylate. The polymer chains grow from the
cellulose backbone to give the poly (acrylonitridgafted cellulose. Typical reactions are shawn

Scheme2.3.

Célulose—OH + CH,CHCOCI —— Cédlulose—O—CO—CH=CH, (1)
CHs C|3H3
H3C—C|Z—(CH2—CH Yms® Cellulose—O—CO—CH=CH, —— Cellulose—O—CO-CHCH; CH—CHl-0—CHs
N ON cN o
M1
2)
CH3 CHS
. [ . |
Cellulose— O—CO-CHCH; CH—CHp-C—CHg + pCHz=CH—CN—> P("'(I:—HZC}’?H'CHZ GH—CHar ¢—CHs
CN CN CN CI:O CN CN
Cellulose

Scheme 2.3: Graftg of cellulose with poly (acrylonitrile).

HernandeaMeléndez.O. et al, 2009 investigated the graft polymerisation of wood saw dust and peat
with ethylene carbonate. The resulting material was used in the biofiltration of organic vapours. In
this case the mechanism of graft polymerisation commences with the gemeshtkind of an
alkoxide ion (on the substrate) which is then able to open the strained epoxide ring of the ethylene
carbonate through an SN1 or SN2 reaction. Then the polymer chain grows from the lignocellulose

backbone. This reaction is an example abait polymerisation.

R—OH .
sawdust— OH sawdust— QO™ + Na (1)
N8.2C03
o
—~ 0 o A% o
[N} I ] I
—O + oY 0 —> —O0—C—0—CHp-CHp-O ——> —o—C— -
sawdust— QO sawdust— O—C—O—CH,-CH,-O sawdust—|O— C— O—CH,-CH 9

(2)

@)
Il
—> ——» —— saWdust—|0— C—O—CH,- CHJFQJ;CHZ— CH 6)H
Ethylene carbonate grafted sawdust
Scheme 2.4: Grafting of sawdust with poly (ethylene carbonate).

3)
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Ye, J. H. et al, 2010 assessed the modification of sawdust lignocellulose-wiitltylpyrrolidone and

its use in the adsorption of tea catechins from aqueous solution. The initzatoigsabutyronitrile,
decomposed to free radicals which reacted with the lignocellulose to generate a macroradical from
which the polymerisation of Ninylpyrrolidone occurred (Scheme 2.5). Thevidylpyrrolidone

grafted lignocellulose showed an improved uptake of tea catechins relative to the unmodified

material.
CI:N CN
sawdust—QOH + -C—{CHg)n —— sawdust— Q- + (l;H(CH3) 1)
sawdust—O- J\ —— > sawdust—O- CH H,C- )
N @)

I \
CHZZCH

%wdust—oJECH Hzﬁ |§H2—clv—|jl0—wdust Sa/vdust—o{clH HaC— CHy— ClHEIlO—%Ndust
n+p

Al mﬁmm@’

N—vinylpyrrolidone grafted sawdust

Scheme 2.5Grafting of sawdust with poly (vinylpyrrolidon€Ye, J. H. et al, 2010

Alkoxysilanes are widely used as coupling agents in many applications. Salon, M. C. B. et al, 2005
investigated the grafting of organosilanesligthylenetriaminopropyl! trimethoxyane, aminopropyl
trimethoxysilaneand o>-methacryloxypropyl trimethoxysilanento cellulose fibres. The pristine and
hydrolysed silanes were adsorbed to the cellulose fibres and then treated at 110 to 120 °C to allow the
condensation of the silanes withe cellulose OH groups (forming covalent bonding). Typical
reactions are displayed in Scheme 2.6.

O \ o

Ch /\/\ O HO  ch OH
@) —> 7
| “o— hydrolysis ’ O/\{O\/SI\OH +3veoH (D)
\

|C)L O

ChH; / \._.OH heat CH \ _O—Celulose
m/ o \/,S'\ + HO—Cdllulose —» I o Sk + 2H,0
HO OH R—O O—Cdlulose
condensation reaction

Scheme 2.6: Hydrolysis ofiethacryloxypropyl trimethoxysilane and grafting onto cellulose.
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Abdelmouleh, M. et al, 2004 reported the modification of cellulosic fibres with functionalised silanes
(o-methacryloxyproply trimethoxysilane, hexadecyltrimethoxysilane, aminopropy! trimethoxysilane

and mercaptopropyl trimethoxysilandhe functionalised silanes were first hydrolysed and adsorbed
onto the cellulosic fibres, which was then followed by subjecting the silaneatt fibres to heat
treatment. The heat treatment allowed for the condensation of the silanes with the hydroxyl groups on
the surface of the cellulosic fibres, as well as the self condensation of the silanol groups. The reactions
were the same as illuated in Scheme 2.6 above. Some of the adsorbents prepared in this study were
prepared using the same procedure described here. To our understanding, there is no application of
silanegrafted lignocellulose as a possible adsorbent for either organic gamompollutants.

Castellano, M. et al, 2004 investigated the modification of cellulosic fibres with organosilanes
(cyanoethyltrimethoxysilane amdmethacryloxypropyltrimethoxysilane) under different conditions.
Their study showed that the unhydrolysed silane did not react with cellulose even at high temperature,
while it condensed with the phenolic OH of lignin. Condensation with cellulose OH gomiyps
occurred in the presence of moisture which induced the hydrolysis of the silanes. Poly (methyl
methacrylate) was then grafted onto the siamoalified cellulosic fibres. A similar procedure was
employed in this study for the preparation of poly (raethlic acid}grafted lignocellulose,
montmorillonite and a poly (methacrylic acighafted lignocellulosenontmorillonite nanocomposite.

The grafting process is further discussed in Sectah®.1 and 5.6.3.1

Another study by Hill, C. A. S. et al, 200nvestigated the grafting of styrene onto wood flour. The
wood flour was first modified with propionic acid, crotonic acid and methacrylic anhydride, then
followed by a fregadical polymerization of styrene. Nada, A. M. L. et al, 2007 performed graft
poymerization of acrylamide onto wood lignocellulose and used the grafted material for the
adsorption of metal ions (&y Cr**, Ni** and PB"). The grafted wood pulp showed increased uptake

of the metal ions from solution.

Gangopadhyay, R. et al, 2000véstigated the photografting of methyl methacrylate from
photofunctionalised sisal fibre. The sisal fibres were first photofunctionalised by irradiating in a
solution of oxalic acid (photoactive). The oxalic acid generates carboxyl free radicals which in t
lead to formation of cellulose macroradicals from which an incoming monomer polymerises. The
polymer chain then grows on the surface of the fibres. The carboxyl free radicals can also initiate the

homopolymerisation of the monomer, methyl methacrylate.

Meng, T. et al, 2009 also investigated the grafting of styrene and methyl methacrylate onto cellulose.

The grafted cellulose was prepared by atom transfer radical polymerization (ATRP). Firstly, cellulose
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2-bromoisobutyrylate (macrimitiator) wasprepared. ATRP of the methyl methacrylate and styrene
from the macrenitiator was then carried out. However, this method is rather expensive and besides,
many steps are involved to get the final product. This will definitely increase the cost of proddictio

such madified adsorbents, making it economically not viable.

Ojah, R. et al, 2006 investigated the graft polymerization of methyl methacrylat®omioyx mori

fibre (natural silk) initiated by a semiconductmased photocatalyst (CdS). The mechanisvmlved

the generation of an electron/holé/l{8) pair under ultraviolet radiation by the semiconductor. The
positively charged hole {(htransfers its charge to the silk fibre forming a silk macroradical and a

proton (H). The initiation step involvethe reaction of the monomer with the macroradical and the

pol ymer chain grows oO0fromé the silk fibre backhb
the initiator system involved. The grafted silk was found to have increased thermal stability and
chemical resistance. The following scheme displays the typical reactions during the grafting process.

CdSLP e-(CdS) + h+(CdS) (1)
Slk—H + h" ——» Silk* + H* (2)
e
Silk- + CH2=(|:CH3 - > snk_(l:_CH'z 3)
COOCHS; COOCHS;
i s S GG
> > Silk—Cli—CH'g + 'CHZ—Cll—SiIk > Silk—(li—CHz-CHz—ClZ—SiIk
COOCH; COOCH; COOCH;  COOCH;
Poly (methyl methacrylate) grafted silk

Scheme 2.7: Grafting of silk with poly (methyl methacrylate) under ultraviolet radiation.

This is an attractive method for the modification of lignocellulosic materials, however, the CdS used

is known to be unstabland C&' is known to be toxic.

RomanAguirre, M. et al, 2004 investigateche graft copolymerization reaction of methyl
methacrylate onto wood fibre. A typical grafting experiment was accomplished as follows: first, a
mixture of woodfiber, water, sodium dodecyl benzene sulfonic acid, sodium metabisulfite was loaded
in the reactor{mixed), followed by the addition of methyl methacrylate and potassium persulfate
(initiator). The polymerization reaction was carried out under a nitrogen gas atmosphere. The authors
gave a mechanism for the grafting reaction and this entailed the ifonneditthe sulfate free radical

species which then abstracts a hydrogen atom from the exposed lignocellulose hydroxyl groups to
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form a macroradical Gangopadhyay, R. et al, 2000The macroradical then initiates the
polymerization reaction of the monomeor the lignocellulose backbone. The graft polymerization
reaction follows a égrafting frombé mechani sm.
in the modification of lignocellulosic materials, there is not a single study on the use of the poly
(methyl methacrylateinodified lignocellulose for adsorption purposes in water treatment. A similar
procedure was used in this study to evaluate the grafting of methyl methacrylate onto both
lignocellulose and montmorillonite clay, as well as in the pmpar of some nanocomposites based

on lignocellulose and montmorillonite clay.

Khan, F., 2004 assessed the graft copolymerization of methacrylic acid and acrylic acid onto jute fibre
by preirradiating the fibres with ultraviolet radiatiob-hydroxycycldexyl-phenylketone was used as

the photainitiator and 2methyt2-propene isulfonic acid (sodium salt) was added to suppress the
formation of homopolymer and to facilitate the graft copolymerisation reaction. As highlighted above,
poly (methacyrlic acidyrafted yeast biomass was found to show high adsorption capacities’for Cd

PK** and Cd* compared with the unmodified yeast bioma¥s, (J. et al, 2007)The yeast biomass

was first crosdinked with glutaraldehyde followed by grafting with methacrylitida Potassium
persulfate was used as the initiator and the mechanism followed more or less what has been discussed
above for poly (methyl methacrylate). Methacrylic acid was also chosen in this study for the
modification of both lignocellulose and montrlmnite, and also as a coupling agent in the

preparation of lignocellulosmontmorillonite hanocomposites.

The following section describes some of the mineral based adsorbents currently being explored or

already commercialized for water treatment.

2.5Mineral adsorbents

Mineral adsorbents range from silica gels, activated alumina, activated carbon, oxides of metals,
hydroxides of metals, zeolites, inorganic nanomaterials, porous clay heterostructures, clay minerals
and pillared clays (Dabrowski, A., QD). Activated alumina has been widely used for the removal of
arsenic from water (Lin, T. S. et al, 2001; Singh, T. S. et al, 2004). Activated carbon is a porous
carbonaceous material prepared through the carbonization and activation of organic sybstances
mainly of vegetable origin. Commercial activated carbon is mainly prepared from coal. The most
commonly explored mineral adsorbents for water treatment and purification are zeolites and clay
minerals. Many synthetic zeolites have been investigated ®rassadsorbents in the treatment of
contaminated water (Shevade, S. et al, 2004; Zhao, L. et al, 2010). In addition, natural zeolites like

clinoptilolite have also attracted the attention of scientists because of their low cost and great potential
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as adsdrents mainly for heavy metalsSgrynskyy, M. et al, 2006; Faghihian, H. et al, 2009;
Chmielewska, E. etal, 2010) Peri i, J. et al, 200% zi‘mwdeBti gat e
onto natural zeolite (clinoptilolite) from aqueous solution. Cliitolite showed a higher adsorption

efficiency for PB* than the other two heavy metals.

Clay minerals are now being widely researched for application in water treatment due to their
potentially high adsorption capacity owing to their cation exchange itapa nanoscale size and

high surface area in the case of nanoclays. This study will focus on the use of pristine montmorillonite
nanoclay and also metpillared montmorillonite nanoclay for the adsorption of pollutants (organic

and inorganic) from aguels solution.

The following section will look at the different types of clay minerals and their use as adsorbents in

water treatment.

2.6 Clay minerals as adsorbents

Among the methods mentioned above, clays are widely used as adsdueetistheir higkspecific

surface area, high chemical and mechanical stabilities, a variety of structural properties and low cost
(Bhattacharyya, K. G. et al, 2008a0, F. et al, 2008). Clays are abundant, have potentially high
adsorption capacities artde potential for ion exchange and therefore, are good candidates for the
development of adsorbents. Clay materials possess a layered structure and are considered as good host

materials.

Different types of clays are available and they are classifiedrdingoto the differences in their

layered structures. However, a review by Bergaya, A. F., 2008 classifies the layered clay minerals into
three broad classes based on their surface charge. The classes are: uncharged (kaolin, talc and
pyrrophylite), negatigly charged (paragonite, vermiculites, and smectites) and positively charged

(layered double hydroxides).

Montmorillonite (MMT) clay is a widely studied 2:1 phylosilicate of the smectite clays due to its high
cation exchange capacity (CEC) compared wather clays, and is reported to have the highest
surface area (Ahmaruzzaman, M, 2008). A comparison of the adsorption properties of kaolinite and
montmorillonite clays showed that montmorillonite had a higher adsorption capacity than kaolinite for
the adseption of cadmium BouchenafeéSaib, N. et al, 2007here has been an increasing interest to
utilize clays for the adsorption of not only inorganic, but also organic molecules from aqueous

solution (Ahmaruzzaman, M2008).
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2.6.1 Montmorillonite clay: crystal structure

Montmorillonite (MMT) clay is a naturally occurring 2:1 phyllosilicate with other layered and
crystalline clays such as talc and mica. The crystal lattice of MMT consists of octahedral alumina
fused between two external tetrahedral silgteeets in such a way that the oxygens from the
octahedral alumina sheets also belong to the silica tetrahedra (Lomakin, €6.aM2003). The
general formula of montmorillonite clay is,§l 4xMg,)SisO.o(OH)4, WhereM is a monovalent cation

andx is the degree of isomorphous substitution (AlexandregetMal 2000). The crystal structure of

2:1 phyllosilicates is shown in Figure 2.6.
Isomorphic substitution in either the octahedral or tetrahedral layer By dMd\I®** results in a net

negative chrge in each layer which is balanced by exchangeable hydrated cations in the interlayer

space.
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Figure 2.6: Crystal structure of MMT clay (Lin, J. J.).

The negative charge is defined through the cation exchange capacity (CEC), and for montmorillonite
is typically 0.9- 1.2 meg/gram depending on the mineral origimese layers organize themselves in a
parallel fashion to form stacks with a regular van de Waals gap in between them called the interlayer
space or gallery. In their pristine form, the excess negative charge is balanced by cafiphg’,(Na

cd”, K*, etc.) which exist hydrated in the interlayer space. The MMT comes in a powder form with a
mean particle size of 8 um. Each powder contains thousands to more than a million thick platelets
which have a much larger surface area (~753@)rand an aspect ratf > 50 than conventional
micro-sized fillers (Turng, L. Set al 2003). When completely delaminated, approximately ¥ nm

thick platelets or clay sheets can be obtained.



The following section describes the use of montmorillonite and other clays faddweption of

organic pollutants from aqueous solution.

2.6.11 Adsorption of heavy metals by montmorillonite

The practical applications of clay nanoparticéssadsorbents suffer from difficulties in séliiguid
separation in batch adsorption studies and packing complexity or high pressure drop for column
processes. Montmorillonite clay has been used for the development cfillehycomposite

membranes forge in cationic exchange process.

Montmorillonite clay adsorbs heavy metals via the physisorption mechanism which can be further
divided into two categories, i.e. cation exchange in the interlayer spaces resulting from the
interactions between metal ioasd the permanent negative charge on the clay, and formation of
innersphere complexes through & and Al O groups at the clay particle edges (Schindler P. W. et

L, 1976; Mercier, L. et al, 1995 akamatsu, R. et al, 2006 used EXAFS to probeattsorption
mechanism of Cd onto montmorillonite. Thénvestigatorsreported that there are two mechanisms
observed, an outer sphere complexationasurfa® precipitation mechanisrBcheme 2.8 illustrates

the formation of innersphere and outersphemapiexes during the adsorptiari heavy metals onto

montmorillonite clay.
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Scheme 2.8: Formation of innersphere and outersphere complexes during adsorption of heavy metals

(M?") onto montmorillonite clay.

The two mechanisms are pH dependent because in acid conditions (pH 4) most silaadahanol

groups are protonated. Therefore, in particular for the latter, acidification can lead to poor adsorption
of heavy metals (Batchelor, B. et al, 1998upta, N. et al, 2009 used pyrophyllite to assess the
adsorption of heavy metals (pCu* and zZri") from aqueous solution. The adsorption of heavy
metals waseportedto follow an ion exchange mechanism (due to the permanent negative charge on
the pyrophyllite structure) and a complexation mechanism (due to interaction with the surface groups,
Si-O" and AFO).

40



The amount of heavy metals adsorbed is a function of m#mgr factors including: temperature,
concentration, interaction between adsorbate and adsorbent, as well as internal and external surface
area of the adsorbent. Kaya, A. et al, 2005 studied the adsorption of zinc onto bentonite clay.
Bentonite clay is sd to be 90% montmorillonite. The adsorption ofZflom aqueous solution was

found to be pH dependent with poor uptake at low pH. The main mechanism for the adsorption
process was observed to be ion exchange, especially between pH 4 and 7. The aotbbsealted

that the Naexchanged bentonite was a better adsorbent than the pristine bentonite.

BouchenafesSa ™ b, N. et al, 2007 reported on -pillared prepar
montmorillonite and its application in the adsorptiorCof* from aqueous solution. The authors used

a Cr/Al pillaring solutions of varying Cr/Al ratios. They found that the clay pillared using a pure
solution of Ak; showed greater affinity for Gtithan the mixed Cr/Al solutions. It is not clear whether

the nodification of the montmorillonite through Adillaring improved the uptake of €d This study

also sought to compare the performance opifdred montmorillonite and the sodivexchanged

montmorillonite in the adsorption of €das well as PB.

A detailed study on the adsorption of heavy metals by NaMMT clay was conducted by Abollino, O. et
al, 2003. The NaMMT was also assessed for its heavy metal adsorption capabilities at different pH
vluesas well as in the presence of different ligands. The asifoond that pH greatly influences both

the concentration of heavy metals in water as well as the amount of heavy metals adsorbed. As
highlighted above, at low pH, there is the protonation e®'Sind AFO groups and that resulis

low adsorption capacities for heavy metals.

Surface modification of clay minerals has received attention because it allows the creation of new
materials and new applications. There have been various attempts to improve the quality and
adsorption prop#ies of the clays by modifying them with different techniquétays and clay
minerals can be modified by several routes including adsorption, ion exchange with inorganic cations
and organic cations, binding of inorganic and organic groups, graftinggahiorcompounds anions
(mainly at the edges), reaction with acids, pillaring by different types of poly (hydroxo metal) cations,
intraparticle and interparticle polymerization, dehydroxylation and calcination, delamination and
reaggregation of smectitesydalyophilisation, ultrasound, and plasnte (Paiva, L. B. et al, 2008)

Two of the common techniques in this regard are intercalation and pillaring, and acid activation.

Bhattacharyya, K. G. et al, 20@8iblisheda review on the adsorption of heavy metahto modified
kaolinite and montmorillonite clays. The authors observed that the pillaring of the clays is commonly
done using polyoxy cations of Zr AlI**, Si**, Ti**, F€"*, CP"or G&*. From their review, it is clear

that acid treatment of clays dily boosts their adsorption capacities for heavy metals. In addition,
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montmorillonite and its modified forms have much higher metal adsorption capacity compared to that

of kaolinite and modifieckaolinite.

The treatment of clay minerals with mineraldzciof high concentration and at high temperatures is
referred to as acid activation. In such a process, the interlayer exchangeable cations are replaced by
H*. AI*" and other cations escape out of the tetrahedral and octahedral layers leayitaycg®i®

intact. An increase in surface area and acidity of the clay minerals is achieved through this process
(Bhattachryya, K. G. et al, 2007). The process also affords the elimination of several mineral
impurities and partial dissolution of external éay. The increase in surface area is attributed to the
production of finely dispersed silicon dioxide particles from destruction of mineral structures, removal

of octahedral Al or silica components, plugging surface pores or interlamellar spaces, foohation
cracks and voids in the surface (Bhattachryya, K. G. et al, 2007).

Ayari, F. et al, 2007 reported the adsorption of Rto bentonite clay ion exchanged to give @d
Na-bentonites. The Aéxchanged bentonite showed greater adsorption than thexddanged
bentonite. The authors observed that the uptake &f Was through iorexchange and surface
adsorption. Barbier, F. et al, 2000 assessed the adsorption”ofimﬂ PB* onto montmorillonite
(MMT) from aqueous solution, and observed that' Rbsorption was greater than that of’‘Ctb the
same adsorbents. The authors also observed that the uptake of Bbtan@dPB" by the
montmorillonite followed an iomxchange mechanism (by MMNa sites) and surface hydroxyl

groups (silanol, SOH and alumol, Al-OH) were responsible for surface complexation.

Yun, L. et al, 2006 assessed the adsorption 6f @uwd PB* onto bentonite clay modified with 4°
methylbenzel5-crown5. The modified bentonite gave a higher adsorption capacity than the
unmodified sodium bentonite for both €and PB*. Adsorption capacities of 21.73 mg/g {Quand

98.325 mg/g (PB) were obtaied for the modified bentonite compared with 17.67 mg/d jGand

64.79 mg/g (PB) for the unmodified bentonite. Vermiculite was used as an adsorbent for the uptake
of heavy metalsdadmium, copper, lead, manganese, nickel, and zinc). The influencegaofior
ligands on uptake of the heavy metals was also investigated (Malndrino, M. et al, 2006). The presence
of organic ligands was found to decrease the uptake of heavy metals by the vermiculite. Adsorption

capacities of 64.10 mg/g (Ppand 37.71 mg/¢Cd") were obtained for adsorption onto vermiculite.

Sodium dodecylsulfatenodified montmorillonite was assessed for the removal 6f &d Zrf* from
agueous solution (Lin, S. H. et al, 2002). It was not clear whether the suracdified clay showed
increased uptake of the two heavy metals from aqueous solution. The authors reported that‘more Cu
was adsorbed compared with ZnOyanedelCraver, V. A. et al, 2007 carried out competitive

adsorption of benzene and heavy metal$'(Rixf*, Zr**, and Hf*) onto organoclays. The uptake of
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all heavy metals was found to decrease in the presence of beAltaneD. et al, 1998 investigated
the adsorption of Pb and Cd* onto calciurssaturated kaolinite and montmorillonite. The clays

(unmodified and calam saturated montmorillonite) showed a higher uptake 6f &mpared to

Cd*.

Chen, Y. G. et al, 2010 assessed the adsorption“fo@tb a Chinese bentonite. The author found an
adsorption capacity of 3.16 mg/g for Tédsorption onto the bentonifEhe adsorption mechanism

was concluded to be complexation, electrostatic interaction andxwrange. Yan, L. et al, 2008
investigated the adsorption of €dnto Al s-pillared acid activated montmorillonite (APAAMMT)

from aqueous solution. The APAAMMT showed a higher adsorption capacity for?Cthan
NaMMT and Als-pillared MMT. Again, the adsorption properties of vermiculite were also assessed
by Abate, G. et al, 2005, where the adsorption df @dd PB* was investigated. The uptake of’Pb

onto the vermiculite was much greater than the adsorption 8f CHe authors also observed that
vermiculite modified with humic acid showed increased uptake of both heavy metals compared with

the unmodified vermiculite.

Sari, A. et al, 2007 reported thdsarption of PB and CF* onto celtek clay from aqueous solution.
The authors reported adsorption capacities of 18.08 mgf§) @l 21.55 mg/g (CP. Hefne, J. A. et

al, 2010 assessed the adsorption of Amps onto sodium bentonite, and reported asogation
capacity of about 100 mg/g. Yu, R. et al, 2008 investigated the adsorption“obi@d carbon
modified Al-pillared montmorillonite from aqueous solution. They observed that the pillared clays
showed increased uptake of a&ompared with the unidred montmorillonite.Section 2.6.1.2

describes the application mfontmorillonite clay for the adsorption of organic pollutants.

2.6.12 Adsorption of organic pollutants by montmorillonite

Liu, P. et al, 2007 published a review on the adsorption of dyes onto natural clagdsanioents.

The authors highlighted that natural, acid activated, calcined and organophilic clays have been
successfully used for the adsorption of dyes from aquedusoso The investigators also observed

that the benefits of the large surface area of these nanoadsorbent clays have not been fully realized.

Koumanoza, B. et al, 2002 investigated the adsorptignatfiorophenol onto bentonite and perlite.

The bentorie and perlite were used without further modification and the two showed adsorption
capacities of 10.63 and 5.84 mg/g, respectively. Another study by Houari, M. et al, 2007 investigated
the adsorption of phenol, nitrophenol;cRlorophenol and xylene ontgeomateriaimodified
montmorillonite. The adsorption capacities were 43.05, 44.70, 26.48 and 37.16 mg/g, for the

respective adsorbates.

