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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 resources. Lignocellulose and montmorillonite clay
have been identified as potentially low cost and efficient adsorbent materials for the removal of toxic
heavy metals and organic substances from contaminated water. Montmorillonite clay has good
adsorption properties and 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 treatment and

purification.

The aim of this study was to prepare composite materials based on lignocellulose and montmorillonite
clay and subsequently evaluate their efficacy as adsorbents for heavy metal species and organic
pollutants in aqueous solution. It was also important to assess the adsorption properties of the

modified individual (uncombined) lignocellulose and montmorillonite.

Lignocellulose and sodium-exchanged montmorillonite (NaMMT) clay were each separately modified
with  methyl 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 free radical graft polymerisation and/or condensation reactions. NaMMT was also modified
through Al-pillaring to give AIpMMT. The materials were characterised by fourier transform infrared
spectroscopy (FTIR), thermogravimetric analysis (TGA), scanning electron microscopy (SEM) and
small angle X-ray scattering (SAXS) and characterisation results showed that the modification of the
montmorillonite with MAA, MMA and MPS was successful.

The modified lignocellulose and montmorillonite materials were evaluated for the adsorption of heavy
metal ions (Cd** and Pb*") from aqueous solution by the batch method. The adsorption isotherms and
kinetics of both Cd** and Pb* onto the NaMMT clay, AlpMMT and lignocellulose materials are
presented. The Langmuir isotherm was found to be the best fit for the adsorption of both heavy metals
onto all the adsorbents. AlpMMT showed very poor uptake for heavy metals (both Cd** and Pb*").
PMMAgMMT, PMAAgMMT, PMAAgLig and PMPSgLig showed improved adsorption for both
heavy metals. The mechanism of heavy metal adsorption onto the adsorbents was best represented by
the pseudo second-order kinetic model. PMPSgLig, NaMMT and AlpMMT showed relatively high
adsorption capacities for methyl orange, while the adsorption of neutral 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 pseudo second-order
model was found to be the best 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 of both heavy 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 lignocellulose-montmorillonite 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 PMMAgL.ig-
NaMMT and PMAAgLig-NaMMT, whereas PMPSgLig-NaMMT showed a phase-separated
composite and the same results were confirmed by TEM.

The lignocellulose-montmorillonite composites were assessed for their adsorption properties for
heavy metal ions (Cd*" and Pb?") and dyes (methyl orange and neutral red) from aqueous solution.
Among these composite materials, only PMAAgLig-NaMMT showed a marked increase in the uptake
of both Cd*" and Pb** relative to lignocellulose and montmorillonite when used independently. The
adsorption data were fitted to the Langmuir and Freundlich isotherms, as well as to the pseudo first-
order and pseudo second-order kinetic models. The data were best described by the Langmuir

isotherm and the pseudo second-order kinetic model.

On the adsorption of dyes, only PMPSgLig-NaMMT showed enhanced adsorption of methyl orange
(MetO) compared with lignocellulose and montmorillonite separately. The enhanced adsorption was
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 and Cd®* or Pb* in
aqueous solution. The adsorption process of MetO onto the composite material was found to follow
the Freundlich adsorption model, while the mechanism of adsorption followed both the pseudo first-
order and pseudo second-order models. This particular composite can be used for the simultaneous
adsorption of both heavy metals and organic dyes from contaminated water. The adsorption of neutral
red to the composite materials was comparable and the pseudo second-order kinetic model best

described the adsorption mechanism.
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Chapter 1

Introduction

1.0 Introduction

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

expanded, nearly one billion people do not have safe drinking water (United Nations MDGs, 2008).

As the world population increases, water consumption also increases. Some observers have estimated
that by 2025, more than half of the world population will be facing water-based vulnerability or a
water crisis (Kulshreshtha, S. N., 1998; Rijsberman, F. R., 2006). There are several manifestations of
the water crisis and these include: ground water overdrafting leading to diminished agricultural
returns, regional conflicts over scarce water resources, reduced access to safe drinking water due to
pollution of water resources. The shortage of fresh water also impacts negatively on biodiversity

including aquatic life.

Water pollution is a major problem in the global context and has even been suggested to be the
leading cause of death and disease worldwide (UN-Water, 2010). There are now regulations
governing the disposal of industrial waste 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 water and/or its treatment

before it is discharged into the environment.
1.1 Water pollution

Water pollution has in some cases, been defined as any human-caused contamination of water that
reduces its usefulness to humans and other organisms in nature (United States Environmental
Protection Agency EPA-905-F-97-011, 1997). Most of the pollution of water supplies comes from
anthropogenic sources which include contaminants such as herbicides, pesticides, fertilizers,
hazardous industrial chemicals, detergents, pathogens, heavy metals, organic solvents and textile dyes

that find their way into water supplies.



The recent oil spills in the Gulf of Mexico (USA) and Yellow River (China) and the ‘toxic red sludge
flood” in Hungary serve as examples of human-caused water pollution (Tran, M., 2010; Watts, J.,
2010; Bryant, B., 2011). Apart from such disasters, industrial waterborne waste presents a major
potential hazard to natural water systems. Industrial waste water can contain either organic or
inorganic toxic matter, which is released into natural waterways, and consequently find its way into
water supplies. Organic matter may cause deoxygenation by promoting microbial growth and
inorganic waste may cause eutrophication of water bodies or be directly toxic to the various forms of
life in rivers and other aquatic systems.

1.2 Health risks of heavy metals and organic pollutants

Heavy metals such as cadmium (Cd*") and lead (Pb*") are some of the most toxic inorganic
contaminants found in the environment (Chowdhury, B. A. et al, 1987; Jin, T. et al, 2004). The two
heavy metals are released into the aquatic systems from a number of industries such as metal plating,
smelting, mining, cadmium-nickel and lead batteries, phosphate fertilizers, paint industries, leather
tanning, pigments, textiles and alloy industries as well as from sewage (Kadirvelu, K. et al, 2003;
Kobya, M. et al, 2005; Halttunen, T., 2007). Food is the most important source of cadmium among
the non-smoking population (Nawrot, T. S. et al, 2010).

Exposure to Cd** has been associated with renal damage (Jarup, L. et al, 2000) and osteoporosis
(Kazantzis, G., 2004). Cadmium exposure has also been linked to prostate and renal cancer
(Kazantzis, G., 2004; Nawrot, T. et al, 2010). Both Cd** and Pb** have been associated with adverse
renal and negative bone effects (Alfvén, T. et al, 2002). The permissible limit of Cd*" in drinking

water set by the World Health Organisation 2010 guidelines is 3 pg/L.

Lead (Pb*") accumulation in the body has been reported to disturb processes such as haemoglobin
synthesis, renal function and is reported to cause neurological and behavioural disturbances in
children (Halttunen, T. 2007). It was reported that even low blood Pb*" concentrations have been
associated with cognitive impairment in children as measured by intelligence quotient (IQ) tests
(Committee on Environmental Health: Paediatrics, 2005). Increased bone Pb** concentrations are
associated with attentional dysfunction, aggression and delinquency. Children followed from infancy
with blood lead (Pb*") measurements up to adolescence showed that the effects of Pb?* exposure are
long lasting if not permanent (Committee on Environmental Health: Paediatrics, 2005). Pb** is often
found in drinking water at concentrations over guidelines set by the World Health Organisation

(WHO), 2010 of 10 pg/L. Lead contamination of drinking water often results from the corrosion of



lead-containing plumbing pipes. Cadmium and lead are both 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 industries such as in
metal cleaning and degreasing, dry-cleaning, leather tanning, pharmaceuticals, dyes and paints,
adhesives, aerosols, lubricants, heat-transfer fluids, plasticizers, cleaning solvents and the manufacture
of various chemicals. (Yanga, H. C. et al, 2007). Some chlorinated organic compounds also form
during chlorination. 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
(Zhang, 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 discharged into natural water ways. Most dyes are
claimed to be inert and non-toxic 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
behaviour of 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 investigators concluded that excessive
tartrazine consumption can result in adverse effects on the male reproductive system (Tanaka, T. et al,
2008).

Methyl orange is an azo-dye 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 the release of azo-dyes 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 of aquatic ecosystems. 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

industrial effluent is therefore 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 cost-prohibitive process as the membranes get easily
spoiled requiring frequent replacement (Flemming, H. C., 1997). Chemical precipitation methods 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 are also used at
times but are considered to be cost-effective only for concentrated solutions (Nomanbhay, S. M. et al,
2005).

The process of adsorption has now become one of the preferred methods for the removal of toxic
contaminants from water as it has been found to be effective, economical, versatile and relatively
simple (Garg, V. K. et al, 2004). Adsorption has the additional advantages of applicability at very low
concentrations, suitability for using batch and continuous processes, ease of operation, little sludge
generation, possibility of regeneration and reuse of adsorbents and low capital cost (Garg, V. K. et al,
2004). The adsorption process has acquired global importance for reducing the problem of
contamination of water and air. The 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 both heavy metals and organic pollutants from contaminated water. It
has attractive properties such as large surface area, microporosity, and high adsorption capacity
(Girses, A. et al, 2004). However, its use is limited due to high cost in terms of both 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 search for better, low cost adsorbing materials with 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 occurrence or presence of biological, organic and inorganic pollutants from existing



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 strategy employed depends on the

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

For some organic solvents, technologies such as solvent-vapour extraction, air sparging, steam
flooding, cosolvent/alcohol flooding, surfactant-addition, in situ oxidation, electrical heating,
electrokinetics, in-well 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 destruction via advanced oxidation processes (Lampron, K. J. et al, 2001; Yanga, H.
C. et al, 2007), biological processes, membrane technology, novel adsorbents and chemical oxidation
(Keane, M. A. et al, 2003). Biological oxidation is applicable to biodegradable organics but
conversion is very slow in case of chlorinated organics (Lampron, K. J. et al, 2001; Hoong, L. J.,
2005). Catalytic treatment under non-oxidising conditions is a promising process whereby hazardous
chlorinated organics are converted to reusable products with minimal toxic emissions (Schreier, C. G.
et al, 1995; Keane, M. A., 2003). Other options applicable include reverse osmosis, ion exchange, co-
precipitation and adsorption on activated carbon (Gopal, K. et al, 2004). Reverse osmosis is able to
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 dyes from water include coagulation and
flocculation, electro-floatation, precipitation, ion exchange, membrane filtration, electrochemical
destruction, irradiation, biological (Khehra, M. S. et al, 2005) and ozonation (Garg, V. K. et al, 2004).

Nonetheless, poor 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 toxic chlorinated gases is
highly undesirable. Biological processes (though potentially effective) require well controlled growth

conditions for the microorganisms and may not always be practical (Schreier, C. G. et al, 1995).

The removal of dissolved contaminants 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., 2003; Garg, V. K. et al,
2004).



1.5 Nanotechnology in water treatment

Nanotechnology has found widespread use in areas such as drug research, material chemistry and the
environment, information and communication, heavy industry, consumer goods (textiles and
cosmetics) and energy. Nanotechnology-based methods for water treatment and purification are an

area that is now being widely explored.

Nanotechnology in water treatment includes such techniques as the use of carbon nanotubes as
nanofilter membranes (only water 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 in the removal of a range of
organic contaminants (Crini, G., 2005; Salipira, K. L. et al, 2007). Nanocatalyst-based technologies
such as nanoscale zero-valent iron (Zhang, H, 2006; Tanboonchuy, V. et al, 2010), nanoscale titanium
dioxide photocatalyst (Fujishima, A. et al, 2006; Ahn, W. H. et al, 2007), titanium dioxide
nanoparticle adsorbent (Baumgardner, A. C., 2005), nanostructured iron oxide adsorbent (Hristovski,
K. et al, 2008), as well as magnetic nanoparticles such as magnetoferritin (Dickson, D. P. E. et al,
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 world, they 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 purification throughout the world. The filters are
made of clays mixed with sawdust or wheat flour to increase porosity, and have micro-scale pores
effective for removing bacteria from water (Clasen, T. F. et al, 2004). Such ceramic filters can be
viewed as composites based on clay and lignocellulose. Nanocomposites are being widely
investigated in many industries because of their enhanced properties relative to the properties of their

constituents when evaluated independently.

1.5.1 Nanocomposites

Nanocomposites are a class of composites that are particle-filled polymers for which at least one
dimension of the dispersed particles is in the nanometer scale. Some of these are materials created by
introducing nanoparticles into a macroscopic material. Nanoparticles 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 material. Nanocomposites based on nanoclay

(montmorillonite) 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 achieved (Kord, B. et al, 2010). Such properties include mechanical
strength, resistance to chemical attack, as well as resistance to thermal degradation (Zhao, Y. et al,
2006).

In water treatment, polymer-clay nanocomposites have been used in the preparation of nanofiltration
membranes (Jeong, B. H. et al, 2007) and for adsorption (Khaydarov, R. A. et al, 2010).
Nanocomposites based on cyclodextrines and carbon nanotubes have been prepared and assessed in
the adsorption of chlorinated organics from water (Salipira, K. L. et al, 2007). They were found to
perform better than the conventional material, activated carbon. Poly (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, E. et al, 1995 also reported synthesizing
a nanocomposite of poly (ethylene oxide)-poly (propylene oxide)-Alys-pillared montmorillonite for
possible application in the removal of chlorinated organics from water by adsorption.

The use of synthetic polymers and carbon 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 petroleum monomers
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 biodegradable materials in the development of nanocomposites for
water treatment and purification. This research project seeks to use such materials as lignocellulose

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

Biomass (lignocellulose) 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 widely available. Lignocellulose as a biopolymer possesses many 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 aqueous solution. 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 ion-exchange (Ahmaruzzaman, M., 2008). Simple modification of both
lignocellulose (Ngah, W. S. W. et al, 2008) and montmorillonite (Bhattacharyya, K. G. et al, 2007)
can yield materials with enhanced adsorption properties. Nevertheless, one drawback with the use of
montmorillonite directly is the challenge 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 adsorbents in water
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 Pb®* from 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 material that 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 pollutants from
contaminated water. Therefore, a method or technique where both organic and inorganic pollutants
are removed simultaneously would be highly desirable.

1.6 Problem statement

In this study, nanocomposites based on lignocellulose and montmorillonite clay (which are relatively
cheap materials) are prepared with the hope of achieving materials with enhanced adsorption
properties (through some synergistic adsorbent properties of the individual materials) for use in the
simultaneous removal of both organic dyes and heavy metals from aqueous solution. Such
nanocomposites can also help circumvent problems associated with the handling of nano-scale

montmorillonite clay particles through immobilization on the micron-sized lignocellulose.

1.7 Aims and objectives

The overall aim of this study was to prepare modified lignocellulose, modified montmorillonite and
lignocellulose/montmorillonite nanocomposite materials, perform material characterisation and
evaluate their efficacy as adsorbents for the removal of heavy metals (Cd** and Pb*") and organic

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

In meeting the above goal, the following specific objectives are to be realised:
» To investigate the modification of both lignocellulose and montmorillonite clay through
grafting with polymers (poly (methacrylic acid), poly (methyl methacrylate) and poly

(methacryloxypropyl trimethoxysilane)).

» To increase the surface area of montmorillonite through aluminium-pillaring, and hopefully

improve the adsorption capacity of the clay.



» To couple the aluminium-pillared montmorillonite with lignocellulose using each of the three

polymers highlighted above to form lignocellulose-montmorillonite nanocomposites.

» To evaluate the adsorption properties of the montmorillonite and lignocellulose separately
(before/after modification and as nanocomposites) by carrying out batch adsorption
experiments using heavy metals (Cd*" and Pb**) and dyes (methyl orange and neutral red) as
model pollutants.

» To determine the adsorption capacity of each adsorbent material by applying some commonly
used adsorption isotherms and kinetic models.

» To carry out of competitive adsorption studies of heavy metals mixed together with methyl

orange or neutral red on selected adsorbents.

» To assess the recyclability of selected adsorbents by carrying out adsorption-desorption

experiments.

1.8 Delineation and delimitations of the study

According to Sun, Y. et al, 2002, the purpose of lignocellulose pre-treatment is to remove lignin and
hemicellulose, reduce cellulose crystallinity and increase the porosity of materials. The investigators
observed 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 of the resultant material. Therefore,
in this study, lignocellulose refers to plane tree leaf biomass that has been ground, soxhlet extracted
using an ethanol:water solvent mixture and dried appropriately to a free flowing powder of particle
size of <300 pum. The soxhlet extraction with an ethanol:water solvent mixture was viewed as a gentle
pre-treatment method that would remove water soluble organic compounds, increase the porosity of

lignocellulose but leave the lignin, hemicellulose and cellulose undisturbed.

Aluminium-pillaring of sodium-exchanged montmorillonite (NaMMT) clay was carried out in order
to increase the surface area of the clay, and hopefully the adsorption capacity (Manohar, D. M. et al,
2006). The aluminium-pillared montmorillonite (AlpMMT) clay was intended for use in the
preparation of lignocellulose-montmorillonite nanocomposites. However, due to the poor uptake of

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



1.9 Outline of thesis

This thesis has three main sections and consists of a total of eight chapters. The first section is made
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 and objectives 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 work on their use as adsorbents and the different modifications carried
out on the two materials. The nanocomposites of the two materials and their preparation are 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. This section focuses on the preparation of the adsorbent
materials. Chapter 3 presents the details of the chemical reagents used in this study as well as the pre-
treatment of lignocellulose and montmorillonite clay. A general description of the syntheses and
characterisation techniques are also presented. The characterisation techniques are presented at the
end of the Chapter 3. The detailed procedure followed in the aluminium-pillaring of the
montmorillonite clay is presented in Chapter 4 including the variation of different parameters during
the pillaring process. The second part of the chapter presents the results from the characterisation of
the different aluminium-pillared montmorillonite clay samples prepared. Chapter 5 covers the
procedures used for the grafting 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 lignocellulose-montmorillonite nanocomposites. The grafted materials
and the nanocomposites were characterised using different technigques. Also included are the results

obtained from the characterisation of the polymer-grafted materials and the nanocomposites.

The third section of the thesis consists of 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 metals are reported in Chapter 6 while data (isotherms and kinetics) from 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 adsorption 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 recommendations for future work.
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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 precipitation (USEPA, 2000), evaporation,
reverse osmosis, electrodialysis, phytoextraction and ultrafiltration (Li, Y. H. et al, 2003; Sprynskyy,
M. et al, 2006; Mobasherpour, I. et al, 2011). These technologies are generally practical and

applicable only to concentrated wastewaters but are ineffective when applied to lowly

concentrated wastewaters 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 pollutants 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, 2011). Removal of pollutants by adsorbents is a method which has been reported to be simple
(in terms of operation), cost-effective and efficient for the removal of both organic and inorganic
pollutants from contaminated waters (Nigam, P. et al, 1996; Robinson, T. et al, 2001; Annadurai, G.
et al, 2002).

2.1 Adsorption technology in water treatment

Adsorption has gained importance in water purification. Amongst 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 effluents can be produced (Crini, G., 2005). It is recognized as an effective,

efficient and economic 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 accumulation of certain 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 medium, the salt concentration and the presence of ligands in
the medium. Some of the reported interactions include: ion-exchange, complexation,
coordination/chelation, electrostatic interactions, acid-base interactions, hydrogen bonding,
hydrophobic interactions, physical adsorption 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 industry is the 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, numerous low-cost alternative adsorbents have been

proposed and these 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 include polymeric materials such as polysaccharides. Of great
interest in this category are the cyclodextrin polymers, chitosan and starch. Cyclodextrins possess a
nanoporous structure. The mineral adsorbents are those adsorbents derived from mineral deposits like
activated carbon (from coal), zeolites and clay. Crini, G., 2005 listed some of the types of adsorbents
used in water treatment and these included: activated carbon, zeolites, polymeric materials, clays and
lignocellulosic adsorbents. Dabrowski, A., 2001 classified activated carbon (together with molecular
carbon sieves, mesocarbon microbeads, fullerenes, carbonaceous nanomaterials, etc.) under carbon
adsorbents. There are also other types such as polymer-nanoclay nanocomposite (Montarges, E. et al,

1998), carbon nanotubes (Li, Y. H. et al, 2003), poly (pyrrole)-carbon nanotube nanocomposite (Lin,
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Y. et al, 2006), cyclodextrin-carbon 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 adsorbents in water treatment

Biological adsorbent materials include bacterial or fungi biomass, agricultural waste biomass and
wood biomass. There are many reports in the literature on the use of bacteria and fungi biomass for
the removal of a wide range of pollutants from contaminated water. Such studies include the work by
Yu, J. et al, 2007 in which they assessed the adsorption of Pb®* and Cd* onto cystine-modified yeast
biomass. They reported adsorption capacities of 192 and 65 mg/g for Pb** and Cd?*, respectively.
Denizli, A. et al, 2005 studied the adsorption of chlorophenols onto dead and dried fungus (Pleurotus
sajor caju) biomass. The investigators reported adsorption capacities of 89.40 (phenol), 159.5 (o-
chlorophenol), 189.0 (p-chlorophenol) and 373.2 mg/g (2,4,6-trichlorophenol). Bell, J. P. et al, 1987
reported the adsorption of pesticides (lindane, diazinon, malathion, 2-chlorobiphenyl and
pentachlorophenol) onto Rhizopus arrhizas (fungi) biomass. Antizar-Ladislao, B. et al, 2004 used
bacteria biomass for the biosorption of chlorophenols from aqueous solution. Halttunen, T. et al, 2007
used lactic acid bacteria biomass for the adsorption of Pb®* from aqueous solution and reported an
adsorption capacity of 176 mg/g. There are many other studies performed using 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 heavy 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 special media
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 attracted greater 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 materials in the world. As mentioned in Section 2.3, its
source ranges from 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 material refers 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 expected to
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 pectin (Taherzadeh, M. J. et
al, 2008). The fibrils are covered by lignin which acts as the 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 lignocellulose (Ritter, 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 account for just a 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 following section looks at the chemical structure of lignin in more detail.

2.4.1.1 Lignin

Lignin is a random copolymer of phenyl-propane units which serves as the matrix or glue of cellulose
and hemicellulose (Howard, R. L. et al, 2003). Figure 2.3 displays the chemical 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 and hydroxyl groups.

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

The exposed oxygen centres are expected to interact with heavy metals, while the phenolic groups can
interact with benzenes, chlorophenol and azo dyes. These functional groups make lignin an attractive
adsorbent for water treatment. Lignin constitutes about 20 - 30% of the total plant weight. The

following section discusses the structure of cellulose.

2.4.1.2 Cellulose

Cellulose is a linear polymer of glucose linked via a-1,4-glycosidic linkages and is usually arranged in
microcrystalline structures and is very difficult to dissolve or hydrolyse under ordinary conditions.
Figure 2.4 shows the chemical structure of cellulose. The cellulose content in wood varies between 40

—50% depending on the species.
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Figure 2.4: Chemical structure of cellulose (http://www.doitpoms.ac.uk/tIplib/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 are oriented in the cell wall structure
(Taherzadeh, M. J. et al, 2008). Again, 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 pollutants. 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 has similar chemical or functional groups as
cellulose. Figure 2.5 displays some of the chemical structures of the monomer units found in
hemicellulose.
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Figure 2.5: Chemical structures of some of the monomer units of hemicellulose (Laine, 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 cost. Plant waste is 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 biomass-based adsorbents. The authors highlighted that the most
important groups involved in heavy metal adsorption in Mangrove leaves include -OH, NH,, C=C,
C=0, NO, and C-0O, as determined by FTIR. For other types of biomass like Arundo donax and
Prosopis ruscofilia wood sawdust, the main functional groups were C-OH, C-C, - OH and C-O. 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 showed shifts in the absorption bands of the functional groups.

Most of the adsorption studies have focused on untreated plant waste as reviewed by Ngah, W. S. W.
et al, 2008. A comparison of adsorption efficiencies between chemically modified and unmodified
adsorbents was also reported. In this study, the use of adsorbents obtained from plant waste and their

methods of modification were investigated.

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

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

This section reviews the published works on the adsorption of heavy metals onto lignocellulosic
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 solution. Bhatnagar, A.
et al, 2010 reviewed the potential use of several 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 sugarcane bagasse for the adsorption of metal ions (Cd*", Pb*, Cu®,
Ni?*, Co*" and Mn?*") from aqueous solution. The sugarcane bagasse was first treated with steam by
immersing in water in an autoclave. Adsorption capacities of 9.33 mg/g (Pb*) and 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 washed with 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 use of Syzygium cumini L leaf biomass for the adsorption of Pb*".
The leaf biomass 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 used Juniperous monosperma biomass modified by sulfonation for the
adsorption of Cd** from aqueous solution. Sulfonation was found to double the uptake of Cd** from
aqueous solution compared with the unmodified biomass. An adsorption capacity of about 17 mg/g
was obtained, an improvement of about five times 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 affinity for different xenobiotics. Sawdust has been
used for the removal of Cu (11) 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 cation exchange material had an
adsorption capacity of 20.0 mg/g for Cu (Il). Meena, A. K. et al, 2008 investigated the adsorption of
heavy metals (Cr IV, Pb*, Hg*" and Cu®*) by treated Acacia Arabica sawdust. The sawdust was
treated with NaOH followed by treatment with H,SO,. The authors reported an adsorption capacity of
52.38 mg/g for Pb*",

Baral, S. S. et al, 2006 used chemically treated sawdust 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 (V1) decreased with increase in adsorbent dose and increased
with increase in initial adsorbate concentration. They reported an adsorption capacity of 9.55 mg/g for
Cr (VI). Ahmad, A. et al, 2009 investigated the adsorption of Pb (II) and Cu (II) onto Meranti wood.
The Meranti sawdust was washed with distilled water followed by the immobilization of pigments
and water-soluble substances by treating with formaldehyde solution in a 1:4 ratio (sawdust:
formaldehyde, w/v). The sawdust was observed to poorly adsorb both Cu (I1) and Pb (1) according to
the Freundlich model (which was the best fit for the adsorption data).

Wheat bran has been investigated for the adsorption of Cr (V). 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 assessed for its adsorption properties
towards Cr (1V) after modifying with hexadecyltrimethylammonium bromide (Namasivayam, 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 the biosportion of Pb?" onto cereal chaff. The cereal chaff was not
subjected to any pre-treatment save for drying and then screening with sieves. An adsorption capacity

of 12.5 mg/g was obtained for Pb*" adsorption from aqueous solution.

Orange peels have been 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 citric acid. They reported
an increase in the adsorption capacity after this treatment with adsorption capacities of up to 252 mg
of Pb®* per gram of biomass being achieved. Baig, T. H. et al, 1999 reported the removal of heavy
metals (Pb*, Cd*, Cu®, etc.) by Solanum Elaeagfolium biomass 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/g (Pb**) and 18.9 mg/g (Cd*").

Kumar, U. et al, 2006 investigated the adsorption of Cd (I1) from aqueous solution onto pretreated rice
husks. The rice husk was pretreated separately with NaOH, HCI, Na,COs, and epichlorohydrin for
four hours to give different types of adsorbents. The adsorbed amount of Cd (Il) was found to
decrease after treatment of the rice husk with HCI. Wong, K. K. et al, 2003 investigated the
adsorption of Pb (1) and Cu (lI) onto rice husk modified with tartaric acid. They recorded an

adsorption capacity of 108 and 29 mg/g for the adsorption of Pb (I1) and Cu (Il), respectively.

Bello, O. S. et al, 2010 assessed the adsorption of Pb** ions onto activated carbon produced from palm
oil fruit fibre. It was reported that the adsorption capacity of the activated carbon for Pb** was higher

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

improve the uptake of heavy metal ions from solution.

A lot of adsorption studies have also been conducted using microbial biomass. Many researchers are
currently involved in the investigation of the application of algal and yeast biomass to accumulate and
remove toxic and valuable heavy metals from waste water. The work by Duncan, J. R. et al (WRC
Report No. 616/1/03) details the use of yeast (S. cerevisiae) and algae (Spirulina) for the biosorption
of heavy metals from contaminated industrial waste water. The yeast is a by-product of alcohol
fermentation industries. The authors realized a complete removal of Cu®*, Cr®* and Ni** from
electroplating waste water, whilst on average, 82% (Zn**) and 83% (Cd*") was removed from the
waste water when they used chemically modified yeast biomass.

Halttunen, J. et al, 2007 investigated the adsorption of Pb?* and 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 mass for Cd®* and Pb*", respectively, were achieved.

Li, Z. et al, 2006 assessed the biosorption of Cd** onto Rhodotorula sp. Y11 yeast cells previously
subjected to chemical modification. The chemical modification was accomplished by separately
reacting the yeast 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 achieved. Xie, J. Z. et al, 1996 used bacterial (E. coli) biomass chemically pretreated for
the removal of heavy metals from water. The chemical pre-treatment involved treating the bacterial
biomass with CS,, POCIl;, HOCNH,, NaCO,CH,Cl and Na,SO;. 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 investigated the grafting of baker’s yeast with poly (amic acid) after initially
cross-linking 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 grafting with poly

(amic acid).

The grafted yeast biomass was then evaluated for its adsorption properties by using Pb (I1) and Ni (1)
as model pollutants. The adsorption capacities of the modified grafted biomass were ten times those
of the unmodified biomass. Yu, 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 (Il), Cd (Il) and Cu (Il) compared with the pristine biomass. The authors were also

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

Having reviewed the adsorption of heavy metals from aqueous solution by lignocellulosic materials,
the literature on the adsorption of organic pollutants by lignocellulosic was also reviewed. The next
section gives a review on the adsorption of organic pollutants from aqueous solution onto

lignocellulose based adsorbents.

2.4.2.2 Adsorption of organic pollutants

As stated in 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. Other pollutants such 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 uptake of phenol by low-cost adsorbents like
lignocellulosic material noted that 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 efficiency of about 96%.

Tarawou, T. et al, 2007 reported the adsorption of methyl red onto water hyacinth (Eichornia
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crassipes) biomass from aqueous solution. The water hyacinth was found to have a Langmuir

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

Lignocellulose in the form of bark has been used for the adsorption of phenol. Vazquez, G. et al, 2006
used P. pinaster bark for the adsorption of phenol. Treatment with formaldehyde polymerized and
immobilized water soluble phenols. Izadyar, S. et al, 2007 studied the 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 chitosan, sawdust 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 a ratio of 1:1. 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 sawdust and the chitosan.

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 enhancement in adsorption to the removal of hemicellulose during acid
hydrolysis which opened up the lignocellulosic structure. Elizalde-Gonzalez, M. P. et al, 2008
assessed the adsorption of methyl orange and arsenite onto maize cob biomass. The maize cob
biomass was first 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. The higher removal efficiency
of the quaternary amine treated biomass than that of the acid-treated biomass was attributed to its low

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

Garg, V. K. et al, 2004 investigated the removal of malachite green dye from aqueous solution by
adsorption onto formaldehyde- and sulfuric acid-treated saw dust. The adsorption efficiencies were
comparable with activated carbon at low adsorbate concentration. However, at high concentration,
activated carbon exhibited higher adsorption efficiencies relative to the chemically-modified sawdust.
The adsorption of water soluble organic dyes onto ferrofluid-modified sawdust was investigated by
Safarik, 1. et al, 2007. The authors prepared a 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 acid 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 non-agqueous phase liquids) onto geosorbents (thermally aged natural organic matter).
The authors used biomass including 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 exhibited higher adsorption

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 of
281.1 mg/g for o-chlorophenol and 287.2 mg/g for p-chlorophenol. 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 as a renewable source 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,
babassu and coconut shells in the removal of residual chlorine from water. They reported that only
sugarcane bagasse-activated carbon could remove 100% of the residual chlorine. Nethaji, S. et al,
2011 assessed the adsorption of amido black 10B dye onto lignocellulosic agricultural waste (palm
flower) activated carbon. The palm flower waste biomass was treated for 48 h with concentrated

H,SO, in order to carbonize it. The authors reported an adsorption capacity of 3.68 mg/g.

The removal of basic dye by chemically activated Pathernium biomass was investigated by Lata, H. et
al, 2008. The researchers treated the plant biomass with concentrated sulfuric acid (1:1.5% w/v) at
120 °C and the carbonized material was soaked in 1% sodium carbonate (Na,COs;) solution. 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 adsorption of reactive 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
respective adsorbents. Santhi, T. et al, 2010 investigated the adsorption of methyl red from agueous
solution onto activated carbon prepared from Annona squmosa seed biomass. The authors found a

removal efficiency of about 83% for methyl red adsorption onto the activated 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 to the unmodified 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 both dyes.

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 adsorption of malachite green dye onto char derived from
rice straw. Relatively high adsorption capacities were recorded compared with other low-cost
adsorbents.

Bulut, Y. et al, 2006 used untreated ground wheat shells for the adsorption of methylene blue dye. The
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 mg/g. Bras, I. et al, 2005 used unmodified pine
bark biomass for the adsorption of pentachlorophenol from aqueous solution. Pineapple 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 was washed 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 blue from aqueous
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 243.90 mg/g for 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. The investigators reported adsorption capacities of about 555 mg/g for the 5%
NaOH-treated banana 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 authors reported 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. et al, 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 biomass, respectively.

Elizalde-Gonzélez, M. P. et al, 2008 investigated the adsorption of methyl orange onto chemically
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modified maize cob waste. The maize cob waste-derived biomass 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 that lignocellulose materials can be used as low-cost
adsorbents for both inorganic (heavy metals) and organic pollutants (dyes, chlorophenols, etc.) from
aqueous solution in water treatment. There is quite a vast pool of different types of biomass from
which the lignocellulosic 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 enhance the 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 result in
lignocellulose-montmorillonite nanocomposites 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 would show enhanced 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 material (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 as increase in total organic 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

waste 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 of hydroxyl 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, 2000). The graft
copolymerization method was used to attach new functional groups to the lignocellulosic material so
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 onto lignocellulose follows two mechanisms, i.e. condensation or free-
radical (Gangopadhyay, R. et al, 2000) reaction depending on the reaction conditions and the type of
organic group to be grafted. This section reviews the different types of modification with organic

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 ammonium nitrate. 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 macroradical which then attacks the MA monomer, followed by polymer chain growth on the

PU as follows:
CH,0H CH,0H
+ HY + Cet (1)
O/C
ce  complex (PU- macroradical)
I
PU- + CHy=CH—COOCH; ——> Pu—cl—CHg
COOCH;
P L w 7o
| . .
—> —>PU~{¢—CHj+ [CH— G PU ———>= PUC—CHy~CH,—CT.PU
n
COOCH; COOCH; COOCH; COOCH;

Scheme 2.2: Pullulan macroradical generation and subsequent grafting with poly (methacrylate) (Wu,
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 solvent-free grafting system initiated 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 were pretreated 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 free-radical graft polymerization reaction
(Bianchi, E. et al, 1998). The cellulose was first modified with acryloyl chloride to produce cellulose-
acrylate which was further reacted with acrylonitrile in the presence of azobisisobutyronitrile
(initiator). The initiator decomposes to produce free radicals which then initiate the polymerization
reaction by reacting with the double bonds on cellulose acrylate. The polymer chains grow from the
cellulose backbone to give the poly (acrylonitrile)-grafted cellulose. Typical reactions are shown in
Scheme 2.3.

Cellulose—OH + CH,CHCOCI — Cellulose—O—CO—CH=CH, (1)
(|:H3 ‘ (|3H3
HSC_?_(CHZ‘CFH)mJ Cellulose—O—CO—CH=CH, —>Ce|lulose—O—CO—CH~CH2<C|H—CH2)»(|3—CH3
CN CN CN CN
M1
)
CH; ‘ ?Hs
Cellulose—o—co—éH~CH2<?H—CH2)rc::—CH3 + pCH;=CH—CN—> P(H<|3—HzC}-CIH'CHz<<|3H—CHz>‘<|3—CH3
CN CN CN CIIO CN CN
Cellulose

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

Hernandez-Meléndez. 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 generation of kind 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 of anionic polymerisation.

R—OH +
sawdust— OH sawdust—O~ + Na (1)
Na,CO3
o
s, 0 (IJI o)Lo 0]
sawdust—Q- + cl}‘i? — sawdust—o—c—o—CHz—cHz—o'g»sawdust—o—g—o—CHz—CH lQ
(2)
i
—> ——» ——> sawdust—0—C—O—CH,-CH I(I) CH,-CH 6)H
(3)

Ethylene carbonate grafted sawdust
Scheme 2.4: Grafting of sawdust with poly (ethylene carbonate).
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Ye, J. H. et al, 2010 assessed the modification of sawdust lignocellulose with N-vinylpyrrolidone and
its use in the adsorption of tea catechins from agqueous solution. The initiator, azobisisobutyronitrile,
decomposed to free radicals which reacted with the lignocellulose to generate a macroradical from
which the polymerisation of N-vinylpyrrolidone occurred (Scheme 2.5). The N-vinylpyrrolidone-

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

material.

(|3N CN
sawdust—QOH + 'C-{CHg}] — sawdust—Q- + (llH(CHg) @
sawdust—OQ- , J\ —> sawdust—Q— CH H,C- )

o °
CHZZCH

SaWdUSt—OJECH H2CE| I:HZ—C jlo—sawdust Sawdust—oEH H,C— CH,— c||-|jlo—sawdust
IH n+p

Al mﬁmm“’”

N—vinylpyrrolidone grafted sawdust

Scheme 2.5: Grafting of sawdust with poly (vinylpyrrolidone) (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 organosilanes (y-diethylenetriaminopropyl trimethoxysilane, aminopropyl
trimethoxysilane and y-methacryloxypropyl trimethoxysilane) onto 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 with the cellulose OH groups (forming covalent bonding). Typical

reactions are displayed in Scheme 2.6.

0] \ o

CH H,0 CH OH
O/\/\ > o N 4 aMeoH

’ o’ “o— hydrolysis ’ o' “oH (1)

0 o}
N
Chy A\ _OH heat  ChH ., O—Cellulose
m/ O \/,S'\ + HO—Cellulose —> I o N S + 2H,0
HO OH R—O O—Cellulose
condensation reaction

Scheme 2.6: Hydrolysis of methacryloxypropyl trimethoxysilane and grafting onto cellulose.

34



Abdelmouleh, M. et al, 2004 reported the modification of cellulosic fibres with functionalised silanes
(y-methacryloxypropyl trimethoxysilane, hexadecyltrimethoxysilane, aminopropyl trimethoxysilane
and mercaptopropyl trimethoxysilane). The functionalised silanes were first hydrolysed and adsorbed
onto the cellulosic fibres, which was then followed by subjecting the silane saturated 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 illustrated 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
silane-grafted lignocellulose as a possible adsorbent for either organic or inorganic pollutants.

Castellano, M. et al, 2004 investigated the modification of cellulosic fibres with organosilanes
(cyanoethyltrimethoxysilane and y-methacryloxypropyltrimethoxysilane) 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 groups only
occurred in the presence of moisture which induced the hydrolysis of the silanes. Poly (methyl
methacrylate) was then grafted onto the silane-modified cellulosic fibres. A similar procedure was
employed in this study for the preparation of poly (methacrylic acid)-grafted lignocellulose,
montmorillonite and a poly (methacrylic acid)-grafted lignocellulose-montmaorillonite nanocomposite.

The grafting process is further discussed in Sections 5.6.2.1 and 5.6.3.1.

Another study by Hill, C. A. S. et al, 2000 investigated 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 free-radical polymerization of styrene. Nada, A. M. L. et al, 2007 performed graft
polymerization of acrylamide onto wood lignocellulose and used the grafted material for the
adsorption of metal ions (Cu®*, Cr**, Ni** and Pb?"). The grafted wood pulp showed increased uptake

of the metal ions from solution.

Gangopadhyay, R. et al, 2000 investigated 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 turn
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 (macro-initiator) was prepared. ATRP of the methyl methacrylate and styrene
from the macro-initiator 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 production of

such modified adsorbents, making it economically not viable.

Ojah, R. et al, 2006 investigated the graft polymerization of methyl methacrylate onto Bombyx mori
fibre (natural silk) initiated by a semiconductor-based photocatalyst (CdS). The mechanism involved
the generation of an electron/hole (e/h*) pair under ultraviolet radiation by the semiconductor. The
positively charged hole (h*) transfers its charge to the silk fibre forming a silk macroradical and a
proton (H"). The initiation step involves the reaction of the monomer with the macroradical and the
polymer chain grows ‘from’ the silk fibre backbone as more monomers react. The only difference is
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.

CdShLP e-(CdS) + h+(CdS) 1)
Silk—H + h* — > Silk- + H* @)
T
Silk- + CH22(|:CH3 - > suk_cl;_CH'z €©)
COOCH;s COOCH;
G G oo
> > Silk—Cl—CHé + 'CH2—C|3—SiIk — > Silk—(li—CHz-CHz—Cll—Silk
COOCHg3; COOCH;s COOCHg3; COOCHgs;
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 unstable and Cd?* is known to be toxic.

Roman-Aguirre, M. et al, 2004 investigated the 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 formation of the sulfate free radical

species which then abstracts a hydrogen atom from the exposed lignocellulose hydroxyl groups to

36



form a macroradical (Gangopadhyay, R. et al, 2000). The macroradical then initiates the
polymerization reaction of the monomer from the lignocellulose backbone. The graft polymerization
reaction follows a ‘grafting from’ mechanism. Though methyl methacrylate has been widely applied
in the modification of lignocellulosic materials, there is not a single study on the use of the poly
(methyl methacrylate)-modified 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 preparation 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 pre-irradiating the fibres with ultraviolet radiation. 1-hydroxycyclohexyl-phenylketone was used as
the photo-initiator and 2-methyl-2-propene 1-sulfonic acid (sodium salt) was added to suppress the
formation of homopolymer and to facilitate the graft copolymerisation reaction. As highlighted above,
poly (methacyrlic acid)-grafted yeast biomass was found to show high adsorption capacities for Cd*,
Pb? and Cu?" compared with the unmodified yeast biomass (Yu, J. et al, 2007). The yeast biomass
was first cross-linked with glutaraldehyde followed by grafting with methacrylic acid. 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 montmorillonite, and also as a coupling agent in the

preparation of lignocellulose-montmorillonite nanocomposites.

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

already commercialized for water treatment.

2.5 Mineral 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., 2001). 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 substances,
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 for use as adsorbents 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 adsorbents mainly for heavy metals (Sprynskyy, M. et al, 2006; Faghihian, H. et al, 2009;
Chmielewska, E. et al, 2010). Peri¢, J. et al, 2004 investigated the adsorption of Cu®*, Zn** and Pb*
onto natural zeolite (clinoptilolite) from aqueous solution. Clinoptilolite 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 capacity and nanoscale size and
high surface area in the case of nanoclays. This study will focus on the use of pristine montmorillonite
nanoclay and also metal-pillared montmorillonite nanoclay for the adsorption of pollutants (organic

and inorganic) from aqueous 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 adsorbents due to their high-specific
surface area, high chemical and mechanical stabilities, a variety of structural properties and low cost
(Bhattacharyya, K. G. et al, 2008; Cao, F. et al, 2008). Clays are abundant, have potentially high
adsorption capacities and the 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 classified according to 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), negatively 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 with other 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 adsorption of cadmium (Bouchenafa-Saib, N. et al, 2007). There has been an increasing interest to
utilize clays for the adsorption of not only inorganic, but also organic molecules from agueous

solution (Ahmaruzzaman, M., 2008).
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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 silica sheets in such a way that the oxygens from the
octahedral alumina sheets also belong to the silica tetrahedra (Lomakin, S. M. et al, 2003). The
general formula of montmorillonite clay is My(Al4xMgy)SigO2(OH),4, Wwhere M is a monovalent cation
and x is the degree of isomorphous substitution (Alexandre, M. et al, 2000). The crystal structure of
2:1 phyllosilicates is shown in Figure 2.6.

Isomorphic substitution in either the octahedral or tetrahedral layer by Mg* or AI** results in a net

negative charge 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 origin. These 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 cations (Na®, Li",
Ca™, 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 (~750 m°/g) and an aspect ratio of > 50 than conventional
micro-sized fillers (Turng, L. S. et al, 2003). When completely delaminated, approximately 1 nm-

thick platelets or clay sheets can be obtained.



The following section describes the use of montmorillonite and other clays for the adsorption of

organic pollutants from aqueous solution.