43



Pernyeszi, T. et al, 2006 evaluated the use on organoclay and an aquifer material for the adsorption of
2,4-dichloroph@ol. The authors observed that clays have not been widely used because of their
limited application under flow conditions. The treatment of clays with cationic surfactants may
increase their adsorption capacity for organic pollutants of low water sotuhbititd polarity.
Organoclays have low permeability and wettability, thus making their direct application in column
techniques difficult if not impossible. Li, F. et al, 2000, investigated the adsorption of cationic
surfactants, unconventional Gemini suréads and <hlorophenol onto montmorillonite clay.
Adsorption capacity was highest for the,;@emini surfactant modified montmorillonite clay, 31.11

mg/g and lowest for ztetramethylammonium bromide modified clay, 14.14 mg/g.

Jiang, J. Q. et al, 2008vestigated the possibility of the simultaneaous removal of both inorganic and
organic contaminants from aqueous solution using a single adsorbent. Their study showed that
inorganic contaminants are adsorbed more on the polymeric -p#laked clays andorganic
pollutants on the surfactant modified clays due to specific surface properties introduced by the
modification. Clays modified with both Fe/Al polycations and surfactants had the ability to adsorb
both organic and inorganic contaminants. It was feskfrom the same study that the greater the d

spacing, the greater the adsorption of both phenol and Cu (Il) from aqueous solution.

Lin, S. H. et al, 2004 reported the adsorption of amido black 10B onto pristine aractcaded
montmorillonite (actrated with 6 M HCI) from aqueous solution. They observed that the adsorption

of the dye was improved as a result of acid activation of the montmorillonite clay. Rytwo, G. et al,
2002 investigated the adsorption of divalent organic cations (paraquartoaiadt)dand methyl green

onto sepiolite from aqueous solution. The sepiolite showed removal efficiencies of greater than 95%
for the three adsorbates. Almeida, C. A. P. et al, 2009 assessed the adsorption of methylene blue onto
montmorillonite clay from ageous solution. The montmorillonite clay showed high removal
efficiencies with adsorption capacities of about 300 mg/g being obtained. Awala, H. A. et al, 2011
reported the use of feldspar (tectosilicate mineral) for the adsorption of dyes (methyl redcBire

and methlylene blue) from aqueous solution. Only methylene blue showed some adsorption (very

low), while the other two dyes were not adsorbed at all.

A number of metals have been used for the pillaring of clays and these include Fe, Cr, Mn, etc
(Mishra, T. et al, 1997). The clays pillared using these metals have been applied primarily in catalysis.
Banat, F. A. et al, 2000 reported the adsorption of phenol by bentonite. The authors observed an
increase in the uptake of phenol in the presence @dblegxane. In addition, the use of cyclohexane
was observed to destroy the crystal structure of the clay. Zielke, R. C. et al, 1988 investigated the
adsorption of chlorinated phenols onto AlpMMT -@vIMT and Aldelaminated laponite. Adsorption

of chlorinaed phenols onto AAMMT was found to increase with increase in hydrophobicity as well
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as the number of chlorine atoms on the adsorbatalelminated laponite did not adsorb any

chlorophenols.

Altunlu, M. et al, 2007 investigated the effect of OH/AI anotatio and Al/clay (mmol/g) ratio on the
adsorption properties of Alillared bentonites. They found that the amount of phenol adsorbed
decreased with increase in OH/AI and Al/clay (mmol/g) molar ratios. The HD'b&#onite was
found to adsorb more phdrtban the Alpillared bentonite.

Yilmaz, N. et al, 2004 investigated the adsorption properties of tetradecy/hexadecyhmmonium

salt modified bentonites for the removal of phenols from aqueous solution. The surface area of the
bentonites was foundot decrease after modification. Montmorillonite clay modified with
hexadecyltrimethylammonium bromide at 100% CEC was found to have the highest adsorption
capacity for phenol. Breen, C. et al, 1998 investigated the adsorption of benzgmaioghenol

(PNP) onto surfactant modified MMT clay and bentonites. The investigated clays were of different
layer charges or charge densities. The amount of each pollutant adsorbed was found to be dependent
upon the source and type of clay used. For PNP, the amoumbadsalso depended on the surfactant
loading and also its size, being high at low surfactant loadings and decreased as the surfactant
loadings increased. Sheng, G. et al, 2000 reported the adsorption of dichlorobenzene on hexadecyl
trimethylammoniumexchanged clays (smectite and illite). Both clays were observed to adsark

p-dichlorobenzene from aqueous solution.

Rawadfih, Z. et al, 2006 assessed the adsorption of phenol and chlorinated phenols on surfactant
modified bentonite clay. Sheng, G. et al, 2001 reported the adsorption of pesticides onto ealdium
potassiurmsaturated smectite clays. The authors concludedthiegste expandable clays have the
potential of being used as adsorbents for certain pesticides. Torrents, A. et al, 1997 investigated the
uptake of pesticides by Naontmorillonite and N&aolinite. The authors found that the adsorption of

pesticides onto &montmorillonite was higher than onto Kaolinite.

Wang, C. C. et al, 2004 reported the adsorption of basic green 5 and basic violet 10 dyes onto Ca
montmorillonite (CaMMT) and titaniumexchanged montmorillonite. They found that titanium
exchanged montmorillonite showed a lower adsorption capacity cothpétite CaMMT. Ozcan, A.

S. et al, 2004 assessed the adsorption of acid red (AR57) and acid blue (AB294) dyes from aqueous
solution onto acid activated bentonite. The acid activated bentonite showed very high adsorption
capacities for AR57 (416.3 mg/g) ad294 (119.1 mg/g). Vinod, V. P. et al, 2003 used pillared

clay coated with humic acid for the adsorption of basic dyes from aqueous solution. They reported
removal efficiencies of about 99% (methylene blue), 97% (crystal violet) and 91% (rhodamin B) from

agueous solution.
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Zhuannian, L. et al, 2009 investigated the adsorption of MetO onto ultrafine coal powder and found
equilibrium adsorption capacities of about 6.0 mg/g for an initial methyl orange concentration of 100
ppm. Jeon, Y. S. et al, 2008 refmal adsorption capacities of less than 0.3 mg/g for methyl orange
adsorption ontalginate/polyaspartate hydrogels for an initial concentration of 10.0 mg/L. Teng, M.
Y. et al, 2006 assessed the adsorption of methyl orange onto acid activated montteocignand
reported an improvement of about eight times relative to the natural clay. Mittal, A. et al, 2007
reported adsorption capacities of 3.6 mg/g and 16.7 mg/g for methyl orange adsorption onto flyash
and soya bean waste biomass, respectively. Ahbhit al, 2010 used modified nanoporous silica for

the adsorption of anionic dyes including methyl orange, and reported an adsorption capacity of 357.1
mg/g. Chen, S. et al, 2010 found an adsorption capacity of about 50 mg/g for methyl orange
adsorptiononto powdered activated carbon at an initial concentration of 25 ppm. Their adsorption
data were best described by the pseudo secatet kinetic model and the Langmuir isotherm. Yu, L.

et al, 2011 reported an adsorption capacity of 36 mg/g for methyy@radsorption onto anaerobic
sludge. Haque, E. et al, 2011 found a capacity of 11.2 mg/g for methyl orange adsorption onto

activated carbon.

The above reviewed literature has shown that there is a lot of research being undertaken on the use of
clays (epecially montmorillonite) as adsorbents for the removal of organic and inorganic pollutants
from water. Apart from the use of montmorillonite clay as an adsorbent in water purification, it is also
being used in other areas like gas purification, as wel aatalysis. The following section reviews

some literature on the chemical modification of montmorillonite clay both through pillaring (with

metal oxides and organic groups) and also through grafting (covalent bonding) of organic groups.

2.6.2 Chemicaly modified montmorillonite clays

Chemical modification can affect (either positively or negatively) the adsorption properties of
montmorillonite. Different chemical modifications can enhance certain adsorption properties but can
also suppress some of theoperties. It can be seen from some of the reviewed work above (Section
2.6.1.2) that metal oxidpillaring of montmorillonite can improve the uptake of heavy metals and
some organics from aqueous solution. The pillaring of montmorillonite was also exkpiothis

study, and the following section reviews the literature on the pillaring of montmorillonite with metals

oxides and organic surfactants.

2.6.2.1 Intercalated and pillared clays
Pillared clays are materials prepared by the intercalation of metal oxide precursors between the
silicate layers of the smectite type clays (Mahboub, R. et al, 2006). Upon heating, oxide pillars are

formed, building a zeolitéke structure. According to Ehboub, R. et al, 2006, the dimensions and
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the characteristics of the pores produced this way depend on a humber of factors intladiature,

size and shape of the intercalated species and the precursor polymerization parameters (e.qg.
concentration ofhe metal ions, alkalinity, temperature of hydrolysis, time and temperature of aging)
and to the chemical and crystallographic parameters of the clay (the magnitude of the layer charge, the

location and the distribution of the charge and the nature afcthdedral sheet).

Pillared clays have a structure in which parallel -tlumensional silicate layers of the clay are
supported with small particles of metal oxide with a dimension of-rtarsubnanemeter size. Figure
2.7 shows a diagrammatic represgion of the metal oxidgillared clay.

Figure 2.7: Graphic representation of metal opdiared clay (Sivaiah, M. V. et al, 2010).

Microporous to mesoporous clay materials are formed. Pillared clays can provide large surface areas
and pore volumesayhich are beneficial for organic compounds and intermediates to reach and leave
the active sitesn the surface (Aouad, A. et @005). The pillaring process increases the accessibility

of the clay layers as well as stabilizes the metal oxide partitlesnmmeter dimension that prevent

aggregation of the clay layers.

The surface groups exposed by these dlispersed metal oxides play a key role in determining the
catalytic and adsorptive properties of pillared clays. The pillared clays have adigtat stability,

intrinsic catalytic activity and a high surface ar@idttacharyya, K. G. et al, 2008pue to their

potential applications as catalysts, supports, selective adsorbents, separating agents, and porous
matrices for encapsulation of specifiunctional molecules, the design and synthesis of inorganic

porous clay materials with a controlled pore structure have been of great interest.

Pillaring of clay with organic and inorganic pillaring agents is well knoWwmese materials are

usually prpared by iorexchanging cations in the interlayer region of swelling clays with bulky
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alkylammonium ions, polynuclear complex ions bearing inorganic ligands (hydroxo ligand, chloro

ligand) or large metal complex ions bearing organic ligands.

The synthesis of metgiillared clays entails the use of a dilute pillaring solution prepared from
solutions of aluminium chloride and sodium hydroxide so that the AI/OH ration is at least 2.2. The
key lies in controlling this ratio. Li, B. et al, 2009 pared silicapillared clay of mesoporous
structure (pore sizes were in the nanometer range). The prepared pillared clays were found to have
surface areas of between 5900 nf/g, basal spacings of 4.76.62 nm and pore sizes of 3.758.51

nm. Mao, H.et al, 2009 also prepared silipdlared clay with ordered mesoporous structure. The
silica pillared clays had basal spacings of 343 nm and a uniform pore size of 2.8.2 nm.

Surface areas of between 567 and 57&ywere obtained for the pillaredays. Such silicgillared

clays have a lot of potential as adsorbents for the removal of toxic chemicals.

Salerno, P. et al, 2002 reported the preparation gfilldred clays (APILC) from concentrated
dispersions. The authors assessed the effegtnfing the Al/clay ratio on the physicochemical
properties of the resulting ARILC. The pillaring solution was an aluminum chloride with 47% of
Al,O; mainly as the Keggin cation which was added dropwise to 50% w/w natural clay suspension in
acetone. Thenixture then dialysed against distilled water until free of chloride ions. The product was
dried and then calcined at 500 °C fon.2On heating, the intercalated inorganic species are converted
to metal oxide clusters, generating a stable microporoustste with a high surface are&iaiah,

M. V. et al, 2010) The surface area and microporosity was found to increase with the amount of
Al,O; in the pillared clays. Basal spacings of about 18.0 A were obtained for all-@k®@$ (Tichit,

D. et al, 1988Acemana, S. et al, 1999).

Schoonheydt, R. A. et al, 1993 investigated the preparation-piilated clay using both dilute and
concentrated Ab-solutions. The clays investigated included the saponite, hectorite and laponite.
Pillaring of these claysni concentrated As$olutions resulted in Apillared clay of low thermal
stability. The intercalated species are capable of preventing the collapse of the interlayer spaces,

propping up the layers as pillars, and forming interlayer space.

Pires, J. et al1997 reportedn the decomposition of the pillaring species in AIpMMT clays. They
used differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) to follow the
decomposition process. These two techniques can be used to follow thedoraofighi,O; pillars in

the interlayer space of the clay. Pires, J. et al, 1997 prepaie Blunder the following conditions:

the pillaring solution was aged forl2at 60 °C and had an OH/AI ratio of 2 and pH 6. The pillaring

solution was added dropwise a 0.5% clay suspension.
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Montarges, E. et al, 189investigated the intercalation of polyethylene oxide (PEO) into
montmorillonite clay and the use of the resultant lamellar solids as adsorbents for chlorinated phenol
adsorption. The materials were also modified by pillaring with pblyhydroxycationsThe authors
repored that the ceantercalation of PEO improves the hydrolytic stability ofAibns. In addition,

the alumingpillared clay derivatives obtained after calcining at 500 °C exhibited higher specific areas
than those pillared in the absendeP&O. It was also observed that the surface area of the materials

prepared only improved after pillaring with;Alons.

Chae, H. J. et al, 2001 pillared clays with other metal ions such as Ti, La, Y and Zr. There was a
marked increase in the surfaceamnd pore volume of the pillared clays regardless of the metal ion
used for pillaring. Alpillared and Zspillared clays exhibited higher microporosity than thepillared

clay. The authors found that aluminum pillared clays prepavigd an Alclay rato of above10

mmol/g clay had a reduced surface area and thermal stability, which they attributed to the saturation
of pillaring capacity by alumina. Calcination at 700 °C resulted in a decrease in the surface areas of
the pillared clays due to the colEgpor destruction of the micropores formed in the pore network of
the clay.ln the same study by Chae, H. et al, 2001, pillaring solutions of different OH/Al molar ratios
(.07 3.0) were prepared from 0.2 M NaOH and 0.2 M Al&blutions. After aging atoom

temperature for 24, the pillaring was carried out at different Al/clay ratios in the range from 3 to 20.

Manohar, D. M. et al, 2006 prepared aluminipitiared bentonite clay (APILC) using natural clay
which contained almost 90% bentonite. Ti&y was converted into RMMT by washing several
times, first with 1.0 M NaCl and then with deionised water. The washing process was then followed
by drying the NaMMT properly before the pillaring process. The pillaring solution was prepared by
titrating aqueous 0.5 M NaOH with aqueo@® M AICI;-6H,0O until the OH/AI ratio was equal to

2.4. 1t is reported by the authors (and many others) that at this hydrolysis ratitss ke major
species in solution. After aging, the resulting solution was addadL#¢w/v aqueous suspension of
Na-exchanged bentonite clay, keeping an Al/clay ratioGatrZnolfy. An increase in the-sipacing,
porosity and fluffiness of the clay after aluminum pillaring was observed. The authors reported that
pillaring with oligomericAl 3 resulted in a more negative clay surface which helps in the adsorption
of positively charged ions such as heavy metals through electrostatic interaction (Manohar, D. M. et
al, 2006). The prepared AILC was found to adsorb more Co (ll) from aquesolsition compared

with Nabentonite. In fact, less AILC was used to achieve a 100% removal of Co (ll) than Na

bentonite.

During the pillaring process, the washing step is said to be necessary not only to remove anions from
the clay, but also in the @eganization of the adsorbed or intercalated Al species and in the formation

of the pillars (Storaro, L. et al, 1996). The more the number of washings, the more crystalline (the
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sharper the basal reflection peak) the pillared clay becomes. The autharbsaseed that slow air
drying below 60 °C before calcinations, removed most of the physisorbed water and leads to highly
ordered materials. Howevelijlaring of the clay with an Al/Fe solution did not result in surface areas

and porosities different fromillaring with pure Al solution.

De Carvalho, M. B. et al, 1996 characterized clays and alumjpiliared clays by assessing the
adsorption of probe molecules such as ethylene glycol, water, nitredexane, cyclohexane and
triethylamine. Thealuminumpillared clays were prepared by first converting the raw clay to Na
form. The pillaring solution was prepared by adding 0.2 M NaOH solution to 0.2 M sdCltion.

The authors then proceeded with the addition of the oligomer solution dropvas@.5¢6 aqueous
suspension of clay at 80 °C under stirring. The solution was kept refluxing at 80 °6 &md3hen at

25 °C overnight. The product was isolated by centrifuging and dialyzing. Calcination was then done at
350 °C. The clays were charactedzby thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC).

Tian, S. et al, 2009 investigated the adsorption of phosphate from water by lanthanum/aluminum
pillared montmorillonite. Adpillared clay (AIpMMT) was prepared by addinddIM NaCQ solution
dropwise to 0.5 M AIGL6H,0O solution at 60 °C and stirring fort2followed by aging the solution
overnight at room temperature. Bentonite clay was then added under vigorous stirring at 60 °C. The
mixture was stirred continuously forhbat 60 °C and then cooled to room temperature for the settling
and separation of product. Lanthanum/aluminum pillared clay was prepared in more or less the same
way and was found to adsorb 1.3 times more phosphate from aqueous solution than the aluminum

pillared clay.

A study by Kloprogge, J. T. et al, 2002 assessed the preparatiorPif @lfrom Australian smectites

using AI(NG;); and NaOH as precursors for the pillaring solution. The pillaring solution had an
OH/AI ratio of 2.2. An increase in the l@spacing and surface area of the smectites was observed
after the pillaring process. Yuan, P. et al, 2006 investigated the synthesis and characterization of
delaminated iron pillared clays with a mesicroporous structure. The pillaring solution was
prepared from NgCO; and iron Il nitrate and the OH/Fe molar ratio was varied during the pillaring
process (in the range of 8255). The iron pillaring solution was then added dropwise to a 2% clay
suspension in water. The Fe/clay ratio was kept at 10 mgroblklay for all the samples. A large d
spacing of between 6.5 and 7.2 was obtained and-$pacing was observed to increase with OH/Fe

molar ratio. Also a significant increase in the surface area was observed for the pillared clays.

Mrad, I. et al, 197 studied the optimum conditions for the preparation of aluminum pillared clays.

Also assessed was the thermal stability and surface acidity of the pillared clays. The authors reported
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obtaining samples of high surface area and thermal stability undéslldwing conditions: OH/AI
ratio of 20, pH 5.6 and an Al/clay ratio of 5 mmol/g of clay. Parameters such as amount of aluminum
intercalated, surface area and porosity are said to depend on the presence of other aluminium Keggin

ion species, the pH of étpillaring solution as well as on the Al/clay ratio.

Acemana, S. et al, 1999 used theffIdR to investigate the changes that occur in clay after thermal
treatment. KBr discs of the clay were gradually heated to 600 °C and the FTIR recorded aftér each 5
°C increment. The Keggin ion is reported to undergo dehydration, dehydroxylation and rearrangement
which are observed from changes in theQAVibrations. At 550 °C, there is a condensation reaction

of the dehydroxylated Keggin cation with-Sigroups onthe surface of the tetrahedral sheet, giving

rise to new bands at 614 and 402'crA similar study by Tichit, D. et al, 1988 came to the same
conclusion of loss of hydration water through dehydroxylation with the preservation of the clay
structure. Theauthors observed that microporosity as well as surface area decreased with calcination

temperature.

The preparation of aluminiwpillared montmorillonite clay was also carried out in this study with the
aim of producing high surface area-pillared clayswith high adsorption capacities. Pillaring
parameters such as pH, temperature, OH/Al molar ratio and Al/clay ratio were assessed. The
procedure for the pillaring process and the results obtained from the characterisation gfitlaecéll

samples are psented in Chapter 4.

Alkylammonium salts are also widely used for the modification of clays, thus making them
hydrophobic or organocphilic. Organomodified clays are primarily essential in the development of
polymer/clay nanocomposites. Organophilic cley® also used in other applications such as
rheological control agents; paints; cosmetics; refractory varnish; thixotropic fluids and especially as
adsorbents of organic pollutants in soil, water and air. lon exchange with alkylammonium ions is

widely known and is the preferential method for the preparation of organoclays.

The quaternary alkylammonium salts are cationic surfactants which are the mosbrgaeit
compoundsto prepare organoclays. They are synthesized by complete alkylation of ammonia or
amines. For practical and industrial uses, quaternary alkylammonium ions are preferred to primary
alkylammonium ions because hydrolysis (alkylammonium/alkylamine equilibrium) is absent, and
desorption of free alkylamine is strongly reduced. A further adgenis that the large amount of
organic material (3040%) reduces the density of the dispersed particles (Favre, H. et al, 1991). This
is an attractive property in the polymer industry where there is need to improve mechanical strength

as well as maintaior if possible reduce the weight of the resultant nanocomposite.
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Li, B. et al, 2009 prepared organophilic clays using a number of alkylammonium surfactants. Natural
montmorillonite (MMT) was first suspended in 30 mL water. The alkylammonium salts were
dissolved in pure alcohol, to which tetraethoxysilane (TEOS) had been added and the mixture was
stirred for 0.5 h to get a clear solution. The prepared solution was added to the clay suspension
dropwise. During this process, the TEOS and the cationic surfacteere intercalated into the

interlayer regions simultaneously by ion exchange and solvation (Li, B. et al, 2009).

The organomodification of clays by alkyl ammonium surfactants for adsorption purposes may not be
that attractive because of the dangerlezching of the surfactant molecules which can lead to
secondary pollution problems. It would be more desirable to covalently or chemically attach the
organic modifiers to the clays and avoid their leaching during application.

The following section desibes the modification of clay minerals by using grafting reactions of
organic groups.

2.6.2.2 Chemicalhgrafted montmorillonite clay

Only the 2:1 clay minerals (like montmorillonite) that provide the silanol and aluminol groups on the
edge surface redwith an organic agent through grafting reactiolisand Si atoms exposed to the
crystallite edges are partially hydrolyzed to silanol (SiOH) and aluminol (AIOH) groups. These
unsaturated edge sites are much more reactive than the saturated badtaitesh@rrya, K. G. et

al, 2008). It can be said that more or less the same mechanisms described above for the chemical

modification of lignocellulose through grafting also apply for the montmorillonite clay.

A lot of the grafting work reported in the literature used aminosilanes (Park, K. W. et al, 2004,
Posthumus, W. et al, 2004; He, H. et al, 2005; Singh, R. P. et al, 2005; Dean, K. M. et al, 2007),
isocyanates (Nishizawa, N. et al, 2005) and few articlesrtehe use of polymers like poly (methyl)
methacrylate and poly (methacrylic acid. study by Park, K. W. et al, 2004 investigated the
chemical modification of montmorillonite (MMT) clay by interlayer surface silylation using 3
aminopropyltriethoxysila@ and dodecylamine in ethanol without a-pweelling step. The authors

also observed that layered materials with attached amine groups can be used as adsorbents of heavy
metal ions, drug supports and photosensitive devices. They observed that the dizsgl afpthe

modified MMT was observed to increase after silane grafting. The success of the grafting process was

assessed by solid st&t&i-CP-NMR spectroscopy.

Dean, K. M. et al, 2007 carried out a comparative study of ultraracléte silane grafte and ion
exchanged organoclay for application in photocurable urethane acrylateamahmicrocomposites.

Daniel, L. M. et al, 2008 reported the grafting of dimethglylmethoxysilane onto laponite clay. It
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was observed that laponite possessed reahiideoxyl groups on the edges in the form ofCH
groups and within the interior of the clay sheets in the form ofQMyor Li-OH groups.The
montmorillonite clay being used in this work also possesses these hydroxyl groups which serve as

reaction centreduring grafting with polymers or silanes.

He, H. et al, 2005 reported the grafting process of montmorillonite and a synthetichiaabooite

with 3-aminopropyl trimethoxysilane (APS). After grafting, the basal spacings increased to 1.45 and

1.77 nm andndicated that the-@minopropy! triethoxysilane was intercalated. The silane molecules
adopted a monolayer arrangement in the synthetic floectorite and a bilayer arrangement in
montmorillonite which demonstrates that the silylation reaction aadnterlayer structure of the

grafted products strongly depend on the clay mineral used. The grafting process was carried out in a

mi xture water/ et hanol -APR Wds 7irstlntroduced )into & d IL\vsa@wvertt . T he
mixture of water/ethanol anddghtemperature was kept at 80 °C. The clay was added into the- above
mentioned solution and the grafting reaction was realized, under shearing, during five hours at 80 °C.

Herrer a, N. N. et al, 2004 r epor t-methactyloxgprogt af t i n g
di met hyl met hoxys i imethaerylomyprapyl trimeihbxysilanet (MBSh eolipling

agents. FTIR analysis showed evidence of covalent attachment of silane molecules to the hydroxyl
groups. The trfunctional silane formed mongjar structure coverage at low concentrations and a

multilayer structure at higher concentrations, while the monofunctional silane formed a monolayer.

MPS was also employed inghcurrentstudy for the modification of montmorillonite and in the

preparation of lignocellulosmontmorillonite hanocomposites.

Wan g, L. et al, 2006 mardinopropy ttimethoxysilaneo Thé inddibed i t e  w
MMT was used for the preparation of egonanocomposites. The authors observed a shift of the
basal reflection peak to | ower 2d angl e-s, whi
aminopropy! trimethoxysilane and/or epoxy resin. The mechanism for the modification process is

similar to trat onto cellulose (Scheme 2.6).