2.6.1.1 Adsorption of heavy metals by montmorillonite

The practical applications of clay nanoparticles as adsorbents suffer from difficulties in solid-liquid
separation in batch adsorption studies and packing complexity or high pressure drop for column
processes. Montmorillonite clay has been used for the development of clay-filled composite

membranes for use 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 ions and the permanent negative charge on the clay, and formation of
inner-sphere complexes through Si—O™ and AI-O" groups at the clay particle edges (Schindler P. W. et
L, 1976; Mercier, L. et al, 1995). Takamatsu, R. et al, 2006 used EXAFS to probe the adsorption
mechanism of Cd** onto montmorillonite. The investigators reported that there are two mechanisms
observed, an outer sphere complexation and a surface precipitation mechanism. Scheme 2.8 illustrates
the formation of innersphere and outersphere complexes during the adsorption of 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 silanol and aluminol
groups are protonated. Therefore, in particular for the latter, acidification can lead to poor adsorption
of heavy metals (Batchelor, B. et al, 1998). Gupta, N. et al, 2009 used pyrophyllite to assess the
adsorption of heavy metals (Pb*, Cu?* and Zn®*) from aqueous solution. The adsorption of heavy
metals was reported to 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 Al-O).
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The amount of heavy metals adsorbed is a function of many other 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 said to be 90% montmorillonite. The adsorption of Zn*" from 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 authors also observed
that the Na-exchanged bentonite was a better adsorbent than the pristine bentonite.

Bouchenafa-Saib, N. et al, 2007 reported on the preparation and characterization of aluminum-pillared
montmorillonite and its application in the adsorption of Cd** 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 Aly; showed greater affinity for Cd** than the mixed Cr/Al solutions. It is not clear whether
the modification of the montmorillonite through Al-pillaring improved the uptake of Cd®*. This study
also sought to compare the performance of Al-pillared montmorillonite and the sodium-exchanged

montmorillonite in the adsorption of Cd** as 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
vlues as well as in the presence of different ligands. The authors found 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 of Si-O" and Al-O™ groups and that results in

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 properties of the clays by modifying them with different techniques. Clays 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, grafting of organic compounds 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 smectites, and lyophilisation, ultrasound, and plasma (de 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, 2008 published a review on the adsorption of heavy metals onto modified
kaolinite and montmorillonite clays. The authors observed that the pillaring of the clays is commonly
done using polyoxy cations of Zr*, AI**, Si**, Ti**, Fe**, Cr**or Ga®*. From their review, it is clear

that acid treatment of clays slightly 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 modified-kaolinite.

The treatment of clay minerals with mineral acids of 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 leaving SiO, largely
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 layers. 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, formation of
cracks and voids in the surface (Bhattachryya, K. G. et al, 2007).

Ayari, F. et al, 2007 reported the adsorption of Pb®* onto bentonite clay ion exchanged to give Al- and
Na-bentonites. The Al-exchanged bentonite showed greater adsorption than the Na-exchanged
bentonite. The authors observed that the uptake of Pb®** was through ion-exchange and surface
adsorption. Barbier, F. et al, 2000 assessed the adsorption of Cd? and Pb®" onto montmorillonite
(MMT) from aqueous solution, and observed that Pb?* adsorption was greater than that of Cd** to the
same adsorbents. The authors also observed that the uptake of both Cd** and Pb* by the
montmorillonite followed an ion-exchange mechanism (by MMT-Na sites) and surface hydroxyl

groups (silanol, Si-OH and aluminol, AI-OH) were responsible for surface complexation.

Yun, L. et al, 2006 assessed the adsorption of Cu®* and Pb®* onto bentonite clay modified with 4'-
methylbenzo-15-crown-5. The modified bentonite gave a higher adsorption capacity than the
unmodified sodium bentonite for both Cu** and Pb*". Adsorption capacities of 21.73 mg/g (Cu®*) and
98.325 mg/g (Pb**) were obtained for the modified bentonite compared with 17.67 mg/g (Cu®") and
64.79 mg/g (Pb*) for the unmodified bentonite. Vermiculite was used as an adsorbent for the uptake
of heavy metals (cadmium, copper, lead, manganese, nickel, and zinc). The influence of organic
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 (Pb**) and 37.71 mg/g (Cd**) were obtained for adsorption onto vermiculite.

Sodium dodecylsulfate-modified montmorillonite was assessed for the removal of Cu** and Zn** from
aqueous solution (Lin, S. H. et al, 2002). It was not clear whether the surfactant-modified clay showed
increased uptake of the two heavy metals from aqueous solution. The authors reported that more Cu®*
was adsorbed compared with Zn?*. Oyanedel-Craver, V. A. et al, 2007 carried out competitive

adsorption of benzene and heavy metals (Pb**, Cd*", Zn**, and Hg**) onto organoclays. The uptake of
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all heavy metals was found to decrease in the presence of benzene. Altin, O. et al, 1998 investigated
the adsorption of Pb* and Cd*" onto calcium-saturated kaolinite and montmorillonite. The clays
(unmodified and calcium saturated montmorillonite) showed a higher uptake of Pb®* compared to
Cd*.

Chen, Y. G. et al, 2010 assessed the adsorption of Cd** onto a Chinese bentonite. The author found an
adsorption capacity of 3.16 mg/g for Cd** adsorption onto the bentonite. The adsorption mechanism
was concluded to be complexation, electrostatic interaction and ion-exchange. Yan, L. et al, 2008
investigated the adsorption of Cd** onto Aly,-pillared acid activated montmorillonite (Al;sPAAMMT)
from aqueous solution. The Al;sPAAMMT showed a higher adsorption capacity for Cd** than
NaMMT and Als-pillared MMT. Again, the adsorption properties of vermiculite were also assessed
by Abate, G. et al, 2005, where the adsorption of Cd®* and Pb** was investigated. The uptake of Pb**
onto the vermiculite was much greater than the adsorption of Cd**. The 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 the adsorption of Pb** and Cr** onto celtek clay from aqueous solution.
The authors reported adsorption capacities of 18.08 mg/g (Pb®") and 21.55 mg/g (Cr®"). Hefne, J. A. et
al, 2010 assessed the adsorption of Ag" ions onto sodium bentonite, and reported an adsorption
capacity of about 100 mg/g. Yu, R. et al, 2008 investigated the adsorption of Cd** onto carbon
modified Al-pillared montmorillonite from aqueous solution. They observed that the pillared clays
showed increased uptake of Cd** compared with the unpillared montmorillonite. Section 2.6.1.2

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

2.6.1.2 Adsorption of organic pollutants by montmorillonite

Liu, P. et al, 2007 published a review on the adsorption of dyes onto natural clay nano-adsorbents.
The authors highlighted that natural, acid activated, calcined and organophilic clays have been
successfully used for the adsorption of dyes from aqueous solution. 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 adsorption of p-chlorophenol onto bentonite and perlite.
The bentonite 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, 2-chlorophenol and xylene onto geomaterial-modified
montmorillonite. The adsorption capacities were 43.05, 44.70, 26.48 and 37.16 mg/g, for the

respective adsorbates.
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Pernyeszi, T. et al, 2006 evaluated the use on organoclay and an aquifer material for the adsorption of
2,4-dichlorophenol. 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 solubility and 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 surfactants and 4-chlorophenol onto montmorillonite clay.
Adsorption capacity was highest for the Cy4-gemini surfactant modified montmorillonite clay, 31.11
mg/g and lowest for C,,-tetramethylammonium bromide modified clay, 14.14 mg/g.

Jiang, J. Q. et al, 2003 investigated 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 Fe/Al-pillared clays and organic
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 observed from the same study that the greater the d-

spacing, the greater the adsorption of both phenol and Cu (1) from aqueous solution.

Lin, S. H. et al, 2004 reported the adsorption of amido black 10B onto pristine and acid-activated
montmorillonite (activated 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 (paraquart and diquart) and 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 aqueous 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 red, fluoresceine
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 of cyclohexane. 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, Cr-pMMT and Al-delaminated laponite. Adsorption

of chlorinated phenols onto Al-pMMT was found to increase with increase in hydrophobicity as well
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as the number of chlorine atoms on the adsorbate. Al-delaminated laponite did not adsorb any

chlorophenols.

Altunlu, M. et al, 2007 investigated the effect of OH/AI molar ratio and Al/clay (mmol/g) ratio on the
adsorption properties of Al-pillared bentonites. They found that the amount of phenol adsorbed
decreased with increase in OH/AI and Al/clay (mmol/g) molar ratios. The HDTMA-bentonite was
found to adsorb more phenol than the Al-pillared bentonite.

Yilmaz, N. et al, 2004 investigated the adsorption properties of tetradecyl- and hexadecyl-ammonium
salt modified bentonites for the removal of phenols from aqueous solution. The surface area of the
bentonites was found to 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 benzene and p-nitrophenol
(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 amount adsorbed also 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
trimethylammonium-exchanged clays (smectite and illite). Both clays were observed to adsorb o-, m-,

p-dichlorobenzene from aqueous solution.

Rawajfih, 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 calcium- and
potassium-saturated smectite clays. The authors concluded that these expandable clays have the
potential of being used as adsorbents for certain pesticides. Torrents, A. et al, 1997 investigated the
uptake of pesticides by Na-montmorillonite and Na-kaolinite. The authors found that the adsorption of

pesticides onto Na-montmorillonite was higher than onto Na-kaolinite.

Wang, C. C. et al, 2004 reported the adsorption of basic green 5 and basic violet 10 dyes onto Ca-
montmorillonite (Ca-MMT) and titanium-exchanged montmorillonite. They found that titanium-
exchanged montmorillonite showed a lower adsorption capacity compared with Ca-MMT. 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) and AB294 (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

aqueous 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 reported adsorption capacities of less than 0.3 mg/g for methyl orange
adsorption onto alginate/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 montmorillonite clay and
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. Anbia, M. et 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
adsorption onto powdered activated carbon at an initial concentration of 25 ppm. Their adsorption
data were best described by the pseudo second-order kinetic model and the Langmuir isotherm. Yu, L.
et al, 2011 reported an adsorption capacity of 36 mg/g for methyl orange adsorption 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 (especially 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 well as in catalysis. 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 Chemically 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 the properties. It can be seen from some of the reviewed work above (Section
2.6.1.2) that metal oxide-pillaring of montmorillonite can improve the uptake of heavy metals and
some organics from aqueous solution. The pillaring of montmorillonite was also explored in this
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 zeolite-like structure. According to Mahboub, R. et al, 2006, the dimensions and
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the characteristics of the pores produced this way depend on a number of factors including: the nature,
size and shape of the intercalated species and the precursor polymerization parameters (e.g.
concentration of the 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 of the octahedral sheet).

Pillared clays have a structure in which parallel two-dimensional silicate layers of the clay are
supported with small particles of metal oxide with a dimension of nano- to subnano-meter size. Figure

2.7 shows a diagrammatic representation of the metal oxide-pillared clay.

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

Microporous to mesoporous clay materials are formed. Pillared clays can provide large surface areas
and pore volumes, which are beneficial for organic compounds and intermediates to reach and leave
the active sites on the surface (Aouad, A. et al, 2005). The pillaring process increases the accessibility
of the clay layers as well as stabilizes the metal oxide particles of nanometer dimension that prevent

aggregation of the clay layers.

The surface groups exposed by these ultra-dispersed metal oxides play a key role in determining the
catalytic and adsorptive properties of pillared clays. The pillared clays have a high thermal stability,
intrinsic catalytic activity and a high surface area (Bhattacharyya, K. G. et al, 2008). Due to their
potential applications as catalysts, supports, selective adsorbents, separating agents, and porous
matrices for encapsulation of specific functional 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 known. These materials are

usually prepared by ion-exchanging 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 metal-pillared 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 prepared silica-pillared clay of mesoporous
structure (pore sizes were in the nanometer range). The prepared pillared clays were found to have
surface areas of between 590 -710 m?/g, basal spacings of 4.76 - 5.62 nm and pore sizes of 3.75 - 4.51
nm. Mao, H. et al, 2009 also prepared silica-pillared clay with ordered mesoporous structure. The
silica pillared clays had basal spacings of 3.7 - 4.3 nm and a uniform pore size of 2.5 - 3.2 nm.
Surface areas of between 567 and 576 m°/g were obtained for the pillared clays. Such silica-pillared
clays have a lot of potential as adsorbents for the removal of toxic chemicals.

Salerno, P. et al, 2002 reported the preparation of Al-pillared clays (AI-PILC) from concentrated
dispersions. The authors assessed the effect of varying the Al/clay ratio on the physicochemical
properties of the resulting AI-PILC. 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. The mixture then dialysed against distilled water until free of chloride ions. The product was
dried and then calcined at 500 °C for 2 h. On heating, the intercalated inorganic species are converted
to metal oxide clusters, generating a stable microporous structure with a high surface area (Sivaiah,
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 the Al-PILCs (Tichit,
D. et al, 1988; Acemana, S. et al, 1999).

Schoonheydt, R. A. et al, 1993 investigated the preparation of Al-pillared clay using both dilute and
concentrated Alys-solutions. The clays investigated included the saponite, hectorite and laponite.
Pillaring of these clays in concentrated Al-solutions resulted in Al-pillared 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 al, 1997 reported on the decomposition of the pillaring species in AlpMMT clays. They
used differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) to follow the
decomposition process. These two techniques can be used to follow the formation of Al,O; pillars in
the interlayer space of the clay. Pires, J. et al, 1997 prepared Al-PILC under the following conditions:
the pillaring solution was aged for 2 h at 60 °C and had an OH/AI ratio of 2 and pH 6. The pillaring

solution was added dropwise to a 0.5% clay suspension.
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Montarges, E. et al, 1998 investigated 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 Alyz polyhydroxycations. The authors
reported that the co-intercalation of PEO improves the hydrolytic stability of Al; ions. In addition,
the alumina-pillared clay derivatives obtained after calcining at 500 °C exhibited higher specific areas
than those pillared in the absence of PEO. It was also observed that the surface area of the materials
prepared only improved after pillaring with Aly3 ions.

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 surface area and pore volume of the pillared clays regardless of the metal ion
used for pillaring. Al-pillared and Zr-pillared clays exhibited higher microporosity than the Ti-pillared
clay. The authors found that aluminum pillared clays prepared with an Al/clay ratio of above 10
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 collapse or destruction of the micropores formed in the pore network of
the clay. In the same study by Chae, H. et al, 2001, pillaring solutions of different OH/AI molar ratios
(1.0 — 3.0) were prepared from 0.2 M NaOH and 0.2 M AICI; solutions. After aging at room

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

Manohar, D. M. et al, 2006 prepared aluminium-pillared bentonite clay (Al-PILC) using natural clay
which contained almost 90% bentonite. The clay was converted into Na*-MMT 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 aqueous 0.2 M AICl;-6H,0 until the OH/AI ratio was equal to
2.4. 1t is reported by the authors (and many others) that at this hydrolysis ratio, Al; is the major
species in solution. After aging, the resulting solution was added to a 1% wi/v aqueous suspension of
Na-exchanged bentonite clay, keeping an Al/clay ratio at 20 mmol/g. An increase in the d-spacing,
porosity and fluffiness of the clay after aluminum pillaring was observed. The authors reported that
pillaring with oligomeric Aly; 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 Al-PILC was found to adsorb more Co (II) from aqueous solution compared
with Na-bentonite. In fact, less AI-PILC was used to achieve a 100% removal of Co (II) 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 reorganization 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 authors also observed that slow air
drying below 60 °C before calcinations, removed most of the physisorbed water and leads to highly
ordered materials. However, pillaring of the clay with an Al/Fe solution did not result in surface areas

and porosities different from pillaring with pure Al,5 solution.

De Carvalho, M. B. et al, 1996 characterized clays and aluminum-pillared clays by assessing the
adsorption of probe molecules such as ethylene glycol, water, nitrogen, n-hexane, cyclohexane and
triethylamine. The aluminum-pillared 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 AICI; solution.
The authors then proceeded with the addition of the oligomer solution dropwise to a 0.5% aqueous
suspension of clay at 80 °C under stirring. The solution was kept refluxing at 80 °C for 3 h and then at
25 °C overnight. The product was isolated by centrifuging and dialyzing. Calcination was then done at
350 °C. The clays were characterized by 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. Al-pillared clay (AlpMMT) was prepared by adding 1.0 M NaCOs solution
dropwise to 0.5 M AICI;.6H,0 solution at 60 °C and stirring for 2 h followed by aging the solution
overnight at room temperature. Bentonite clay was then added under vigorous stirring at 60 °C. The
mixture was stirred continuously for 5 h at 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 preparation of AI-PILC from Australian smectites
using AI(NOs3); and NaOH as precursors for the pillaring solution. The pillaring solution had an
OH/AI ratio of 2.2. An increase in the basal 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 meso-microporous structure. The pillaring solution was
prepared from Na,CO; and iron Il nitrate and the OH/Fe molar ratio was varied during the pillaring
process (in the range of 0.5-2.5). The iron pillaring solution was then added dropwise to a 2% clay
suspension in water. The Fe/clay ratio was kept at 10 mmol/g of clay for all the samples. A large d-
spacing of between 6.5 and 7.2 was obtained and the d-spacing 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, 1997 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 under the following conditions: OH/AI
ratio of 2.0, 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 the pillaring solution as well as on the Al/clay ratio.

Acemana, S. et al, 1999 used thermo-FTIR 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 after each 50
°C increment. The Keggin ion is reported to undergo dehydration, dehydroxylation and rearrangement
which are observed from changes in the Al-O vibrations. At 550 °C, there is a condensation reaction
of the dehydroxylated Keggin cation with Si-O-groups on the surface of the tetrahedral sheet, giving
rise to new bands at 614 and 402 cm™. A 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. The authors observed that microporosity as well as surface area decreased with calcination

temperature.

The preparation of aluminium-pillared montmorillonite clay was also carried out in this study with the
aim of producing high surface area Al-pillared clays with 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 of the Al-pillared

samples are presented 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 clays are 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 most used organic
compounds to 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 advantage is that the large amount of
organic material (30-40%) 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 maintain or 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 surfactants were 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 danger of leaching 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 describes the modification of clay minerals by using grafting reactions of

organic groups.

2.6.2.2 Chemically-grafted montmorillonite clay

Only the 2:1 clay minerals (like montmorillonite) that provide the silanol and aluminol groups on the
edge surface react with an organic agent through grafting reactions. Al and 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 basal sites (Bhattacharrya, 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 articles report the use of polymers like poly (methyl)
methacrylate and poly (methacrylic acid). A study by Park, K. W. et al, 2004 investigated the
chemical modification of montmorillonite (MMT) clay by interlayer surface silylation using 3-
aminopropyltriethoxysilane and dodecylamine in ethanol without a pre-swelling 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 basal spacing of the
modified MMT was observed to increase after silane grafting. The success of the grafting process was

assessed by solid state *’Si-CP-NMR spectroscopy.

Dean, K. M. et al, 2007 carried out a comparative study of ultraviolet-active silane grafted and ion-
exchanged organoclay for application in photocurable urethane acrylate nano- and microcomposites.

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

reaction centres during grafting with polymers or silanes.

He, H. et al, 2005 reported the grafting process of montmorillonite and a synthetic fluoro-hectorite
with 3-aminopropyl trimethoxysilane (APS). After grafting, the basal spacings increased to 1.45 and
1.77 nm and indicated that the 3-aminopropy! triethoxysilane was intercalated. The silane molecules
adopted a monolayer arrangement in the synthetic fluoro-hectorite and a bilayer arrangement in
montmorillonite which demonstrates that the silylation reaction and the interlayer structure of the
grafted products strongly depend on the clay mineral used. The grafting process was carried out in a
mixture water/ethanol (25/75% v/v) solvent. The y-APS was first introduced into a 1 L solvent
mixture of water/ethanol and the temperature 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.

Herrera, N. N. et al, 2004 reported the grafting of laponite with monofunctional y-methacryloxypropyl
dimethyl methoxysilane and trifunctional y-methacryloxypropyl trimethoxysilane (MPS) coupling
agents. FTIR analysis showed evidence of covalent attachment of silane molecules to the hydroxyl
groups. The tri-functional silane formed monolayer structure coverage at low concentrations and a

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

MPS was also employed in the current study for the modification of montmorillonite and in the

preparation of lignocellulose-montmorillonite nanocomposites.

Wang, L. et al, 2006 modified montmorillonite with y-aminopropyl trimethoxysilane. The modified
MMT was used for the preparation of epoxy nanocomposites. The authors observed a shift of the
basal reflection peak to lower 20 angles, which was attributed to the intercalation of the y-
aminopropy! trimethoxysilane and/or epoxy resin. The mechanism for the modification process is

similar to that onto cellulose (Scheme 2.6).

Singh, R. P. et al, 2005 prepared silane-modified 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 be seven times more selective for n-butane 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 amount of water present in the reaction system or by using a mono-active

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 (3% v/v of silane) and

surface modification carried out at 22 °C for 3 h.

Posthumus, W. et al, 2004 investigated the grafting of 3-methacryloxypropyl trimethoxysilane (MPS)
onto metal oxides. An agueous dispersion (containing metal oxide), was mixed with a solvent mixture
of methanol and water to ensure colloidal stability of both the modified and the unmodified particles.
The required amount of MPS (ranging 1-20%) of the substrate was added after which the mixture was
heated to reflux (approx 70 °C) for at least 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 150 -C 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 MPS-treated silica was filtered off and
extracted with dry toluene for 24 h to remove the unreacted MPS using a soxhlet apparatus. Then, the
obtained MPS-functionalized silica was dried at 70 °C under vacuum overnight.

Sojka-Ledakowicz, J. et al, 2009 prepared alkoxysilane-grafted titanium dioxide for use in textiles.
The surface modification of TiO, was conducted by wusing N-2-(aminoethyl)-3-
aminopropyltrimethoxysilane or MPS. In order to avoid aging, the silanes were subjected to
hydrolysis in a solution prepared directly before modification (methanol:water 4:1, v/v). The
modification was performed in a specially constructed reactor in 1 h and 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 under dry N, at room
temperature for 20 h and then refluxed under N, at 85°C by heating in an oil bath for another 24 h.
The resulting mixture was distilled, the excess benzene and MPS were removed, and the resulting
solid was extracted with methanol for 2 days. The remaining solid was dried under vacuum at room

temperature for 16 h.

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 boiling piranha solution
(3:1 concentrated H,SO4:H,0,). The glass beads were rinsed with deionised water and dried followed
by immersing in 1% (w/w) aminosilane (in anhydrous toluene) for 24 h with 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 any physisorbed aminosilane.

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

groups (Nishizawa, N. et al, 2005; Wang, L. et al, 2006). The grafting of polymers, organic reactive
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groups or silanes may follow different 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 substrate is described Chapter 5.
However, the grafting of organic polymers like poly (methacrylic acid) and poly (methyl

methacrylate) follows a free-radical graft polymerization mechanism.

Ammonium and potassium persulfate are commonly used as free radical initiators in many 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 macro-radical (Gangopadhyay, R. et al, 2000; Roman-Aguirre, M. et al, 2004; Ojah, R. et al, 2006).
The generation of the macroradical on the montmorillonite clay occurs as indicated in Equation 2.1.
The grafting reaction is initiated by the macroradical and proceeds as illustrated for cellulose in
Schemes 2.5 and 2.7.

@MI>—OH + 0,7 — > @EMP—0" + 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 (methyl 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 homopolymer (pure PMMA) with
tetrahydrofuran to give the PMMA-grafted MMT (Atai, M. et al, 2008). PMMA is the most widely
researched and used polymer in aqueous solution. A study 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 the Na-MMT/PMMA nanocomposite

membrane was obtained.

Liu, H. et al, 2008 reported 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 and MPS were
dispersed in toluene through ultrasonication for about one hour. This was followed by the addition of
hydroguinone and two drops of 2,6-dimethyl pyridine. The reaction mixture was refluxed under a N,
atmosphere. The product was then soxhlet extracted with acetone for 72 h to remove the
homopolymer and the ungrafted MPS. The MPS-modified 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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MPS-modified alumina. In this study, the preparation of PMMA-grafted lignocellulose, PMMA-
grafted montmorillonite and PMMA-grafted lignocellulose-montmorillonite nanocomposite was

successfully carried out in the absence of MPS.

Poly (methacrylic acid) (PMAA) was also used in this study for the modification of the
montmorillonite and lignocellulose with the intention of improving their adsorption capacity for
heavy metals. The PMAA, with its exposed —COOH groups, is expected to improve adsorption
capacity relatively more compared with PMMA. MAA was grafted onto silica via a two-step 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 through a
condensation reaction. After successfully grafting MPS onto the silica, a free-radical graft
polymerization reaction of the MPS-modified silica and PMAA was carried out in the second step to
give the PMAA-grafted silica particles. The PMAA-grafted silica 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 reported by 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 covalently onto 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 two-step grafting process for the preparation of poly (acrylamide)-grafted palygorskite.
The authors first modified the palygorskite with MPS, and then grafted the acrylamide onto the MPS-

modified substrate.

Zhang, Z. et al, 2008 reported the preparation of a-alumina/poly (methacrylic acid) composite
abrasive and its performance on 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 PMAA onto silica
and its use as an adsorbent for Cd** from 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 in the current study for the preparation of PMAA-grafted
montmorillonite, PMAA-grafted lignocellulose and PMAA-grafted lignocellulose-montmorillonite

nanocomposites reported in Sections 5.2.3, 5.3.3 and 5.4.3.

The following section describes the use of nanocomposite adsorbents 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 methods are also being
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 published 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 nanoadsorbents such as carbon
nanotubes (for adsorbing Pb?* and Cd*"), zeolites (for adsorbing heavy metals from acid mine
drainage), carbon nanotubes-supported cerium oxide (arsenate, As (V)) activated carbon fibres
(benzenes), alginate/carbon nanotubes composites (dyes) and layered 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 bacterial 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 nanocomposite thin films in situ on porous polysulfone supports. The
nanocomposite 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 al, 2007 reported the preparation and evaluation of cyclodextrin-carbon nanotubes
nanocomposites for the removal of p-nitrophenol from aqueous solution. The nanocomposite
adsorbent gave a removal efficiency of about 99%, which was greater than that obtained for the
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 chitosan-ZnO biocompatible composite for the removal of dyes (direct blue 78 and acid black 26)

from aqueous solution.

Khaydarov, R. A. et al, 2010 reported the preparation of nanocarbon-conjugated polymer
nanocomposites using nanocarbon colloids and poly (ethylenimine) and their use in the removal of
heavy metals from aqueous solution. The authors found removal efficiencies of greater than 99% for

Cd?*, cu®, Ni**, Hg®* and Zn*". Lin, Y. et al, 2006 prepared an electrically controllable ion-exchange

57



nanocomposite membrane based on poly (pyrrole) and carbon 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. The investigators observed that the hanocomposites 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, MMT clay 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. et al, 2003, sand-immobilized cetylpyridinium-exchanged low pH montmorillonite (MMT)
clay was used. This showed 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 unavailability of a 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 is an on-going

challenge.

Lignocellulose 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 evaluate the 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 lignocellulose-clay nanocomposites.

2.8 Lignocellulose-montmorillonite nanocomposites

It has been mentioned in Chapter 1 that lignocellulose-montmorillonite 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 on the use of lignocellulose-clay
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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lignocellulose-clay nanocomposites, the 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 composites that may be 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 shows the different types of composites that can be formed
from the interaction of layered silicates with polymers.

Layered silicate Polymer
I e P — '--.'__‘4 A - H ' .:
\ ¥, — 11" Oy i — - P
=™ Y A — o L [
jL 7 < / i l_ -_ t"i _://,. f 'S
. =g 1". \ o _—._L._,l‘. .':'J . ) \ 'H ”
(a) {EJ ' - (c)
Phase separated Intercalated Exfoliated
(microcomposite) (nanocomposite) (nanocomposite)

Figure 2.8: Schemes of different types of composites arising from the interaction of layered silicates
and polymers (Alexandre, M. et al, 2000).

2.8.1.1 Microcomposites

When the polymer is unable to intercalate between the silicate 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 nanocomposites (Gilman, 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 of alternating organic and
inorganic layers (see Figure 2.8b above). According to Gilman, J. W. et al, 2000 intercalated
structures are self-assembled, well-ordered multilayered structures where the extended polymer chains
are inserted into the gallery space between parallel individual silicate layers separated by 2-3 nm. The
long range order of silicate layers is maintained in intercalated nanocomposites (Di Gianni, A. et al,
2008).

2.8.1.3 Exfoliated or delaminated nanocomposite

As shown in Figure 2.8c, exfoliated nanocomposites are obtained when the silicate layers are
completely and uniformly dispersed in a continuous polymer matrix (Alexandre, M. et al, 2000). The
clay platelets are no longer ordered, but delaminated and distributed homogeneously throughout the
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 lignocellulose-clay nanocomposites
A review by Ray, S. S. et al, 2005 revealed that the commonly used techniques for the preparation of
nanocomposites are: intercalative solution blending, in situ intercalative polymerization and melt

intercalation method. A detailed description of these methods is given in the 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. Morgan, A. B. et al,
2004 synthesized exfoliated polystyrene-clay hanocomposites by the method of solvent blending with
sonication. Gilman, J. W. et al, 2000 prepared poly (styrene)-layered silicate nanocomposite via
solution blending and observed intercalated nanocomposites. This method was not employed in this
study because of difficulties in getting a suitable solvent system for lignocellulose, with a low

possibility of chemical bonding between the montmorillonite and the lignocellulose.

2.8.2.2 Melt intercalation

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. This produces an expanded polymer-silicate layer

structure. Most reports in the literature on the preparation of lignocellulose-clay nanocomposites have
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used the melt intercalation method. The technique was used by Fornes, T. D. et al, 2002 when they
evaluated the effect of matrix molecular weight on nylon-6/clay nanocomposites. According to
Chang, J. H. et al, 2003 melt intercalation is carried out by mixing a molten polymer matrix with the
layered silicate clay. If the silicate surfaces are sufficiently compatible with the chosen polymer, then
the polymer can enter the interlayer space and form an intercalated or exfoliated hanocomposite. The
melt intercalation method has been shown to also give exfoliated nanocomposites depending on
conditions such as polymer compatibility 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 nanocomposites. 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 was 13 min. The compounded materials were then ground. Liao,
H. T. et al, 2005 prepared poly (ethylene-octene) elastomer-clay-wood flour nanocomposites by melt
blending. An improvement in the mechanical and tensile strength as well as the thermal stability of
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 that the use of poly (vinyl chloride)/wood nanocomposites is on the increase, with greater
application in window or door profiles, decking, railings, etc. Poly [methylene-(polyphenyl
isocyanate)], aminopropyltriethoxysilane, maleated polypropylene, and copper metallic 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 biodegradability. Zhao, 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 modified wood flour and

the layered silicate in a twin-screw extruder.

Melt blending has been the method of choice especially when preparing lignocellulose-clay
nanocomposites. However, looking at the application of the lignocellulose-clay nanocomposites 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 molecules after the 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 acid)) into

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 In-situ intercalative polymerization

This technique (emulsion polymerization) involves clay organic treatments that have functional
groups with which the polymer monomer can either co-polymerize with, or begin polymerization
initiation at the organic treatment site (Morgan, A. B. et al, 2004). In situ 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 clay exfoliation and nanocomposite formation (Chang, J. H. A. et al, 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 bridges between the
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
soxhlet-extracted with different solvents depending on the monomer used. It is postulated that 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

lignocellulose-montmorillonite 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 modifications 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 grafting 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 composites of the same in which
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 this study. 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 reagents used in order to achieve the aims and
objectives of this study. It also gives an overview of the methods used for the pre-treatment of the
precursors  (lignocellulose,  montmorillonite, methyl  methacrylate,  methacryloxypropyl
trimethoxysilane and methacrylic acid). Also included is a general description (summary) of the
procedures followed in the synthesis of the polymer-grafted 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 hispanica (London plane) tree leaves were used as the source of lignocellulose
(biopolymer). The tree leaves were collected from the University of Fort Hare grounds, Alice Campus

and dried. Montmorillonite clay was purchased from BaoBio Holdings (Pty) Ltd, South 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 was used as received.
Methacrylic acid (MAA, 99%) and dibutyl tin dilaurate (DBTDL, 95%) from Aldrich Chemicals,
South Africa were used as received. Methacryloxypropyl trimethoxysilane (MPS, 99%) from Sigma-
Aldrich (Pty) Ltd (South Africa) was used as received, ammonium persulfate (AMPS, 98%) and
aluminium chloride hexahydrate (99%) were from Associated Chemical Enterprises, South Africa.
Dodecylbenzylsulfonic acid (DBS) and sodium metabisulfite (SMBS, 95%) were from BDH
Chemicals (England) and sodium chloride salt (99.5%) was from MET-U-ED CC, South Africa. Lead
nitrate (99.5%) was from SAARCHEM (Pty) Ltd (South Africa), cadmium nitrate tetrahydrate
(100%) was from Riedel-de Haén, Germany. Lead nitrate, Pb(NO3), and cadmium nitrate

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

Methyl orange, neutral red, lead nitrate (Pb(NO),) and cadmium nitrate tetrahydrate

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



The lignocellulose and montmorillonite clay were pretreated first before use in the synthesis of the
nanocomposite adsorbents. The following section describes the pre-treatments performed on the

lignocellulose and montmorillonite.

3.2 Pre-treatment of precursors: lignocellulose and montmorillonite

The lignocellulose and montmorillonite (MMT) used for the preparation of the nanocomposites were
first pre-treated as summarized in Figure 3.1. The detailed pre-treatment of each material is also

presented after the schematic.

Dry plane tree leaves i MMT Clay
Raw materials
\ 4 v !
Milling and cleaning Cleani
eanin i
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A 4 v !
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Figure 3.1: Schematic of the pre-treatment of montmorillonite and lignocellulose.

3.2.1 Pre-treatment of biomass

The leaves were first dried in a ventilated oven at a temperature of 105 °C for 24 h until they were
completely dry. 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 experiments. The leaf biomass was initially soxhlet-

extracted with acetone (Zhao, Y. et al, 2006), but it was observed that there were still pigments
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leaching from the lignocellulose after dispersing the acetone-extracted leaf biomass in water. The
sieved leaf powder (10 g) was then soxhlet extracted using a 1:1 v/v ethanol (EtOH): water (H,O)
solvent mixture (250 mL of solvent was used in each case) for 48 h, and that removed the pigments.
The soxhlet-extracted lignocellulose powder was then dried in a ventilated oven at 50 °C for 48 h after

which it was placed in a dessicator to prevent 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 adsorbent. The 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 entails the removal of organic matter, hydroxides and
carbonates. It is standard procedure to convert the purified MMT to the mono-ionic sodium form
(NaMMT) by ion exchange (Carrado, K. A. et al, 2006).

However, because of the added product cost and the labour intensiveness in the above purification
procedure, it was imperative to find a simple and cheap method for the purification of the MMT clay.
The other method commonly used for clays was developed by van Olephen, H., 1965. The
purification of clay is accomplished through the replacement of exchangeable cations by Na* 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 NaMMT via the van Olephen method
Raw clays from identified geological deposits may be purified without removing the carbonates,
hydroxides or organic matter (Carrado, K. A. et al, 2006). The quality of the clay is said to be quite

acceptable for most applications including nanocomposite synthesis.

The method used for the preparation of NaMMT in this study was adapted from the work done by
Manohar, D. M. et al, 2006 but with minor modifications. The raw clay was carefully dispersed in 1.0
M NacCl solution by shaking for about 12 h, then separating by centrifugation. This procedure was
repeated at least two times. The sediment of the Na*-exchanged clay mineral (NaMMT) was 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 until no CI" ions
could be detected by the AgNO; test. The residual water in the sodium-exchanged montmorillonite
clay was evaporated in a ventilated oven and the NaMMT dried at 50 °C for 48 h. This procedure can

produce highly purified clay without significant alterations to the initial crystal structure of the clay.
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The cation exchange capacity of the clay was determined using the procedure described in Section
3.3.2.2.

3.2.2.2 Determination of the cation exchange capacity of montmorillonite

Cation exchange capacity (CEC) refers to the quantity of negative charges existing on the surfaces of
clay and organic matter (present in the clay). The negative charges attract positively charged ions, or
cations, hence the name ‘cation exchange capacity’. Some authors report that the cation exchange
capacity of clays is related to the adsorption capacity (Blachier, C. et al, 2009) especially with respect
to heavy metals (Matthes, W. et al, 1999). The following procedure was used for the determination of
the CEC of the montmorillonite clay.

The method used for the determination of CEC of the montmorillonite (MMT) was adapted from the
work carried out by Barton, C. D. et al, 1997. A portion (5.0 g) of oven-dried clay was weighed into a
125 mL conical flask, barium chloride solution (50 mL of 0.5 M) was added and the flask placed on a
rotary shaker for 30 min. A control was also included during the analysis. After shaking for 30 min,
the MMT clay suspension was vacuum-filtered through Whatman No. 1 filter paper. The MMT was
leached with 100 mL of 1.0 M BaCl, solution. The excess BaCl, was 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 important to gently fill the funnel to remove all excess Ba®" ions and allow it to drain until only
damp clay remained. Ethanol (200 mL) was added to the mixture in the same manner. A clean 500
mL vacuum flask was then used and the clay sample leached with 225 mL of ammonium acetate to
replace the exchangeable Ba*" ions. The leachate was diluted to a 250 mL volume in a volumetric
flask using deionised water .The concentration of Ba** in the final leachate was determined using

atomic absorption spectroscopy (AAS) using the external standard calibration method.

The CEC was computed using the following formula (Ross, D. S. et al, 1995; Skinner, M. F. et al,

2001) and the CEC value reported was the average of three replicates.

CEC in meq per 100 g of clay = ™9 Ba?* inleachate x 22 x — 2
L 69 sample size (g)

The cation exchange capacity of the montmorillonite was found to be 91.42 meq per 100 g of clay
(Ross, D. S. et al, 1995; Adamis, Z. et al, 2005).
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3.2.2.3 Preparation of aluminium-pillared montmorillonite clay

As a way of modifying the Na-exchanged montmorillonite clay, metal pillaring was carried out in an
attempt to increase the adsorption capacity of MMT for both heavy metals and organic pollutants. The
pillaring of clays by metal oxides has been reported to result in increased surface area (Yuan, P. et al,
2006), microporosity and enhanced adsorption properties (Maes, N. et al, 1997; Cao, F. et al, 2009).
Aluminium-pillaring of the montmorillonite was assessed in this study, and the Al-pillared 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 well as organics pollutants onto the Al-pillared MMT are reported in Chapter 6.

3.3 Preparation of polymer-grafted lignocellulose-montmorillonite

nanocomposite adsorbents

Three monomers were chosen for the preparation of polymer-grafted lignocellulose-montmorillonite
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 methyl orange 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
the lignocellulose and montmorillonite using the three monomers. In the preparation of the adsorbent
materials, Na-exchanged montmorillonite clay (NaMMT) and the soxhlet-extracted lignocellulose
were first grafted separately or individually with each of the three monomers shown in Table 3.1. This
was carried out in order to determine the optimum conditions for the synthesis of the lignocellulose-

montmorillonite nanocomposites.

Polymer-grafted or coupled lignocellulose-montmaorillonite nanocomposites were then prepared 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 montmorillonite together. A free-radical 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 nanocomposites were prepared using the sodium-exchanged montmorillonite
(NaMMT).
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Table 3.1; Chemical names, formulae, molecular structures and molecular masses of the monomers,

methyl orange and neutral red.

Chemical Molecular Molecular formular Chemical structure
Name mass
(9/mol)
Methyl 100.12 CH;CH,CCOOQOCH; H CH3
AN
methacrylate C= C\
H C—0—CHs
O
Methacrylic 86.09 CH53CH,CCOOH H CH3
. AN _ /
acid /C— C\
H %‘—OH
@)
Methacryloxy 248.35 CH3;CCOO(CH,)3sSi(OCHs,), ') \

propyl ChH | 0

. O/\/\Si
trimethoxy ’ o’ So—

silane

Methyl 327.34 C14H14N3O3Na5 _ 0

N N g=0
orange N@— NG N 7/ 1
/ OoNa*

Neutral red 288.78 Ci5H17CIN, CHs

3.4 Characterization techniques

This section describes the analytical techniques that were used for the characterization of adsorbents
prepared. The different samples were characterized using a number of techniques including: Fourier
transform infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), X-ray diffraction (XRD)
analysis, scanning electron microscopy (SEM), transmission electron microscopy (TEM) and
Brunauer-Emmet-Teller (BET) surface area analysis. Also described in this section are the techniques

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

Fourier transform infra-red (FTIR) technique is based on the excitation of molecular vibrations by
light absorption. It is widely used in the determination of structure and identification of both organic
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 and some 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 FTIR spectroscopy
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 radiation from a black body source. The
beam of radiation passes through an aperture which controls the amount of energy presented to the
sample and ultimately to the detector. The beam enters the interferometer where the ‘spectral
encoding’ takes place. The resulting interferogram signal then exits the 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 specific frequencies of
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, 1998; Pavia, 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

Thermogravimetric analysis (TGA) measures the amount and rate of change in the weight of a
material as a function of temperature or time (isothermal conditions) in 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 dehydration. 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 temperature is increased. 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 coil of 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. The beam is then
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 sample (Willard, H. H. et
al, 1988).

TGA has been used to characterise a 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, 1994; Chae, H. J. et al, 2001).

3.4.3 X-ray powder diffraction

In this method, X-rays are diffracted from the planes of a crystal (diffraction analysis). This method
depends on the wave character of the X-rays and the regular spacing of the planes in a crystal.
Although diffraction methods can be used for quantitative analysis, they are most widely used for

gualitative identification of crystalline phases.

X-ray powder diffraction analysis is a powerful method by which X-rays of a known wavelength are
passed through a sample. X-ray diffraction techniques are based on the elastic scattering of X-rays
from structures that have long-range order. The wave nature of the X-rays 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 different intensity, 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:

nA = 2dSiné (3.2)

where, A is the wavelength of the X-rays, d is the distance between different plane of atoms in the
crystal lattice, 8 is the angle of diffraction and n is a constant. The X-ray detector moves around the
sample and measures the intensity of these peaks and the position of these peaks (diffraction angle
20). The highest peak is defined as the 100% peak and the intensity of all the other peaks are
measured as a percentage of the 100% peak (http://www.plasma-biotal.com/xraydifl.html).
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Materials that do not have long range order may also be studied by scattering methods that rely on
elastic scattering of monochromatic X-rays. The X-ray techniques that can be employed include: X-

ray reflectivity, wide-angle and small-angle X-ray scattering (WAXS and SAXS, respectively).

SAXS is a small-angle scattering technique where the elastic scattering of X-rays (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 range contains 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 and 25 nm, of repeat distances in
partially ordered systems of up to 150 nm (Fischer, E. W., 1971; 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 high energy beam of electrons in a raster scan pattern. The electrons interact
with the atoms that make up the sample producing signals that contain information about the sample’s

surface topography, composition and other properties such as electrical conductivity.

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

coating is deposited on the sample either by low vacuum sputter-coating or high vacuum evaporation.

The imaging mode can be based on the detection of secondary electrons or detection of back-scattered
electrons. X-rays are also produced by the interaction of electrons with the sample and these can be
detected in SEM instruments equipped for energy- or wavelength-dispersive X-ray spectroscopy
(Goldstein, J. et al, 2003).

3.4.5 Transmission electron microscopy

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 electrons, magnified 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 build-up on the surface, tissue samples are

normally coated with a conductive thin layer of material such 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, thus revealing minute details of

biological samples (http://cimewww.epfl.ch/people/cayron/Fichiers/thesebook-chap3.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 porous solids. 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 surface energy 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 heated and 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 material is placed in a vacuum chamber at a constant and very low temperature, usually at
the temperature of liquid nitrogen (-195.6 °C), and subjected to a wide range of pressures, to generate
adsorption and desorption isotherms. The amounts of gas molecules adsorbed 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 adsorbate). Knowing the area occupied by one adsorbate molecule, ¢ (for
example, ¢ = 16.2 A? for nitrogen), and using an adsorption model, the total surface area of the
material can be determined (Mahboub, R. et al, 2006).

The concept of the theory is an extension 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 adsorption layer, and

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

by:

P 1 (c-1).P

(3.3)

n(Py—P) - fog (o NPy

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 pressure P/P,, and the monolayer

capacity (moles of molecules needed to make a monolayer coverage on the surface of one gram of
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adsorbent), respectively. Through the slope and intercept of a plot of P/[n(Po-P)] against (P/Py), N,

can be determined. The specific surface area, S, can then be derived using the following equation:

S = Nyn,0 (3.4)

Na is Avogadro’s number and o is the area occupied by the adsorbed species. The specific surface
area that can be determined by gas sorption ranges from 0.01 to over 2000 m%g. Determination of
pore volume and pore size distribution of porous materials can be made from the N, gas
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 micron (Sing. K. S. W. et al, 1985).