Singh, R. P. et al, 2005 prepared silamedified inorganic (Vycor glass) membranes. They assessed

the effect of the silane layer structure on the gas separation properties of the resultant nanocomposite.
Octadecyltricholorsilane membrane was found to @& times more selective forbutane over
nitrogen than the dimethyloctadecylchlorosilane membrane. The authors also observed that the
formation of an organosilane homopolymer layer on the inorganic supports can be avoided by
carefully controlling the aount of water present in the reaction system or by using a -axine

silane. During their synthesis, the inorganic supports were dried overnight at 22 °C in a dessicator in
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order to remove excess adsorbed water. The product was prepared in toluene ¢8%ilane) and

surface modification carried out at 22 °C fdn.3

Posthumus, W. et al, 2004 investigated the graftingrokgacryloxypropyl trimethoxysilane (MPS)

onto metal oxides. An aqueous dispersion (containing metal oxide), was mixed witkra stkture

of methanol and water to ensure colloidal stability of both the modified and the unmodified particles.
The required amount of MPS (ranging%) of the substrate was added after which the mixture was
heated to reflux (approx 78C) for at leat 4 h. The product was separated by centrifugation and
washed with toluene to remove the homopolymers and unreacted MPS. Zhou, X. et al, 2009 reported
the modification of silica particles with methacryloxypropyl trimethoxysilane. Silica was activated by
heating at 15QC for 12 h. MPS, activated silica and anhydrous toluene (250 mL) were reacted under
reflux in an argon atmosphere. After 24 h of reflux, the MSted silica was filtered off and
extracted with dry toluene for 24 h to remove the unreddies using a soxhlet apparatus. Then, the
obtained MPSunctionalized silica was dried at 7G under vacuum overnight.

SoéjkalLedakowicz, J. et al, 2009 prepared alkoxysitgrafted titanium dioxide for use in textiles.

The surface modification of TiD was conducted by using -B(aminoethyl)3-
aminopropyltrimethoxysilane or MP In order to avoid aging, thsilanes were subjected to
hydrolysis in a solution prepared dirgctbefore modification (methanelater 4:1, v/v). The
modification was performedia specially constructed reactor ith &nd the solvent was distilled off.
Gultek, A. et al, 2001 also modified montmorillonite clay using MPS. The dried clay was suspended
in a solution consisting of dried benzene and MPS. The mixture was stirred updér & room
temperature for 20 and then refluxed under,Mt 85°C by heating in an oil bath for anotheri24

The resulting mixture was distilled, the excess benzene and MPS were removed, and the resulting
solid was extracted with methanol for 2 dayke remaining solid was dried under vacuum at room

temperature for 14.

Arslan, G. et al, 2006 reported the surface modification of glass beads with an aminosilane
monolayer. Prior to monolayer preparation, the glass beads were treated with boilihg pohnion

(3:1 concentrated $$0,:H,0,). The glass beads were rinsed with deionised water and dried followed
by immersing in 1% (w/w) aminosilane (in anhydrous toluene) fdn @4th agitation. At the end of

the coupling reaction, the glass beads were removed from the solution, followed by a sequence of two
washes with anhydrous toluene, deionised water and ethanol were employed for the washing of the

modified beads to remove aphysisorbed aminosilane.

Many other researchers have reported the modification of clay minerals using some reactive organic

groups Nishizawa, N. et al, 200%ang, L. et al, 2006 The grafting of polymers, organic reactive
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groups or silanes may follodifferent routes. During the grafting with silanes, it was suggested that
the first stage entails the hydrolysis of the alkoxysilane which is then followed by a condensation
reaction. The condensation reaction mechanism of the silane with the substestilsed Chapter 5.
However, the grafting of organic polymers like poly (methacrylic acid) and poly (methyl

methacrylate) follows a freeadical graft polymerization mechanism.

Ammonium and potassium persulfate are commonly used as free radicabrsiilatmany graft
polymerization reactions. It has been documented that the persulfate radical can attack the hydroxyl
groups {OH) on the surface of either lignocellulose or montmorillonite clay to generate what is called

a macreradical Gangopadhyay, Ret al, 2000; Romé&Aguirre, M. et al, 2004; Ojah, R. et al, 2006)

The generation of the macroradical on the montmoriéonliay occurs as indicated imgiation 2.1.

The grafting reaction is initiated by the macroradical and proceeds as illustratedllfhose in
Schemes 2.5 and 2.7.

@MT>—OH + SO,° — > E@MP—O + HSO; 2.1)

A more detailed mechanism for the generation of the macroradical and the subsequent graft
polymerization of methyl methacrylate onto clay can be found in Section 5.6.1.1.

Poly (mehyl methacrylate) (PMMA) graft polymerization onto montmorillonite was investigated by
Atai, M. et al, 2008. The process involved emulsion polymerisation of MMA in the presence of
NaMMT. After the grafting reaction, the authors extracted the homopolynuee ®MMA) with
tetrahydrofuran to give the PMM4rafted MMT (Atai, M et al, 2008). PMMA is the most widely
researched and used polymer in agueous solWistudy by Lin, R. Y et al, 2009 reported the use of
Na-MMT/polymethyl methacrylate (PMMA) ion exchange membranes for the adsorption of methyl
violet dye. However, a low cation exchange capacity for theMNE/PMMA nanocomposite

membrane was obtained.

Liu, H. et al, 2008 ngorted the preparation and characterization of PMMA/flaky aluminium
composite particle in the presence of MPS for use in aluminium pigments. The coupling of MPS onto
aluminium particles was carried out at ambient temperature. The aluminium powder andekPS w
dispersed in toluene through ultrasonication for about one hour. This was followed by the addition of
hydroquinone and two drops of Zjénethyl pyridine. The reaction mixture was refluxed undera N
atmosphere. The product was then soxhlet extractéd acetone for 72h to remove the
homopolymer and the ungrafted MPS. The MR&lified aluminium was further reacted with methyl

methacrylate in the presence of ammonium persulfate (as initiator) in order to graft the MMA to the
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MPSmodified alumina.ln this study, the preparation of PMMgrafted lignocellulose, PMMA
grafted montmorillonite and PMMArafted lignocelluloseénontmorillonite nanocomposite was

successfully carried out in the absence of MPS.

Poly (methacrylic acid) (PMAA) was also used in thitudy for the modification of the
montmorillonite and lignocellulose with the intention of improving their adsorption capacity for
heavy metals. The PMAA, with its expose@€OOH groups, is expected to improve adsorption
capacity relatively more compared WwiPMMA. MAA was grafted onto silica via a tw&tep grafting
procedure, and the product was used for the adsorption of aniline from aqueous solution (An, F. et al,
2009). The first step involved the grafting of a reactive silane (MPS) onto the silica ithaoug
condensation reaction. After successfully grafting MPS onto the silica, araftemal graft
polymerization reaction of the MP8odified silica and PMAA was carried out in the second step to
give the PMAAgrafted silica particles. The PMAgrafted silca was found to possess a high uptake

of phenol. In another study, An, F. et al, 2010 assessed the adsorption of aniline onto the PMAA

grafted silica, and a high adsorption capacity was obtained.

Nanocomposites of PMAA and smectite clays have been epbst Singhal, R. et al, 2007. The
nanocomposites of bentonite with PMAA were prepared for potential use in the absorption of toxic
substances from waste water. However, such nanocomposites have not really demonstrated whether
PMAA gets grafted covalentlgnto the clay structure or not. The nanocomposites were prepared by
first modifying the bentonite with MPS, followed by the grafting of MAA. Chen, Y. et al, 2009 also
used a similar twatep grafting process for the preparation of poly (acrylargdaffedpalygorskite.

The authors first modified the palygorskite with MPS, and then grafted the acrylamide onto the MPS
modified substrate.

Zhang, Z. et al , 2 00 8 -alumipafolyt (enethactylit eacidp compmsite at i o n
abrasive and its performamon a glass substrate. The alumina was first activated by grafting with

MPS in toluene followed by graft polymerization with methacrylic acid in water using ammonium
persulfate as an initiator. Another study by Wang, W., 2011 reported the grafting of BM&Ailica

and its use as an adsorbent fo'Cdom aqueous solution. The authors employed more or less the

same procedure as described by An, F. et al, 2010. A similar procedure as used by An, F. et al, 2010

and Wang, W., 2011 was used inetkturrent study for the preparation of PMA#rafted
montmorillonite PMAA-grafted lignocelluloseand PMAAqgrafted lignocellulosenontmorillonite

nanocompositeseported in Sections 3.3, 5.3.3 and 5.4.3

The following section describes the use of nanocompadgerbents in water treatment, preparation

of nanocomposites and the different types (morphologies) of nanocomposites that can be obtained.
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2.7 Nanocomposite adsorbents

It has already been highlighted in Chapter 1 that nanotechnology based methodso areirag
explored and applied in water treatment and purification. Nanotechnology based methods for water
purification, if well developed, have the potential to produce highly purified water at low cost
(Savage, N. et al, 2005).

Savage, N. et al, 2005 lplished a review on the application of nanomaterials in water treatment and
purification, and also the challenges facing the widespread use of nanomaterials in the water treatment
industry. The authors cited the development and use of many nanaadsodHrh as carbon
nanotubes for adsorbing PE and Cd"), zeolites (for adsorbing heavy metals from acid mine
drainage), carbon nanotubsgpported cerium oxide (arsenate, As (V)) activated carbon fibres
(benzenes), alginate/carbon nanotubes composites @yesayered double hydroxides (chlorinated
alkenes) in water treatment. Jin, S. et al, 2007 investigated the use of layered double hydroxide (LDH)
nanocomposites for the removal of viruses and bacteria from water. The LDH nanocomposites had a
viral and baterial removal efficiency of greater than 99%.

Jeong, B.H. et al, 2007 reported the preparation of mixed matrix reverse osmosis membranes by
interfacial polymerization of hanocomposite thin films in situ on porous polysulfone supports. The
nanocomposé films contained zeolite NaA nanoparticles dispersed within polyamide films. The
prepared nanocomposites had almost double pure water permeability and equal pollutant rejection

levels compared with other reverse osmosis membranes.

Salipira, K. L. et al2007 reported the preparation and evaluation of cyclodeodripon nanotubes
nanocomposites for the removal @fnitrophenol from aqueous solution. The nanocomposite
adsorbent gave a removal efficiency of about 99%, which was greater than that obtaitied fo
cyclodextrin polymer (58%) or activated carbon (47%) separately. The improvement might be due to
a synergistic effect between the cyclodextrin and the carbon nanotubes. Salehi, R. et al, 2010 prepared
a chitosarZnO biocompatible composite for themteval of dyes (direct blue 78 and acid black 26)

from aqueous solution.

Khaydarov, R. A. et al, 2010 reported the preparation of nanocadiugated polymer
nanocomposites using nanocarbon colloids and poly (ethylenimine) and their use in the mdmoval
heavy metals from aqueous solution. The authors found removal efficiencies of greater than 99% for
Ccd?*, Cu*, Ni**, Hg"" and Zf*. Lin, Y. et al, 2006 prepared an electrically controllableégohange
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nanocomposite membrane based on poly (pyrrole) eamtbon nanotubes and evaluated the

nanocomposite membrane for the removal of perchlorate ions from aqueous solution.

Wang, L. et al, 2007 investigated the adsorption of Congo red dye onto chitosan/montmorillonite
nanocomposite. Thimvestigatorsobserve that the nanocomposites had improved uptake of the dye
than the montmorillonite or chitosan separately. This might mean a synergistic effect as a result of
bringing the chitosan and the montmorillonite together.

In a study by Ake, C. L. et al, 2001, MMdlay was immobilized on activated carbon using an
aqueous solution of hydroxycarboxymethyl cellulose. The composite material exhibited enhanced
adsorption capacity for lead compared to activated carbon or MMT clay alone. In another study by
Ake, C. L. etal, 2003, san@mmobilized cetylpyridiniurrexchanged low pH montmorillonite (MMT)

clay was used. Thishowed improved removal capacity of greater than 99% for naphthalene and
pentachlorophenol.

It can be seen from the above cited literature and many other articles that nanocomposites hold the
potential of giving highly treated and pure waste water effluents. The major hindrance in the
widespread application of nanotechnology is the unavailalbiity large quantity of nanomaterials at
economically viable prices (Savage, N. et al, 2005). Therefore, the search for highly effective,
efficient and low cost nanoadsorbent materials for water treatment and purification isgamgn

challenge

Lignocdlulose and montmorillonite clay have been identified as low cost, and potentially effective
and efficient adsorbents materials. This study seeks to prepare nanocomposites based on
lignocellulose (biopolymer) and montmorillonite clay (nanoclay) and ewaltla same for the
adsorption of both organic and inorganic pollutants from aqueous solution. The following section

reviews the literature on both the preparation and application of lignocellllpsaanocomposites.

2.8 Lignocellulosemontmorillonite nanocomposites

It has beemmentionedin Chapter 1 that lignocellulosmontmorillonite nanocomposites are widely
researched for application in structural materials especially in the furniture industry as well as the
packaging industry. However, there is no literature available thus far ais¢hef lignocelluloselay
nanocomposites as adsorbent materials for the removal of inorganic and organic pollutants from

aqueous solution. Before reviewing some of the literature on the preparation and application of
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lignocelluloseclay nanocompositeshe following section will describe the different types of

nanocomposites or the different nanocomposite morphologies that can be obtained.

2.8.1 Types of nanocomposites

According to Alexandre, M. et al, 2000, there are three main types of compositemyhle formed

when a layered silicate is associated with a polymer. The type of composite formed mainly depends
on the nature of the components used (i.e. layered silicate, organic cation, polymer) and also the
method of preparation. Figure 2.8 below shdhe different types of composites that can be formed
from the interaction of layered silicates with polymers.
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Figure 2.8: Schemes of different types of composites arising from the interaction of layered silicates
and polymers (Alexandre, Mt al,2000).

2.8.1.1 Microcomposites

When the polymer is unable to intercalate betwbensilicate layers, a phase separated composite is
obtained (see Figure 2.8a above). The properties of a phase separated composite stay in the same
range as traditional microcomposites (i.e. conventional composites). Di Gianni, A. et al, 2008 reported
that conventional microcomposites are characterized by stakes of silicate layers dispersed at a
microscale inside the polymer matrix. Beyond this classical family of composites, two types of

nanocomposites are obtained, intercalated and exfoliated nanod@sGdman, J. W. et al, 2000).
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2.8.1.2 Intercalated nanocomposites

Intercalated nanocomposites are obtained when at least one polymer chain is intercalated between the
silicate layers resulting in a well ordered multilayer morphology built up ofnaltielg organic and
inorganic layers (see Figure 2.8b above). According to Gilman, J. W. et al, 2000 intercalated
structures are sedssembled, welbrdered multilayered structures where the extended polymer chains

are inserted into the gallery space betwearallel individual silicate layers separated 8/r#m. The

long range order of silicate layers is maintained in intercalated hanocomposites (Di Gianni, A. et al,
2008).

2.8.1.3 Exfoliated or delaminated nanocomposite

As shown in Figure 2.8c, exfoled nanocomposites are obtained when the silicate layers are
completely and uniformly dispersed in a continuous polymer matrix (Alexandret &1.2000). The

clay platelets are no longer ordered, but delaminated and distributed homogeneously thitieghout
polymer matrix. The best final properties are achieved when the clay mineral platelets are fully

exfoliated and well dispersed in the polymer matrix (Di Gianni, A. et al, 2008).

2.8.2 Preparation of lignocelluloseclay nanocomposites
A review by RayS. S.et al 2005 revealed that the commonly used techniques for the preparation of
nanocomposites are: intercalative solution blendingsitu intercalative polymerization and melt

intercalation method. A detailed description of these methods is gitka sections below.

2.8.2.1 Intercalative solution blending

This technique involves dissolving the polymer or dispersing the organically modified MMT in a
suitable solvent, followed by addition of either the modified MMT or the polymer under high shear
mixing or sonication. This is one of the approaches said to consistently give exfoliated materials,
provided the clay organic treatment, suitable solvents and blending are used. Morgaret Al,B.

2004 synthesized exfoliated polystyreziay nanocompositeby the method of solvent blending with
sonication. Gilman, J. W. et al, 2000 prepared poly (stysayeyed silicate nanocomposite via
solution blending and observed intercalated nanocomposites. This method was not employed in this
study because of diffulties in getting a suitable solvent system for lignocellulagith a low

possibility of chemical bonding between the montmorillonite and the lignocellulose.

2.8.2.2 Meltmtercalation

This is achieved by heating the mixture of polymer and silicate clay powder above the polymer glass
transition or melt temperature. This results in sufficient polymer mobility thus allowing chains to
diffuse into host layered silicate clay galleries. Tpisduces an expanded polyrséiicate layer

structure. Most reports in the literature on the preparation of lignocelalageanocomposites have
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used the melt intercalation method. The technique was used by FornesgtTal[2002when they
evaluatedthe effect of matrix molecular weight on nyléfclay nanocomposites. According to
Chang, J. Het al 2003 melt intercalation is carried out by mixing a molten polymer matrix with the
layered silicate clay. If the silicate surfaces are sufficiently cabipatith the chosen polymer, then

the polymer can enter the interlayer space and form an intercalated or exfoliated nanocomposite. The
melt intercalation method has been shown to also give exfoliated nanocomposites depending on
conditions such as polymeompatibility with the layered silicate, as well as the blending conditions.

Kord, B. et al, 2010 investigated the properties (mechanical, water absorbency, morphology, tensile
strength, modulus) of poly (propylene)/wood flour/organophilic clay nanocsitego The materials

were prepared by melt blending. First, poly (propylene) was fed to the mixing chamber. After it was
melted, the coupling agent and montmorillonite were added. After 5 min, wood flour (beech wood)
was added and the total mixing time wl&smin. The compounded materials were then ground. Liao,

H. T. et al, 2005 prepared poly (ethylemetene) elastomeasiay-wood flour nanocomposites by melt
blending. An improvement in the mechanical and tensile strength as well as the thermal stability o
the resultant nanocomposites was observed. The nanocomposites were directed at structural materials

like furniture boards and flooring materials.

Jiang, H. et al, 2004 published a review on poly (vinyl chloride)/wood composites. The authors
observed tht the use of poly (vinyl chloride)/wood nanocomposites is on the increase, with greater
application in window or door profiles, decking, railings, etc. Poly [methy{polphenyl
isocyanate)], aminopropyltriethoxysilane, maleated polypropylene, andramepelic complex have

proved to be effective coupling agents for this composite system. The advantages of wood include
low density, low equipment abrasiveness, relatively low cost, and good biodegradabdity.Y. et

al, 2006 described the preparation of poly (vinyl chloride)/wood flour/montmorillonite
nanocomposites and assessed the effects of coupling agents and amount of layered silicate. The
composites were prepared by melt blending the poly (vinyl chloride), silane etbdifiod flour and

the layered silicate in a twiscrew extruder.

Melt blending has been the method of choice especially when preparing lignoceatlalpse
nanocomposites. However, looking at the application of the lignocellalagenanocomposites in

this study, it would be important not to block or close up the adsorption sites of the lignocellulose and
the interlayer galleries of the clay particles (especially when a polymer is used) in order to allow for
maximum interaction with pollutant moleculeseafthe coupling of the lignocellulose to the clay. It is
also necessary to aim for covalent bonding of the polymer to both the lignocellulose and the clay to
avoid leaching of the polymer (especially water soluble polymers like poly (methacrylic aocid)) int

solution which would cause secondary pollution problems. In view of the above highlighted concerns
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and the inaccessibility of the melt blending equipment, this method could not be employed in this

study.

2.8.2.3 Insitu intercalative polymerization

This technique (emulsion polymerization) involves clay organic treatments that have functional
groups with which the polymer monomer can eitheipolymerize with, or begin polymerization
initiation at the organic treatment site (Morgan, AeBal 2004). Insitu intercalative polymerization
relies on the swelling of the organoclay due to the monomer followed by in situ polymerization
initiated thermally or by the addition of a suitable initiator. The polymer chain growth in the clay
galleries triggers clayxoliation and nanocomposite formation (Chang, J. Hetfal 2003).

The method employed in this study can be viewed as a modified in situ intercalative polymerization
method. Monomers (polymers) where used as coupling agents, which served as btidges tie
lignocellulose and the montmorillonite clay. In addition, in order to avoid the leaching of soluble
polymeric units and to further clean the nanocomposite absorbents, the prepared nanocomposites were
soxhletextracted with different solvents deytng on the monomer used. Itgestulatedhat MMT

clay particles get covalently attached to lignocellulose to create some kind of a brush with the MMT
particles sticking out for adsorption of pollutants from aqueous solution. The preparation of the

lignocellulosemontmorillonite nanocomposites is described in Chapter 5.

2.9 Conclusion

Lignocellulose and montmorillonite clay can serve as low cost adsorbent materials for the removal of
both heavy metals and organic pollutants from water. Different ngatlihs can be performed on

both lignocellulose and montmorillonite in order to enhance their adsorption properties. Metal oxide
pillaring of montmorillonite can potentially improve its adsorption capacity for both inorganic and
organic pollutants. The gtang of organic groups to both lignocellulose and montmorillonite was
found to influence their adsorption properties towards different pollutants. One way of possibly
improving the adsorption properties of these materials is to prepare compositesavhéhi@ svhich

the nanoclay (montmorillonite) is uniformly dispersed and covalently bonded in the lignocellulosic

(biopolymer) matrix.
Chapter 3 gives an overview of the experimental procedures employed in the preparation of the

adsorbents evaluated in th&udy. Also presented are the analytical techniques used in the

characterization of all the adsorbents prepared.
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Chapter 3

Experimental: Materials and General Procedures

3.0 Introduction

This chapter gives the details of the materials and reagentsruseder to achieve the aims and
objectives of this study. It also gives an overview of the methods used for thregireent of the
precursors (lignocellulose, montmorillonite, methyl  methacrylate methacryloxypropyl
trimethoxysilaneand methacrylic acld Also included is a general description (summary) of the
proceduresfollowed in the synthesis of the polymgrafted lignocellulose and montmorillonite
adsorbents. A detailed description of each method used for the preparation of each adsorbent is given

in Chapter 5.
3.1 Materials and chemical reagents

Platanus x hispanicgdLondon plane) tredeaves were used as the source of lignocellulose
(biopolymer). The tree leaves were collected from the University of Fort Hare grounds, Alice Campus

and driedMontmoarillonite clay was purchased from BaoBio Holdings (Pty) Bouth Africa

Methyl methacrylate (MMA, 99%) and methyl orange were purchased from SAARCHEM (Pty) Ltd
South Africa Methyl methacrylate was distilled before use and methyl orange wdsasiseceived.
Methacrylic acid (MAA, 99%) and dibutyl tin dilaurate (DBTDL, 95%) from Aldrich Chemicals
South Africawere used as received. Methacryloxypropyl trimethoxysilane (MPS, 99%)Sigpme
Aldrich (Pty) Ltd (South Africa)was used as receivedmmonium persulfate (AMPS, 98%) and
aluminium chloride hexahydrate (99%) were from Associated Chemical EnterBizath Africa
Dodecylbenzylsulfonic acid (DBS) and sodium metabisulfite (SMBS, 95%) were from BDH
ChemicalgEngland)and sodium chlorideadt (99.5%) was from METU-ED CC South Africa Lead
nitrate (99.80) was from SAARCHEM (Pty) Ltd (South Africagadmium nitrate tetrahydrate
(100%) was from Riedaele Haén Germany Lead nitrate, Pb(N§) and cadmium nitrate

tetrahydrate, Cd(Ng)..4H,0O for the synthetic water were used as received.

Methyl orange, neutral red, lead nitrate (Pb(N¢),) and cadmium nitrate tetrahydrate

(Cd(NG),.4H,0) were used as model pollutants in the evaluation of the prepared adsorbent materials.



The lignocelluloseand montmorillonite clay were pretreated first before use in the synthesis of the
nanocomposite adsorbents. The following section describes theegmments performed on the

lignocellulose and montmorillonite.

3.2 Pre-treatment of precursors: lignocelluose and montmorillonite

The lignocellulose and montmorillonite (MMT) used for the preparation of the nanocomposites were
first pretreated as summarized in Figure 3.1. The detailedrpatment of each material is also

presented after the schematic.

Dry plane tree leave: ) MMT Clay
[ Raw materials 1
A 4 v
Milling and cleaning | v
Cleanin )
(soxhlet extraction) [ g } [ lon-exchange }

A\ 4 v Y
. Clean Modification Na-exchanged
lignocellulose MMT

\ 4

( 7\
Al-pillaring of
MMT
—— X J
Coupling v
AlpMMT

Figure3.1: Schematic of the prigeatment of montmorillonite and lignocellulose.

3.2.1 Pretreatment of biomass

The leaves were first dried in a ventilated oven at a temperature&sSC1lfor 24 h until they were
completelydry. The dry leaves were then reduced to powder using a food blender and sieved through
a 170 mesh sieve. It was necessary to remove impurities and some water soluble organic compounds
which could taint the water during the adsorption experim@iis.eafbiomass was initially soxhlet

extracted with aetone (Zhao, Y. et al, 2006but it was observed that there were still pigments
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leaching from the lignocellulose after dispersing the acetstracted leaf biomass in water. The
sieved leaf powder (10 g) wahen soxhlet extracted using a 1:1 ettianol EtOH): water {H,0)

solvent mixture (250 mL of solvent was used in each case) for 48 h, and that removed the pigments.
The soxhleextracted lignocellulose powder was then dried in a ventilated oven atf60 4€h after

which it was placed in a dessicatorprevent moisture absorption

3.2.2 Purification of montmorillonite clay

Montmorillonite clay is normally purified first before use in the preparation of nanocomposites or
being used as an adsorhefihe purification is necessary in order to remove natural organic matter,
hydroxides and carbonates whose presence would otherwise compromise the performance of the
montmorillonite. The purification of clay entailthe removal of organic matter, hydroxdend
carbonateslt is standard procedure to convert thaified MMT to the moneionic sodium form
(NaMMT) by ion exchangé€Carrado, K. A. et al, 2006)

However, because of the added product cost anthbwair intensivenesis the above purification
procedure, it was imperative to find a simple and cheap method for the purification of the MMT cla
The other method commonly used for clays was developed byOkephen, H., 1965The
purification of clayis accomplished thrain the replacement of exchangeable cationd\iay followed

by washing with distilled water. The washing removes excess salts and also affords the removal of

fine impurities from the clay. The section below describes this simple method for clay purification

3.2.2.1 Preparation of NaMMYia the van Olephen method
Raw clays from identified geological deposits may be purified without removing the carbonates,
hydroxides or organic matt¢Carrado, K. A. et al, 2006 The quality of the clay is said to be guit

acceptable for most applications including nanocomposite synthesis.