3.4.7 Ultra-violet/visible spectroscopy

An ultraviolet-visible (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 spectrophotometers for chemical 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 are of two types. 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 deuterium arc lamp is used. Detectors are again of two types: photomultiplier

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

Double-beam spectrophotometers allow differential measurements to be made between the sample
and the analytical blank. UV-Vis spectroscopy uses light in the visible and near ultraviolet as well as
near infra-red ranges. Absorption in the visible region results in molecules undergoing electronic
transitions. The absorbance is measured and the concentration of the analyte is related to the signal by

the Beer-Lambert law. The Beer-Lambert equation is expressed as follows:

A = ebc (3.5

where 4, ¢, b and c are the absorption, molar absorptivity (a constant which is characteristic of the

absorbing species 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 conditions (Pavia, D. L. et al, 2001).

3.4.8 Flame atomic absorption 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 atoms in the 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 data (Beaty, R. D. et al, 1993).

The sample is introduced 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 is detected and 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 present in 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 in this study 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 chapter is about the preparation of aluminium-pillared montmorillonite (AIpMMT). In an attempt
to enhance the adsorption properties toward both heavy metals and organic pollutants,

montmorillonite clay was modified through aluminium pillaring.

A number of pillaring parameters were varied in order to achieve high d-spacing, high surface area,
and hence, high adsorption capacity. Such parameters included: pillaring temperature, pH, hydroxide
ions to aluminium cations (OH/AI) molar ratio and Al/clay ratio as these are known to have an effect
on the microporosity and surface acidity of Al-pillared clays (Hutson, N. D. et al, 1999). The Al-
pillared materials were characterized using a number of techniques and the results are presented in
Section 4.4.

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

depends on the OH/AI molar ratio.
4.1 Experimental Details

4.1.1 Preparation of aluminum-pillared montmorillonite

The process of 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 (Bouchenafa-Saib, N. et al, 2007). The achieved porosity is very versatile which makes the

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

A review of the work done on aluminum-pillared clays (AIpMMT) as well as their preparation and
application has been given in Chapter 2. From literature, the preparation of AlpMMT generally entails
these steps i.e. the preparation of a dilute pillaring solution, preparation of a dilute aqueous clay

suspension, followed by the addition of the pillaring solution to the clay suspension, settling, washing,



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.

4.1.1.1 Preparation 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, 1997; Danis, T. G. et al, 1998; Manohar, D. M. et al, 2006). In
this study, 0.2 M AICI;.6H,0 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/Al ratio of 2.3. At this hydrolysis ratio, Aly; is the major species in solution. The 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.

4.1.1.2 Pillaring process

About 4.0 g of NaMMT was slowly dispersed in 400 mL of deionised water under high speed
magnetic stirring to give a 1% w/v NaMMT suspension, as was done in a reported procedure (Pires, J.
et al, 1997). Stirring continued for 2 h 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 stirred for a further 3 h after addition of all the pillaring solution. The slurry
was then poured into a 1-L measuring cylinder and allowed to settle overnight. The Al-pillared MMT
clay was isolated via centrifugation and washed several times with distilled water until no more CI
ions could be detected with a 0.1 M AgNOs solution. The chloride-free AlIpMMT was then dried at 50
°C overnight in a ventilated oven. It is reported that rapid drying of the AIpMMT clay at higher
temperatures results in a very hard product that is difficult to grind to powder (Storaro, L. et al, 1996;
Matthes, W. et al, 1999).

4.1.1.3 Calcination of Al-pillared montmorillonite samples.

Calcination was carried out in order to form and permanently fix the aluminium oxide pillars between
clay sheets ((Bouchenafa-Saib, N. et al, 2007). Calcination was performed to prevent aluminium
species from leaching into water during the adsorption process. The dry AIpMMT samples were
ground into a fine powder by using mortar and pestle. To facilitate calcination, a ceramic (porcelain)
dish containing a fine powder of AlpMMT 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 h. The AlpMMT 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; variation of pH (2 — 5.7), temperature (25 — 80 °C), AI/NaMMT and OH/AI
molar ratios (0.5 — 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: the AI/NaMMT, OH/AI molar ratios, pH and temperature. It was
therefore, important to optimize the pillaring process to establish the ideal conditions for the pillaring
of clay with polyhydroxyaluminum (Al3) cations.

4.1.2.1 Variation of AI/NaMMT ratio

The Al/clay ratio is another parameter reported to affect the porosity, surface area and acidity of the
aluminum pillared clays (Katdare, S. P. et al, 2000). Samples of aluminum pillared clays were
prepared at varying Al/clay ratios. The Al/clay ratio varied as follows: 5, 10, 15 and 20 mmol/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 4.0. The washing of the pillared clay to remove CI ions,
and the isolation of the AIpMMT samples was the same as reported for other pillared samples
described earlier. The product was then dried at 50 °C for 24 h before calcinations at 350 °C for 3 h.
The AIpMMT samples were labelled AIpMMT-5, AIpMMT-10, AlpMMT-15 and AlpMMT-20.
Characterisation was achieved by FTIR, TGA, BET surface area analysis and XRD. The results are

presented later in Section 4.4.6.

4.1.2.2 Variation of OH/Al molar ratio

Pillaring solutions were prepared at various OH/AI molar ratios using solutions of concentration 0.2
M AICI;.6H,0 and 0.5 M NaOH. The pillaring solutions were in OH/AI 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 AICI;.6H,0 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 4 h. The calcined aluminum-pillared MMT samples were labelled AIpMMT-
0.5, AIpMMT-OH/AI-1.0, AlpMMT-OH/AI-1.5, AlpMMT-OH/AI-2.0, AlpMMT-OH/AI-2.2,
AlpMMT-0OH/AI-2.3, AlpMMT-OH/AI-2.4, AlpMMT-OH/AI-2.5 and AlpMMT-OH/AI-2.6. The
samples were characterized by TGA, FTIR, BET surface area analysis and 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 mmol/g of clay. Pires, 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 prepared 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 M NH,OH solutions, as necessary. It
was quite a challenge to adjust the pH of the pillaring solutions to 6, as precipitation of colloidal
AIl(OH); was observed at that pH and the solution did not clarify even after stirring for several hours.
Attempts were made in vain to redissolve the colloidal AI(OH); by heating to 50 °C.

The pH of the 1% w/v NaMMT suspensions was determined to be 8.73 and was also adjusted
independently to the respective pH using 0.1 M HCI before the addition of the pillaring solutions. The
aluminum-pillared MMT samples were then isolated by centrifuging and washing, followed by drying
in an oven at 50 °C overnight. The samples were labelled AlpMMT-pH 2.0, AlpMMT-pH 4.0 and
AlpMMT-pH 5.6, and were calcined at 400 °C for 4 h. Characterisation of the samples was carried
out using FTIR, TGA, BET surface area analysis and XRD. The results 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/AI molar ratio, the AI/NaMMT 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 being added to the clay suspension. The NaMMT suspensions (1% w/v) were
heated to the different respective temperatures and then the hot pillaring solutions added dropwise
using a burette under high-speed magnetic stirring. After all the pillaring solution was added, the
mixture was kept at the respective temperature for a further 3 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 no CI" ions could be
detected when tested with AgNOs.

The respective AIpMMT samples were labelled AlpMMT-25 °C, AIpMMT-50 °C and AlpMMT-80
°C. Characterisation of the samples was carried out by FTIR, TGA, BET surface area analysis and
XRD. The results of the variation of temperature with porosity, surface area and d-spacing are

reported and discussed in Section 4.4.9. The procedure followed in this study is the same as was
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reported by de Carvalho, M. B. et al, 1996. Section 4.3 gives 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 properly mixed 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. Each sample was analysed at 24 scans in the wavenumber range 4000 cm™ to 370 cm™
with a resolution of 4 cm™. A PerkinElmer thermogravimetric analyzer (TGA?7) fitted with a thermal
analysis controller (TAC7/DX) was used for thermogravimetric analysis. The machine 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 were obtained by SEM on a SEM JEOL JSM-
6390 LV instrument. Surface area measurements were carried out on a TriStar 11 3020 V1.02 BET
instrument from Micromeritics Instrument Corporation. BET surface area analysis was carried out at
the Council for Scientific and Industrial 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 sample was placed in a
vacuum chamber under liquid nitrogen at-195.6 °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 the adsorption or desorption of the gas molecules by
the montmorillonite clay materials. Various amounts of gas molecules are adsorbed or desorbed at
different doses of the N, gas (the adsorbate). Knowing the area occupied by one adsorbate molecule, ¢
(for example, o = 16.2 A? for nitrogen), and using an adsorption model, the total surface area of the
material could be determined. X-ray diffraction analysis was carried out in locked couple mode with a
Bruker AXS D8 Advance diffractometer (Cu Ko radiation with A = 1.5406 A, 40 kV, 40 mA,
equipped with a PSD Lynx-Eye Si-strip 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 Keggin ion (Pires, J. et al, 1997). The

Keggin ion is said to be the dominant species in solution at an OH/Al molar ratio of about 2.
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13[AI(H,0)]*" + 240H" — [Al1304(0H)54(H,0)1,]"* + 62H,0  + 8H" (4.1)

During the pillaring process, the Keggin ion gets intercalated between clay sheets. Upon calcinations
of the clay, the Keggin ion decomposes (via dehydration and dehydroxylation) to form the Al,O;
pillars in between the clay sheets or layers. Equation 4.2 describes the formation of Al,Os pillars upon
calcination of the Keggin ion intercalated clay to form the Al-pillared clay (Pires, J. et al, 1997,
Ohtsuka, K., 1997).

2[Al1304(OH)24(H20)12]™* — 13A1,05 + 14H* + 41H,0 (4.2)

During calcination, there is loss of water and Al,Os pillars are formed. The Al,O; pillars prop up the
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 structure as a result of Al-pillaring.
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 structural —OH stretching vibration
(3624 cm™), adsorbed water OH stretching (3431 cm™), H-O-H bending of interlayer water (1642 cm®
1), Si-O-Si stretching (1049 cm™), AI-OH-Al bending or deformation (920 cm™), Fe-OH-Al
deformation (880 cm™), Al-OH-Mg deformation (840 cm™), O-Si-O asymmetric stretch (800 cm™),
AlO, asymmetric stretching (780 cm™), Al-O-Si deformation (520 cm™) and Si-O-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 differences as
seen in Figure 4.1. Kloprogge, J. T. et al, 1999 reported that the pillaring of clay with Aly; results in
new peaks at 3682 and 3538 cm™. These new vibration bands are attributed to the Al-OH and Al-H,0
stretching of the Aly; complex, respectively. The authors further stated that the interlayer water (H-O-
H) stretching band shifted to 3200 cm™.
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Figure 4.1: FTIR spectra of NaMMT, AIpMMT (uncalcined) and AlpMMT (calcined).

However, in all the pillared clay samples analysed in this work, such peaks have not been detected or
observed. Kloprogge, J. T. et al, 1999 also observed a decrease in intensity of the interlayer water
bending vibration (1642 cm™) after pillaring with Alys, and attributed it to the replacement of water
molecules by the incoming Aly; Keggin ion. In another investigation, Kloprogge, J. T. et al, 2002
synthesised Al-pillared MMT clay and reported observing a small band at about 670 cm™ which again
was attributed to the intercalated Aly; complex or oligomer. This band was ascribed to the Al-O bond
of tetrahedrally coordinated Al atoms in the centre of the Aly; oligomer. After calcination at 400 °C,
differences were observed for vibrational peaks at 3631, 920, 880 and 840 cm™.

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 400 °C. The
absence of additional peaks suggests that no bond formation occurred between the Al,Os pillars 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 range 20 — 900 °C. Figure 4.2
shows thermograms (TGA) and differential thermograms (DTG) of uncalcined NaMMT and
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AlpMMT. The TGA Nermograms show two major steps, and the respective DTG thermograms

(dW/dT) showed two peaks corresponding to these steps.

340 420 8Q

Temperaiyire /R

Figure 4,27 Thermograms and differential thermgrams\of uncalcined
AlpN\ji

In both AlpMMT and NaMMT the first mass loss step (pr peak) is foUrd below 120 °C which tag ™
attributed to the removal of adsorbed water. The second rgass loss step (orReak) for NaMMT, which
is broad can be observed within the temperature range 500-X00 °C. This peak iNdue to the removal of
interlayer water (dehydroxylation) of the montmorillonite clay. The second peak fOKAIpMMT in the
temperature range 320-520 °C can be ascribed to the dehydroxWation of the Al pillars s well as the
removal of interlayer water. The peak is again broad as obgerved for NaMMT. TheN{ifferent
temperature ranges for the dehydroxylation process can be explaiNed by the fact that the clay SKgets
are relatively closely packed in the NaMMT than in AIpMMT. T\e intercalation of the polymeris
Keggin ion (Alys) species into the clay layers forces the clay sheets fuiher apart, thus resulting in easy
diffusion (removal) of water associated with the Keggin ion pillars uppn heating. The formation of
metal oxide pillars in the interlayer space also occurs in this temperaturg region (Acemana, S. et al,
1999). In the closed structure of the NaMMT clay, the cation hydration Water cannot easily escape
upon heating. Similar results were reported by Kurian, M. et al, 205 but on iron-pillared

montmorillonite clay.

In addition, there was a greater mass loss for the AIpMMT than the NaMMT. This\can be explained in

terms of the dehydroxylation of the intercalated Al oligomer as well as the clay st\icture, whereas in
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the NaMMT, there is only the dehydroxylation of the clay structure (Pires, J. et al, 1997; Manohar, 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 the adsorption of gas on a surface. The theory of BET surface area
analysis has been presented in Section 3.5.6 of Chapter 3 together with the classification of different
gas adsorption-desorption isotherms. Figure 4.3 shows the N, adsorption-desorption isotherms for
calcined NaMMT and AlpMMT. The adsorption isotherms can be classified as Type IV for both
NaMMT and AlpMMT. Characteristic features of the Type IV isotherm are its hysteresis loop (which
is associated with capillary condensation 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 a Type Il isotherm
obtained with a given gaseous adsorbate on the same surface area of the adsorbent in a non-porous
form. Type IV isotherms are given by many mesoporous industrial adsorbents (Sing, K. S. W. et al,
1985).

Adsorption hysteresis arises when the adsorption and desorption curves do not concide. The quantity
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 differences in the nucleation
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 al, 1985).
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Figure 4.3: N, adsorption-desorption isotherms for NaMMT and AlpMMT.

Both the unpillared and pillared MMT samples showed a hysteresis loop. The presence of a hysteresis
in the N, adsorption-desorption isotherms is an indication of mesoporosity (Sing, K. S. W. et al, 1985;
Mahboub, R. et al, 2006). Physisorption in mesopores is said to take place in two more or less distinct
stages (monolayer-multilayer adsorption and capillary condensation). In monolayer adsorption all the
adsorbed molecules are in contact 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 capillary condensation 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 the porous adsorbent but depends mainly on the nature of
the adsorbate (e.g. for nitrogen at its boiling point at p/p°® = 0.42). The hysteresis loops observed in the
two samples can be classified as H4 which are known to be associated with narrow slit-like pores
(Sing. K. S. W. et al, 1985; Salerno, P. et al, 2002). The N, adsorption-desorption isotherms of the

two samples show that more N, adsorption occurs onto AlpMMT than NaMMT.

103



Park, H. M. et al, 2006 prepared nickel-intercalated montmorillonite clay. The authors detected a
hysteresis in the pressure region of p/p, > 0.5 for the nickel-pillared samples. This was attributed to
the formation of a mesoporous structure originating from the “house-0f-card” stacking of the clay
crystallites. This type of stacking of clay is also referred to as clay delamination. The N, adsorption-
desorption isotherms of their nickel-pillared clay were found to follow the BDDT type | and IV shape,
along with H4-type hysteresis loop according to the IUPAC classification. Such a type of isotherm
underlines the presence of the open slit-shaped capillaries with very wide bodies and narrow short
necks (Park, H. M. et al, 2006).

4.2.5 SEM analysis of NaMMT and AlpMMT
The Al-pillared and sodium-exchanged montmorillonite (NaMMT) clay samples 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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Figure 4.4: SEM images of NaMMT and AlpMMT at a Magnification of 10 000X.

It is evident from the two micrographs that the pillared and unpillared MMT samples display different
morphologies. Al-pillared MMT showed a more open, porous structure compared with the
unmodified NaMMT sample. The SEM images suggest that 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 Al-pillared samples are expected to have improved surface areas as a result

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 Al-pillared MMT samples. The following sections discuss the
results obtained from the characterization of AlpMMT samples prepared at different conditions of pH,

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

results.

4.2.6.1 FTIR analysis of AlpMMT-n samples

Figure 4.5 shows the FTIR spectra of AlpMMT samples prepared at different AI/NaMMT clay ratios
ranging from 5 to 20 mmol/g. The number written after AlpMMT- represents the AI/NaMMT ratio (in
mmol/g). The change in the Al/clay ratio did not affect the clay framework structure. The same
vibrational peaks as discussed in Section 4.2.2 were observed.
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Figure 4.5: FTIR spectra of AIpMMT samples prepared at different AI/NaMMT clay ratios (mmol
Al/g of NaMMT).

4.2.6.2 Thermogravimetric analysis of AlpMMT-n samples

Figure 4.6 displays the thermograms of AlpMMT samples prepared at different Al/clay ratios. There
was no trend that could be deduced from the thermograms. High intercalation of the Al; species 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 AlpMMT-20 gave the highest. The high % mass loss in
AlpMMT-20 can be speculated to be due to increased intercalation of the Al ion (Manohar, D. M. et
al, 2006) as described in Section 4.4.3 above.
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Figure 4.6: Thermograms of AlpMMT samples prepared at different Al/clay ratios.

4.2.6.3 BET surface area analysis of AIpMMT-n samples
Table 4.1 shows the BET surface areas and pore sizes of Al-pillared samples prepared at different
Al/clay ratios. The respective N, adsorption-desorption curves can be found in Figures A-1 to 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. However, the
pore sizes did not show the same trend as seen with the surface areas. The best 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 surface area results for the variation of AI/NaMMT clay ratio.

2 .
Sample BET surface area (m /g) Pore sizes (nm)
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 the AI/NaMMT clay ratio in their preparation of interlayered clays. The
samples were calcined at 300 °C. Their BET results showed that the surface area of the Al-pillared
samples increased with increase in AI/NaMMT clay ratio (from 3 mmol/g to 5 mmol/g, reaching a
maximum at 10 mmol/g). Their respective surface areas in increasing order were 188, 208, 220 and
205 m?/g for Al/clay ratios of 3, 5, 10 and 20 mmol/g, respectively. 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 X-ray diffraction analysis of AIpMMT-n samples

Figure 4.7 shows the XRD patterns of AIpMMT samples prepared by varying the Al/clay ratio. The
diffractogram of NaMMT showed that its basal reflection peak occurred at a 20 angle of around 6.22°
corresponding a d-spacing of 14.2 A (see Figure 4.10).
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Figure 4.7: XRD patterns for AlpMMT samples prepared at varying AI/NaMMT clay ratios.
Table 4.2 displays results of the d-spacing of AIpMMT samples prepared at different AI/NaMMT clay
ratios. The AIpMMT samples were prepared at a pH of 4.3 and OH/AI molar ratio of 2.3. The basal

spacings (d-spacing) of the NaMMT and AIpMMT samples were computed using Braggs equation:

nA = 2dSiné (4.5)
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Table 4.2: Variation of d-spacing of AlpMMT samples with AI/NaMMT clay ratio.

Sample 20 /° d-spacing /A A(d-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 d-spacing appeared to decrease with increase in the AI/NaMMT clay ratio. The same d-spacing
value was obtained for AlIpMMT-5 and AlpMMT-10 which were prepared at an Al/NaMMT clay
ratio of 5 and 10 mmol/g, respectively. It appears the change in AI/NaMMT clay ratio did not have a
direct effect on the d-spacing.

Mishra, T. et al, 1997 prepared manganese-pillared clay at varying OH/Mn molar ratio. Their results
showed a direct correlation between the d-spacing and the surface areas obtained. These two
parameters had their maxima at the highest amount of metal ion incorporated. 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 the d-spacing of Al-pillared clays (16.7 to 17.7 A) with increase in the
Al/clay ratio from 3.0 to 5.5 mmol/g. The d-spacing then decreased to 17.4 A on increasing the
Al/clay ratio to 20 mmol/g. According to the XRD results, the Al-pillaring of NaMMT can be carried

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

Khalaf, H. et al, 1997 prepared Al-pillared clays under different conditions. They varied the drying
temperature, aging period for the pillaring solution, OH/AI molar ratio and Al/clay ratio. The authors
did not observe any major differences in the d-spacing of pillared samples when they varied the
Al/clay ratio. Sun-Kou, M. R. et al, 1998 prepared zirconium-pillared 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 ratio which was attributed to an increase in the amount of Zr in
the pillared samples with increase in the Zr/clay ratio. The d-spacing was also observed to increase

with increase in the amount of intercalated Zr.

4.2.7 Effect of variation of OH/AI molar ratio
4.2.7.1 FTIR analysis of AlpMMT-OH/AI-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 AlpMMT samples prepared at different OH/Al 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 changes to the framework bonding of the clay structure.
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Figure 4.8: FTIR spectra for AlpMMT prepared at different OH/Al molar ratios.

Almost the same FTIR spectra were observed for all the AlIpMMT clay samples prepared at different
OH/AI 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 of AlpMMT-OH/AI-n samples

The thermograms of the different samples are displayed in Figure 4.9. The mass loss of the pillared
samples decreased with an increase in the OH/AI molar ratio, at least for the samples pillared at
OH/Al ratio of 1.5, 2.0, 2.4 and 2.6, respectively. The decreasing mass loss was attributed to possibly

the decreasing degree of intercalation as the OH/AI molar ratio increased.
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During the preparation of the pillaring solutions, it was\gbserved IRy starting from an OTMALNE
ratio of 2.4, there was formation of colloidal Al(OH); whicN\took time t&\gedissolve. At higher OTN®

molar ratios (2.5 and 2.6), the AI(OH); remained suspended in the p g solution without

centration of the

N\

intercalating agent, the Keggin ion species, hence little Al(OH); wa\intercalated. ARNQ, the Alys ion

dissolving. The formation of colloidal AI(OH); caused a reddction of the W

species concentration might have been much lower at an OH/AI moNr ratio of 1.0, RKnce, poor

intercalation and the low mass losses recorded for 1.0, 2.5 and 2.6 (Berdaya, F. et al, 200 The

following section presents the results from BET surface area analysis.

4.4.7.3 BET surface area analysis of AlpMMT-OH/AI-n samples
BET surface analysis was employed in this study to determine the surface areas of\he different

AIpMMT samples prepared and also the NaMMT. The total surface areas of the AlpMMY samples

prepared under different conditions were determined and a comparison carried out in ONJer to

establish the favourable conditions for the pillaring process.

Table 4.3 below summarises the BET surface area analysis data, i.e. surface areas and pore sizes of
AlpMMT samples prepared at different OH/AI molar ratios and NaMMT. Some of the N, adsorption-

desorption curves can be found in Figures A-6 to A-11. It was observed that the pillaring of clays with
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Alys-oligomer resulted in an increase in the surface area of the pillared clays relative to the NaMMT.

The increase was attributed to an increase in the microporosity of the clay (Sychev, M. et al, 1997).

Table 4.3: BET surface areas and pore sizes of AlpMMT samples prepared at different OH/AI molar

ratios.
Sample BET S(L:;];Z;)e Area Pore size /nm
MMT 75.5 6.63
NaMMT 81.6 4.17
AlpMMT-OH/AI-0.0 98.4 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 ion-exchange of MMT to NaMMT resulted in an
increase in the surface area and a decrease in the pore size. After Al-pillaring, the results showed that
there was an initial increase for the surface areas with OH/AI molar ratio up to a molar 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 ion-exchange of the clay mineral by the Keggin ion. It appears that most of the
clay remained largely intact (no intercalation) at low OH/AI molar ratios. Figueras, F. et al, 1990
carried out competitive ion exchange for intercalation of montmorillonite with hydroxyl-Al;s 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/AI molar ratio might imply
that the maximum amount of Al incorporated in the clay structures occurred at an OH/AI molar ratio
of 1.5.

For Fe-pillared 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 not find a direct
relationship between the surface areas obtained with the d-spacing of the clay layers. In this study, the

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

Also shown in Table 4.3 are the pore sizes of the clays. Pore size is defined by the IUPAC as the

distance between two opposite walls of the pore (diameter of cylindrical pores, width of slit-shaped
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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 like manner 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 pore sizes showed a shift
towards the microporous region after pillaring with the Al;s-oligomer. NaMMT showed the largest
pore sizes and the smallest surface area and AlpMMT prepared at an OH/AI molar ratio of 1.5 has the
least pore size and the largest surface area. Nevertheless, the samples pillared at an OH/AI molar ratio
of 2.0, 2.4 and 2.6 did not quite follow the same inverse proportionality. The pore widths of the clays
initially seem to decrease with increase in the OH/Al molar ratio and the trend discontinues at molar
ratios of 2.0, 2.4 and 2.6.

4.2.7.4 X-ray diffraction analysis of AlpMMT-OH/AI-n samples

This section presents the XRD results of the samples prepared at different OH/Al molar ratios. The
XRD patterns of NaMMT and AlpMMT samples prepared at different OH/AI molar ratios are shown
in Figure 4.10. The XRD pattern for NaMMT showed a basal reflection at a 28 angle of 6.22°. The
peak was relatively more intense and sharper than those of the pillared clay samples whose basal

reflection peaks were centered around a 20° angle of 5.0°.
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Figure 4.10: XRD patterns of AIpMMT samples prepared at different OH/Al molar ratios.

The less intense and broader peaks for the pillared samples may suggest that a fraction of the
clay remained unpillared and/or delamination occurred (Altunlu, M. et al, 2007). Similar, less
intense and broad peaks were obtained by Kurian, M. et al, 2005 when they investigated acid-base
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 amorphous product.

The d-spacing values are displayed in Table 4.4 together with the molar ratios of the pillared clays.
NaMMT showed a d-spacing of 14.20 A. This value was comparable with some values reported in the
literature for NaMMT (Yuan, P. et al, 2006). Kricsi, 1. et al, 1997 reported a d-spacing of 14.60 A and
BET surface area of 90 m%g for NaMMT which compare well with the values obtained in this study.
It can be seen that the pillaring of the MMT resulted in a shift of the basal reflection peak to lower 20
angles and hence, an increase in the d-spacing. This generally agrees with what has been discussed

earlier regarding BET surface areas which increased after Al-pillaring.
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Table 4.4: Variation of the d-spacing with OH/AI molar ratio

OH/AP* 20 /° d-spacing /A A(d-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-0OH/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

The d-spacing of the AlpMMT 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 d-spacing relative to the unpillared sample (see far right column of Table 4.4).

Khalaf, H. et al, 1997 prepared Al-pillared 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 had increased d-spacings ranging from 14 A to 18 A. They concluded that the optimal
OH/AI molar ratio for the preparation of pillared clays was 1.8. However, a close look at their data

does not show much variation in the d-spacing of the pillared samples.

Altunlu, M. et al, 2007 investigated the effect of OH/AI and AlI/NaMMT clay molar ratio on the
adsorption properties of Al-pillared bentonites. Results of XRD analysis of their pillared samples
showed an increase in d-spacing with OH/AI molar ratio. The d-spacing increased from an OH/AI
molar ratio of 1.44 and reached a peak at a molar ratio of 2.0. The d-spacing then dropped at the molar
ratio of 2.5. The results obtained in our study show an increase in the d-spacing with increase in the
OH/AIl molar ratio, reaching a maximum at a molar ratio of 2.6. Although molar ratios of 2.4 - 2.6 had
the highest increase in the d-spacing, there were challenges in the preparation of the pillaring solution
as highlighted in the experimental section. There was formation of colloidal AI(OH); which
precipitated out of solution, and this AI(OH); could not be redissolved once precipitated even after
heating the solution further for 1 h. In addition, the BET surface areas of AlpMMT 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 metal oxide-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 the pillaring solution 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 HCI or 3.0 M NH4OH as described in Section 4.2.2.

4.2.8.1 FTIR analysis of AIpMMT-pHn samples

Figure 4.11 displays the FTIR spectra of AIpMMT samples prepared at different pH values. The
AlpMMT sample prepared at pH 4.0 and 5.7 showed much sharper bands at 1046 cm™ compared with
the broad peak observed for the sample pillared at pH 2.0. This suggests that there 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 in the destruction of the crystal
structure of the clay sheets, resulting in an amorphous material (Bhattacharyya, K. G. et al, 2007 and
2008). There was an increase in the intensity of peak at 780 cm™ relative to the peak at 799 cm™. The
overall intensity of these 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 cm™ can be attributed to the presence of more free SiO, liberated 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 cm™ also appeared in the sample pillared at pH 2. This can be attributed
to asymmetric bending mode of O-Si-O (Manohar, D. M. et al, 2006). All the other spectral regions
showed no significant differences.

4.2.8.2 Thermogravimetric analysis of 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 loss. The highest mass loss was
recorded for AlpMMT pillared at a pH of 5.7. This can be attributed to the possible increased
concentration of the Keggin ion (Al;s species) at higher pH, and hence increased intercalation
compared with pillaring at low pH. It can be said that the greater the amount of the Al;; species
intercalated, the greater the mass loss due to thermal decomposition.
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Figure 4.12: Thermograms of NaMMT and AlpMMT prepared\at pH 2.0, 4.3 and 5
4.2.8.3 BET surface area analysis of AlpMMT-pHn samples
Table 4.5 shows the BET surface area analysis data for the AIpMMT sampI&g prepared at different p
values. Also included in the same table are the pore sizes data for the redRective samples. The

respective N, adsorption-desorption curves can be found in Figures A-12 to AJl4. The sample
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prepared at pH 2.0 had the smallest surface 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 observed a decrease in

the surface areas of montmorillonite clay activated using strong H,SQO;, acid.

Table 4.5: BET surface area analysis data for AIpMMT samples prepared at different pH.

Sample BET surface area (m?/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 < 5.7 < 2.0.
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 AIpMMT pillared at pH 2.0 could be due to the collapse of
the clay sheets upon each other as discussed is Section 4.4.8.1. The surface area of AlpMMT pillared
(72.06 m?/g) at pH 2.0 dropped below that of NaMMT (81.62 m?/g) 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 between 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 X-ray diffraction analysis of AlpMMT-pHn samples

Figure 4.13 displays the XRD patterns of AlpMMT 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 20° angle. However, a marked difference was observed for the sample pillared at
a pH of 2.0. The basal reflection peak appeared at a higher 26° angle (giving a d-spacing of 10.0 A)
for the pH 2.0 sample whereas the d-spacing values were 17.7 A and 17.8 A for AIpMMT samples
pillared at pH 5.7 and pH 4.0, respectively.
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Figure 4.13: XRD patterns for AlpMMT samples prepared at different pH values.

The results observed here agree very well with the FTIR, TGA and BET results 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 out. This suggests that at pH 2.0, no pillaring occurred at
all and/or that treatment under acidic conditions resulted in the collapsing of 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 AIpMMT samples prepared at different temperatures.

Sample 20 /° d-spacing /A A(d-spacing) /A

NaMMT 6.22 14.2 0
AlpPMMT-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 temperatures in order 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 FTIR analysis of AlpMMT - x °C samples

Figure 4.14 shows the FTIR spectra of AlpMMT npillared 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 change of the shape of the vibration bands. This suggests that pillaring
temperature did not affect the crystal structure of the clay mineral or the structural changes (if any)
were not detectable by FTIR.

The pillared clay samples were further characterized by thermal gravimetric analysis and the results
are presented in the following section.
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Figure 4.14: FTIR spectra for AlpMMT prepared at different temperatures.

4.2.9.2 Thermal gravimetric analysis of AIpMMT — x °C samples
Figure 4.15 below shows the thermograms of the AIpMMT samples prepared at different
temperatures. The sample pillared at 50 °C showed the greatest mass loss, possibly due to more

intercalated Al;; which then thermally decomposed resulting in increased mass loss.
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Figure 4.15: Thermograms of AIpMMT samples prepared at different temperatuls

The AIpMMT samples prepared at 25 °C and 80 °C gave more or less the same thermogra
slightly higher thermal stability than the one pillared at 50 °C.

Further analysis of the samples was carried out by BET surface area analysis and Section 4.4.9.3
presents the results.

4.4.9.3 BET surface area analysis of AIpMMT — x °C samples
Table 4.8 below summarises the results of surface areas and pore sizes obtained from BET analysis.
The respective N, adsorption-desorption curves can be found in Figures A-15 to A-16. It can be seen

that the increase in pillaring temperature from 25 to 80 °C resulted in an increase in the surface area.

Table 4.8: BET surface area analysis data for AlpMMT samples prepared at different pH.

Sample BET surface area (m?/g) Pore size /nm
AlpMMT-25 °C 226 2.40
AlpMMT-50 °C 253 242
AlpMMT-80 °C 252 2.28

However, further increase in pillaring temperature from 50 to 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
2.42 nm (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 X-ray diffraction analysis of AIpMMT — x °C samples

This section presents the XRD results of AlpMMT samples prepared at different temperatures. Figure
4.16 displays the XRD patterns for AIpMMT samples prepared at different temperatures. The
variation of the pillaring temperature did not result in any major differences in XRD patterns. The

basal reflection peak for all three samples occurred at around the same 26° angle.
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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 sharper peak compared with the other
two. This might mean higher crystallinity in the AlpMMT sample prepared at 50 °C than those at 25
and 80 °C.

Table 4.9 summarizes the XRD data for the samples prepared at different temperatures. The highest d-

spacing was achieved at a temperature of 50 °C. This can be taken as the optimum temperature for the

pillaring process.
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Table 2: XRD data for AlpMMT samples prepared at different temperatures

Sample 20 /° d-spacing /A A(d-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 solutions at relatively high temperatures (about 60 - 90
°C), in order to facilitate the formation of the Keggin ion (de Carvalho, M. B. et al, 1996; Pires, J. et
al, 1997; Manohar, D. M. et al, 2006). However, d-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 4.4.10 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 sizes. However, there were
some irregularities observed with some samples not following this general trend. Generally, 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 areas obtained 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.
etal, 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 the Al-pillaring of montmorillonite clay. Al-pillaring of
montmorillonite clay resulted in an increase in surface area and a shift of the texture of the pillared
clays to micro-porosity. The basal spacings of the pillared 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 d-spacing. However, 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 lower d-spacing than the original 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 d-spacing. However, there was no relationship found between the d-spacing 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. Microporous to mesoporous
materials were successfully prepared. Pore sizes were found to generally decrease with increase in the
OH/AI molar ratio. From the FTIR, TGA, XRD and BET surface area analysis, it can be concluded
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that the ideal conditions for the Al-pillaring of montmorillonite clay were: pH 4.3, temperature — 50
°C, OH/AI molar ratio — 2.3 and Al/clay ratio — 10 mmol/g.
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Chapter 5

Preparation of Polymer-grafted Lignocellulose and

Montmorillonite Clay Adsorbents

5.0 Introduction

This chapter describes the procedures followed in the synthesis of polymer-grafted (coupled)
lignocellulose-montmorillonite clay nanocomposites. The detailed methods for the separate
modification of both the lignocellulose and montmorillonite through grafting of organic groups are
also presented together with the preparation of the homopolymers from the monomers used for the
modification. The homopolymers were used as control samples. The characterization of the prepared
materials was carried out using FTIR, TGA, 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
round-bottom flask with magnetic stirring and a thermometer. Deionised water (100 mL), 0.0145 g
(4.4 x 10”° mol) sodium dodecyl benzene sulfonic acid (DBS) and 0.0072 g (3.8 x 10™ mol) sodium
metabisulfite (SMBS) were loaded in the reactor and stirred for 30 min. Afterwards, MMA (3.5 g, 3.5
x 10 mol) was added in order to form the emulsion. This was then followed by the addition of the
initiator, ammonium persulfate, AMPS (0.0306 g, 1.3 x 10™ mol) dissolved in 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 was heated at 60 °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 24 h at 50 °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 pipetted into 150 mL of a 1:1 (v/v) EtOH/H,O solvent mixture in a

250 mL round flask. The mixture was stirred for 30 min, followed by the addition of ammonium



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 °C for 4 h.

The PMAA was precipitated by adding acetonitrile to the reaction mixture. The solvent was poured
out and the PMAA left to dry in the fume hood for 24 h. In order to purify the PMAA, it was
redissolved in a 1:1 (v/v) EtOH:H,0O solvent mixture and then precipitated using diethyl ether. The
PMAA was dried in a ventilated oven at 50 °C for 48 h, and was characterized using FTIR and TGA.

5.1.3 Polymerisation of poly (methacryloxypropyl trimethoxy silane)

Methacryloxypropyl trimethoxy silane, MPS (15.0 g, 6.0 x 10 mol) was added to 200 mL of a 1:1
viv EtOH:H,0 solvent mixture and mixed for 10 min under magnetic 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 for 24 h. After 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 for 24 h. The poly
(methacryloxypropyl trimethoxysilane) (PMPS) was characterized by FTIR and TGA and the results

are discussed in Section 5.6.2.

5.2 Synthesis of polymer-grafted montmorillonite adsorbents

5.2.1 Preparation of poly (methyl methacrylate)-grafted montmorillonite

The procedure for the grafting of methyl methacrylate to montmorillonite clay was adapted from an
article by Atai, M. et al, 2009. The graft polymerization reaction was carried out in a 250 mL three
neck round-bottom flask with magnetic stirring and a thermometer. Sodium-exchanged
montmorillonite clay (NaMMT), 5.1 g was slowly added to deionised water (100 mL) under high-
speed stirring. The vigorous stirring was maintained until all the NaMMT was completely dispersed in
the water. DBS (0.0152 g, 4.7 x 10™ mol) and SMBS (0.0075 g, 3.9 x 10™ mol) were added to the
mixture and stirred for 30 min. Methyl methacrylate (MMA) was then added and mixed for 30 min in
order to form the emulsion. The initiator, AMPS (0.0301 g, 1.3 x 10™* mol) was first dissolved in 10
mL deionised water and then added to the flask. The system was purged with nitrogen gas for 30 min
to remove dissolved oxygen. The nitrogen gas flow was maintained and the mixture was refluxed at
60 °C for 4 h 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 for 24 h at 50 °C. In order to
remove PMMA homopolymer, the PMMA-grafted MMT (PMMAgMMT) was soxhlet extracted with
tetrahydrofuran (THF) for 24 h and then dried at 50 °C.
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The PMMAgMMT 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 trimethoxy silane—grafted montmorillonite

The method employed in the preparation of MPS-grafted montmorillonite was adapted from previous
works (An, F. et al, 2010 and Wang, W., 2010) where MPS was grafted onto SiO, particles. However,
the substrate in this study was montmorillonite clay. NaMMT (5.0 g) was dispersed in 200 mL of a
1:1 v/v EtOH:H,0 solvent mixture under high speed magnetic stirring for 1 h or until all the NaMMT
was homogeneously dispersed. Methacryloxypropyl trimethoxysilane (MPS), (3.5 g, 1.4 x 10 mol),
was added to the clay dispersion and mixed for 10 min. 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 reacted at this temperature for 24 h.

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 24 h at 50 °C. Tetrahydrofuran (THF) was used for soxhlet extraction (24 h) in order to
remove the free MPS as well as the homopolymerised silane together with the catalyst. The product
was dried at 50 °C for 24 h and then characterised by FTIR, TGA and XRD, and the results are
presented in Section 5.6.2. The MPS-grafted MMT (MPSgMMT) was further modified with poly
(methacrylic acid) to give the poly (methacrylic acid)-grafted MMT as described below.

5.2.3 Preparation of poly (methacrylic acid)-grafted montmorillonite

Though poly (methacrylic acid) (PMAA) has been applied widely in water treatment, it is said to be
unstable under shear. It is also reported to contain toxic residual monomers which could cause severe
secondary environmental pollution problems (An, F. et al, 2010). Therefore, it is necessary that 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 two-step grafting procedure (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 acid)-grafted MMT (PMAAgMMT) was
adapted from the work by An, F. et al, 2010 and Wang, W., 2010. Sodium dodecyl benzene sulfonic
acid, DBS (0.0152 g, 4.7x10" mol) was first dissolved in 150 mL of deionized water in order to aid
the dispersion process. Methacryloxypropyl trimethoxysilane-grafted montmorillonite, MPSgMMT

(5.0 g) was dispersed under high speed stirring in the solution above for 1 h. Ethanol was added to
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improve the wetting properties of MPSgMMT. Methacrylic acid (3.5 g, 4.1 x 10 mol) was measured
and added into the dispersion above and mixed for 30 min. Ammonium persulfate, AMPS (0.0746 g,
8.7 x 10" mol) was dissolved in 10 mL of deionised water and added to the mixture. Nitrogen gas was
bubbled into the reaction flask to provide an inert environment. The mixture was heated at 70 °C for
24 h to 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
unreacted 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 for 24 h and characterized by FTIR, TGA and
XRD.

5.3 Synthesis of polymer-grafted lignocellulose adsorbents

5.3.1 Preparation of poly (methyl methacrylate)-grafted lignocellulose

The procedure followed in the grafting of MMA onto lignocellulose was adapted from the work by
Roman-Aguirre, M. et al, 2004. Sodium metabisulfite, SMBS (0.0087 g, 4.6 x 10” mol) and DBS
(0.0152 g, 4.7 x 10” mol) were dissolved in deionised water (100 mL) in a three-neck round-bottom
flask equipped with a magnetic stirrer. The EtOH:H,O soxhlet-extracted lignocellulose (5.2 g) was
then added slowly to the mixture at high speed magnetic stirring. The mixture was stirred for 1 h or
until all the lignocellulose was homogeneously dispersed followed by the addition of MMA (3.5 g,
3.5 x 10% mol) to form an emulsion. Nitrogen gas was purged through the system to evacuate oxygen
and the inert atmosphere was maintained till the end of the reaction. After mixing for another 30 min,
AMPS (0.0346 g, 1.5 x 10 mol) dissolved in 10 mL of deionised water was added to the mixture and

stirred for 30 min before heating the mixture at 60 °C under nitrogen gas for 4 h.

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 50 °C for 24 h. The product was characterized by FTIR,
SEM and TGA and the results reported in Section 5.6.4.

5.3.2 Preparation of methacryloxypropyl trimethoxysilane—grafted lignocellulose

Castellano, M. et al, 2004 investigated the grafting of organosilanes to cellulose and lignin. 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:H,O was chosen as reported by An, F. et al, 2010. The soxhlet-extracted
lignocellulose (10.0 g) was dispersed in 300 mL of a 1:1 v/v EtOH:H,0 solvent mixture under high
speed magnetic stirring for 1 h in a 500 mL 3-neck round flask. Methacryloxypropyl
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trimethoxysilane, MPS (7.5 g, 3.0 x 10 mol) was added to the lignocellulose dispersion and mixed
for 10 min. A catalyst, DBTDL (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 temperature for 24 h.

After 24 h, the mixture was cooled to room temperature and the product isolated by filtration,
followed by drying in a ventilated oven for 24 h. THF was used for soxhlet extraction (24 h) in order
to remove the free MPS, homopolymerised silane, as well as the catalyst. The MPS-grafted
lignocellulose (PMPSgLig) was dried at 50 °C for 24 h and then characterized by FTIR and TGA, and
the results are presented in Section 5.6.5. The PMPSgLig was used for the preparation of poly
(methacrylic acid)-grafted lignocellulose (PMAAgL.ig) as described below.

5.3.3 Preparation of poly (methacrylic acid)-grafted lignocellulose

MPS-grafted lignocellulose (5.0 g) was dispersed under high speed stirring in deionised water for 1 h.
Methacylic acid, MAA (3.5 g, 4.1 x 10 mol) was measured into the dispersion above and mixed for
30 min. Ammonium persulfate (0.083g, 3.6 x 10 mol) was dissolved 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 °C for 24 h to
effect the reaction of the methacrylic acid on the C=C double bonds of the 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 was further washed by soxhlet extraction (using
EtOH) to remove the homopolymer and free monomer followed by drying at 50 °C for 24 h. The
PMAA-grafted lignocellulose (PMAAgLig) was characterized by FTIR and TGA.

5.4 Synthesis of polymer-grafted lignocellulose-montmorillonite composite

adsorbents

5.4.1 Preparation of poly (methyl methacrylate)-grafted lignocellulose-montmorillonite
nanocomposite

Nanocomposites of MMT and lignocellulose were prepared as follows: SMBS and DBS were
dissolved in deionised water in a three-neck round bottom flask equipped with a magnetic stirrer.
Soxhlet-extracted lignocellulose was then added slowly to the mixture under high speed magnetic
stirring then followed by the slow addition of NaMMT. The mixture was stirred for 1 h to completely
disperse the solids followed by the addition of MMA to form the emulsion. Nitrogen gas was bubbled

into the system to remove oxygen and was maintained till the end of the reaction. After mixing for
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another 30 min, AMPS (dissolved in 10 mL of deionised water) was added to the mixture and stirred

for 30 min before refluxing the mixture at 60 °C under nitrogen gas for 4 h.

The mixture was cooled to room temperature, and the product (PMMAgLig-NaMMT) was isolated by
filtration. The product was purified by solvent extraction with 250 mL of THF to remove PMMA
homopolymer and dried at 50 °C for 24 h. The nanocomposites were prepared at different
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 5.6: Materials used for the preparation of nanocomposites of different clay loadings.

Mass /g Amount /mol
*Sample
NaMMT  Lignocellulose SMBS DBS MMA AMPS

Nano-10 0.6091 5.4011 43x10° 45x10° 35x10% 1.4x10*
Nano-20 1.2065 4.8100 42x10° 56x10° 35x10% 1.4x10*
Nano-30 1.8079 4.2034 47x10° 5.1x10° 35x10% 1.4x10*
Nano-40 2.4018 3.6002 41x10° 46x10° 35x10% 15x10*
Nano-50 3.0109 3.1030 50x10° 46x10° 35x10% 1.4x10*

*The number after Nano- represents 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 silane—coupled lignocellulose-
montmorillonite nanocomposite

Soxhlet-extracted lignocellulose (3.0 g) and 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 x 10 mol, was added to the lignocellulose-NaMMT dispersion
and mixed for 10 min. A catalyst, dibutyl tin dilaurate (2.1 x 10 mol) was added and the mixture

stirred for 10 min. The mixture was then heated to 70 °C and left to react at this temperature for 24 h.
After 24 h, the mixture was cooled to room temperature and the MPS-coupled lignocellulose-

montmorillonite (PMPSgLig-NaMMT) nanocomposite was isolated by filtration. THF was used as

solvent in soxhlet extraction for 24 h in order to remove the free MPS monomer, the
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homopolymerised silane and the catalyst. The MPSgLig-NaMMT 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 lignocellulose-montmorillonite

nanocomposites

PMAA-grafted lignocellulose-montmorillonite (PMAAgLig-NaMMT) nanocomposites were prepared
at different montmorillonite clay loadings. The required amount of MPS-grafted 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 of both the MPS-grafted lignocellulose and PMPSgMMT 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 for 24 h, after which the mixture was cooled to room
temperature and the product (PMAAgLig-NaMMT) 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 extracted with EtOH for 24 h in order to remove all PMAA
homopolymer and then dried at 50 °C for 24 h.

The amounts of the different reactants used in the synthesis of the nanocomposites are shown in Table
5.7 below. The nanocomposites were characterized by FTIR, TGA, XRD and TEM.

Table 5.7: Materials used for the preparation of nanocomposites of different clay loadings.

Mass /g Amount /mol
*Sample
PMPSgMMT PMPSgLig MAA AMPS

Nano-10 0.6091 5.4012 4.1x10° 3.6 x10*
Nano-20 1.2128 4.8193 4.1x10° 3.6 x10*
Nano-30 1.8000 4.2102 4.2 x10° 3.7x10*
Nano-40 2.0113 3.1433 4.1 x10° 3.7x10*
Nano-50 3.0119 3.0173 4.1 x10° 3.7x10*

*The number after Nano- represents 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 and XRD. In order to
determine the morphology of nanocomposites, they were further analysed by transmission electron
microscopy (TEM). TEM analysis was performed at the University of Cape Town. TEM was used to
visualize the morphology of the polymer-grafted or coupled lignocellulose-NaMMT nanocomposites.
The TEM images were recorded on a JEM 200CX transmission electron microscope (JEOL, Tokyo,
Japan) at an accelerating voltage of 120 kV. Prior to analysis, the nanocomposites were stained with
0s0,, then embedded in epoxy resin and cured for 24 h at 60 °C. The embedded samples were then
ultra-microtomed with a diamond knife on a Reichert Ultracut S ultra-microtome at room temperature
to give sections of about 100 nm thick. The sections were transferred from water at room temperature
to 300-mesh copper grids, which were then transferred to the TEM instrument.

The following section describes the results obtained 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 direct grafting of PMMA onto a
substrate, either NaMMT or lignocellulose. A sodium metabisulfite/ammonium persulfate redox

system was used as the initiator for the free-radical polymerization reaction.
5.6.1.1 Suggested mechanism for the grafting of methyl methacrylate to a substrate
Equation 1 describes the free radical generation mechanism of the sodium metabisulfite/ammonium
persulfate system.
H,O + HSO; + 25,05 — 3HSO, + 2S0,” 1)
The sulfate radical essentially generates a macro-radical onto which an incoming MMA monomer

attaches itself (Roman-Aguirre, 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 5.1: 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 analysis of PMMAgMMT

Figure 5.1 displays the FTIR spectra of poly (methyl methacrylate)-grafted montmorillonite
(PMMAgMMT). In the FTIR spectrum, the NaMMT showed stretching vibrations at 467, 527, 801,
843, 886, 919, 1045, 1639, 2927, 3436 and 3636 cm™. These frequencies were attributed to Si-O-Si
bending, Si-O-Al bending, O-Si-O asymmetric stretching, Al-OH-Mg deformation, Al-OH-Fe
deformation, OH bending (Al,OH), Si-O stretching, H-O-H deformation (interlayer H,0), -CHs
asymmetric stretching, H-O-H stretching (adsorbed H,0) and structural O-H stretching vibrations,

respectively (Yuan, P. et al, 2006).

The IR spectrum of grafted MMT showed a stretching vibration at 1733 cm™ and 1436 cm™ in
addition to the bands listed above. To check if the PMMA was covalently attached to the MMT, the
grafted MMT was extracted with THF for 48 h before analysis with FTIR. This procedure should

remove free PMMA homopolymer that formed during the grafting reaction.
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Figure 5.1: FTIR spectra of NaMMT, PMMA and PMMAgMMT.

The persistence of the stretching vibrations at 1733 cm™ (C=0 stretching vibration) and 1453 cm™ (-
0O-CHj3; asymmetric deformation) in the THF extracted product confirmed that methyl methacrylate
groups were covalently attached to MMT during the grafting process (Rajendran, S. et al, 2001).

5.6.1.3 Scanning electron micrscopy of PMMAgMMT

Scanning electron microscopy showed marked differences in morphology between the NaMMT and
PMMA-grafted MMT as displayed in Figure 5.2.
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Figure 5.2: SEM micrographs for NaMMT (left) and PMMAgMMT (right) at a magnification of
50000X.

The ungrafted NaMMT sample showed a relatively smooth surface, whereas the soxhlet extracted
PMMAgMMT had rough surfaces (with cavities) which must have been due to the attached PMMA
particles (see Figure 5.2).

5.6.1.4 Thermogravimetric analysis of PMMAgMMT

Figure 5.3 displays the thermograms of PMMA, NaMMT 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
showed a two step degradation process, at 60-120 °C (loss of adsorbed water) and 370-670 °C
(dehydroxylation of the clay structure) (Binitha, N. N. et al, 2006). The greater mass loss between 270
and 400 °C for the PMMAgMMT than the NaMMT was due to the decomposition of the grafted
PMMA. The grafting 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 PMMA, NaMMT and PMMAgMMT.

5.6.1.5 X-ray diffraction analysis of PMMAgMMT

Figure 5.4 shows the XRD patterns for the NaMMT and the PMMAgMMT. The characteristic basal
reflection peak of NaMMT occurred at 20 = 6.22 ° (basal spacing = 14.2 A) while that of
PMMAgMMT occurred at 26 = 5.88° (basal spacing = 15.0 A).
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Figure 5.4: XRD patterns of NaMMT and PMMAgMMT.
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There was a shift of the peak to lower 20 angles (an increase in the basal spacing) after modification
with PMMA. This suggested that PMMA was partially intercalated and polymerized 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 grafting of PMMA, the reaction here followed a condensation

mechanism.

5.6.2.1 Suggested mechanism for the grafting of MPS onto NaMMT substrate
The grafting process entails the in-situ hydrolysis of the MPS and then the condensation reaction of
the silanol (MPSi(OH)3) with the silanol or aluminol groups on the surface of the MMT. The reaction

can be summarised as shown in Scheme 5.2:
Y \
QMT>—OH  + NN @MB—0\ 0 o |l + cHOH + Ho
Q CHj 0" VN N en
\ 5 s
o]

Scheme 5.2: Grafting of MPS onto montmorillonite clay by condensation.

5.6.2.2 FTIR analysis of PMPSgMMT

Figure 5.5 shows the FTIR spectra of NaMMT, poly (methacryloxypropyl trimethoxysilane), PMPS
and PMPSgMMT. The vibrational peaks for NaMMT have already been discussed in Section 5.6.1.2.
For the PMPSgMMT spectrum, the vibrational peak at 2959 cm™ was assigned as the methyl (CHs-)
asymmetric stretching and the vibrational peak at 2887 cm™ was ascribed to the symmetric stretching
of the same peak (Costa, R. O. R. et al, 2002). Peaks due to the asymmetric and symmetric bending
vibrations of the methyl (CH5-) groups were observed at 1468 and 1394 cm™, respectively (Costa, R.
O. R. et al, 2002).
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Figure 5.5: FTIR spectra of NaMMT, poly (methacryloxypropyl trimethoxy silane) and PMPSgMMT.

The alkenyl (C=C) stretching vibration was superimposed over the bending vibration of the H-O-H
around 1638 cm™ (Giinzler, H. et al, 2002). The peak at 1721 cm™ was attributable to the carbonyl
(C=0) stretching vibration of the ester group of the grafted MPS (Costa, R. O. R. et 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 of PMPSgMMT

Figure 5.6 displays the TGA thermograms of NaMMT, PMPS and PMPSgMMT. PMPS showed only
a single decomposition step centred at 450 °C. The decomposition started at about 300 °C until a
charcoal-like residue was obtained at 615 °C. Its decomposition under N, did 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 after heating to 900 °C.

Tiwari, A. et al, 2004 found similar results for the degradation of poly (methylphenyl siloxane).

NaMMT showed two decomposition steps as explained earlier while PMPSgMMT displayed three
decomposition steps in the temperature regions: 50-120, 200-460 and 490-730 °C. The first mass loss

(59 °C) was attributed to the removal of volatile organics as well as adsorbed water. The second mass
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loss (418 °C) was ascribed to the thermal decomposition of grafted PMPS from the NaMMT. The

third step (674 °C) was attributed to the loss of interlayer water, the dehydroxylation of the clay
structure, as well as the decomposition of residual PMPS compounds.
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Figure 5.6: TGA thermograms of NaMMT, PMPS and PMPSgMMT.

The amount of PMPS grafted to the NaMMT was determined from the mass loss of the PMPSgMMT
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 of the PMPSgMMT in order to get the actual mass of PMPS
grafted. The amount of PMPS grafted was found to be about 16% assuming no physical or chemical
interaction between the PMPS and NaMMT. The samples were further analysed by XRD.

5.6.2.4 X-ray diffraction analysis PMPSgMMT

The XRD patterns of NaMMT and PMPSgMMT are shown in Figure 5.7. There was no change in the
position of the basal reflection peak of montmorillonite after modifying the NaMMT with PMPS. This
might imply that the PMPS did not intercalate the interlayer space of the clay, rather, it was grafted on
the surface or edges of the clay sheets. However, 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 lower 20 angles of the basal reflection peak after silylation of NaMMT.
Differences can be attributed to the different experimental conditions used in the studies.

141



Intensity (a.u)

MPSgMMT

20 /°

Figure 5.7: XRD patterns of NaMMT and PMPSgMMT.

5.6.3 Poly (methacrylic acid)-grafted montmorillonite

NaMMT was first grafted with PMPS which has a reactive group (C=C bond). MAA was then
covalently attached onto the PMPS molecules already grafted onto the NaMMT via the C=C bonds.
The mechanism for the grafting of PMPS to a substrate has been described above. The next section
describes the mechanism for the grafting of PMAA onto PMPS-modified NaMMT.

5.6.3.1 Suggested mechanism for the grafting of methacrylic acid to PMPSgMMT

The grafting of PMAA to PMPS-grated NaMMT probably followed a free-radical mechanism, and
was carried out under aqueous 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 grafted PMPS or the C=C bond on the MAA units. The following schematic
summarises the grafting of MAA onto PMPS-grafted NaMMT.
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Scheme 5.3: Grafting of PMAA to PMPSgMMT.
5.6.3.2 FTIR analysis of PMAAGMMT

Figure 5.8 displays the FTIR spectra of PMAA, PMPSgMMT and PMAAgMMT. The spectra of
PMAA and PMPSgMMT were included for comparison purposes.
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Figure 5.8: FTIR spectra of PMAA, PMPSgMMT and PMAAgMMT.

The FTIR spectrum for PMPSgMMT has been discussed in Section 5.6.2.2. The PMAA spectrum
showed a broad peak spanning from 2700 to 3300 cm™ which 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 C-H stretching vibration. The spectrum of PMAAgMMT showed a
strong band at 1720 cm™ ascribed to the C=0 stretching vibration of either a carboxylic group (from
PMAA) and/or ester linkage (from PMPS). The ester C=0 vibration (PMPS) could be overlapping
with the carboxyl C=0 vibration. The band at 1268 cm™ (relatively low intensity compared with that
of PMAA) was ascribed to the C-O stretching vibration coupled with O-H in-plane bending,
associated with the acid dimer of the (-COOH group) from the grafted PMAA (McNeill, 1. C. et al,
1995; Dong, J. et al, 1997; Polacco, G. et al, 2000). The assignment of peaks for PMAA and
PMAAgMMT spectra is summarised in Table 5.8.

Table 5.8: FTIR peak assignment for the PMAA and PMAAgMMT.

Wavenumber /cm™ Assignment Reference

3436 OH stretching vibration of water (Polacco, G. et al, 2000)
molecules associated with the COOH

3248 OH stretching vibration of the COOH Gunzler, H. et al, 2002

2959 CH, or CH stretching Dong, J. et al, 1997; Tang, E. et

al, 2006

2585 O-H stretching vibration carboxylic Erhardt, R. et al, 2003; Glnzler,
acid dimmers H. et al, 2002

1711 C=0 stretching vibration of saturated Gunzler, H. et al, 2002
dimeric carboxylic group

1640 possibly H-O-H bending or C=C  Gunzler, H. et al, 2002; Costa,
stretching vibration from residual R. O. R. etal, 2002
MAA

1547 Anti-symmetric deformation vibration Tang, E. et al, 2006
of C=0 in COOH

1479 C-O stretching coupled with O-H in- Gunzler, H. et al, 2002
plane bending

1387 - 1453 Symmetric deformation vibration of  Tang, E. et al, 2006; Giinzler,
C=0in COOH H. et al, 2002; Kurt, A. et al,
2009
1268 C-O stretching vibration Gunzler, H. et al, 2002

The peak at 1268 cm™ (PMAAgMMT) was not present in the PMPSgMMT spectrum. The broad band
at 2584 cm™ (associated with the carboxyl O-H stretching vibration) was found to be present in both
PMAA and PMAA-g-MMT but not in PMPSgMMT. These findings show that the grafting of PMAA
onto PMPSgMMT was carried out successfully.
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5.6.3.3 Thermogravimetric analysis of PMAAgGMMT

Figure 5.9 shows the TGA thermograms of PMAA, PMPSgMMT and PMAAgMMT. Both
thermograms of PMAAgMMT and PMPSgMMT showed three degradation steps. For PMAAgGMMT,
the degradation steps occurred at temperatures 68, 395, and 626 °C while for PMPSgMMT, the
degradation steps occurred at temperatures 63, 419 and 678 °C. The composite PMPSgMMT
displayed a relatively higher thermal stability compared with PMAAgMMT. The thermogram of
PMAAgMMT showed a greater mass loss compared with the PMPSgMMT. The amount of PMAA
that was grafted could be calculated from the mass loss in the temperature region 200 to 430 °C, and
mJound to be about 8%. This again showed that the grafting of PMAA onto PMPSgMMT had been

sqUried oG successfully. The increased mass loss recorded in the thermogram of PMAAgMMT was
attribived to tgresence of grafted PMAA.
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Figure 5.9: TGA thermograms of PMAA, PMPSgMMT and PMAA-g-MMT.

5.6.3.4 X-ray diffraction analysis PMAAgQMMT
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 NaMMT, PMPSgMMT and PMAAgMMT.

The grafting of PMAA onto PMPSgMMT did not result in a change in the position of the basal
reflection peak of montmorillonite. The XRD patterns of PMPSgMMT and PMAAgMMT looked
almost the same (see Figure 5.10). This 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.

5.6.4.1 FTIR analysis of PMMAgLig

Figure 5.11 displays the FTIR spectra of PMMA, lignocellulose and PMMA-grafted lignocellulose.
The spectrum of the raw lignocellulose showed stretching vibrations at 1065 cm™, 1387 cm™, 1621
cm, 2955 cm™ and 3435 cm™. These are attributed to C-O-C skeletal vibration, O-H bending, H-O-H
bending (absorbed water), C-H stretching and hydroxyl stretching, respectively.

The soxhlet extracted PMMA-grafted lignocellulose showed the above-highlighted peaks for raw
lignocellulose as well as two extra peaks at 755 cm™ and 1732 cm™. These peaks are characteristic of
PMMA. It can also be observed that the O-H bending peak at 1387 cm™ is relatively more intense for

the lignocellulose blank sample than for the PMMA-grafted lignocellulose. This can be attributed to
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the bonding of the MMA monomer to some of the OH groups during the free radical polymerization

reaction leaving fewer OH groups exposed in the grafted lignocellulose, hence the reduced O-H

intensity in the grafted lignocellulose. FTIR results show that PMMA was grafted onto lignocellulose.

Transmittance (a.u)

\w/\\ PMMA [ W
l\
N \,1 o _’_ AN /\ /
-~ PMMAgLig i PN
noo
[ ~
I
s h b I
/ R
/ wif
/
8% Lignocellulose
(Sr) (9) g — — S N~
4000 3000 2000 1000

Wavenumber /cm™

Figure 5.11: FTIR spectra of lignocellulose, PMMA and PMMAgL.ig.

5.6.4.2 Scanning electron microscopy of PMMAgL.ig

The grafting of PMMA to lignocellulose was also assessed using scanning electron microscopy and

Figure 5.12 shows the micrographs of unmodified and PMMA-modified lignocellulose samples. The

micrographs of the unmodified and modified lignocellulose showed different morphologies. The

PMMA particles attached to the lignocellulose can be seen in the modified lignocellulose sample.
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Figure 5.12: SEM micrographs for raw lignocellulose (left) and PMMA-grafted lignocellulose (right).
Magnification 4300X.

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; Roman-Aguirre, M. et al, 2000 and Ojah,
R. et al, 2006 in which they observed similar changes in the morphologies of lignocellulose and silk
after modification.

5.6.4.3 Thermogravimetric analysis of PMMAgLig

The grafting of PMMA onto the lignocellulose was also assessed by TGA. A number of authors
(Gangopadhyay, R. et al, 2000; Roméan-Aguirre, 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 PMMA-grafted

lignocellulose.

It was observed that PMMA thermally degraded in the same temperature region as both the
unmodified and the PMMA-grafted lignocellulose. However, all the PMMA was completely degraded
at a temperature of about 420 °C. The unmodified lignocellulose showed a similar degradation
thermogram to that of the PMMA-grafted lignocelluloses although the unmodified lignocellulose
showed slightly higher thermal stability than the grafted lignocellulose. Gangopadhyay, R. et al, 2000
and Ojah, R. et al, 2006 reported an increase in the thermal stability of lignocellulose following
grafting with PMMA. Roman-Aguirre, M. et al, 2004 also found that the grafting of lignocellulose
with PMMA resulted in a reduced thermal stability. The reduced thermal stability 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 explain why they observed an increased thermal stability of their polymer-

grafted silk material.
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Figure 5.13: Thermograms of pure PMMA, lignocellulose and PMMA-grafted lignocellulose.

Gangopadhyay, R. et al, 2000 carried out photo-grafting 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 lignocelluloses prepared 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 reported in this study was about 17%.

5.6.5 Methacryloxypropy! trimethoxysilane-grafted lignocellulose
The mechanism for the grafting of MPS onto lignocellulose is the same as described for the
preparation of PMPSgMMT (see Section 5.6.2.2). The only difference is the substrate.

5.6.5.1 FTIR analysis of PMPSgLig

Figure 5.14 below shows the FTIR spectra of lignocellulose and MPS-grafted lignocellulose. The
peak at 1720 cm™ in the PMPS-grafted lignocellulose was ascribed to the C=0 (unsaturated ester)
stretching vibration of the grafted MPS. The peak at 1620 cm™ was ascribed to the C=C stretching
vibration which overlapped with that of the H-O-H bending vibration (1638 cm™).

The -CH,- asymmetric stretching vibration can be observed at 2932 cm™ and the symmetric stretching
vibration of the same at 2855 cm™. The stretching vibration of the Si-O-C group can be observed at

1055 cm™ and this overlapped with the C-O-C stretching vibration from the lignocellulose. The
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presence of the C=0 stretching vibration (of the conjugated ester group) in the tetrahydrofuran-
extracted MPS-grafted lignocellulose sample showed that the grafting of MPS had been carried out

successfully.

PMPS
1
o .
8
S —
é 1
8 .
= % Lignocellulose
E X
- \
[72]
c
o
= .
PMPSgLig
/ 4
/‘\ «

b 3

2!" Qo O d Wi~ L

3] g % Q ) Ln oo cTo|

NN & IG ~

4000 30'00 20'00 10'OO

Wavelength /cm™

Figure 5.14: FTIR spectra of lignocellulose, PMPS and PMPSgL.ig.

5.6.5.2 Thermogravimetric analysis of PMPSgLig

MPS-grafted lignocellulose was also analysed by TGA 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 no significant difference in the thermal stabilities of the raw lignocellulose
and the MPS-grafted lignocellulose. The slight increase in the thermal stability of the MPS-grafted
lignocellulose could be due to single MPS units grafted on the lignocellulose, whereas the higher

thermal stability of the MPS is due to the formation of silicon carbides or oxides.
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Figure 5.15: Thermograms of lignocellulose, PMPS and PMPSgL.ig.

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 acid)-grafted lignocellulose

Poly (methacrylic acid)-grafted lignocellulose was prepared via a possible free-radical graft
polymerisation reaction. The mechanism for the grafting of MAA onto MPS-grafted lignocellulose is
the same as that described in Section 5.6.3.1 for the grafting of the same to PMPSgMMT.

5.6.6.1 FTIR analysis of PMAAgLig
Figure 5.16 displays the FTIR spectra of the raw lignocellulose, PMAA and PMAA-grafted

lignocellulose. The spectra of PMAA and raw lignocellulose were included for ease of comparison
and assignment of peaks.
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Figure 5.16: FTIR spectra of lignocellulose, PMAA and PMAAgLig.

For the PMAA-grafted lignocellulose, the peak at 1717 cm™ can 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
cm™ was assigned to the C-O symmetric stretching vibration. The band at 1061 cm™ was ascribed to
C-O-C stretching vibration (Wang, L. et al, 2007). The presence of the carboxylate C=0 stretching
vibration peak at 1717 cm™ in the PMAA-grafted lignocellulose sample showed that the grafting of

PMAA onto MPS-grafted lignocellulose was carried out successfully.

5.6.6.2 Thermogravimetric analysis of PMAAgLig
The PMAA-grafted lignocellulose was further analysed by TGA and the thermograms of raw

lignocellulose, PMPSgLig and PMAA-grafted lignocellulose are shown in Figure 5.17.
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explained in terms of the oxidative effect of ammonium persulfate on the MPS-modifie
al, 2004). However, the

oxidative activity did not occur to the same extent as on the raw lignocellulosy as described in Section

lignocellulose fibres during the grafting with MAA (Romén-Aguirre, M.

5.6.4.3 for the grafting of methyl methacrylate. The presence of the grafted MPY on the lignocellulose

offered some kind of stabilizing effect.
The TGA results further confirm that the grafting of PMAA onto lignocellulose\was carried out

successfully. Both FTIR and TGA results showed that PMAA was covalently

lignocellulose backbone.
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5.6.7 Poly (methyl methacrylate)-grafted montmorillonite-lignocellulose nanocomposite
5.6.7.1 Suggested mechanism 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

lignocellulose 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: lignocellulose-PMMA-lignocellulose,
montmorillonite-PMMA-montmorillonite, PMMA-grafted lignocellulose, ungrafted lignocellulose
and ungrafted montmorillonite and PMMA-grafted montmorillonite. The PMMA was expected to act
as a bridge linking the lignocellulose to the NaMMT as depicted in Scheme 5.4.

5.6.7.2 FTIR analysis of PMMAgLig-NaMMT

Figure 5.18 shows the FTIR spectrum of raw lignocellulose, NaMMT and a representative
nanocomposite. The FTIR spectra of the different 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 PMMA-grafted MMT and PMMA-grafted lignocellulose. The
presence of the peak at 1734 cm™ (C=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 nanocomposite was shown by the presence of the peaks
at 468 cm™ and 530 cm™ which were ascribed to Si-O-Si and Al-O-Si, respectively. The soxhlet
extraction was necessary in order to open up the spaces in the nanocomposite which would act as

adsorption sites for both heavy metals and organic pollutants.
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Figure 5.18: FTIR spectra of raw lignocellulose, NaMMT and PMMAgLig -NaMMT nanocomposite.

5.6.7.3 Thermogravimetric analysis of PMMAgLig-NaMMT

The nanocomposites were also analysed by TGA 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 NaMMT, the 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 about 375 °C. In addition, a greater mass
loss was observed for the raw lignocellulose than was recorded for the nanocomposites. The mass 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 prepared at 40%. The 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 NaMMT, raw lignocellulosd, and RMMAgIN-NaMM
nanocomposites (Nano-10, Nano-20 and Nano-40).

5.6.7.4 X-ray diffraction analysis

Figure 5.20 below shows the XRD patterns of NaMMT and PMMA-grafte, lignocellNgse-
montmorillonite hanocomposite.
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Figure 5.20: XRD pattern of NaMMT and PMMA-grafted lignocellulose-montmorillonite
nanocomposite.
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5.6.7.5 Transmission electron microscopy of PMMAgLig-NaMMT

The nanocomposite was further analysed by transmission electron microscopy (TEM). Figure 5.21
shows the TEM micrograph for PMMAgLig-NaMMT 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 been discussed above. It can be
suggested that the product formed was an intercalated nanocomposite.

PEEET A N
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NaMMT clay particles
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Figure 5.21: Transmission electron micrograph of PMMAgLig-NaMMT nanocomposite.

The basal reflection peak of montmorillonite shifted from 6.22° (NaMMT) to 5.88° for the PMMA-
grafted nanocomposite. This corresponded to a d-spacing of 15.02° for the nanocomposite from
14.20° (NaMMT). It can be speculated that there was some partial intercalation of the poly (methyl
methacrylate) into the interlayer space of the clay sheets.

5.6.8 Poly (methacrylic acid)-coupled lignocellulose-clay nanocomposites

5.6.8.1 Suggested mechanism for the coupling of MPS-modified NaMMT and lignocellulose using
MAA

After demonstrating that methacrylic acid can be grafted to both PMPSgMMT and MPS-grafted
lignocellulose, a nanocomposite based on the modified lignocellulose and montmorillonite coupled
via the poly (methacrylic acid) was prepared by in-situ graft polymerization. The same free-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 species is expected to be present other than the desired

PMAA-grafted lignocellulose-montmorillonite nanocomposite.
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Scheme 5.5: Coupling of PMPSgLig-NaMMT to PMPSgL.ig through PMAA.

5.6.8.2 FTIR analysis of PMAAgLig-NaMMT

Figure 5.22 displays the FTIR spectra of PMAA, MPS-grafted lignocellulose and PMAA-grafted
lignocellulose-montmorillonite nanocomposite. The PMAA-grafted nanocomposite showed an
additional peak at 1268 cm™ which was assigned to C-O stretching vibration coupled with O-H in-
plane bending, associated with the -COOH 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 nanocomposite can be seen at 2576 cm™ (O-H
stretching vibration carboxylic acid dimers (Erhardt, R. et al, 2003)) from the grafted PMAA. There
was a slight shift of the C=0 stretching vibration peak to higher frequencies in the nanocomposite.
This might be a result of the 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 cm™) of the MMT was not very visible in the
nanocomposite possibly because of the presence of hydrogen bonded OH groups from the
lignocellulose. FTIR showed that the preparation of PMAA-grafted lignocellulose-montmorillonite

clay nanocomposite was successful.
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Figure 5.22: FTIR spectra of PMAA, PMPSgLig and PMAAgLig-NaMMT nanocomposite.

5.6.8.3 Thermogravimetric analysis of PMAAgLig-NaMMT

The nanocomposites were further analysed by TGA. Figure 5.23 displays the thermograms of
PMPSgMMT, PMPSgLig and PMAA-grafted lignocellulose-montmorillonite clay nanocomposite.
The thermograms of PMPSgMMT and PMPSgLig were included for comparison purposes.

The % mass loss for PMAA-grafted lignocellulose-montmorillonite nanocomposite was intermediate
relative to that of PMPSgMMT and PMPSgLig. Three decomposition steps could be observed at
temperatures: 30-120 °C, 220-420 °C and 420-650 °C. The decomposition steps corresponded to: loss
of water, decomposition of lignocellulose together with the grafted polymers to form char and
decomposition of the solid residue (char), respectively. A greater thermal stability was recorded for
the nanocomposite compared to the PMPSgLig. The higher thermal stability shown by the

nanocomposite can be attributed to the presence of NaMMT dispersed in the lignocellulose matrix.
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Figure 5.23: TGA thermograms of PMPSgMMT, PMPSgLig and
nanocomposite.
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5.6.8.4 X-ray diffraction analysis

The X-ray diffractograms of NaMMT and PMAAgLig-NaMMT nanocomposite are displdyed in
Figure 5.24. A slight shift of the basal reflection peak to lower 26 angles (an increase in the d-spac\ag)
was observed. This observation was more or less similar to what was discussed above fo
PMMAGgLig-NaMMT.
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Figure 5.24: XRD patterns of NaMMT and PMAAgLig-NaMMT.

5.6.8.5 Transmission electron microscopy of PMAAgLig-NaMMT

Figure 5.25 shows the TEM micrograph of PMAAgLig-NaMMT nanocomposite. The micrograph
showed the NaMMT still fairly ordered within the lignocellulose matrix. The PMAAgLig-NaMMT
morphology was comparable with that of PMMAgLig-NaMMT discussed above. However, relatively
poor clay dispersion was observed for the PMAAgLig-NaMMT nanocomposite.

NaMMT clay particles

Lignocellulose matrix

Figure 5.25: Transmission electron micrograph of PMAAgLig-NaMMT 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 nanocomposite. It can also be seen that the clay
particles displayed some long-range order, indicating the presence of strong van der Waals forces

between the clay sheets.

5.6.9 Methacryloxypropyl trimethoxy silane-coupled lignocellulose-montmorillonite

nanocomposites

5.6.9.1 Suggested mechanism for the coupling of lignocellulose to NaMMT with MPS

The following schematic shows the proposed mechanism for the formation of MPS-grafted
lignocellulose-montmorillonite nanocomposite. The MPS is shown as the already hydrolysed silanol
species which undergoes a condensation reaction with the OH groups on both the lignocellulose and
the NaMMT. The carbonyl (C=0) and alkene (C=C) groups would act as possible - adsorption sites
for organic pollutants such as chlorophenols, benzenes and dyes like methyl orange.

(0]
(0]
CH _O—=Cignocellulosg
NP AN : o N s
@—OH + o) si.  + Ho—Cignocellulos —> I o OR
, HO OH \@

MPS grafted lignocellulose/MMT nanocomposite

Scheme 5.6: Coupling of lignocellulose and NaMMT through MPS.

5.6.9.2 FTIR analysis of PMPSgLig-NaMMT

Figure 5.26 below shows the FTIR spectra of PMPS and PMPS-grafted lignocellulose-NaMMT
nanocomposite. The C=C stretching vibration peak of the nanocomposite was superimposed over that
of the H-O-H bending vibration (1635 cm™) of adsorbed water molecules. The peaks at 2960 and
2930 cm™ in the nanocomposite were ascribed to methylene —CH,- 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 1724 cm™ (C=0 stretching vibration of the
ester group) in the nanocomposite after soxhlet extraction with THF showed that the grafting and/or

coupling of lignocellulose and NaMMT was successful.
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Figure 5.26: FTIR spectra of PMPS and PMPSgLig-NaMMT nanocomposite.

The nanocomposite was further characterised by TGA and the results are presented in the next

section.

5.6.9.3 Thermogravimetric analysis of PMPSgLig-NaMMT

The TGA thermograms of NaMMT, raw lignocellulose and PMPS-grafted lignocellulose-
montmorillonite nanocomposite 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 degradation temperature of 425 °C compared with 343 °C for
the lignocellulose. The increased thermal stability can be attributed to the presence of NaMMT in the
lignocellulose matrix. The TGA thermogram and the FTIR spectrum of the MPS-grafted
lignocellulose-montmorillonite nanocomposite show that NaMMT was incorporated into the
lignocellulose matrix. It was observed that more residue was recorded for NaMMT followed by
PMPSgLig-NaMMT 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, NaMMY and PMPS-grafted lignocellulose-
montmorillonite nanocomposite.

5.6.9.4 X-ray powder diffraction analysis PMPSgLig-NaMMT
Figure 5.28 displays the XRD patterns of NaMMT and PMPSgLig-NaMMT nanocomposite. There
was a slight shift in the montmorillonite basal reflection peak towards lower 20 angles for the PMPS-

grafted nanocomposite.
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Figure 5.28: XRD patterns of NaMMT and PMPSgLig-NaMMT 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 d-spacing increased from 14.20 A (NaMMT) to 15.12 A for the
nanocomposite. The 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 as the d-spacing. This

might suggest an intercalated nanocomposite or a microcomposite (phase-separated).

5.6.9.5 Transmission electron microscopy of PMPSgLig-NaMMT

The nanocomposite was further analysed by transmission electron microscopy and Figure 5.29
displays the micrograph obtained. The micrograph of PMPSgLig-NaMMT (Figure 5.29) shows some
clay aggregates, as well as nanometer-sized 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.

‘& | ‘2% 00 m
Figure 5.29: Transmission electron micrograph of PMPSgLig-NaMMT nanocomposite.

5.7 Conclusion

Novel adsorbent materials (PMMAgLig-MMT nanocomposite, PMAAgMMT, PMAAgLig,
PMPSgLig-MMT and PMAAgLig-MMT nanocomposite) were prepared through condensation as
well as free-radical graft polymerization reactions. The intended modification of the lignocellulose
and MMT separately was achieved as confirmed by FTIR, TGA and XRD. XRD showed some partial
intercalation of MMA into the interlayer space of the clay sheets. The same can be said for the
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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 of lignocellulose 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 lignocellulose with PMMA

resulted in a slight reduction in thermal stability.
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Chapter 6

Adsorption of heavy metals (Cd** and Pb**) onto the polymer-

grafted lignocellulose-montmorillonite 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 polymer-grafted
nanocomposites) evaluated in this study. This chapter details the procedures used in 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 were evaluated for their adsorption properties using synthetic solutions of
heavy metals and organic compounds as pollutants. The heavy metals used in the evaluation are lead

(Pb?*) and cadmium (Cd**) and the organic pollutants are methyl orange and neutral red.

The samples evaluated in the adsorption studies are: sodium-exchanged montmorillonite (NaMMT),
aluminum-pillared montmorillonite (AlpMMT), poly (methyl methacrylate)-grafted montmorillonite
(PMMAgMMT),  poly  (methyacrylic  acid)-grafted  montmorillonite  (PMAAgMMT),
methacryloxypropyl trimethoxysilane-grafted montmorillonite (PMPSgMMT), lignocellulose, poly
(methyl methacrylate)-grafted lignocellulose (PMMAgLig), poly (methacrylic acid)-grafted
lignocellulose  (PMAAgLig), methacryloxypropyl trimethoxysilane-grafted  lignocellulose
(PMPSgLig), PMMA-grafted lignocellulose-montmorillonite (PMMAgLig-NaMMT), PMAA-grafted
lignocellulose-montmorillonite  (PMAAgLig-NaMMT) and  PMPS-grafted  lignocellulose-
montmorillonite (PMPSgLig-NaMMT) 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 kinetic models.
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

168



of adsorbent was 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 filtering through Acrodisc 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 values taken. A Thermo Scientific iCE 3000 Series AA Spectrometer was used for the
determination of the concentrations of Cd (I1) and Pb (1) in the test solutions.

6.1.1 Adsorption isotherms

The conditions used to generate adsorption isotherms were as follows: adsorbent dosage was 1.25 g
adsorbent per litre of solution; metal ion concentration ranges were 10 to 50 ppm for both Cd** and
Pb?": the pH was 5.0 for all the adsorption experiments; the shaking time was 6 h. Aliquots were taken
after six hours for measurement with AAS. The adsorption isotherm studies were carried out
separately for each heavy metal ion. In order to get the concentration of Cd?* in the samples within the
calibration range of 2 to 10 ppm, it was necessary to dilute the sample 10-fold. The adsorption

experiments were carried out a temperature of 25 °C.

6.1.2 Adsorption kinetics

In order to assess the rate of the adsorption for both Cd** 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 Cd** and Pb** was 50 ppm; the pH was 5.0 and the shaking time was six
hours. Aliquots 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 was maintained at 25 °C.

6.1.3 Effect of OH/Al molar ratio on the adsorption of Cd** and Pb**

This section is concerned with aluminium-pillared montmorillonite (AIpMMT). This type of clay has
been widely reported, and is promoted as a potentially effective and efficient adsorbent (Altunlu, M.
et al, 2007). However, there is no published study of the effect of the OH/AIl 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 molar ratios, and the samples were evaluated for their adsorption

properties in relation to the ratios.
To assess the effect of OH/AI molar ratio on the extent of heavy metals adsorption, about 0.1 g of
AlpMMT of different OH/AI molar ratios was added to a 250 mL conical flask. A volume of 80 mL

of either Cd (I1) or Pb (1) solution (10 ppm) was added and the mixture placed on a rotary shaker for
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six hours at 25 °C and a pH of 5.0. After six hours, the mixture was filtered through Acrodisc syringe
filters (0.45 um Supor Membrane) of low protein binding. The concentration of heavy metals in the

filtrate was determined by AAS.

6.1.4 Competitive adsorption studies of Cd** and Pb**

In most cases, waste water contains a lot of other pollutants and the presence of other pollutants will
affect the uptake or removal of a specific pollutant through adsorption. Waste waters from the
different industries may also contain more than one metal ion (it is usually a mixture of a number of
metal ions together with organic dyes or solvents). This section outlines and assesses the influence of
the presence of Cd** (in a synthetic solution) on the adsorption of Pb®* from aqueous solution.
Selected adsorbents were used to assess the competitive adsorption of Cd*" and Pb** from aqueous

solution.

Synthetic solutions containing a mixture of Cd** and Pb®* with concentrations of each metal ion
ranging from 10 to 50 ppm were prepared. The adsorption experiments were carried out as already
described in Sections 6.1.1 and 6.1.2 where 80 mL of the synthetic solutions were added to 0.10 g of
adsorbent in 250 mL conical flasks. The mixtures were placed on a rotary shaker and left to agitate for
six hours. Sample aliquots were withdrawn at set time intervals and analysed by AAS. For the
analysis of Cd**, the samples had to be diluted 10-fold.

Adsorption isotherms and adsorption kinetics data were generated as described in Sections 6.1.1 and
6.1.2 for each heavy metal ion in the mixture. The data were processed accordingly. The temperature

was kept at 25 °C and the pH of the mixtures was 5.0.

6.1.5 Determination of concentration of heavy metals in solution by atomic absorption

spectroscopy

The AAS instrument was operated under the following conditions: flame — air/acetylene, background
correction — deuterium lamp, bandpass — 0.5 nm, burner height — 7.0 mm, fuel flow — 1.2 mL/min.
The heavy metals were determined at the following wavelengths: Cd** (228.8 nm) and Pb** (217.0

nm).

The determination of heavy metal ions in solution before and after adsorption was carried out by
using the external standard calibration method. Calibration curves were generated for each metal ion
and the concentrations of the calibration standards ranged from 10 to 50 ppm for Pb** and 2 to 10 ppm
for Cd?". The instrument was calibrated first before each analysis. The initial concentrations of the test

solutions were determined. Before analysis with AAS, the solutions were filtered through Acrodisc
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syringe filters (0.45 pum Supor Membrane) of low protein binding to remove solid particles. The

adsorption data was processed or analysed according to the procedure presented in Section 6.2.

6.2 Analysis of adsorption data

The data generated from the experiments detailed in Section 6.1 were analysed in order to get the
adsorbed amount of heavy metals which is presented in Section 6.2.1. The data were fitted to different
models depending on whether one was dealing with adsorption isotherms or kinetics. The same data
analysis procedure was applied to all the pollutants assessed in this study.

6.2.1 Calculation of the adsorbed amount of solute (Cd** and Pb?*)

The data obtained from the adsorption experiments as described in the Sections 6.1.1 to 6.1.5 were
processed as detailed in this section. The adsorbed amount of Cd (I1) and Pb (1) was computed using
Equation 6.1 (Musapatika, E. T. et al, 2010).

_ (Co=C)xV
m

Q¢ (6.1)

where Qq is the adsorbed amount of heavy metal ions at time t; Cq is the initial concentration of heavy
metal ions; C; is the concentration of heavy metal ions in solution at time t; m is the mass of adsorbent
and V is the volume of heavy metal ions solution used in L. The results reported in this study are the

averages of at least two replicates.

6.2.2 Adsorption isotherms

An adsorption isotherm is a curve describing the retention of a substance (at various concentrations)
on a solid at constant temperature, and is an important tool used to describe and predict the mobility
of pollutants in the environment. Adsorption isotherms are useful for describing the adsorption
capacity to facilitate evaluation of the feasibility of a process for a given application, for selection of
the most appropriate sorbent and for preliminary determination of sorbent dosage requirements. The
isotherm also plays an important role in the predictive modeling procedures for analysis and design

of sorption systems (Kumar, U. et al, 2006).

Giles, C. H. et al, 1960 proposed a system for the classification of adsorption isotherms. Adsorption
isotherms are classified into four major classes based on the slope of the initial portion of the curve of
the equilibrium adsorbed amount (Q., mg/g) versus equilibrium adsorbate concentration (C,, mg/L)

and thereafter into subgroups. Q. can be calculated according to Equation 6.1. The classification
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system proposed by Giles, C. H. et al, 1960 was further explained by Hinz, C., 2001 and the different
classes of the adsorption isotherms according to Giles and Hinz are shown in Figure 6.1. This was one

of the methods used in the analysis of adsorption data in this study.

vV

Cs'igu#n.mncn. of solute rn substrate
Sub-group

mxl‘ . L

-

cgequilmconcn. of sofute jn bath

Figure 6.1: System of isotherm classification (Giles, C. H. et al, 1960).

The four major classes shown in Figure 6.1 are: S-shaped curve, L-shaped (Langmuir type), H-type
(high affinity) and C-type (constant partition). The relevant isotherm types are discussed in Section
6.3.

The second method also commonly used in the processing of adsorption data is the use of adsorption
isotherm models or equations. The method of visual inspection of isotherms as proposed by Giles, C.
H. et al, 1960 and described above complements the use of isotherm models. The adsorption data
were also fitted to the two commonly used adsorption equations, the Langmuir and the Freundlich

models.
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6.2.2.1 Langmuir model
The linear Langmuir equation is normally expressed as follows:

Ce 1 Ce

Langmuir equation: =
9 g Qe Qob Qo

(6.2)

where C, is the equilibrium amount of adsorbate in solution (mg/L); Q. is the equilibrium adsorbed
amount of adsorbate per unit mass of adsorbent (mg/g); Qo (mg/g) and b (L/mg) are the Langmuir
constants related to the adsorption capacity (mg/g) and the rate of adsorption, respectively [Kumar, D.
et al, 2008]. A plot of C./Q. against C, should give a straight line if the adsorption data conform to the

Langmuir isotherm.

The Langmuir adsorption model assumes that the solid adsorbent has a limited adsorption capacity (a
fixed number of adsorption sites), all adsorption sites are identical, each site retains one molecule of
the given species and that all sites are energetically and sterically independent of the adsorbed amount
(Limousin, G. et al, 2007).

The second model considered and applied in the analysis of data in this study is the Freundlich model.