The method used for the preparation of NaMMT in this study was adapted from the workydone b
Manohar, D. M. et al, 200But with minor modifications. The raw clay was carefully dispersed in 1.0

M NacCl solution by shaking for about 1 then separating by centrifugation. This procedure was
repeated at least two times. The sediment of theedehanged clay mineral (NaMMTyas washed

with deionised water. As long as the clay minerals could be separated by centrifugation, the visually
clear supernatant was decanted and fresh water added. The procedure was repeated uistisno Cl
could be detected by the AgN@est The regdual water in the sodiuraxchanged montmorillonite

clay was evaporated in a ventilated oven and the NaMMT dried at 50 °C foT4& procedure can

produce highly purified clay withowignificant alteration$o the initial crystal structure of the clay.
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The cation exchange capacity of the clay was determined using thelymeakescribed in Section
3.3.2.2.

3.22.2 Determination of the cation exchange capacity of montmorillonite

Cation exchange capacity EC) refers to the quantity of negatieharges existingn the surfaces of

clay and organic mattépresent in the clay)The negative charges attract positively charged ions, or

cati ons, hence t he nanBomeobaatlaotsirepant thtie cativa exghangec a p a c i
capacity of clays is related to the adsorption capdBiachier, C. et al, 20Q%specially with respect

to heavy metls (Matthes, W. et al, 1999The following procedure was used for the determination of

the CEC of thenontmorillonite clay.

The method used for the determination of CEC of the montmorillonite (MMT) was adapted from the
work carried ouby Barton, C. D. et al, 1997A portion(5.0g) of ovendried clay was weighed into a

125 mL conical flask, barium chliole solution (50 mL of 0.5 M) was added and the flask placed on a
rotary shaker for 3@nin. A control was also included during the analysis. After shaking for 30 min,

the MMT clay suspension was vacudiftered through Whatman No. 1 filter paper. The MMBasv
leached with 100 mL of 1.0 M BagLs$olution. The excess BaGkas rinsed from the clay sample in

the Buchner funnel by leaching with an equal volume of ethanol. This leachate was discarded and a

clean, dry vacuum flask was connected.

It was importanto gently fill the funnel to remove all excess’Bimns and allow it to drain until only
damp clay remained. Ethan@@00 mL) was added to the mixture in the same manAetlean 500

mL vacuum flask was then used and the clay sample leached with 225 antnafhium acetate to
replace the exchangeable?Bmns. The leachate was diluted to a 250 mL volume in a volumetric
flask using deionised water .The concentration of Ba the final leachate was determined using
atomic absorption spectroscopy (AAS3ing the external standard calibration method.

The CEC was computed using the following formuRogs, D. Set al, 1995 Skinner, M. F. et al,
2007 and the CEC value reportegsthe average of three replicates.

CECin meq per 100 g of clay = 8 ¢ Q& Q@xo 0

The cation exchange capacity of the montmorillonite was found to be 91.42 meq per 100 g of clay
(Ross, D. S. et al, 199B8damis, Z. et al, 2005
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3.22.3 Preparation olluminiumpillared montmorillonite clay

As a way of modifying the Naxchanged montmorillonite clay, metal pillaring was carriedirain
attempt tancrease thadsorption capacitgf MMT for both heavy metals and organic pollutants. The
pillaring of clays by metal oxides has been reported to result in increased saméac€ruan, P. et al,
2006) microporosity and enhanced adsorption prope(titees, N. et al, 1997Cao, F. et al, 2009)
Aluminium-pillaring of the montmorillonite was assessed in gtigly, and the Apillared MMT was
evaluated in adsorption properties for both organic and inorganic pollutants. The preparation of Al
pillared montmorillonite is presented in more detail in Chapter 4. The results of the adsorption of
heavy metals as wedls organics pollutants onto the-pillared MMT are reported in Chapter 6.

3.3 Preparation of polymer-grafted lignocellulosemontmorillonite

nanocomposite adsorbents

Three monomers were chosen for the preparation of polgnaéted lignocellulosenontmoillonite
adsorbents. The monomers are: methyl methacrylate, methacryloxypropyl trimethoxysilane and
methacrylic acid. The structures, formulae and molecular masses of the three are displayed in Table
3.1. Also included in the table are the details of metingnge which was used as a model organic

pollutant.

Homopolymers of the three respective monomers were prepared separately and characterized
accordingly. The homopolymers were used in the comparison of data after various modifications of
thelignocellulose and montmorillonite using the three monomers. In the preparation of the adsorbent
materials, Naexchanged montmorillonite clay (NaMMT) and the soxebetracted lignocellulose

were first grafted separately or individually with each of tlieghmonomers shown in Table 3.1. This

was carried out in order to determine the optimum conditions for the synthesis of the lignocellulose

montmorillonite nanocomposites.

Polymetrgrafted or coupled lignocellulogaontmorillonite nanocomposites were theepgared after
establishing the optimum preparation conditions. The three monomers (methyl methacrylate,
methacrylic acid and methacryloxypropyl trimethoxysilane) listed in the table were used as couplers
or bridges linking the lignocellulose and the montflanite together. A freeadical graft
polymerization reaction was used for the preparation of adsorbents based on methacrylic acid and
methyl methacrylate. However, for the grafting of MPS, a condensation type of reaction was
employed. All nanocomposié were prepared using the sodierchanged montmorillonite
(NaMMT).
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Table 31; Chemical names, formulae, molecular structures and molecular masses of the monomers,

methyl orange and neutral red.

Chemical Molecular Molecular formular Chemical structure
Name mass
(g/mol)
Methyl 100.12 CH;CH,CCOOCH H CH3
AN
methacrylate C= C\
H C—0—CHs
O
Methacrylic 86.09 CH;CH,CCOOH H CH3
) N\
acid /C—C\
H |C|:—OH
O
Methacryloxy 248.35 CH3;CCOO(CH)3Si(OCH),4 o \
propyl CH | 0
trimethox O/\/\’Si\
y | o o
silane
Methyl 327.34 C14H14N303Na8 _ [o)
“/O
orange \NON'—N \ /%
/ ONa*
Neutral red 288.78 C]_5H]_7C|N4 CH3

3.4 Characterization techniques

This section describes the analytical techniques that wseeé for the characterization of adsorbents
prepared. The different samples were characterized using a number of techniques including: Fourier
transform infrared spectroscopy (FTIR)ermogravimetric analysis (TGA),-My diffraction (XRD)
analysis, scaring electron microscopy (SEM)iransmission electron microscopy (TEMNd
BrunauerEmmetTeller (BET) surface area analysfdso described in this section are the techniques

used for the quantitative analysis of heavy metals and dyes during adsorpties. stu
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3.4.1 Fourier Transform Infra -red spectroscopy

Fourier transform infraed (FTIR) technique is based on the excitation of molecular vibrations by
light absorption. It is widely used in the determination of structure and identification oblyathic

and inorganic compounds. It is mainly used in the identification of functional groups present in a

given sample.

In infrared spectroscopy, infrared radiation is passed through a sample. Some of the infrared radiation
is absorbed by the sample asmine is transmitted. The resulting spectrum represents the molecular
absorption and transmission, creating a molecular fingerprint of the sample. Like a fingerprint, no two
unique molecular structures produce the same infrared spectrum. This makes FditBscpegy

useful for several types of analyses, including: identification of an unknown material, quality control

of samples and the determination of amounts of components in a mixture.

The sample analysis process entails the emission of infrared eadiatim a black body source. The

beam of radiation passes through an aperture which controls the amount of energy presented to the
sample and wultimately to the detector. The besc
encoding6é t ak disg inpetferogram sigialhtleen exits she interferometer. The beam

enters the sample compartment where it is transmitted through or reflected off the surface of the
sample, depending on the type of analysis being carried out. This is where specificcierjoén

energy, uniquely characteristic of the sample, are absorbed. The beam finally passes through to the
detector for final measurement. The detectors used are specially designed to measure the special
interferogram signal (Kellener, R. et al, 19%va, D. L. et al, 2001) FTIR spectroscopy was

employed in this study for the analysis of raw clay and lignocellulose samples as well as the analysis

of the various adsorbent materials prepared in this work.

3.4.2 Thermogravimetric analysis

Thermogravimeic analysis (TGA) measures the amount and rate of change in the weight of a
material as a function of temperature or tithermal conditions)n a controlled atmosphere.
Measurements are used to primarily determine the composition of material and to predict their
thermal stability. The technique can characterise materials that exhibit weight loss or gain due to
decomposition, oxidation or detisation. The breaking and formation of chemical bonds at elevated
temperatures leads to changes in the weight of the sample which is monitored by a very sensitive

analytical balance.

In TGA, the weight of a sample is continuously recorded as the tempeimincreased. Samples are

placed in a crucible that is positioned in a furnace on a quartz beam attached to an automatic
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recording balance. The horizontal quartz beam is maintained in the null position by the current
flowing through the transducer caf an electromagnetic balance. A pair of photosensitive diodes
acts as a position sensor to determine the movement of the beam. Any change in the weight of the
sample causes a deflection of the beam, which is sensed by one of the photodiodes. Thehbaam is t
restored to the original null position by a feedback current sent from the photodiodes to the coil of the
balance. The feedback current is proportional to the change in weight of the Safitiplel (H. H. et

al, 1988)

TGA has been used to characieria wide range of materials, including nanocomposites and clays.
The thermal stability of polymer/clay nanocomposites, the amount of clay incorporated per given
amount of polymer, as well as the formation of metal oxide pillars can be determined by TGA
(Kloprogge, J. T. et al, 1994h@e, H. J. et al, 2001)

3.4.3 X-ray powder diffraction

In this method, Xrays are diffracted from the planes of a crystal (diffraction analysis). This method
depends on the wave character of thea)ys and the regular spacing of the planes in a crystal.
Although diffraction methodgan beused for quantitativanalysis, they are most widely used for

gualitative identification of crystalline phases.

X-ray powder diffraction analysis is a powerful method by whietays of a known wavelength are
passed through a sample-ray diffraction techniques are basedtbe elastic scattering of-Kays

from structures that have lomgnge order. The wave nature of therays means that they are
diffracted by the lattice of the crystal to give a unique pattern of peaks of 'reflections' at differing
angles and of differeribtensity, just as light can be diffracted by a grating of suitably spaced lines.
The diffracted beams from atoms in successive planes cancel unless they are in phase, and the

condition for this is given by the Bragg relationship:

¢ _ CQYQE — (3.2)

wher e, & i s t he-raysdis the distagce betweeh diffederg plake of atoms in the
crystal latticed is the angle of diffractiomndn is a constantThe Xray detector moves around the
sample and measures the intensity of thes&gpand the position of these peaks (diffraction angle

2 d Jhe highest peak is defined as the 100% peak and the intensity of all the other peaks are
measured as a percentage of the 100% gegpc{/www.plasmebiotal.com/xraydifl.html

87



Materials that daot have long range order may also be studied by scattering methods that rely on
elastic scattering of monochromaticrys. The Xray techniques that can be employed include: X

ray reflectivity, wideangle and smathngle Xray scattering (WAXS and SAX$spectively).

SAXS is a smalangle scattering technique where the elastic scatteringraf(0.1... 0.2 nm) by a
sample which has inhomogeneities in the nanometer range is recorded at very low angles (typically
0.1 - 10°). This angular rangeontains information about the shape and size of macromolecules,
characteristic distances of partially ordered materials, pore sizes, and other data. SAXS is capable of
delivering structural information of macromolecules between 5 amh2%f repeat disinces in
partially ordered systems of up to 1%® (Fischer, E. W.,971; Whiston, C., 1987)

3.4.4 Scanning electron microscopy

Scanning electron microscopy (SEM) is a type of electron microscopy that images the sample surface

by scanning it with a higlkenergy beam of electrons inraster scan pattern. The electrons interact

with the atoms that make up the sample produci ng

surface topography, composition and other properties such as electrical catyductiv

SEM requires that the samples be conductive for the electron beam to scan the surface and that the
electrons have a path to ground. Nmmductive solid samples are coated with a layer of conductive
material (such as gold, gold/palladium alloy, plath, tungsten or graphite). An ultrathin layer of

coating is deposited on the sample either by low vacuum sjpa¢ing or high vacuum evaporation.

The imaging mode can be based on the detection of secondary electrons or detectioscHtterekl
electrons. Xrays are also produced by the interaction of electrons with the sample and these can be
detected in SEM instruments equipped for enemyy wavelengtkdispersive Xray spectroscopy
(Goldstein, J. et al, 2003)

3.4.5 Transmission electronmicroscopy

In transmission electron microscopy, a beam of electrons is transmitted through an ultrathin (100 nm)
sample or specimen. The beam of electrons interacts with the sample as it passes through it. An image
is formed from the transmitted electrongagnified and focussed by an objective lense and appears on

an imaging screen. A fluorescent screen is used in most TEM instruments.
Just like scanning electron microscopy, to avoid charge -opildn the surface, tissue samples are

normally coated witta conductive thin layeof materialsuch as carbon. Differences in the electron

densities of the sample are detected, developing an enlarged image of the focussed area. The samples
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can also be stained in order to improve contrast and resolution, thadingvainute details of

biological sampleshttp://cimewww.epfl.ch/people/cayronffiiers/theseboekhap3.pdf)

3.4.6 BET surface area analysis

This technique was named after S. Brunauer, P. H. Emmet and E. Teller (BET). The three developed
the method in 1938 as they were working on ammonia catalysts. It is the first method developed to
measure the specific surface area of finely divided and pasolids. The method is applied in the
analysis of pharmaceuticals, catalysts, projectile propellants, medical implants, filters, cements and
adsorbents. The BET method is based on the adsorption of gas on a surface. Adsorption is a
consequence of surfa@nergy change. The energy is minimized in the bulk when every atom or
molecule is surrounded by neighbours. The amount of gas adsorbed at a given pressure allows for the

determination of surface area.

In a gas sorption experiment, the material is heard degassed by vacuum force or inert gas
purging to remove adsorbed foreign molecules. Controlled doses of an inert gas, such as nitrogen,
krypton, or argon, are introduced and the gas is adsorbed, or alternatively, withdrawn and desorbed.
The sample matil is placed in a vacuum chamber at a constant and very low temperature, usually at
the temperature of liquid nitrogefil05.6 °C), and subjected to a wide range of pressures, to generate
adsorption and desorption isotherms. The amounts of gas molemldesbed or desorbed are
determined by the pressure variations due to the adsorption or desorption of the gas molecules by the
material (the adsorbent). Various amounts of gas molecules will be adsorbed or desorbed at different
doses of the gas (the adsarb e ) . Knowing the area occupied by
example,0 = 1%@or ditrogen), and using an adsorption model, the total surface area of the
material can be determinell@hboub, R. et al, 2006)

The concept of the theory is an exdem of the Langmuir theory (a theory for monolayer molecular
adsorption) to multilayer adsorption. The BET theory assumes that: gas molecules physically adsorb
on the surface of a solid in layers infinitely, there is no interaction between each addayetipand

the Langmuir equation can be applied to each of the layers. The resulting BET equation is expressed

by:

(3.3)

where P, Py, ¢, n, n, are the adsorption pressure, the saturation vapour pressure, a constant, the
amount adsorbed (moles per gram of adsorbent) at the relative preé8yrand the monolayer

capacity (moles of molecules needed to make a monolayer coverage on the suoiaeey@m of
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adsorbent), respectively. Through the slope and intercept of a pRIEnGP,-P)] against P/R;), ny,

can be determined. The specific surface &eaan then be derived using the following equation:

Y OO E K (3.4)

Nai s Avogadr o @ s thaarem bceupiedaynel adsorbedpeciesThe specific surface

area that can be determined by gas sorption ranges from 0.01 to over 2§0Determination of

pore volume and pore size distribution of porous materials mnmade from the Ngas
adsorption/desorption isotherm using an assessment model, suitable for the shape and structure of the
pores. The range of pore sizes that can be measured using gas sorption is from a few Angstroms up to
about half a micronSing. K.S. W. et al,1985)

3.4.7 Ultra -violet/visible spectroscopy

An ultravioletvisible (UV/Vis) spectrophotometer consists of three components: the source, the
dispersive system (combined in a monochromator) and a detector. These components are typically
integrated into the same instrument to make spectrophotometerhedimical analysis. The sample

can be placed in the optical path before or after the dispersive system and recorded spectra can be
treated by using a number of different computer algorithms.

The light sources commonly used in this spectral domain ateatypes. An incandescent lamp
made from a tungsten filament housed in a glass envelope is used for the visible portion of the
spectrum, for wavelengths longer than 350 nm. For the UV portion (wavelengths shorter than 350
nm), a medium pressure deuteriane lampis used. Detectors are again of two types: photomultiplier

tubes and semiconductors (e.g. silicone photodiodes and charge transfer devices).

Doublebeam spectrophotometers allow differential measurements to be made between the sample
and the aalytical blank. U\Vis spectroscopy uses light in the visible and near ultraviolet as well as
near infrared ranges. Absorption in the visible region results in molecules undergoing electronic
transitions. The absorbance is measured and the concentfafienamalyte is related to the signal by

the BeerLambert law. The Bedrambert equation is expressed as follows:

b T OO (3.5)

whereA, ‘andc ake the absorption, molar absorptivity (a constant which is characteristic of the

absorbing spcies at a specific wavelength), pathlength of the sample and the concentration,
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respectively. The absorption is therefore directly proportional to concentration for a given set of

instrumental condition@Pavia, D. L. et al, 2001)

3.4.8 Flame atomicabsorption spectroscopy

Quantitative analysis using flame atomic absorption spectroscopy (FAAS) is also based on-the Beer
Lambert law. In quantitative determinations using FAAS, combustion flames provide a means of
converting analytes in solution to atommsthe vapour phase freed of their chemical surroundings.
These free atoms are then transformed into excited electronic states by absorption of radiant energy
from an external source. The flame that contains the free atoms serves as a sample cell. The free
atoms absorb radiation focussed on the cell from an external source to the flame. The incident
radiation absorbed by the free atoms in moving from the ground state to an excited state provides the
analytical datgBeaty, R. D. et al, 1993)

The sample isntroduced as an aerosol into the flame, where the analyte ions are converted into free
atoms. Once formed, the free atoms absorb radiation of a specific wavelength from an external source
(hollow cathode lamp) and the amount of radiation absorbed icteldtend determined by FAAS.

As the number of atoms in the light path increases, the amount of light absorbed increases in a
predictable way. Measuring the amount of light absorbed allows a quantitative determination of the
amount of analyte element prasén solution. The ease and speed at which precise and accurate
measurements can be made with this technique have made FAAS one of the most popular methods for

the determination of metals.

The work on the adsorption of heavy metals carried out insthidy during the evaluation of the
various adsorbents prepared has employed atomic absorption spectroscopy. The results from the
adsorption experiments are presented in Chapter 6.
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Chapter 4

Preparation and Characterization of Aluminium -pillared

Montmorillonite Clay

4.0 Introduction

This chapteis aboutthe preparation of aluminiwpillared montmorillonite (AlpMMT).In an attempt
to enhance the adsorption properties toward both heaetals and organic pollutants,

montmorillonite clay was modified through aluminium pillaring

A number of pillaring parameters were varied in order to achieve hggacing, high surface area,

and hence, high adsorption capacity. Such parameters idchitlaring temperature, pH, hydroxide

ions to aluminium cations (OH/AI) molar ratio and Al/clay ratio as thes&reoento have an effect

on the microporosity and surface acidity ofpMlared clays (Hutson, N. D. et al, 1999). The Al
pillared materiad were characterized using a number of techniques and the results are presented in
Section 4.4.

To the best of our knowledge, there is neportedsystematic study showing how the properties of
clay depend on Al/clay ratio, OH/Al molar ratio, temperatared pH. In addition, there is no
assessment or evaluation reported on how the adsorption of heavy metals -piitargd MMT
depends on the OH/AI molar ratio.

4.1 Experimental Details

4.1.1 Preparation of duminum-pillared montmorillonite

The proces®f pillaring entails the following: intercalation and fixation (by a thermal treatment) of
bulky molecules (which act as pillars or props) separating the layers apart, creating a permanent
porosity (Bouchenat&aib, N. et al, 2007). The achieved porosityery versatile which makes the

pillared clays very attractive for adsorption purposes (Maes, N. et al, 1997).

A review of the work done on aluminupillared clays (AlpMMT) as well as their preparation and
application has been given in ChapteFtm literature the preparation of AlpMMTenerally entails
these steps i.e. the preparation of a dilute pillaring solution, preparation of a dilute aqueous clay

suspensiorfpllowed bythe addition of the pillaring solution to the clay suspension, settlindjimgs



drying and calcination (Manohar, D. M. et al, 2006). The calcination stage leads to the formation of
the aluminum oxide pillars. The procedure followed in this work is described in the sections that

follow.

4.11.1Preparation of pillaring solution

The procedure used for the pillaring was similar to the one reported previously in the literature
(Tichit, D. et al, 1988; Khalaf, H. et al, 199anis, T. G. et al, 1998janchar, D. M. et al, 2006). In

this study, 0.2 M AIG.6H,O solution (200 mL) was added to a 1000 mL beaker followed by the
addition of 184 mL of 0.5 M NaOH solution dropwise using a burette. This gave a pillaring solution
with an OH/AI ratio of 2.3At this hydrolysis ratio, Ak is the major species in solutiofhe resulting
pillaring solution was then aged overnight before use in the pillaring process. A clear pillaring
solution resulted after overnight aging under constant magnetic stirring.

4.11.2Pillaring process

About 4.0 g of NaMMT was slowly disperséd 400 mL of deionised water under high speed
magnetic stirring to give a 1%/v NaMMT suspension, as was done in a reported proceBiras(J.

et al, 1997) Stirring continued for 2 until all the NaMMT was uniformly dispersed in the distilled
water. This was followed by the dropwise addition of the aged pillaring solution to the dispersed
NaMMT at room temperature. Vigorous magnetic stirring was maintained throughout the addition
process The mixture was stiedfor a further 3h after addition of all the pillaring solution. The slurry
was then poured into allmeasuring cylinder and allowed to settle overnight. Theikdred MMT

clay was isolatedia centrifugation and washkd seveal times with distilled water until no more Cl

ions could be detected with a 0.1 M AghNéplution. The chloridéree AlpMMT was then dried at 50

°C overnight in aventilated ovenlt is reported that rapid drying of the AIpMMT clay at higher
temperaturesesults in a very hard product that is difficult to grind to pow&tor@ro, L. et al, 1996;
Matthes, W. et al, 1999

4.11.3 Calcination of Adpillared montmorillonitesamples.

Calcination was carried out in order to form and permanently fialdmainium oxide pillars between

clay sheets(BouchenafeéSaib, N. et al, 2007)Calcination wasperformed topreventaluminium

species fromleaching into water during the adsorption process. The dry AlpMMT samples were
groundinto afine powder by using mitar and pestleTo facilitate calcination, a ceramic (porcelain)

dish containing a fine powder of AIpMMT was placed in an oven and the temperature was
subsequently raised from ambient to 400 °C at a rate of 13.3 °C/min. The temperature of the oven was
held at 400 °C for 4 hThe AIpMMT samples were then characterized using FTIR, TGA, XRD and

BET surface area analysis. The following section describes the preparation of AlpMMT under
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different conditions variationof pH (2 7 5.7), temperaturg251 80 °C) Al/NaMMT and OH/AI
molar ratis (0.51 2.6).

4.1.2 Optimization of the pillaring process

It has been reported that a number of factors affect the porosity and surface area of the metal pillared
clays. Such factors include: th&l/NaMMT, OH/Al molar ratic, pH and temperaturelt was
therefore, important to optimize the pillaring process to establish the ideal conditions for the pillaring
of clay with polyhydroxyaluminum (Ab) cations.

4.1.2.1 Variation of AINaMMT ratio

The Al/clay ratio is anothgparameter reporteb affect the porosity, surface area and acidity of the
aluminum pillared claygKatdare, S. Pet al, 2000) Samples of aluminum pillared clays were
prepared at varying Al/clay ratios. The Al/clay ratio varied as follows: 5, 10, 12@mdmol/g (of

clay). The amount of NaMMT dispersed in water for pillaring was maintained constant and the
volumes of the pillaring solutions were varied. The pH values of the pillaring solutions were about 4.3
and that of the NaMMT clay suspension was #te washing of the pillared clay to remove iGhs,

and the isolation of the AIpMMT samples was the same as reported for other pillared samples
described earlieThe product was then dried at 50 °C forl2@defore calcinations at 350 °C forh3

The ApPMMT samples werdabelled AlpMMT-5, AlpMMT-10, AlpMMT-15 and AlpMMT-20.
Characterisation was achievbg FTIR, TGA,BET surface area analysasid XRD. The results are

presentedaterin Section 4.4.6.

4.1.2.2Variation of OH/Al molar ratio

Pillaring solutions were prepared at various OH/Al molar ratios using solutions of concentration 0.2
M AICI3.6H,0 and 0.5 M NaOH. The pillaring solutions wereQrl/Al molar ratios of 0.5, 1.0, 1.5,

2.0, 2.2, 2.3, 2.4, 2.5 and 2.6. Different volumes of 0.2 M £A68L,O and 0.5 M NaOH solutions

were used for the preparation of the pillaring solutions.

Suspensions of NaMMT (1%w/v) were then pillared using these solutions at room temperature (25
°C) and the pillared clay samples were dried at 50 °C in a ventilated oven. The dry samples were then
calcined at 400 °C for A. The calcined aluminupillared MMT samples werdabelled AlpMMT-

0.5, AIpMMT-OH/AI-1.0, AlpMMT-OH/AI-1.5, AIpMMT-OH/AI-2.0, AlpMMT-OH/AI-2.2,

AlpMMT -OH/AI-2.3, AlpMMT-OH/AI-2.4, AlpMMT-OH/AI-2.5 and AlpMMTOH/AI-2.6. The
samples wereharacterized by TGA, FTIRBET surface area analysed XRD. The results are

presented in Section 4.4.7.
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4.1.2.3 Variation of pH

Mrad, I. et al, 1997 prepared pillared clays at various pH values and Al/clay ratios. The authors
obtained the best results at a pH of 5.6 and an Al/clay ratio of 5 mmatigyofPires, J. et al, 1997
reported that they adjusted the pH of their pillaring solutions to 6 though they did not disclose what

the initial pH values had been and what acid or base they used to adjust the values.

Aluminum pillared clays were also prepd at three different pH values i.e. 2.0, 4.0 and 5.7. The pH
of the pillaring solution was adjusted using 0.1 M HCI and 3.0 MOHHsolutions, as necessary. It
was quite a challenge to adjust the pH of the pillaring solutions to 6, as precipitatiolomfato
Al(OH); was observedt that pHand the solution did not clarify even after stirring for several hours.
Attempts were madia vain toredissolve the colloidal Al(OHYy heating to 50 °C

The pH of the 1%w/v NaMMT suspensions was determined to be 8.73 and was also adjusted
independentlyo the respective pH using 0.1 M HCI before the addition of the pillaring solutions. The
aluminumpillared MMT samples were then isolated by centrifuging and washing, followedying

in an oven at 50 °C overnighThe samples werabelled AlpMMT-pH 2.0, AlpMMT-pH 4.0 and
AlpMMT -pH 5.6, and werealcined at 400 °C for A. Characterisation of the samples was carried
outusing FTIR, TGA,BET surface area analysismd XRD. Theresults for the variation of pH are

discussed in Section 4.4.8.

4.1.2.4 Variation of temperature

Pillaring of MMT clay was conducted at three different temperatures (25, 50 and 80°C) with the
OH/Al molar ratio, the AINaMMT ratio and pH values fixed at 2.3, 10 mmol/g and 4.3, respectively.
The pillaring solutions were prepared and aged overnight at room temperature and then heated to 25,
50 or 80 °C just before bajradded to the clay suspensidihe NaMMT suspensions (1% wy were

heated to the different respective temperatures and then the hot pillaring solutions added dropwise
using a burette under higipeed magnetic stirring. After all the pillaring solution was added, the
mixture was kept at the respective temperatareaf further3 h applying magnetic stirring. The
mixtures were then cooled to room temperature and allowed to settle. The pillared clay was then
isolated by centrifuging and washing several times with distilled water until n@r@&l could be
detectedvhen testedvith AgNO:s.

The respectiveAlpMMT samples werdabelled AIpMMT-25 °C, AIpMMT -50 °C and AlpMMT-80
°C. Characterisation of the samples was carriedbgufTIR, TGA, BETsurface area analysend
XRD. The results of the variation of temperature with porosity, surface area-spacidg are

reported and discussed in Section 4.4.9. The procedure followtus studyis the same as was
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reported by de Carvalho, M. B. et al, 199@ction 4.3 give details about the characterization of the

clay samples using different techniques.

4.1.3 Characterisation of AlpMMT clay

A PerkinElmer System 2000 FTIR was used to record the infrared spectra of the NaMMT and
AlpMMT. About 2.0 mg of sample was propertyixed with 200 mg of KBr and then ground
thoroughly using mortar and pestle. An appropriate amount of the ground sample was pelletized using
a SPECAC bolt and nut pelletizer to give a transparent pellet. The samples were run against an air
background. Eackample was analysed at 24 scans in the wavenumber range 4600 870 cn

with a resolution of 4 cih A PerkinElmer thermogravimetric analyzer (TGA7) fitted with a thermal
analysis controller (TAC7/DX) was used for thermogravimetric analysis.nfdehine was operated

under a nitrogen gas atmosphere and the samples were heated from 20 °C to 900 °C at a heating rate

of 15 °C/minute. About 10 mg of sample was weighed into the pan and run accordingly.

Micrographs of the AlpMMT and NaMMT samples weretained by SEM on a SEM JEOL JSM

6390 LV instrumentSurface area measurements were carried out on a TriStar Il 3020 V1.02 BET
instrument from Micromeritics Instrument Corporation. BET surface area analysis was carried out at
the Council for Scientific anthdustrial Research (CSIR) in Pretoria. The pillared clay materials (0.20

g) were heated and degassed by vacuum force to remove adsorbed foreign molecules. Controlled
doses of nitrogen were introduced for adsorption and desorption cycles. The samplacedsnpa

vacuum chamber under liquid nitrogenl&5.6 °C and subjected to a wide range of pressures to
generate adsorption and desorption isotherms. The amount of gas molecules adsorbed or desorbed
was determined by the pressure variations due to s$e@tibn or desorption of the gas molecules by

the montmorillonite clay materials. Various amounts of gas molecules are adsorbed or desorbed at
different doses oftheNy as (t he adsorbate). Knowing the area
(for examp e = 16(2 A for nitrogen), and using an adsorption model, the total surface area of the
material could be determined-ray diffraction analysis was carried out in locked couple mode with a
Bruker AXS D8 Advance diffractometer (CuaKradiation withl = 1.5406 A, 40 kV, 40 mA,
equipped with a PSD Lynkye Sistrip detector (with 196 channels), at room temperature.

4.2 Results and Discussion

4.2.1 Theory of the pillaring process
Equation 4.1 describes the formation of the pillaring agent, the Keggi(Pires, J. et al, 1997). The

Keggin ion is said to be the dominant species in solution at an OH/AI molar ratio of about 2.
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13[AI(H ,0)]*" + 240H Y [Al 1504(OH)4(H,0)1] " + 62H,0  + 8H' (4.1)

During the pillaring process, the Keggin ion getercalated between clay sheets. Upon calcinations
of the clay, the Keggin ion decomposes (via dehydration and dehydroxylation) to form,@he Al
pillars in between the clay sheets or layers. Equation 4.2 describes the formatigbsgfilfdrs upon
caldnation of the Keggin ion intercalated clay to form thepMlared clay (Pires, J. et al, 1997,
Ohtsuka, K., 1997).

2[Al 1504(OH)4(H20)1] ™Y 1 308 + 14H + 41H0 (4.2)

During calénation, there is loss of watandAl,Os pillars are formed The Al O3 pillars prop upthe
clay sheets creating galleries which can act as adsorption sites for both organic molecules and heavy

metals.

4.2.2 FTIR analysis of NaMMT and AlpMMT

FTIR was used to probe any changes that would occur to the clay structuesak af Akpillaring.
Figure 4.1 below shows the spectra of NaMMT and AlpMMT (before and after calcination). The
peaks labeled in the spectra of the three samples can be ascribed to strO¢tstiktching vibration
(3624 cni'), adsorbed water OH stching (3431 cif), H-O-H bending of interlayer water (1642 tm

), SiO-Si stretching (1049 ci), Al-OH-Al bending or deformation (920 ¢t FeOH-Al
deformation (880 cfl), Al-OH-Mg deformation (840 cif), O-Si-O asymmetric stretch (800 &

AlO, asymmetric stretching (780 ch), Al-O-Si deformation (520 ct) and SiO-Si deformation

(470 cm') according to Manohar, D. M. et al, 2006 and Bhattacharyya, K. G. et al, 2009.

The FTIR spectra of the uncalcined NaMMT and AlpMMT did not show any major differesces
seen in Figure 4.XKloprogge, J. T. et al, 1999 reported that the pillaring of clay with r&kults in
new peaks at 3682 and 3538 trithese new vibration bandee attributed to the ADH and AHH,0
stretching of the Ak complex, respectively. The authors furtistatedthat the interlayer water @@-

H) stretching band shifted to 3200 ¢m
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Figure 41: FTIR spectra of NaMMT, AlpMMT ncalcinegland AlpMMT (calcined)

However, in all the pillared clay samples analysed in this work, such peaks have not been detected or
observedKloprogge, J. T. et al, 1999 also observed a decrease in intensity of the interlayer water
bending vibration (1642 cf) after pillaring with Als, and attributed it to the replacement of water
molecules by the incoming AlKeggin ion.In another investigation, Kloprogge, J. T. et al, 2002
synthesised Apillared MMT clay and reported observing a small band at about 67@vhich again

was attrbuted to the intercalated Alcomplex or oligomer. This band was ascribed to th®Alond

of tetrahedrally coordinated Al atoms in the centre of thg dligomer. After calcination at 400 °C,

differences were observed for vibrational peaks at 3631,880and 840 cth

However, the retention of all peaks as in the parent montmorillonite framework clearly shows that the
basic clay layer structure remains unaffected on pillaring as well as on calcination at 4i0¢e °C.
absence of additional peaks sugtgethat no bond formation occurred between th©Apillars and

the montmorillonite structure (Kurian, M. et al, 2005).
4.2.3 Thermogravimetric analysis of NaMMT and AlpMMT

The clay samples were subjected to TGA analysis in the temperature ran@@0C. Figure 4.2
shows thermograms (TGA) and differential thermograms (DTG) of uncalcined NaMMT and
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AlpMMT. The TGA Yrermograms show two major steps, and the respective DTG thermograms

(dW/dT) showed two p&aks corresponding to these steps.
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Figure 427 Thermograms and differential thermogsams of uncalciMegNJaMMT and uncalcined

AlpN

In both AlpMMT and NaMMT the firstass loss stepr peak is fodqd below 120 °C whic™he3_be
attributed to the removal of adsorbed water. The sedgass loss stefo™Ngeak for NaMMT, which

is broad can be observed within the temperature rang&§@DOC. This peakNg due to the removal of

interlayer water (deydroxylation) of the montmorillonite §lay. The second pexk for AlpMMT in the
temperature range 3220 °C can be ascribed to the dehydyoxylation of theplllars\as well as the
removal of interlayer water. The peak is again broad s observed for NaNINM\different
temperature ranges for the dehydroxylation process can be\explained by the fact that'¥We clay sheets
are relatively closely packed in the NaMMT than in AlpMMN\ The intercalation of the polzmeric
Keggin ion (Aks) species into the clay layeforces the clay sheets\further apart, thus resulting in esgy
diffusion (removal) of water associated with the Keggin ion pill&s upon heating. The formation o
metal oxide pillars in the interlayer space also occuthigitemperatiye regioA¢emana, Set al,

1999. In the closed structure of the NaMMT clay, the cation hydr&tion water cannot easily escape

upon heating. Similar results were reported by Kurian, M. et &, 2005 but orpiliemed

montmorillonite clay.

In addition, there was a greateass loss for the AlpMMT than the NaMMT. T\is can be explained in

terms of the dehydroxylation of the intercalategsAligomer as well as the clay\structure, whereas in
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the NaMMT, there is only the dehydroxylation of the clay structure (Pires, J. 89l lManohar, D.
M. et al, 2006). Otherwise, there were no other major changes observed in the thermograms. The

samples were further analysed by BET surface area analysis.

4.2.4 BET surface area analysis of NaMMT and AlpMMT

The BET method is based on thdsorption of gas on a surfackhe theory of BET surface area
analysis has been presented in Section 3.5.6 of Chapter 3 together with the classification of different
gas adsorptiowlesorption isotherms. Figure 4.3 shows thealNsorptiondesorption isotherms for
calcined NaMMT and AlpMMT. The adsorption isotherms can be classified as Type IV for both
NaMMT and AlpMMT. (haracteristic features of the Type IV isotherm are its hysteresis loop (which
is associated with capillary cdensation taking place in mesopores) and the limiting uptake over a
range of high relative pressure. The initial part of the Type IV isotherm is attributed to monolayer
multilayer adsorption since it follows the same path as the corresponding part of d IBgiherm
obtained with a given gaseous adsorbate on the same surface area of the adsorberparcasion
form. Type IV isotherms are given by many mesoporous industrial adsorBamgs K. S. W. et al,
1985)

Adsorption hysteresis arises when #usorption and desorption curves do not conditie. qguantity
adsorbed is different when gas is being added than it is when being removed. The specific causes of
adsorption hysteresis are still an active area of research, but it is linked to differeheeslaleation

and evaporation mechanisms inside mesopores. These mechanisms are further complicated by effects
such as cavitation and pore blocking. In physical adsorption, hysteresis is evidence of mesoporosity.
(Sing, K. S. W. et al1985.
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Figure4.3 N, adsorptiondesorption isotherms for NaMMT and AlpMMT.

Both the unpillared and pillared MMT samples showed a hysteresis loop. The presehgstefesis

in the N, adsorptiondesorption isotherms is an indication of mesoporoSigg, K. S. W. et all 985

Mahboub, R. et al, 2006). Physisorption in mesopores is said to take place in two more or less distinct
stages (monolayanultilayer adsorption and capillary condensation). In monolayer adsorption all the
adsorbed molecules arecontact with the surface layer of the adsorbent. In multilayer adsorption the
adsorption space accommodates more than one layer of molecules so that not all adsorbed molecules
are in direct contact with the surface layer of the adsorbent. In capitiadgnsation the residual pore

space which remains after multilayer adsorption has occurred is filled with condensate separated from
the gas phase by menisci. Capillary condensation is often accompanied by hysteresis. (Sing. K. S. W.
et al,1985.

A feature common to many hysteresis loops is that the steep region of the desorption branch leading

to the lower closure point occurs (for a given adsorbate at a given temperature) at a relative pressure
which is almost independent of the nature of thepsmrdsorbent but depends mainly on the nature of

the adsorbate (e.g. for nitrogen at its boiling
two samples can be classified as H4 which are known to be associated with narlike gbtes

(Sing. K. S. W. et al1985; Salerno, P. et al, 200Zhe N adsorptiordesorption isotherms of the

two samples show that more Adsorption occurs onto AIpMMT than NaMMT.
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Park, H. M. et al, 2006 prepared nicketercalated montmorillonite clay. Theuthors detected a

hysteresis in the pressure region ofyp#0.5 for the nickepillared samples. This was attributed to

the formation of a mesopor ou sofcsatrrdudc tsutraec ka rnigg i onfa
crystallites. This type of stackiraf clay is also referred to as clay delamination. Theadorption

desorption isotherms of their nickgillared clay were found to follow the BDDT type | and IV shape,

along with Hatype hysteresis loop according to the IUPAC classification. Such aofyjg@therm

underlines the presence of the opendidped capillaries with very wide bodies and narrow short

necks (Park, H. M. et al, 2006).

4.25 SEM analysis of NaMMT and AlpMMT
The Al-pillared and sodiurexchanged montmorillonite (NaMMT) clay salep were anaylsed by
using scanning electron microscopy in order to assess the changes in morphology after pillaring.

Figure 4.4 displays the scanning electron micrographs of the unpillared NaMMT and AIpMMT.
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Figure4.4: SEM images of NaMMT and AIpMMat a Magnification of 1@00X.

It is evident from the two micrographs that the pillared and unpillared MMT samples display different
morphologies. Abpillared MMT showed a more open, porous structure compared with the
unmodifiedNaMMT sample.The EEM images suggeshat pillaring resulted in the delamination of

the clay sheets and the creation of cavities which may serve as adsorption sites for both organic and
inorganic pollutants. The Atillared samples are expected to have improved surface aseasesult

of the delamination of the clay sheets.

As mentioned in Section 4.2, a number of parameters were varied to assess their effect of the
physicochemical properties of the -pillared MMT samples. The following sections discuss the
results obtaiaed from the characterization of AIpMMT samples prepared at different conditions of pH,

temperature, Al/clay ratio and OH/Al molar ratio.
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4.2.6 Effect of variation of Al/ NaMMT ratio
As mentioned above, a number of parameters were varied in ordptingze the pillaring process.
The Al/clay ratio is one of the parameters assessed, and the following section presents the FTIR

results.

4.26.1 FTIR analysisf AlpMMT-n samples

Figure 4.5 shows the FTIR spectra of AlpMMT samples prepared at diffeli@®daMMT clay ratios
ranging from 5 to 20 mmol/drhe number written after AlpMMTrepresents the ANaMMT ratio (in
mmol/g). The change in the Al/clay ratio did not affect the clay framework structure. The same
vibrational peaks as discussedSection 4.2 were observed.
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—_— N

— —
=" ApMMT-10
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Figure 4.5 FTIR spectra of AIpMMT samples prepared at differeniNaMMT clay ratios (mmol
Al/g of NaMMT).

4.2.6.2 Thermogravimetric analysis AlpMMT-n samples

Figure 4.6 displays the thermograms of AlpMMamples prepared at different Al/clay ratios. There

was no trend that could be deduced from the thermograms. High intercalation of;thgeéles was
expected to result in an increased % mass loss of the pillared clays as discussed in Section 4.4.3. The
NaMMT showed the least % mass loss while AIpMHZID gave the highest. The high % mass loss in
AlpMMT -20 can be speculated to be due to increased intercalation of;thenAIManohar, D. M. et

al, 2006) as described in Section 4.4.3 above.
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Figure 4.6 Thermograms of AIpMMT samples prepared at different Al/clay ratios.

4.2.6.3 BET surface area analys§ AlpMMT-n samples
Table 4.1 shows the BET surface areas and pore sizespiflakéd samples prepared at different
Al/clay ratios.The respective Nadsorptiordesorption curves can be found in Figureg fo A-5.
The surface area was observed to increase with increase in the Al/clay ratio, reaching a maximum at
10 mmol/g. Above 10 mmol/g, there was a decrease in the surface areas of the samples, Hwve

pore sizes did not show the same trend as seen with the surfaceTamdest Al/clay ratio for

pillaring can be said to be 10 mmol/g since it registered the highest surface area even though it had the
smallest pore size.

Table 4.1: BET surfacarea results for the variation of NAMMT clay ratio.

2 .
Sample BET surface aea (m /g) Pore sizegnm)
NaMMT 82 4.17
AlpMMT -5 164 2.99
AlpMMT -10 214 2.65
AlpMMT -15 194 3.36
AlpMMT -20 195 3.14
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Chae, H. J. et al, 2001 varied theM&MMT clay ratio intheir preparation of interlayered clays. The
samples were calcined at 300 °C. Their BET results showed that the surface area gdillaecdl
samples increased with increase inNIMMT clay ratio (from 3 mmol/g to 5 mmol/g, reaching a
maximum at 10 mmifg). Their respective surface areas in increasing order were 188, 208, 220 and
205 nf/g for Al/clay ratios of 3, 5, 10 and 20 mmaligspectively Their results were similar to what

was found in this study with the highest surface area being recorded at an Al/clay ratio of 10 mmol/g.
The samples were also analysed by XRD and the results are discussed in the next section.

4.2.6.4 Xray diffractionanalysisof AlpMMT-n samples

Figure 4.7 shows the XRD patterns of AlpMMT samples prepared by varying the Al/clay ratio. The

di ffractogram of NaMMT showed that its basal ref
corresponding d-spacing of 12 A (see Figure 4.10).
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Figure 4.7: XRD patterns for AIpMMT samples prepared at varyingadMT clay ratios.
Table 4.2 displays results of thesgacing of AlpMMTsamples prepared at different "EMMT clay
ratios. The AIpMMT samples were prepared at a pH of 4.3 and OH/Al molar ratio diH&aJasal

spacings (eéspacing) of the NaMMT and AlpMMT samples were computed using Braggs equation:

E_ CQYQE — (45)
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Table 42: Variation of dspacing of ApMMT samples with AINaMMT clay ratio.

Sample 2d /A d-spacing A & (-spacing) /A

NaMMT 6.22 14.2 -
AlpMMT -5 4.92 18.0 3.8
AlpMMT -10 4.92 18.0 3.8
AlpMMT -15 5.16 16.9 2.7
AlpMMT -20 5.02 17.6 3.4

The dspacing appeared to decrease with increase in the AI/NaMMT clay ratio. The spaeird)
value was obtained for AlpMMb and AIpMMT-10 which were prepared at an Al/NaMMT clay
ratio of 5 and 10 mmol/g, respectively. It appears the change in Al/Nakld§Tratio did not have a
direct effect on the-dpacing.

Mishra, T. et al, 1997 prepared mangangfiared clay at varying OH/Mn molar ratio. Their results
showed a direct correlation between thepdcing and the surface areas obtained. These two
parameters had their maxima at the highest amount of metaldorporated. In this study, an Al/clay
ratio of 10 mmol/g was chosen for further investigation. An investigation by Kloprogge, J. T. et al,
1994 found an increase in thespacing of Adpillared clays (16.7 to 17.7 A) with increase in the
Al/clay ratio fram 3.0 to 5.5 mmol/g. The-sbacing then decreased to 17.4 A on increasing the
Al/clay ratio to 20 mmol/g. According to the XRD results, thepflaring of NaMMT can be carried

out at an Al/clay ratio of between 5 and 10.

Khalaf, H. et al, 1997 prepared -pillared clays under different conditions. They varied the drying
temperature, aging period for the pillaring solution, OH/Al molar ratio and Al/clay ratio. The authors
did not observe any major differences in thepacing of pillared samples when thegried the
Al/clay ratio. SunKou, M. R. et al, 1998 prepared zirconiypilared montmorillonite at different
Zr/clay ratios and also under different mixing conditions. The surface areas of the pillared samples
increased with increase in the Zr/clay ratibich was attributed to an increase in the amount of Zr in
the pillared samples with increase in the Zr/clay ratio. T8pating was also observed to increase

with increase irtheamount of intercalated Zr.

4.2.7 Effect of variation of OH/AI molar rati o
42.7.1 FTIR analysisef ApMMT-OH/Al-n samples
The OH/AI molar ratio of the pillaring solutions was varied from 0.5 to 2.6. Figure 4.8 displays the

FTIR spectra of the different ApMMT samples prepared at different OH/AI molar ratios and these are
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labelled accordingly, with the number representing the OH/AI molar ratio. As observed above for the
pillared samples prepared at different Al/clay ratios, the effects of varying the OH/AI molar ratio were

not detectable by FTIR or there were no changésetdramework bonding of the clay structure.
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Figure 4.8: FTIR spectra for ApMMT prepared at different OH/AI molar ratios.

Almost the same FTIR spectra were observed for all the AIpMMT empkes prepared at different
OH/Al molar ratios. The samples were further analysed by thermogravimetric analysis and the results

are discussed in the following section.

4.2.7.2 Thermogravimetric analysis AlpMMT-OH/Al-n samples

The thermograms of thdifferent samples are displayed in Figure 4.9. The mass loss of the pillared
samples decreased with an increase in the OH/AlI molar ratio, at least for the samples pillared at
OH/Al ratio of 1.5, 2.0, 2.4 and 2.6espectivelyThe decreasing mass loss vedisibuted to possibly

the decreasing degree of intercalation as the OH/Al molar ratio increased.
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During the preparation of the pillaring solutions, it Was obser®d that starting fror\g

ratio of 2.4, there was formation of colloidal AI[(QHyhicN took time W\ edissolve. At highe QRN

molar ratios (2.5 and 2.6), the Al(OHJemained sugrNed in th' aring solution witho
dissolving. The formation of colloidal Al(Ok)caused a reguction of ti\concentration of the
intercalated™No, the Al ion
0, hermer
intercalation andhe low mass logs recorded for 1.0, 2.5 and ABeryaya, F. et al, 2Q6The

intercalating agent, the Keggin ion speciesnce little AI(OH) wa

species concentrath might have been much lower at an OH/AINmolar ratio o

following section presents the results from BET surface area analysis

4.4.7.3 BETsurface area analysisf AIpMMT-OH/Al-n samples
BET surface analysis was employed in this study to determine the surface &eas of the differe

AIpMMT samples prepared and also the NaMMT. The total surface areas of the A\JpMMT samples

prepared under diffent conditions were determined and a comparison carried ou\in order to

establish the favourable conditions for the pillaring process.

Table 4.3 below summarises the BET surface area analysid.dasarface areas and pore sizes N
AlpMMT samples prepared at different OH/Al molar ratios and NaMBdme of the Bladsorption

desorption curves can be found in Figure6 o A-11. It wasobservedhat the pillaring of clays with
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Al ;z-oligomer resulted iman increase in the surface area of the pillared clays relative to the NaMMT.

The increase was attributed to an increase in the microporosity of tH&gtdev, M. et al, 1997)

Table 4.3:.BET wurface areas and pore sizes of AlpMMT samples preparefferedt OH/AlI molar

ratios

BET Surface Area

Sample (m?g) Pore size /nm
MMT 755 6.63
NaMMT 81.6 4.17
AlpMMT -OH/AI-0.0 984 4.05
AlpMMT -OH/AI-1.0 127.1 2.88
AlpMMT -OH/AI-1.5 248.8 2.56
AlpMMT -OH/AI-2.0 190.7 2.72
AlpMMT -OH/AI-2.3 214.0 2.65
AlpMMT -OH/AI-2.4 197.0 2.92
AlpMMT -OH/AI-2.6 194.7 2.78

From Table 4.3 above it can be seen that the iemchange of MMT to NaMMT resulted in an
increase in the surface area and a decrease in the pore size. Afiarriig, the results showed that
there was an initial increader the surface areas with OH/Al molar ratio upatanolar ratio of 1.5,
followed by a decrease from 2.3 to 2.6. At low OH/AI molar ratios, (0.5 and 1.0), it can be assumed
that the concentration of the pillaring species (Keggin ion) was very low and therefore, resulted in
poor intercalation or ioexchame of the clay mineral by the Keggin ion. It appears that most of the
clay remained largely intact (no intercalation) at low OH/AlI molar ratios. Figueras, F. et al, 1990
carried out competitive ion exchange for intercalation of montmorillonite with hythxy species.