6.2.2.2 Freundlich model

The Freundlich model describes multilayer adsorption onto heterogeneous surfaces (Annadurai, G. et
al, 2002) as opposed to monolayer adsorption onto homogeneous surfaces according to the Langmuir
model. It can be viewed as an extension of the Langmuir model in that it assumes uptake of solute
onto different classes of adsorption sites on a solid, with the adsorption on each class of adsorption

sites following the Langmuir isotherm. The empirical form of the Freundlich equation is given by
Q = K;C™ (6.3)

Q (mg/g) is the adsorbed amount; C (mg/L) the remaining solute concentration and K; (L kg™) and n
(dimensionless) are constants. The linearised form of the Freundlich equation is normally expressed

as follows:
log Q. = log K¢ + %log Ce (6.4)

where Q. is the equilibrium adsorbed amount (mg/g); C. is the equilibrium concentration of the
adsorbate (mg/L); K; and n are the Freundlich constants related to the adsorption capacity and the rate

of adsorption respectively (Namane, A. et al, 2005; Rawajfih, Z. et al, 2006; Kumar, D. et al, 2008;
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Wang, S. et al, 2009; Kul, A. R. et al, 2010). The units of K; are mg.g™(Lmg™)". A plot of Log Qe
against Log Ce should yield a straight line if the adsorption data conform to the Freundlich model. K¢
and n can be determined from the intercept and the slope (n>1), respectively (Limousine, G. et al,
2007).

According to Rawajfih, Z. et al, 2006, a high value of n (>1) means that adsorption is good over the
entire concentration range studied while a small value of n (<1) indicates that adsorption is good at
high concentrations and poor at low solute concentrations. The uptake of the heavy metals was also
monitored with time to generate Kinetics data.

6.2.3 Adsorption kinetics

Chemical kinetics studies are closely related to the development of an understanding of reaction
mechanisms (Laidler, K. J., 1987). The study of sorption kinetics in waste water treatment provides an
insight into the reaction pathways and the mechanism of the sorption process. Such information is
necessary in the design of appropriate sorption water treatment plants. The prediction of sorption
kinetics is also necessary for the design of industrial sorption columns. Ho, Y. S. et al, 1999 carried
out a literature review on three sorption kinetic models for the adsorption of organics or heavy metals
onto biosorbents. The investigators reported that the highest correlation coefficients for many sorption
systems were observed for the pseudo second-order model compared with the pseudo first-order

correlation coefficients.

The experimental adsorption data were fitted to the two commonly used adsorption kinetic models:

the pseudo first-order and pseudo second-order models.

6.2.3.1 Pseudo first-order kinetics model

The Lagergren linear pseudo first-order equation is generally expressed as follows:

fes
2.303

Log (Qe — Q¢) = Log Qe — (6.5)
where Q. is the amount of solute adsorbed at equilibrium per unit mass of adsorbent (mg/g); Q; is the

amount of solute adsorbed (mg/g) at time t, and k; is the pseudo first-order rate constant in min™.

In order to fit experimental data to the pseudo first-order equation, the equilibrium sorption capacity,
Q. must be known. However, in many cases, Q. is unknown because chemisorption tends to be
immeasurably slow and the amount adsorbed is significantly smaller than the equilibrium amount

(King, P. et al, 2007). In this study, Q. was taken as the amount of solute adsorbed after 6 h. If the
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pseudo first-order is the best fit for the adsorption data, a plot of Log (Q.-Q:) against time (t) should
yield a straight line.

6.2.3.2 Pseudo second-order kinetics model

The pseudo second-order equation is written as:

t 1 t
L L 6.6
Q  kpQ¢ + Qe (6.6)

where Q. is the amount of solute adsorbed at equilibrium per unit mass of adsorbent (mg/g); Q; is the
amount of solute adsorbed (mg/g) at time t; k; is the pseudo second-order rate constant with units of
gmg™min™. If the linear pseudo second-order equation is applicable, a plot of t/Q; versus time t,
should give a straight line (Delval, F. et al, 2002; Kumar, K. V., 2006). The pseudo second-order
model assumes chemisorption and can be used to describe the adsorption mechanism for the whole

sorption process.

The following section presents the results obtained from the adsorption experiments whose procedure
was detailed in Section 6.1 together with a discussion of the adsorption results.

6.3 Results and discussion

The first part of this section will discuss the results of the adsorbent materials prepared from the
modification of NaMMT clay only. This will be followed by the adsorption results of the adsorbents
based on lignocellulose and then the results of the polymer-grafted lignocellulose-montmorillonite
nanocomposites will be presented. As mentioned in Section 6.2, the adsorption data were analysed

and fitted to adsorption isotherms and kinetic models.

6.3.1 Adsorption of Pb®* onto montmorillonite based adsorbents

6.3.1.1 Adsorption isotherms

According to Hinz, C., 2001 a Langmuir type adsorption model is when the initial part of the curve is
concave (Figure 6.1), whereas when it is convex, that shows an S-shaped curve (multilayer
adsorption). Figure 6.2 displays the isotherms for Pb®* adsorption onto montmorillonite based
adsorbents. The isotherms are labelled accordingly. It can be seen that all the isotherms show a
concave shape at low concentrations (C,, mg/L), showing conformity to the Langmuir adsorption
model. The isotherms can all be classified as Langmuir type 2 (L,). The isotherm for adsorption onto
AlpMMT showed a clear plateau at higher Pb?* concentrations (the adsorbent showed a limited

adsorption capacity). It must be noted that the initial concentrations of solutions used for all the
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adsorbents displayed in Figure 6.2 ranged from 10 to 50 ppm. Due to the different extent of
adsorption of Pb?" onto the adsorbents, different C. values were recorded with AlpMMT showing the

least uptake and the highest C, values.
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Figure 6.2: Isotherms for the adsorption of Pb** onto montmorillonite based adsorbents.

For the other adsorbents, it can also be seen that as the equilibrium concentration of Pb** increased,
the isotherms approached a plateau, but did not show a pronounced plateau. The plateau was not that
observed in these isotherms (PMAAGMMT, PMMAgMMT, NaMMT and PMPSgMMT) possibly
because of a higher adsorption capacity (Limuosin, G. e al, 2007). The plateau length also indicates
the orientation of the adsorbate. A less pronounced plateau shows that the exposed adsorbate surface
can readily attract more solute and a more pronounced plateau that it tends to repel solute. The
differences observed in the isotherms (and the scale) were a result of the different extents of
adsorption onto each adsorbent. It can be seen from Figure 6.2 that PMAAgMMT had the highest
adsorption capacity and AlpMMT had the least.

The initial curvature in all the isotherms showed that as more sites in the adsorbent were occupied, it
became increasingly difficult for a colliding Pb** ion to find a vacant site available on the adsorbent
surface (Giles, C. H. et al, 1960; Hinz, C., 2001; Okada, T., 2004). The type of curves obtained fit the
Langmuir isotherm (Giles, C. H. et al, 1960; Hinz, C., 2001; Okada, T., 2004).
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The experimental data were then fitted to the commonly used linear Langmuir and Freundlich
equations as described in Sections 6.2.2.1 and 6.2.2.1. Figures 6.3 and 6.4 display the Langmuir and
Freundlich plots, respectively for the adsorption of Pb?* onto montmorillonite based adsorbents. The

plot for each adsorbent is labeled accordingly.
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Figure 6.3: Langmuir plots for the adsorption of Pb** onto montmorillonite based adsorbents.

The practice has been to assess and compare the correlation coefficients (R?) of the Freundlich and
Langmuir plots. Depending on which one of the models has a greater correlation coefficient, one can
conclude that the adsorption process best fits that particular model (Annadurai, G. et al, 2002;
Benmaarmar, Z. et al, 2007).
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Figure 6.4: Freundlich plots for the adsorption of Pb?* onto montmorillonite based adsorbents.

The respective Freundlich and Langmuir parameters and the correlation coefficients for the adsorption
of Pb (II) onto the different montmorillonite based adsorbents are shown in Table 6.1. The Langmuir
adsorption capacity (Qo) can be determined from the slope and the adsorption intensity parameter b is
determined from the intercept.

Table 6.1: Freundlich and Langmuir parameters for the adsorption of Pb (II).

Adsorbent Isotherm Slope R Qo/Ks Intercept n/b
PMPSgMMT Langmuir 0.0379 0.9937 26.39 0.0787 0.4816

Freundlich 0.3162 0.9299 9.922 0.9966 3.1626

Langmuir 0.0293 0.9982 34.13 0.0071 4.1268
PMAAgMMT

Freundlich 0.2554 0.8419 22.27 1.3477 3.9154

Langmuir 0.0853 0.9998 11.72 0.0620 1.3758
AlpMMT

Freundlich 0.4559 0.9784 1.435 0.1568 2.1935

Langmuir 0.0292 0.9972 34.25 0.0364 0.8022
PMMAgMMT

Freundlich 0.3566 0.9783 14.39 1.1581 2.8043

Langmuir 0.0328 0.9978 30.03 0.0429 0.8627
NaMMT

Freundlich 0.3214 0.9687 14.35 1.1159 3.4965
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A comparison of the correlation coefficient values of the Freundlich and the Langmuir model showed
greater values for the Langmuir model. The Langmuir correlation coefficients were all greater than
0.9900, showing that the adsorption process of Pb* onto the montmorillonite based adsorbents can
best be described by the Langmuir isotherm (Jaynes, W. F. et al, 1991; Rawajfih, Z. et al, 2006). The
adsorption capacity of each adsorbent was calculated using the Langmuir equation and the values are
shown in bold in Table 6.1.

The Freundlich correlation coefficients were significantly greater than 0.8900, except for adsorption
onto PMAAgMMT which implies that the Freundlich model is also applicable (Jaynes, W. F. et al,
1991; Rawajfih, Z. et al, 2006) in describing the adsorption process of Pb (I1) onto the adsorbents in
Table 6.1 except PMAAgMMT. Since the Freundlich model describes adsorption onto heterogeneous
surfaces, the relatively high Freundlich R? values obtained for the adsorbents, NaMMT, AlpMMT,
PMMAgMMT and PMPSgMMT might suggest some surface heterogeneity in these adsorbents.

As defined in Section 6.2.2.2, n (Freundlich affinity constant) is related to the rate of adsorption and
can be determined from the slope of the Freundlich plot. A Freundlich affinity constant (n) of >1
would also indicate conformity of the data to multilayer formation at the adsorbent surface (Rawaijfih,
Z. et al, 2006). It is also reported that if the slope ranges between 0 and 1 (n>1), this is indicative of
chemisorption, whereas a value of slope > 1 (n < 1) indicates cooperative adsorption (Foo, K. Y. et al,
2010).

In this study, the values of n were found to range between 2.0 and 3.5 for all the montmorillonite
based adsorbents. These values were significantly >1 which suggested conformity of experimental
data to multilayer adsorption. The experimental adsorption data can be said to conform to both
Langmuir and Freundlich models for the adsorption of Pb (II) onto the montmorillonite adsorbents.
However, the Langmuir is a better fitting model than the Freundlich. Figure 6.5 displays the Langmuir
adsorption capacities of the montmorillonite based adsorbents in the form of bar graphs for ease of

comparison.

Langmuir adsorption capacities of 30.03, 34.25, 34.13, 26.39 and 11.72 mg/g were found for the
adsorption of Pb?* onto NaMMT, PMMAgMMT, PMAAgMMT, PMPSgMMT and AlpMMT,
respectively. Donat, R. et al, 2005 assessed the adsorption of Pb** and Ni** onto natural bentonite
from aqueous solution and obtained an adsorption capacity of 14.49 mg/g for Pb** for a concentration
range of 50 - 500 ppm. The modification of NaMMT with PMMA and PMAA resulted in an increase

in the adsorption capacity for the uptake of Pb** from aqueous solution.
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Figure 6.5: Adsorption capacities (according to the Langmuir model) of montmorillonite based
adsorbents for Pb*".

The grafting of NaMMT using MPS resulted in a slight decrease in the uptake of Pb?*. The different
results obtained for PMMAgMMT and PMPSgMMT can probably be explained in terms of the chain
lengths of the monomers attached to the NaMMT. Since MPS has a large organic component
compared with MMA (see Chapter 3 for the structures of each), there is poor interaction of the
PMPSgMMT with the Pb®* ions. There is poor solubility of the Pb?* in the essentially hydrophobic
film on the PMPSgMMT clay surface. Sprynskyy, M. et al, 2006 reported a capacity of 26.81 mg/g
for Pb®* adsorption onto clinoptilolite. Sari, A. et al, 2007 assessed the adsorption of Cu®* and Pb**
onto expanded perlite from aqueous solution and reported an adsorption capacity of 13.39 mg/g. The

adsorption capacities found in this study are comparable with those reported in the literature.

However, after further grafting PMAA to the PMPSgMMT to give PMAAgMMT, the adsorption
capacity increased to more or less the same level as what was obtained for PMMAgMMT. An even
higher adsorption capacity was expected for the PMAAgMMT since it now had carboxylate groups
attached on the surface which acted as adsorption sites for Pb*". The presence of the MPS might have
exerted some influence on the interaction of the surface groups with Pb®* thus affecting the adsorption

process.

Modification of NaMMT through Al-pillaring resulted in a drastic loss of the adsorption capacity. The
uptake of Pb®* dropped to about a third of what was obtained with the unmodified clay (NaMMT).
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The results obtained for AIpMMT were contrary to what is reported in the literature (Lottenbach, B.,
1996; Matthes, W. et al, 1999; Cooper, C. et al, 2002; Manohar, D. M. et al, 2006) and the
expectations of this study. It can be said that the pillaring of montmorillonite with Al,O3 caused a lot
of the adsorption sites to be blocked, thus becoming inaccessible to the colliding metal ions.
However, Sampieri, A. et al, 2006 also found similar results when they investigated the
adsorption of cobalt to silica-pillared montmorillonite clay. The authors found a decrease (of
about 40%) in the uptake of Co (Il) after calcining the Si-pillared montmorillonite.

Some authors reported a decrease in the cation exchange capacity (CEC) of the clay as a result of
metal-pillaring (Keren, R. 1986; Kloprogge, J. T., 1998). According to Cooper, C. et al, 2002, the
aluminium polymers compensate part of the permanent negative charge of the clay minerals
so that the adsorption of heavy metals by cation exchange is less than on the untreated
montmorillonite. The authors further say that the loss of cation exchange sites is however,
more than offset by the formation of surface hydroxyl groups at the surface of the interlayer
hydroxyl-Al polymer (Cooper, C. et al, 2002). In this study, it can be said that the loss of CEC
was greater than the gains made in increasing the number of oxygen atoms (from the Al,O; pillars)
and the surface area of the clays through Al-pillaring. It also brings about the point that a large surface

area on adsorbents does not necessarily translate into high adsorption capacity for heavy metals.

The adsorption of metal ions (including Pb*") was further investigated by carrying out adsorption
experiments onto AIpMMT of different OH/AI molar ratio and also relating the adsorbed amount to

the amount of Al in the AlpMMT samples. The results are reported in Section 6.3.6.

The following section discusses the adsorption kinetics results for the adsorption of Pb** onto the five

montmorillonite based adsorbents.
6.3.1.2 Adsorption kinetics

Figure 6.6 shows the graphs of the amount (mg/g) of Pb*" adsorbed onto the five montmorillonite

based adsorbents plotted against time (min).
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Figure 6.6: Plots of adsorbed amount (mg/g) of Pb®" onto montmorillonite based adsorbents against

time (min).

It can be seen that the amount of Pb (I1) adsorbed increased with time, rapid adsorption occurring in
the first hour for all systems. This rapid initial uptake was attributable to the availability of a large
number of adsorption sites. As the sites were gradually filled up, adsorption became slow and the
kinetics more dependent on the rate at which the Pb*" was transported from the bulk solution to the
actual adsorption sites (Yu, R. et al, 2008). After 3 h, the adsorption process of Pb (Il) onto the
different adsorbents had reached equilibrium. At equilibrium, there is no change in the amount of Pb**
in solution or adsorbed since the rate of adsorption is equal to the rate of desorption. After equilibrium
had been established, there was no change in the amount of Pb®* adsorbed, implying that the
adsorbent had taken the maximum amount of adsorbate it could accommodate. It was at this time
(after equilibrium had been established) that data for adsorption isotherms were collected or

generated.

However, though equilibrium was established within 3 h, the mixtures were left to shake until six
hours had expired then the solutions were filtered and taken for AAS analysis for the generation of
adsorption data. For AlpMMT, equilibrium state was achieved rather slowly (after 4 h) compared with
the other adsorbents. From Figure 6.6, it can also be seen that AlIpMMT adsorbed the least amount of

Pb? compared with the other four adsorbents.

The experimental adsorption data were fitted to the two commonly used adsorption kinetic models:

the pseudo first- and second-order models as discussed in Sections 6.2.3.1 and 6.2.3.2. Figures 6.7 and
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6.8 display the pseudo first- and second-order plots for the adsorption of Pb? onto the

montmorillonite based adsorbents.
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Figure 6.7: Pseudo first-order plots for the adsorption of Pb** onto montmorillonite based adsorbents.

A mere inspection of the plots in Figures 6.7 and 6.8 shows higher linearity or correlation for the
pseudo second-order data than the pseudo first-order data.
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Figure 6.8: Pseudo second-order plots for the adsorption of Pb** onto montmorillonite based

adsorbents.

183



Table 6.2 summarises the data of the adsorption parameters of the pseudo first- and second-order

models for the adsorption of Pb (I1) onto the five montmorillonite based adsorbents.

Table 6.2: Pseudo first- and second-order parameters for the adsorption of Pb?* onto the different

adsorbents based on montmorillonite only.

Adsorbent Model Slope R’ Intercept ky/k, Q. (Mmg/g)
1% -0.0055 0.9521 1.0005 0.0127 10.01
NaMMT
2N 0.0347 0.9996 0.3586 0.0034 28.81
1% -0.0032 0.4843 0.5798 0.0074 3.800
PMMAgMMT
2N 0.0320 0.9999 01291 0.0079 31.25
1% -0.0089 0.9359 0.1233 0.0205 1.328
PMAAgGMMT
2N 0.0297 1.000 0.0169 0.0522 33.67
1% -0.0062 0.9485 0.1589 0.0143 4.264
PMPSgMMT
2N 0.0405 1.000 0.1589 0.0103 24.69
1% -0.0027 0.9797 0.8310 0.0062 6.78
AlpMMT
2" 0.0813 0.9919 2.1179 0.0031 12.30

The pseudo first- and second order rate constants (k; and k), and the correlation coefficients (R?) of

each model are also given for each adsorbent.

From Table 6.2, it can be seen that the pseudo second-order model gave the highest R* values
compared with the pseudo first-order model as seen from the respective plots. The R? values for the
pseudo second-order model were greater than 0.99 for all the adsorbents. AlpMMT had the least
pseudo second-order R? value while the other four adsorbents had R? values close to 1.000. The high
R? values obtained for the pseudo second-order model support the assumption behind the model that
the adsorption process is due to chemisorption (King, P. et al, 2007). The pseudo second-order model

is reported to give the highest R? values for most sorption systems (Ho, Y. S. et al, 1999 and 2006).

The equilibrium adsorbed amount (Q.) for each adsorbent was determined from the pseudo second-
order model since higher R? were obtained using this model than with the pseudo first-order model.
The Q. (mg/g) values were plotted against the adsorption capacities (Qo, mg/g) determined from the

Langmuir isotherm and the graph is shown in Figure 6.9. It can be seen that there was a very good
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correlation between the kinetics Qe values and the isotherms Qq values. This suggests that the pseudo
second-order model can be used to predict the adsorption capacity of these adsorbents for Pb*". The

good correlation seen here also means that the adsorption data is quite reliable.
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Figure 6.9: Correlation between Q, (mg/g) and Q. (mg/g) values for the adsorption of Pb*" onto

montmorillonite based adsorbents.

Lignocellulose is a naturally occurring, abundant material being widely investigated as an adsorbent
for the removal of both heavy metals and organic pollutants from water. Lignocellulose from plane
tree leaves was assessed in this study for its possible use (before and after modification) for the
adsorption of Pb?* from aqueous solution. The following section presents the results obtained from the

adsorption of Pb?* onto lignocellulose based adsorbents.

6.3.2 Adsorption of Pb?* onto lignocellulose based adsorbents
The adsorption data onto the lignocellulose based adsorbents were processed according to the

procedure detailed in Section 6.2.

6.3.2.1 Adsorption isotherms

Figure 6.10 shows the isotherms for the adsorption of Pb?* onto lignocellulose based adsorbents. Due
to the different extents of adsorption of Pb?* onto the lignocellulose based adsorbents, different C,
values were recorded as shown in Figure 6.10. The isotherms of PMMAgLig and PMAAgLig
displayed a concave shape at the early stages and then a levelling off while for PMPSgLig and

lignocellulose, the levelling off was not that pronounced. The isotherm for the adsorption of Pb?* onto
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PMPSgL.ig can be classified as a Langmuir type 3 because of the point of inflection which is evident
in the graph (Giles, C. H., 1960 and 1974; Hinz, C., 2001). The other three isotherms can be safely
classified as Langmuir type 2 (Limousin, G. et al, 2007). The maximum amount of Pb*" adsorbed can

be extrapolated from the region where the isotherms have leveled off.
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Figure 6.10: Isotherms for the adsorption of Pb* onto lignocellulose based adsorbents.

As mentioned for Pb** adsorption onto montmorillonite based adsorbents, the initial curvature in all
the isotherms showed that as more sites in the adsorbent were occupied, it became increasingly
difficult for a colliding Pb®" ion to find a vacant site available on the adsorbent surface (Giles, C. H. et
al, 1960; Hinz, C., 2001; Okada, T., 2004). A look at the isotherms shows that PMAAgLig adsorbed
the highest amount of Pb** from solution and this was followed by PMPSgLig, then lignocellulose
and lastly PMMAgL.ig.

The experimental data were again fitted to the linear Langmuir and Freundlich equations as described
in Section 6.2.2. Figure 6.11 displays the Langmuir plots (C./Q, vs C,) for the adsorption of Pb?* onto
the lignocellulose based adsorbents.
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Figure 6.11: Langmuir plots for the adsorption of Pb?* onto lignocellulose based adsorbents.

The respective Freundlich plots (Log Q. vs Log C.) for Pb?* adsorption onto the lignocellulose based

adsorbents are displayed in Figures 6.12.
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Figure 6.12: Freundlich plots for the adsorption of Pb** onto lignocellulose based adsorbents.
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The respective Langmuir parameters for the adsorption of Pb (1) onto the lignocellulose based
adsorbents are shown in Table 6.3. The Freundlich constant K;, is determined from the intercept of the

Freundlich plot while the Freundlich affinity index, n, is computed from the slope.

Table 6.3: Freundlich and Langmuir parameters for the adsorption of Pb® to lignocellulose based

adsorbents.
Adsorbent Isotherm Slope R® Qo/Ks Intercept n/b
) Langmuir 0.0320 0.9898 31.25 0.0229 1.3974
Lignocellulose )
Freundlich 0.3226 0.9724 14.93 1.1741 3.0998
) Langmuir 0.0394 0.9987 25.38 0.0546 4.1268
PMMAGgLIig ]
Freundlich 0.3038 0.8538 10.82 1.0343 3.2916
) Langmuir 0.0261 0.9913 38.31 0.0364 0.7170
PMPSgLig
Freundlich 0.4246 0.8864 14.74 1.1685 2.3551
) Langmuir 0.0083 0.9993  120.48 0.0177 0.4689
PMAAgLIg

Freundlich 0.1936 0.7963 53.11 1.7252 5.1653

Again, as observed for the adsorption of Pb* onto montmorillonite based adsorbents, the Langmuir
isotherm showed higher R? values than the Freundlich isotherm (Table 6.3). Except for lignocellulose,
the Freundlich R® values for the adsorption of Pb (II) onto the other three adsorbents were
significantly low (< 0.8900). Although the values of the Freundlich affinity constant, n, are
significantly greater than 1, multilayer adsorption cannot be said to be significant in the adsorption of

Pb?* to the lignocellulose adsorbents since the R? values are less than 0.8900.

The calculated Langmuir adsorption capacities followed the same trend as described above for the
isotherms (Figure 6.10) of the lignocellulose based adsorbents. PMAAgLig gave the highest
adsorption capacity followed by PMPSgLig, then raw lignocellulose and lastly PMMAgLig. The
trend was not the same as observed for the montmorillonite based adsorbents after modifying with the

respective organic monomers, except for PMAAgMMT.

Modification of NaMMT with MPS resulted in a decrease in the adsorption capacity, while
modification of the same with MMA gave a higher adsorption capacity. However, for lignocellulose,
modification with MPS gave a higher adsorption capacity (38.31 mg/g) relative to the raw
lignocellulose (31.25 mg/g), whereas modification with MMA resulted in a slightly lower adsorption
capacity (25.38 mg/g). It was also noted that the adsorption capacity for the lignocellulose (31.25
mg/g) was almost the same as that for the NaMMT (30.03 mg/g).
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For ease of comparison, the Langmuir adsorption capacities were plotted as shown in Figure 6.13.
PMAAgLig gave a much higher adsorption capacity (120.48 mg/g) than recorded for all the other
adsorbents discussed so far. The adsorption of Pb* onto raw silkworm chrysalides was found to
follow the Langmuir model (Paulino, A. T. et al, 2006). The authors reported an adsorption capacity
of 46.94 mg/g. The same authors also found an adsorption capacity of 87.97 mg/g for Pb?* adsorption
onto chitosan. Yu, J. et al, 2007 found an adsorption capacity of 45.87 mg/g for the adsorption of Pb**
onto cystine-modified fungi biomass.
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Figure 6.13: Adsorption capacities of lignocellulose based adsorbents for Pb*".

Pavasant, P. et al, 2006 reported an adsorption capacity of 28.70 mg/g for Pb®* adsorption onto marine
green macroalgae (Caulerpa lentillifera). Yu, J. et al, 2009 found an adsorption capacity of 243.9
mg/g for Pb?* adsorption onto poly (methacrylic acid)-modified baker’s yeast biomass. Differences in
adsorption capacity can be attributed to the type of biomass used and possibly different conditions of
adsorption used. Haltunnen, T. et al, 2007 reported an adsorption capacity of about 176 mg/g for Pb**
adsorption onto lactic acid bacteria. Farag, S. et al, 2009 assessed the adsorption of Pb?* onto salsola
green plant bark and leaf biomass, and found adsorption capacities of about 26 mg/g. Wong, K. K. et
al, 2003 reported a capacity of 108 mg/g for the adsorption of Pb*" onto tartaric acid modified rice
husk. Different types of chemical modifications have been carried out on cellulose giving different
adsorption capacities as reviewed by O’Connell, D. W. et al, 2008. NaOH treated sawdust gave an
adsorption capacity of 52.38 mg/g for Pb*" (Meena, A. K. et al, 2008). The adsorption capacities

obtained in this study were comparable to those reported in the literature for similar adsorbents.
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The kinetics for the adsorption of Pb* onto the lignocellulose based adsorbents are presented in the

next section.

6.3.2.2 Adsorption kinetics

Figure 6.14 displays the plots for the adsorbed amount (mg/g) of Pb** onto the different lignocellulose
based adsorbents. All the four systems appeared to reach equilibrium in about 3 h just like for
adsorption onto montmorillonite adsorbents. There was also a rapid increase in the amount of Pb**
adsorbed onto the lignocellulose adsorbents within the first 1 h. After 1 h, there was not much change
in the amount of Pb*" adsorbed for all the systems probably due to a reduced number of adsorption
sites available on the surface of the adsorbents as suggested in Section 6.3.1.2. It became increasingly
difficult for the colliding Pb** ions to find a vacant site on the solid surface. PMAAgLig showed the
highest equilibrium adsorbed amount of Pb*" with the least amount being recorded for PMMAGgLIig,
just as observed from the isotherms.
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Figure 6.14: Plots for the adsorbed amount (mg/g) of Pb* onto lignocellulose based adsorbents

against time (min).

The experimental adsorption data was analysed using the pseudo first-order and pseudo second-order
equations. Figure 6.15 presents the pseudo first-order and the pseudo second-order plots for the

adsorption of Pb* to the lignocellulose based adsorbents. The equilibrium adsorbed amount (Q.,
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mg/g) and k; (pseudo first-order rate constant) were determined from the intercept and the slope of the
plots, respectively.

A quick inspection of the plots shows that there was a poor correlation for the pseudo first-order data
compared with the pseudo second-order data. Data points appear widely scattered for the pseudo first-
order data. According to the pseudo first-order model, the rate constant, k; and the equilibrium
adsorbed amount, Q. are determined from the slope and the intercept, respectively.
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Figure 6.15: Pseudo first-order plots for the adsorption of Pb?* onto lignocellulose based adsorbents.

The pseudo second-order plots are shown in Figure 6.16. According to the pseudo second-order

model, the equilibrium adsorbed amount (Q., mg/g) and the pseudo second-order rate constant, k; are
determined from the slope and the intercept, respectively.
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The pseudo first-order and pseudo second-order parameters for the adsorption of Pb®* onto the
lignocellulose adsorbents are displayed in Table 6.4 below. As observed above for the adsorption of
Pb* onto montmorillonite based adsorbents, the pseudo second-order model showed the highest
correlation coefficients (R?). The pseudo first-order R? values for Pb** adsorption onto lignocellulose,
PMMAgLig and PMAAgLig were all less than 0.8900, suggesting that this model cannot be
adequately used to describe the adsorption mechanism of Pb®* onto these adsorbents.

Table 6.4: Pseudo first-order and pseudo second order kinetic parameters for the adsorption of Pb**

onto lignocellulose based adsorbents.

150 200
Time /min
Figure 6.16: Pseudo second-order plots for the adsorption of Pb* onto lignocellulose based

250

300

Adsorbent Model Slope R? Intercept ky/Ko Q. (mg/g)

1" -0.0039 0.7938 0.7469 0.008982 5.583
Lignocellulose

2" 0.0332 1.0000 0.1130 0.009754 30.12

1 -0.0046 0.7638 0.5642 0.01059 3.666
PMMAgLig

2" 0.0418 0.9998 01238 0.01411 23.92

1 -0.0049  0.9787 1.4647  0.003915  1.8147
PMPSgLig

2" 0.0292 0.9995 0.0169 0.02493 34.25

) 1 -0.0017 0.4730 0.2588 0.01129 29.15

PMAAgLIg

2" 0.0082 0.9986 0.0502 0.001339 121.95
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The pseudo first-order R? value for the adsorption of Pb* onto PMPSgLig was 0.9787 which was
significantly higher than 0.8900, but still less that the pseudo second-order R? value of 0.9998. This
might mean that both models can be used to describe the mechanism of adsorption of Pb* onto
PMPSgLig. The equilibrium adsorbed amounts, Q. (mg/g) values were compared with the Langmuir

adsorption capacities, Qo (mg/g).
Figure 6.17 shows a plot for the correlation between Q, against Q. (mg/g) for the adsorption of Pb**

onto lignocellulose based adsorbents. An R? value of 0.9990 was obtained, again showing a good
correlation between these two parameters.
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Figure 6.17: Correlation between Q, and Q. values for the adsorption of Pb** onto lignocellulose-

based adsorbents.

Another metal ion, Cd** was also assessed for its adsorption onto both the lignocellulose based and
montmorillonite based adsorbents. Section 6.3.3 discusses the results obtained from the adsorption of

Cd?* onto montmorillonite based adsorbents.

6.3.3 Adsorption of Cd®* onto montmorillonite based adsorbents
6.3.3.1 Adsorption isotherms
The system proposed by Giles, C. H. et al, 1960 and 1974 and further expounded by Hinz, C., 2001

for the classification of adsorption isotherms was again applied here to analyse data from the
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adsorption of Cd?* onto montmorillonite adsorbents. The isotherms for the adsorption of Cd** onto the

different adsorbents are shown in Figure 6.18.

Unlike what was observed for the adsorption of Pb?" onto the same adsorbents, the isotherms of Cd?*
were not as straightforward to assign or classify. Based on the concave nature of the isotherms at the
initial stages, it can be suggested that the adsorption process fits the Langmuir model for all the
adsorbents. AIpMMT isotherm showed a clear leveling off while the same was not observed for the
other four isotherms. The isotherms can be classified into subgroups as follows: NaMMT (L),
AlpMMT (L,), PMAAgGMMT (L;3), PMPSgMMT (L,) and PMMAgMMT (L) according to Giles, C.
H. et al, 1960.

X PMAAGgMMT
20

X PMMAgMMT

Q. (mg/g)

0 5 10 15 20 25 30 35 40
C, (mg/L)

Figure 6.18: Isotherms for the adsorption of Cd** onto montmorillonite based adsorbents.

According to the isotherms in Figure 6.18, the adsorbents can be ordered as follows from the one
with the highest uptake of Cd** to the least: PMAAGMMT > PMMAgMMT > NaMMT >
PMPSgMMT > AlpMMT. This same trend was observed for the adsorption of Pb** onto the same

adsorbents.

The experimental data were also analysed using the Langmuir and Freundlich equations (see Section
6.2.2). For the Langmuir isotherm C, (mg/L) data are plotted against C./Q. (g/L) data and a straight

line should be generated if the data is best described by the Langmuir model. For the Freundlich
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isotherm, Log C. data are plotted against Log Q. data and a straight line is generated if this model best

fits the adsorption data.

Figures 6.19 and 6.20 display the Langmuir plots and the Freundlich plots for the adsorption of Cd**
onto the different montmorillonite based adsorbents. The Langmuir plots for NaMMT and
PMMAgMMT were nearly superimposed over each other, making it difficult to separate them. It can
be also seen from Figure 6.20 (Freundlich plots) that the data points showed poor correlation
compared with the Langmuir plots.
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Figure 6.19: Langmuir plots for the adsorption of Cd** onto montmorillonite based adsorbents.
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Figure 6.20: Freundlich plots for the adsorption of Cd** onto montmorillonite based adsorbents.

The Freundlich and Langmuir isotherm parameters, together with the correlation coefficients (R?) are
shown in Table 6.5. As observed above for the adsorption Pb** and what has been discussed above for
Cd** isotherms in Figure 6.18, the Langmuir model showed higher correlation coefficients than the
Freundlich model. This essentially means that the adsorption data of Cd®* can be best described by the

Langmuir model which assumes monolayer adsorption.

Table 6.5: Freundlich and Langmuir parameters for the adsorption of Cd** onto montmorillonite based

adsorbents.
Adsorbent Isotherm Slope R? Qu/K: Intercept n/b
Langmuir 0.0534 0.9979 18.73 0.1567 0.3408
NaMMT
Freundlich 0.3468 0.9654 6.162 0.7897 2.883
Langmuir 0.1583 0.9665 6.317 0.7948 0.1992
AlpMMT
Freundlich 0.1983 0.7423 2.729 0.4360 5.0428
Langmuir 0.0519 0.9831 19.27 0.1376 0.3772
PMMAgMMT
Freundlich 0.3952 0.8594 5.865 0.7683 2.530
Langmuir 0.0579 0.9847 17.27 0.2181 0.2655
PMPSgMMT _
Freundlich 0.3494 0.9617 5.112 0.7086 2.862
Langmuir 0.0460 0.9927 21.74 0.0523 0.8795
PMAAgMMT

Freundlich 0.2641 0.8318 10.11 1.005 3.786
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Relatively high Freundlich R? values were also obtained for the adsorption of Cd** onto NaMMT
(0.9654) and PMPSgMMT (0.9617). These R? values were significantly greater than 0.8900, meaning
the adsorption process can also be described by the Freundlich model for these two adsorbents. As
described earlier, the Freundlich model assumes multilayer adsorption onto heterogeneous surfaces.
The values of n (Freundlich affinity constant) were significantly higher than 1 and the values of 1/n
ranged between 0.2 and 0.4, indicating favourable adsorption of heavy metals (Kumar, U. et al, 2006).

The adsorption capacities (Qo) of the montmorillonite based adsorbents were then computed using the
Langmuir equation since it had the higher R? values of the two models. The values are shown in Table
6.5 and are highlighted in bold. The adsorption capacities are presented in the form of a bar graph as
shown in Figure 6.21. It was observed that grafting of NaMMT with PMMA resulted in a slight
increase in the adsorption capacity (19.27 mg/g), and relatively more Cd** was adsorbed after grafting
the NaMMT with PMAA (21.74 mg/g). A decrease in the uptake of Cd** was recorded for
PMPSgMMT (17.27 mg/g) and AIpMMT (6.32 mg/g) just as observed for the adsorption of Pb?*. The
adsorption capacities followed more or less the same trend for both Cd*" and Pb** adsorption onto the

montmorillonite based adsorbents.

yd
25
— >
z//
20 - — 3
>
//’—
515
(@))
£ pa
o10
5 | /
e
S S S S QY
N N N N N
» > » > »
N > N\ v
< < >

Figure 6.21: Adsorption capacities of montmorillonite based adsorbents for Cd?*.

197



The drastic decrease in the amount of Cd** and Pb*" adsorbed after modifying the NaMMT through
Al-pillaring suggests that metal-pillaring of montmorillonite for the purposes of adsorbing metals
from agueous solution is not appropriate. Since lower adsorption capacities were recorded for the
adsorption of Cd* than Pb®" onto montmorillonite based adsorbents, it means that Cd?" has a lower

affinity for these adsorbents than Pb?*

Lee, B. et al, 2001 found a capacity of 28 mg/g for Cd*" adsorption onto 3-mercaptopropyl
trimethoxysilane modified silica. Wang, W., 2010 reported an adsorption capacity of 42.6 mg/g for
Cd** adsorption onto PMAA-grafted silica particles. However, the investigators used an initial
concentration of 1000 ppm for their adsorption studies. Li, Y. H. et al, 2003 found an adsorption
capacity of 11.0 mg/g for Cd** adsorption onto chemically oxidized carbon nanotubes. Abollino, O. et
al, 2003 obtained an adsorption capacity of 5.30 mg/g for the adsorption of Cd (Il) onto Na-
montmorillonite. Yu, R. et al, 2008 found equilibrium adsorption capacities of about 30 mg/g for Cd**
adsorption onto carbon modified Al-pillared bentonite. The adsorption capacities found for the
adsorption of Cd*" onto montmorillonite based adsorbents are comparable to those reported in the

literature for similar adsorbents.

6.3.3.2 Adsorption kinetics

Figure 6.22 shows the plots for the adsorbed amount (mg/g) of Cd*" against time (min) for adsorption
onto the montmorillonite based adsorbents. Equilibrium state was achieved within the first three
hours, as shown by the leveling off of all the plots at this stage. It can also be seen that the highest
amount of Cd** was adsorbed onto PMAAgMMT and the least onto AlpMMT. As observed for the
adsorption of Pb** to the montmorillonite based adsorbents, most of the adsorption occurs within the

first 1 h. After 1 h, there was not much observable change.

However, the plot for the adsorption onto NaMMT showed an increase in the amount adsorbed up to
60 min, followed by a drop at 2 h (possibly due to desorption). Desorption could have been due to the
instability of the adsorbent-adsorbate complex formed during the initial stages of the adsorption

process or the presence of another competing reaction like complexation.
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Figure 6.22: Plots for the adsorbed amount (mg/g) of Cd** onto montmorillonite based adsorbents

against time (min).

The experimental data were then fitted to the pseudo first- and second-order equations in order to
assess the mechanism of the adsorption process. Both the pseudo first- and second-order equations
have been given above in Section 6.2.3. For pseudo first-order plot, Log (Q.-Q;) data are plotted
against time (min). A straight line is obtained if the data fits well to the pseudo first-order model. The
pseudo second-order graph is obtained by plotting t/Q, (gmin/mg) data against time (min). Again, if
the data fits to the pseudo second-order, a straight line is obtained.

Figures 6.23 and 6.24 display the pseudo first-order and pseudo second-order plots for the adsorption

of Cd** onto the montmorillonite based adsorbents. The parameters of the pseudo first-order and

pseudo second-order models were then compiled into a table for ease of comparison.
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Figure 6.23: Pseudo first-order plots for the adsorption of Cd®* to montmorillonite based adsorbents.
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Figure 6.24: Pseudo second-order plots for the adsorption of Cd** onto montmorillonite based

adsorbents.

The values of the different parameters of the two kinetic models for each adsorbent are shown in

Table 6.6, together with their correlation coefficients (R?). The pseudo second-order kinetic model
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showed higher correlation coefficients (close to 1.00) than the pseudo first-order model for all the

adsorbents.

Table 6.6: Pseudo first-order and pseudo second-order kinetic parameters for the adsorption of Cd**

onto the montmorillonite based adsorbents.

Adsorbent Model Slope R Intercept Ky/Ko Q. (mg/g)

1% -0.0071 0.9683 0.6817 0.0164 4.805
NaMMT 2" 0.0603 0.9991 0.3303 0.0110 16.58

1% -0.0041 0.7597 0.4021 0.0094 2.524
AlpMMT N

2 0.1516 0.9957 1.8512 0.0124 6.596

1% -0.0113 0.9361 0.7157 0.0260 5.196
PMMAgMMT o

2 0.0609 0.9992 0.2258 0.0164 16.42

1% -0.0037 0.9003 0.4358 0.0085 2.728
PMPSMMT §

2 0.0578 0.9995 0.2775 0.0120 17.30

1% -0.0031 0.8792 -0.0150 0.007139 0.966
PMAAGMMT 2" 0.0471 1.0000 0.0242 0.09167 21.23

This implies that the adsorption mechanism can best be described by the pseudo second-order model.
However, NaMMT, PMPSgMMT and PMMAgMMT had pseudo first-order correlation coefficients
(R?) greater than 0.8900. It therefore, means that the pseudo first-order model can (to some extent)
also be used to describe the mechanism for the adsorption of Cd®* onto these three adsorbents. The
pseudo first-order R? values for the other two adsorbents were less than 0.8900, i.e. PMAA (0.8792)
and AlpMMT (0.7597). The pseudo first-order model is therefore, not applicable to describe the

mechanism of adsorption onto these two adsorbents.

A comparison of the kinetics Q. values and the isotherm Q, values showed a relatively good
correlation, but not as what was obtained for the adsorption of Pb*" to the same adsorbents. For the
adsorption of Cd** onto AlpMMT, PMPSgMMT and PMAAgMMT, there was a good correlation
between the Q. and Q, values. Much lower Q. values were obtained for Cd** adsorption onto NaMMT
and PMMAgMMT than the respective Q, values from the Langmuir isotherm (Tables 6.5 and 6.6). In
addition, the uptake of Cd** onto these adsorbents was relatively low compared with the uptake of

Pb* to the same adsorbents. This shows a higher affinity of Pb** for these adsorbents than Cd*".

The adsorption of Cd** onto lignocellulose based adsorbents was also assessed. Section 6.4.4 presents

the results obtained from the adsorption of Cd** onto the lignocellulose based adsorbents. The
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adsorption of Cd*" was carried out onto raw lignocellulose and modified lignocellulose just as

presented for Pb**.

6.3.4 Adsorption of Cd** on lignocellulose based adsorbents

6.3.4.1 Adsorption isotherms

The data for the adsorption of Cd** onto the lignocellulose based adsorbents were analysed using the
Giles classification system as discussed in Sections 6.2.2 and 6.3.3.1. Figure 6.25 shows the isotherms
for the adsorption of Cd** onto the lignocellulose based adsorbents. As already stated for Pb?*, due to
the different extents of adsorption of Cd** onto the lignocellulose based adsorbents, different C,

values were recorded.
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Figure 6.25: Isotherms for the adsorption of Cd** onto lignocellulose based adsorbents.

The isotherms for the adsorption of Cd** onto lignocellulose, PMAAgLig, PMMAgLig and
PMPSgLig can be classified as Langmuir type 2, type 2, type 2 and type 3, respectively. The isotherm
for Cd** adsorption onto PMAAgLig has some bias towards an H isotherm. The uptake of Cd** onto
the four adsorbents can be expected to be in the following order: PMAAgLig > PMPSgLig >

PMMAgL.ig > lignocellulose, as observed from the respective adsorption isotherms (see Figure 6.25).

The adsorption data were fitted to the Langmuir and Freundlich equations, and Figures 6.26 and 6.27

display the Langmuir and Freundlich plots, respectively.
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Figure 6.26: Langmuir plots for the adsorption of Cd** onto lignocellulose based adsorbents.
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Figure 6.27: Freundlich plots for the adsorption of Cd** to lignocellulose based adsorbents.

The Langmuir and Freundlich parameters for the adsorption of Cd** onto the lignocellulose based
adsorbents are shown in Table 6.7.
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Table 6.7: Freundlich and Langmuir parameters for the adsorption of Cd*" onto lignocellulose based

adsorbents.