They found that the surface areas increased with increase in the amount of Al incorporated in the
clays. In this study, the results of the variation of surface area with OH/Al molar ratio might imply
that the maximum amount of Al incorpaedtin the clay structures occurred at an OH/AI molar ratio

of 1.5.

For Fepillared MMT clay, Yuan, P. et al, 2006 found an increase in the surface area with OH/Fe
molar ratio which had a maximum at an OH/Fe molar ratio of 1.0. The authors did notdiiretta
relationship between the surface areas obtained with-$pacing of the clay layers. In this study, the

largest surface area was obtained at an OH/AI molar ratio of 1.5.

Also shownin Table4.3 are the pore sizes of the clays. Pore size isatefay the IUPAC as the

distance between two opposite walls of the pore (diameter of cylindrical pores, widthsbiapkd
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pores). It can be seen from Table 4.3 that the pore sizes changed after the pillaring process. The pore
sizes also decrease in liknner as observed for the surface areas. According to Sing, K. S. W. et al,
1985 pore widths of less than 2 nm are associated with microporosity. The porensizes & shift

towards the micnaorous region after pillaring with the Adoligomer. NaMMT showed the largest

pore sizes and themallestsurface area and AIpMMT prepared at an OH/AI molar ratio of 1.5 has the
least pore size and thergestsurface area. Nevertheless, the samples pillared at an OH/Al molar ratio

of 2.0, 2.4 an@.6 did not quite follow the same inverse proportionalitye pore widths of the clays

initially seem to decrease with increase in the OH/Al molar ratio anttehddiscontinues at molar

ratios of 2.0, 2.4 and 2.6.

4.2.7.4 Xray diffraction analysi®©f ApMMT-OH/Al-n samples

This section presents the XRD results of the samples prepared at different OH/AI molarTitagios.

XRD patterns of NaMMT and AlpMMT samples prepared at different OH/Al molar ratios are shown

in Figure 4.10. The XRD pattern for NAMT s howed a basal reflection a
peak was relatively more intense and sharper than those of the pillared clay samples whose basal

reflection peaks were centered around a 2dA angl
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Figure 4.10 XRD patterns of AlpMMT samples prepared at different OH/Al molar ratios.

The less intense and broader peaks for the pillared samplesuggest that fraction of the
clay remained unpillared and/oeldmination occurred (Altunlu, M. et al, 2008)milar, less
intense and broad peaks were obtainedbsian, M. et al, 2005 when they investigated duice
properties of pillared montmorillonite clays. The broad basal reflection peaks obtained for the metal

pillared clays were attributed to the destruction of crystallinity resulting in an amorphoustprodu

The dspacing values are displayed in Table 4.4 together with the molar ratios of the pillared clays.
NaMMT showed a épacing of 14.20 A. This value was comparable with some values reported in the
literature for NaMMT (Yuan, P. et al, 2006). Krickigt al, 1997 reported agpacing of 14.60 A and

BET surface area of 90%g for NaMMT whichcompare wellwith the values obtained in this study.

It can be seen that the pillaring of the MMT r ec:
angles and hence, an increase in thegpdcing. This generally agrees with what has been discussed

earlier regardind@dET surface areas which increased aftepilhring.
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Table 4.4 Variation of the espacing with OH/AI molar ratio

OH/AI® 2d /A d-spacing/A & (-spacing) /A

NaMMT 6.22 14.20 -
AlpMMT -OH/AI-1.0 4.73 18.67 4.47
AlpMMT -OH/AI-1.5 5.10 17.31 3.11
AlpMMT -OH/AI-2.0 5.07 17.42 3.22
AlpMMT -OH/AI-2.3 4.92 17.95 3.75
AlpMMT -OH/AI-2.4 4.88 18.09 3.89
AlpMMT -OH/AI-2.6 4.75 18.59 4.39

Thed-spacing of the AIpMMT samples increased with increase in the OH/AI molar ratio. This is with
the exception of the sample pillared at a molar ratio of 1.0. This is further confirmed by the amount of
change in the-8pacing relative to the unpillared samfsee far right column of Table 4.4).

Khalaf, H. et al, 1997 prepared-Aillared clays under different conditions. They varied the drying
temperature, aging period for the pillaring solution, OH/AI molar ratio and Al/clay ratio. Their
pillared clays hadncreased &pacings ranging fro4 A to 18 A. They concluded that the optimal
OH/Al molar ratio for the preparation of pillared clays was 1.8. However, a close look at their data
does not show much variation in theglacing of the pillared samples.

Altunlu, M. et al, 2007 investigated the effect of OH/AI andN&IMMT clay molar ratio on the
adsorption properties of Adillared bentonites. Results of XRD analysis of their pillared samples
showed an increase ingpacing with OH/AI molar ratio. The-gbacing increased from an OH/AI
molar ratio of 1.44 and reached a peak at a molar ratio of 2.0.-3jp&cthg then dropped at the molar
ratio of 2.5. The results obtained anr study show an increase in thesplacing with increase in the
OH/Al molar ratio, reaching a maximum at a molar ratio of 2.6. Although molar ratios o2 Bsad

the highest increase in thesgacing, there were challenges in the preparation of theiqllsolution

as highlighted in the experimental section. There was formation of colloidal AJ(@Hich
precipitated out of solution, and this Al(Offjould not be redissolved once precipitated even after
heating the solutiofurtherfor 1 h In addition,the BET surface areas of AIpMMT samples prepared

at OH/Al molar ratios of 2.4 and 2.6 were relatively low compared with the one at 1.5.

The pH for the pillaring process was also varied to investigate its influence on the textural properties
of the metaloxide-pillared clays. The influence of pH on the textural and structural properties of the

pillared clay is discussed in Section 4.4.8.
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4.2 8 Effect of variation of pillaring pH

The pillaring of NaMMT was also assessed by varying the pH of both thdangjlleolution and the

1% w/v NaMMT aqueous suspension. The pillaring solutions and the clay suspensions were adjusted
to the required pH by using 0.1 M HCl or 3.0 M j}@H as described in Section 4.2.2.

4.28.1 FTIR analysisf AlpMMT-pHn samples

Figure 4.11 displays the FTIR spectra of AlpMMT samples prepared at different pH values. The
AlpMMT sample prepared at pH 4.0 and 5.7 showed much sharper bands at T0#hgpared with

the broad peak observed for the sample pillared at pHTRI8. suggests thahere was a loss of
crystallinity in the clay prepared at pH 2.0.
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Figure 4.11: FTIR spectra of AIpMMT samples prepared at different pHs.

It is documented that acid treatment of montmorillonite clay results idetsteuction of the crystal
structure of the clay sheets, resulting in an amorphous material (Bhattacharyya, K. G. et al, 2007 and
2008). There was dncrease in the intensity of peak at 780 amlative to the peak at 799 ¢nirhe
overall intensity othese two peaks for the pH 2.0 sample is relatively greater than what was observed

for the same peaks in the pH 4.0 and 5.7 samples. This increased intensity of the vibration band
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around 780 cican be attributed to the presence of more freg Bi€rated from the tetrahedral

region of the clay structure as a result of acid attack (Yildiz, N et al, 2004).

A new vibration band at 695 ¢halso appeared in the sample pillared at pH 2. This can be attributed
to asymmetric bending mode of&-O (Manohar, D. M. et al, 2006). All the othgpectral regions
showed no significant differences.

4.2.8.2 Thermogravimetric analysis AlpMMT-pHn samples

The thermograms of AIpMMT samples pillared at different pH are shown in Figure 4.12. It was
observed that as the pH increased, there was also a progressive increase in the mass loss. The
AlpMMT sample prepared at a pH of 2.0 had the lowest mass Td&s.highest mass loss was
recorded for AIpMMT pillared at a pH of 5.7. This can be attributed to the possible increased
concentration of the Keggin ion (Alspecies) at higher pH, and hence increased intercalation
compared with pillaring at low pH. It oabe said that the greater the amount of thg #pecies
intercalated, the greater the mass loss due to thermal decomposition.
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Figure 4.12: Thermograms of NaMMT and AlpMMT pre , 0
4.2.8.3 BET surface area analysi§ AlpMMT-pHn samples
Table 4.5 shows the BET surface area analysis data for the AlpMM\gamples prepared at dilTRKRINH

values. Also included in the same table are the pore sizes data for e respective saimples.

respective M adsorptiordesorption cwves can be found in Figures-12 to X14. The sample
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prepared at pH 2.0 had temallestsurface area and largest pore size. At pH 4.0 and 5.7, the samples
had relatively high surface areas which were nearly 3 times that observed for the sample prepared at
pH 2.0. This result agrees with the the findings by Yildiz, N. et al, 2004 who obseectease in

the surface areas of montmorillonite clay activated using strg8@Jhcid.

Table 4.5BET surface area analysiata for ApMMT samples prepared at different pH.

Sample BET surface area (nf/g) Pore size /nm

NaMMT 81.62 4.17
AlpMMT -pH 2.0 72.06 4.73
AlpMMT -pH 4.0 209.01 2.65
AlpMMT -pH 5.7 205.29 3.03

The pore sizes of the AlpMMT samples were observed to increase in the order, pH 4.0 (.7 <

The values of the surface areas were observed to increase in the same order as follows: pH 2.0 < 5.7 <
4.0. The low surface area obtained for the AlpMMT pillared at pH 2.0 coulldid¢othe collapse of

the clay sheets upon each other as discuss8dction 4.4.8.1The surface area of AlpMMT pillared

(72.06 ni/g) at pH 2.0 dropped below that of NaMMT (81.62/ah and the pore size increased to

4.73 nm (greater than for NaMMT). These results show that pillared should ideally be carried out at
pH baween 4 and 5.7.

XRD was used to further analyse the AIpMMT samples prepared at different pH values and the

results are presented in the following section.

4.2.8.4 Xray diffraction analysiof ApMMT-pHn samples

Figure 4.13 displays the XRD patterns ApMMT samples prepared at different pH. The samples

prepared at pH 4.0 and 5.7 do not show much differences from each other. The basal reflection peak
occurred at the same 2dA angl e. However, a mar kKe
apH of 2. 0. The basal r ef | e cgtei(giving apmispacikg ob19.fRe ar ed a
for the pH 2.0 sample whereti®e dspacing values were 17.7 A and 1A8or AlpMMT samples

pillared at pH 5.7 and pH 4.0, respectively.

117



)

a AlpMMT -pH-5.7

>

‘»

c

g IPMMT -pH-4.0
AlpMMT -pH-2.0

NaMMT
o 2 a4 '6 8 10

2 d ]
Figure 4.13XRD patterns for AIpMMT samples prepared at different pH values.

The results observed here agree very well with the FTIR, TGA and rBg&ilits discussed above
which indicated a loss of crystallinity and decrease of surface area of the material under acidic
conditions at which the pillaring was carried oLhis suggestthat at pH 2.0, no pillaring occurred at

all and/or that treatmennder acidic conditions resulted in tballapsingof the clay sheets upon each
other. Table 4.6 summarises the XRD results for samples pillared at different pH values.

Table 4.6 XRD data for AlpMMT samples prepared at different temperatures.

Sample 2d /A d-spacing A @ (-spacing) /A

NaMMT 6.22 14.2 0
AIpMMT -pH 2.0 8.80 10.0 -4.16
AlpMMT -pH 4.0 4.95 17.8 3.63
AlpMMT -pH 5.7 4.98 17.7 3.53

4.2.9 Effects of variation of pillaring temperature
AlpMMT samples were prepared at different temperaturesrdier to assess the effect of pillaring
temperature on the structural and textural properties of the pillared samples. The following section

discusses the FTIR data for the characterization of AIpMMT samples prepared at different
temperatures.
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4.2.9.1 FTR analysiof AIpMMT- x °C samples

Figure 4.14 shows the FTIR spectra of AIpMMT pillared at temperatures 25, 50 and 80 °C. The
spectra looked more or less the same for all temperatures, there were no additional peaks observed in
all the spectra or any chge of the shape of the vibration bands. Thiggeststhat pillaring
temperature did not affect the crystal structure of the clay mineral @trietural change6f any)

were notdetectable by FTIR.

The pillared clay samples were further charactdrizg thermal gravimetric analysis and the results
are presented in the following section.
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Figure 4.14FTIR spectra for AlpMMT prepared at different temperatures.

4.2.9.2 Thermal gravimetric analysig AIpMMT1 x °C samples
Figure 4.15 below shows the thermograms of the AIpMMT samples prepared at different
temperaturesThe sample pillared at 50 °C showed the greatest mass loss, possibly due to more

intercalated Al; which then thermally decomposed resulting in increased losss
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The AlpMMT samples prepared at 25 °C and 80 °C gave more or less the same
slightly higher thermal stability than the one pillared at 50 °C.

Furtheranalysis of the samples was carried out by BET surface area analysis and Section 4.4.9.
presents the results.

4.4.9.3 BET surface area analysiSAIpMMTIi x °C samples
Table 4.8 below summarises the results of surface areas and pore sizes obtaiETfranalysis.
The respective Nadsorptiordesorption curves can be found in Figured5Ato A 16. It can be seen

that the increase ipillaring temperature from 2 80 °C resulted in an increase in the surface area.

Table 4.8 BET surface area analysiata for AlpMMT samples prepared at different pH.

Sample BET surface area (nf/g) Pore size /nm
AlpMMT -25°C 226 2.40
AlpMMT -50°C 253 2.42
AlpMMT -80°C 252 2.28

However, further increase pillaring temperature from 5@ 80 °C did not cause a further increase in

the surface area but a slight decrease in surface area was recorded instead. The pore sizes seemed to
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follow more or less the same trend as the surface areas, with a slight increase from 2.40 nm (25 °C) to
2.42nm (50 °C) and a relatively significant decrease to 2.28 nm (80 °C). Judging from the results of
surface areas, 50 °C appeared to be ideal temperature for the pillaring process since it gave the highest

surface area.

4.2.9.4 Xray diffraction analysi®f AlpMMTi x °C samples

This section presents the XRD results of ApMMT samples prepared at different tempe feityures.

4.16 displays the XRD patterns for AIpMMT samples prepared at different temperatures. The
variation of the pillaring temperatureddnot result in any major differences in XRD patterns. The
basal reflection peak for all three samples occu
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Figure 4.16: XRD patterns for AlpMMT samples prepared at different temperatures.

However, the sample prepared at 50 °C showed a relatively shpaplercompared with the other
two. This might mean higher crystallinity in the AlpMMT sample predaat 50 °C than those at 25
and 80 °C.

Table 4.9 summarizes the XRD data for the samples prepared at different températuhgghest d

spacing was atbved at a temperature of 50 °C. This can be taken as the optimum temperature for the

pillaring process.

121



Table2: XRD data for AlpMMT samples prepared at different temperatures

Sample 2d /A d-spacing A & (-spacing) /A

NaMMT 5.88 14.2 0
AlpMMT -25°C 5.06 175 3.25
AlpMMT -50°C 4.92 18.0 3.75
AlpMMT -80°C 5.08 17.4 3.18

Many researchers have aged their pillaring solution®latively high temperatures (about 630

°C), in order to facilitate the formation of the Keggin {die Carvalho, M. B. et al, 199®ires, J. et

al, 1997;Manohar, D. M. et al, 2006However, @spacing values higher than 17.95 A were achieved
at 25 °C in this study, but at higher molar ratios (2.4 and 2.6) as discussed in Section 4.4.7 4.

Section 44.10 further discusses the data from BET surface area analysis, specifically the variation of

surface area with pore size.

4.2.10 Variation of surface area with pore size

The surface areas were generally found to decrease with increase in pore sizegr Hbewe were

some irregularities observed with some samples not following this general @endrally, the

smaller the pore sizes the greater the surface area. This has been shown to be the case (to some extent)
in this study. The surface areatstained in this study were similar to what was previously reported for
Al-pillared montmorillonite (Konstantinou, I. K. et al, 2000; Manohar, D. M. et al, 2006; Salerno, P.

et al, 2002).
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Figure 4.17: Variation of surface area with pore size.

4.3 Conclusion

This study provided a detailed assessment of thgilidring of montmorillonite clay. Abpillaring of
montmorillonite clay resulted in an increase in surface area and a shift of the texture of the pillared
clays to micreporosity. The basal spacings otthillared clays were higher than that obtained for
NaMMT. The basal spacings were found to increase with increase in the OH/AI molar ratio.
According to the XRD results, the optimum OH/AI molar ratio was found to be 2.6 since it had the
highest dspacingHowever, according to BET surface area analysis, the optimum OH/AI molar ratio
was 1.5. Pillaring at pH 2 resulted in a decrease of surface area, probably due to the collapse of clay
sheets upon each other as evidenced by a lovepadng than the origath NaMMT. Ideally, the

pillaring pH should be at least 4.0 and not more than 5.7. Optimum pillaring temperature was found to
be 50 °C since the AIpMMT sample pillared at this temperature had the highest surface area and also
a relatively high espacing. Havever, there was no relationship found between Hspating of

pillared clays with surface area and pore size. The surface area was generally dependent upon porosity
(pore sizes). The greater the pore size the greater the surface area. Microporousptwongeso
materials were successfully prepared. Pore sizes were found to generally decrease with increase in the
OH/Al molar ratio. From the FTIR, TGA, XRD ar8ET surface area analysis,canbe concludel
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that the ideal conditions for the fillaring of matmorillonite clay were: pH 4.3, temperattirés0

°C, OH/Al molar ratio’ 2.3 and Al/clay ratia 10 mmol/g.
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Chapter 5

Preparation of Polymer-grafted Lignocellulose and

Montmorillonite Clay A dsorbents

5.0 Introduction

This chapter describes the procedures followed in the synthesis of payafited (coupled)
lignocellulosemontmorillonite clay nanocomposites. The detailed methods for siygarate
modification of both the lignocellulose and montmorillonite through mpgfof organic groups are
also presented together with the preparation of the homopolyroensghe monomers used for the
modification. The homopolymers weused as control sampleBhe characterization of the prepared
materials was carried out using FTIRGA, SEM, TEM and XRD and the results for the

characterization are reported in Section 5.6.
5.1 Synthesis of homopolymers

5.1.1 Preparation of poly (methyl methacrylate)

The emulsion polymerization of methyl methacrylate (MMA) was carried out in a 250 mL three neck
roundbottom flask with magnetic stirring and a thermometer. Deionised water (1000rOIL}5 g

(4.4 x 10° mol) sodium dodecyl benzene sulfonic acid (DBS) ar@D72 g 8.8 x 10° mol) sodium
metabisulfite (SMBS) were loaded in the reactor and stirred for 30 min. Afterwards, (2/94,3.5

x 10° mol) was added in order to form the emulsion. This was then followed by the addition of the
initiator, ammonium petsfate, AMPS(0.0306 g,1.3 x 10" mol) dissolvedin 10 mL distilled water.
Nitrogen gas was bubbled into the reaction flask for 30 min to evacuate dissolved oxygen with
constant stirring. The nitrogen gas atmosphere was maintained and the mixture edshéat°C

for 4 h after which the mixture was cooled to room temperature. The product was isolated by filtration
through MNG615 filter papers and washed with distilled water. The poly (methyl methacrylate) was
then dried in a ventilated oven for 2dat 3 °C. The PMMA homopolymer was then characterized
using FTIR and TGA.

5.1.2 Preparation of poly (methacrylic acid)
Pure poly (methacrylic acid) (PMAA) was prepared using the following procedure: Methacrylic acid,
MAA (5.0 g,5.8 x 10° mol) was pipettednito 150 mL of a 1:1 (v/v) EtOH/A® solvent mixture in a

250 mL round flask. The mixture was stirred for 30 min, followed by the additiamofionium



persulfate(0.05,2.2 x 10" mol), dissolved in 10 mL of deionized water. Nitrogen gas was bubbled

into the reaction flask to drive out oxygen and the mixture was heated at 70 °Q for 4

The PMAA was precipitated by adding acetonitrile to the reaction mixture. The solvent wad poure
out and the PMAA left to dry in the fume hood for B4In order to purify the PMAA, it was
redissolved in a 1:1 (v/v) EtOH@ solvent mixture and then precipitated using diethyl ether. The
PMAA was dried in a ventilated oven at 50 °C for}&nd washaracterized using FTIR and TGA.

5.1.3 Polymerisation of poly (methacryloxypropyl trimethoxy silane)

Methacryloxypropyl! trimethoxy silane, MP35.0 g,6.0 x 10° mol) was added to 200 mL of a 1:1

viv EtOH:H,0O solvent mixture and mixed for 10 min undeagnetic stirring. Dibutyltin dilaurate,
DBTDL (0.21 g,3.4 x 10" mol) was added and the mixture stirred for another 10 min. The mixture
was then heated to 70 °C and left to react at this temperature forAfter 24 h, the mixture was
cooled to room temperature and the product isolated by filtration. The product was washed with EtOH
to remove any MPS monomer and then dried in a ventilated oven at 50 °C forT2¢ poly
(methacryloxypropyl trimethoxysilane) (PMPS) welsaracterized by FTIR and TGA and the results

are discussed iBection 5.6.2

5.2 Synthesis of polymergrafted montmorillonite adsorbents

5.2.1 Preparation of poly (methyl methacrylate)grafted montmorillonite

The procedure for the grafting of methyl timecrylate to montmorillonite clay was adapted from an
article byAtai, M. et al 2009.The graft polymerization reaction was carried out in a 250 mL three
neck rounebottom flask with magnetic stirring and a thermometer. Sodinananged
montmorilloniteclay (NaMMT), 5.1 gwas slowly added to deionised waf{@00 mL) under high

speed stirring. The vigorous stirring was maintained until all the NaMMT was completely dispersed in
the water. DBS0.0152 g, 4.% 10° mol) and SMBS(0.0075 g, 3.% 10° mol) were addedo the
mixture and stirred for 30 mitMethyl methacrylatéMMA) was then added and mixed for 30 min in
order to form the emulsion. The initiator, AMR&0301 g, 1.3 10* mol) was first dissolved in 10

mL deionised water and then added tofthsk. The system vgpurged with nitrogen gas fof 3nin

to removedissolved oxygen. The nitrogen gésv was maintained and the mixture was refluxed at
60 °C for 4h after which the mixture was cooled to room temperature. The product was isolated by
filtration, washed with distilled water and then dried in a ventilated oven floaR80 °C. In order to
remove PMMA homopolymer, the PMMgrafted MMT (PMMAgMMT) was soxhlet extracted with
tetrahydrofuran (THF) for 24 and then dried at 50 °C.
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The PMMAQMMT was characterized by FTIR, TGA, SEM and XRD, and used for adsorption
studies. The characterization results are reported in Section 5.6.1 and the adsorption experiments

reported in Chapter 6.

5.2.2 Preparation of methacryloxypropyl trimethoxysilane grafted montmorillonite

The method employed in the preparation of MfP&ted montmorillonite was adapted from previous
works (An, F. et al, 2010 and Wang, W., 2010) where MPS was grafted ontpa®iidles. However,

the substrate in this study wasntmorillonite clay. NaMMT (5.0 g) was dispersed in 200 mL of a

1:1 v/v EtOH:HO solvent mixture under high speed magnetic stirring foof until all the NaMMT

was homogeneously dispersed. Methacryloxypropyl trimethoxysilane (N®5)g,1.4 x 10° mol),

was added to the clay dispersion and mixed for 10 min. Dibutyltin dilaurate, DBORL §,3.4 X

10* mol) was added and the mixture stirred for another 10 min. The mixture was then heated to 70 °C

and reacted at this temperature foh24

After 24 h, the mixture was cooled to room temperature and the product isolated by filtration. The
product was washed with 50 mL of EtOH to remove unreacted MPS and then dried in a ventilated
oven for 24h at 50 °C Tetrahydrofuran (THF) was used for sathéxtraction (24) in order to

remove the free MPS as well as the homopolymerised silane together with the catalyst. The product
was dried at 50 °Gor 24 h and then charactedd by FTIR, TGA and XRD, and the results are
presented in Section 5.6.2. TMPSgrafted MMT (MPSgMMT) was further modified with poly
(methacrylic acid) to give the poly (methacrylic aejgiafted MMT as described below.

5.2.3 Preparation of poly (methacrylic acidjgrafted montmorillonite

Though poly (methacrylic acid) (PMAA) hdeen applied widely in water treatment, it is said to be
unstable under shear. It is also reported to contain toxic residual monghienscould cause severe
secondary environmental pollution problems (An, F. et al, 200igrefore, it isnecessaryhat the

PMAA be covalently attached to the NaMMT backbone so that there is no leaching of toxic materials
into the water. The direct grafting of methacrylic acid (MAA) onto MMT was assessed in this study,
and proved to be quite difficult. A twstep grafting ppcedure (as described by Liu, P. et al, 2007)

was eventually used for the grafting of PMAA onto NaMMT as described below.

The procedure used for the preparation of poly (methacrylic-gcidjed MMT (PMAAgMMT) was
adapted from the work by An, F. et 2010 and Wang, W., 2010. Sodium dogl benzene sulfonic
acid, DBS (0.0152 g, 4.7xf0“nol) was first dissolved in 150 mL of deionized water in order to aid
the dispersion process. Methacryloxypropyl trimetlsibapnegrafted montmorillonite MPSgMMT

(5.0 g was dispersed under high speed stirring in the solution abovehfoEthanol was added to

129



improve the wetting properties of MPSgMMT. Methacrylic a@d g, 4.1x 102 mol) was measured

and added into the dispersion above and mixed for 30 min. Ammonium persANHRS (0.0746 g,

8.7x 10" mol) was dissolvedh 10 mL of deionised water and added to the mixture. Nitrogen gas was
bubbled into the reaction flask to provideinart environment. The mixture was heated at 70 °C for
24 hto effect the reaction of the MAA with the alkene groups of the covalently attached MPS groups.
The product was isolated by filtration, washed with EtOH to remove the PMAA homopolymer and
unreactd monomer. The PMAAgMMT was further washed with 0.01 M NaOH until the pH of
filtrate was about 5. The product was dried at 50 °C foh 24d characterized by FTIR, TGA and
XRD.

5.3 Synthesis of polymegrafted lignocellulose adsorbents

5.3.1 Preparationof poly (methyl methacrylate)grafted lignocellulose

The procedure followed in the grafting of MMA onto lignocellulose was adapted from the work by
RomanAguirre, M. et al, 2004Sodium metabisulfiteSMBS (0.0087 g, 4.6« 10° mol) and DBS
(0.0152 g, 4.% 10° mol) were dissolved in deionised waidi00 mL)in a threeneck rounebottom

flask equipped with a magnetic stirrer. The EtOMDHsoxhletextracted lignocellulosés.2 g) was

then added slowly to the mixture at high speed magnetic stirring. Thareiwas stirred for b or

until all the lignocellulose was homogeneously dispersed followed by the addition of (@MA,

3.5x 102 mol) to formanemulsion. Nitrogen gas wasirgedthroughthe system to evacuate oxygen
and the inert atmosphere was ntained till the end of the reaction. After mixing for another 30 min,
AMPS (0.0346 g, 1.5 10* mol) dissolved in 10 mL of deionised water was added to the mixture and

stirred for 30 min before heating the mixture at 60under nitrogen gas fortd

After 4 h, the mixture was cooled to room temperature, and the product isolated by filtration. The
PMMA-grafted lignocellulose (PMMAgLig) was purified by solvent extraction with 250 mL of THF
to remove PMMA homopolymer and dried at BDfor 24h. The prodict was characterized by FTIR,
SEM and TGA and the resultsportedn Section 5.6.4.

5.3.2 Preparation of methacryloxypropyl trimethoxysilané grafted lignocellulose

Castellano, M. et al, 2004 investigated the grafting of organosilanes to cellulosigrand Their

study showed that the grafting of the organosilanes onto cellulose occurred only in the presence of
moisture, whereas grafting onto lignin occurred even in the absence of moisture. As such, a solvent
mixture of 1:1 v/v EtOH:HO was chosen agported by An, F. et al, 2010. The soxtd&tracted
lignocellulose(10.0 g)was dispersed in 300 mL of a 1:1 v/iv EtOKMHsolvent mixture under high

speed magnetic stirring for h in a 500 mL 3neck round flask. Metlayloxypropyl
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trimethoxysilaneMPS (7.5 g,3.0 x 102 mol) was added to the lignocellulose dispersion and mixed
for 10 min. A catalyst, DBTDI(0.2 g,4.1 x 10" mol) was added and the dispersion stirred for another

10 min. The mixture was then heated to 70 °C and left to react at this temperaturb.for 24

After 24 h, the mixture was cooled to room temperature and the product isolated by filtration,
followed by dryirg in a ventilated oven for 24 THF was used for soxhlet extraction (24in order

to remove the free MPS, homopolymerised silane, as well as the catalyst. Thgrafied
lignocellulose PMPSgLig) was dried at 50 °C for 2dand then characterized by IRTand TGA, and

the results are presented in Section 5.6.5. P SgLig was used for the preparation of poly
(methacrylic acidgrafted lignocellulose (PMAAgLIig) as described below.

5.3.3 Preparation ofpoly (methacrylic acid)}-grafted lignocellulose

MPS-grafted lignocellulos¢5.0 g) was dispersed under high speed stilinrdgionised water for k.
Methacylic acid, MAA (3.5 g, 4.X 102 mol) was measured into the dispersion above and mixed for
30 min. Ammonium persulfatéd.083g, 36 x 10 mol) wasdissolved in 10 mL of deionised water

and added to the mixture. Nitrogen gas was bubbled into the reaction flask to provide an inert
environment and the mixture was heated to 70 °C. The mixture was left to react at 70 °® for 24
effect the reactionf the methacrylic acid on the C=C double bonfithe MPS already grafted to the

lignocellulose.

The mixture was cooled to room temperature and the product isolated by filtration, washed with 0.01
M NaOH until the pH of the filtrate was about 5. It Wwagther washed by soxhlet extraction (using
EtOH) to remove the homopolymer and free monomer followed by drying at 50 °C far Qe
PMAA-grafted lignocellulose (PMAAgLig) was characterized by FTIR and TGA.

5.4 Synthesis of polymegrafted lignocellulosemontmorillonite composite

adsorbents

5.4.1 Preparation of poly (methyl methacrylate)grafted lignocellulosemontmorillonite
nanocomposite

Nanocomposites of MMT and lignocellulose were prepared as follows: SMBS and DBS were
dissolved in deionised water in a thaeeck round bottom flask equipped with a magnetic stirrer.
Soxhletextracted lignocellulose was then added slowly to the mixturerunigh speed magnetic
stirring then followed by the slow addition of NaMMT. The mixture was stirred fotalcompletely
disperse the solids followed by the addition of MMA to form the emulsion. Nitrogen gas was bubbled

into the system to remove oxygendawas maintained till the end of the reaction. After mixing for
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another 30min, AMPS (dissolved in 10 mL of deionised water) was added to the mixture and stirred

for 30 min before refluxing the mixture at 60 under nitrogen gas forht

The mixture vas cooled to room temperature, and the product (PMMARNENIMT) was isolated by
filtration. The product was purified by solvent extraction with 250 mL of THF to remove PMMA
homopolymer and dried at 50C for 24 h. The nanocomposites were prepared at differ
compositions of montmorillonite ranging from 10% to 50% w/w. The amounts of both lignocellulose
and NaMMT were varied as displayed in Table 5.6.

Table 56: Materialsused for the preparation of nanocomposites of different clay loadings.

Mass/g Amount/mol
*Sample
NaMMT  Lignocellulose, SMBS DBS MMA AMPS

Nanc10 0.6091 5.4011 43x10° 45x10 35x10° 1.4x10°
Nano20 1.2065 4.8100 42x10° 56x10 35x10° 1.4x10°
Nano30 1.8079 4.2034 47x10° 51x10° 35x10° 1.4x10
Nanc40 2.4018 3.6002 41x10 46x10 35x10° 15x10
Nano50 3.0109 3.1030 50x10 46x10 35x10° 1.4x10

*The number after Nanoepresents the percentage amount of MMT in the respective sample.

The samples were analysed by FTIR, TGA, XRD and TEM, and the results are presented in Section
5.6.7.

5.4.2 Preparation of methacryloxypropyl trimethoxy silanei coupled lignocellulose
montmorillonite nanocomposite

Soxhletextracted lignocellulose (3.0 gh& NaMMT (3.0 g) were dispersed in 150 mL of a 1:1 v/v
EtOH:H,O solvent mixture under high speed magnetic stirring for 1 hour. Methacryloxypropyl
trimethoxysilane (MPS), about 1.4 x4@nol, was added to the lignocelluleSaMMT dispersion

and mixed for @ min. A catalyst, dibutyl tin dilaurate (2.1 x 4@nol) was added and the mixture

stirred for 10 min. The mixture was then heated to 70 °C and left to react at this temperatute for 24
After 24 h, the mixture was cooled to room temperature and thé&-daigpled lignocellulose

montmorillonite PMPSgLigNaMMT) nanocomposite was isolated by filtration. THF was used as

solvent in soxhlet extraction for 24 in order to remove the free MPS monomer, the
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homopolymerised silane and the catalyst. The MPSHlalIMT nanocomposite was dried at 50 °C
for 24 h and then characterized by FTIR, TGA, XRD and TEM.

5.4.3 Preparation of poly (methacrylic acid)grafted lignocellulosemontmorillonite
nanocomposites

PMAA-grafted lignocellulosenontmorillonite (PMAAgLigNaMMT) nanocomposites were prepared

at different montmorillonite clay loadings. The required amount of {gR®ed lignocellulose was
slowly dispersed in 150 mL of deionized water to which 5 mL EtOH had been added. The EtOH was
added to improve the dispersion lobth the MPSrafted lignocellulose an@MPSgMMT in the

water. After all the solids had been homogeneously dispersed in the water (about 1 hour), MAA was
added and mixed for 30 min, followed by the addition of AMPS. The AMPS was first dissolved in 10
mL of deionized water before adding to the mixture. Nitrogen gas was used to purge the system to
provide an inert atmosphere. The system was heated to 70 °C to initiate the graft polymerization
reaction, and the temperature was maintained fdn, Zfter whichthe mixture was cooled to room
temperature and the product (PMAAgENAMMT) was isolated by filtration. The product was
washed with 0.01 M NaOH solution and then deionized water until the pH of the filtrate was about 5.
The product was further soxhlet edted with EtOH for 24h in order to remove all PMAA
homopolymer and then dried at 50 °C fort4

The amounts of the different reactants used in the synthesis of the nanocomposites are shown in Table
5.7 below. The nanocomposites were characterizé€ltfy, TGA, XRD and TEM.

Table 57: Materialsused for the preparation of nanocomposites of different clay loadings.

Mass /g Amount/mol
*Sample
PMPSgMMT PMPSgLig MAA AMPS

Nanc10 0.6091 5.4012 4.1 x 10 3.6 x 10"
Nano20 1.2128 4.8193 4.1 x 10 3.6 x 10"
Nano30 1.8000 4.2102 4.2 x 10 3.7 x 10"
Nanc40 2.0113 3.1433 4.1 x 10 3.7 x 10
Nano50 3.0119 3.0173 4.1 x 10 3.7 x 10

*The number after Nangepresents the percentage amount of MMT in the respective sample.
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5.5 Characterisation of adsorbents

The samples prepared in this study were characterized by FTIR, TGA, SEM andrXBfder to
determine the morphology of nanocompositbey were further analysed lisansmission electron
microscopy(TEM). TEM analysis wagerformed at the University of Cape Town. TEM was used to
visualize the morphology of the polymegrafted or coupled lignocellulod¢aMMT nanocomposites.

The TEM images were recorded on a JEM 200CX transmission electron microscope (JEOL, Tokyo,
Japan) atm accelerating voltage of 120 kV. Prior to analysis, the nanocomposites were stained with
OsQ, then embedded in epoxy resin and cured foh 24 60 °C. The embedded samples were then
ultra-microtomed with a diamond knife on a Reichert Ultracut S -nticrotome at room temperature

to give sections of about 100 nm thick. The sections were transferred from water at room temperature
to 30@mesh copper grids, which were then transferred to the TEM instrument.

The following section describes the results oi#di from the characterisation of all the materials
prepared in this study as described above.

5.6 Results and discussion

5.6.1 Poly (methyl methacrylate)grafted montmorillonite
The following section describes the possible mechanism for the djrafting of PMMA onto a
substrate, either NaMMT or lignocellulose. A sodium metabisulfite/ammonium persulfate redox

system was used as the initiator for the-fi@dical polymerization reaction.
5.6.1.1Suggested aethanism for the grafting of methyl meathdate to a substrate
Equation 1 describes the free radical generation mechanism of the sodium metabisulfite/ammonium
persulfate system.
H,0 + HSQ + 2S04 Y 3 H.SH2SQ" Q)
The sulfate radical essentially generatesacroradical onto which an incoming MMA monomer

attaches itselfRomanAguirre, M. et al 2004) Chain propagation then occurs with more monomers

getting attached to the growing polymer chain as shown in the following schematic:
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Scheme 3: Graft polymerisation of MMA onto a substrate.

A similar mechanism was expected for the grafting of methacrylic acid onto the different substrates,
but as already stated, the direct grafting of PMAA was unsuccessful as shown by analysis of some of
the prepared samples with FTIR and TGA.

5.6.1.2 FTIR analysisf PMMAgMMT

Figure 5.1 displays the FTIR spectra of poly (methyl methacryiptdfled montmorillonite
(PMMAgMMT). In the FTIR spectrum, the NaMMT showed stretching vibrations at 467, 527, 801,
843, 886, 919, 1045, 1639, 2927, 3436 and 3636 dihese frguencies were attributed to-GiSi
bending, SiO-Al bending, GSi-O asymmetric stretching, ADH-Mg deformation, AIOH-Fe
deformation, OH bending (ADH), S+O stretching, HO-H deformation (interlayer D), -CHs
asymmetric stretching, 4D-H stretching (edsorbed HO) and structural €M stretching vibrations,

respectively Yuan, P et al 2006)

The IR spectrum of grafted MMT showed a stretching vibration at 1733 amd 1436 cr in
addition to the bands listed above. To check if the PMMA was covalettdghed to the MMT, the
grafted MMT was extracted with THF for 48before analysis wlh FTIR. This procedure should

removefree PMMA homopolymer that formed during the grafting reaction.
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Figure 5.1: FTIR spectra &faMMT, PMMA and PMMAgMMT.

The persistence of thstretching vibrations at 1733 €nfC=0 stretching vibration) and 1453 ¢
O-CH; asymmetric deformation) in the THF extracted prodtanfirmedthat methyl methacrylate
groups were covalently attached to MMT during the grafting proé&geridranS. et al 2001)

5.6.1.3 Scanning el&on micrscopyof PMMAgMMT

Scanning electron microscopy showed marked differences in morphology betwé¢smMMIT and
PMMA-grafted MMT as displayed in Figure 5.2.
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Figure 5.2: SEM miagraphs for NaMMT (left) and PMM@MMT (right) at a magnification of
50000X.

The ungraftedNaMMT sample showed a relatively smooth surface, whereas the soxhlet extracted
PMMAgMMT had rough surfaces {th cavities) which must have been due to the attached PMMA

particles (see Figure 5.2).

5.6.1.4 Thermogravimetric analysi$ PMMAgMMT

Figure 5.3 displays the thermograms of PMM¥MMT and PMMAgMMT. The thermogram of
PMMA indicated that the decomposition started at 250 °C and continued up to about 420 °C (Figure
5.3). Above 430 °C, all the PMMA was completely decomposed. The thermogram of NaMMT
showeda two stepdegradation processit 66120 °C (loss of adsorbed water) and &7 °C
(dehydroxylation of the clay structur@initha, N. N. et al, 2006)The greater mass lobstweer270

and 400 °C for the PMMAgMMT than the NaMMT was due to the decomposition of the grafted
PMMA. The gafting efficiency was estimated from the mass loss at temperatures between 270 and
390 °C. This calculation indicated that PMMAgMMT contained about 9.0 mass % PMMA.
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Figure 5.3: Thermograms of PMMAlaMMT and PMMAgMMT.

5.6.1.5X-ray diffraction analysiof PMMAgMMT

Figure 5.4 shows the XRD patterns for the NaMMT and the PMMAgMMT. The characteristic basal
refl ection peak of NaMMT occurred at 2d = 6.2
PMMAgMMT occur r guhsalspacing@d15.86A)5 . 8 8
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Figure 5.4XRD patterns of NaMMT and PMMgMMT.
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There was a shift of the peak to | ower 2d angl e

with PMMA. This suggested that PMMA wazartially intercalaéd and polymeriezd within the
interlayer space of the NaMMT.

5.6.2 Methacryloxypropyl trimethoxysilane-grafted montmorillonite
The mechanism for the grafting of MPS onto a substrate is described in Section 5.6.2.1. Unlike the
mechanism described above for the graftingP®MA, the reaction here followed a condensation

mechanism.

5.6.2.1Suggested aethanism for the grafting of MPS oil@aMMT substrate
The grafting process entails the-@itu hydrolysis of the MPS and then the condensation reaction of
the silanol (MPSi(OH) with the silanol or aluminol groups on the surface of the MMT. The reaction

can be summarised as shown in Scheme 5.2:

\
—0o_ 0 \
@VT>—OH + g AP N @MB—0 0 o || + cror + Ho
O\ N\ ﬁ CH; O/ \/\/ \T CH,
° 0

Scheme 5.2: Grafting of MP@1to montmorillonite clay by condensation.

5.6.2.2 FTIR analysisf PMPSgMNMT

Figure 5.5 shows the FTIR spectra of NaMMT, poly (methacryloxypropyl trimethoxysilBiMyS
andPMPSgMMT. The vibrational peaks for NaMMT have already been disclissgection 5.6.1.2

For thePMPSgMMT spectrum, the vibrational peak at 2959'amas assigned as the methyl (EH
asymmetric stretching and the vibrational peak at 288%7was ascribed to the symmetric stretching

of the samepeak(Costa, R. O. R. et al, 2002). Peaks due to the asymmetric and symmetric bending
vibrations of the metl (CH5-) groups were observed at 1468 and 1394, aespectively (Costa, R.

O. R. et al, 2002).
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Figure 5.5 FTIR spectra of NaMMT, poly (methacryloxypropyl! trimethoxy silane) BMPPSgMMT.

The alkenyl (C=Ctretching vibration was superimposed over the bending vibration of-thédH
around 1638 crh (Glnzler, H. et al, 2002). The peak at 172I'amas attributable to the carbonyl
(C=0) stretching vibration of the ester group of the grafted MPS (Costa, R. €.al, 2002). The
presence of this functional group (after soxhlet extraction of the sample with THF) indicated that the
graft polymerisation of MPS onto the NaMMT structure was successful. The grafting of MPS onto

MMT was further assessed by TGA.

5.6.2.3 Thermogravimetric analysis PMPSgMMT

Figure 5.6 displays the TGA thermograms of NaMMT, PMPSRMBSgMMT. PMPS showed only

a single decomposition step centred at 450 °C. The decomposition started at about 300 °C until a
charcoallike residue was ohined at 615 °C. Its decomposition undex dil not result in ash as
observed with lignocellulose and the other polymers, rather, a charcoal black solid was observed, and
that explains the approximately 55% mass loss registered in the thermogram aiiter toe2®0 °C.

Tiwari, A. et al, 2004 found similar results for the degradation of poly (methylphenyl siloxane).

NaMMT showed two decomposition steps as explained earlier WMIRSgMMT displayed three
decomposition steps in the temperature regiong:280 200460 and 49730 °C. The first mass loss
(59 °C) was attributed to the removal of volatile organics as well as adsorbed water. The second mass

140



loss (418 °C) was ascribed to the thermal decomposition of g5 from theNaMMT. The

third step (64 °C) was attributed to the loss of interlayer water, the dehydroxylation of the clay
structure, as well as the decomposition of resi@v#PS compounds.
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Figure 5.6: TGA thermograms of NaMMPMPS andPMPSgMMT.

The amount oPMPS grafted to th&laMMT was determined from the mass loss of BMPSgMMT

in the temperature range of 200 to 430 °C. The mass loss for the NaMMT in the same temperature

region was subtracted from the mass loss oPMBSgMMT in order to get the actual masPMPS
grafted. The amount oPMPS grafted was found to be about 16%suming no physical or chemical
interaction between the PMPS and NaMMhe samples were further analysed by XRD.

5.6.2.4 Xray diffraction analysiMPSgMMT

The XRD patterns of NaMMT aneMPSgMMT are bown in Figure 5.7. There was no change in the
position of the basal reflection peak of montmorillonite after modifying the NaMMTRMRS. This

might imply that the®MPS did not intercalate the interlayer space of the clay, rather, it was grafted on
the surface or edges of the clay sheet#ewever, the basal reflection peak just broadened after
modification with PMPS which might suggest a reduction in crystallinity. Piscitelli, F. et al, 2010
observed a shift to | ower Xk daftera silygatioa ©f NaMMT.t h e
Differences can be attributed to the different experimental conditions used in the studies.
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Figure 5.7: XRD patterns of NaMMT afMPSgMMT.

5.6.3 Poly (methacrylic acidjgrafted montmorillonite

NaMMT was first grafted withPMPS which has a reactive group (C=C bond). MAA was then
covalently attached onto tH®MPS molecules already grafted onto the NaMMT via the C=C bonds.
The mechanism for the grafting BMPS to a substrate has been described above. The next section
describeghe mechanism for the grafting of PMAA orRMPS-modified NaMMT.

5.6.3.1Suggested athanism for the grafting of methacrylic acidfIPSMMT

The grafting of PMAA toPMPS-grated NaMMT probably followed a freadical mechanism, and

was carried out undexqueous conditions. The generation of the sulphate radical is more or less the
same as described above in Section 5.6.1.1. The generated sulphate radical can initiate reaction on the
C=C bonds of the grafteBMPS or the C=C bond on the MAA units. The feliag schematic
summarises the grafting of MAA onBMPS-grafted NaMMT.
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Scheme 5.3Grafting of PMAA to PMPSgMMT.

5.6.3.2 FTIR analysisf PMAAgMMT
Figure 5.8 displays the FTIR spectra of PMARVIPSgMMT and PMAAgMMT. The spectra of

PMAA andPMPSgMMT were included for comparison purposes.
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Figure 5.8: FTIR spectra of PMARMPSgMMT and PMAAgMMT.

The FTIR spectrum foPMPSgMMT has been discussed in Section 5.6.2.2. The PMAA spectrum
showed a broad peak spanning from 2700 to 3300 wich is attributable to the OH stretching

vibration. The broadness is due to the hydrogen bonding common in carboxylic acids and possible
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overlap with the peak of the-B stretching vibration. The spectnuof PMAAgMMT showed a
strong band at 1720 ¢hascribed to the C=0 stretching vibration of either a carboxylic group (from
PMAA) and/or ester linkage (froRMPS). The ester C=0 vibratiofPNIPS) could be overlapping
with the carboxyl C=0 vibration. The bdwt 1268 cri (relatively low intensity compared with that
of PMAA) was ascribed to the -O stretching vibration coupled with -B in-plane bending,
associated with the acid dimer of th€ QOH group) from the grafted PMAA (McNeill, I. C. et al,
1995; Dong J. et al, 1997; Polacco, G. et al, 2000he assignment of peaks for PMAA and
PMAAgMMT spectra is summarised in Table 5.8.

Table 5.8: FTIR peak assigrent for the PMAA and PMAAgMMT.

Wavenumber /cmi’* Assignment Reference

3436 OH stretching vibrationof water (Polacco, G. et al, 2000)
molecules associated with the COO

3248 OH stretching vibration of the COOF Gunzler, H. et al, 2002

2959 CH, or CH stretching Dong, J. et al, 1997; Tang, E.

al, 2006

2585 O-H stretching vibration carboxylii Erhardt, R. et al, 2003; Glnzle
aciddimmers H. et al, 2002

1711 C=0 stretching vibration of saturate Gunzler, H. et al, 2002
dimeric carboxylic group

1640 possibly HO-H bending or C=C Ginzler, H. et al, 200Z;osta,
stretching vibration from residus R. O. R. et al, 2002
MAA

1547 Anti-symmetric deformation vibratiol Tang, E. et al, 2006
of C=0 in COOH

1479 C-O stretching coupled with @ in- Gulnzler, H. et al, 2002
plane bending

1387- 1453 Symmetric deformation vibration ¢ Tang, Eet al, 2006; Gunzler,
C=0in COOH H. et al, 2002; Kurt, A. et al,
2009
1268 C-O stretching vibration Gulnzler, H. et al, 2002

The peak at 1268 ch{PMAAgMMT) was not present in thi@MPSgMMT spectrum. The broad band
at 2584 crit (associated with the carboxyh@ stretching vibration) was found to be present in both
PMAA and PMAAQ-MMT but not inPMPSgMMT. These findings show that the grafting of PMAA

ontoPMPSgMMT was carried out successfully.
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5.6.3.3 Thermogravimetric analysi$ PMAAgMMT

Figure 5.9 shows the TGA thermograms of PMARMPSgMMT and PMAAgMMT. Both
thermograms of PMAAgMMT an®MPSgMMT showed three degradation steps. For PMAAgMMT,

the degradation steps occurred at temperatures 68, 395, and 626 °C wiidPBgMMT, the
degradation steps occurred at temperatures 63, 419 and 678 °C. The corRplbEgMMT
displayed a relatively higher thermal stability compared with PMAAgMMT. The thermogram of
PMAAgMMT showed a greater mass loss compared withPMEPSgMMT. The amount foPMAA

that was grafted could be calculated from the mass loss in the temperature region 200 to 430 °C, and

g, found to be about 8%. This again showed that the grafting of PMARMRSGMMT had been
sarried

t successfully. The increased mass lossdegon the thermogram of PMAAgMMT was
&presence of grafted PMAA.

attribed to
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Figure 5.9 TGA thermograms of PMAAPMPSgMMT and PMAAg-MMT.

5.6.3.4 Xray diffraction analysi®MAAgMMT

The PMAAgMMT was further analysed by XRD and the diffractograms are shown in Figure 5.10
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Figure 5.10 XRD patterns of NaMMTPMPSgMMT and PMAAgMMT.

The grafting of PMAA ontoPMPSgMMT did not result in a change in the position of the basal
reflection peak of montmorillonite. The XRD patterns RMPSgMMT and PMAAgMMT looked
almost the same (see Figure 5.10)is suggests that grafting occurred onto the edges of the NaMMT

clay, there was no intercalation

5.6.4 Poly (methyl methacrylate)grafted lignocellulose
The grafting of polymers was expected to occur on the OH groups of the lignocellulose (Hill, C. A. S.
et al, 2000) via the mechanism described in Section 5.6.1.1.

5.6.4.1FTIR analysisof PMMAgLig

Figure 5.11 displays the FTIR spectra of PMMA, lignocellulose and PMjkéfted lignocellulose.
The spectrum of the raw lignocellulose showed stretching vibrations at 10651887 cnif, 1621
cmi?, 2955 cnit and 3435 c. Theseare attributed to @-C skeletal vibration, @ bending, HO-H

bending (absorbed water);K stretching and hydroxyl stretching, respectively.