Adsorbent Isotherm Slope R? Qo/K¢ Intercept n/b
Langmuir 0.0689 0.9898 1451 0.3170 0.2174
Freundlich 0.4218 0.8188 3.528 0.5475 2.371
Langmuir 0.0659 0.9928 15.17 0.2969 0.2220

Lignocellulose

PMMAgL.ig )
Freundlich 0.3583 0.8839 4.101 0.6129 2.791
Langmuir 0.0435 0.9158 22.99 0.4669 0.0932
PMPSgLig )
Freundlich 0.5535 0.9524 2.895 0.4616 1.807
) Langmuir 0.0149 0.9822 67.11 0.0423 0.3522
PMAAgLIg

Freundlich 0.4779 0.7370 17.33 1.2388 2.0925

The Langmuir model gave relatively higher R? values than the Freundlich model (see Table 6.7).
However, this was with the exception of PMPSgLig which gave a higher R* value for the Freundlich
model. Since the Langmuir R? value found is > 0.8900, it can be said that the process for Cd*
adsorption onto PMPSgLig can be described by both the Langmuir and Freundlich models. The
findings here agree with what has been discussed on the adsorption isotherm onto PMPSgMMT
(Figure 6.25). Freundlich correlation coefficients of < 0.8900 were obtained for the adsorption of Cd**
onto lignocellulose, PMMAgLig and PMAAgLig. The low R? values suggest that the Freundlich
model cannot adequately describe the adsorption process of Cd** onto these adsorbents though
Unnithan, M. R. et al, 2002 and Kumar, U. et al, 2006 reported that values of 0.1 < 1/n < 1.0 indicate
favourable adsorption. In this study the slope (1/n) ranged from 0.36 to about 0.56.

The Langmuir model was used to determine the adsorption capacities of the lignocellulose based
adsorbents and Figure 6.28 illustrates the adsorption capacity of each adsorbent in the form of a bar
graph. It can be seen that PMAAgLig (67.11 mg/g) displayed the highest uptake of Cd** followed by
PMPSgLig (22.99 mg/g), then PMMAgLig (15.17 g/g) and lastly the lignocellulose (14.51 mg/g). The
increased uptake of Cd** onto PMPSgLig and PMAAgLig agrees with what was observed for Pb**
adsorption (Section 6.4.2). There was no significant change in the adsorption of Cd** onto PMMA-
grafted lignocellulose. Kumar, U. et al, 2006 investigated the adsorption of Cd** onto NaOH and
sodium bicarbonate modified rice husk and found an increase in the adsorption capacity from about 8
mg/g to about 20 mg/g. Yu, J. et al, 2007 investigated the adsorption of Cd** and Pb** onto cysteine-
modified fungi biomass and found an adsorption capacity of 11.63 mg/g for the adsorption of Cd?*.
Pavasant, P. et al, 2006 reported an adsorption capacity of 4.70 mg/g for Cd** adsorption onto marine

green macroalgae (Caulerpa lentillifera).
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Figure 6.28: Adsorption capacities of lignocellulose based adsorbents for Cd?*.

Sawalha, M. F. et al, 2006 reported a capacity of 2.24 for Cd®* adsorption onto saltbush (Atriplex
canescens) biomass. Li, Z. et al, 2006 found a capacity of 11.38 mg/g for Cd** adsorption onto heat
treated yeast (Rhodotorula sp. Y11) biomass. Halttunen, T. et al, 2007 reported adsorption capacities
ranging from 12.0 mg/g to 55.0 mg/g for Cd** onto lactic acid bacteria. Poly (methacrylic acid)-
modified baker’s yeast biomass showed an adsorption capacity of about 110 mg/g for Cd** (Yu, J. et
al, 2007) whereas PMAAgLig gave about 67 mg/g. The differences can be attributed to the type of
biomass and also adsorption conditions. The adsorption capacities found in this study are comparable

with what has been previously reported in the literature for similar adsorbents.

6.3.4.2 Adsorption kinetics

Figure 6.29 displays the plots of adsorbed amount (mg/g) of Cd** onto the lignocellulose based
adsorbents against time. It can be seen in Figure 6.28 that rapid adsorption of Cd** occurred within the
first hour such that there was no observable change in the amount of Cd** adsorbed after the first 60
min. As explained above, the rapid adsorption in the first hour was attributed to the availability of a
large number of adsorption sites on the adsorbent. As the sites were gradually filled up, adsorption
became slow and the kinetics more dependent on the rate at which the adsorbate was transported from
the bulk solution to the actual adsorption sites (Yu, R. et al, 2008). The plots in Figure 6.29 show that

equilibrium was achieved within 3 h for all adsorbents.
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Figure 6.29: Plots of adsorbed amount (mg/g) of Cd*" onto lignocellulose based adsorbents against

time (min).

The experimental adsorption data were fitted to the two kinetic models, pseudo first-order and pseudo
second-order models. Kinetic models are used to try and describe the mechanism of adsorption.
Figure 6.30 displays the pseudo first-order plots for the adsorption of Cd®* onto lignocellulose based

adsorbents.

It can be seen that the data points of the pseudo first-order plots (Figure 6.30) are scattered compared
with the pseudo second-order plots (Figure 6.31). This shows poor correlation between Log (Qe-Qy)

data and time for the pseudo first-order plots.
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Figure 6.30: Pseudo first-order plots for the adsorption of Cd** onto lignocellulose based adsorbents.

Figures 6.31 shows the pseudo second-order plots for the adsorption of Cd** onto lignocellulose based

adsorbents. The data points are not as scattered as observed for the pseudo first-order plots.

35

N N w
o ol o

=Y
a1

t/Q; (gmin/mg)

Lignocellulose

Time /min

Figure 6.31: Pseudo second-order plots for the adsorption of Cd** onto lignocellulose based

adsorbents.
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The pseudo first-order and pseudo second-order parameters and the corresponding correlation
coefficients (R?) are shown in Table 6.8. The pseudo second-order model displayed quite high R?
values (> 0.9900) compared with pseudo first-order model. This agrees well with what has been
discussed for the adsorption of Cd* onto montmorillonite based adsorbents and also for the

adsorption of Pb?* onto both lignocellulose and montmorillonite based adsorbents.

Table 6.8: Pseudo first- and second-order parameters for the adsorption of Cd®* onto lignocellulose
based adsorbents.

Adsorbent Model Slope R Intercept Ky/Ko Q. (mg/g)
) 1" -0.0008 0.6425 0.5047 0.00184 3.197
Lignocellulose ]
2" 0.0796 0.9988 -0.1647 -0.03847 12.56
) 1 -0.0078 0.9580 -0.0347 0.01796 0.923
PMMAGgLig ]
2" 0.0769 0.9981 -0.1467 -0.0403 13.00
) 1 -0.0005 0.1300 -0.1007 0.00115 0.7930
MPSgLig §
2" 0.0564 1.0000 0.0337 0.0944 17.73
) 1 -0.0074 0.4505 0.3427 0.01704 2.201
PMAAgLIg g
2" 0.0157 0.9995 0.0149 0.01654 63.69

The pseudo first-order R? values for the adsorption of Cd** onto lignocellulose (0.6425), PMPSgLig
(0.1300) and PMAAgL.ig (0.4505) were very low, suggesting that the adsorption mechanism cannot
be described by this model at all. Although the pseudo second-order model gave the highest R? values,
negative rate constants (k,) were obtained for Cd®* adsorption onto lignocellulose and PMMAGgL.ig,
which might suggest a lack of conformity of the data to the pseudo second-order model for these
adsorbents. A comparison of the kinetics Q. values and the adsorption capacities (Qg) from the

isotherms showed that the Q. values obtained were slightly lower than the Q, values.

The adsorption capacities obtained for Cd** uptake onto the lignocellulose adsorbents again showed
lower uptake of Cd** compared with Pb*". Mobasherpour, 1. et al, 2011 found a similar trend for the
adsorption of Cd** and Pb*" onto nano-crystallite hydroxyapatite from aqueous solution. The higher
affinity of Pb®* for the adsorbent was attributed to the smaller hydrated radius of Pb** and its low
hydration energy (Pb®* = -1481 kJ/mol) relative to the Cd** (-2106 kJ/mol). Pavasant, P. et al, 2006

also observed the same trend for Zn*, Cu*, Cd** and Pb*" adsorption onto marine green macroalgae.
The next section presents the results obtained from the adsorption of both Cd** and Pb** onto

polymer-grafted or coupled lignocellulose-montmorillonite nanocomposites. Four types of

nanocomposites were prepared and these were: PMPS-grafted, PMMA-grafted, PMAA-grafted
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nanocomposite and a physical mixture of lignocellulose and NaMMT. The physical mixture was
prepared in the same way as the other polymer-grafted nanocomposites but without addition of any

polymer.

6.3.5 Adsorption of Cd** and Pb?* onto polymer-grafted lignocellulose-montmorillonite
nanocomposites

It was hoped that the composites would display improved adsorption capacities compared with the
raw starting materials (lignocellulose and montmorillonite) as well as the separately modified
materials. The adsorption results of the separately modified materials (lignocellulose and
montmorillonite) have already been discussed in Sections 6.3.1, 6.3.2, 6.3.3 and 6.3.4. A synergistic
effect was observed for the composites of montmorillonite and granulated activated carbon as
reported by Ake, C. L. et al, 2001. It was also expected that the lignocellulose-montmorillonite
nanocomposites would show enhanced adsorption of organic pollutants from water as a result of

similar synergy.

6.3.5.1 Adsorption isotherms of Pb?* onto the lignocellulose-montmorillonite nanocomposites
Figure 6.32 displays the isotherms of Pb?* adsorption onto the different polymer-grafted or coupled
lignocellulose-montmorillonite nanocomposites. Due to the different extents of adsorption of Pb**

onto the nanocomposite adsorbents, different C, values were recorded.
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Figure 6.32: Isotherms of Pb?* adsorption onto lignocellulose-montmorillonite nanocomposites.
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The results in Section 6.3.4 showed that those materials modified with poly (methacrylic acid) gave
the greatest improvement in the adsorption of heavy metals. The isotherms in Figure 6.32 also show
that the highest amount of Pb?* was adsorbed onto the PMAAgLig-NaMMT adsorbent.

PMPSgLig-NaMMT nanocomposite showed the least equilibrium amount of Pb*" adsorbed. The
amount of Pb** adsorbed onto LigNaMMT and PMMAgLig-NaMMT was more or less comparable.
Again, using the classification system proposed by Giles, C. H. et al, 1960 and 1974; Hinz, C., 2001,
all the isotherms can be said to follow the Langmuir model because of the concave shape of the
isotherm at the beginning. The isotherms were classified into subgroups as follows: PMAAgLIig-
NaMMT (L,), PMMAgLig-NaMMT (L,), Lig-NaMMT (L) and PMPSgLig-NaMMT (Ls).

The adsorption data were processed further by fitting to the Langmuir and Freundlich equations
discussed in Section 6.3.2. Figure 6.33 shows the Langmuir plots for the adsorption of Pb* onto the
four nanocomposite adsorbents. The Freundlich plots are displayed in Figure 6.34.
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Figure 6.33: Langmuir plots for the adsorption of Pb* onto lignocellulose-montmorillonite

nanocomposite adsorbents.
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Figure 6.34: Freundlich plots for the adsorption of Pb® onto lignocellulose-montmorillonite

nanocomposite adsorbents.

The Freundlich and Langmuir parameters and the correlation coefficients (R?) are displayed in Table
6.9. The Langmuir R* values were greater than the Freundlich R? values for all the nanocomposite
adsorbents except PMPSgLig-NaMMT.

Table 6.9: Freundlich and Langmuir parameters for the adsorption of Pb* onto lignocellulose-

montmorillonite nanocomposite adsorbents.

Adsorbent Isotherm Slope R? Qo/Ks Intercept n/b

Lig-NaMMT Langmuir 0.0335 0.9964 29.85 0.0537 0.6238
Freundlich 0.3274 0.9842 12.09 1.0825 3.0544

PMMAgL.ig- Langmuir 0.0330 0.9969 30.30 0.0311 1.0611
NaMMT Freundlich 0.3116 0.9558 14.20 1.1524 3.2092
PMPSgLig- Langmuir 0.0471 0.9898 21.23 0.2401 0.1962
NaMMT Freundlich 0.3670 0.9948 5.585 0.7470 2.7248
PMAAgLIig- Langmuir 0.0102 0.9985 98.04 0.0335 0.3045
NaMMT Freundlich 0.1937 0.8741 39.76 1.5994 5.1626

PMPSgLig-NaMMT nanocomposite showed a greater Freundlich R? value than was obtained for the

Langmuir model. This might mean that the combination of lignocellulose, MPS and NaMMT had an
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effect on the adsorption process in the PMPSgLig-NaMMT nanocomposite. The relatively high
Langmuir and Freundlich R? values obtained for the adsorption of Pb* onto Lig-NaMMT,
PMMAgLig-NaMMT and PMPSgLig-NaMMT nanocomposites might suggest that both models can

be used to describe the adsorption process onto these adsorbents.

The Langmuir adsorption capacities were found to be 29.85 mg/g (Lig-NaMMT), 30.30 mg/g
(PMMAgLig-NaMMT), 21.23 mg/g (PMPSgLig-NaMMT) and 98.04 mg/g (PMAAgLig-NaMMT).
A look at the adsorption capacities obtained for the unmodified starting materials (lignocellulose —
31.25 mg/g and NaMMT — 30.03 mg/g) reveals that there was no improvement in the adsorption
capacities found for the Lig-NaMMT and PMMAgLig-NaMMT nanocomposites. A decrease in the
uptake of Pb*" was recorded for the PMPSgLig-NaMMT nanocomposite. The higher adsorption
capacity recorded for the PMAAgLig-NaMMT nanocomposite than either lignocellulose or NaMMT
was attributed to the presence of grafted PMAA as observed with PMAAgLig and PMAAGMMT. It is
not clear what caused the decrease recorded in the uptake of Pb* onto the PMPSgLig-NaMMT
nanocomposite. PMPSgLig had an improved uptake of both Pb?* and Cd*" whereas PMPSgMMT had

a reduced uptake of the same.

6.3.5.2 Adsorption kinetics of Pb** onto the lignocellulose-montmorillonite nanocomposites

Figure 6.35 displays the plots for the adsorbed amount (mg/g) of Pb* onto the lignocellulose-
montmorillonite nanocomposites against time (min). The early stage of the adsorption process was
characterized by a rapid uptake of Pb* onto all the nanocomposite adsorbents. There was no
observable change in the adsorbed amount of Pb** from about an hour until 6 h for Lig-NaMMT,
PMMAgLig-NaMMT and PMPSgLig-NaMMT nanocomposites. These systems reached equilibrium
in about 3 h.

However, PMAAgLig showed a slight surge in the amount of Pb** adsorbed at 4 h which dropped to a

relatively constant level. This can be attributed to the presence of other competing reactions in the

vessel.
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Figure 6.35: Plots of adsorbed amount (mg/g) of Pb* onto lignocellulose-montmorillonite

nanocomposites.

The adsorption data was analysed by means of kinetic models, the pseudo first-order and pseudo

second order models and Figure 6.36 shows the pseudo first-order plots.
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Figure 6.36: Pseudo first-order plots for the adsorption of Pb*" onto lignocellulose-montmorillonite

nanocomposites.
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The plots of the pseudo second-order model for the adsorption of Pb* onto the nanocomposites are

shown in Figure 6.37.
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Figure 6.37: Pseudo second-order plot for the adsorption of lignocellulose-montmorillonite

nanocomposites.

The parameters of the pseudo first-order model and the pseudo second-order model as well as the

correlation coefficients are listed in Table 6.10.

Table 6.10: Pseudo first-order and pseudo second-order parameters for the adsorption of Pb** onto the

lignocellulose-montmorillonite nanocomposites.

Adsorbent Model Slope R? Intercept ki/K, Q. (mg/g)

) 1 -0.0058 0.5670 -0.1887 0.0134 0.6476
Lig-NaMMT i

2 0.0365 0.9999 0.0149 0.0894 27.40
PMMAGgL.ig- 1 -0.0028 0.7788 0.6694 0.0064 4671
NaMMT 2" 0.0343 0.9994 0.1680 0.0070 29.15
PMPSgLig- 1" -0.0049 0.9661 0.8315 0.0113 6.784
NaMMT 2" 0.0531 0.9993 0.5791 0.0049 18.83
PMAAgLig- 1 -0.0010 0.8809 1.0702 0.0023 11.75
NaMMT 2" -0.0101 0.9979 0.0126 0.0081 99.01
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As has been observed for the other adsorbents evaluated earlier, the pseudo second-order showed
greater R? values than the pseudo first-order model. This means the adsorption mechanism for Pb%*
uptake onto the lignocellulose-montmorillonite adsorbents is best represented by the pseudo second-
order model. PMPSgLig-NaMMT had also a relatively high pseudo first-order R? value (0.9661) and
this means that this model can also be applied to describe the adsorption mechanism of Pb?* onto this

nanocomposite.
There was a relatively good agreement between the equilibrium adsorption capacities (Q.) and Qg
values from the Langmuir isotherm. This can be clearly seen in the plot of Q. (mg/g) against Qo

(mg/g) shown in Figure 6.38.
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Figure 6.38: Correlation between Q, and Q. values for the adsorption of Pb*" onto lignocellulose-

montmorillonite nanocomposites.

6.3.5.3 Adsorption isotherms of Cd?* onto the lignocellulose-montmorillonite nanocomposites

The adsorption properties of the lignocellulose-montmorillonite nanocomposites were also evaluated
using Cd** as a model pollutant. This section presents the results obtained from the adsorption of Cd**
onto the lignocellulose-montmorillonite nanocomposite adsorbents. Figure 6.39 shows the isotherms
for the adsorption of Cd** onto the lignocellulose-montmorillonite nanocomposites. Again, different
C. values were recorded for Cd** adsorption onto the nanocomposite adsorbents because of the

different extents of adsorption of Cd** onto each adsorbent.

The isotherm for Cd** adsorption onto PMAAgLig-NaMMT can be classified as H-type of subgroup

mx (Hmy) according to Giles, C. H. et al, 1960. The H-type isotherm is a special case of the Langmuir
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type curve. The solute has a high affinity for the adsorbent such that in dilute solutions, it is

completely adsorbed or there is a negligible amount of the solute remaining in solution.
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Figure 6.39: Isotherms of Cd** adsorption onto lignocellulose-montmorillonite nanocomposites.

Isotherms for Cd** adsorption onto PMMAgLig-NaMMT, Lig-NaMMT and PMPSgLig-NaMMT can
all be classified as S curves of subgroup 3 (S3). The initial curvature of this isotherm shows that
adsorption becomes easier as the concentration rises. The S curve appears only when the solute is
mono-functional, has moderate intermolecular attraction and meets strong competition for adsorption
sites due to presence of impurities (Giles, C. H. et al, 1960 and 1974). It is difficult to imagine the
presence of intermolecular attraction among the positively charged Cd®* ions. The other two
conditions are conceivable, most likely the third condition which can be a result of the presence of
residual Na* from NaOH used to adjust the pH of the nanocomposite. However, it also begs the

question why this was not observed with the adsorption of Pb*".
The data for the adsorption of Cd*" onto the lignocellulose-montmorillonite nanocomposites were

fitted to the Langmuir and Freundlich equations, the respective plots are shown in Figures 6.40 and
6.41.
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Figure 6.40: Langmuir plots for Cd*" adsorption to lignocellulose-montmorillonite nanocomposites.
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Figure 6.41: Freundlich plots for Cd** adsorption to lignocellulose-montmorillonite nanocomposites.

The parameters and the correlation coefficients (R?) of the Freundlich and Langmuir models are
displayed in Table 6.11. The Langmuir R? values for the adsorbents, PMMAgLig-NaMMT (0.9679),
PMPSgLig-NaMMT (0.9825) and PMAAgLig-NaMMT (0.9880) were greater than those of the

Freundlich model. This showed that the adsorption data can best be represented by the Langmuir
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model. The R? values were, however, relatively smaller than those obtained for Ph%* adsorption onto
the same adsorbents. The data for Cd®* adsorption onto PMPSgLig-NaMMT can be represented by

both the Freundlich and Langmuir models since the respective R? values are all > 0.8900.

Table 6.11: Freundlich and Langmuir parameters for Cd** adsorption onto lignocellulose-
montmorillonite nanocomposites.
Adsorbent Isotherm Slope R Intercept  Qo/K; n/b
Langmuir 0.0344 0.8786  0.4166  29.07 0.0826

Lig-NaMMT )
Freundlich 0.8001  0.9023 0.1563  1.433 1.250
PMMAgL.ig- Langmuir 0.0499  0.9679  0.2992  20.04 0.1668
NaMMT Freundlich 0.5632 0.8184 0.4860 3.062 1.776
PMPSgL.ig- Langmuir 0.1130 0.9825 0.7489  8.850 0.1509
NaMMT Freundlich 0.5568 0.9124 0.1664 1467  1.796
PMAAgLig- Langmuir 0.0151 0.9880 0.1160 66.23 0.1302
NaMMT Freundlich 0.1409 0.8111 1.4671 29.32  7.097

For Cd*" adsorption onto Lig-NaMMT, the Langmuir R? value (0.8786) was less than the Freundlich
R? value (0.9023). The adsorption process here could best be described by the Freundlich model,
which assumes multilayer adsorption onto a heterogeneous surface. The Langmuir capacity for Lig-
NaMMT (29.07 mg/g) was much greater than found for lignocellulose (14.51 mg/g) and for NaMMT
(18.73 mg/g) separately but since its Langmuir R? value was poor, the value could not be regarded as
reliable. A decrease was observed in the uptake of Cd** onto PMPSgLig-NaMMT compared with
lignocellulose and NaMMT. This agrees with what has been discussed above for Pb®* adsorption onto
PMPSgLig-NaMMT. The uptake of Cd** onto PMAAgLig-NaMMT (66.23 mg/g) was comparable to
the uptake onto PMAAgLig (67.11 mg/g) and was much higher than uptake onto both lignocellulose
and NaMMT. As discussed earlier, the high uptake can be ascribed to the presence of grafted PMAA
in the two adsorbents. Overall, there was no improvement in Cd** adsorption onto the

nanocomposites.

The following section presents the results for the kinetic studies of Cd*" adsorption onto the

lignocellulose-montmorillonite adsorbents.

6.3.5.4 Adsorption kinetics of Cd®* onto the lignocellulose-montmorillonite nanocomposites
Figure 6.42 shows the plots of the adsorbed amount (mg/g) of Cd** onto the lignocellulose-
montmorillonite adsorbents against time. The adsorption of Cd*" onto PMAAgLig-NaMMT was

characterized by rapid adsorption in the first 20 min, which was followed by desorption and the
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adsorbed amount of Cd** remained relatively constant until 3 h. At 4 h, a slightly increased amount of
Cd?* was recorded followed by desorption to give a reduced amount of adsorbed Cd?* at six hours.

The same trend was observed for Pb?* adsorption onto the same nanocomposite adsorbent (Figure

6.35).
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Figure 6.42: Plot of adsorbed amount (mg/g) of Cd** onto lignocellulose-montmorillonite

nanocomposites against time (min).

Adsorption onto the other three nanocomposites was fairly straightforward with all systems reaching
equilibrium in about three hours. According to the plots in Figure 6.42, the highest amount of Cd**
was adsorbed onto PMAAgLig-NaMMT and the least onto PMPSgLig-NaMMT which agrees with

what has been discussed in Section 6.3.5.3.
The adsorption data were fitted to the pseudo first order and pseudo second-order kinetic models.

Figure 6.43 displays the pseudo first-order plots for Cd** adsorption onto lignocellulose-

montmorillonite nanocomposites. The pseudo second-order plots are shown in Figure 6.44.
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Figure 6.43: Pseudo first-order plots for Cd** adsorption onto lignocellulose-montmorillonite

nanocomposites.
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Figure 6.44: Pseudo second-order plots for Cd** adsorption onto lignocellulose-montmorillonite

nanocomposites.

220



The pseudo first-order and pseudo second-order parameters and their correlation coefficients (R?)
values are displayed in Table 6.12. As can be seen from the table, the pseudo second-order R? values
were greater than pseudo first-order R? values for all the adsorbents. Therefore, the mechanism of
Cd?* adsorption onto the lignocellulose-montmorillonite nanocomposites is best described by the
pseudo second-order model. The adsorption of Cd** onto PMAAgLig-NaMMT could also be
described by the pseudo first-order model since the R* value is > 0.8900.

Table 6.12: Pseudo first-order and pseudo second order parameters for Cd** adsorption onto

lignocellulose-montmorillonite nanocomposites.

Adsorbent Model Slope R? Intercept ky/Ko Q. (mg/g)
) 1" -0.0090 0.4730 -0.0366 0.0207 0.9192
Lig-NaMMT 2" 0.0514 0.9999 0.0260 0.1016 19.46
PMMAgLig- 1 -0.0101 0.8736 0.3443 0.0233 2.210
NaMMT 2" 0.0561 0.9999 0.0654 0.0481 17.83
PMPSgLig- 1 -0.0023 0.8875 0.4665 0.0053 2.928
NaMMT 2" 0.0836 0.9990 0.5837 0.0120 11.96
PMAAgLig- 1 -0.0034 0.9355 0.6399 0.0078 4.364
NaMMT 2" 0.0153 0.9997 0.0112 0.0209 65.36

There was poor correlation between the equilibrium Q. values (Table 6.12) and the Langmuir Qq
values (Table 6.11) for Lig-NaMMT and PMPSgLig-NaMMT. A relatively good agreement was
observed between the Q, and Q, values for Cd** adsorption to PMAAgLig-NaMMT and PMMAgL ig-
NaMMT.

As mentioned earlier, Pb?* showed higher adsorption capacities for the lignocellulose-montmorillonite
nanocomposite adsorbents. This showed a higher affinity of Pb®* for the nanocomposite adsorbents
than Cd**. Lazarevi¢, S. et al, 2007 found that higher metal electronegativity and hydrolysis constant
lead to a higher tendency of the ion for specific adsorption. The metal electronegativities are 1.8
(Pb*) > 1.7 (Cd*"), and the hydrolysis constants are 1.6 x 10® (Pb**) > 6.7 x 10™ (Cd*"). Therefore,
Cd** is relatively more stable in solution and hence might show less affinity for specific adsorption
onto solid surfaces. Similar results showing a high affinity of Pb** for solid adsorbents were reported
by Holm, T. R. et al, 1994.

The next section presents the adsorption results for the uptake of both Cd** and Pb*" onto AlpMMT

prepared at different molar ratios.
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6.3.6 Effect of OH/Al molar ratio on the adsorption of Cd** and Pb**

The variation of the adsorbed amount of both Cd (11) and Pb (1I) onto AIpMMT samples of different
OH/AI molar ratios was assessed according to the procedure in Section 6.1.3. Figure 6.45 displays the
plots of the adsorbed amount of heavy metals against the OH/AI molar ratio of the Al-pillared clay. It
was observed that the adsorbed amount of Cd** and Pb** gradually decreased with increase in the
OH/AI molar ratio, with a rapid decline above a molar ratio of 2.0.
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Figure 6.45: Variation of equilibrium adsorbed amount of Pb?* and Cd** (mg/g) onto AlpMMT of
different OH/AI molar ratio.

Elemental analysis of the Al-pillared samples was carried out using SEM-EDX in order to assess
whether the amount of heavy metals adsorbed was related to the amount of Al incorporated into the
clay structure as Al,O; pillars. It was observed that as the amount of Al (%) incorporated increased

and the amount of heavy metals adsorbed decreased.

To the best of our knowledge, we have not found any literature dealing with the assessment of
adsorbed amount of heavy metals onto metal-pillared clay of different OH/M™ ratio. The fact that the
amount of heavy metals adsorbed decreased with increase in OH/AI** molar ratio, and that NaMMT
had a higher adsorption capacity than AlpMMT might mean that metal-pillaring of clays for heavy

metal adsorption purposes (from aqueous solution) is not a good method of choice.
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The following section gives a brief discussion on the effect of chemical modification of the

lignocellulose and montmorillonite based adsorbents on the amount of heavy metals adsorbed.

6.3.7 Effect of chemical modification on the adsorption of Cd** and Pb**

From the results presented thus far, it was seen that the modification of both lignocellulose and
montmorillonite clay using methacrylic acid resulted in improved adsorption of both Cd** and Pb**.
Modification of montmorillonite with MPS resulted in reduced uptake of both Cd** and Pb*.
However, modification of lignocellulose with MPS improved the adsorption of both heavy metals,
Cd*" and Pb*". Grafting of MMA to montmorillonite resulted in improved adsorption of both Cd** and
Pb* from aqueous solution. The modification of lignocellulose with MMA gave mixed results, with a
slight improvement being recorded for the adsorption of Cd** and a decrease being recorded for Pb*".

The adsorbents, PMPSgLig, PMPSgMMT, PMAAgMMT, PMMAgLig and PMMAgMMT have not
been reported before as possible adsorbents for both Cd?* and Pb?". Studies in the literature related to
the use of PMAA, MPS and MMT for adsorption are very few. One such study was by Wang, W.
(2010) on the grafting of MPS-modified SiO, with PMAA and its use for the adsorption of Cd*" from
aqueous solution. Another study was by An, F. et al, 2009 and 2010 on the adsorption of phenol and
aniline, respectively onto PMAA-grafted MPS-modified SiO,. The adsorbent powders prepared in this
study could be handled easily and their separation through filtration was found to be much easier
compared with the NaMMT. There was also no problem with the clogging of membrane filters as
observed with NaMMT.

The following section presents the results obtained from the competitive adsorption of both Pb®* and
Cd** onto PMMAgGMMT. The procedure used for the competitive adsorption experiments has already
been described in Section 6.1.4.

6.3.8 Competitive adsorption studies of Cd** and Pb** onto NaMMT and PMMAgMMT
The isotherms (Langmuir and Freundlich) and the kinetics plots (pseudo first-order and pseudo
second-order) of both Cd** and Pb** adsorption onto NaMMT and PMMAgMMT from a Cd**-Pb**

combined solution were generated.

6.3.8.1 Adsorption isotherms
Figure 6.46 displays the isotherms of Cd*" adsorption onto both NaMMT and PMMAgMMT, as well
as the isotherms for the adsorption of Pb®* onto the same adsorbents. The isotherms for Cd**

adsorption onto both NaMMT and PMMAgMMT were classified as Langmuir type 2. The isotherm
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for Pb?*" adsorption onto PMMAgMMT was classified as Langmuir type 4 (L), while the isotherm for

Pb?" adsorption onto NaMMT was classified as Langmuir type mx (Luy).
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Figure 6.46: Isotherms for Cd** and Pb®* adsorption onto NaMMT and PMMAgMMT from a Cd?*-

Pb?" mixture.

From the isotherms in Figure 6.46, it can be seen that Pb** showed a higher adsorbed equilibrium
amount (Q.) onto both NaMMT and PMMAgMMT for the binary mixture. This agrees with what has
been discussed above that Pb®* has greater affinity for the adsorbents prepared in this study than Cd*".
The presence of both heavy metals in solution did not significantly affect the adsorption process of

each heavy metal from solution.
The adsorption data were fitted to the Langmuir equation and the Freundlich equation and the plots

are presented in Figures 6.47 and 6.48, respectively. Figure 6.47 presents the Langmuir plots for Cd**
and Pb*" adsorption onto both NaMMT and PMMAgMMT from a Cd**-Pb** mixture.
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Figure 6.47: Langmuir plots for the adsorption of Cd*" and Pb*" onto NaMMT and PMMAgMMT

from a Cd®*-Pb?" mixture.

Figure 6.48 presents the Freundlich plots for Cd** and Pb®* adsorption onto both NaMMT and
PMMAgMMT from a Cd**-Pb*" mixture.
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Figure 6.48: Freundlich plots for the adsorption of Cd** and Pb®* to NaMMT and PMMAgMMT from

a Cd**-Pb?" mixture.
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The Freundlich and Langmuir parameters for Cd®** and Pb* adsorption onto NaMMT and
PMMAgGMMT from a Cd*-Pb? mixture are displayed in Table 6.13. The Langmuir model gave
higher correlation coefficients (R? than the Freundlich model. From the Langmuir adsorption
capacities, it was observed that slightly less Cd** was adsorbed onto PMMAgMMT than on NaMMT.
This is contrary to what was observed for the adsorption of Cd** alone onto the same adsorbents,
which gave a slightly higher adsorbed amount of Cd** for PMMAgMMT than NaMMT (Table 6.5).
For Pb*" adsorption, the trend observed for the adsorption of Pb*" alone was maintained (Table 6.1).

Table 6.13: Freundlich and Langmuir parameters for the adsorption of Cd** and Pb** onto NaMMT
and PMMAgMMT from a Cd**-Pb* mixture.

Adsorbent Isotherm Slope R Intercept n/b Qu/Ks
Cd (1)
Langmuir 0.0668 0.9927 0.1869 0.357 14.97
PMMAgMMT )
Freundlich 0.4147 0.9237 0.6117 2.411 4.09
Langmuir 0.0637 0.9736 0.2455 0.259 15.70
NaMMT )
Freundlich 0.3161 0.9613 0.7001 3.164 5.01
Pb (1)
Langmuir 0.0410 0.9984 0.0348
PMMAGMMT g _ 1.18 24.39
Freundlich 0.3242 0.9161 1.0531 3.08 11.30
Langmuir 0.0441 0.9950 0.0836
NaMMT g _ 0.53 22.67
Freundlich 0.2846 0.9658 0.9692 351 9.32

It was observed that the amounts of each heavy metal adsorbed to both NaMMT and PMMAgMMT
decreased when the two metals coexisted in solution. This reduction was attributed to the competition
for the same adsorption sites by the two heavy metals. However, the adsorption capacities found for
each heavy metal were still significant, thus making the nanocomposite material suitable for use in the

treatment of heavy metals contaminated water.

6.3.8.2 Adsorption kinetics

Figure 6.49 shows the plots of adsorbed amount (mg/g) of Cd** and Pb* onto NaMMT and
PMMAgMMT against time (min) from a combined solution. As was observed for similar plots
discussed above, the systems reached equilibrium within 3 h. Again, the uptake of Pb®* was clearly
higher than the uptake of Cd** to both adsorbents.
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Figure 6.49: Plots of adsorbed amount (mg/g) of Cd** and Pb* onto NaMMT and PMMAgMMT

from a combined Cd®*-Pb®* mixture against time (min).

The adsorption data were fitted to the pseudo first-order and pseudo second-order equations. The

pseudo first-order and pseudo second-order plots are shown in Figures 6.50

and 6.51.
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Figure 6.50: Pseudo first-order plots for Cd** and Pb* adsorption onto NaMMT and PMMAgMMT

from a Cd®*-Pb®" mixture.
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Figure 6.51: Pseudo second-order plots for Cd** and Pb®* adsorption onto NaMMT and
PMMAgMMT from a Cd**-Pb*" mixture.

The parameters for the pseudo first-order and pseudo second-order models are displayed in Table
6.14. The pseudo second-order model had the highest R* values for both metal ions. However, the
pseudo first-order R? were relatively high (> 0.9600) showing that the data can be described by both

models.

Table 6.14: Pseudo first-order and pseudo secong-order parameters for the competitive adsorption of
Cd** and Pb?* onto NaMMT and PMMAgMMT from a Cd**-Pb** mixture.

Adsorbate Adsorbent Slope R Intercept ki/k, Q. (mg/g)
Pb (I1)
1 -0.0040 0.9608 0.8139 0.009212 6.24
NaMMT »
2 0.0468 0.9998 0.4087 0.005359 21.37
1 -0.0064 0.9796 0.7950 0.01474 6.24
PMMAgMMT »
2 0.0444 0.9997 0.2983 0.00661 22.52
Cd (1)
1 -0.0061 0.9908 0.8561 0.014048 7.18
NaMMT o
2 0.0675 0.9991 0.9911 0.004597 14.81
PMMAgMMT 1 -0.0085 0.9847 0.5609 0.01958 3.34
2 0.0813 0.9988 0.2331 0.028356 12.30
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As discussed in Section 6.3.8.1, a lower adsorption capacity was obtained for Cd** adsorption onto
PMMAgGMMT than for NaMMT. Both the Q. and Q, values obtained from kinetics and isotherms,
respectively, confirm this. However, for the adsorption of Pb (IlI), PMMAgMMT still showed a
relatively higher adsorption capacity than NaMMT. The equilibrium adsorbed amount of Pb (II)
calculated from the kinetics and isotherms support this deduction.

6.3.9 Desorption studies

Figure 6.52 displays the plots for Cd** and Pb** adsorbed onto PMMAgGMMT against the number of
regeneration cycles. The regeneration was carried out with 80 mL of 0.1 M HNO; and the adsorbent
washed repeatedly with water until the pH of the filtrate or washings was about 5.0. It was observed
that the amount of both Cd*" and Pb?" adsorbed (mg/g) decreased with increase in the number of
regeneration cycles. Pb*" uptake decreased by about 27% while Cd*" uptake decreased by about 23%

after three regeneration cycles.
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Figure 6.52: Plots of Cd** and Pb®* adsorbed onto PMMAgMMT against the number of regeneration

cycles.

The slight decrease in the uptake of the two heavy metals might suggest that PMMAgMMT can be
used repeatedly for a couple of regeneration cycles without a significant loss in the adsorption

capacity, which was one of the objectives of the study. The desorption experiments of Pb** from
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PMMAgMMT showed that up to 96% of the adsorbed amount could be desorbed by using 80 mL of
0.1 M HNO;, while 100% of Cd*" could be desorbed. The differences may be due to the differences in

the affinity of the metal ions for the adsorbent.

6.4 Conclusion

The grafting of montmorillonite clay with methyl methacrylate (MMA) and methacrylic acid (MAA)
resulted in enhanced adsorption of both Cd?* and Pb?* from solution. Modification with MPS caused a
decrease in the adsorption capacity for both Cd?* and Pb®*. The modification of NaMMT through
aluminium-pillaring caused a drastic decrease in the adsorption capacity of the clay, showing that this
type of clay modification is not suitable for the adsorption of heavy metals. Modification of
lignocellulose with methacryloxypropyl trimethoxysilane and methacrylic acid resulted in improved
uptake of both heavy metals from solution. The grafting of lignocellulose with methyl methacrylate

did not result in enhanced adsorption.

The nanocomposites did not show improved adsorption capacity for both Cd** and Pb*‘except for
PMAAgLig-NaMMT. The amount of Cd** and Pb** adsorbed onto the other nanocomposites was
comparable with that of the separately modified adsorbents. The compounding of lignocellulose and
montmorillonite did not show the expected synergy in the adsorption of heavy metals. The
improvement observed in the adsorption capacity of the PMAAgLig-NaMMT nanocomposite relative
to the raw lignocellulose and NaMMT was due to the presence of attached PMAA groups.

Pb?* was observed to have a higher affinity for most of the adsorbents prepared and evaluated in this
study. Relatively higher correlation coefficients (isotherms and kinetic models) were obtained for Pb**
adsorption onto almost all the adsorbents than were obtained for Cd** adsorption. The higher affinity
of Pb*" than Cd** for the adsorbents was attributed to the differences in their hydration energies as

well as the radii of their hydrated ions.

The Langmuir model showed higher correlation coefficients than the Freundlich model for most
adsorbents evaluated in this study. The adsorption process of Cd** and Pb*" from aqueous solution
onto the prepared adsorbents could best be described by the Langmuir model. As such, the adsorption
capacities of all the adsorbents reported in this chapter were computed using the Langmuir equation.
The pseudo second-order model gave consistently high R? values for all the adsorbents, and there was
a good correlation between the Langmuir adsorption capacities and the pseudo second-order
equilibrium adsorbed amount (Q.). Therefore, Q. values derived from the pseudo second-order could

be used to compute adsorption capacities for all the adsorbents evaluated in this study.
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Competitive adsorption results showed a decrease in the uptake of both heavy metals due to
competition for the same adsorption sites (the number of which is fixed). The co-adsorption of Cd**
and Pb®* from solution did not significantly affect the adsorption process of each and the mechanism
of adsorption. The data from the competitive adsorption studies still could be best represented by the

Langmuir model (isotherms) and pseudo second-order model (kinetics).

The adsorption capacities found for most of the adsorbents evaluated in this study for the adsorption
on Cd** and Pb** were comparable to those reported in the literature. Desorption studies showed that
some of the adsorbents could be regenerated by using 0.1 M HNO; without significant loss in the
adsorption capacity.
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Chapter 7

Adsorption of methyl orange and neutral red onto lignocellulose

and montmorillonite based adsorbents

7.0 Introduction

The previous chapter presented the procedures followed in carrying out experiments for the
adsorption of heavy metals onto all the adsorbents prepared in this study, together with a discussion of
the adsorption results. This chapter presents the experimental details for the adsorption of organic
pollutants (methyl orange and neutral red) onto the same adsorbents (lignocellulose based,
montmorillonite based and lignocellulose-montmorillonite nanocomposite adsorbents) as listed in
Section 6.0. The adsorption experiments are described, the results and discussion on the adsorption of

methyl orange and neutral red are given, followed by a conclusion.
7.1 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 methyl orange or neutral red in deionized water. A known
mass of the adsorbent was dispersed in 80 mL of the synthetic solution at 25 °C. The mixtures were
placed on a rotary shaker and agitated at 200 rpm. Aliguots of sample solutions were withdrawn at set
time intervals. The adsorbent was separated by filtering through Acrodisc syringe filters (0.45 pm
Supor Membrane) of low protein binding, and the concentration of each pollutant in the filtrate was
determined by ultraviolet-visible (UV/Vis) spectroscopy. All assays were carried out in replicates of
at least two and the average values are presented. A PerkinElmer Lambda 25 UV/Vis
Spectrophotometer was used for the determination of methyl orange and neutral red concentrations in

the test solutions. The experiments were carried out so as to generate isotherms and kinetics data.

7.1.1. Adsorption isotherms

The conditions used to generate adsorption isotherms were as follows: adsorbent dosage was 1.25 g of
adsorbent per 1 L of solution; methyl orange concentrations ranged from 2 to 10 ppm; neutral red
concentrations ranged from 10 to 50 ppm; the pH was 5.0 for all the adsorption experiments; the
shaking time was six hours. Aliquots were taken after six hours, filtered through Acrodisc syringe
filters (0.45 pm Supor Membrane) of low protein binding and the filtrate taken for measurement by

UV/Vis spectrophotometry to determine the remaining amount of methyl orange or neutral red. The



solutions of neutral red were first diluted 5-fold before analysis. Solutions were left for 24 h but there
was no significant change in the adsorbed amount of methyl orange or neutral red so the results up to

six hours of shaking are reported.

7.1.2 Adsorption kinetics

In order to assess the rate of the adsorption of methyl orange (MetO) and neutral red (NeuR), the
adsorption experiments were carried out under the following conditions: amount of adsorbent used
was 1.25 g per 1.0 L of solution; the initial concentration was 10 ppm for MetO and 50 ppm for
NeuR; the shaking time was up to six hours. Aliquots of sample solutions were withdrawn at set time
intervals up to six hours and filtered through Acrodisc syringe filters (0.45 um Supor Membrane) of
low protein binding. The remaining concentration of MetO or NeuR (in the filtrate) was determined
by UV/Vis spectrophotometry. The temperature of the mixtures was 25 °C and the pH was 5.0.

7.1.3 Effect of OH/AI molar ratio on the adsorption of dyes to ApMMT

As described in Chapter 4, AIpMMT samples were prepared at different OH/AIl molar ratios. The
adsorption of methyl orange or neutral red onto AlpMMT samples of different OH/AI molar ratios
was determined. A study by Altunlu, M. et al, 2007 on the adsorption of phenol onto AlpMMT
prepared at different OH/AI molar ratios showed a decrease in the amount of phenol adsorbed with

increase in the OH/AI molar ratio.

To assess the effect of OH/AI molar ratio on the amount of methyl orange or neutral red adsorbed,
about 0.10 g of AIpMMT of different OH/AI molar ratios was added to 250 mL conical flasks. Methyl
orange (80 mL, 10 ppm) or neutral red (80 mL, 50 ppm) was added and the mixture placed on a rotary
shaker for six hours at 25 °C and a pH of 5.0. After six hours, the mixtures were filtered through
Acrodisc syringe filters (0.45 um Supor Membrane) of low protein binding. The concentration of

methyl orange or neutral red in the filtrate was determined by UV/Vis spectrophotometry.

7.1.4 Competitive adsorption studies of methyl orange in the presence of Cd** or Pb**

Synthetic solutions containing a binary mixture of either methyl orange and Cd** or methyl orange
and Pb”*" were prepared in deionized water. The concentrations of methyl orange ranged from 2 to 10
ppm and each metal ion concentration range was from 10 to 50 ppm. The adsorption experiments
were carried out as already described above in which 0.10 g of adsorbent was dispersed in 80 mL of
the synthetic solutions in 250 mL conical flasks. The mixtures were placed on a rotary shaker and left
to agitate for six hours. Sample aliquots were withdrawn at set time intervals and the solutions were
filtered through Acrodisc syringe filters (0.45 pm Supor Membrane) of low protein binding and the

remaining MetO was determined by UV/Vis spectrophotometry. The determination of heavy metals in
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the solutions was carried out by AAS. For the analysis of Cd?*, the samples had to be diluted 10-fold
in order to reduce the concentration of Cd*" in sample solutions into the calibration range (2 — 10
ppm). The competitive adsorption experiments were carried out in such a way as to generate data for

both adsorption isotherms and adsorption kinetics.

7.1.5 Determination of concentration of methyl orange and neutral red in solution by
ultraviolet-visible spectrophotometry

The procedure used for the determination of heavy metal ions in solution before and after adsorption
has already been described in Section 6.1.5. The amounts of methyl orange (MetO) and neutral red
(NeuR) before and after adsorption were determined by using the external standard calibration
method. Calibration curves were generated for both MetO and NeuR, the concentrations of the
calibration standards ranged from 2 to 10 ppm for both dyes. The instrument was calibrated first
before each analysis. The initial concentrations of the test solutions were determined and these were
used in the calculation of the adsorbed amounts of MetO and NeuR. The determination of the
concentrations of MetO and NeuR in the solutions was carried out on a PerkinElmer Lambda 25
UV/Vis spectrophotometer at a wavelength of 465 and 530 nm, respectively. Before analysis with
UV/Vis spectrophotometry, the solutions were filtered through Acrodisc syringe filters (0.45 um
Supor Membrane) of low protein binding to remove solid particles. The solutions were analysed using
a matched pair of quartz cells of 1 cm pathlength. The adsorption data were processed or analysed

according to the procedure presented in Section 7.2.

7.1.6 Desorption studies

Desorption studies were carried out to assess the reusability of the some of the nanocomposite
adsorbents prepared. Both neutral red and methyl orange were used in the desorption studies. A
number of solvents were assessed for the desorption of methyl orange and neutral red from the
selected adsorbents. The solvents tried include: deionized water, ethanol, methanol, NaOH and HNOs.
The complete desorption of MetO was achieved by using 80 mL of the 0.01 M NaOH solution.
Neutral red was difficult to desorb but eventually, it was desorbed by first washing with 40 mL of
methanol followed by 40 mL of 0.1 M HNOs..

A mass of 0.200 g of adsorbent was added to 80 mL of dye solution. The concentrations of the dyes
were as follows: methyl orange - 10 ppm and neutral red - 50 ppm. The mixtures were left to shake
and equilibrate for six hours followed by filtration through Whatman N° 1 filter papers. All the dye-
laden adsorbent was quantitatively transferred to the filter paper. Methyl orange was then desorbed by
80 mL of 0.01 M NaOH solution. The 80 mL of NaOH solution was added to the filter paper with

adsorbent in small volumes in order to completely desorb the dye. The adsorbent was then washed
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with water and 0.1 M HNO; until the pH of the filtrate or washings was 5.0, followed by drying at 60
°C for 12 h. Neutral red was desorbed by slowly adding 40 mL of methanol followed by 40 mL of 0.1
M HNOs;. The adsorbent was then washed with water and a small amount of 0.01 M NaOH until the
pH of the washings was 5.0. However, it must be mentioned that still neutral red could not be
completely desorbed using the selected solvent system. The adsorption-desorption cycles were carried

out three times.

7.2 Analysis of adsorption data

The raw data generated from the experiments detailed above were analysed as presented in Section
7.2.1. The data were fitted to different models depending on whether one was dealing with adsorption

isotherms or kinetics.

7.2.1 Calculation of the adsorbed amount of solute

The adsorption data obtained from the adsorption experiments as described in Sections 7.1.1 to 7.1.2
were processed so as to determine the adsorbed amount of methyl orange and neutral red. The
adsorbed amount of MetO and NeuR was computed using Equation 6.1.

The data were processed in order to generate adsorption isotherms and adsorption Kinetic plots as

presented in Sections 7.2.2 and 7.2.3.

7.2.2 Adsorption isotherms

Again, as presented in Chapter 6 for the heavy metals, the adsorption data were analysed by plotting
equilibrium adsorbed amount (Q., mg/g) versus equilibrium adsorbate concentration (C,, mg/L) to
generate isotherms. Then the isotherms were inspected and classified according to the system
proposed by Giles, C. H. et al, 1960 and 1974. The classification entailed assessing the slope of the
initial portion of this curve of Q. (mg/g) versus C, (mg/L) followed by assigning a class after
comparing with the curves shown in Figure 6.1. This was one of the methods used in the analysis of
data for both methyl orange and neutral red adsorption onto the different adsorbents prepared and

evaluated in this study.
The adsorption data were also fitted to the two commonly used adsorption isotherm equations, the

Langmuir and the Freundlich models. A detailed description of each of these models has been

presented in Section 6.2.2.
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7.2.3 Adsorption kinetics

The rate of uptake of methyl orange or neutral red onto the prepared adsorbents was assessed as
described in Section 7.1.2. The amount of methyl orange or neutral red adsorbed (mg/g) was plotted
against time (min), to see how the uptake varied with time. The experimental adsorption data were
also fitted to the commonly used kinetic models, the pseudo first-order and pseudo second-order
equations. The details of these two models have already been presented in Section 6.2.3.

Section 7.3 presents the results obtained from the adsorption experiments and a discussion of the
adsorption results.

7.3 Results and discussion

This section presents the results obtained from the adsorption of methyl orange and neutral red onto
the different adsorbents prepared in this study. The adsorption of MetO and NeuR onto
montmorillonite based adsorbents, lignocellulose based adsorbents and the lignocellulose-
montmorillonite nanocomposite adsorbents was carried out. As highlighted in Section 7.1.4, the
adsorption of MetO was also assessed in the presence of heavy metals onto selected adsorbents. The
results for MetO adsorption are presented first followed by results for NeuR adsorption.

7.3.1 Adsorption of methyl orange onto montmorillonite based adsorbents

7.3.1.1 Adsorption isotherms

The equilibrium adsorbed amount (Q., mg/g) was plotted against the equilibrium pollutant
concentration (C,, mg/L) in solution to generate the isotherms. Figure 7.1 displays the isotherms for
the adsorption of methyl orange to the montmorillonite based adsorbents. The isotherms were not as
easy to assign as those discussed above for the adsorption of Cd** and Pb** onto the same adsorbents.
It can be seen that the adsorption of methyl orange onto the montmorillonite adsorbents was not large,
as can be judged from the equilibrium adsorbed amounts (Q. values). According to the isotherms, the
amount of methyl orange adsorbed at equilibrium decreased in the following order: AlpMMT >
NaMMT > PMPSgMMT > PMMAGMMT > PMAAgMMT.
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Figure 7.1: Isotherms for the adsorption of methyl orange onto montmorillonite based adsorbents.

Using the classification system proposed by Giles, C. H. et al, 1960 and 1974, the isotherms can be
classified as follows: PMMAgMMT and PMAAgMMT (Langmuir type 2, L,), NaMMT, AlpMMT
and PMPSgMMT (Langmuir type 3, Ls). The initial curvature of the PMAAgMMT and
PMMAgMMT isotherms shows that as more sites are filled on the substrate, it becomes increasingly
difficult for the incoming methyl orange molecule to find a vacant site. According to Giles, C. H. et
al, 1974, this might also imply that the adsorbed molecules are horizontally oriented (flat). The long
plateau shown by PMMAgMMT and PMAAgMMT suggested that the exposed adsorbate surface
tends to repel solute (Giles, C. H. et al, 1974).

The latter parts of the isotherms for MetO adsorption onto NaMMT, AlpMMT and PMPSgMMT
suggested that adsorption became easy as the concentration of MetO increased. The L3 class shows
that a second layer can form readily, whereby the hydrophobic end of methyl orange forms a new
surface on which a second layer of methyl orange molecules can deposit. One system that showed this

type of isotherm is phenol adsorption onto alumina (Giles, C. H. et al, 1974).

The data were fitted to the Freundlich and Langmuir equations. Figures 7.2 shows the Langmuir plots
for the adsorption of methyl orange onto the montmorillonite based adsorbents. The Langmuir plots
were generated by plotting the equilibrium partition coefficient, C./Q. (g/L) against equilibrium

solution concentration, C, (mg/L).
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Figure 7.2: Langmuir plots for methyl orange adsorption onto montmorillonite based adsorbents.

The Freundlich plots for methyl orange adsorption onto the montmorillonite based adsorbents are
displayed in Figure 7.3. In order to generate the Freundlich plots, Log Q. was plotted against Log C..
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Figure 7.3: Freundlich plots for methyl orange adsorption onto montmorillonite based adsorbents.
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The Freundlich and Langmuir parameters and the correlation coefficients (R?) for methyl orange
adsorption onto the montmorillonite based adsorbents are listed in Table 7.1. The Langmuir R? values
for methyl orange adsorption onto NaMMT, PMPSgMMT and AIpMMT were found to be relatively
low compared with the corresponding Freundlich R? values. This implies that the adsorption process
conformed more to the Freundlich model than the Langmuir model. Both models could be used to
describe the adsorption process onto NaMMT, AlpMMT and PMMAgMMT.

Table 7.1: Freundlich and Langmuir parameters for the adsorption of methyl orange onto
montmorillonite based adsorbents.

Adsorbent Isotherm Slope R? Intercept  Qo/K; n/b

Langmuir 0.7258 0.9082 15273 1.3778 0.4752
NaMMT )

Freundlich 0.2628 0.9301 -0.2239 0.5972 3.8052

Langmuir 0.4923 0.9041 1.9601 2.0313 0.2511
AlpMMT )

Freundlich 0.4992 0.9686  -0.3112 0.4884 2.0032

Langmuir 0.4726 0.4279  5.4790 2.1160 0.0863
PMPSgMMT

Freundlich 0.6301 0.8655  -0.6455 0.2262 1.5871

Langmuir 9.0133 0.9957 -6.7099 0.1109 -1.343
PMAAgMMT

Freundlich -0.1745 0.8486 -0.7493 0.1781 -5.731

Langmuir 4.2700 0.9968  3.0220 0.2342 1.4130
PMMAgMMT

Freundlich 0.1388 09123  -0.7927 0.1612 7.2046

For methyl orange adsorption onto PMAAgMMT, both the Freundlich and Langmuir models were not
applicable since the Freundlich (n) and Langmuir (b) affinity constants were found to be negative. It
can be suggested that the adsorption process of MetO onto PMAAgMMT was not favourable. The
washing of the PMAAgMMT with NaOH (Section 5.2.3) probably generated some negatively
charged carboxylate groups on the surface which could have caused repulsions with the negatively
charged methyl orange molecules. The adsorption capacities of the adsorbents for methyl orange
were very low just as seen from the isotherms shown in Figure 7.1. The equilibrium adsorption
capacitities of the montmorillonite based adsorbents were computed using the kinetic models reported
in Section 7.3.1.2.

Atmani, F. et al, 2009 reported adsorption capacities of 20.24 mg/g and 31.94 mg/g for methyl orange
adsorption onto natural and treated almond skins, respectively. Their data conformed more to the
Freundlich isotherm than the Langmuir isotherm. The adsorption of methyl orange onto modified
ultrafine coal powder was found to follow both the Langmuir and the Freundlich models (Zhuannuan,
L. et al, 2009).
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The following section discusses the results for the change in the amount of methyl orange adsorbed

onto the montmorillonite adsorbents with time.

7.3.1.2 Adsorption Kinetics

The adsorbed amount of methyl orange (Q;, mg/g) onto the montmorillonite based adsorbents was
plotted against time (min) to generate the plots shown in Figure 7.4. The plots showed that
equilibrium state was achieved in about 4 h for all the adsorbents except AlpMMT and PMPSgMMT
which appeared to take slightly longer to reach equilibrium. The rate of adsorption of methyl orange
onto AIpMMT was painstakingly slow considering the amount adsorbed in six hours of shaking and
yet the system had not yet reached equilibrium state. The system was monitored for about 24 h but the
change in the amount adsorbed was insignificant.
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Figure 7.4: Plots of adsorbed amount (mg/g) of methyl orange onto montmorillonite based adsorbents

versus time (min).

The experimental data for the adsorbed amount (mg/g) of methyl orange for the whole adsorption
period onto the montmorillonite based adsorbents were fitted to the pseudo first-order and pseudo
second-order kinetic models. It was observed in Chapter 6 that the pseudo second-order equation can
be used to predict the equilibrium adsorption capacity and there was a relatively good correlation

between the Langmuir adsorption capacities (Qp) and the kinetics equilibrium adsorption capacities
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(Qe). Therefore, the pseudo second-order kinetic model was employed in the determination of the

equilibrium adsorption capacity of each adsorbent.

Figures 7.5 displays the pseudo first-order plots for the adsorption of methyl orange onto the
montmorillonite based adsorbents. The plots were generated by plotting Log (Q.-Q;) against time
(min). The pseudo first-order plot for the adsorption of methyl orange onto PMAAgGMMT was not
included in Figure 7.5 because the data could not be fitted to the pseudo first-order equation. As can
be seen from the plots in Figure 7.4, the amount of methyl orange adsorbed onto PMAAGMMT
decreased with time (instead of increasing), thus making it difficult to estimate the value of Q.. As
highlighted in Section 6.2.3.1, in order to fit the adsorption data to the pseudo first-order model, the
value of Q. must be known first. In this study, Q. was assumed to be the amount of solute adsorbed
after six hours, which in this case was less than the amount initially adsorbed.

0.0 T T T T T 1
0 % 50 100 150 200 250 300
0.2 -
AlpMMT
0.4 -
-0.6 -
PMPSgMMT
-0.8 -

-1.2 M7\
NaMMT

-1.6 PMMAgMMT

Time /min

Figure 7.5: Pseudo first-order plots for methyl orange adsorption onto montmorillonite based

adsorbents.

The pseudo second-order plots for MetO adsorption onto the montmorillonite adsorbents are

displayed in Figure 7.6. The plots were generated by plotting t/Q; (gmin/mg) against time (min).
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Figure 7.6: Pseudo second-order plots for methyl orange adsorption onto montmorillonite based

adsorbents.

The challenge was to know the value of the equilibrium adsorbed amount (Q.) of solute prior to
processing the kinetics data as required for the pseudo first-order model. This is not required when
fitting the adsorption data to the pseudo second-order model (Section 6.2.3.2). The parameters and the
correlation coefficients (R?) for the pseudo first-order and pseudo second-order kinetic models are

shown in Table 7.2.

As observed and discussed for the adsorption of Cd** and Pb** onto most of the adsorbents evaluated
in this study, the pseudo second-order R? values were greater than the pseudo first-order R? values.
However, relatively high pseudo first-order R? values were obtained though they were lower than the
pseudo second-order R® values. The pseudo second-order model was found to fit most sorption
systems and can describe the adsorption mechanism for the whole sorption process (Ho, Y. S., 2006;
Ho, Y. S., 2006). Atmani, F. et al, 2009 reported that their data were best represented by the pseudo
second-order model. Zhuannian, L. et al, 2009 found that their data for methyl orange adsorption onto
ultrafine coal powder could best be represented by the pseudo first-order model, though the pseudo
second-order model also gave relatively high R? values. Methyl orange adsorption onto Lapindo

volcanic mud was found to conform to the pseudo second-order model (Jalil, A. A. et al, 2010).
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Table 7.2: Pseudo first-order and pseudo second-order parameters for methyl orange adsorption onto

montmorillonite based adsorbents.

Adsorbent Model Slope R? Intercept Q: ki/K,
(mg/g)
1% -0.0024 0.9743  -0.6401 0.2290 0.0055
NaMMT »
2 0.882 0.9984 6.5033 1.1338 0.1196
1% -0.0037 0.9851  -0.1591 0.6933 0.0085
AlpMMT »
2 0.6482 0.9977 11.489 1.5427 0.0366
1% -0.0022 0.9530 -0.4083 0.3906 0.0051
PMPSgMMT »
2 0.8983 0.9912 14489 1.1132 0.0555
1% NA
PMAAgMMT
2" 8.2169 0.9924  -79.617 0.1217 -3.442
1% -0.0020 0.9434 -1.2396 0.0576 0.0046
PMMAgMMT »
2 6.0613 0.9989  -17.007 0.1650 -2.160

Therefore, the mechanism for methyl orange adsorption onto the adsorbents shown in Table 7.2 can
be described by both kinetic models, but is more favourably described by the pseudo second-order
model since it showed higher R? values than the pseudo first-order model. As predicted from the
isotherms in Figure 7.1 and the plots in Figure 7.4, the data in Table 7.2 shows that the adsorbents can
be placed in order of decreasing adsorption capacity as follows: AlpMMT > NaMMT > PMPSgMMT
> PMMAgMMT > PMAAgMMT. The modification of NaMMT with organic groups, PMMA,
PMAA and MPS was expected to significantly enhance the adsorption of methyl orange through
greater hydrophobic, n-n and van der Waals interactions. However, the results shown in Table 7.2 do
not show any improvement, instead, a decrease in the uptake of methyl orange was observed for
PMAAgMMT and PMMAgMMT. The presence of the organic groups might have possibly blocked

some of the adsorption sites of the montmorillonite, thus, resulting in low uptake.

Since AIpMMT showed the highest MetO uptake, it can be said that Al-pillaring of NaMMT
improved the uptake of methyl orange. 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 reported an adsorption capacities of
less than 0.3 mg/g for methyl orange adsorption onto alginate/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 montmorillonite clay and reported an improvement of about eight times relative to the

natural clay. Mittal, A. et al, 2007 reported adsorption capacities of 3.6 and 16.7 mg/g for methyl
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orange adsorption onto flyash and soya bean waste biomass, respectively. Anbia, M. et 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 adsorption onto powdered activated carbon at an initial concentration of 25
ppm. Their adsorption data were best described by the pseudo second-order kinetic model and the
Langmuir isotherm. Yu, L. et al, 2011 reported an adsorption capacity of 36 mg/g for methyl orange
adsorption onto anaerobic sludge. Haque, E. et al 2011, found a capacity of 11.2 mg/g for methyl
orange adsorption onto activated carbon. The adsorption capacities found in this study for methyl
orange adsorption to montmorillonite based adsorbents can be said to be comparable with those
reported in the literature.

The following section presents results obtained from the adsorption of methyl orange onto
lignocellulose based adsorbents. It was expected that a relatively high uptake of methyl orange
(organic molecule) would occur onto the lignocellulose based adsorbents given that the lignocellulose
itself is a biopolymer with a lot of organic functional groups (see Figures 2.2, 2.3 and 2.4 of Chapter 2

for structure).

7.3.2 Adsorption of methyl orange onto lignocellulose based adsorbents
The adsorption of methyl orange was carried out onto lignocellulose based adsorbents of different

modifications. The procedure used has been presented in Section 7.1.

7.3.2.1 Adsorption isotherms

Again, the equilibrium adsorbed amount (Q., mg/g) of methyl orange was plotted against the
equilibrium solution concentration (C,, mg/L) as mentioned above. Figure 7.7 displays the isotherms
for the adsorption of MetO onto lignocellulose based adsorbents. The uptake of methyl orange onto

the lignocellulose adsorbents was also relatively low (< 1.0 mg/g).
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Figure 7.7: Isotherms for methyl orange uptake onto lignocellulose based adsorbents.

The isotherms can be classified as follows: PMPSgLig (Langmuir type 1, L,), lignocellulose
(Langmuir type 4, L), PMMAgLig (Langmuir type 3, L3) and PMAAgLig (Langmuir type mx, Ly).
The isotherm for methyl orange adsorption onto PMAAgLig shows that adsorption becomes difficult
as the solute concentration increases. This can be seen from the decreasing uptake of methyl orange at
high concentrations. Similar results were obtained by Li, F. et al, 2000 for the adsorption of 4-

chlorophenol onto Gemini surfactant-modified montmorillonite clay.
The adsorption data were fitted to the Freundlich model and the Langmuir model. The Langmuir plots

for methyl orange adsorption onto the lignocellulose based adsorbent are shown in Figures 7.8. For
the Langmuir isotherms, C./Q. (g/L) was plotted against C, (mg/L).
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Figure 7.8: Langmuir plots for methyl orange adsorption onto lignocellulose based adsorbents.

The Freundlich plots for methyl orange adsorption onto the lignocellulose based adsorbents are shown
in Figure 7.9.
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Figure 7.9: Freundlich plots for methyl orange adsorption onto lignocellulose based adsorbents.
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The Freundlich and Langmuir parameters for methyl orange adsorption onto lignocellulose based
adsorbents are displayed in Table 7.3. The Langmuir R? values were all > 0.8900 showing that the
adsorption process fits the Langmuir model. The methyl orange molecules can be said to form a
monolayer on the surface of the lignocellulose adsorbents. This agrees to some extent with the

classification of the respective isotherms shown in Figure 7.7.

Table 7.3: Freundlich and Langmuir parameters for methyl orange adsorption onto lignocellulose
based adsorbents.

Adsorbent Isotherm Slope R? Intercept  Qo/K; n/b
) Langmuir 2.4690 0.9660 13.409 0.4050 0.1841
Lignocellulose .
Freundlich 0.5320 0.9735 -1.0938 0.0806 1.8797
) Langmuir 2.9774 0.8997 48758 0.3359 0.6106
PMMAGgLig )
Freundlich 0.1735 0.5746  -0.7231 0.1892 5.7637
Langmuir 1.4359 0.9976 44053 0.6964 0.3259
PMPSgL.ig
Freundlich 0.4273 0.9929 -0.6805 0.2087 2.3403
) Langmuir 8.9941 0.9003  -13.098 0.1112 -0.687
PMAAgLIig

Freundlich -0.1798  0.3299  -0.6724 4.7032 -5.562

The adsorption data onto lignocellulose and PMPSgLig could also be described by the Freundlich
isotherm since relatively high correlation coefficient values of 0.9735 and 0.9929, respectively were
obtained. Annadurai, G. et al, 2002 reported that their adsorption data (MetO onto cellulose based
adsorbents) could be described by both the Freundlich and Langmuir isotherms, though the

Freundlich had slightly higher R? values.

The Langmuir adsorption capacities in decreasing order were as follows: PMPSgLig (0.696 mg/qg),
lignocellulose (0.405 mg/g), PMMAgLig (0.336 mg/g) and PMAAgLig (0.111 mg/g). Grafting of
lignocellulose resulted in a slight improvement in the uptake of methyl orange from aqueous solution.
Grafting with PMMA caused a slight decrease in the amount adsorbed, whereas PMAA caused a
marked drop in the amount of methyl orange adsorbed. The poor performance of PMAAgLig can be
ascribed to the presence of negatively charged carboxylate groups (from washing with 0.01 M NaOH)
which possibly caused repulsion of the negatively charged anionic methyl orange molecules, thus

hindering adsorption. The same behavior was observed for PMAAgMMT discussed above.
A lot of literature is available on the adsorption of MetO onto lignocellulosic materials. Annadurai, et

al, 2002 reported adsorption capacities of 21.0 mg/g (banana peel) and 20.5 mg/g (orange peel). Ai, L.

et al, 2010 investigated the adsorption of methyl orange onto poly (aniline) microspheres and found
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an adsorption capacity of about 48.0 mg/g. Their adsorption data fitted well to the pseudo second-
order kinetic model as well as to the Freundlich isotherm. Morais, W. A. et al, 2008 assessed the
adsorption of MetO onto chitosan spheres and found an adsorption capacity of about 8 mg/g. The
adsorption capacities found in this study were lower than those reported in the literature for similar

adsorbent materials.

7.3.2.2 Adsorption kinetics

The amount of methyl orange adsorbed was monitored against time for each of the lignocellulose
based adsorbents. Figure 7.10 shows the plots of adsorbed amount (Q;, mg/g) of methyl orange onto
the lignocellulose based adsorbents against time (min).

The first 30 min were characterised by rapid adsorption (possibly in the first 10 min) and then
desorption up to 30 min. The amount adsorbed then increased at 1 h and remained constant until 2 h.
Desorption was observed after 2 h for lignocellulose, PMAAgLig and PMMAgLig, but not for
PMPSgLig. The desorption was attributed to the formation of an unstable solute-adsorbent complex

which may have easily dissociated due to the presence of other competing reactions.

PMPSgLig
-

200 250 300 350
Time /min

0 50 100 150

Figure 7.10: Plots of adsorbed amount (mg/g) of methyl orange onto lignocellulose based adsorbents

against time (min).
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The experimental data were fitted to the pseudo first-order and pseudo second-order equations. The
pseudo first-order plots for methyl orange adsorption onto the lignocellulose based adsorbents are
shown in Figure 7.11, except for lignocellulose.

0-0 T T T T 1
0 50 100 150 200 250

PMMAGgLig

-2.5 -

PMPSgLig

-3.0 - . .
Time /min

Figure 7.11: Pseudo first-order plots for methyl orange adsorption onto lignocellulose adsorbents.
Adsorption data for lignocellulose could not be processed using the pseudo first-order equation for the

same reasons discussed earlier for PMAAGMMT in Section 7.3.1.2. Figure 7.12 displays the pseudo
second-order plots for methyl orange adsorption onto the lignocellulose based adsorbents.
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Figure 7.12: Pseudo second-order plots for methyl orange adsorption onto lignocellulose based

adsorbents.

The parameters for the pseudo first-order and pseudo second-order models are displayed in Table 7.4

together with their respective correlation coefficients (R?). Relatively high pseudo second-order R?

values (> 0.8900) were recorded for all adsorbents compared with the pseudo first-order R? values.

Table 7.4: Pseudo first-order and second-order parameters for methyl orange adsorption onto

lignocellulose based adsorbents.

Adsorbent Model Slope R Intercept Q. Ki/k,
) 1 NA
Lignocellulose 5
2" 3.0954 0.9938 -17.173 0.3231 -0.5579
1 -0.0015 0.4020 -1.1039 0.0787 0.0035
PMMAgLig
2" 3.0522 0.9898 40.936 0.3276 0.2276
) 1 -0.0071 0.9818 -0.8999 0.1259 0.01635
PMPSgLig §
2" 1.8608 0.9998 8.9751 0.5374 0.3858
) 1 0.0045 0.3774 -1.7267 0.0188 -0.0104
PMAAgLIig g
2" 9.3815 0.9804 -153.99 0.1066 -0.5716

The mechanism of MetO adsorption onto PMPSgLig and PMMAgL.ig could best be described by the

pseudo second-order model. The pseudo second-order rate constants (k) found for lignocellulose and

PMAAgLig were, however, negative which might mean that the adsorption process onto these
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adsorbents is highly unfavourable. This would be a logical assumption since very little (if not

negligible) adsorption of methyl orange occurred with these adsorbents.

Vinoth, M. et al, 2010 assessed the adsorption of MetO onto yam plant leaf biomass. The leaf biomass
was pretreated by boiling with water followed by drying. The FTIR spectra of their leaf biomass and
the leaf biomass used in this study were compared and showed the presence of more or less the same
functional groups. However, Vinoth, M. et al, 2010 reported an adsorption capacity of about 80 mg/g
(initial concentration of 100 ppm and at pH 3) for the uptake of methyl orange onto the yam plant leaf
biomass. The poor uptake of methyl orange by the lignocellulose based adsorbents evaluated in this
study means that there was poor interaction between the functional groups on the lignocellulose with
the MetO. The differences observed can also be explained in terms of the initial concentration of
MetO, adsorbent dosage and adsorption pH (pH was not adjusted in this study).

A number of articles reported the adsorption of methyl orange onto biomass materials (Seyis, I. et al,
2008; Samarghandi, M. R. et al, 2009; Subasioglu, T. et al, 2009). However, a direct comparison of

the data obtained is difficult since different approaches were employed.

The following section describes the results obtained from methyl orange adsorption onto the

lignocellulose-montmorillonite nanocomposite adsorbents.

7.3.3 Adsorption of methyl orange onto lignocellulose-montmorillonite nanocomposite
adsorbents

The adsorption of methyl orange onto the nanocomposites (Lig-NaMMT, PMMAgLig-NaMMT,
PMAAgLig-NaMMT and PMPSgLig-NaMMT) was expected to be improved relative to the raw
materials and the separately modified lignocellulose based and montmorillonite based adsorbents. A
synergistic effect was expected to be at play in the nanocomposite adsorbents which would combine
the adsorption properties of lignocellulose and montmorillonite in one material. The isotherms for

methyl orange adsorption onto four nanocomposite adsorbents are presented in the following section.

7.3.3.1 Adsorption isotherms

The isotherms for the adsorption of methyl orange onto the lignocellulose-montmorillonite adsorbents
are displayed in Figure 7.13. In order to generate the isotherms, Q. was plotted against C.. It was
observed from the isotherms that the equilibrium adsorbed amounts of methyl orange onto Lig-
NaMMT, PMMAgLig-NaMMT and PMAAgLig-NaMMT were much lower than was adsorbed onto
PMPSgLig-NaMMT. The least amount of methyl orange was adsorbed onto PMAAgLig-NaMMT.

255



4.0 -

PMPSgLig-NaMMT
3.5 -
3.0 1
2.5 -
=)
>
£20 -
o
1.5 -
Lo PMAAgLig-NaMMT
Lig-NaMMT PMMAgLig-NaMMT
0.5 -
/s 4 A
0.0 T T T T 1
0 2 4 6 8 10
C. (mg/L)

Figure 7.13: Isotherms for methyl orange adsorption onto lignocellulose-montmorillonite adsorbents.

The isotherms were classified as follows: L; (Lig-NaMMT), L, (PMMAgLig-NaMMT), L,
(PMAAgLig-NaMMT) and S; (PMPSgLig-NaMMT) (Giles, C. H. et al, 1960 and 1974; Hinz, C.,
2001).The Langmuir type isotherm has been discussed at length in Section 6.3.1.1.

The S-type isotherm is said to arise when the activation energy for desorption of the solute is
concentration dependent or is markedly reduced by large negative contributions of the solvent or a
second solute (Giles, C. H. et al, 1974). For the initial part of the S-curves, the more solute there is
already adsorbed, the easier it is for additional amounts to become fixed. This may imply a side-by-
side association between adsorbed molecules, helping to hold them to the surface, a behavior called
‘cooperative adsorption’ (Giles, C. H. et al, 1960). The MetO can be said to be monofunctional in its
attraction towards polar surfaces because the attraction arises from its sulfonic group. The MetO units
can be visualized as packed vertically in a regular array in the adsorbed layer. Similar isotherms have
been reported for the adsorption of monohydric phenols and many monosulfonated dyes onto a polar
substrate from a polar solvent like water (Giles, C. H. et al, 1960). Jaoui, M. et al, 1998 also reported

similar isotherms for the adsorption of phenol and 4-chlorophenol onto petroleum asphaltenes.

The equilibrium adsorption data were analysed by fitting the data to the Freundlich and Langmuir

models, and the respective plots are shown in Figures 7.14 and 7.15.
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Figure 7.14: Langmuir plots for methyl orange adsorption to lignocellulose-montmorillonite

composite adsorbents.
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The Freundlich and Langmuir parameters and the correlation coefficients (R?) for MetO adsorption

onto the

lignocellulose-montmorillonite nanocomposite adsorbents are listed in Table 7.5. The

Freundlich R* values were greater than the Langmuir R? values for all the nanocomposite adsorbents
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except PMAAgLig-NaMMT. The high Freundlich R® values suggested a multilayer adsorption

process.

Table 7.5: Freundlich and Langmuir parameters for methyl orange adsorption onto the lignocellulose-

montmorillonite nanocomposite adsorbents.

Adsorbent Isotherm Slope R? Intercept Qo/Ks n/b
Lig-NaMMT Langmu-ir 0.5478 0.5158 10.749  1.8255 0.0510
Freundlich 0.7595 0.9693 -0.9712  0.1069 1.3166
PMMAgLig- Langmuir 1.6338 0.9043 9.9537 0.6121 0.1641
NaMMT Freundlich 0.5267 0.9697 -0.9406 0.1147  1.8986
PMPSgLig- Langmuir -0.1573 0.8752 2.3562 -6.357  -0.067
NaMMT Freundlich 1.2753 0.9952 -0.3912 0.4063 0.7841
PMAAgLig- Langmuir 3.8504 0.9845 4.1945 0.2597  0.9180
NaMMT Freundlich -0.1920 0.8248 -0.8154 0.1495 5.2083

The adsorption process of methyl orange onto PMMAgLig-NaMMT can also be described by the
Langmuir equation since the R? value is > 0.8900. The Langmuir model best fits the data for methyl
adsorption onto PMAAgLig-NaMMT. Both the Freundlich R? and the isotherm plot of PMPSgL ig-
NaMMT (Figure 7.13) suggest strong multilayer adsorption. Since the Langmuir R? values were
found to be relatively low, the adsorption capacities of each of the nanocomposite adsorbents were
taken as the equilibrium adsorbed amount determined from the pseudo second-order equation. The
next section presents the Kkinetics data for the adsorption of MetO onto the lignocellulose-

montmorillonite nanocomposites adsorbents.

7.3.3.2 Adsorption Kinetics

Figure 7.16 shows the plots of the adsorbed amount (mg/g) of methyl orange onto the lignocellulose-
montmorillonite nanocomposite adsorbents. The plots in Figure 7.16 show that PMPSgLig-NaMMT
had an improved (about five times more) uptake of methyl orange compared with the other
nanocomposites and the other adsorbents reported so far. In addition, the other nanocomposites appear
to have reached equilibrium in about 2 h, whereas for PMPSgLig-NaMMT still had not quite reached
equilibrium even after 6 h of shaking. The uptake of methyl orange by the nanocomposite adsorbents
in the following order: PMPSgLig-MMT > Lig-NaMMT > PMMAgLig-NaMMT > PMAAgLig-
NaMMT.
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Figure 7.16: Plots of adsorbed amount (mg/g) of methyl orange onto lignocellulose-montmorillonite

nanocomposite adsorbents.

The adsorption data were fitted to the pseudo first-order and pseudo second-order kinetic models.

Figure 7.17 and 7.18 display the pseudo first-order and pseudo second-order (respectively) plots for

MetO adsorption onto the lignocellulose-montmorillonite nanocomposite adsorbents.
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Figure 7.17: Pseudo first-order plots for

montmorillonite adsorbents.
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Figure 7.18: Pseudo second-order plots for methyl orange adsorption onto lignocellulose-

montmorillonite nanocomposite adsorbents.

The pseudo first-order and pseudo second-order parameters and the correlation coefficients (R?) are
listed in Table 7.6. The pseudo second-order R* values were higher than the pseudo first-order R
values for all the adsorbents except PMAAgLig-NaMMT.

Table 7.6: Pseudo first-order and pseudo second-order parameters for methyl orange adsorption onto

lignocellulose-montmorillonite nanocomposite adsorbents.

Adsorbent Model Slope R? Intercept Q. (Mg/g) ky/ko

] 1% -0.0087 0.9739 -0.5119 0.3077 0.0200
Lig-NaMMT 2" 1.5363 0.9991 15.623 0.1511 0.6509
PMMAgLIig- 1% -0.0047 0.8831 -0.9641 0.1086 0.0108
NaMMT 2" 2.4697 0.9994 14.698 0.4049 0.4150
PMPSgLig- 1 -0.0021 09777 0.4384 2.7441 0.0048
NaMMT 2" 0.2964 0.9923 13.485 3.3738 0.0065
PMAAgL.ig- 1% -0.0021 0.9777 0.4384 0.0481 0.00046
NaMMT 2" 45769 0.9752 45.477 0.2185 0.4606

The mechanism for the adsorption of methyl orange onto Lig-NaMMT, PMMAgLig-NaMMT and
PMPSgLig-NaMMT could best be described by the pseudo second-order model. Given the relatively
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high and comparable pseudo first-order and pseudo second-order R? values, both models could be
used to represent the adsorption mechanism onto Lig-NaMMT and PMAAgLig-NaMMT. The
equilibrium adsorption capacity of PMPSgLig-NaMMT (3.374 mg/g) was relatively high compared
with what was obtained for AlpMMT (1.543 mg/g), NaMMT (1.134 mg/g) and lignocellulose (0.405

mg/q).

Given that the starting materials (NaMMT and lignocellulose) and the physical mixture (Lig-
NaMMT) had lower adsorption capacities than PMPSgLig-NaMMT, the improvement observed in the
uptake of methyl orange by PMPSgLig-NaMMT seems to be attributable to some synergy between
lignocellulose and NaMMT as aimed for in this study. This is the first study that has produced
synergy in the adsorption of dyes onto a nanocomposite of lignocellulose and NaMMT. The
separately grafted materials (PMPSgMMT and PMPSgL.ig) did not show that much uptake of methyl
orange. A slight improvement was observed for PMPSgLig (0.537 mg/g) compared with
lignocellulose, whereas PMPSgMMT (1.113 mg/g) showed more or less the same uptake of methyl
orange as NaMMT. Also improved uptake could have been due to some synergy contributed by the

presence of the three materials (MPS, NaMMT and lignocellulose) in the composite material.

Igwe, J. C. et al, 2007 reported adsorption capacities of about 10 mg/g for the adsorption of methyl
orange onto Great millet waste biomass. The reason for the relatively higher uptake reported by Igwe,
J. C. et al, 2007 was possibly due to the higher concentration of methyl orange (100 ppm) they used
than was used in this study (10 ppm). Saha, T. K. et al, 2010 used chitosan for the adsorption of
methyl orange and reported an adsorption capacity of about 10 mg/g. Their adsorption data were best
represented by the pseudo second-order and the Langmuir models as shown by the high R? values
obtained. Kumar, K. V., 2006 investigated the sorption kinetics of methylene blue onto activated.
They reported that their sorption process followed both the pseudo first-order and pseudo second-
order models. In another study, Kumar, K. V. et al, 2008 assessed the adsorption of Auramin O onto
activated carbon and found that the adsorption mechanism followed the pseudo second-order model.

The findings here agree with what has been reported in the literature.
It has already been reported in Sections 7.3.3.1 and 7.3.3.2 that adsorption of MetO onto the other
nanocomposite adsorbents (PMAAglig-NaMMT and PMMAgLig-NaMMT) was relatively low (<

0.700 mg/g).

The following section discusses the results obtained from the adsorption of MetO onto AlpMMT

samples of different OH/AI molar ratio.
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7.3.4 Effect of OH/AI molar ratio on the adsorption of methyl orange

Figure 7.19 shows the plot of the variation of adsorbed amount (mg/g/ of MetO against the OH/AI
molar ratio. It was observed that the equilibrium adsorbed amount of MetO decreased with increase in
the OH/AI molar ratio. Methyl orange (anionic form) is said to interact with clay via cationic bridges,
whereas the cationic form is weakly adsorbed by a cation-exchange mechanism (Saunyama, P. et al,
2001; Okte, A. N. et al, 2009). It is not yet clear why the uptake of MetO should decrease with
increase in the OH/AI molar ratio. It was highlighted in Chapter 6 that the amount of aluminium
incorporated into the pillared clays increased with increase in the OH/AI molar ratio. One would have
expected an increase in the amount of MetO adsorbed with increase in the amount of aluminium
incorporated in the clay, since there will be more aluminium cationic species which should interact

with the sulfonic group of the MetO.
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Figure 7.19: Variation of adsorbed amount (mg/g) of methyl orange with OH/AI molar ratio.

Altunlu, M. et al, 2007 investigated the pillaring of MMT at different OH/AI and Al/clay molar ratios.
They also assessed the effect of OH/AI and Al/clay ratios on the adsorption of phenol and
chlorophenol. The authors reported that the amount of phenol adsorbed decreased with increase in the

OH/AI molar ratio, which agrees with the findings in this study though the adsorbates are different.
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7.3.5 Competitive adsorption of methyl orange from binary mixtures with (Cd** and

Pb**) onto PMPSgLig-NaMMT nanocomposite

The competitive adsorption of methyl orange (MetO) from a binary mixture with either Cd** or Pb*" is
reported in this section. The competitive adsorption experiments were carried out in such a way as to
generate both isotherm and kinetics data. The data were processed as presented in Section 6.2.

7.3.5.1 Adsorption isotherms

Figure 7.20 shows the adsorption isotherms for the adsorption of MetO from a binary mixture of
MetO&Cd*" and MetO&Pb?. The isotherm for MetO adsorption (as a single component) onto
PMPSgLig-NaMMT nanocomposite has already been presented in Section 7.3.3.1 but was included
here for comparison purposes only. The isotherms were classified according to Giles, C. H. et al, 1960
and 1974 as all belonging to the S class and subgroup 3. As discussed in Section 7.3.3.1, it was
observed that as the concentration of MetO increased, the uptake of the MetO also increased. This
behavior shows cooperative adsorption of the MetO molecules together with the heavy metal ions
(Giles, C. H. et al, 1960; Jaoui, M. et al, 1998and 1974; Hinz, C., 2001).

MetO&Pb

MetO&Cd

~N

Q. (mg/L)
w

0.0 1.0 2.0 3.0 4.0 5.0
Ce (mg/L)
Figure 7.20: Isotherms for MetO, MetO&Cd and MetO&Pb adsorption onto PMPSgLig-NaMMT

nanocomposite.
From the isotherms, it was observed that the least amount of MetO was adsorbed when it was present

as a single component in solution. The presence of Cd** in solution caused a slight increase in the

uptake in the uptake of MetO from solution. Pb*" caused an even larger increase in the uptake of

263



MetO than Cd?. It has also been highlighted in Section 6.3.5.3 that the S-curve appears when the
solute meets strong competition for adsorption sites due to presence of impurities. The improved
uptake of MetO from binary mixtures of either Cd®* or Pb®* can be attributed to the presence of these
heavy metals which act as impurities and provide strong competition for the adsorption sites. Apart
from inducing competition, the adsorbed heavy metals can also act as adsorption sites for MetO

through electrostatic interaction.

The adsorption data were further analysed by fitting to the Freundlich equation and to the Langmuir
equation. Figures 7.21 and 7.22 display the plots of the Freundlich and Langmuir isotherms
(respectively) generated for the adsorption of MetO from binary mixtures with Cd** or Pb?**,
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Figure 7.21: Langmuir plots for MetO, MetO&Cd and MetO&Pb adsorption onto PMPSgLig-

NaMMT nanocomposite.
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Figure 7.22: Freundlich plots for MetO, MetO&Cd and MetO&Pb adsorption onto PMPSgL.ig-
NaMMT nanocomposite.

The parameters for the Freundlich and Langmuir models are shown in Table 7.7 together with the
correlation coefficients (R®). The Freundlich model showed higher R? values compared with the
Langmuir isotherm. The Freundlich model describes multilayer adsorption onto heterogeneous
surfaces. These findings agree with the plots in Figure 7.20 which showed S-curves (a deviation from
Langmuir monolayer adsorption). The Freundlich constant, K;, increased in the order MetO <
MetO&Cd < MetO&Pb.

Table 7.7: Freundlich and Langmuir parameters for the adsorption of MetO from binary mixtures with
Cd* or Pb** onto PMPSgLig-NaMMT.

Mixture Isotherm Slope R? Intercept  Qo/Ks n/b
MetO Langmuir -0.1573 0.8752 2.3562 -6.357  -0.067
Freundlich 1.2753 0.9952 -0.3912  0.4063 0.7841
MetO&Cd Langmuir -0.1384 0.6239 19815 -7.2254 -0.070
Freundlich 1.2503 0.9768  -0.2966  0.5051 0.7998
MetO&Pb Langmuir -0.3392 0.8566 14701  -2.9481 -0.231
Freundlich 1.7726 0.9828  -0.0828 0.8264 0.5641

The Langmuir R? values were poor (< 0.8900) and negative adsorption capacities were also obtained

in all cases. In addition, the Langmuir affinity constants (b) obtained for all the cases were negative.
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This essentially means the Langmuir model is not applicable to describe the adsorption process of

MetO from these mixtures onto the PMPSgLig-NaMMT nanocomposite.

The following section presents the results from the kinetic studies of MetO adsorption from the binary
mixtures with Cd** or Pb®* onto the PMPSgLig-NaMMT nanocomposite.

7.3.5.2 Adsorption kinetics

Figure 7.23 presents the plots of adsorbed amount (mg/g) of MetO from the binary mixtures against
time (min). It can be seen from the plots that the adsorbed amount of MetO increased again in the
order: MetO < MetO&Cd < MetO&Pb. The plots were characterized by a rapid uptake in the initial
stages (1 h) of the adsorption process and systems approached equilibrium in about 4 h.