The soxhlet extracted PMM4#rafted lignocellulose showed the abdighlighted peaks for raw
lignocellulose asvell as two extra peaks at 755 ¢mnd 1732 cm. These peaks are characteristic of
PMMA. It can also be observed that theHObending peak at 1387 ¢his relatively more intense for
the lignocellulose blank sample than for the PMigrafted lignocellulos. This can be attributed to
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the bonding othe MMA monomer to some of the OH groups during the free radical polymerization
reaction leavingfewer OH groups exposed in the grafted lignocellulose, hence the redu¢eéd O

intensity in the grafted lignocellulesFTIR results show that PMMA was grafted onto lignocellulose.
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Figure 5.11: FTIR spectra of lignocellulogggMMA and PMMAgLig

5.6.4.2 Scanning electron microscafyPMMAd-ig

The grafting of PMMA tdignocellulose was also assessed using scanning electron microscopy and
Figure 5.12 shows the micrographs of unmodified and PMitAlified lignocellulose samples. The
micrographs of the unmodified and modified lignocellulose showed different morpholddies.

PMMA particles attached to the lignocellulose can be seen in the modified lignocellulose sample.
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Magnification4300X.

SEM was employed in the assessment of the grafting of polymers to lignocellulose in the past. Such
studies include the work by Gangopadhyay, R. et al, 2000; Réwmainre, M. et al, 2000 and Ojah,

R. et al, 2006 irwhich they observed similar changes in the morphologies of lignocellulose and silk
after modification.

5.6.4.3 Thermogravimetric analyss§ PMMAgLIig

The grafting of PMMA onto the lignocellulose was also assessed by AGAumber of authors
(GangopadhyayR. et al, 2000; RomaAguirre, M. et al, 2004 and Ojah, R. et al, 2006) have used
thermogravimetric analysis as a tool to assess the grafting of polymers onto lignocellulose. Figure
5.13 shows the thermograms of pure PMMA, raw lignocellulose and the Ritfred

lignocellulose.

It was observed that PMMA thermally degraded in the same temperature region as both the
unmodified and the PMMAyrafted lignocellulose. However, all the PMMA was completely degraded

at a temperature of about 420 °C. The unmodifigdocellulose showed a similar degradation
thermogram to that of the PMMgrafted lignocelluloses although the unmodified lignocellulose
showed slightly higher thermal stability than the grafted lignocellulose. Gangopadhyay, R. et al, 2000
and Ojah, Ret al, 2006 reported an increase in the thermal stability of lignocellulose following
grafting with PMMA. RomarAguirre, M. et al, 2004 also found that the grafting of lignocellulose
with PMMA resulted in a reduced thermal stability. The reduced thermlailist was attributed to

the strong oxidative activity of potassium persulfate. Ojah, R et al, 2006 used a CdS photocatalyst
(which might be not as oxidizing as potassium persulfate or ammonium persufate) for the grafting
process, and that might explairhyvthey observed an increased thermal stability of their polymer

grafted silk material.
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Figure 5.13: Thermograms of pure PMMA, lignocellulose ang PMiuafted lignocellulose.
Gangopadhyay, R. et al, 2000 carried out ptgvadting of PMMA to, sisal fibres using oxalic acid. In

this study, ammonium persulfate was used as an initiator for the grafting reaction. The reduced
thermal stability observed in the grafted lignocellulgsespared in this study can be attributed to the
effect of the ammonium persulfate. The grafting efficiency was determined by gravimetric analysis

and the efficiency achieved under the conditions repdmtdus studywas about 17%.

5.6.5Methacryloxypropyl trimethoxysilane-grafted lignocellulose
The mechanism for the grafting of MPS onto lignocellulose is the same as described for the
preparation oPMPSgMMT (see Section 5.6.2.2). The only difference is the substrate.

5.6.5.1 FTIR analys of PMPSgLig

Figure 5.14 below shows the FTIR spectra of lignocellulose and-gi&&d lignocellulose. The
peak at 1720 cthin the PMPS-grafted lignocellulose was ascribed to the C=0 (unsaturated ester)
stretching vibration of the grafted MPS. The p@&Kkl620 crit was ascribed to the C=C stretching
vibration which overlapped with that of the®H bending vibration (1638 cf.

The-CH,- asymmetric stretching vibration can be observed at 2932acmh the symmetric stretching
vibration of the same at 2855 ¢nilThe stretching vibration of the-8-C group can be observed at

1055 cm' and this overlapped with the-@-C stretching vibration from the lignocellulose. The
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presence of the C=0 stretchimipration (of the conjugated ester group) in the tetrahydrofuran
extracted MPSyrafted lignocellulose sample showed that the grafting of MPS had been carried out

successfully.
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Figure 5.14: FTIR spectra of lignocellulos®1PS andPMPSgLig

5.6.5.2 Thermogravimetric analysi§ PMPSgLig

MPS-grafted lignocellulose was also analydsdTGA and the thermograms are displayed in Figure
5.15. The thermogram of pure poly (methacryloxypropyl trimethoxysilane) has been discussed in
Section 5.6.2.3. There was significantdifference in the thermal stabilities of the raw lignocellulose
and the MPSyrafted lignocellulose. The slight increase in the thermal stability of the-gui&fted
lignocellulose could be due to single MPS units grafted on the lignocellulose, wherdaghite

thermal stability of the MPS is due to the formation of silicon cardesides
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Figure 5.15: Thermograms linocellulose PMPS and RIPSgLig

The results obtained from TGA again suggested that the grafting of lignocellulose with MPS was
carried out successfully. This is different from what was observed for the grafting of PMMA to

lignocellulose were the thermograms showed higher stability for the raw lignocellulose than the
PMMA-grafted lignocellulose.

5.6.6 Poly (methacrylic acidjgrafted lignocellulose

Poly (methacrylic acidyrafted lignocellulose was prepared via a possible-riadieal graft
polymerisation reaction. The mechanism for the grafting of MAA onto igR8ed lignocellulose is
the same as that described in Section 5.6d8.the grafting of the same RFMPSgMMT.

5.6.6.1 FTIR analysisf PMAAgLig
Figure 5.16 displays the FTIR spectra of the raw lignocellulose, PMAA and Pijtaited

lignocellulose. The spectra of PMAA and raw lignocellulose were included for ease of mmmpar
and assignment of peaks.
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Figure 5.16 FTIR spectra ofignocellulose PMAA and PMAAgLig

For the PMAAgrafted lignocellulose, the peak at 1717 coan be attributed to the C=0 stretching
vibration of the carboxyl groups from the grafted PMAA (Tong, M. et al, 2007). The band at 1182
cmi' was assigned to the-G symmetric stretching vibration. The band at 1061" evas ascribed to
C-O-C stretching vibation (Wang, L. et al, 2007). The presence of the carboxylate C=0 stretching
vibration peak at 1717 c¢hin the PMAAgrafted lignocellulose sample showed that the grafting of
PMAA onto MPSgrafted lignocellulose was carried out successfully.

5.6.6.2 Thamogravimetric analysisf PMAAgLIig
The PMAAqgrafted lignocellulose was further analysed by TGA and the thermograms of raw

lignocellulose PMPSgLig and PMAAgrafted lignocellulose are shown in Figure 5.17.
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explained in terms of the oxidative effect of ammonium pexsulfate on the-nv@8ie
t al, 2004)However, the

se as described in Section

lignocellulose fibres during the grafting with MAROmManrAguirre, M.

oxidative activity did not occur to the sametent as on the raw lignocell
5.6.4.3 for the grafting of methyl methacrylate. The presence of the grafted MPS on the lignocellulose

offered some kind of stabilizing effect.

The TGA results further confirm that the graftio§f PMAA onto lignocellulosg was carried out
successfully.Both FTIR and TGA results showed that PMAA was covalerkly attached to the

lignocellulose backbone.
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5.6.7 Poly (methyl methacrylate)grafted montmorillonite -lignocellulose nanocomposite
5.6.7.1Suggested athanism for the coupling of lignocellulose with NaMMT

After the successful grafting of PMMA onto both montmorillonite and lignocellulose separately,
nanocomposites based on these materials were then prepared. The coupling process of the

lignocdlulose and montmorillonite is summarized in Scheme 5.4.
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Scheme 5.4: Coupling of NaMMT and lignocellulose with PMMA to form a nanocomposite.

The generation of macroradical species has been described in Section 5.6.1.1. It is worth noting that a
range of species can be present and these include: lignoceHBN8&A-lignocellulose,
montmorillonitePMMA-montmorillonite, PMMAgrafted lignocellulose, ungrafted lignocellulose

and ungrafted montmorillonite and PMMgkafted montmorillonite. The PMMA was expedtto act

as a bridge linking the lignocellulose to the NaMMT as depicted in Scheme 5.4.

5.6.7.2 FTIR analysisf PMMAgLigNaMMT

Figure 5.18 shows the FTIR spectrum of raw lignocellulose, NaMMT and a representative
nanocomposite. The FTIR spectra of thiferent nanocomposites (at different clay loadings) did not
show major differences from each other. In addition, there were no new peaks observed apart from
what has already been discussed for the PMiveited MMT and PMMAgrafted lignocellulose. The
presence of the peak at 1734 ¢HC=0 of the ester linkage of PMMA) after soxhlet extraction of the
sample using tetrahydrofuran showed that the grafting reaction had been successful (Castellano, M. et
al, 2004). The presence of the NaMMT in the nanocompaegts shown by the presence of the peaks

at 468 cnt and 530 crit which were ascribed to $-Si and AFO-Si, respectively. The soxhlet
extraction was necessary in order to open up the spaces in the nanocomposite which would act as

adsorption sites for blotheavy metals and organic pollutants.
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Figure 5.18: FTIR spectra of rdignocellulose, NaMMT and PMMAgLigNaMMT nanocomposite.

5.6.7.3 Thermogravimetric analyss$ PMMAgLigNaMMT

The nanocomposites were also analysed GA and the thermograms are shown in Figure 5.19. It

can be seen that the presence of NaMMT in the lignocellulose matrix resulted in an increased thermal
stability of the nanocomposites. The more the amount of NaMiié greater was the thermal

stability of the nanocomposites.

The raw lignocellulose showed a degradation temperature of about 344 °C whereas the
nanocomposite showed a decomposition of temperature of aBBC. In addition, a greatemass

loss was bserved for the raw lignocellulose than was reedrfr the nanocomposites. Timass loss
decreased with increase in amount of NaMMT in the nanocomposites. Only one nanocomposite
thermogram is shown in Figure 5.19, and this is the nanocomposite prepdf8d.ahe amount of
NaMMT in the nanocomposites could also be determined from the ash that remained after heating the
samples to 900 °C, and this roughly corresponded with the theoretical amount of NaMMT in the

nanocomposite.
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Figure 5.19 TGA thermograms of NaMT, raw lignocelluloS¢ anIzZNPMMABJ\iINaMM
nanocomposites (Nart0, Nane20 and Nan&l0).

5.6.7.4 Xray diffraction analysis

Figure 5.20 below shows the XRD patterns of NaMMT and PMjlafteq lignocelNose
montmorillonite nanocomposite.
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Figure 5.20: XRD pattern of NaMMT and PMMgrafted lignocellulosenontmorillonite
nanocomposite.
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5.6.7.5 Transmission electron microscafy°MMAgLigNaMMT

The nanocomposite was further analysed by transmission electron microscopy (TEM). Figure 5.21
shows the TEM micrograph for PMMAgLiyjaMMT nanocomposite. The micrograph showed that

the NaMMT was dispersed in the lignocellulose matrix at nanoscale. However, the clay sheets are still
quite ordered, confirming the findings from the XRD data already lobéscussed above. It can be
suggested that the product formed was an intercalated nanocomposite.

Lignocellulose martrix

NaMMT clay particles

Ay
R8s

Figure 5.21: Transmission electron micrograph of PMMAgN®MMT nanocomposite.

The basal reflectiopeak of montmorillonite shifted from 6.22° (NaMMT) to 5.88° for the PMMA
grafted nanocomposite. This corresponded to-spating of 15.02° for the nanocomposite from
14.20° (NaMMT). It can be speculated that there was some partial intercalation of thenethlyl
methacrylate) into the interlayer space of the clay sheets.

5.6.8 Poly (methacrylic acidcoupled lignocelluloseclay hanocomposites

5.6.8.1Suggested athanism for the coupling of MRBodified NaMMT and lignocellulose using
MAA

After demonstratig that methacrylic acid can be grafted to b&f#PSgMMT and MPSyrafted
lignocellulose, a nanocomposite based on the modified lignocellulose and montmorillonite coupled
via the poly (methacrylic acid) was prepared bysito graft polymerization. The sanfieee-radical

polymerization process as described earlier was expected to occur during the coupling of the clay to
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the lignocellulose. The following scheme illustrates the proposed coupling process to give the
nanocomposite product. Again, a number of E®ets expected to be present other than the desired

PMAA-grafted lignocellulosenontmorillonite nanocomposite.
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Scheme 5.5Coupling of PMPSgLigNaMMT to PMPSgLigthrough PMAA.

5.6.8.2 FTIR analysisf PMAAgLigNaMMT

Figure 5.22 displays the FTIBpectra of PMAA, MPSrafted lignocellulose and PMA#4rafted
lignocellulosemontmorillonite  nanocomposite. The PMAgkafted nanocomposite showed an
additional peak at 1268 ¢chwhich was assigned 16-O stretching vibration coupled with-B in-
planebending, associated with theOOH dimer (McNeill, I. C. et al, 1995; Dong, J. et al, 1997 and
Polacco, G. et al, 2000). This peak can also be clearly seen in the spectrum of PMAA. Another peak
associated with the presence of the PMAA in the nanocompumitebe seen at 2576 ¢nfO-H
stretching vibration carboxylic acid dimers (Erhardt, R. et al, 2003)) from the grafted PMefe T

was a slight shift of the C=0 stretching vibration peak to higher frequencies in the nanocomposite.
This might be a result dhe loss of C=C bonds as MAA units reacted with the C=C groups of the

grafted MPS, resulting in a saturated ester linkage.

The structural OH stretching vibration (3646 Ymof the MMT was not very visible in the
nanocomposite possibly because of twesence of hydrogen bonded OH groups from the
lignocellulose. FTIR showed that the preparation of PMgxafted lignocellulosenontmorillonite

clay nanocomposite was successful.
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Figure 5.22: FTIR spectra of PMARMPSgLIg andPMAAgLig-NaMMT nanocomposite.

5.6.8.3 Thermogravimetric analyss§ PMAAgLigNaMMT

The nanocomposites were further analysed by TGA. Figure 5.23 displays the thermograms of
PMPSgMMT, PMPSgLig and PMAAgrafted lignocellulosenontmorillonite clay nanocomposite.

The thermograms ?#MPSgMMT andPMPSgLig were included for comparison purposes.

The % mass loss for PMAgrafted lignocellulosenontmorillonite nanocomposite was intermediate
relative to that ofPMPSgMMT andPMPSgLig. Three decomposition steps could be observed at
temperatures: 3020 °C, 220420 °C and 42850 °C. The decomposition steps corresponded to: loss
of water, decomposition of lignocellulose together with the grafted polymers to form char and
decompotion of the solid residue (char), respectively. A greater thermal stability was recorded for
the nanocomposite compared to tRMPSgLig The higher thermal stability shown by the

nanocomposite can be attributed to the presence of NaMMT dispersed gntieeliulose matrix.
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Figure 5.24: XRD patterns of NaMMT and PMAAgENpMMT.

5.6.8.5 Tranmiission electron microscof PMAAgLigNaMMT

Figure 5.25 shows the TEM micrograph of PMAAgINGgMMT nanocomposite. The micrograph
showed the NaMMT stilfairly ordered within the lignocellulose matrix. The PMAAgINGMMT

morphology was comparable with that of PMMAgINaMMT discussed above. However, relatively

poor clay dispersion was observed for the PMAAgN@MMT nanocomposite.

NaMMT clay particles

Lignocellulose matrix

Figure 5.25: Transmission electron micrograph of PMAAgNeBMMT nanocomposite.
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The TEM results confirm the observations made from the XRD results which also showed a highly
ordered, partially intercalated clay structure in the namposite. It can also be seen that the clay
particles displayed some lomgnge order, indicating the presence of strong van der Waals forces

between the clay sheets.

5.6.9 Methacryloxypropyl trimethoxy silanecoupled lignocellulosemontmorillonite
nanowmmposites

5.6.9.1Suggested aethanism for the coupling of lignocellulose to NaMMT with MPS

The following schematic shows the proposed mechanism for the formation ofgMR&]
lignocellulosemontmorillonite nanocomposite. The MPS is shown as the alreattyplizsed silanol

species which undergoes a condensation reaction with the OH groups on both the lignocellulose and
t he NaMMT. The carbonyl (C=0) and -al&aeser pCEECH
for organic pollutants such as chlorophendlenzenes and dyes like methyl orange.

o
O .
Ch L AN Ch o\ /\Si,O— ignocel lul osd
@_OH + o S + HO—(Cignocellulos® ——> I o oR
[ oo :

MPS grafted lignocel lulose/MM T nanocomposite

Scheme 5.6Coupling of lignocellulose and NaMMT through MPS.

5.6.9.2 FTIR analysisf PMPSgLigNaMMT

Figure 5.26 below shows the FTIR spectra of PMPS B S-grafted lignocelluloseNaMMT
nanocomposite. The C=C stretching vibration peak of the hanocomposite was superimposed over that
of the HO-H bending vibration (1635 cm of adsorbed water molecules. The peaks at 2960 and
2930 cnt in the nanocomposite were ascribed to methyle@el,- asymmetric and symmetric
stretching vibrations, respectively. The other bands present in the two spectra have been discussed in
Sections 5.6.2.2 and 5.6.5.1. The presence of the band at 173&€sM stretching vibration of the

ester group) in the nanocomposite after soxhlet extraction with THFeshbat the grafting and/or

coupling of lignocellulose and NaMMWassuccessful.
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Figure 5.26 FTIR spectra of PMPS ai®MPSgLigNaMMT nanocomposite.

The nanocomposite was further characterised by TBA the results are presented in the next

section

5.6.9.3 Thermogravimetric analyss$ PMPSgLigNaMMT

The TGA thermograms of NaMMT, raw lignocellulose amMPS-grafted lignocellulose
montmorillonite hanocomposite are shown in Figure 5.27. It was observed that the nanocomposite
was more thermally stable compared with the raw lignocellulose, but less stable relative to the
NaMMT. The nanocomposite showed a @lstion temperature of 425 °C compared with 343 °C for

the lignocellulose. The increased thermal stability can be attributed to the presbladdMT in the
lignocellulose matrix. The TGA thermogram and the FTIR spectrum of the -dviiftd
lignocellulosemontmorillonite nanocomposite showhat NaMMT was incorporated into the
lignocellulose matrix.It was observed that more residue was recorded for NaMMT followed by
PMPSgLigNaMMT nanocomposite and the least amount of residue was recorded for lignocellulose.

This further demonstrates the relative thermal stabilities of the respective samples.
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Figure 5.27: Thermograms of raw lignocellulose, NaMMT dPdPS-grafted lignocellulose
montmorillonite nanocomposite.

5.6.9.4 Xray powder diffraction analysiBMPSgLigNaMMT
Figure 5.28 displays the XRD patterns of NaMMT a&MPSgLiggNaMMT nanocomposite. There

was a slight shift in the montmorill onPMPS& basal
grafted nanocomposite.
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Figure 5.28: XRD patterns of NaMMT afiPSgLigNaMMT nanocomposite.
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This shift might be as a result of partial intercalation and polymerization of the MPS in the interlayer
galleries of the NaMMT. The -gpacing increased from 14.20 A (NaMMT) to 15.12 A fbe
nanocompositeThe XRD patterns show that the NaMMT clay sheets are still quite ordered in the
nanocomposite as judged from the intensity of the basal reflection peak as well @p#oing. This

might suggest an intercalated nanocomposite or eootimposite (phasseparated).

5.6.9.5 Transmission electron microscapyPMPSgLigNaMMT

The nanocomposite was further analysed by transmission electron microscopy and Figure 5.29
displays the micrograph obtained. The micrograpRMPSgLigNaMMT (Figure5.29) shows some

clay aggregates, as well as hanomsieed clay particles dispersed in the lignocellulose matrix. This
might suggest that the dispersion of the clay particles was not homogeneous, thus giving a phase
separated composite.

miss 24 SRR L0
Figure 5.29: Transmission electron micrograpPPSgLigsNaMMT nanocomposite.

5.7 Conclusion

Novel adsorbent materials (PMMAgLiMT nanocomposite, PMAAgMMT, PMAAgLig,
PMPSgLigMMT and PMAAgLig-MMT nanocomposite) were prepared through condensation as
well as freeradical graft polymerization reactions. The intended modification of the lignocellulose
and MMT separately was achieved as confirmed by FTIR, TGA and XRD. XRD showed some patrtial
intercalation of MMA into the interlayer space of the clay sheEt® same can be said for the

165



nanocomposite adsorbents, which also showed a slight increase in the basal spacing of the MMT clay

sheets. Intercalated nanocomposite adsorbent materials were successfully prepared as shown by FTIR,
TGA and XRD. Modification 6lignocellulose with MPS resulted in improved thermal stability. All

the nanocomposites prepared also showed an increase in thermal stability, which was attributed to the

presence of clay in the lignocellulose matrix. However, modification of lignocsiuldth PMMA

resulted in a slight reduction in thermal stability.
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Chapter 6

Adsorption of heavy metals (Cd" and PI¥*) onto the polymer

grafted lignocellulosemontmorillonite adsorbents

6.0 Introduction

The previous three chapters have dealt with the preparation and characterization of the adsorbent
materials (modified lignocellulose, modified montmorillonite and the polyynefted
nanocomposdés) evaluated in this study. This chapmtetailsthe procedureasedin the evaluation of
the adsorbent materials. The results obtained from the adsorption experiments are presented together

with a discussion, and a conclusion.

The prepared materials veeevaluated for their adsorption properties using synthetic solutions of
heavy metals and organic compounds as pollutants. The heavy metals used in the evaluation are lead

(P and cadmium (Cd) and the organic pollutants are methyl orange and neutral red

The samples evaluated in the adsorption studies are: sedicilanged montmorillonite (NaMMT),
aluminumpillared montmorillonite (AlpMMT), poly (methyl methacrylatgjafted montmorillonite
(PMMAgMMT),  poly  (methyacrylic  acidgrafted  montmorillonite  (PMAAgMMT),
methacryloxypropyl trimethoxysilangrafted montmorillonite FMPSgMMT), lignocellulose, poly
(methyl methacrylategrafted lignocellulose (PMMAgLig), poly (methacrylic acighafted

lignocellulose  (PMAAgLig), methacryloxypropyl trimethoxysilagiafted lignocellulose
(PMPSgLig), PMMA-grafted lignocellulosenontmorillonite (PMMAgLigNaMMT), PMAA-grafted

lignocellulosemontmorillonite  (PMAAgLigNaMMT) and PMPSqgrafted  lignocellulose

montnorillonite (PMPSgLiggNaMMT) nanocomposites.

The adsorption experiments were carried out so as to generate adsorption isotherms and adsorption
kinetics data. The adsorption capacity of each adsorbent was computed from adsorption isotherms and

the kineticmodels.
6.1 Batch adsorption experiments

All adsorption experiments were carried out in 250 mL conical flasks by agitating a given dose of

each adsorbent in the synthetic solution of each model pollutant in deionized water. A mass of 0.10 g
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of adsorbentvas dispersed in 80 mL of the synthetic solution at 25 °C. The mixtures were placed on a
rotary shaker and agitated at 200 rpm for six hours. Aliquots of sample solutions were withdrawn at
set time intervals. The adsorbent was separated by filteringgthucrodisc syringe filters (0.45 um
Supor Membrane) of low protein binding, and the concentration of each heavy metal ion in the filtrate
determined by atomic absorption spectroscopy (AAS). All assays were carried out in triplicate and the
average valuesaken. A Thermo Scientific iCE 3000 Series AA Spectrometer was used for the
determination of the concentrations of Cd (Il) and Pb (ll) in the test solutions.

6.1.1 Adsorption isotherms

The conditions used to generate adsorption isotherms were as faldswbent dosage was 1.25 g
adsorbent per litre of solution; metal ion concentration ranges were 10 to 50 ppm for BotimdCd
PE*: the pH was 5.0 for all the adsorption experiments; the shaking time wasiGuots were taken
after six hours for measement with AAS. The adsorption isotherm studies were carried out
separately for each heavy metal ion. In order to get the concentratiof’ @ @t samples within the
calibration range of 2 to 10 ppm, it was necessary to dilute the samiptdd1@T’he adsorption

experiments were carried out a temperature of 25 °C.

6.1.2 Adsorption kinetics

In order to assess the rate of the adsorption fdn Bof* and PB', experiments were carried out
under the following conditions: amount of adsorbent used was 1.25 g per 1.0 L of solution; the initial
metal concentration for both €dand PB* was 50 ppm; the pH was 5.0 and the shaking time was six
hours. Aiquots of sample solutions were withdrawn at set time intervals and the concentration of each
heavy metal was determined by AAS. The adsorption kinetic studies were carried out separately for
each heavy metal ion. The temperature of the mixtures wasaingidtat 25 °C.

6.1.3 Effect of OH/Al molar ratio on the adsorption of Cd* and Pb**

This section is concerned with aluminitpitlared montmorillonite (AlpMMT). This type of clay has
been widely reported, and is promoted as a potentially effectiveféiognt adsorbent (Altunlu, M.

et al, 2007). However, there is no published study of the effect of the OH/AlI molar ratio on the
adsorption of heavy metals onto AlpMMT. As presented in Section 4.2.3, AlpMMT samples were
prepared at different OH/Al molaratios, and the samples were evaluated for their adsorption

properties in relation to the ratios.
To assess the effect of OH/Al molar ratio on the extent of heavy metals adsorption, about 0.1 g of
AlpMMT of different OH/AlI molar ratios was added to a 25Q gonical flask. A volume of 80 mL

of either Cd (Il) or Pb (ll) solution (10 ppm) was added and the mixture placed on a rotary shaker for
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