The adsorption data were further analysed by fitting to the pseudo first-order and pseudo second-order

equations.
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Figure 7.23: Plots of adsorbed amount (mg/g) of MetO, Met&Cd and MetO&Pb onto PMPSgL.ig-

NaMMT nanocomposite against time (min).

Figures 7.24 and 7.25 display the pseudo first-order and pseudo second-order plots for MetO

adsorption from the binary solutions containing Cd** or Pb**.
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Figure 7.24: Pseudo first-order plots for MetO, MetO&Cd and MetO&Pb adsorption onto PMPSgL.ig-
NaMMT nanocomposite.
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Figure 7.25: Pseudo second-order plots for MetO, MetO&Cd and MetO&Pb adsorption onto

PMPSgLig-NaMMT nanocomposite.
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The parameters and correlation coefficients (R?) of the pseudo first-order and pseudo second-order
models are shown in Table 8. Adsorption of MetO from a single component solution (MetO only)
showed a very poor pseudo first-order R? value of 0.0218. The pseudo first-order and pseudo second-
order R? values for MetO adsorption from MetO&Cd and MetO&Pb binary mixtures were relatively
close to 1.0 and quite comparable. The relatively high pseudo first-order R? values suggested a
departure from the assumption of strict chemisorption according to the pseudo second-order model.
The adsorption mechanism of MetO from these mixtures can therefore, be represented by both
models.

Table 7.8: Pseudo first-order and pseudo second-order parameters for MetO adsorption from binary
mixtures containing Cd** or Pb?* onto PMPSgLig-NaMMT.

Mixture Model Slope R? Intercept Q. ki/k,
MetO 1% -0.0002 0.0218 -1.3181 2.7441 0.0048
et

2" 0.2964 0.9923 13.485 3.3738 0.0065

1% -0.0036 0.9960 0.3908 2.4592 0.0083
MetO&Cd

2" 0.2270 0.9950 6.1600 4.4053 0.0084

1% -0.0046 0.9971 0.5405 3.4714 0.0106
MetO&Pb g

2" 0.1542 0.9983 3.3273  6.4851 0.0071

1% -0.0046 0.9969 0.5398 3.4658 0.0106
MetO&Cd&Pb

2" 0.1548 0.9981 3.5533  6.4599 0.0067

The adsorption of MetO from a ternary mixture containing both Cd** and Pb*" was also assessed. The
results showed that the uptake of MetO from such a mixture was just the same as for a binary mixture
of MetO and Pb* mixture. This essentially means that Pb** exerts greater influence on the uptake of
MetO from aqueous solution. It has been highlighted in Section 6.3.3.1 that Pb** showed a higher
affinity than Cd®* for all the adsorbents evaluated. It can, therefore, be postulated that the Pb* ions get
adsorbed onto the adsorbent surface first, thus, creating adsorption sites where the MetO molecules
then adsorb. The same mechanism should be at play for MetO adsorption from a MetO and Cd**
binary mixture. However, Rauf, M. A. et al, 2008 found that the adsorption of coomassie blue,
malachite green and safranin orange onto sand decreased in the presence of potassium, nickel and zinc

ions.
The ability of PMPSgLig-NaMMT nanocomposite to adsorb both organics (methyl orange) and heavy

metals (Cd** and Pb*") from aqueous solution is attractive since most industrial waste waters contain

both organic and inorganic contaminants. This was one of the objectives of this study. This novel
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nanocomposite can be used for the simultaneous removal of both heavy metals and organic pollutants

in one step, thus cutting down on time and effluent treatment cost.

The following sections discuss the results from the adsorption of neutral red onto the different

adsorbents prepared and evaluated in this study.

7.3.6 Adsorption of neutral red onto montmorillonite based adsorbents.

7.3.6.1 Adsorption isotherms

Figure 7.26 displays the isotherms for the adsorption of neutral red (NeuR) onto montmorillonite
based adsorbents. The isotherms for neutral red adsorption onto the adsorbents, NaMMT,
PMMAgMMT, PMAAgGMMT and PMPSgMMT show an exponential increase in the adsorption as
the concentration of neutral red increases. The isotherms can be classified as S-curves according to the
Giles classification system (Giles, C. H. et al, 1960). S-shaped isotherms are said to indicate
multilayer adsorption (Freundlich model). However, the isotherm for neutral red adsorption onto
AlpMMT can be classified as L; and this shows conformity to the Langmuir model of adsorption. The
Langmuir model describes monolayer adsorption. The isotherms indicate neutral red adsorption to
more or less the same extent for the adsorbents, NaMMT, PMMAgMMT, PMAAgMMT and
PMPSgMMT. Adsorption of neutral red onto AlpMMT was less than that recorded for the other

adsorbents in Figure 7.26.

AIpMM/

2.0 3.0 4.0 5.0
Ce (mg/L)
Figure 7.26: Isotherms for neutral red adsorption montmorillonite-based adsorbents.
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The adsorption data was fitted to the Freundlich and Langmuir model equations as described in
Section 6.2.2. Due to the poor fitting of the adsorption data to these equations, the Freundlich and
Langmuir plots had to be plotted individually and are shown in Figures B-1 to B-10 of Appendix B.
The respective parameters of the Freundlich and Langmuir equations for neutral red adsorption onto

the montmorillonite based adsorbents are shown Table 7.9.

Table 7.9: Freundlich and Langmuir parameters for neutral red adsorption onto montmorillonite based

adsorbents.
Adsorbent Isotherm Slope R? Intercept  Qu/Ks n/b
Langmuir 0.0520 0.1760  -0.0009 19.2308 -57.78
NaMMT )
Freundlich 0.7275 0.0711 2.0385 109.27 1.3746
Langmuir 0.0262 0.9475 0.0245 38.168 1.0693
AlpMMT )
Freundlich 0.4992 0.9686  -0.3112 0.4884 2.0032
Langmuir -0.4346 0.2609 0.1618 -2.0301 -2.686
PMPSgMMT )
Freundlich 0.1024 0.3916  -0.8436 0.1434 9.7656
Langmuir 1.1135 0.8684 -0.4062 0.8981 -2.741
PMAAgGMMT
Freundlich 25901 0.7328  -11.662 2x10™ -0.039
Langmuir -0.1659 0.1332 0.1329 -6.028 -1.248
PMMAgMMT

Freundlich 4.0202 0.2503 22148 163.98 0.2487

A look at the data in Table 7.9 shows that the correlation coefficients (R?) for both the Freundlich and
Langmuir models were very poor. This is with the exception of neutral red adsorption onto AlpMMT
where the Freundlich and Langmuir R? values were all > 0.9400. The adsorption of neutral orange
onto AlpMMT can be said to be represented by both the Freundlich and Langmuir models. However,
the poor R? values for the other adsorbents mean that both the Freundlich and Langmuir were not
applicable to describe neutral red adsorption onto these adsorbents. The true adsorption capacities
could not be accurately determined from these isotherm models since the correlation coefficient

values were poor.

7.3.6.2 Adsorption Kinetics

The plots of adsorbed amount (mg/g) of neutral red onto montmorillonite based adsorbents against
time (min) are shown in Figure 7.27. The plots were characterized by a rapid uptake of neutral red in
the first 30 min, with equilibrium being reached in about 60 min for the adsorbents, NaMMT,
PMPSgMMT, PMAAgGMMT and PMMAgMMT. However, the uptake of neutral red onto AlpMMT
was relatively slow and the system had not achieved equilibrium even after six hours. As observed

from the isotherms in Figure 7.26, the amount of neutral red adsorbed onto AlIpMMT was lower than
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that adsorbed by the other four adsorbents. There was also a relatively greater variation in the
adsorption data for AlIpMMT compared with NaMMT, PMAAgMMT, PMPSgMMT and

PMMAgMMT.

PMAAGMMT PMPSgMMT
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Figure 7.27: Plot of adsorbed amount (mg/g) of neutral red onto montmorillonite-based adsorbents

against time (min).

The adsorption data were fitted to the pseudo first-order and pseudo second-order kinetic equations

and plots are displayed in Figures 7.28 and 7.29, respectively.
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Figure 7.28: Pseudo first-order plot for neutral red adsorption onto montmorillonite based adsorbents.
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Figure 7.29: Pseudo second-order plot for neutral red adsorption onto montmorillonite based

adsorbents.

The respective pseudo first-order and pseudo second-order parameters for neutral red adsorption onto
montmorillonite based adsorbents are shown in Table 7.10. Generally, the adsorption data were found

to follow the pseudo second-order kinetic model as judged from the relatively high R? values. Neutral
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red adsorption onto AIpMMT, however, could also be described by pseudo first-order model since the
R? value found was 0.9506 (> 0.8900).

Table 7.10: Pseudo first-order and pseudo second-order parameters for neutral red adsorption onto

montmorillonite based adsorbents.

Adsorbent Model Slope R® Intercept Q. ka/k,

1% -0.0053 0.8551 -0.7296 0.1864 0.01221
NaMMT y

2 0.0250  1.0000 -0.0043 40.000 0.1454

1% -0.0027 09506 1.2825 19.1646 0.006218
AlpMMT y

2 0.0281 09815 1.1457 35587 0.000689

1% -0.0083 05937 -05678 0.2705 0.01912
PMPSgMMT y

2 0.0252  1.0000 0.0065 39.6825 0.09770
OMAAGMMT 1% -0.0037 09434 -2.2808 0.00524 0.008521

g

2N 0.0247  1.0000 3.0x10° 40.4858 20.336

1% -0.0101 0.8155 0.0079 1.01836 0.02326
PMMAgMMT y

2 0.0256  1.0000 0.0292 39.0625 0.02244

Since the pseudo second order R? values were very high (> 0.9800), the adsorption capacities were
computed using this model. Table 7.10 shows that AlpMMT had the least adsorption capacity (35.6
mg/g) while PMAAgMMT had the highest (40.5 mg/g).

7.3.7 Adsorption of neutral red onto lignocellulose based adsorbents

7.3.7.1 Adsorption isotherms

Figure 7.30 displays the isotherms for neutral red adsorption onto lignocellulose based adsorbents.
The isotherms for neutral red adsorption onto lignocellulose, PMPSgLig, PMAAgLig and
PMMAgL.ig were classified as L,, Sy, S; and Ss, respectively. As already discussed in Section 7.3.3.1
for methyl orange, the S-curve indicates ‘cooperative adsorption’ with solute molecules tending to be
adsorbed packed in rows or clusters. In the case of planar aromatic molecules like neutral red, this
implies adsorption with the aromatic nuclei face-to-face and perpendicular to the surface (Giles, C. H.
etal, 1974).
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Figure 7.30: Isotherms of neutral red adsorption onto lignocellulose based adsorbents.

The adsorption data were also fitted to the Freundlich and Langmuir equations. The Freundlich and
Langmuir plots are displayed in Figures B-11 to B-18 of Appendix B. The Freundlich and Langmuir
parameters for neutral red adsorption onto the lignocellulose based adsorbents are listed in Table 7.11.
Again, as observed and discussed for neutral red adsorption onto montmorillonite based adsorbents,

both the Freundlich and Langmuir R? values were found to be poor (< 0.8900).

Table 7.11: Freundlich and Langmuir parameters for neutral red adsorption onto lignocellulose based

adsorbents.
Adsorbent Isotherm Slope R® Intercept  Qo/K; n/b
) Langmuir 0.0157 0.9224  0.0051 63.694 3.0784
Lignocellulose
Freundlich 1.1701 0.5868 2.0723 118.11 0.8546
) Langmuir -0.0096  0.0800  0.0415 -104.17 -0.231
PMMAgLIig
Freundlich 1.1750 0.7830 15248 33.481 0.8511
) Langmuir -0.0016  0.0028 0.0608 -625.00 -0.026
PMPSgLig )
Freundlich 0.6581 0.7576 1.5667 36.872 1.5195
. Langmuir -0.5955  0.4794 0.2342 -1.6793 -2.543
PMAAgLig

Freundlich 5.6445 0.6998 47732 5.9x10* 0.1772

The only exception was lignocellulose whose Langmuir R? value was 0.9224. Moreover, the

adsorption capacities computed for some of the adsorbents (PMMAgLig, PMPSgLig and PMAAgL.ig)
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were negative, indicating that the two models may not be applicable to describe the adsorption

process of neutral red under the conditions described.

7.3.7.2 Adsorption Kinetics

The adsorbed amount of neutral red (Q;, mg/g) onto the lignocellulose based adsorbents was plotted
against time (min) to generate the plots shown in Figure 7.31. The plots showed rapid adsorption in
the first 1 h with all systems reaching equilibrium in about two hours. From the plots, it can be seen
that neutral red uptake by PMPSgLig and PMMAgLig was slightly lower compared with PMAAgLig
and lignocellulose.

The adsorption data were further processed by fitting to the pseudo first-order and pseudo second-

order equations. Figures 7.32 and 7.33 display the pseudo first-order and pseudo second-order plots
for neutral red adsorption onto the lignocellulose based adsorbents.
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Figure 7.31: Plots of adsorbed amount of neutral red (mg/g) onto lignocellulose based adsorbents

against time (min).
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Figure 7.32: Pseudo first-order plots for neutral orange adsorption onto lignocellulose based

adsorbents.
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Figure 7.33: Pseudo second-order plots for neutral red adsorption onto lignocellulose based

adsorbents.
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Table 7.12 shows the pseudo first-order and pseudo second-order parameters for neutral red
adsorption onto lignocellulose based adsorbents. The pseudo second-order model gave higher R?
values than the pseudo first-order model for all the lignocellulose based adsorbents. The adsorption
mechanism was, therefore, best described by the pseudo second-order model, though the pseudo first-

order model could also be used to describe neutral red adsorption onto lignocellulose and PMPSgL.ig.

Table 7.12: Pseudo first-order and pseudo second-order parameters for neutral red adsorption onto
lignocellulose based adsorbents.

Adsorbent Model Slope R Intercept Q. ky/ko
) 1 -0.0068 0.9479 0.1110 1.291 0.01566
Lignocellulose 5
2" 0.0284 1.0000 0.0258 35.21 0.03126
1 -0.0050 0.6502 0.8355 6.847 0.01152
PMMAgL.ig 5
2" 0.0275 0.9935 0.3660 36.36 0.0021
) 1 -0.0091 0.9676 1.1480 14.06 0.02096
PMPSgLig §
2" 0.0294 0.9996 0.2484 34.01 0.00348
) 1 0.0035 0.8666 -1.4179 0.038 0.0081
PMAAgLIig g
2" 0.0271 1.0000 0.0005 36.90 1.4688

The adsorption capacity computed using the pseudo second-order model and was taken as the
equilibrium adsorbed amount (Q., mg/g). PMPSgLig showed the least uptake of neutral red under the
conditions described and PMAAgLig showed the highest uptake. The adsorption capacities found for
the lignocellulose based adsorbents were generally lower than those found for the montmorillonite

based adsorbents.

7.3.8 Adsorption of neutral red onto lignocellulose-montmorillonite clay nanocomposites
7.3.8.1 Adsorption isotherms

Figure 7.34 displays the isotherms for neutral red adsorption onto lignocellulose-montmorillonite clay
nanocomposites. The isotherms were classified as follows: PMAAgLig-NaMMT (S;), PMMAgL.ig-
NaMMT (S3), Lig-NaMMT (S;) and PMPSgLig-NaMMT (S3). Adsorption of neutral red occurred to

more or less the same extent for all the adsorbents.

277



PMMAgLig-NaMMT

PMAAgLig-NaMMT

PMPSgLig-NaMMT

Lig-NaMMT

Figure 7.34: Isotherms of neutral red adsorption onto lignocellulose-montmorillonite nanocomposite

adsorbents.

The adsorption data were further processed by fitting to the Freundlich and Langmuir equations. The
respective Freundlich and Langmuir plots are displayed in Figures B-19 to B-26 of Appendix B. The

Freundlich and Langmuir parameters for neutral red adsorption onto the lignocellulose-

0.2 0.4 0.6 0.8 1.0
C. (mg/L)

montmorillonite nanocomposites are presented in Table 7.13.

Table 7.13: Freundlich and Langmuir parameters for neutral red adsorption onto lignocellulose-

montmorillonite nanocomposites.

Adsorbent Isotherm Slope R Intercept Qo/Ks n/b
Lig-NaMMT Langmuir -1.1069 0.4596 0.8018 -0.9034 -1.380
Freundlich 19.255  0.6039  4.4307  2.7x10*  0.0519
PMMAGgLig- Langmuir 0.1483  0.1902  0.0738  6.7431 2.009
NaMMT Freundlich 0.8458  0.8866  2.0915 12345  1.1823
PMPSgLig- Langmuir -0.0191  0.0544  0.0445  -52.356  -0.4292
NaMMT Freundlich 12354 03732 16136  41.077  0.8095
PMAAgLig- Langmuir 0261 02897  0.116  -3.8314  -2.25
NaMMT Freundlich 84429 09951  7.1481  1.4x10°  0.1184
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It can be seen from Table 7.13 that both the Freundlich and Langmuir correlation coefficients (R?)
were very poor except for the PMAAgLig-NaMMT Freundlich R? value (0.9951). The Freundlich
model describes multilayer adsorption onto heterogeneous surfaces. The high R? value suggests that
Freundlich model is the best fit for neutral red adsorption onto PMAAgLig-NaMMT.

7.3.8.2 Adsorption kinetics

Figure 7.35 displays the plots for the adsorbed amount (mg/g) of neutral red onto the lignocellulose-

montmorillonite nanocomposites against time (min).
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Figure 7.35: Plots of adsorbed amount (mg/g) of neutral red onto lignocellulose-montmorillonite

nanocomposite adsorbents against time (min).

The PMPSgLig-NaMMT system was characterized by adsorption and desorption during the first 1 h.
Such events were possibly due to the instability of the adsorbent-adsorbate complex, which stabilized
later with time. Adsorption of neutral red onto Lig-NaMMT, PMAAgLig-NaMMT and PMMAgL.ig-
NaMMT reached equilibrium in about 1 h, and the amount of neutral red adsorbed remained constant
for six hours. The uptake of neutral red onto PMMAgLig-NaMMT was the least compared with the

other nanocomposites.
The adsorption kinetics data were fitted to the pseudo first-order and pseudo second-order equations.

Figures 7.36 and 7.37 display the pseudo first-order and pseudo second-order plots for neutral red

adsorption onto the lignocellulose-montmorillonite nanocomposites, respectively.
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Figure 7.36: Pseudo first-order plots for neutral red adsorption onto lignocellulose-montmorillonite

nanocomposite adsorbents.
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Figure 7.37: Pseudo second-order plot for neutral red adsorption onto lignocellulose-montmorillonite

nanocomposite adsorbents.
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The pseudo first-order and pseudo second-order parameters for neutral red adsorption onto
lignocellulose-montmorillonite adsorbents are displayed in Table 7.14. The pseudo second-order
model showed higher R? values than the pseudo first-order model. This again suggests that the pseudo
second-order model was the best fit for the adsorption of neutral red onto the lignocellulose-

montmorillonite nanocomposite adsorbents.

Table 7.14: Pseudo first-order and pseudo second-order parameters for neutral red adsorption onto

lignocellulose-montmorillonite nanocomposites.

Adsorbent Model Slope R Intercept Q. (Mg/q) ky/ko
Lig-NaMMT 21; -0.0073 0.8184 -0.7609 0.173 0.016812
0.0263 1.0000 0.0020 38.02 0.345845
PMMAGgLig- 1 -0.0103 0.7954 -0.2646 0.543 0.023721
NaMMT 2" 0.0285 1.0000 0.0427 35.09 0.019022
PMPSgL.ig- 1 0.0003 0.0191 1.3326 21.51 -0.00069
NaMMT 2" 0.0245 0.9976 0.3933 40.82 0.001526
PMAAgLIig- 1 -0.0068 0.6925 -0.3288 0.469 0.01566
NaMMT 2" 0.0262 1.0000 0.0256 38.17 0.026814

The least amount of neutral red was adsorbed onto PMMAgLig-NaMMT and the highest was
recorded for PMPSgLig-NaMMT. There were no major differences in the uptake of neutral red onto
all the nanocomposites evaluated. A comparison between adsorption onto lignocellulose-
montmorillonite nanocomposites, montmorillonite and lignocellulose based adsorbents did not show
major differences. Gong, R. et al, 2005 investigated the use of peanut hull for the adsorption of
cationic dyes (methylene blue, brilliant cresyl blue and neutral red) from aqueous solution. The
Langmuir equation was found to be the best fit for neutral red adsorption, they reported an adsorption
capacity of 87.72 mg/g. Runping, H. et al, 2008 assessed the adsorption of neutral red onto peanut
husk. The authors reported an adsorption capacity of 37.5 mg/g and their data were best fitted by the
Langmuir equation and the adsorption kinetics were best described by both the pseudo first-order and
pseudo-second order models. Luo, P. et al, 2010 reported the adsorption of neutral red onto halloysite
nanotubes and reported an adsorption capacity of 54.85 mg/g. Their data followed the Langmuir and
pseudo second-order models. Differences in the adsorption capacities can be attributed to different
experimental conditions employed, otherwise the values obtained in this study were comparable to

those reported in the literature.
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7.3.9 Effect of OH/AI molar ratio on the uptake of neutral red onto AlpMMT
Figure 7.38 shows a plot for the equilibrium adsorbed amount (Q., mg/g) of neutral red against OH/AI

molar ratios.
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Figure 7.38: Effect of OH/AI molar ratio on neutral red adsorption onto AlpMMT.

The effect of OH/AI molar ratio was assessed by shaking 80 mL of neutral red (50 ppm) solutions
with 0.1 g of AlpMMT samples of different OH/Al molar ratios for six hours. Each data point is the

average of three replicates. The equilibrium adsorbed amount was then determined.

It was observed that the uptake of neutral red onto AlpMMT increased with increase in the OH/AI
molar ratio. The increase in the uptake of neutral red with OH/Al molar ratio can be attributed to the
increasing amount of AI** in the AlIpMMT samples. The trend can also be explained in terms of the
increase in surface area of the aluminium-pillared clays as the OH/AI molar ratio increases. However,
at molar ratios > 2.4, the amount of neutral red adsorbed decreased drastically, and the cause for the
decrease was not clear. It can therefore, be said that the optimum OH/AI molar ratio for neutral red

adsorption was 2.4.

7.3.10 Desorption studies
Figure 7.39 displays the plot for the amount of MetO adsorbed (mg/g) against the number of

regeneration cycles using 80 mL of 0.01 M NaOH solution. It was observed that the adsorption
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capacity of the PMPSgLig-NaMMT decreased as a result of the regeneration (desorption) process. It
can be said that some of the active sites were lost during the desorption process, thus resulting in a

decrease in the uptake of methyl orange.

Q. (mg/g)
w

0 T T T T T
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Figure 7.39: A plot of MetO adsorbed (mg/g) against the number of regeneration cycles.

The uptake of MetO decreased to about 40% percent after carrying out adsorption-desorption cycles
for four times. It would be desirable to develop an adsorbent whose adsorption capacity does not
drastically change in order to reduce the cost of adsorption technology. Similar adsorption-desorption
studies were carried out using neutral red (NeuR) onto PMPSgLig-NaMMT.

Figure 7.40 shows the plot for the amount of NeuR adsorbed (mg/g) against the number of
regeneration cycles. As mentioned above, the complete desorption of NeuR from the adsorbent
proved to be difficult, but the partially desorbed adsorbent was reused still. The adsorbed amount of
NeuR remained relatively constant during the first and second cycles. At the third cycle, a decrease in

neutral red uptake was observed though the adsorbed amount still remained above 30 mg/g.
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Figure 7.40: A plot of NeuR adsorbed (mg/g) against the number of regeneration cycles.

The difficulty in the desorption of neutral red from PMPSgLig-NaMMT nanocomposite can be
explained in terms of its high affinity for the adsorbent compared with methyl orange. It was observed
that neutral red displayed a very high affinity for all the adsorbents compared with methyl orange, as

judged from the high adsorption capacities obtained for neutral red (Table 7.14).
7.4 Conclusion

Aluminium-pillaring of NaMMT resulted in a slight improvement in the adsorption of methyl orange.
However, pillaring of the NaMMT at OH/AI molar ratios greater than 2 caused a sharp decline in the
uptake of methyl orange. OH/AIl molar ratios of about 1.0 were found to give relatively higher
adsorption levels of methyl orange. The adsorption of neutral red was found to increase with increase
in the OH/AI molar ratio, with a sharp decrease in uptake at OH/AIl molar ratios above 2.4. The
grafting of NaMMT with organic polymers caused a decrease in the amount of methyl orange
adsorbed for all polymer-grafted montmorillonite adsorbents except PMPSgMMT which showed
some comparable adsorption capacity to the NaMMT. There was no major difference in the

adsorption of neutral red to NaMMT and polymer-grafted montmorillonite adsorbents.

Lignocellulose based adsorbents showed relatively lower methyl orange and neutral red uptake

compared with montmorillonite based ones. Grafting of lignocellulose with MPS caused an

284



improvement in the adsorption of methyl orange. PMMA-grafted lignocellulose gave the same
adsorption of methyl orange as the raw lignocellulose, while a decrease in uptake was found for
PMAA-grafted lignocellulose. Neutral red adsorption onto all lignocellulose based adsorbents was

relatively the same.

Among the nanocomposite adsorbents, PMPSgLig-NaMMT showed significantly improved
adsorption of methyl orange, while the other nanocomposites did not show any significant
improvement. PMMAgLig-NaMMT had the least uptake of neutral red, while the other three
nanocomposites had comparable adsorption.

Adsorption of methyl orange from binary mixtures with Cd** or Pb** showed increased uptake in both
cases. However, greater methyl orange uptake was observed for a binary mixture containing Pb** and
methyl orange. PMPSgLig-NaMMT can therefore be used for the simultaneous adsorption of heavy

metals and methyl orange from aqueous solution.

Methyl orange could be desorbed completely from PMPSgLig-NaMMT nanocomposite using 0.01 M
NaOH solution making it a recyclable nanocomposite, thus fulfilling one of the objectives of the
study. The uptake of methyl orange decreased with the number of regeneration cycles. However,
neutral red proved difficult to desorb but the adsorbent could be used three times without significant

loss in the adsorption capacity.
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Chapter 8

Conclusions and Recommendations

8.1 Conclusions

Montmorillonite and lignocellulose based adsorbents were prepared together with lignocellulose-
montmorillonite clay nanocomposite adsorbents. The montmorillonite and lignocellulose were
separately modified through the grafting of organic polymers (PMPS, PMAA and PMMA). Apart
from the grafting with polymers, montmorillonite was also modified through aluminium-pillaring.
The prepared materials were then evaluated for their adsorption properties by using Cd?*, Pb?*, methyl

orange and neutral red as model pollutants in aqueous solutions.

Al-pillaring of montmorillonite clay resulted in an increase in surface area and a shift of the texture of
the pillared clays to become microporous as indicated by scanning electron microscopy results. XRD
showed that the basal spacings of the pillared clays were higher than what was observed for NaMMT.
The basal spacings were found to increase with increase in the OH/AI molar ratio. 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 lower d-spacing than the original NaMMT. The surface area was generally dependent
upon the porosity (pore sizes). The greater the pore size the greater the surface area. Microporous to
mesoporous materials were successfully prepared. Pore sizes were found to generally decrease with
increase in the OH/AI molar ratio. FTIR, TGA, XRD and BET surface area analyses results showed
that the ideal conditions for the Al-pillaring of montmorillonite clay were: pH 4.3, temperature — 50
°C, OH/Al molar ratio — 2.3 and Al/clay ratio — 10 mmol/g.

Novel adsorbent materials (PMMAgLig-NaMMT nanocomposite, PMAAgGMMT, PMPSgLig-
NaMMT and PMAAgLig-NaMMT nanocomposite) were prepared through condensation as well as
free-radical graft polymerization reactions. The intended modification of the lignocellulose and
NaMMT separately was confirmed by FTIR, TGA, XRD and TEM. XRD showed some partial
intercalation of PMMA into the interlayer space of the clay sheets in PMMAgMMT. All the
nanocomposites prepared also showed an increase in thermal stability, which was attributed to the
presence of clay in the lignocellulose matrix. Some partial intercalation of PMAA and PMMA into
the interlayer space of the NaMMT was observed for the nanocomposites, as judged from XRD and

TEM data. The XRD results for PMPSgLig-NaMMT nanocomposite also showed an increase in the



d-spacing of the NaMMT. However, the TEM results showed some aggregation of clay particles,

indicating the formation of a microcomposite (phase separated composite).

The grafting of montmorillonite clay with poly (methyl methacrylate) (PMMA) and poly (methacrylic
acid) (PMAA) resulted in enhanced adsorption of both Cd?* and Pb?* from solution. However, the
grafting of lignocellulose with PMMA did not show enhanced adsorption of heavy metals from
aqueous solution. Modification of NaMMT with methacryloxypropyl trimethoxysilane (MPS) caused
a slight decrease in the adsorption capacity for both Cd** and Pb*" while the aluminium-pillaring of
NaMMT caused a drastic decrease in the adsorption capacity of the clay for both metal ions, showing
that this type of clay modification is not suitable for the adsorption of heavy metals. Modification of
lignocellulose with PMPS and PMAA resulted in improved uptake of both heavy metals from

aqueous solution.

There was a marked improvement in the adsorption capacity of the PMAAgLig-NaMMT
nanocomposite for both Cd** and Pb*" relative to the raw lignocellulose and NaMMT. The other
nanocomposites (PMPSgLig-NaMMT and PMMAgLig-NaMMT) did not show improved adsorption
capacity for both Cd?** and Pb®*. The amount of Cd*" and Pb?*" adsorbed onto the two nanocomposites
was comparable with that of the separately modified adsorbents. The composite of lignocellulose and
montmorillonite without a polymer (Lig-NaMMT) did not show improvement in the uptake of both
heavy metals. This indeed showed that the choice of polymer had an influence on the adsorption

properties of the prepared hanocomposite materials.

Pb? was observed to have a higher affinity than Cd** for most of the adsorbents evaluated in this
study. Relatively higher correlation coefficients (isotherms and kinetic models) were also obtained for
Pb*" adsorption onto almost all the adsorbents than were obtained for Cd*" adsorption. The higher
affinity of Pb®* than Cd** for the adsorbents was attributed to the differences in their hydration

energies as well as the radii of their hydrated ions.

The Langmuir isotherm model showed higher correlation coefficients than the Freundlich model for
most adsorbents evaluated in this study, regardless of the heavy metal. The adsorption process of Cd**
and Pb?* from aqueous solution onto the prepared adsorbents could best be described by the Langmuir
model. The pseudo second-order model gave consistently high R? values for all the adsorbents, and
there was a good correlation between the Langmuir adsorption capacities and the pseudo second-order
equilibrium adsorbed amount (Q). Therefore, Q. values derived from the pseudo second-order could

be used to compute adsorption capacities for all the adsorbents evaluated in this study.
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Competitive adsorption studies of Cd** and Pb** onto PMMAgMMT showed a decrease in the uptake
of both heavy metals but the amount of each heavy metal adsorbed still remained relatively high. The
decrease observed in the uptake of both heavy metals was due to competition for the same adsorption
sites (the number of which is fixed). The co-adsorption of Cd** and Pb®* from solution did not
significantly affect the adsorption process of each metal ion and the mechanism of adsorption. The
data from the competitive adsorption studies still could be best represented by the Langmuir model
(isotherms) and pseudo second-order model (kinetics).

The adsorption capacities found for most of the adsorbents evaluated in this study for the adsorption
on Cd** and Pb®* were comparable to those reported in the literature. Desorption of heavy metals
studies showed that PMMAgMMT could be regenerated by using 0.1 M HNO; without significant
loss in the adsorption capacity.

The adsorbent materials prepared were also evaluated to assess their adsorption properties for organic
dyes, methyl orange and neutral red. Aluminium-pillaring of NaMMT resulted in a slight
improvement in the adsorption of methyl orange. However, pillaring of the NaMMT at OH/AI molar
ratios greater than 2.0 caused a sharp decline in the uptake of methyl orange. OH/AI molar ratios of
about 1.0 were found to give relatively higher adsorption levels of methyl orange. The adsorption of
neutral red was found to increase with increase in the OH/AI molar ratio, with a sharp decrease in
uptake at OH/AI molar ratios above 2.4. The grafting of NaMMT with organic polymers caused a
decrease in the amount of methyl orange adsorbed for all polymer-grafted montmorillonite based
adsorbents except PMPSgMMT which showed more or less the same adsorption capacity as the
NaMMT. There was no major difference in the uptake of neutral red onto NaMMT and the polymer-

grafted montmorillonite adsorbents.

Lignocellulose based adsorbents showed relatively poor methyl orange and neutral red uptake
compared with montmorillonite based ones. However, grafting of lignocellulose with MPS caused an
improvement in the adsorption of methyl orange. PMMA-grafted lignocellulose gave the same uptake
of methyl orange as the raw lignocellulose, while a decrease in uptake was found for PMAA-grafted
lignocellulose. Neutral red adsorption onto all the lignocellulose based adsorbents was more or less

the same.

Among the nanocomposite adsorbents, PMPSgLig-NaMMT showed significantly improved uptake of
methyl orange from aqueous solution. The enhanced adsorption of methyl orange onto PMPSgL.ig-
NaMMT was attributed to some synergy contributed by the presence of lignocellulose, NaMMT and

MPS which is what this study was aiming for. The other nanocomposites did not show much
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improvement in the uptake of methyl orange. In the adsorption of neutral red, PMMAgLig-NaMMT

had the least uptake, while the other nanocomposites had comparable adsorption.

PMPSgLig-NaMMT was also observed to simultaneaously adsorb both heavy metals and methyl
orange from aqueous solution. It also had a high uptake of neutral red. Adsorption of methyl orange
from binary mixtures with Cd** or Pb* showed increased uptake in both cases when this
nanocomposite was used. However, greater methyl orange uptake was observed for the binary mixture
containing Pb*" and methyl orange. PMPSgLig-NaMMT can therefore be used for the simultaneous
adsorption of heavy metals and methyl orange from aqueous solution, thus cutting down on time

and effluent treatment cost.

Desorption studies were carried out to assess whether the PMPSgLig-NaMMT could be regenerated
for further use. Methyl orange could be desorbed completely from PMPSgLig-NaMMT
nanocomposite using 0.01 M NaOH solution although the uptake of methyl orange decreased with the
number of regeneration cycles. This makes PMPSgLig-NaMMT a recyclable nanocomposite thus
fulfilling one of the objectives of the study. However, neutral red proved difficult to desorb but the
adsorbent could be used three times for the adsorption of this dye without significant loss in

adsorption capacity.

The choice of coupling polymer had a significant bearing on the adsorption properties of the prepared
materials with PMAA modified materials giving the greatest uptake for heavy metals. This is
especially with reference to PMAAgLig and PMAAgLig-NaMMT. However, PMAA modified
adsorbents showed poor uptake for methyl orange. The adsorption of organic dyes was observed to
depend on the chemical structure or nature of the particular compound, as well as the surface
chemistry of the adsorbents. Neutral red displayed a very high affinity for all the adsorbents with

nearly complete uptake of the dye from aqueous solution at the concentrations used.

8.2 Recommendations

PMMAgMMT could be regenerated several times and used for the adsorption of heavy metals
without a significant loss in the adsorption capacity. The adsorbents (PMMAgMMT, PMAAgMMT,
PMPSgLig, PMAAgLig and PMAAgLig-NaMMT) which showed improved uptake of heavy metals
can be further investigated under continuous flow conditions to check their performance under such
conditions. The adsorbents can be packed into a suitable column that can be connected to a waste

water pipe, and the contaminated water can be run through the column at an appropriate flow rate.
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Since the method of modification used in this study did not give exfoliated nanocomposites, the use of
a different coupling method can be explored. It would be interesting to assess the adsorption
properties of an exfoliated lignocellulose-montmorillonite nanocomposite. Organic surfactants can be
used to promote the exfoliation of the montmorillonite clay sheets. However, some authors have
reported a decrease in adsorption capacity as a result of surfactant modification. Lignocellulose-
montmorillonite nanocomposites can also be prepared by using the method of solution blending where
the lignocellulose is completely or partially solubilised by a suitable solvent.

For lignocellulose pre-treatment a different method (like acid hydrolysis) can be employed. Acid
hydrolysis removes both lignin and hemicellulose, and gives a cellulose-like material. Therefore, there
is a need to investigate the use of hydrolysed biomass as an adsorbent for both heavy metals and
organic dyes. A comparative adsorption study of the hydroysed biomass and pure cellulose can also
be performed. Nanocomposites based on the hydrolysed biomass and montmorillonite clay can be
prepared and investigated as adsorbents for heavy metals and organic pollutants.

Other organic groups with biocidal activity such as 2,2-dibromonitrilopropionamide (DBNPA) can be
used for the modification of both lignocellulose and montmorillonite clay. Such adsorbents can be
used for the simultaneous removal of organic pollutants, heavy metals and biological contaminants
from water. Because of the biocidal activity of DBNPA, such adsorbents are expected to be resistant

to biofouling.
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Appendix A

N, adsorption and desorption curves of AlpMMT prepared under

different conditions
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Figure A-1: N, adsorption-desorption curve for NaMMT.
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Figure A-2: N, adsorption-desorption curve of AIpMMT pillared at Al/clay ratio of 5 mmol/g.

100

8
@
Q
b
8
Q.‘

~ ()
o o
1 1
.
. .
3 ®e
. .
Q
.
.
(e}
)
o)

o)
o
Q
(0}
9]
Q
Q

Volume Adsorbed (cm?d/g STP)
w B a1l
o o o

N
o
1

=
o
1

0 T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Relative Pressure (P/P,)
Figure A-3: N, adsorption-desorption curve of AIpMMT pillared at Al/clay ratio of 10 mmol/g.
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Figure A-4: N, adsorption-desorption curve of AIpMMT pillared at Al/clay ratio of 15 mmol/g.
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Figure A-5: N, adsorption-desorption curve of AIpMMT pillared at Al/clay ratio of 20 mmol/g.
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Figure A-6: N, adsorption-desorption curve of AIpMMT pillared at OH/AI ratio of 1.0.
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Figure A-7: N, adsorption-desorption curve of AIpMMT pillared at OH/Al ratio of 1.5.
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Figure A-8: N, adsorption-desorption curve of AlpMMT pillared at OH/AI ratio of 2.0.
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Figure A-9: N, adsorption-desorption curve of AlpMMT pillared at OH/AI ratio of 2.3.
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A-10: N, adsorption-desorption curve of AIpMMT pillared at OH/Al ratio of 2.4.
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A-11: N, adsorption-desorption curve of AIpMMT pillared at OH/Al ratio of 2.6.
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1 00000
. ‘4 ..o H . .
/ w
1 . —-o°
e ’ ‘ . H ) .
.,o-“"'
o®
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Relative Pressure (P/P,)

A-13: N, adsorption-desorption curve of AIpMMT prepared at pH 4.0.
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Figure A-14: N, adsorption-desorption curve of AlpMMT prepared at pH 5.7.
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Figure A-15: N, adsorption-desorption curve of AlpMMT prepared at 25 °C.
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Figure A-16: N, adsorption-desorption curve of AlpMMT prepared at 80 °C.

302

1.0

1.2



Appendix B
Langmuir and Freundlich isotherms for neutral red adsorption
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Figure B-1: Langmuir plot for neutral red adsorption onto AlpMMT.
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Figure B-2: Freundlich plot for neutral red adsorption onto AlpMMT.
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Figure B-3: Langmuir plot for neutral red adsorption onto MPSgMMT.
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Figure B-4: Freundlich plot for neutral red adsorption onto MPSgMMT.
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Figure B-5: Langmuir plot for neutral red adsorption onto NaMMT.
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Figure B-6: Freundlich plot for neutral red adsorption onto NaMMT.
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Figure B-7: Langmuir plot for neutral red adsorption onto PMAAgMMT.
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Figure B-8: Freundlich plot for neutral red adsorption onto PMAAgMMT.
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Figure B-9: Langmuir plot for neutral red adsorption onto PMMAgMMT.
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Figure B-10: Freundlich plot for neutral red adsorption onto PMMAgMMT.
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Figure B-11: Langmuir plot for neutral red adsorption onto lignocellulose.
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Figure B-12: Freundlich plot for neutral red adsorption onto lignocellulose.
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Figure B-13: Langmuir plot for neutral red adsorption onto MPSgL.ig.
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Figure B-14: Freundlich plot for neutral red adsorption onto MPSgL.ig.

0.07 -

0.06 -

y = -0.5955x + 0.2342
2=0.4794

0 T T T T T T T T T 1
0340 0345 0350 0355 0360 0365 0370 0.375 0.380 0.385 0.390
C, (mg/L)

Figure B-15: Langmuir plot for neutral red adsorption onto PMAAgL.ig.
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Figure B-16: Freundlich plot for neutral red adsorption onto PMAAgLig.
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Figure B-17: Langmuir plot for neutral red adsorption onto PMMAGgL.ig.
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Figure B-18: Freundlich plot for neutral red adsorption onto PMMAgLig.
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Figure B-19: Langmuir plot for neutral red adsorption onto Lig-NaMMT.
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Figure B-20: Freundlich plot for neutral red adsorption onto Lig-NaMMT.
0.08 -
0.07 -
0.06 - o
0.05 -
0
>
~0.04 - y =-0.0191x + 0.0445
Q R2 = 0.0544
)
0.03 -
iz ? ]
0.01 -
0 T T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2

C. (mg/L)

Figure B-21: Langmuir plot for neutral red adsorption onto PMPSgLig-NaMMT.
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Figure B-22: Freundlich plot for neutral red adsorption onto PMPSgLig-NaMMT.
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Figure B-23: Langmuir plot for neutral red adsorption onto PMAAgLig-NaMMT.
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Figure B-24: Freundlich plot for neutral red adsorption onto PMAAgLig-NaMMT.
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Figure B-25: Langmuir plot for neutral red adsorption onto PMMAgLig-NaMMT.
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Figure B-26: Freundlich plot for neutral red adsorption onto PMMAgLig-NaMMT.
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Appendix C

Conferences and Seminars

The following have been presented at conferences:

e T. Bunhu and L. Tichagwa. Adsorption of heavy metals (Cd** and Pb®") from aqueous
solution onto montmorillonite based adsorbents. ASSAf-DST-NRF Second Annual South
African Young Scientists’ Conference, Diep in Die Berg Conference and Function Centre,
Pretoria, South Africa, 26-28 September 2011.

e L. Tichagwa and T. Bunhu. Composites of clay and lignocellulose materials for water
treatment. 11" Annual UNESCO/IUPAC Workshop and Conference on Functional Polymeric
Materials & Composites, Stellenbosch, South Africa, 26 — 29 April 2011.

T. Bunhu and L. Tichagwa. Adsorption of methyl orange, Pb* and Cd** from aqueous
solution by composites of lignocellulose-montmorillonite modified with methacryloxypropyl
trimethoxysilane. Accepted for publication in Macromolecular Symposia, 2011.

e T.Bunhuand L. Tichagwa. Preparation of polymer-grafted lignocellulose/clay composites as
adsorbents for the removal of heavy metals from aqueous solution. Workshop on the NRF
Flagship Programme: Nanotechnology for Water Treatment, at the University of
Stellenbosch, Stellenbosch, South Africa, 29 — 30 April, 2011.

e T.Bunhuand L. Tichagwa. Preparation of polymer-grafted lignocellulose/clay composites as
adsorbents for the removal of heavy metals from aqueous solution. 2010 Annual SACI/ASPEN
Pharmacare Regional Post-graduate Chemistry Seminar, on the 22" of October, 2010.

e T. Bunhu and L. Tichagwa. Development and evaluation of polymer-grafted
lignocellulose/clay nanocomposites as adsorbents for the removal of heavy metals and
chlorinated organics from water Workshop on the NRF Flagship Programme:
Nanotechnology for Water Treatment, at the University of Stellenbosch, South Africa on the
7" of December, 2009.

e T. Bunhu and L. Tichagwa. Development and evaluation of polymer-grafted
lignocellulose/clay nanocomposites as adsorbents for the removal of heavy metals and
chlorinated organics from water. University of Fort Hare, Chemistry Department, on the 6™ of
September, 2010 and 25" of May, 2009.

e T. Bunhu and L. Tichagwa. Development and evaluation of polymer-grafted
lignocellulose/clay nanocomposites as adsorbents for the removal of heavy metals and
chlorinated organics from water. Pan Africa Chemistry Network Conference in Nairobi,

Kenya on the 27" of August, 2009. Also presented a poster at the same conference.
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